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To Charlotte,
who has delighted her parents from her first breath











Sky is omnipresent
even in darkness under the skin.


—WISŁAWA SZYMBORSKA













prologue


THAT’S WHERE IT IS


The musicians walked onstage first: three carrying violins, one a cello. The fifth sat down at a grand piano. They were greeted with waves of sound, as the audience in the auditorium struck their hands together in applause. The applause grew stronger as dozens of singers streamed out from both wings, the men in black tuxedos, the women wearing bright scarves draped over black dresses. Older singers, some walking with canes, settled down in the two rows of chairs behind the musicians. The younger ones stepped onto the low bleachers behind the chairs.


Now all in place, they faced the audience. Out of the ninety people assembled onstage, four wore masks.


There were about a hundred seventy people in the audience on the night of May 6, 2023: a gathering of friends, families, and unconnected lovers of music from the northwestern corner of Washington State. They had traveled to McIntyre Hall in Mount Vernon for the spring performance of the Skagit Valley Chorale. One member of the choir taught fifth grade, and her tween fan army, done up in rhinestones and taffeta, buzzed overhead in the balcony. Some people in the audience wore pale blue surgical masks that fit loosely over their mouths. Others wore N95s that sealed tight. What would have seemed strange in 2019 seemed fairly normal four years later.


As the applause died down, a short woman with a gray pageboy walked to the front of the stage. She unclipped a microphone from its stand and introduced herself as Ruth Backlund. A retired high school French teacher and the president of the chorale’s board, Backlund welcomed the audience.


“I have two thoughts about gratitude,” she said. “I’m very grateful for Skagit County, which runs from the mountains to the sea. If you look in the woods, everything is blooming. And I am grateful for all the scientists who made the vaccines that let us be here.”


The audience clapped again. Backlund introduced Yvette Burdick, the choir director. “She is the best teacher I ever had,” Backlund said. Burdick strode onstage in a flowing black pantsuit and low gray pumps.


“Thank you,” Burdick said with a quick bow. “We are going to start right off.”


The choir began with a hymn. At Burdick’s cue, the singers dropped their diaphragms. They inhaled the concert hall air deep into their lungs, into the fine alveoli at the deepest tips of their airways. The oxygen in the air seeped into their bloodstreams, while carbon dioxide outgassed. The singers then let their lungs deflate, and the altered air made its way back up through their bronchi, into their tracheas, and through their larynxes. Bands of muscle buzzed in the upwelling breeze and produced a spectrum of sound. The singers set their mouths into different shapes, to sculpt the acoustic waves as they escaped.


The sound raced across the hall, the waves jostling molecules of air and bouncing off walls. The waves ended up in our auditory canals, making our eardrums vibrate and generating electrical signals that entered our brains, where they produced the perception of sound. The physics of the air joined us in a communion as the choir shared songs about gratitude: for the Earth, for liberation from slavery, for love. “Place me like a seal over your heart, like a seal on your arm,” the vibrations told us.


° ° ° °


On May 5, 2023, the day before the spring concert, the World Health Organization made a major announcement. Speaking in Switzerland at a press conference, WHO director Tedros Adhanom Ghebreyesus declared that Covid-19 was no longer a public health emergency of international concern. Three years and five months had passed since the coronavirus SARS-CoV-2 emerged in Wuhan, China. Covid-19, a disease never seen before, became the worst public health disaster of modern times, infecting the majority of people on Earth. By the time Tedros made his announcement, it had killed about 25 million of them.


Some of the first people in the world to get Covid-19 stood before us on the McIntyre Hall stage. On March 10, 2020, fifty-eight members of the Skagit Valley Chorale had become infected at a rehearsal. Before the month was out, three were in the hospital. Two of them died.


The outbreak brought horror to the choir, and also shock. They knew that some diseases can spread in droplets slathered on doorknobs, or fired at close range in coughs and sneezes. But subsequent research would reveal that the Skagit Valley Chorale outbreak was likely spread on a song. An infected singer released an invisible cloud of droplets so tiny that they resisted gravity and floated like smoke. She did not cough or sneeze to unleash the viruses: they escaped with every breath. Covid-19, in other words, was airborne.


Three years later, at the May 2023 concert, the members of the Skagit Valley Chorale were once again releasing fine droplets from their airways. The audience, listening silently, exhaled them as well. It is an inevitable part of breathing. Some of the tiny droplets drifting through the hall carried living things. Some carried harmless bacteria that feast on the traces of meals left in people’s mouths long after they leave the dinner table. Some droplets carried viruses that infect bacteria that dwell in our lungs. A few harbored fungal spores.


My wife, Grace, and I sat a few rows from the stage. We hoped that no one around us was emitting a pathogen that we might inhale. While the Covid-19 emergency had just ended, the coronavirus that caused it had become a part of our lives. “This virus is here to stay,” Tedros had warned the world at his press conference the day before. “It is still killing, and it’s still changing. The risk remains of new variants emerging that cause new surges in cases and deaths.”


If the air did indeed harbor Covid-19, we could hope that the concert hall’s ventilation system would protect us. It flushed out some of the indoor air—along with the droplets and the carbon dioxide—and replaced it with fresh air from outside. I could not see this invisible traffic, but I could track it. From my coat pocket, I discreetly slipped out a white plastic box the size of a pack of cards. It displayed a number: 527.


In other words, the concentration of carbon dioxide in McIntyre Hall was 527 parts per million. Outside, the level was hovering a little lower, around 420. A puff of exhaled air coming out of a mouth has a concentration of 40,000 parts per million. Puff after puff, the choir and the audience steadily added carbon dioxide into the auditorium. If anyone was exhaling SARS-CoV-2, the viruses would accumulate around us as well. As the songs progressed—from “Jesu, Joy of Man’s Desiring” to a poem by Theodore Roethke—I checked the monitor. It rose to 662, then 800. If it got much higher, I thought to myself, I would put on my mask.
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I did not own a carbon dioxide monitor before the Covid-19 pandemic. I did not think much about the atmosphere that we share in concert halls and kitchens and subway cars. Few people did. In the first weeks of 2020, Ruth Backlund certainly gave it no thought. Each Tuesday, she and her husband, Mark, a retired psychiatrist, rehearsed with the Skagit Valley Chorale. They would drive east from their home on Fidalgo Island onto the mainland. They would pass flat fields of tulips, daffodils, and potatoes until they reached Mount Vernon, a city of thirty-five thousand on the banks of the Skagit River. To the east, the Cascade Mountains loomed. The Backlunds made their way to the Presbyterian church on the edge of town, a building shaped like a wedge of cake turned on its side. They got out of their car and walked into Fellowship Hall, a lowslung room extending off one side of the church.


The Backlunds always looked forward to working with Burdick, who drove up from Seattle for the rehearsals. She held the singers to high standards, but she never became a dour disciplinarian. “If people are uncomfortable or unhappy, they can’t sing very well,” Burdick told me. “I have a tendency to be the Pied Piper. We all go off to Music Land.”


When Burdick first heard about Covid-19, it seemed like a faraway disease. It certainly didn’t make her rethink meeting with the choir each Tuesday. In February, when reports surfaced that Covid-19 was striking a nursing home sixty miles south of Mount Vernon, it sounded like a variation on influenza. The flu came every winter, and no one made a major change to their life when it did. The Centers for Disease Control and Prevention told the public that they could avoid getting influenza by keeping six feet away from people displaying symptoms. The droplets released in coughs and sneezes were heavy enough that they would quickly fall to the floor. If those droplets got onto a doorknob or a turnstile or some other surface, the viruses might survive long enough to be picked up by someone else. But they could be readily stopped simply by cleaning the surfaces people frequently touched.


When Covid-19 first emerged in Washington, Governor Jay Inslee applied the same public health measures to it that he might have applied to influenza. He cut down on visits that outsiders could make to nursing homes, so that they wouldn’t spread SARS-CoV-2 to the residents. The rest of Washington went on with a normal winter.


Nevertheless, some members of the Skagit Valley Chorale grew uneasy. They asked about wearing masks at rehearsals, since no vaccines yet existed for Covid-19. If the singers got infected, they would have no immune response ready to fight it off. Other members of the choir recoiled at the idea of covering their mouths with masks as they sang. Hazy fears ought not rob the choir of an experience they all cherished. The choir compromised with an agreement to be prudent. “We just followed what the CDC was saying,” Ruth Backlund told me.


Burdick sent out emails advising anyone who had symptoms linked to Covid-19—coughing, fever, or shortness of breath—to skip rehearsals. Anyone who might have been at greater risk of getting severely ill, whether they were getting treated for cancer or had diabetes, should consider staying home. More than a hundred people converged on Fellowship Hall for a typical rehearsal. On March 3, 2020, only seventyeight people came.


A week later, on March 10, Skagit County health officials notified a retired nurse’s aide named Susanne Jones that she was their first confirmed case of Covid-19. Jones had gotten tested after she learned that a friend with whom she had recently square-danced had died of the disease. “Suddenly my annoying allergy symptoms seemed horrifying,” she later told a reporter. “And I thought of all the places I’d been.”


County officials did not close down schools or stores. On the afternoon of March 10, the health department simply posted an update on its website. Howard Leibrand, Skagit County’s health officer, urged people to do what they could to slow the spread of Covid-19. “The community should postpone non-essential events and gatherings of ten or more people,” he said.


The 130,000 residents of Skagit County are spread thinly across nineteen hundred twenty square miles—an area larger than Rhode Island and not much smaller than Delaware. The county health department expected its recommendations to take a few days to seep across the region. When Burdick and sixty singers converged that evening on the Mount Vernon Presbyterian Church, none of them knew that someone in Skagit County had Covid-19.


Three members of the choir arrived early to set up for practice. They switched on the lights and turned on the furnace, setting the thermostat to 68 degrees. They arranged a hundred twenty chairs. Backlund recalled the choir being a little on edge that night, without the usual hugs and handshakes. “You felt like you were looking over your shoulder, but we were being really careful,” she said.


At about six thirty, the singers sat down in the same seats they took every week. But that night the hall was half empty. The doors were shut. Once the temperature rose high enough, the furnace shut off, and air stopped flowing out of the ventilation system. The hall filled with singing—not with sneezes or coughs or blowing noses. No one displayed any symptoms.


For forty minutes, the choir sang unmasked. Burdick then took half the singers to the church’s sanctuary to practice a number. The other half stayed behind in Fellowship Hall and rehearsed “The Shoop Shoop Song,” a 1964 rhythm-and-blues hit by Betty Everett.




. . . It’s in his kiss


That’s where it is . . .





After forty-five minutes, Burdick’s group returned to Fellowship Hall for a ten-minute break. Some singers converged around a table, grabbing oranges for a snack. Some headed to the bathroom. One woman left during the break. Carolynn Comstock heard from another singer that she had a sore throat. The rest of the singers rehearsed for another fifty minutes before finishing at nine. The singers folded up their own chairs and loaded them on a rolling rack before leaving. Comstock let her husband, Jim Owen, fold her chair for her. At sixty-two, she had retired from teaching but was helping Owen at his construction company. She had recently injured her shoulder. The singers went home. The church went dark.


The next day, Governor Inslee held a press conference to deliver an update on Covid-19. The state’s cases were climbing. To check the spread, Inslee announced a ban on gatherings of more than two hundred fifty people in three counties in Washington. He also recommended that everyone across the state engage in an unfamiliar practice with an odd name: social distancing. “Individuals should try to stay six feet or at least an arm’s length from each other,” he announced. Beyond that distance, Inslee implied, people would be safe from infection. Burdick, Backlund, and the rest of the board decided to cancel their next rehearsal.


Three days later, Mark Backlund began to feel low. He shuffled off to take a nap. The phone rang, and Ruth picked it up. It was Comstock. She told Ruth that she couldn’t come over that night because she was running a fever of 100 degrees. As the evening progressed, Ruth was overwhelmed by what she called “a weird fever feeling.”


She had had her share of fevers before, but this experience felt different. “I thought, ‘Oh boy, is this it?’” Ruth said. “I thought it couldn’t be, because we were so careful about everything you’re supposed to be careful about.”


It was indeed Covid-19. Dozens of singers who had attended the March 10 practice fell ill. Before the end of the month, Nancy Hamilton and Carole Woodmansee were dead.


Ruth was both horrified and baffled. The choir had followed all the rules, but Covid-19 had managed to slip into their midst. Whoever had brought it to Fellowship Hall had not spread it to neighbors by contaminating doorknobs or by coughing droplets that fell to the floor within a few feet of others. “You couldn’t all be that far apart and getting sick at the same time,” Ruth said. It seemed to her that the virus must have wafted through the air.


Two weeks after the March 10 rehearsal, the World Health Organization swatted down that notion. On their Twitter account, the agency wrote:




FACT: #COVID19 is NOT airborne.


The #coronavirus is mainly transmitted through droplets generated when an infected person coughs, sneezes or speaks.


To protect yourself:


- keep 1m distance from others


- disinfect surfaces frequently


- wash/rub your [image: ]


- avoid touching your [image: ]





The day after that tweet, the Skagit Valley Chorale outbreak became international news. A story in the Los Angeles Times drew the world’s attention to the singing group nestled in a valley that wasn’t known for much besides an annual tulip festival. CNN interviewed Burdick about the experience. Strangers sent a blast of hate mail. They said the singers had blood on their hands.


The first lesson people took from the Skagit Valley Chorale outbreak was just how easily one person could infect many others. But in the months that followed, Ruth Backlund and her fellow survivors agreed to collaborate on a scientific study that helped establish something just as important. Contrary to what WHO claimed, the study concluded Covid-19 was airborne.


° ° ° °


I am a journalist, and diseases are one of my beats. I became aware of the new virus in early January 2020, while it was still in China. By late January, a few scientists were predicting a pandemic. I started warning my friends to brace for a possible disaster. Like a paranoid doomsday prepper, I advised them to store extra toilet paper and canned food. When someone called me to plan a meeting in June, I told him meetings might not exist in June.


I was right in some ways and very wrong in others. Like the Skagit Valley Chorale, I did not concern myself with the air. If I stayed a few feet away from strangers, I’d be safe from any viruses they coughed or sneezed. The droplets they expelled would fall to the floor like ball bearings. The most worrisome risk seemed to lurk on surfaces: the skin of my hands, which I washed many times a day; the grocery bags that I disinfected with Clorox wipes.


Over the following months, I absorbed the growing consensus that Covid-19 was in fact airborne. As I recognized that floating droplets could transmit the virus from one person to another, I traded Clorox wipes for a carbon dioxide monitor. Masks became a staple. I also began to think about the air differently, as a gaseous ocean in which we all live, which infiltrates our bodies, which our own bodies transform and then return to the great transparent sea, that contains exhaled viruses that can then be inhaled. But I was also left with a question: how could such a fundamental mystery about the worst public health disaster in a century go unsolved for so long?


Once the pandemic passed its peak—after most people on Earth got infected, vaccinated, or both—I started looking for an answer. It became clear that for thousands of years the atmosphere had been an intimate, enveloping mystery. For hundreds of generations, scholars and physicians had claimed the air itself could turn dangerous. They gave bad air an assortment of names, such as miasma. Miasmas could be caused by the stars or swamps; they could spread down a street or float for hundreds of miles. When modern Western medicine took shape in the late 1800s, scientists and doctors alike tossed miasmas aside, treating them like an embarrassing relic of the Dark Ages, a concept with as much value to medicine as bleeding patients. They knew that germs spread diseases, and they knew that germs spread primarily through food, water, sex, and touch, as well as through coughs and sneezes. Germs were not airborne.


But in the 1930s, a few scientists challenged this consensus. They argued that diseases could indeed spread on currents, that germs could float for hours like smoke. They recognized that airborne pathogens posed a fundamentally different threat than the one posed by shortrange coughs and sneezes. They argued that some of the worst diseases known to humanity, such as tuberculosis and influenza, spread this way. Those scientists helped create a new field: the science of airborne life. They called it aerobiology.


The aerobiologists were a motley crew. As some tracked pathogens floating inside schools and subways, others caught microbes soaring through the sky. They dazzled the world by finding spores as high as the stratosphere. The founders of aerobiology hoped their new science would unify all life of the air, whether indoors or outdoors, and make clear that the airborne diseases that afflict us are just a few species among a vast floating menagerie.


Today, aerobiologists look at the atmosphere as one of the three great habitats of life. It didn’t start out that way: when the Earth formed


4.7 billion years ago, a blanket of lifeless air formed from the gases hissing out of the molten planet. Life started off aquatic—some theories point to the young ocean as its nursery, others to freshwater ponds—but it did not stay restricted to water for long. Waves sprayed droplets containing bacteria and viruses into the air. About 2 billion years ago, the ancestors of algae and other single-celled forms of life also leaped from the water and traveled for hundreds or thousands of miles.


When life spread to land, the air filled with new species. The winds scattered mats of terrestrial microbes, and then plants and fungi began releasing spores into the wind. Later, some plants evolved flowers that released pollen grains. Their airborne journeys became part of the recipe for their enormous evolutionary success. The greening land also lured animals ashore. To get their oxygen, they adapted to breathing air rather than pumping water through gills. And then some animals—insects first, then birds and bats—evolved to move through the air, with leaping legs and flapping wings.


The animals became, in turn, hosts to another kind of airborne life: pathogens that floated from one host to another. Hantaviruses, for instance, infect rodents and then escape in their urine and saliva. On the ground they can survive in dried dust. Days later, a breeze can pick up hantaviruses and carry them into the nose of another rodent visiting the same spot, causing a fresh infection.


Other pathogens turned the lungs of air-breathing animals into both a home and a launching pad. They get drawn into a host with an inhaled breath. Animals often react to a respiratory infection with an onslaught of immune cells and inflammation. This attack leaves an extra supply of mucus in the airway. To clear it out, the animals will use their lungs to deliver a powerful cough or sneeze. The contaminated mucus droplets can then strike other animals or contaminate the ground. But even regular breathing can be enough to spread some microbes. When an animal exhales air, the outgoing flow pulls droplets off the moist walls of the lungs, like a breeze passing over the ocean. Those droplets can evaporate down to droplet nuclei and float away.


Airborne diseases also took advantage of the social lives of animals. As some species evolved to live in close groups—in nests, burrows, flocks, and herds—they made it easier for a cloud of exhaled pathogens to infect a new host. It’s likely that airborne diseases have fared best among animals that live together. If a solitary creature breathes out microbe-laden droplets, they may fail to reach another member of its species before they fall to the ground or get damaged by sunlight. In a herd or a den, a sick animal can release clouds of pathogens that have better odds of getting inhaled by another nearby host.


Measles, the most infectious pathogen ever found, belongs to a family of viruses that typically infect grazing mammals. Some infect seals. While seals spend much of their lives out at sea, they also haul out onto beaches where, huddling together in groups, they mate, raise their young, and breathe viruses on one another. Dolphins get their own form of measles too. While they never come ashore, they still have lungs and breathe through blowholes—a legacy of their terrestrial ancestors, which lived on land 50 million years ago. Swimming in pods, they surface together to exhale blasts of air and suck in new ones. The measles virus takes an airborne hop before the dolphins dive underwater again.


When aerobiology emerged in the 1930s, it generated great excitement, but within a few years it faltered. In World War II, the United States and other countries recruited aerobiologists to make biological weapons. And when the war ended, the aerobiologists kept on growing pathogens to wipe out cities and starve nations. A shroud of secrecy fell across much of aerobiology. Even today, the science is not entirely free of it.


In those postwar years, some aerobiologists tried to persuade public health officials to take the threat of airborne infection seriously. They largely failed. Infectious disease experts who led the fight against outbreaks and prepared for the emergence of new diseases mostly ignored the aerobiologists, even when it meant accepting some basic mistakes about the physics of air.


The Covid-19 pandemic finally rattled that consensus. In so doing, it provided an opportunity to rethink our history with the air. The Covid-19 pandemic was not a fluke. It belongs to a deep history of airborne life, one that has adapted with astonishing efficiency to our species’s rapid rise—from the dawn of agriculture ten thousand years ago to the rise of cities, to the Industrial Revolution, and now to the twentyfirst century’s megacities and decimated wilderness. SARS-CoV-2 is only one species in an airborne habitat that we largely ignore, but would do well to understand.


° ° ° °


The Skagit Valley Chorale singers finished their concert with the Sanctus—“Heaven and earth are full of thy glory”—and then took their bows. As the audience cheered, I checked my monitor. The level of carbon dioxide had reached 903 parts per million. In our communion, we had altered the air.


After the applause ended, Grace and I filed out into the high-ceilinged lobby. We congratulated Burdick and the Backlunds, passed by the fifth graders swarming their teacher as if she were Taylor Swift, pushed open the outer doors, and walked into the night air. It was the same air we had just breathed inside McIntyre Hall, the same seamless blanket of gases. The only difference now was there was no ceiling to hold it down. I could exhale all the carbon dioxide I wanted, but my CO2 monitor would not budge. A few miles overhead, the moisture in the atmosphere formed clouds that blocked our view of the stars. Above the clouds lay the stratosphere, a huge realm of thin gases that rises to about thirty miles over our heads, where it gives way to the mesosphere and the exosphere, the edges of the Earth’s air where meteors glint as they die. Scientists now refer to the life that teems in this space as the aerobiome.


The morning after the concert, as Grace and I drove out of the Skagit Valley, I tried to envision the aerobiome in full. Some parts of it were plain to see: a crane flapping its wings alongside the road, dragonflies darting over the meadows. But the Skagit Valley’s aerobiome was mostly invisible. It was the pollen blown from the daffodils and the tulips. It was the spores of fungi rising from the tilled fields, the viruses belched by the cows. Life was rising from the soft floors of the forests that jacketed the mountains in the distance. It rose from the Pacific just beyond our western horizon, much as it had billions of years ago. Even without wings, the microbes were gliding on the wind, rising toward the stratosphere, infiltrating clouds, where they would make rain and snow and hail. Grace and I were traveling along the floor of a living ocean, one that we drew into our lungs with every breath.










PART 1


To the Stratosphere











one


THE FLOATING GERMS


When Louis Pasteur died in 1895, France treated him with the kind of reverence it had once reserved for kings and saints. The streets filled with silent mourners, who watched a hearse transport his body from his home to the Pasteur Institute. The sprawling complex of buildings was nicknamed the “Rabies Palace” in honor of the vaccine Pasteur had created in 1885. Now it was prepared to receive Pasteur’s body. “The entire facade is draped in mourning colors,” an American correspondent wrote from Paris. “A shield three metres in diameter and bearing the initial ‘P.,’ surrounded by a wreath of laurel, surmounts the door.” For the next four days, Parisians filed into the institute to pay their respects to Pasteur as he lay in state in the library. His body was then loaded into a mortuary car, which was pulled by six horses to the Cathedral of Notre-Dame for his funeral. The procession that followed his body included statesmen, diplomats, generals, and poets. It stretched for a mile.


The eulogies that followed painted the same picture: of a great laboratory scientist who carried out experiments that helped establish the germ theory of disease. That theory then allowed Pasteur to invent vaccines for rabies, as well as for many other diseases. Pasteur’s principles made lethal infections far less likely during surgery. They made milk safe for children to drink.


It’s likely that many of the mourners who listened to the memorials had an actual picture of Pasteur in their minds. In the decade before he died, portraits of the great scientist appeared everywhere. No scientist before Pasteur had enjoyed so much iconography. His portraits were printed in newspapers around the world. They hung on museum walls. The image in all the pictures was the same: a man indoors, at home among microscopes and bell jars. “Everything gets complicated away from the laboratory,” Pasteur once complained to a friend.


In the most famous portrait, painted in 1885 by Albert Edelfelt, Pasteur stands in his laboratory. He is sixty-two, with a short gray beard and dressed in an ordinary suit. He leans his left elbow on a massive tome that rests on a crowded lab counter. In his right hand he holds a jar at which he stares intently. Hanging inside the jar is what looks like a red twig. It is the spinal cord of a rabbit. Pasteur had the rabbit infected with rabies, and after it died, he removed the spinal cord to let it dry. From the red twig, he later isolated weakened rabies viruses that he would use to make the world’s first rabies vaccine.


But we should also try to imagine another portrait of Pasteur, one that he never posed for. It is 1860, and Pasteur—his beard still black—has traveled across France and climbed a glacier. Picture him standing on the blinding summit of ice, holding a glass globe toward the brilliant sky.


To reach the glacier, Pasteur traveled to Chamonix, a village at the base of Mont Blanc in the Alps. There he met with a guide, and the two of them headed up a trail into dark stands of pines. They were accompanied by a mule laden with baskets of long-necked glass chambers that sloshed with broth. They walked up the steep trail until they finally reached the Mer de Glace: the Sea of Ice.


The glacier resembled a frozen torrent of whirlpools. In some places the ice was bluer than the sky. The wind blew briskly over the glacier, as the vale echoed with the sound of frozen boulders crashing down the slopes. Pasteur struggled to make out the path in the glare of sunlight bouncing off the ice field.


When he reached an altitude of two thousand meters, Pasteur finally stopped. With the help of his guide, he removed one of the glass chambers from the mule’s pack. He etched a groove around the sealed neck with a steel point. Pasteur then lit a spirit lamp and moved the flame under the groove to make it even thinner. He raised the glass bulb over his head, like an offering to the glacier gods. He grabbed a pair of tongs with his free hand and used them to snap off the end of the neck. The glacial air rushed inside the bulb. Pasteur then lowered it from above his head and used the spirit lamp to melt the neck closed again.


The sight of Louis Pasteur holding a glass globe of broth over his head at the top of a glacier would have baffled other travelers who might have been visiting the Mer de Glace that same day in 1860. They might have concluded that Pasteur had been driven insane by the glacier’s towering indifference. It was the sort of place that inspired thoughts of madness, after all.


When the writers Mary Wollstonecraft Godwin and Percy Bysshe Shelley walked the same path forty-four years earlier in 1816, they had been overwhelmed by the glacier’s scale. “The immensity of these aerial summits excited, when they suddenly burst upon the sight, a sentiment of extatic wonder, not unallied to madness,” they later wrote.


The sight haunted Mary so much that she wrote it into Frankenstein. After the monster escapes from Victor Frankenstein, its creator visits the Mer de Glace. There he spots a grotesque form race over the ice. “I perceived, as the shape came nearer (sight tremendous and abhorred!) that it was the wretch whom I had created,” Frankenstein recalls.


Pasteur was searching the glacier for monsters of his own. He was trying, for the first time in history, to capture microscopic life overhead. His quarry was, in his words, “the germs that float in the air.”


° ° ° °


Pasteur’s journey to the ecstatic wonders of the Mer de Glace was thousands of years in the making. From antiquity onward, people had been arguing about what was in the air.


Some philosophers in ancient Greece believed that the air reached up to Olympus, where the gods breathed a purified form, known as aether. The philosopher Anaximenes argued that air was the fundamental element of the world: everything else, from rocks to souls, was just a derivation of it. Other philosophers saw air not as the sole element, but one of four. Along with fire, earth, and water, air helped to produce all the things on Earth and in the skies.


Whatever air was, everyone agreed that it was essential to life. “Life and death are bound up with the taking in and letting out of the breath,” Aristotle once observed. The physician Hippocrates and his followers believed that breaths combined with food and water to form the body’s four humors. The balance of the humors was the essence of health, and it was the job of doctors to bring them out of imbalance. Changes in the air were especially good at throwing the humors into disarray, Hippocrates believed. Heat and cold, damp and dryness: they all made people sick. But the most dangerous of these threats was an invisible corruption of the air, which Hippocrates called a miasma.


The word had existed for generations. Originally it referred to a moral stain—a defilement that could be washed away only with purification. But in the fifth century BC, Hippocrates and his followers reimagined miasmas as stains on the air. They were the result of natural causes rather than crimes against the gods. Scholars created a long list of causes for miasmas. A conjunction of the planets could send a foul smell down to Earth. The ground unleashed odors. Stagnant water in marshes gave off fumes. So might a rotting corpse.


Despite their invisibility, Hippocrates was confident that miasmas were real. The way that a miasma sickened its victims was proof. “It attacks everyone, young and old, women and men, and, without distinction, those who drink wine and those who drink water, those who eat barley bread and those who eat wheat bread, those who do a lot of exercise and those who do little,” Hippocrates wrote. What these victims all had in common was that they breathed the same corrupted air.


Hippocrates taught that different miasmas caused different diseases. They could even strike different species. “When the air is full of miasmas, whose properties are hostile to human nature, this is when men are ill,” he wrote. “But when the air is not suitable for another type of living beings, these beings are then ill.” After all, animals were made up of the same four humors that made up humans, and so they were no less vulnerable to miasmas.


The same was even true of plants. Early farmers were intimately aware of the health of their crops, although they didn’t understand the causes of many of the diseases that wiped out their fields. One of the worst diseases they faced was rust, which could quickly turn a wheat field black. We know now that rust is caused by fungi, but early farmers blamed it on divine wrath. When Moses speaks to the Israelites before they enter the promised land, he warns that God will make them suffer for disobedience. One of the punishments on his list is rust. The Romans even had a deity specifically responsible for the disease. They called her Robigo. April 25 was set aside for Robigalia, a festival at which they soothed her wrath with foot races and the sacrifice of dogs. “Take your rough hands away from the harvests, and do not harm the crops,” a priest would plead.


The Greek philosopher Theophrastus did not blame the gods for bad harvests. He saw humors as the cause. “For every plant, like every animal, has a certain amount of moisture and warmth which essentially belong to it,” he wrote. Losing some of that moisture or warmth made crops decay. “If they fail altogether, death and withering ensue,” Theophrastus warned.


The air delivered many of these failures. Scorching sunlight, cold winds, and torrential rains could all bring diseases. Theophrastus wrote that rust primarily occurred at the full moon, when sunshine was followed by dew. “Lands which are exposed to the wind and elevated are not liable to rust, or less so,” he declared, “while those that lie low and are not exposed to wind are more so.”
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When the Roman Empire declined, the work of ancient writers like Theophrastus and Hippocrates largely vanished. Their books caught flame. They became meals for worms. They rotted in abandoned libraries. What little survived did so thanks largely to monks who made copies of old texts and stored them away. A small community called Syriacs, scattered across Syria, Iraq, and Iran, translated many of the surviving books. Among their volumes were the writings of the Roman physician Galen. Syriac doctors treated Galen’s works as medical textbooks, and they tried to emulate his care for patients. By the ninth century, Muslim emperors were paying scribes to translate Galen into Arabic.


From Galen, Arab doctors picked up ideas about miasmas. Those ideas helped them make sense of the ordinary diseases they saw each day, along with the terrifying ones that struck the Arab world every few generations. The most terrifying of all was the plague. It would strike suddenly, causing thousands of people to develop bulb-shaped swellings and scorching fevers, followed by swift deaths. The plague could hollow out an entire city in a matter of days.


After each plague outbreak subsided, Arab doctors would usually pin the blame on a miasma. When the plague struck Syria in 1258, they looked hundreds of miles away for its cause. Mongols had recently sacked the great city of Baghdad. A hard rain fell on the heaped corpses of hundreds of thousands of its residents, releasing a horrible smell. “This caused a severe epidemic such that it was transmitted to the air and spread to Syria,” one Arab historian later wrote. “Many people died from the change in the air and the corruption of the wind.”


From the libraries of Baghdad and other Arab cities, the ancient texts made their way to Europe, and miasma wafted along with them. In Italy, the odor from marshes became the sign of mala aria—bad air. Malaria was the name given to the fevers it produced. Miasmas even shaped the physical layout of medieval cities in Europe. To keep them safe from bad air, local authorities required that waste be cleaned from streets and buildings, that rivers flow briskly, and that the dead be properly buried. Pistoia, a city in central Italy, announced in 1296 that no artisan could make a stink:




Since it is civil and expedient for the preservation of people’s health that the city of Pistoia be cleared of stenches, from which the air is corrupted and pestilential diseases arise, we establish with this law that no artisan can or must exercise his craft or carry out any work from which stench arises within the walls surrounding Pistoia.





Despite these measures, the plague swept through Pistoia in 1348. It swept through all of Europe as well, with a spectacular fury that earned the epidemic a name of its own: the Black Death. Ancient teachings about miasmas and humors seemed useless as the Black Death raged across the continent. By some estimates, it killed off half of Europe in just a few years. “The art of Hippocrates was lost,” one French doctor despaired in 1350.
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When European doctors published accounts of the Black Death, many of them kept up the tradition of blaming the air. Some pointed to a conjunction of Mars and Jupiter, claiming that the celestial combination drew bad vapors from the earth and sea. But a competing explanation also attracted followers, even if it wasn’t sanctioned by Galen or Hippocrates. In this alternative view of medicine, diseases such as the plague were caused by contagion—a poison that grew inside the sick and then spread to the healthy.


People did not need a philosophical theory of the universe to come to believe in contagions. In the Near East, camel herders could see them at work when mange struck their animals. One camel would lose its hair and grow weak. Then the rest of the herd became sick. The mange seemed to start with the first sick camel, not with the corruption of the air itself.


The ninth-century Baghdad doctor Qustā ibn Lūqā recognized that such outbreaks might be the result of contagions. But that was no reason to give up miasmas altogether. Instead, ibn Lūqā struck a balance: he taught that most diseases were caused by foul vapors from fires and swamps, while others spread by contagion. “Infection is a spark that jumps from a sick body to a healthy body, so there appears in the healthy body sickness similar to what appears in the sick body,” ibn Lūqā wrote.


The idea of contagion grew strong over the centuries. When the Black Death arrived, some European cities tried to prevent people from bringing the contagion inside their walls. In 1377, the Major Council of Dubrovnik set aside an island and a small town where visitors from plague-ravaged regions had to wait for thirty days before entering the city. If they did not die of the plague in isolation, they were judged free of contagion. Other cities borrowed Dubrovnik’s rule. Some forced ships arriving at their ports to keep their sailors on board until it was clear they were not contagious. In Italy, authorities decided thirty days wasn’t enough. They increased the isolation to forty days—a change from trentinoto quarantino. Thus the quarantine was born.


The Black Death was the start of a deadly cycle. The plague would sweep back across Europe every few decades for four centuries. Struggling to make sense of the disease, some physicians married miasmas and contagions into a single explanation. People breathed in miasmas and became sick, and then their own diseased bodies produced a fresh supply of poison that wafted out of their skin and drifted away. Some physicians believed that this poison could be emitted from a sick person’s eyes. A gaze could act like a magic spell, passing the plague on to healthy victims.


Plague doctors protected themselves from this contagious threat by wearing leather masks that covered their entire heads. They peered through goggles. The front of their masks formed a long beak packed with cinnamon, cloves, and opium, desiccated viper, and the ground remains of human mummies. The plague doctors believed that by breathing in the fragrance, they could block the contagion from entering their bodies.
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The first European scholar to think deeply about the nature of contagion was the Italian physician Girolamo Fracastoro. He drew inspiration from both ancient books and his own observations. As a physician, he saw many cases of a horrible new disease. It produced a telltale decay “born amid squalor in the body’s shameful parts,” he wrote. Soon it “began to eat the areas on either side and even the sexual organ.” Fracastoro named the new disease syphilis, and he speculated that the contagion spread mainly through sexual intercourse.


Fracastoro tracked outbreaks among animals as well. In 1514, he offered the first known description of foot-and-mouth disease. Fracastoro watched the disease ravage herds of oxen, filling their mouths with pustules and damaging their hooves. In the sixteenth century, Fracastoro had no way of learning that foot-and-mouth disease is caused by a virus, but he recognized that it was spread by a contagion. “It was necessary at once to isolate the infected beast from the rest of the herd, otherwise all became infected,” Fracastoro wrote.


A lost poem helped Fracastoro make sense of these outbreaks. In the first century BC, the Roman writer Lucretius composed On the Nature of Things, which offered a vision of the world profoundly at odds with those presented by Aristotle or Hippocrates. Lucretius saw the universe as made of a vast swarm of atoms. These tiny invisible particles constantly jostled into new combinations, and along the way they produced life, death, and all the variety of nature.


An Italian scholar rediscovered On the Nature of Things in 1417. When Fracastoro later read the poem, he was drawn to the brief passages that Lucretius wrote about diseases. The Roman poet claimed that invisible “seeds” swirled among the atoms that made up the air. “There are many seeds of things which support our life,” Lucretius wrote, “and on the other hand there must be many flying about which make for disease and death.”


Fracastoro seized on Lucretius’s living seeds to create a theory of disease. In his 1546 book, On Contagion and Contagious Diseases, he wrote that disturbances among the stars released seeds that then descended to Earth. Some of them then infected animals, others plants—“so very varied are the seeds from the tainted heaven,” Fracastoro claimed.


Once a seed invaded a host, it multiplied into new seeds that spread to other victims. Some kinds, like the ones that caused syphilis, could spread only through direct contact. Others were sticky enough to cling to clothes or other surfaces—Fracastoro called these sticky seeds fomites, from the Latin word for tinder. If someone stole a cloak off the corpse of a plague victim, the fomites could pass on the plague to its new owner.


Fracastoro also argued for a third kind of seed: one that traveled by air, sometimes floating over long distances before infecting another person. He knew that this invisible movement might sound like magic, but he assured his readers that these seeds had nothing to do with the occult. An airborne infection was no more magical than onions drawing tears from people across a room.


“The air is the most suitable medium, partly because it very easily receives both its own and foreign infections, and because we have to use it to live,” Fracastoro wrote.
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Centuries later, scientists would celebrate Fracastoro for tracing the first outlines of the germ theory of disease. But they were distorting history. Fracastoro did not have an enduring influence on his fellow Renaissance scholars. They gave serious consideration to his notion of living seeds, debated it, and then gradually abandoned it.


One reason they gave up on Fracastoro was that he made extravagant claims about the seeds of disease. To explain why syphilis caused such widespread damage in the body, he declared that its seeds were sharp, and their sharpness let them burrow deep inside their victims. Fracastoro relied on his poetic powers of imagination to see the invisible, rather than experiments.


Decades after Fracastoro’s death, the invention of the microscope finally began to make invisible seeds visible. In the mid-1600s, the Dutch lens grinder Antonie van Leeuwenhoek improved the power of microscopes until he could make out miniature life-forms swimming in lake water and even in the film coating his teeth. These strange microorganisms put fresh energy into the idea that living seeds were the cause of contagious diseases. By the eighteenth century, a loud faction argued that microorganisms were responsible for plague and tuberculosis in people, for the rinderpest that killed off herds of cattle, for the mold that rotted fruit. These champions of germs—which they sometimes called insects—came to be known as contagionists.


“Mankind, Quadrupeds and Plants seem to be infected in the same manner, by unwholesome Insects, only allowing this Difference, that the same Insect which is poisonous to Man, is not so to other Animals and Plants,” the British botanist Richard Bradley declared in 1721. “All Pestilential Distempers, whether in Animals or Plants, are occasion’d by poisonous Insects convey’d from Place to Place by the Air.”
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Despite their sweeping confidence, the contagionists could not win over the opinion of experts. Their opponents—who were sometimes called miasmatists—kept the upper hand throughout the eighteenth century. The miasmatists did not see the need for quarantines against unwholesome insects. Instead, they tried to protect people from bad air. In Britain, they went on a crusade to clear crowded prisons of a deadly disease known as jail fever. Jail fever would eventually turn out to be typhus, caused by bacteria spread by lice. But in the 1700s, prison reformers blamed miasmas, which they tried to eliminate from the jails with ventilation.


The roof of Newgate Prison was endowed with a huge windmill that pumped breezes through the jail. When it failed to stop the outbreaks of jail fever, the miasmatists blamed bad engineering. The worst days for miasmas were those without wind—the same days that the windmill could not turn.


Other architects believed they could stop miasmas by changing the structures of the jails themselves. They created courtyards and air shafts through which the miasmas could flow out on their own, as fresh air came in to replace them. As one reformer put it, the jails became lungs of brick and stone to deliver “the wholesome breath of life in exchange for the noxious air of confined place.”


Miasmatists urged that eighteenth-century cities follow the example of Pistoia by clearing filth and draining stagnant waters to keep the air free of miasmas. In Philadelphia, the physician Benjamin Rush complained that British authorities neglected that work, subjecting the city to an “unwholesome atmosphere.” After the Revolutionary War, the new American government set out to destroy Philadelphia’s miasmas by cleaning its streets, enclosing a creek, and restoring wasteland on the outskirts of the city. “Philadelphia, from having been formerly the most sickly, has become one of the healthiest cities in the United States,” Rush boasted.


That reputation disappeared in 1793 with a devastating outbreak of yellow fever. Contagionists blamed the arrival of a ship full of French colonists fleeing the Haitian rebellion. But Rush would have none of it. He knew exactly what was to blame: bags of rotten coffee dumped on a pier. “The first cases of the yellow fever have been clearly traced to the sailors of the vessel who were first exposed to the effluvia of the coffee,” Rush wrote. “Their sickness commenced with the day on which the coffee began to emit its putrid smell.” The foul air then drifted down alleys and streets, spreading yellow fever along the way.


Five thousand Philadelphians died over the next few months. Rush tried to save as many of them as he could, but he did so by bleeding them and giving them mercury. His patients survived despite his medicine, not thanks to it.


Yellow fever returned to Philadelphia a number of times over the next decade, and each time Rush became more convinced that “the miasmata from our atmosphere” were to blame. Writing in 1805 to former president John Adams, Rush declared the outbreaks were bringing him victory over his contagionist rivals. “A new era has begun in the science of medicine in our city since the appearance of the yellow fever among us,” Rush wrote.


These were not the declarations of a crank. When Rush died in 1813, he was hailed as the greatest American physician. “Like a primal fixed star, amid the host of heaven, he shone with a lustre wholly his own,” a minister declared at a memorial for Rush. “He has done more good in this world than Franklin or Washington,” John Adams wrote.


After his death, Rush inspired a new generation of anticontagionists. They held control of the medical establishment in both the United States and Europe, and they roundly condemned contagionism as bad for both health and business. Quarantines needlessly slowed down trade by forcing ships to stay isolated for weeks before unloading their goods. In 1824, the British physician Charles Maclean declared that quarantines were worse than useless: by trapping people in the very places where the air carried death, they were “little short of willful murder.”
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In the early 1800s, contagionists remained profoundly ignorant about the microorganisms they believed spread diseases. They had yet to link any particular germ to any particular disease. Someone like Maclean could continue to mock the very idea that a germ could spread a disease. In an age dedicated to science, nothing seemed less scientific. “This unknown and incomprehensible power is endowed with the faculties of self-generation, self-annihilation, self-resuscitation, self-transportation, self-propagation, and an immense variety of other capabilities, no less wonderful, which it condescends to exercise for the destruction of mankind,” Maclean sneered.


Even as Maclean attacked the contagionists, the world of microorganisms became less unknown, less incomprehensible. In 1824, when Maclean launched his withering attacks, the German naturalist Christian Gottfried Ehrenberg was in Africa on an epic series of journeys that would take him across Arabian deserts and Siberian forests. Along the way, he made the first systematic survey of microorganisms.


Back in Germany, Ehrenberg organized his tiny creatures into a new classification. He named one group of species Bacteria. He recognized that microorganisms were the most abundant form of life on Earth, thriving everywhere he looked. He found fossils of microorganisms in chalk and limestone—or, to be more precise, he realized that chalk and limestone were made of their long-dead cells. “Of small things worlds are built,” Ehrenberg once declared.


While Maclean sneered at the idea of self-transporting germs, Ehrenberg found evidence that they could take spectacular journeys. They could even fly. Ehrenberg’s first clue came from strange black sheets called paper meteorites, which were believed to have fallen from the heavens. They were so strange that museums kept them in their collections along with other oddities of nature. When Ehrenberg examined the paper meteorites, he recognized what others before him had missed: the sheets were actually dried mats of microorganisms. He speculated that they had started out growing in intertidal pools on beaches. Storm winds came along, peeling them from the coast and lofting them high in the atmosphere, where they drifted for hundreds or thousands of miles before dropping down to Earth.


Thinking back on the microorganisms he had encountered in so many places, Ehrenberg reasoned that storms might also sweep up microorganisms from deserts and ponds. If you knew what to look for, you could even find evidence for flying microorganisms in historical records. There were many accounts of blood raining down from the sky. In The Iliad, Zeus sends a red downpour as a sign of coming slaughter. In the fourteenth century, a shower of blood in Germany presaged the arrival of the Black Death. Ehrenberg believed that that blood rain was real, but not really blood. It was instead a red mix of dust and microorganisms raised into the sky and then washed down in storms. “How many thousand millions of tons of microscopic life forms might have been lifted and have fallen like meteorites onto the Earth since Homer’s blood rain!” Ehrenberg exclaimed.


In 1844, Ehrenberg enlisted Charles Darwin in his search for flying life. Ehrenberg knew that the young British geologist had visited some of the most remote places on Earth during his voyage on the Beagle. He wondered if Darwin might have had any samples to spare from places like the Galápagos Islands. Darwin was happy to help, and he added a gift he thought might interest Ehrenberg: a vial of mysterious red dust.


Darwin had collected it twelve years earlier, when he was just starting on his five-year voyage on the Beagle. As the ship sailed across the Atlantic toward Brazil, he noticed one day that the sky was turning hazy. The cause, Darwin later wrote, was “the falling of impalpably fine dust.” It dirtied the ship as it settled on every surface, and the crew of the Beagle complained as the dust stung their eyes. “Vessels even have run on shore owing to the obscurity of the atmosphere,” Darwin wrote.


Darwin swept a smidgen of dust into a packet and stored it away in his quarters on the ship for later study. When he returned to England in 1836, he brought the dust back home along with his vast collection of fossils, rocks, and preserved animals and plants to his country estate. As Darwin developed his theory of evolution, he did not have time to even peek at the packet. Ehrenberg’s request tickled his memory. He tracked down the dust and sent it to Berlin.


Darwin had suspected that the dust had come from some distant volcanic eruption, but Ehrenberg saw no evidence for that under his microscope. Instead, he was looking at life. Most of the dust was composed of microorganisms covered in shells of silica. Some of them reminded Ehrenberg of freshwater species that lived in South America.


In June 1844, Ehrenberg sent Darwin his preliminary findings. “I am truly astonished at this,” Darwin wrote back.


“I will feast on them for a long time yet,” Ehrenberg promised him.


Darwin persuaded other naturalists to send their supplies of Atlantic dust to Berlin. All told, Ehrenberg discovered sixty-seven species of microorganisms in the samples. He puzzled with Darwin over where they had traveled from. Ehrenberg favored South America as the source, while Darwin favored Africa. In 1846, Darwin published an account of some of the results of Ehrenberg’s analysis.


Fundamentally, it didn’t matter if Darwin or Ehrenberg was right. Either way, the microorganisms must have soared around a far swath of the planet, perhaps flying above the clouds. They were one more piece of evidence that Ehrenberg could marshal to show how far microorganisms could travel. In the words of one Victorian scientist, Ehrenberg’s studies “proved the actual existence of an atmospheric kingdom of life.”
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While Ehrenberg was examining Darwin’s dust, potato farmers in Belgium were discovering a disaster in their fields. The leaves of the plants were turning black; their stalks were rotting to goo; their tubers were giving off a foul stench. Over the next few years, this strange new disease wiped out much of Europe’s potato crop and caused a brutal famine. It also became a crucial piece of evidence in favor of contagious germs.


Late potato blight, as the disease came to be called, expanded its circle of destruction from Belgium across Northern Europe in a matter of months. First, farms in France and Germany started suffering huge losses. Then the blackened leaves and stalks of goo appeared across the English Channel, and then across the Irish Sea. No country suffered more from late potato blight than Ireland. For centuries, British landholders had used the country’s good farmland to grow cash crops and graze cattle, which were then shipped off the island. Poor farmworkers had to survive on the food they could grow in small gardens on the edges of bogs and on rocky mountain slopes. Potatoes were one of the few crops that could reliably keep Irish families fed. By one estimate, a third of the country’s population depended on potatoes alone for almost all their nutrition in the 1840s. When late potato blight came to Ireland, it took away their food, and a million Irish died. Millions more fled overseas.


Late potato blight threw naturalists into a fierce scientific debate about its cause. When microscopists inspected rotting potatoes, they discovered something alive: a new kind of fungus that some researchers called a water-mould. But many experts refused to believe that the fungus caused the disease. One correspondent to Gardeners’ Chronicle blamed “destruction by absorption of miasm floating in the air.” Others speculated that stagnant pools of toxic air were to blame; others suggested electricity in the atmosphere.


But if an atmospheric disturbance made the potatoes rot, the miasmatists did not have a good explanation for why the same water-mould appeared so often on the dying plants. According to one theory, the tissues of the dying plants reorganized themselves and produced the microorganisms, in a process known as spontaneous generation. The idea of spontaneous generation was centuries old by then; some scholars thought that flies and even mice arose from decaying bodies. By the 1840s, naturalists had long given up the idea that animals could form from stray molecules in a corpse, but many still believed that dying tissues could turn into bacteria or fungi. Miles Berkeley, a British vicar who was among the first naturalists to identify the water-mould, rejected spontaneous generation as its cause. He found it not just on rotting potatoes, but healthy ones. “The decay is the consequence of the presence of the mould, and not the mould of the decay,” Berkeley said.


The potato famine ended, but the debate over late potato blight did not. Berkeley was joined in his research by Anton de Bary, one of Ehrenberg’s former students. De Bary grew water-moulds on potatoes in his laboratory, documenting every bizarre stage in their life cycle. He sprinkled spores on healthy potato leaves and observed them push microscopic tentacles into the plants’ cells. He watched them develop into meshes of filaments and then produce miniature treelike structures filled with new spores. The spores were the only cause of late potato blight; De Bary never saw the potatoes decay without them. De Bary’s work led him to join Berkeley in rejecting spontaneous generation. Only moulds made moulds.


The contagionists had a question of their own to answer, though: if late potato blight was caused by a microorganism, how had it spread across Europe in a matter of weeks with the speed of a storm? They returned to the air for their answer. Every infected plant produced vast numbers of spores. The rain washed some of them into the soil, where they could infect other plants. But the wind also carried spores away to ravage distant farms.


Berkeley believed that many other species of fungi traveled through the sky as well. Their spores, he wrote, “are wafted about in the air, where they may remain for a greater or less period, till, obeying the natural laws of gravity, they descend in some distant regions. The trade winds, for instance, carry spores of Fungi mixed with their dust, which must have travelled thousands of miles before they are deposited.”


Here was a new image of how the air delivered diseases: not with miasmas caused by foul gases, or with seeds from the stars. Instead, the air was a skyway along which invisible organisms flew like wingless birds, searching for a place on land where they could grow.
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Louis Pasteur got pulled into the debate over spontaneous generation almost by accident, thanks to some spoiled beet juice. Within a few years, he had become so obsessed with the question that it lured him to the top of the Mer de Glace, where he waved a globe of broth over his head.


In 1856, Pasteur was a young chemist teaching at the University of Lille, far from the hub of French scientific life in Paris. He worked on esoteric questions about the chemistry of wine that brought him little public attention. One day the father of a student asked for a favor. Louis-Dominique Bigo-Tilloy owned a distillery where he used yeast to ferment beet juice into alcohol. Something had gone wrong, and the juice was turning sour instead. Aware of Pasteur’s work on wine, Bigo-Tilloy asked if he could find the cause of the trouble.


Pasteur accepted the challenge. He looked at it as a chance to learn about how fermentation happens. He taught himself how to use a microscope and peered at slides of spoiled and unspoiled juice. Pasteur spotted a difference between them that was both simple and profound. In the unspoiled juice, he saw yeast—chains of bead-shaped fungi that turned sugar into alcohol. In the spoiled juice, he saw something else: swarms of dark rods.


Further experiments led Pasteur to realize that he was looking at two kinds of microorganisms. He called the dark rods lactic yeast because they turned sugar into lactic acid. (They would later turn out to be bacteria, not yeast.) With his discovery, Pasteur could give Bigo-Tilloy a simple solution for his problem. If his beet juice turned sour, he should boil it. Once Bigo-Tilloy had killed the lactic yeast, he could reseed the juice with his alcohol-producing yeast, and he would be back in business.


The discovery benefited Pasteur as well, drawing praise from Paris’s leading scientists. In 1857 he was appointed the administrator and director of scientific studies at the École Normale Supérieure. In later years, the French would treat Pasteur like a secular saint, but at the École he was an academic terror. His dictatorial leadership led seventy-three students to resign. He proposed that the university stop admitting women to science classes. “Their presence is always a nuisance,” Pasteur said. In 2022, on the occasion of his two hundredth birthday, a pair of scientists at the Pasteur Institute wrote an essay to mark the event. They called the institute’s namesake “unfair, arrogant, haughty, contemptuous, dogmatic, taciturn, individualist, authoritarian, careerist, flatterer, greedy, and ruthless with his opponents.”


Pasteur often tried to erase the achievements of rival scientists even as he promoted his own. He presented himself as the first scientist to plumb the nature of fermentation, despite the fact that another scientist, Antoine Béchamp, had reached many of the same conclusions a few years earlier. “The most brazen plagiarist of the nineteenth century and of all centuries: it is Pasteur,” Béchamp later grumbled.
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At the École, Pasteur continued to direct his ruthless brilliance to lactic yeast. “Where do they come from, these mysterious agents, so feeble in appearance yet so powerful in reality?” Pasteur asked. “This is the problem that has led me to study so-called spontaneous generation.”


Pasteur considered the possibility that beet juice spontaneously generated lactic yeast, and then cast it aside. A far simpler explanation was that the yeast spread through the air. The microorganisms might float on currents, randomly landing in vats. Pasteur made a passing mention of his opinion in a paper, and he soon received a scolding letter from France’s leading proponent of spontaneous generation.


Félix-Archimède Pouchet was twenty-two years Pasteur’s senior. He had come late in life to the spontaneous generation debate, having first made a name for himself by building a natural history museum in Rouen, eighty miles from Paris. At the museum, Pouchet carried out experiments on everything from turtle lungs to insect guts. The late potato blight of 1845 seems to have first drawn Pouchet’s attention to spontaneous generation. He came down firmly in favor of it, rejecting Berkeley’s claim that the blight was caused by an airborne water-mould. In the 1850s, Pouchet built an elaborate theory in which all microorganisms formed from lifeless molecules. “Spontaneous generation is the production of a new organized being that lacks parents and all of whose primordial elements have been drawn from ambient matter,” he declared.


In his letter to Pasteur, Pouchet haughtily assured the young chemist that he must be wrong about beet juice. It was the fermenting juice that produced the microorganisms, not the other way around. To show Pasteur the errors of his ways, Pouchet described experiments of his own that he believed provided clear proof of spontaneous generation. When Pouchet placed sterile hay in a sealed flask of germ-free water, the hay produced germs.


Pasteur was not cowed. He informed Pouchet that his experiment had a fatal flaw in its design. He accidentally gave air a chance to enter the supposedly sterile flask. Airborne germs had landed on the hay, Pasteur guessed, and later multiplied. Yet Pasteur also recognized that his own work did not make a compelling case against spontaneous generation. If he wanted to confidently reject it, he would have to run some new experiments.


The private spat soon turned into a public spectacle. France’s Academy of Sciences recognized the importance of the spontaneous generation debate and launched a contest with a prize of twenty-five hundred francs for the best study casting new light on the question. Pouchet and Pasteur both signed up.
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As the experiments unfolded, it was hard for the public to decide which view of life was stranger. Spontaneous generation had the whiff of blasphemy since it did not require divine intervention for the creation of living things. But the idea of the atmosphere teeming with germs—invisible seeds that could turn juice to wine and potatoes to slime—also strained the nineteenth-century mind. In 1860, a French journalist informed Pasteur that he was going to lose the contest. “The world into which you wish to take us is really too fantastic,” he said.


To take people into that world, Pasteur would have to catch germs from the air. He worked with glassblowers to invent a series of devices for the hunt. One device—a linked set of thin tubes—let Pasteur draw air through a piece of sterile cotton by sucking at one end like a straw. He could then wash germs out of the cotton and look at them under a microscope.


For another set of experiments, Pasteur poured sterile broth into long-necked flasks. Germs drifted down through the necks and grew in the broth, turning the flasks cloudy. If Pasteur bent the necks down in a swanlike curve, the broth remained clear. The germs in the air could not make their way up through the necks, Pasteur argued.


When Pouchet heard about Pasteur’s experiments, he sneered. Did Pasteur really believe that every germ in fermenting and decaying organic matter came from the air? If that were true, Pouchet argued, every cubic millimeter of air must be packed with more germs than all the people on Earth. “The air in which we live would almost have the density of iron,” he said.


Pouchet had a point, and Pasteur changed his hypothesis in response. Now he held that germs were not everywhere in the air at all times. They drifted in clouds and were more common in some places than others. To prove his updated hypothesis, Pasteur left his lab to capture germs in his flasks. In August 1860, he opened eleven straight-necked flasks in the courtyard of the Paris Observatory, a seventeenth-century building near the center of the city. Afterward, they all turned cloudy with multiplying germs. Pasteur then went down into the observatory’s cellar, where germ-laden dust presumably fell to the floor without any breezes to kick it back up or deliver fresh germs from elsewhere. He opened ten flasks. Only one came to life.
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Pasteur then left Paris on his hunt. In the summer of 1860, he brought dozens of portable flasks to Arbois, the town in eastern France where he had spent much of his youth. Pasteur wandered the country roads, opening his flasks. He held them over his head in order not to contaminate them with the germs on his clothes. Eight out of twenty flasks he opened in Arbois ended up with microorganisms growing inside. He traveled to a small mountain nearby for another survey. At an altitude of five hundred eighty meters, only five out of twenty flasks sprang to life.


It made sense to Pasteur that he had a harder time finding germs on the mountain. The farther he got from human settlements, the sparser airborne life became. To put that idea to an extreme test, Pasteur imagined taking a hot-air balloon thousands of feet into the air. He expected that as he climbed toward the clouds, he would capture no germs at all. But the more Pasteur thought about taking a balloon ride, the less practical it seemed. He decided instead to travel to the Alps in order to climb the Mer de Glace.


His first foray to the glacier ended in failure. When he reached the ice and tried to seal the flasks, the glare of the sunlight made it impossible for him to see the flame of his lamp. Pasteur fumbled as he tried to hold it under the neck of his flask. He started to worry that he might be contaminating the liquid with germs he carried on his skin or his tools. Pasteur gave up and trudged to a mountain lodge—more of a hut than a lodge, really—to spend the night.


He left the flasks open as he slept. Only in the morning did he remember to reseal them. In little time, all thirteen flasks were rife with microorganisms. That did not surprise Pasteur. He reasoned that the travelers who visited the lodge had brought clouds of germs from around the world.


On the second day, Pasteur left the lodge and tried again. He modified his lamp so that the flame would burn bright enough for him to see it. When he climbed back up the glacier, the experiment worked flawlessly. Pasteur opened twenty flasks and then sealed them up for the trip back to Paris. Only one of them turned cloudy with germs. The other nineteen remained sterile.


Pasteur returned to Paris with his seventy-three flasks, and in November 1860, he brought them to the Academy of Sciences to make his case. He entered the domed auditorium, walked up to the table where the prize committee sat, and laid out the flasks before them. The judges peered at the clear and cloudy broths as Pasteur described his journey. The collection of fermented and sterile liquids, he announced, “gives us the indubitable proof that the inhabited places contain a relatively considerable number of fertile germs.”


Pouchet refused to accept the evidence, but he withdrew from the contest anyway. No one is quite sure why, but it’s possible that Pouchet suspected the judges were biased against spontaneous generation. Or perhaps he decided he was at a disadvantage as an aging outsider with a bright young light of Parisian science as a foe.


Still, even after Pasteur was awarded the prize in 1862, Pouchet continued to spar with him. He climbed mountains with flasks of his own and claimed his own results favored spontaneous generation. Pasteur brushed off the expeditions as sloppy work. The rivalry remained so intense that the Academy of Sciences set up a new commission to evaluate their new work. Pouchet delayed the proceedings over and over again, demanding more time to run additional experiments. As the deliberations at the academy dragged on, Pasteur decided it was time to seize public opinion. He would put on a spectacle.
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The Sorbonne had recently launched a series of public lectures called scientific soirees. Pasteur secured the evening of April 7, 1864, for a performance. That night, the university’s amphitheater filled with Paris’s elite, who had followed the battles between Pasteur and Pouchet for four years now.


Pasteur rose to speak to the crowd. He was surrounded by lab equipment and a lamp to project images on a screen. “You will not leave here tonight without being convinced that the spontaneous generation of microscopic creatures is a chimera,” he promised.


He started by attacking Pouchet, pointing out flaws in his rival’s experiments. Pasteur then declared that the air in the amphitheater was rife with germs. “We can’t see them now, for the same reason that, in broad daylight, we can’t see the stars,” he said.


At Pasteur’s command, the lights went out, save for a cone of light that revealed floating motes of dust. Pasteur asked his audience to picture a rain of dust falling on every surface in the amphitheater. That dust, he said, was alive. To demonstrate this strange fact, Pasteur used one of his glass pumps to suck air onto a sterile piece of cotton. After soaking the cotton in water, he put a drop on a glass slide under a microscope. The projector threw the image of the slide on the screen for Pasteur’s audience to see. Alongside soot and bits of plaster, they could make out squirming corpuscles. “These, gentlemen, are the germs of microscopic beings,” Pasteur said.


Next, Pasteur turned to a swan-necked flask filled with clear water. “I have deprived it of air-borne germs, or of life itself—for life is the germ, and the germ is life,” he said. “The doctrine of spontaneous generation will never recover from the mortal blow inflicted by this experiment.”


By destroying spontaneous generation, Pasteur suggested, he was not just performing science but also protecting the Church. “What a victory would be won by materialism, gentlemen, if it could cite in its support the demonstrable fact that matter organizes itself, brings itself to life—matter, in which all the known forces of nature may already be said to reside!” he said.


To end his lecture, Pasteur recounted his travels in search of microorganisms. He talked about capturing germs in the cellar of the Paris Observatory, in the countryside, and, finally, on the Mer de Glace. Germs were everywhere in the air, kicked up in dust, taking flights of unknown distances, and then settling back to the ground, where they worked their magic of fermentation. Germs broke down “everything on the surface of this globe which once had life, in the general economy of creation,” Pasteur said. “This role is immense, marvelous, positively moving.”


The lecture ended with a standing ovation. And within a few months, Pouchet dropped out of the academy’s review. Perhaps he decided that a second outflanking was enough.


Pasteur’s hunt for floating germs had now elevated him to the highest ranks of French science. And yet he quickly abandoned it to run other experiments. Those experiments would, over the next two decades, help establish the germ theory of disease. And they would take place entirely in the comfort of Pasteur’s lab. Nevertheless, his germ-collecting forays represent an important scientific milestone. Earlier scientists, like Darwin and Ehrenberg, found microorganisms on the ground or at sea. They could only guess that the germs had flown to where they found them. But Pasteur had, for the first time, systematically grabbed them in flight.
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THE SANITARIANS


As Pasteur turned out the lights at the Sorbonne in 1864, he offered his audience a bold claim. He drew their attention to the germs that floated through the amphitheater. Some airborne microorganisms, he said, caused humanity’s most feared diseases.


“They sometimes carry sickness or death,” Pasteur said, “in the form of typhus, cholera, yellow fever, and so many other kinds of scourges.”


At the time, most doctors believed that such diseases were indeed airborne, but not as Pasteur imagined. The prevailing notion was that the atmosphere itself became corrupted, so that a gulp of the miasmatic air was enough to throw a healthy body out of balance, to spark a disease that could kill. Pasteur was talking about something fundamentally different: he believed cholera and other diseases were caused by contagious germs. As microorganisms multiplied inside the human body, they caused the symptoms of diseases. Their progeny then floated to their next victim.


But Pasteur had no proof that floating germs caused any diseases. He had simply let his imagination run wild. His speculations did not impress many doctors. One of the few doctors who quickly recognized the importance of floating germs was the British surgeon Joseph Lister.


Lister was a master at repairing broken bones and amputating limbs, but he was frustrated by how many of his patients died after his surgery. If their skin was torn by a protruding bone, it would often turn red, become inflamed, and fill with pus. Deadly gangrene frequently followed. Up to a half of amputations in Britain ended in death. Surgeons disagreed about what caused wounds to turn putrid: some blamed miasmas; others, oxygen in the air.


When a colleague drew Lister’s attention to Pasteur’s work in 1865, he was dazzled by its “simplicity and perfect conclusiveness.” And he was particularly taken by Pasteur’s suggestion that the decomposition of dead bodies was the result of germs falling out of the air. Lister wondered if germs were also falling into the open wounds of his patients, triggering their flesh to ferment like tainted beet juice and turning their wounds putrid. To satisfy himself that Pasteur was right, Lister replicated his experiments. Instead of yeasty water, he used boiled urine, but he got the same results.


Lister showed off his foul flasks of urine to his fellow surgeons, but they could not understand why he was obsessed with microbiology. Their skepticism did not slow him down, and soon Lister came up with a new way to do surgery. He would protect his patients by applying “some material capable of destroying the life of the floating particles,” as he wrote later.


Thinking about what might be capable of the job, Lister picked out carbolic acid. He had heard it could rid sewage of its stink, which might mean that it killed germs. Lister had an opportunity to try out carbolic acid in 1865, when he treated an eleven-year-old boy named James Greenlees. James had been run over by a cart that broke a bone in his leg and left it sticking out of the skin.


Lister set the bone and covered the open wound with lint soaked in carbolic acid. Then he covered the lint with a sheet of tin, over which he put a bandage. Every day thereafter, Lister would check on James, remove the bandage, and paint a fresh coat of carbolic acid on the lint. The wound healed perfectly, and the boy survived.


Over the next year Lister treated eleven more compound fractures in the same manner, and the procedure was overwhelmingly effective at stopping infections. When Lister published his results, Pasteur praised him for carrying out such careful experiments even as he worked as a surgeon and ran a large hospital. “I do not think that another example of such a prodigy could be found in my country,” Pasteur said.


Lister saved countless lives by demonstrating how to safeguard patients from infection. But he did not confirm Pasteur’s greater vision of airborne microorganisms causing diseases. Nothing in Lister’s work demonstrated that cholera was caused by some particular germ, for example. Medical experts on cholera in the 1860s continued to reject contagion as its cause. At the time, the world’s leading authority on the disease was Max von Pettenkofer, a professor of hygiene at the University of Munich. “No living epidemiologist has dedicated more time or greater talent to the study of cholera than von Pettenkofer of Munich,” the Lancet wrote. His name, Nature declared, “was known throughout the civilised world.” And Pettenkofer assured the world that cholera was caused by inhaling a poisonous gas that seeped from the ground. He called it “das Cholera-Miasma.”
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When Max von Pettenkofer was born in 1818, cholera had only just emerged as a terrifying new disease, in the same league as older scourges like smallpox or the plague. Some people called it “King Cholera.” Others just called it “the monster.”


Cholera was exceptionally humiliating as it killed its victims. It struck suddenly, sometimes causing people to collapse in the streets. They vomited, suffered a torture of cramps, and sometimes went blue in the face. Victims of cholera often expelled a form of diarrhea called rice water stool, causing them to dehydrate so quickly that about half of them died in a matter of days.


In the late 1700s, colonial physicians working in coastal cities in India first reported thousands of people succumbing to cholera, but the disease only gained the world’s attention in 1817, when a ferocious epidemic spread out of India, west to Africa, east to Indonesia, and then north to China. Year after year, the epidemic widened, finding thousands of new victims, until it abruptly vanished in 1823.


Doctors were left to debate what had just happened. Some thought a contagion had spread cholera from one person to the next, but Charles Maclean—Britain’s champion of miasmas—declared it was nothing of the sort. In an 1824 report, he pointed out many ways in which cholera failed to behave like a contagion. Cholera did not seem to spread in chains of transmission; instead, it often flared up simultaneously in many towns at once. Its abrupt disappearance in 1823 also undermined the contagion theory, Maclean argued, because a microorganism that could spread so easily should not vanish and leave so many vulnerable people untouched. “It can scarcely be necessary to observe how utterly incompatible these facts are with the existence of a specific virus, as the cause of this disease,” Maclean wrote.


Then in 1827, cholera roared back. It struck the Ganges River delta and then spread to Europe for the first time, before reaching the Americas. With cholera now raging in their own cities, European doctors debated its cause even more intensely. Believing cholera was contagious, German soldiers set up military cordons to stop people from bringing the germ from Russia. They halted trains to inspect passengers for disease. They even fumigated letters and money. Others who favored miasmas believed the air must be cleaned and called for garbage to be cleared from the streets. But no measure seemed to stop cholera. City after city burst into epidemic flames.


John Snow was an eighteen-year-old doctor’s apprentice working in the north of England when the second cholera pandemic arrived there in 1831. The doctor he worked for treated miners who dug coal deep underground. Snow could not understand how miasmas could have caused their cholera if they were supposedly being produced far overhead, in the air over sewers, garbage pits, and swamps.


Some doctors shared Snow’s skepticism, but the consensus of miasma held firm. The Westminster Medical Society held a debate on the cause of cholera that lasted for six months. In April 1832, they took a vote. “The evidence brought forward to prove the said malady a contagious disease has completely failed,” the chairman announced.
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Pettenkofer was eighteen when cholera first arrived in his home city of Munich in 1836. It suddenly killed 918 residents before it vanished—not just from Munich, but from all of Europe. At the time, Pettenkofer was studying to become a pharmacist, following the example of his uncle, who served as the pharmacist to the royal court of Bavaria. But Pettenkofer abandoned his studies when he discovered poetry and plays, running off at age twenty-one to join a theater troupe. He gave himself the stage name Tenkof—chopping off the front and back ends of his name—and toured Bavaria for a year. But his acting career failed to launch. Tenkof went back to Pettenkofer and returned to the University of Munich to finish his studies.


Instead of becoming a pharmacist, however, he proved a chemical prodigy. He invented a new method to detect arsenic while he was still a university student, which Munich authorities used to test a corpse for poison. At age twenty-nine, he was appointed as a professor at the university, and he went on to create a string of inventions, including a new formula for cement, a copper-based amalgam for filling cavities, and a meat extract for making soup. Pettenkofer concocted a means to extract gas from burning wood, and the streets of many German cities came to be illuminated with lamps burning his fuel.


In 1848, the third cholera pandemic arrived in Europe. As it killed people in Berlin, Paris, and London, Bavaria’s ministry of the interior established a commission to investigate its cause. The commission included two doctors, along with a pair of physicists to study the electricity and magnetism of the air. Pettenkofer was invited as well, despite having no expertise in diseases. He would look for clues to cholera in its chemistry.


Since Bavaria was still free of the disease in 1849, Pettenkofer could study only medical reports sent from places already under attack. He looked over analyses of blood and urine for a chemical signature of cholera. He could find nothing. After years of searching, Pettenkofer got so frustrated that he decided chemistry was useless for finding the cause of the disease. He turned his attention instead to the statistics of the epidemic. Who had gotten sick and who hadn’t might tell him something about cholera that their blood and urine could not. And in Pettenkofer’s research, he discovered John Snow.


By the time cholera returned to England in 1848, Snow had become a prosperous doctor in London, specializing in the new practice of anesthesia. London’s authorities continued to act on the belief that cholera was caused by miasmas, but Snow was more skeptical than ever that an “inhaled poison,” as he called it, was to blame. As he analyzed the timing of outbreaks in London, their locations, and other clues, he grew increasingly convinced that cholera was caused by a microorganism that spread from one victim to the next through contaminated water.


Snow found that the disease ravaged the houses on one side of a street, while sparing the other. The residents who lived on the cholerastricken side dumped their dirty water out their windows into a channel running down the street. Snow reasoned that a contagion in the waste seeped into the well that supplied the residents with their drinking water. In another study, Snow compared cholera among people who received their water from two companies—one taking in clean water, the other taking in water polluted by sewage. The vast majority of people who fell ill with cholera drank the contaminated water.


In August 1853, a yellow flag was hoisted in Snow’s own neighborhood in Soho to warn of a new outbreak. Snow drew a map of the cases. He could see that seventy-three of the eighty-three deaths in Soho occurred in houses served by the same water pump in Broad Street. Snow persuaded local health officials to take the handle off the pump, after which the outbreak ended.


Pettenkofer was impressed by Snow’s work and tried to replicate it in Germany. But he did not find the same patterns. There was no difference in infections between the people who got their water from different companies. If cholera was contagious, Pettenkofer reasoned, then doctors and nurses who treated sick patients should have often become sick themselves. But they were at no greater risk than other Germans. “I have disposed, once and for all, of the spread by drinking water,” Pettenkofer declared.


In 1854, cholera returned at last to Munich. At the peak of the outbreak, Pettenkofer took a walk around the city that would haunt him for years. “It looked as if a breath of pestilence had been breathed over the city from whose poison people began to die in all parts of the town,” Pettenkofer later recalled. Over the next few weeks, that breath of pestilence killed seven thousand people.


As Pettenkofer analyzed the deaths across Munich, he developed a theory of his own—one that could account for all the findings that had baffled him. Snow had been right to look to geography, Pettenkofer decided, but he had not read his maps correctly. The difference between neighborhoods that were spared and those that were ravaged had to do with the ground on which they stood. Houses built on porous, loamy soil suffered terribly. But nearby houses that stood on compact soil escaped punishment.


From observations like these, Pettenkofer developed his choleramiasma theory. The cycle of the disease started with some microorganism that scientists had yet to discover. It entered people’s bodies and multiplied, but it did not make people sick with cholera. Those healthy carriers released the microorganism in their feces or urine. If it reached airy soil, it could continue to thrive, fermenting the soil in much the same way that yeast ferments beer. The fermentation released a poisonous gas, Pettenkofer believed.


The poison wafted from the ground, crept into houses, and found its way into people’s lungs. As victims breathed in more and more of the gas, it quietly wreaked damage on them until they suddenly collapsed. When the fermentation finished underfoot, the gas stopped seeping from the Earth, and the epidemic vanished.


Pettenkofer created his theory of underground fermentations to explain cholera, but in time he became convinced that it could also account for other diseases, such as malaria and typhoid. Miasmas emanating from the soil were particularly dangerous to humans, he believed, because they were so difficult to avoid. People could avoid the sick and tainted food, but they had no choice but to breathe thousands of times a day. “We live in the air, like fish in water,” Pettenkofer observed.
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Two decades after Tenkof’s last performance, Pettenkofer deployed his theatrical skills again. This time, he used them to promote his choleramiasma theory. His public lectures were so compelling that journals in other countries printed them verbatim. Pettenkofer promised that cities could prevent cholera by preventing miasmas from forming out of filth and stagnant water. “Cleanliness acts as a deterrent to cholera,” he declared.


Munich took Pettenkofer’s advice to heart. The city installed pipes to bring fresh water from the mountains, giving them enough pressure to make toilets flush properly. Waste was no longer dumped on Munich’s open ground; a sewage system moved it clear of the city and poured it into the nearby river.


Pettenkofer also believed in clearing the air inside houses. “It is possible by increasing the rapidity of the change of the air in our houses to prevent it becoming too much contaminated,” he said. Indoor pollution took the form of dirt, dust, and poisonous carbon monoxide from charcoal. Fires for cooking and heat could create updrafts that pulled up noxious air full of cholera-miasmas and other disease-causing gases from the ground. Ventilating buildings would flush out the bad air and bring in the good.


Pettenkofer discovered that he could measure the ventilation of air by gauging the carbon dioxide inside a building. In unventilated rooms, people would raise the level of the gas as they exhaled. Pettenkofer found dangerously high levels in houses, schools, and theaters around Munich. Measuring carbon dioxide became a standard way to judge the ventilation of indoor spaces. Many experts agreed on 1,000 parts per million of carbon dioxide as a safe level. That figure is known today as the Pettenkofer number.


Pettenkofer was far from alone in fighting for fresh air. In the mid-1800s, an international movement of physicians, nurses, and reformers came together, calling themselves sanitarians. They looked on in horror at the rising death toll in the fast-growing cities of Europe and the United States, and blamed the carnage on the squalid, crowded housing into which poor migrants from the countryside were forced. Feces and urine, mixed with manure from horses and pigs, ended up flowing down the streets. The filth corrupted air, which then made people sick.


To fight these diseases, the sanitarians did not search for cures. Instead, they sought to prevent sickness by keeping the environment—especially the air—free of corruption. They enlisted journalists to the crusade. New York newspapers warned of the dangers posed by marshy, garbage-strewn neighborhoods—“a great laboratory of fever-producing gases,” as one described it.


Sanitarians set out to keep hospitals clean as well. The leader of that effort was Florence Nightingale, who became committed to clearing the air when she served in British military hospitals in the Crimean War. As she battled outbreaks among the wounded soldiers, she scoffed at the notion that some contagion spread disease among their ranks. “Suffice it to say, that in the ordinary sense of the word, there is no proof, such as would be admitted in any scientific inquiry, that there is any such thing as ‘contagion,’” she once declared.


Instead, Nightingale believed that hospital air became corrupted—from the filth on the floor, from urine in chamber pots, from noxious moisture released by sick patients. Shutting up a hospital ward made it more dangerous, because the healthy patients were forced to breathe the stagnant air. Nightingale tried keeping the air clean with regular changes of bedding and by washing down hospital walls. After the war, she returned to England and campaigned to make the same changes to civilian hospitals as well. She even changed the architecture of hospitals, designing wards with wings branching off a main corridor, each wing sporting windows through which foul air could escape and fresh air could take its place.


Sanitarians also changed the architecture of houses and apartment buildings to purify the air. In 1869, the New York City Board of Health laid down new rules for ventilation, forcing forty-six thousand windows to be cut into dark interior rooms across the city. New buildings had to be built with light shafts to allow fresh air to expunge the miasmas.


The sanitarian movement made Pettenkofer its hero. In the early 1800s, Munich had suffered hundreds of deaths every year from typhoid fever. But after the city followed Pettenkofer’s advice, the rate fell to close to zero. The University of Munich built Pettenkofer an entire institute where he trained new hygienic scientists who came from as far away as Japan. Meanwhile, his cholera-miasma theory became an international consensus. At cholera conferences, Pettenkofer’s name was on everyone’s lips, while John Snow was barely mentioned.


As his fame grew, Pettenkofer sneered at anyone who still held on to the “drinking-water faith.” But even as Pettenkofer enjoyed the peak of his celebrity, the followers of the drinking-water faith were engineering his downfall. And with his downfall, the age of miasmas would come to an end.
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Louis Pasteur shared John Snow’s conviction that a contagion caused cholera, but they disagreed on how that contagion spread. Snow thought it was in the water, while Pasteur believed it was in the air. In 1865, when an outbreak of cholera struck Paris, Pasteur set out to find it in a Paris hospital. He pumped air from the cholera wards through cotton filters. He checked the currents rising up into the attic. He collected dust from the floors and bedding. Pasteur found many kinds of spores, but no germ on which he could blame cholera.


As cholera tormented Paris, another epidemic was raging in the countryside. This one attacked silkworms, on which France’s huge silk industry depended. Silkworm breeders raised the insects in such great numbers that their munching on mulberry leaves sounded like rain striking leaves in a storm. But now a disease called pébrine was covering the insects in spots and leaving them too weak to eat. The breeding rooms went silent, and France’s silk industry faced doom.


The government dispatched Pasteur to find the cause of pébrine. Pasteur knew that in the 1830s an Italian lawyer named Agostino Bassi had investigated an outbreak of another silkworm disease called white muscardine. Bassi had blamed it on a fungus. Pasteur followed Bassi’s example and searched for a microorganism in the silkworms sick with pébrine. He found a single-celled fungus inside them, and he was able to spread pébrine by infecting other worms with it.


The fungus did not spread through the air, however: Pasteur found that sick caterpillars released it in their droppings and contaminated the leaves they ate. Just as Pasteur had had practical advice for fermenting beet juice a decade earlier, he now had practical advice for silkworm breeders: they should inspect their insects to be sure they were free of the fungus. Thanks to his guidelines, pébrine stopped killing worms, and the silk industry was saved.


For Pasteur, pébrine also revealed something deeper about life. The fungi in sick silkworms were not spontaneously generated by pébrine; they were its cause. In this work, Pasteur was taking some preliminary steps toward what would later become known as the germ theory of disease, a theory that would explain cholera, tuberculosis, and many other human diseases. But the scientist who would provide the first clear-cut evidence of a germ causing a human disease would not be Pasteur. It would be a young doctor who had never published a single study of germs before.
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Robert Koch earned his medical degree at the University of Göttingen in 1866, while Pasteur was working on his silkworms. The young doctor struggled to start a medical practice, ending up as the district medical officer for Wöllstein, a small city surrounded by farms and forests in what is now Poland.


Koch and his family occupied four rooms on the second floor of a house in Wöllstein. Many of his patients would show up at night after having spent their days working their fields. They often paid for his exams with wild game. Eventually Koch’s wife hung a curtain to divide the clinic room in half, and in the half by the windows, Koch amused himself in his free time with a microscope. He would look at algae and other single-celled organisms he collected in the forests and ponds around Wöllstein. In 1873, Koch obtained blood of a sheep that had died of anthrax. And when he looked at the blood under his microscope, his hobby turned into a project that would ultimately win him the Nobel Prize.


Anthrax was a menace for Wöllstein farmers. Cows and sheep would develop fevers, stumble, bleed out of their noses, and die. Farmers who handled their diseased carcasses or hides sometimes developed pustules on their skin, but usually recovered. Certain pastures seemed to be hot spots for anthrax, and outbreaks seemed to track the weather. When scientists inspected the blood of animals killed by anthrax, they noticed peculiar microscopic rods. But they could not determine if the rods were alive or were some kind of lifeless crystal.


Koch looked at the rods for himself. He noticed that if he put a flame under a slide, the warmth triggered the rods to swell and grow shiny. “They looked like a pile of glass threads or like a climbing plant with long parallel vines,” Koch later recalled. He suspected that he was looking not at crystals but living things. After growing for fifteen hours, the rods produced small grains along their length. Koch recognized that they were making spores.


As Koch peered through his microscope, he thought back to the lectures he had heard at Göttingen from a professor named Jacob Henle. Henle was a contagionist, but he recognized that the theory lacked compelling proof. That proof would come in the form of links between germs and diseases. Microbiologists would need to isolate a particular kind of germ from hosts that suffered the same disease. They would then have to cause the same disease in a new victim by transferring the germ.


Koch suspected that the rods and spores he was observing were microorganisms that caused anthrax. The rods that grew inside infected animals produced spores. When their hosts died, the spores spilled out and spread into the soil. They were hardy enough to survive in the ground, where they could wait to infect healthy animals that passed through the contaminated fields to graze.


Koch wanted to prove that cycle, but he needed to learn a lot more about microbiology before he dared try. He left Wöllstein in 1875 to take a grand tour of Germany’s scientific centers. A stop at Pettenkofer’s institute in Munich allowed him to learn more about the great epidemiologist’s theory about cholera brewing in the soil. The conditions of the soil might help cause anthrax too by controlling which pastures became deadly with spores.


On his return to Wöllstein, Koch was ready to carry out the kind of experiment Henle had envisioned. Koch got spleens from sheep and cows that had died of anthrax. He poked the organs with slivers of wood. Using the slivers as primitive syringes, he delivered the tissues into the bloodstreams of mice. The mice soon developed the symptoms of anthrax and died.


Their deaths demonstrated that anthrax could be transmitted by blood. But they didn’t eliminate the possibility that something other than anthrax bacteria in the blood of sheep and cows might have been the cause. Koch figured out the right ingredients that anthrax bacteria needed to grow in a flask. He injected some of his homegrown bacteria into another batch of mice, and they died from anthrax as well.


By completing the cycle of death and life, Koch sealed his case. His simple experiments had demonstrated for the first time how one particular microorganism acted as a contagion, causing a particular disease as it moved from host to host. That achievement suddenly thrust Koch into the top ranks of German science. “The man has made a magnificent discovery, which, for simplicity and the precision of the methods employed, is all the more deserving of admiration,” one microbiologist declared.
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Koch left Wöllstein for Berlin, where he was given a post at the Imperial Health Office. There he used the same method he had developed for anthrax to study tuberculosis.


Tuberculosis did not crash down on humanity in devastating waves like cholera. Instead, it slowly destroyed lives year in and year out. The disease started with coughs that left victims exhausted, and over years their faces took on a hollowed-out pallor. According to one estimate in Koch’s day, one in seven humans across the planet died of TB. Doctors could not agree on what caused it, though. It was miasma according to some, a hereditary curse according to others.


Koch reasoned that tuberculosis might be caused by bacteria. He discovered a distinctive microorganism in the sputum of TB patients in 1882, which he learned how to grow in his lab. When he injected the bacteria into rabbits, their lungs developed TB’s distinctive scars and became rich with the same bacteria.


Here, Koch concluded, was the cause of tuberculosis, a species of microbe that would come to be known as Mycobacterium tuberculosis. It was a staggering discovery, although it left one fundamental question about TB unanswered: Koch did not know how the bacteria spread. After all, tuberculosis did not become one of the world’s worst killers one injection at a time.


Koch’s success at identifying the causes of both anthrax and tuberculosis set the standard for linking germs to diseases—a set of methods that came to be known as Koch’s postulates. Researchers who followed them quickly uncovered the causes of many of the worst diseases known to medicine. In the process, they assembled overwhelming proof that the germ theory of disease was correct.
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In 1883, cholera made a devastating return. It first flared in Damietta, an Egyptian port city on the Mediterranean, and then swept up the Nile. As it approached Cairo, forty thousand residents fled the city. The British soldiers who had recently taken control of Egypt used cordons to keep infected people from traveling to untouched towns. They boiled their own water before drinking it, a measure of which John Snow would have approved. Despite their efforts, the epidemic grew, and soon it was killing thousands of Egyptians each week.


The cholera epidemic was not just a human catastrophe but a geopolitical crisis. Much of the world’s trade moved through Egypt’s Suez Canal, over which Britain now had profitable control. France and Germany called for ships bound for Europe to stop when they reached the canal and discharge their crews, in case they were sick with cholera. Only after safely quarantining for days would the crews be allowed back on their ships. Quarantines threatened to slow the trade through the canal to a molasses-like flow.


Britain dispatched the eminent physician William Hunter to Egypt with a team of ten assistants to determine the cause of the cholera outbreak. Hunter seems to have made up his mind before he left. He later wrote that he was among those “who do not believe in the contagiousness of cholera, and who, therefore, do not look for a specific entity or germ.” He looked for a cause instead in the physical conditions of the country. Filth, Hunter said, was “a powerful factor.” So was the odd weather that British doctors in Egypt described to him: “a very peculiar condition of the atmosphere was observed—a yellowness of the air, somewhat of the nature of a fog.”


In his report for the British government, Hunter declared that “the peculiar atmospheric state noticed would probably act as an exciting cause in the immediate production of the epidemic outbreak.” He provided the British government with a convenient conclusion: Egypt’s own air had produced the epidemic rather than a germ transported by Britain from India. No trade-jamming quarantines were required.


But Hunter’s team was not the only one to come to Egypt. The Egyptian government also invited France to send a delegation. Louis Pasteur dispatched four of his disciples, who searched for a microorganism that might be killing Egyptians. They had to abandon the hunt when one of the researchers died of cholera. Germany sent a team as well. Pettenkofer was not asked to take part in the expedition, despite his reputation as the greatest cholera expert in the world. Instead, Robert Koch was appointed to lead the mission.


Soon after Koch’s team arrived in Alexandria, they identified a distinctive type of bacteria in the guts of cholera victims. Each of the microorganisms had a little twist to its cell, leading Koch and his colleagues to call it the comma bacillus. Other scientists had observed the same microorganism years earlier, but now Koch built a more compelling case that it caused cholera. His team found the comma bacillus in every cholera victim they autopsied, and never found it in people who had died of other causes.


As compelling as those results were, Koch had yet to follow all his postulates—to grow the comma bacillus and inject it into animals to cause cholera anew. But he ran out of time in Egypt. After having killed fifty-eight thousand people, Egypt’s cholera epidemic abruptly ended.


Koch decided it was not yet time to go home. He traveled on to India, where small cholera outbreaks had become a regular part of life. There he found more evidence for the comma bacillus. His team found it in the feces of patients with cholera and in the bowels of people it killed. If Indians recovered from cholera, Koch found, the comma bacillus disappeared from their stool. The fact that the same bacteria was growing inside cholera victims in both Egypt and India made the link stronger. It grew stronger still when Koch’s team learned of a new outbreak of cholera in an Indian village. They tested the water in a storage tank used for drinking, cooking, and washing clothes. Koch’s team isolated the comma bacillus once more.


For all this evidence, Koch never completely fulfilled his postulates. When he grew comma bacilli and injected them into mice, the animals did not get sick. Still, Koch decided he had found enough proof. He announced that the comma bacillus was the cause of cholera, and Germany agreed. Koch came home a hero, a German Pasteur.


On his return, Koch visited Pettenkofer. He was no longer an obscure frontier doctor; now he met Pettenkofer as a scientific equal, even a rival. The two men had fundamentally different theories for how cholera spread. Koch believed the comma bacillus traveled in contaminated water and multiplied in people who drank it. The microorganism caused the deadly symptoms of cholera, and its progeny escaped in diarrhea to infect new hosts. Pettenkofer continued to believe that microorganisms released into the soil produced a miasma that was then inhaled by people, leading to their deaths.


The meeting did not lead Pettenkofer to change his cholera-miasma theory. He simply absorbed Koch’s work into it.


“Koch’s discovery of the comma bacillus alters nothing, and, as is well known, was not unexpected by me,” Pettenkofer declared. After all, he had long argued that some microorganism was essential to cholera—to produce deadly fumes, rather than deadly infections. Koch’s failure to cause cholera in mice by injecting comma bacillus into them seemed only to strengthen his theory.


To promote his updated theory, Pettenkofer let loose a torrent of lectures and essays. They were crammed with details on geology and weather. He recalled trips to Italy and Malta, where sudden storms were followed by explosions of cholera. “If a weather storm can create a ‘cholera storm,’ then the cholera must be existent in the soil,” he said in 1884.


° ° ° °


In 1892, cholera returned once more to Europe. It did not come by storm, but by rail. The wave of death began in Afghanistan and spread west along train lines to Baku, Moscow, and Saint Petersburg before finally arriving in Western Europe. Hamburg, a city in northern Germany, got hit especially hard.


Over the course of the nineteenth century, Hamburg had grown to a population of 800,000. People were drawn there by its booming shipping industry, which delivered wheat to Britain and brought British goods back to Europe. Immigrants streamed into Hamburg for passage across the Atlantic to the United States. The city’s leaders—elderly businessmen rather than full-time politicians—were quick to spend money on projects that would bring more business to Hamburg, such as a new port and shipbuilding yards. They were less eager to spend money on things that would mostly benefit the growing ranks of Hamburg’s poor. Immigrants waiting for ships squeezed into a foul neighborhood where they had to relieve themselves in latrines and chamber pots. The city’s reservoirs fell into such disrepair that people regularly found eels swimming in their drinking water.


Just across the Elbe River, the town of Altona had no eel trouble. In 1859, it set up a filtering facility to pump river water through sand. After the cholera outbreak in 1873, Hamburg’s leaders grudgingly agreed to filter their own water, but they spent years bickering about how to pay for it. The delay did not cause an uproar, because most of Hamburg’s doctors were miasmatists. The chief medical officer of the city, Johann Kraus, was a well-known supporter of Pettenkofer. One Hamburg doctor published a pamphlet on cholera in which he blamed miasmas produced by melting Arctic icebergs.


On August 14, 1892, a sewer inspector in Altona began vomiting. Soon people across the river got sick too. Hamburg’s leaders failed to respond for days, while Altona’s doctors quickly sent specimens to Koch in Berlin to analyze. In them, Koch found the comma bacillus.


After Koch notified the German government, it dispatched him to Hamburg to set things straight. The city was in chaos by the time he arrived. “I felt as if I was walking across a battlefield,” Koch wrote on August 25.


Koch determined that the comma bacillus had contaminated the Elbe River and spread from there to Hamburg’s reservoirs. As the bacteria flowed through faucets, it sickened people by the thousands. Koch forced the city’s leaders to treat cholera as a germ-driven disease rather than as a miasma. Wagons delivered clean water to neighborhoods across Hamburg. Disinfection crews moved through the houses of the sick. They doused bedding and clothes in Lister’s carbolic acid to kill comma bacilli that might be clinging to them.


Once Koch’s orders were put into action, he headed back to Berlin, leaving his protégé Georg Gaffky as the city’s new hygienic advisor. The outbreak ebbed under Koch’s rules, but it took a brutal toll on Hamburg: 8,606 people died in less than three months—1.34 percent of the city’s entire population. Across the Elbe in Altona, where people drank sandfiltered water, only .2 percent died.


The two communities, drinking from the same river, seemed to Koch like a vast experiment. And that experiment, in which Hamburg had a death rate almost seven times higher than Altona, refuted the idea that cholera was caused by corrupted air. It was clear to Koch that a waterborne germ was to blame. To prevent other German cities from suffering the way Hamburg had, Koch demanded a national law for managing epidemics based on the germ theory of disease. On September 26, 1892, an expert commission met to work out its details. Along with Koch, its members included Pettenkofer.


When the commission met, Pettenkofer refused to give up his theory. He adamantly blamed the disaster in Hamburg on some sort of drastic change to the city’s soil. For days, Pettenkofer and Koch battled. Pettenkofer argued against quarantines and water purification. Koch insinuated that Pettenkofer, now seventy-three, had fallen behind the times. After they finished sparring, the commission voted in favor of Koch’s new measure. The drinking-water faith had now become gospel.
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Pettenkofer returned to Munich in defeat, but he was not yet ready to surrender. He came up with an experiment to prove he was right. Tenkof would put on a final one-man show.


In a letter to Koch, Pettenkofer asked for some comma bacilli isolated from a cholera patient. He did not indicate what he would do with them. Gaffky supplied a sample from the outbreak in Hamburg, and two of Pettenkofer’s colleagues used it to grow a cholera broth.


On the morning of October 7, 1892, Pettenkofer prepared for his performance by eating a light breakfast. He waited two hours for the acid in his stomach to subside. To neutralize any leftover gastric juices, he drank a mix of water and baking soda. Pettenkofer—now white bearded and toothless—went to a lecture room at his Institute of Hygiene. He raised the vial of comma bacilli in front of his acolytes and announced he would drink it.


They begged him not to. They would drink it for him. Pettenkofer refused and tipped back the vial. He swallowed the bacteria and waited to see if he would die.


Pettenkofer survived to tell his story. In fact, he told it with dramatic flair a few weeks later to an audience at the Munich Medical Society. He described how he refused to hand over the vial to his students because an old man ought to risk his own life for his convictions. “Even if I had deceived myself and the experiment endangered my life, I should face death calmly, for it would not be as a thoughtless and cowardly suicide,” Pettenkofer declared. “I should die in the cause of science, like a soldier on the field of honor.”


After he drank the comma bacilli, Pettenkofer’s bowels became noisy. He experienced some mild diarrhea. He provided his stool to his followers, and in it they found swarms of comma bacilli. But Pettenkofer never suffered agonizing cramps, rice water stool, or any of cholera’s other deadly hallmarks. The morning after his experiment, Pettenkofer woke up at his regular hour, dressed, and strolled to the institute. He conducted a regular day’s work and then strolled back home. After a few days, the comma bacilli vanished from his stool.


“I could not but conclude that, although comma bacilli may cause diarrhea, they cannot cause cholera,” Pettenkofer concluded.


Afterward, he sent off a thank-you note to his rival: “Herr Doktor Pettenkofer has now drunk the entire contents and is happy to inform Herr Doktor Professor Koch that he remains in good health.”
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The applause Pettenkofer hoped for did not come. His experiment could not destroy the drinking-water faith. Researchers determined that the comma bacillus—which would later gain the Latin name Vibrio cholerae—often failed to cause severe symptoms. People who carried it without feeling ill unwittingly helped the bacteria spread.


Years later, Pettenkofer’s biographer asked Georg Gaffky about the old man’s cholera experiment. When Pettenkofer asked for comma bacilli, Gaffky recalled that “we could guess what he was going to do.” Gaffky had selected a patient who suffered only a mild case of cholera to take a sample from, rather than a corpse. He did not tell Pettenkofer that. When Pettenkofer failed to develop cholera, he believed he had proven his cholera-miasma theory. He did not realize he was the victim of mercy.


With each passing year, the germ theory kept shuffling medicine into a new configuration. Researchers used Koch’s postulates to show that bacteria were not the only form of life to spread diseases. A fungus produced ringworm. Malaria was the result of a single-celled protozoan called Plasmodium carried by mosquitoes. Mosquitoes also carried the cause of yellow fever, an exquisitely small type of pathogen called a virus. Other viruses would turn out to cause some of the worst diseases humans faced, including smallpox, influenza, and rabies.


Once scientists identified germs, they could trace the routes they traveled from one host to another. Ringworm spread by ordinary skin contact. Syphilis was caused by a kind of bacteria called Treponema transmitted only by sex. Contaminated water delivered Vibrio and Salmonella. The rabies virus required the service of live animals, which bit their victims. Jail fever proved to be caused not by prison air, but by liceborne bacteria, and its old name changed to typhus. Rats carried fleas infected with Yersinia pestis, the bacteria that caused plague.


By the end of the 1800s, miasmas were fading away, looking like an obsolete illusion. And while Louis Pasteur had offered an alternative vision of the air carrying invisible floating germs that spread diseases such as cholera, typhus, and yellow fever, he was wrong on all three of those counts. Now microbiologists were left to wonder if floating germs caused any diseases at all.
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