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Introduction



THIS IS A BOOK ABOUT SOLUTIONS. A couple of years ago, I gave a presentation about the problems of modern agriculture and
               medicine—specifically, how we are losing our edge against pests and pathogens as they develop resistance to pesticides
               and antibiotics. Afterward, an audience member asked, “So what can we do?” I shrugged and said, “Use
               less.” There was a little laughter and then an expectant pause, but I had nothing more to say. How could we cure disease
               without overusing broad-spectrum antibiotics? Or protect crops from bugs and weeds while using less pesticide? This book is
               how I would have liked to answer that question.
               
               
            

There is little doubt that chemicals have played an enormous role in growing food and protecting against disease over the
               last century. Pesticides and fertilizers (along with other agricultural practices) have helped farmers ramp up production
               to feed billions. Here in the United States, we are so certain of abundance that we throw away about 40 percent of all food
               produced, and we expect beautiful, blemish-free fruits to be available year-round. We have grown similarly accustomed to the
               miracle of antibiotics. Before the antibiotic age, infections—from meningitis to strep and staph—reigned as all-too-often-incurable
               killers. Penicillin saved countless lives, and when it failed another antibiotic took its place. Now we demand that our doctors
               prescribe antibiotics at the first sign of a cough.
               
               
            

Most of us alive today are beneficiaries of this chemical warfare waged by humans against pest and pathogen. It worked, for
               a while. Then came resistance and other unintended side effects, from altered ecosystems to the emergence of opportunistic
               diseases: a young man is left to struggle with a drug-resistant infection that has out-competed his normal intestinal flora;
               a blight responsible for the Irish potato famine now increasingly resists fungicides; aggressive weeds crowd out crops; and
               common pesticides kill off even the beneficial insects. How do we replace twentieth-century pesticides now fallen from grace,
               or save our antibiotics so that they are there for us when we most need them?
               
               
            

Fortunately, imaginative strategies are in the works. Some, like gene editing, are of the twenty-first century; others, such
               as the ancient practice of fecal transplants, are just now emerging from history's shadows, made new again by advances in
               technology and a sense of urgency. Many strategies are borrowed from nature, one of our best allies against these age-old
               enemies. There are viruses that infect and bust apart bacteria. Strategic crops create healthy microbial communities able
               to fend off plant pathogens. There are vaccines engineered to better stimulate our natural defenses, and there are plants
               engineered to resist diseases with genes borrowed from related strains. Insect pheromones—natural and very specific
               chemicals—frustrate moths that would otherwise infest our fruits and nuts with their wormy larvae by throwing them
               into a misguided sexual frenzy. And bacteria provide new kinds of highly selective antimicrobials—targeting pathogens
               while leaving our microbiomes intact. There are hundreds if not thousands of reasons for cautious optimism; I have selected
               a handful.
               
               
            

We are also realizing that medical and agricultural solutions go hand in hand because people and plants actually have a lot
               in common. Whether we are talking about food, the environment, or people, good health is dependent on common biological and
               ecological factors. A fecal transplant in humans is little different from encouraging soil microbes on the farm. Viruses that
               infect bacteria are useful both in humans and in the field, as is the concept of using natural enemies for protection against
               pest and pathogen. And an ounce of prevention is worth well more than a pound of cure, whether we are protecting kids or crops.
               For the most part, a revolutionary approach in the hospital is a revolutionary approach on the farm. This commonality is why
               I have paired this book's chapters, exploring each solution's application in health care in one chapter and its application
               in agriculture in the other. Even when the technologies or treatments aren't identical, I think it is still useful to consider
               them in tandem. For too long we have thought of ourselves as separate from the environment. The sooner we begin working with,
               rather than against, nature for our food and health, the better off we will be.
               
               
            

In the process of researching this book I sought out scientists working on cutting-edge solutions, often informed by our increasing
               appreciation for the intricacies of ecology. From genomics to computational biology to new developments in virology and bacteriology,
               it is easy to become entranced by research that promises to reduce pesticides and cure disease. So this book comes with a
               caveat: some of these approaches may well save our food and medicine, but others will fail. One early reader cautioned me
               that stoking excitement about new technologies too often backfires, shredding the public's trust in science. “It's
               like writing about the stock market. Suppose you say this is very cool—the latest, most exciting development, the best
               thing since sliced bread. Then suppose later there is a conspicuous failure; perhaps a good idea doesn't hold up in the field
               or in the hospital, or doesn't even make it to market.” By writing about promising developments, it is not my intention to endorse any single solution as the next best thing but
               rather to provide examples of scientific ingenuity. While some of these approaches won't pan out, they may inspire a vaccine,
               or natural pesticide, or probiotic that does work. That is the nature of science. It is an enterprise that builds and corrects and moves ahead. We live in an on-demand
               world and we are impatient for the next miracle cure. But science does not work that way. One new vaccine won't save us. Nor
               will a new, all-natural pesticide. This book isn't about going all organic, and it certainly isn't about rejecting antibiotic
               treatments. Instead, it is about moving, step by step, away from our chemical-soaked past and into a future that is more in
               tune with nature.
               
               
            

All together, these natural defenses—from maintaining microbiomes to enlisting viruses to frustrating insects—have
               given me a sense of optimism that I want to share with readers. We no longer have to be stymied by the question What we can do? Better ways exist to treat pests and pathogens; to reduce our dependence on synthetic chemicals; to stay healthy and grow
               food. Some solutions are being used today; others won't be available until tomorrow. But hope for a healthier future is here
               now.
               
               
            




Chapter 1 



Natural Allies: Our  Bacterial Protectors

FIVE YEARS AGO, Tim Stoklosa caught a cold. He was twenty-six at the time, his lungs compromised by muscular dystrophy, a
               neurodegenerative condition that he has managed for much of his life.1 Because Tim lacked the ability to cough and clear his lungs, colds predictably led to pneumonia. This time around, it was
               silent pneumonia. Tim was given Augmentin, a powerful combination of penicillin and clavulanic acid, an enzyme inhibitor aimed
               at amoxicillin-resistant bacteria. As a so-called broad-spectrum antibiotic, it kills not only harmful bacteria but also plenty
               of beneficial species that make their home in our gut. For many of us, a few cups of yogurt or some probiotics help rebuild
               that microscopic community.
               
               
            

But ten days after Tim's first course of Augmentin, his fever continued and he developed stomach upset. He was given another
               course. It didn't help. “Finally,” says his mother, Karen Anderson, a single mom who has devoted a large part
               of her life to Tim's health, “one nurse figured he had C. diff.” Clostridium difficile is a potentially lethal infection of the colon. Though the bug may lurk in our guts without causing harm, it is also a notorious opportunist often acquired in the hospital; in the past few years, a particularly dangerous strain has emerged.
               Wiping out the beneficial gut flora provides the pathogen with the perfect opportunity to set up shop. “When you have
               C. diff,” says Karen, “it is like the lining of your colon is coming out of you. It's horrifying.” Infection
               with C. diff is a direct consequence of waging chemical warfare against a community of bacteria when our real aim is just to target a
               few troublemakers. Not only is Clostridium an opportunist, but it is particularly difficult to eradicate from the body and from hospital surfaces. Some strains are
               antibiotic-resistant, and all can form spores—capsules capable of resisting chemical treatment and which can lie in
               wait for months for just the right conditions to go forth and multiply.
               
               
            

To combat Tim's infection, doctors prescribed a course of Flagyl (metronidazole). It seemed to do the trick. But as soon as
               the drug left his body, the C. diff returned. Next up was vancomycin. In many cases it is the one remaining weapon in the antimicrobial arsenal—a so-called
               drug of last resort. Tim was on and off “vanco” for over a year. But the resilient bug held its ground. After
               each ten-day course, C. diff returned. “Tim is in a wheelchair, on a ventilator,” says Karen, “and he's tolerated the treatments
               and the ongoing C. diff. He's tough.” But as the infection dragged on, Tim and Karen became more and more desperate for an actual cure.
               
               
            

Tim isn't alone. The bug causes nearly half a million infections in the United States alone, with nearly 30,000 patients succumbing
               within a month of diagnosis.2 Most affected are the elderly and the immunocompromised, but cases are increasingly occurring in the very young who have
               had no prior antibiotic exposure.3 In the industrialized world, C. diff is the leading cause of hospital-acquired diarrhea and colitis.4 The pathogen is on the rise—and we are to blame. When we destroy a functioning and diverse ecosystem, we cannot expect
               it to rebuild itself as it was. Yet that is what we do every time we use broad-spectrum antibiotics.
               
               
            

My own kids were prescribed round after round of bacteria-busting drugs for all sorts of common childhood ills. Even with
               some background in microbiology, I gave little thought to the havoc caused by those antibiotics; I just wanted my child cured
               (whether or not the antibiotics, which are not effective against viruses, did the trick). My son Sam slurped his first dose
               of sticky, sweet, bubblegum-flavored amoxicillin in 1994. He was six months old. On average, kids in the United States will
               have had twenty courses of antibiotics by the time they reach adulthood. “You must have felt awful, that first time
               you gave Sam antibiotics,” commented an ecologist friend who teaches about evolution and resistance. His own two-year-old
               had recently become fussy and had begun pulling at his ears, a situation that would have sent me running to the pediatrician
               for a fix. “You basically annihilated his bacteria.” But I didn't feel awful, I felt relieved.
               
               
            

Five years and several ear infections later, I was teaching medical microbiology to nursing students. It was a “get
               to know the enemy” kind of class. We examined one pathogen after another: its life history, how and where it attacked,
               how quickly it reproduced, its favorite conditions, and how a patient might respond to it—the signs of infection. One
               day the students had an opportunity to become acquainted with some of their own bacteria. They swabbed their skin, mouth,
               or whatever body bit they dared, inoculated petri dishes, and popped the dishes into an incubator set at body temperature.
               Days later, like a container of sour cream forgotten in the back of the refrigerator, the plates were covered with growth.
               Trillions of bacteria piled up in colonies initiated from single cells. There were glistening white dots; globular egg-yolk-like
               mounds; salmon-colored bubbles. Tiny studded colonies grew next to those with undulating edges or wrinkles. Others oozed across
               the plates like phlegm. No two plates were alike, each displaying an incredible diversity of microscopic life rendered visible
               by sheer numbers. Most of the bacteria on those plates wouldn't bother us, and many are beneficial. But some, given the opportunity,
               would make us sick. Even as the students marveled at the number of species growing on and within their bodies, no one thought to ask what happens when we
               poison the whole lot of the bacteria in an attempt to eradicate a few.
               
               
            

The bacteria on those plates represented a small fraction of the microbiota (bacteria, viruses, fungi, and other organisms)
               cohabiting the students. If we could take a teaspoon of liquid from our stomach—an organ once thought to be sterile—it
               would contain several thousand bacteria; if we were to do the same in our colon it would be more like 100 billion.5 Our gut—from intake to exit ramp—has a surface area equal to the floor space of an efficiency apartment, and
               it is coated with bacteria.6 Skin has the surface area of a playground's four-square court, though it too plays host to a universe of microscopic life.
               Our bodies support thousands of different bacterial species, and we carry around more bacterial cells than human cells. Most of those bacteria have shared their lives
               with humans for eons. Some pass from mother to child. The first time I fed Sam that amoxicillin, I didn't know that I would
               also be killing off bacteria that likely descended from my own microscopic flora. When he was born, he picked up my bacteria
               as he made his way from uterus to vagina and into the world, and he ingested still more as he latched on to my breast, hungry
               for mother's milk. Much of this natural microbial ecosystem was disrupted months later with a single teaspoon of pink liquid.
               
               
            

We pay little attention to these casualties, the harmless and beneficial bacteria lost alongside the pathogens. Plenty of
               us pull through just fine, eventually recolonized by survivors or other sources of bacteria. Some of us may benefit from probiotics,
               mixtures of living bacteria that are able to reseed the bacterial turf. And then there are others, like Tim, for whom the
               cost of disrupting this microbial ecosystem can be life-threatening. Roughly seventy years ago, we began using antibiotics
               on an industrial scale. Yet we are only now realizing the destruction we have wrought upon our own vital ecosystems. How can
               that be?
               
               
            

   MicroGenetics

Within and upon our bodies, microbes outnumber our own cells. Just in terms of bacteria alone, according to a cell-for-cell
                  recent estimate, our bodies are roughly one part human and one part bacterium.7 These microbial species intermingle, form biofilms, spit out toxins, have sex, and produce clone after clone. Our lives depend
                  upon an invisible diversity of bacteria, fungi, protozoa, and viruses, but we know little of these microscopic allies. We
                  knew practically nothing of them until the seventeenth century, when Dutch draper and scientist Antonie van Leeuwenhoek discovered
                  “animalcules” under his microscopes. Fashioned from lenses originally intended to help distinguish good textiles
                  from bad, Leeuwenhoek's microscopes introduced humanity to the bustling world of microbial life. It would be another 200 years
                  until German physician Robert Koch developed his elegant “postulates” of disease causation, providing criteria
                  to link a disease to a particular microbe, before medical microbiology finally hit its stride. Within a few years, diseases
                  like anthrax and tuberculosis could be pinned on specific bacteria. Applying Koch's postulates required isolating and growing
                  pure bacterial colonies. A drop of blood, saliva, or even soil was smeared across a nutrient-rich agar, and within a day or
                  so pinprick colonies began to bloom as individual bacteria divided again and again until visible colonies emerged. Culturing
                  and identifying bacteria is an art that has changed little since Koch's day. Walk into a microbial laboratory today and you
                  are hit with the smell of agar and nutrient broth like a blast of concentrated chicken soup.
                  
                  
               

Until recently, our knowledge of microbes remained limited to those species we could capture and culture: an estimated 2 percent
                  of bacterial life. But from that fraction we learned that bacteria have circular chromosomes (unlike plants, animals, and
                  humans, whose chromosomes are linear), that fungal cells are much like our own, that chemicals excreted by bacteria and fungi
                  can be used as antibiotics, and that bacteria can trade genetic information directly from one microbe to another. We also learned that all life—whether bacterium, barnacle,
                  bed bug, or human being—shares a genetic code. Just four different molecules—guanine, cytosine, thymine, and
                  adenine, denoted by G, C, T, and A—spell out the proteins that build our cells and provide directions for their production,
                  in large part making us what we are.
                  
                  
               

Since the early decades of the twentieth century, scientists have understood that DNA was somehow responsible for carrying
                  traits from one generation to the next. This realization led to a whirlwind of discovery. By mid-century, Rosalind Franklin,
                  George Watson, and Francis Crick revealed the very structure of DNA: the now-familiar winding ladder of paired bases known
                  as the double helix. A few years later, in 1957, Crick proposed that the genes encoded by DNA directed the synthesis of proteins
                  by controlling the order in which amino acids link together. Within the next two decades, scientists were learning how to
                  cut DNA apart and paste it together—the first steps toward genetic engineering. Yet, as exciting as the advances were,
                  sequencing DNA, or determining the precise order of those bases, remained a tedious process. Scientists could read enough code to sequence
                  the amino acid building blocks of proteins, but decoding a simple virus remained beyond reach. Scientists were limited to
                  browsing the children's section of the genome library while dreaming of Tolstoy and Proust. But now, new technology is providing
                  access to almost every book in life's library, augmenting what we know about everything from genetics to evolution, ecology,
                  and microbiology. And this knowledge is fueling a revolution that promises new solutions to age-old problems, both in the
                  hospital and on the farm.
                  
                  
               

The key to genetic speed-reading began with advances by teams led by Walter Gilbert and graduate student Allan Maxam at Harvard
                  University, and Fred Sanger at Cambridge University in England. Working nearly simultaneously, both groups made breakthrough
                  discoveries that, relatively rapidly, allowed scientists to bring order to life's A's, T's, G's, and C's. (The work garnered Gilbert and Sanger a Nobel in 1980; it was Sanger's second.) Though their approaches differed,
                  their efforts kick-started the present era of genetic sequencing. Genes, which may run as long as 10,000 bases, could finally
                  be deciphered in a reasonable amount of time, enabling scientists to read the paragraphs of life. But still, the full story
                  remained beyond their reach. Pages were out of order. And much of the “literature” seemed garbled: a tangle
                  of genetic gibberish that scientists labeled “junk DNA.” Progress was still relatively slow. But meanwhile,
                  another technology that would change the world was also developing rapidly: computer science.
                  
                  
               

In the 1970s, when Gilbert and Sanger were working out their techniques, each bit of information had to be transferred from
                  laboratory notebook to computer punch cards and then typed up for publication while scientists spent days and nights waiting
                  for results.8 It was tedious and expensive. Even so, DNA sequences were proliferating at such a fast clip that the National Institutes
                  of Health (cosponsored by various health institutes including the National Cancer Institute, along with the Departments of
                  Energy and Defense) created GenBank: the world's first computerized database for the code of life. Over the course of just
                  a few years, as ease of sequencing combined with increased access to computing power, and as punch cards gave way to magnetic
                  tapes, the size of the database grew more than twenty-fold. By 1985, GenBank held around 5,700 sequences—decoded stretches
                  of DNA describing bits of viruses, plants, and animals that constitute some of the first genetic representations of life on
                  earth.9 At that time there were 570 bacterial sequences, or a total of nearly 700,000 base-pairs (pairs of the letters G, C, T, and
                  A). These were bits of sequenced DNA from bacteria, but not wholly sequenced bacteria. Despite all the decoding and reporting, gaps remained. As the twentieth century was coming to a close,
                  no living organism had been fully sequenced.
                  
                  
               

Hemophilus influenza—a pneumonia-causing microbe possibly similar to the bug that forced Tim onto antibiotics—would be the first organism fully sequenced. Craig Venter and others cracked
                  its genetic code in 1995, translating the 2,000 protein-encoding genes and nearly 2 million base-pairs. It would be the first
                  “fully translated” book in life's genomic library. But five years earlier, an even more audacious project had
                  begun: the Human Genome Project, one of the largest global biological collaboratives at the time. Initiated by the US Department
                  of Energy, the National Institutes of Health, and international collaborators, the project had been creeping along. The slow
                  pace, combined with differences in opinion about methodologies, frustrated Venter, who was fast becoming a sequencing revolutionary.
                  Pushing the pace of discovery, Venter founded Celera, a privately funded company. In 2001, the Human Genome Project and Celera
                  published simultaneously in separate journals a first “draft” of the human genome. Humans had finally cracked
                  their own code.
                  
                  
               

Sequencing the human genome pushed genetic sequencing technology from a sluggish, labor-intensive, and expensive prospect
                  to an automated process where, for pennies, tens of thousands of DNA base-pairs can be sequenced in a few hours or even minutes.
                  “What used to take thousands of culture plates, now takes one tube. For five bucks, 100 different populations are revealed,”
                  says one microbial ecologist who for decades has isolated and cultured soil microbes one population at a time. Much of the
                  publicly available genetic data is deposited into GenBank, which now holds information for hundreds of thousands of species.
                  It is the place to go if you're looking for a sequence or have one to report. The vast majority belong to microbes: bacteria,
                  viruses, archaea (bacteria-like organisms). Sequences for tens of thousands of bacterial species (some genomes more complete
                  than others) are now available.10

For decades we have known that we are more than just an organized collection of animal cells. But new sequencing technologies
                  are empowering microbiologists to seek out life beyond the limits of the agar, revealing complex microbiomes in humans, soils, the deep sea, extreme environments, and elsewhere. The library is open, with
                  billions of books to be read. But there are stark differences between reading and understanding. We may be able to speed-read
                  genomes, but the attributes of each newly discovered virus or fungi or bacterium remain to be teased out of masses of data.
                  What fuels their growth? With whom do they associate? Under what conditions might they become pathogenic—or beneficial?
                  Metagenomics, the sequencing of all the genomic DNA in a community, can help.
                  
                  
               

By providing unprecedented insights into microbial communities, metagenomics is changing how we think about life on earth
                  and elsewhere. Focusing on the single microbe is no longer sufficient. Just as humans live in neighborhoods that are defined
                  neither by the delinquent who steals change from unlocked cars nor by the generosity of the neighbor who shares her homegrown
                  tomatoes, but rather by the rich diversity therein, so too microbes exist in complex communities. The more we know about who
                  does what, the better. Metagenomics not only opens the door but may someday provide insights into what makes a community hum,
                  and what may rip it apart. It is the next step in the genetic technology revolution, and it is already shaking things up in
                  a big way. Metagenomic technology “gives us the ability to explore the microbial world in much higher resolution,”
                  says Jack Gilbert, a microbial ecologist at the University of Chicago and founder of the Earth Microbiome Project. Gilbert
                  explains, “It's like looking at the stock market. If we only had information about the market at the end of each day
                  we'd have a low-resolution understanding of how things change. It's all about fluid dynamics in space, time, metabolism, and
                  functional composition.”11 Metagenomics is enabling us to capture ecology in motion, both in our bodies and in the world at large. That is a powerful
                  thing because we are now realizing that, despite all their benefits, our antibiotics and antimicrobials have their downside.
                  Wholesale destruction of bacteria, whether in the human body or the agricultural field, can be profoundly disruptive.
                  
                  
               



Chemical and Biological Weapons

Humans have been at war with some kinds of bacteria and viruses since the beginning of our existence. Waves of the Black Death
                  swept across Eurasia, anthrax infected livestock, and the blight that infected potatoes contributing to Ireland's Great Famine.
                  Yet even before we knew much of anything about the genetic code or the microbial world, we knew how to protect ourselves.
                  Well before viruses were known to exist, for example, smallpox was held at bay with crude vaccines. Young women in the maternity
                  ward were saved from postpartum death when physicians started washing their hands in between patients, though at first the
                  doctors had no knowledge of bacteria like Staphylococcus, Streptococcus, and Clostridium that might have been hitching a ride on their skin. And, over a decade before Koch developed his postulates, efforts to keep
                  human waste away from sources of drinking water held cholera in check. The revelation that invisible microbes could not only
                  infect a body but take a life must have been humbling and disturbing. But Louis Pasteur saw hope in these discoveries, writing
                  in 1878: “If it is a terrifying thought that life is at the mercy of the multiplication of these minute bodies, it
                  is a consoling hope that Science will not always remain powerless before such enemies.”12 Within a few decades, his prediction proved true.
                  
                  
               

Antimicrobials (which include antibiotics) mark a milestone in the ongoing conflict between humans and pathogens. But, because
                  the battleground is our body, chemical attacks against microbes run the risk of collateral damage to our own cells. Early
                  antimicrobials such as mercury and arsenic were notoriously toxic. So how to destroy the pathogen without killing the patient?13 This biochemical quandary was solved incidentally by microbiologists simply seeking a better view. Experimenting with the vivid blues, reds, and purples produced by the booming nineteenth-century synthetic dye industry, Hans
                  Christian Gram sought to distinguish the pathogens infecting diseased lungs from human lung cells. Viewing live cells with
                  a modern compound microscope is hard enough; distinguishing one from another is nearly impossible. But loading a cell with dye can
                  make all the difference. Using a combination of available dyes, Gram managed to infuse killed bacterial cells with color.
                  Some stained blue, while human cells remained au naturel. This selective staining captured the imagination of German physician Paul Ehrlich, who wondered: If chemicals could distinguish
                  microbe from human, could they do more than that? 
                  
                  
               

Capitalizing on the selective power of those turn-of-century dyes, Ehrlich sought out molecules that killed microbes while
                  leaving our own animal cells unharmed. After testing hundreds of candidates, Ehrlich and colleagues hit the jackpot: a chemical
                  that zeroed in on an obstinate scourge, syphilis. Caused by Treponema pallidum, syphilis killed and maimed men and women, as well as children born to infected mothers. Marketed in 1910 as Salvarsan, Ehrlich's
                  synthetic antimicrobial was a finicky breakthrough drug. Most of the time it cured, but was difficult to administer safely.
                  Sometimes the treatment was lethal.
                  
                  
               

This was the case with Margaret K., an eighteen-month-old whose fair-haired image haunts the pages of the Journal of the American Medical Association. Her vulva and anus were covered with syphilitic warts and tumorous growths, lesions swarming with Treponema spirochetes likely passed along to her from her mother. Salvarsan worked like magic. “It is almost impossible,”
                  wrote her physician, “to credit sufficiently the immediate benefit . . . by those who saw her day to day.”14 Then toxicity set in. The drug seemed to drain her of strength: her heartbeat became faint, her legs became flaccid, she
                  grew too weak to lift her head. Her physician lost hope, writing, “The infant showed all the evidence of toxicity. . . .
                  The prognosis is dubious.”15

Still, when the drug worked, the effects were nearly miraculous. The pathogen that had driven men and women mad, if not to
                  their graves, had been conquered. Ehrlich's discovery, though limited to syphilis (today, such selectivity would be viewed
                  as a good thing), opened the chemical front in the war against infectious diseases. How many more pathogens would fall, as humanity's
                  new command of atoms and molecules flourished? Sulfa drugs came next. Discovered in the early 1930s by German scientist Gerhard
                  Domagk, these new medications bested Salvarsan by killing a broad range of disease-causing bacteria. For the first time in
                  human history, a number of once-fatal infections could be cured with a single chemical.16 Nowadays, it is difficult to imagine the impact these discoveries must have had on a populace accustomed to death from a
                  puncture wound, or smallpox, or a respiratory infection. And it is only with today's hindsight that we recognize the flaw
                  in this broad-spectrum strategy.
                  
                  
               

Sulfa drugs ruled for nearly a decade, at times losing ground to evolved resistance, but then a new, even more effective drug
                  came along: penicillin. Its discovery by Scottish scientist Alexander Fleming is the quintessential story of serendipity:
                  a scientist gone away on vacation, petri dishes left to molder in the sink, and a subsequent observation. But more than a
                  decade would pass before penicillin hit the pharmacy shelves. With improved technology, combined with 1940s wartime desperation
                  and the discovery of a far more productive Penicillium mold (found growing on a cantaloupe in Peoria, Illinois), Fleming's find eventually turned into one of the greatest discoveries
                  in modern medicine. Unlike Domagk's or Ehrlich's discoveries, this was a potent broad-spectrum killer, produced by nature
                  and harvested by humans. No longer would humanity be the helpless victim of pathogenic bacteria.
                  
                  
               

After penicillin came other antibiotics that are, by definition, antimicrobials produced by living things: aminoglycosides,
                  carbapenems, cephalosporins, macrolides, and others. Yet as much as our concerns about ingesting chemicals might be assuaged by defining antibiotics as nature's chemical weaponry (natural must mean safe, right?), the reality may be quite different. In nature, bacteria, fungi, viruses, and single-celled protozoa
                  coexist in complex communities. Conflict over territory and resources is natural, but so too is communication, cooperation,
                  and organization. While some of the chemicals we call antibiotics may be used to defend territory, or food, others may serve
                  as means of communication. In our quest to eradicate pathogens, we have paid little attention to how these societies of microbes
                  might regulate themselves. Our practice of culturing individual bacterial species has obscured the complex nature of microbial
                  communities. This is like pulling aside the so-called problem child in a classroom, without considering how her schoolmates
                  and teacher might have influenced her behavior. For nearly a century, we've employed broad-spectrum antibiotics to great effect,
                  saving countless lives. They are truly miracle cures. But we have also used them with a limited understanding of their consequences,
                  particularly to those who may undergo repeated courses of treatment, or to those afflicted with hospital-acquired infections.
                  As a result, Tim, and tens of thousands like him suffer from post-antibiotic infections like  C. diff—opportunistic bacteria that thrive like looters after a disaster as a once-orderly community is thrown into disarray.
                  How do we right this imbalance?
                  
                  
               



Missing Microbes

In the early days of microbe discovery, as one pathogen after another was revealed, even Louis Pasteur knew there was some
                  good in the microbial world. “Life would not long remain possible,” wrote Pasteur, “in the absence of
                  microbes.”17 Could it? Taking up the germ-free challenge, scientists eventually developed “gnotobiotic” animals (that is,
                  animals living free of microbes). Rats, guinea pigs, and chickens have all survived germ-free. Mice living the germ-free life
                  not only survived, but lived longer. Considering the human lives lost to pathogens, the idea of life without microbes, and without disease-causing
                  microbes in particular, was tempting.18 Medical microbiology began with a focus on the pathogens: the only good bacterium was a dead bacterium. We have lived by
                  that edict for a century. From our antibiotics and antiseptics to the recent spate of antimicrobial-infused products and the
                  constant availability of hand sanitizers, we have become germophobes. This concept of better living without microbes has left
                  us ignorant of what many now refer to as a vital organ: the human microbiome. That we harbor loads of bacteria within and
                  upon us has been known for decades, but what all those bacteria were doing in our guts and on our skin, no one really knew.
                  We focused on the micro while neglecting the biome.
                  
                  
               

Martin Blaser, physician and director of the Human Microbiome Project at NYU, warns that our lifestyle is causing us to lose
                  bacterial species that have been with us for ages. In his book Missing Microbes, Blaser writes about the differences between infants born vaginally and those of infants born through cesarean section. While
                  the microbial makeup of infants who make their way through the birthing canal tends to resemble that of the vagina, the latter
                  look more like the assemblages of bacteria residing on mom's skin. Although exposure to the outside environment eventually
                  seems to bring their systems in line, Blaser wonders about possible lasting effects caused by these early-life differences.
                  And then there is the case of the disappearing Helicobacter pylori. For years, physicians in training as well as scientists were taught that our acidic stomachs were sterile. But H. pylori lives in the guts of about half the human population. A two-faced bacterium charged with causing stomach cancer and ulcers
                  but also with maintaining our immune system, H. pylori treads a middle ground between friend and foe.19 Blaser writes that virtually all children used to carry it, at least early in life. But today, as children—including
                  my own—are treated with one course of antibiotics after another, H. pylori is disappearing. “In its protected gastric niche for eons,” writes Blaser, “H. pylori was not at all prepared for the onslaught of antibiotics in the last seventy years.”20

It is undeniable that antibiotics have been and continue to be lifesavers. But at the same time, by poisoning our own bacteria
                  (and by living in an increasingly hygienic world), we have altered the human microbiome. And once an ecosystem or community
                  has been altered, restoration is a tricky business. We see this in forests, coastal regions, wetlands, and now in our own
                  guts. In Tim's case, while the Augmentin busted apart the bacteria infecting his lungs, the drug likely killed off myriad
                  other bacteria including lactobacilli, E. coli, Proteus, Klebsiella, Enterococcus, Bacteroides, and Helicobacter.21 All are members of a complex community that may prevent Clostridium difficile from settling in.
                  
                  
               

As a class of microbes, Clostridium are a nasty bunch. Some of us of a certain age might be familiar with Clostridium botulinum; once common in improperly canned food, it is the reason we check the pantry for bulging cans. A gram of botulinum toxin,
                  distributed about, can kill millions. Clostridium tetani lurks in soils. Lodged deep into a hand or foot via a puncture wound, it can kill. Some strains of Clostridium difficile—C. diff—produce toxin, too. They can also form spores, allowing them to weather unfavorable conditions due to lack of food,
                  or temperatures that would typically sterilize, or the presence of antimicrobials. Clostridia are obstinate. Expelled during
                  a bout of diarrhea, C. diff is easily transmitted. Moreover, C. diff spores can linger on countertops, linens, toilet bowls, or door handles, which is why, in part, it has become a scourge of
                  hospital patients like Tim.
                  
                  
               

First described in 1935 as part of the “normal intestinal flora” in infants, C. diff rose to prominence in the 1970s when physicians recognized its role in antibiotic-associated diarrhea.22 Toxin-producing strains can wreak havoc on cell structure and function, causing bloody diarrhea, intense pain, and, in severe
                  cases, extensive destruction that requires surgical removal of damaged bowels.23 As Karen explained, it may seem as if your whole colon is coming out. In 2011, nearly half a million Americans suffered a C. diff infection, at least a quarter of these acquired while in the hospital.24 Twenty-nine thousand died within thirty days of diagnosis.25 While Tim may or may not have harbored a resident population of C. diff, it is likely that his repeated visits to the hospital didn't help. And, after a year of treatment, it became clear that
                  vancomycin was not the solution.
                  
                  
               



Repopulating

More than a century after Pasteur and Koch, the role of our microbiota has made medical headlines as one study after another
                  reveals that our bodies and our minds are in cahoots with hordes of microbes. Remember those germ-free mice and rats? While
                  their bodies may have appeared healthy, recent research indicates that their organs, including their brains, may have been
                  altered compared with those of normal mice. A number of studies now suggest that gut microbes send messages to the brain.26 From movement to memory, the lack of a healthy microbiome may influence behavior—not only in mice but in humans as
                  well.
                  
                  
               

After decades of ignoring beneficial bacteria, we are now becoming so obsessed with them that my husband wonders how long
                  before someone claims the microbiome defense: “My gut was out of whack, so I couldn't stop myself.” Microbes
                  are the cure de jour—with varying degrees of success—for everything from diarrhea to obesity to mental health. There is talk of
                  probiotics for the gut, for vaginal health, and for skin. But at present, probiotics are the Wild West of health care. As
                  all-natural dietary supplements rather than drugs, they are subject to little or no regulation, including testing for efficacy.
                  
                  
               

A few years ago, I finally tossed the bottle of Bifidobacterium probiotics, which, along with other nutritional supplements like fish oil and assorted vitamins, had colonized the upper
                  shelf of our refrigerator. Bifido is a common gut microbe. The bottle was given to me by a neighborhood nurse as a preventative for Sam and his sister Sophie,
                  who, as preschoolers, seemed to be an antibiotics tag-team. Skeptical of treatments that seemed imprecise or unproven, I am
                  now somewhat embarrassed to admit that the bottle was never opened. Fortunately, the kids seemed to weather the amoxicillin,
                  Keflex, and even doxycycline (“doxy”) without obvious problems. But who knows what changes were wrought upon
                  their gut flora? In his TED talk on gut microbiomes, Rob Knight, cofounder of the American Gut Project, showed an image of
                  gut flora from a child treated with antibiotics. It was almost like hitting a “reset” button. The flora community,
                  which had been trending from one characteristic of an infant toward that of an adult, crashed. Knight describes the event
                  as “a setback of many months.”27 Watching the talk, I wondered how my children's guts had responded during those “antibiotic years,” and whether
                  that unopened bottle of Bifido would have made any difference.
                  
                  
               

Today there is an explosion of probiotics, but not enough conclusive data. Despite all the claims we see in magazine ads and
                  news articles, or read on bottles lining grocery shelves, the National Institutes of Health's Center for Complementary and
                  Integrative Health is circumspect. In 2015, they issued the following statement:
                  
                  
               

We still don't know which probiotics are helpful and which are not. We also don't know how much of the probiotic people would
                     have to take or who would most likely benefit from taking probiotics. Even for the conditions that have been studied the most,
                     researchers are still working toward finding the answers to these questions. . . . The US Food and Drug Administration
                     (FDA) has not approved any probiotics for preventing or treating any health problem. Some experts have cautioned that the
                     rapid growth in marketing and use of probiotics may have outpaced scientific research for many of their proposed uses and
                     benefits.28



In other words, the science is just too new for anyone to be able to pin down a good microbial brew. But there is one treatment
                  that is gaining traction within the FDA and elsewhere: fecal transplants.29 Fecal transplants are like untamed probiotics. In its simplest form, a fecal transplant is just that—the transfer of feces
                  from one gut to another. And it's nothing new. Seventeen hundred years ago, during China's Dong Jin dynasty (317–420
                  AD), health practitioners wrote of administering a suspension of human feces “by mouth” to those suffering from
                  severe diarrhea. The treatment was said to bring patients “back from the brink of death.”30 Today, with fecal-transplant cure rates for C. diff ranging from 80 to 100 percent, depending on the study, so-called poop banks are popping up around the country.31 In the Boston area, you can earn $40 by donating your stool to OpenBiome, a nonprofit devoted to “expanding safe access
                  to fecal microbiota transplants” and “catalyzing research into the human microbiome.”32 After a thorough screening (a clinical interview followed by blood and stool tests to ensure that you aren't carrying any
                  infectious diseases), you are free to start donating.
                  
                  
               

In 2010, when Tim had become infected, transplants were not standard treatment. But nothing seemed to be helping. “We
                  were willing to do anything,” recalls Karen. “We did some research. There were stories from a gastroenterologist
                  who told of people who'd lost fifty pounds [due to infection], who were cured almost instantaneously.” At the very
                  least it was worth a shot. Because the treatment wasn't FDA approved at the time, the procedure had to be done under the hospital
                  radar. “We couldn't tell anyone what we were doing,” says Karen. “The hospital thought it could be dangerous,
                  they didn't want it performed.” But, she says, their doctor was an outside–the-box kind of thinker. A renegade.
                  
                  
               

Next, they needed a donor. A close relative—a parent, sibling, or child—is best, and Karen was the obvious choice.
                  Unfortunately, family members may be hosting their own pathogens—if not C. diff, then others like HIV, hepatitis, or common ailments of the digestive tract, from pathogenic E. coli to Salmonella. “We did a lot of testing,” says Karen. Then came the training. “You have to perform on
                  the spot.” The transplant was at 11:00 a.m., [so] I had to produce at 10:50.” Karen's donation was strained, processed, and administered through an endoscope—the same instrument many of us have experienced
                  by way of colonoscopy. There were no guarantees. And even if it did work, Tim would likely be treated again and again with
                  antibiotics. Could a newly implanted community hold up to such abuse?
                  
                  
               

Within twenty-four hours Tim's severe diarrhea disappeared, replaced by perfectly formed stools. Invoking a sentiment associated
                  with antibiotics nearly a century earlier, Karen says the outcome was miraculous. And, in the five years since, Tim's new
                  flora has managed to fend off C. diff even through repeated bouts with infection and antibiotic treatment. Tim is only one of thousands. Increasingly studies are
                  confirming what ancient Chinese practitioners suspected nearly two millennia ago: fecal transplants work. Notably, the treatment
                  can be more effective than vancomycin—by a long shot. Yet even as antibiotic-induced C. diff infections are on the rise, the curative power of antibiotics cannot be shelved. “My father's mother died of pneumonia
                  because they didn't have antibiotics,” reflects Karen. “People died of pneumonia all the time.”
                  
                  
               

A few years later, in 2013, the FDA became involved, stating that the agency would treat fecal transplants as an experimental
                  drug requiring doctors to submit research applications. Essentially, the agency threw cold water on the practice. But thanks
                  to an onslaught of protest, highlighting the dire need for transplants, the agency backed off within weeks, allowing treatment
                  pending informed consent, need, and full disclosure of risks.
                  
                  
               



Teach War No More

Even as this elegant solution proves to be lifesaving, we still fail to recognize it for what it is: an act of ecology. After
                  the publication of a study confirming the curative power of fecal transplant versus vancomycin, one blog devoted to evolution
                  posted an article with the headline: “Fecal Transplants Shown Effective—No Mention of Ecology or Evolution.” If ever there was a time to mention the importance
                  of either, this would be it.33 Fecal transplants are the ultimate ecological solution. Over the past few centuries, we have sought cures to beat nature,
                  but that is an impossible task. Nature is us and we are nature.
                  
                  
               

As we come to grips with the microbial world within us and around us, we are beginning to recognize that we have far more
                  allies than enemies. “Our most sophisticated leap,” wrote Nobel winner Joshua Lederberg, observing that our
                  collective genomes are “yoked” together, “would be to drop the Manichaean [dualistic] view of microbes—‘We
                  good: they evil.'”34 Instead, we must accept that we are interdependent. Twentieth-century technology isolated us from nature, but now twenty-first-century
                  technology is repairing the rift. Advances in genomics, computer sciences, analytical chemistry, and other new technologies
                  will lead to better health. Using new technologies informed by ecology, we can work with the natural world rather than against it. And when there are no other options except to attack, at the very least we can manage microbes more strategically, targeting
                  the harmful ones while leaving the larger community intact. Had Tim's initial infection been treated with antimicrobials able
                  to zero in on pneumonia-causing bacteria, perhaps he would never have spent a year on vancomycin, fending off C. diff. We can do better. That is what this book is about.
                  
                  
               






Chapter 2 



Natural Allies:  Microbial Farmhands

IT IS LATE AFTERNOON, June. I squat in the field, picking plump, warm strawberries as the sun beats down on my back. The air
               is fragrant with berries squashed underfoot. Their juice stains my fingers. I fill the one-quart allotment from my CSA (Community
               Supported Agriculture), Red Fire Farm, and then stuff my mouth with berries, fresh and candy-sweet. These are beauties, grown
               without synthetic chemicals, nestled in straw. How much effort, I wonder, has gone into maintaining this half-acre or so of
               organic perfection? For a New Englander, the berries are harbingers of summer, the first local fruit of the growing season.
               But the season is easy to miss. It lasts only a few precious weeks and then you are once again dependent on fruit from Florida
               or, more likely, California: well-traveled berries that must travel well—not nearly as sweet, but good enough. Ever
               since a postwar boom made California the berry-growing capital of the world, the state has been sending out more berries than
               any other.1

As a soft fruit, berries are delicate compared with apples, and thin-skinned compared with oranges. While we might peel away
               or scrub pesticide-tinged skins of these larger fruits, reducing residues though not removing them entirely, this isn't an option for
               berries. That's why, in part, conventionally grown berries may contain a laundry list of pesticides, from acetamiprid to captan
               and pyraclostrobin.2 Their chemical load has made berries notorious members of the Environmental Working Group's “Dirty Dozen”—the
               annual ranking of fruits and vegetables based on detectable pesticides.3 It's understandable, says plant pathologist Margaret Lloyd, since strawberries are one of the few crops that spend over thirteen
               months in the ground.4 That is thirteen months of exposure to wilts, rots, insects, mites, and weeds, all vying for precious water and nutrients.
               In short, strawberries are a high-maintenance fruit. But someday soon, California's berry growers may turn away from some
               of their synthetic go-to chemicals in favor of a more natural method of protection—soil microbes. Just as nurturing
               our own microbiome may reduce the need for antibiotics, culturing healthy soils can reduce plant disease and, therefore, the
               use of chemicals to treat disease. Beneath our feet, a world of microbes, clinging to soil particles and plant roots, is alive
               and thriving. This plant microbiome may ease us away from pesticides.
               
               
            

A Microbial Zoo

An article about the plant microbiome in the Atlantic Monthly features an arresting image of a pine seedling, sprouting up against a glass window.5 As with an ant farm, you can see both above- and belowground. The young plant is delicate, the kind you see popping up on
                  the forest floor, looking like a Dr. Seuss creation. Its thin green stalk supports a head of just a couple dozen needles.
                  Belowground is a different story. Though the roots only reach down several inches, an expanse of delicate white branches resembling
                  a big old maple tree extends into the soil. These threads, called fungal hyphae, are tied to vegetation that, like nursemaids,
                  help feed and water the seedling. But there is far more to this image than the eye can see. In and around the soil lives a
                  “rhizosphere zoo” chock-full of bacteria, nematodes, fungi, viruses, protozoa, and more.6 The numbers are astounding: a billion bacteria, 100 million archaea, a billion viruses, 100,000 fungi and fungi-like organisms,
                  along with hundreds of thousands of other single-celled organisms and a handful of tiny nematodes—all in one gram of
                  soil.7 There are no barriers or bars in this zoo. It is a wild place rife with predation, cooperation, and warring populations that
                  compete for food and space. Raging within the soil are some of the Earth's most ancient interspecies conflicts. Yet through
                  the process of evolution, these communities have achieved  some sort of dynamic equilibrium. And we can take advantage of
                  that.
                  
                  
               

A plant's microbiome, whether that of a pine tree or a pea, is among the most complex ecosystems on the planet.8 While the microbial mix on our skin may differ vastly from that in our guts, there is some consistency among us. All our
                  microbes exist in a tightly controlled environment where body temperature, moisture, salinity, and nutrients are relatively
                  constant. Agricultural soils, in contrast, are an open system. There are droughts, heat, cold, floods, and, depending on the
                  crop, a dousing with Roundup and other pesticides and fertilizers. Microbial populations bloom as they scuffle over nutrients
                  or a bit of root tip ripe for colonization, and they fade as they succumb to pesticides or an aggressive neighbor. And although
                  corn, potato, squash, strawberry, or grass seedlings don't acquire a starter microbiome as we humans do, once a plant begins
                  sending roots into the soil something miraculous happens. They begin recruiting microbes. Plant roots release sugars, proteins, amino acids, hormones, and other chemicals that attract fungi, bacteria,
                  and other microbes—creating a collaboration between plant and life belowground.9 Many are harmless, some make essential nutrients more available, and others suck the life from a plant. Then there are the
                  protectors: microbes that suppress disease through direct attack on pathogens or provoke a plant's own immune system, kicking
                  it into action.
                  
                  
               

Farmers have always recognized a few beneficial microbes. In particular, they rely on nitrifying bacteria to pull nitrogen from the air, transforming an essential nutrient into a form that is available
                  to plants and, subsequently, to animals. But now, genomic technology is expanding the known world. We understand that our
                  own microbiome is but a small fraction of the Earth's collective microbiome: an entity so complex that geoscientist and environmental
                  engineer Thomas Curtis likens it to multiple universes. He writes, “I make no apologies for putting microorganisms
                  on a pedestal above all other living things. For if the last blue whale choked to death on the last panda, it would be disastrous
                  but not the end of the world. But if we accidentally poisoned the last two species of ammonia-oxidizers [nitrifying bacteria],
                  that would be another matter.”10

Plant pathologists, soil microbiologists, and agronomists are increasingly tuning in to the rhizobiome—the vegetal equivalent of our gut microbiome. This collection of microbes inhabiting the root zone is alive and teeming.
                  There is living gold in the ground, and, if it can be cultured, robust microbial communities can benefit growers, workers,
                  local communities, and consumers by reducing the chemical dousing now required to protect a crop. Our agricultural future—our
                  food, including strawberries—may well depend upon cultivating a more positive relationship with this unseen yet thriving
                  world of microbes. So too may the California strawberry industry.
                  
                  
               



Wilt

Strawberries are a labor-intensive, high-value crop, grown on high-value land. California devotes over 40,000 prime acres
                  to the fruit, while the second-biggest growing state, Florida, plants about 10,000 acres, and Oregon trails with a couple
                  thousand. In 2015, over two and a half billion pounds of California berries were picked, packaged, and sold. Worth many billions of dollars, berries are a fruit well worth
                  protecting.11 But they attract plenty of pests. One common problem is verticillium wilt, a disease caused by Verticillium dahliae.
                  
                  
               

A fungus that transforms vigorous green leaves into dry brown litter, verticillium is a grower's nightmare—or a perverse
                  fairy tale.12 The pathogen can survive dormant in soil for up to fourteen years, like a sleeping princess waiting to be awakened by a kiss.
                  In this case, secretions from plant roots will do the trick. Once triggered, the fungus germinates and moves into plant roots
                  and eventually into vessels carrying water and nutrients to the shoots. Infected plants essentially choke on the fungus, cutting
                  off their own water circulation in an attempt to isolate it. Unable to take up and distribute fluids, the plants require more
                  water and become susceptible to dry spells. Eventually, they wilt and die. In addition to strawberries, verticillium infects
                  hundreds of other species, from food crops to ornamentals and even trees.
                  
                  
               

Over half a century ago, as the strawberry industry began to take off, there emerged a new way of controlling pests and pathogens,
                  including wilt: soil fumigation. The fumigant of choice was methyl bromide. Unfortunately, much like a broad-spectrum antibiotic,
                  the fumigant didn't distinguish between good and evil. Beneficial microbes and insects perished as the chemical permeated
                  and effectively sterilized the soil. Used by the thousands of tons every year, methyl bromide became the industry standard
                  and helped build an empire. It was soon combined with chloropicrin, more commonly known as tear gas, and together, the toxic
                  duo killed off nematodes, weeds, and Verticillium species. Production improved.
                  
                  
               

“Methyl bromide is effective,” says Margaret Lloyd, “because used as fumigant in gas phase, it moves
                  through soil easily, and . . . strawberries have shallow roots, so you don't need to go deep into soil.”
                  However—the chemical is acutely toxic to humans, and while innocent of contaminating our strawberry shortcake (it is
                  applied to soil well before planting, so no residue is detectable in fruit), the pesticide is also guilty of ozone destruction.
                  Though methyl bromide is injected more than a foot deep into the ground, which is subsequently covered with plastic, an estimated
                  50–95 percent of the fumigant eventually ends up in the atmosphere.13 Methyl bromide has been on the EPA's hit list ever since passage of the Montreal Protocol, the international treaty intended
                  to protect Earth's ozone layer. But while the treaty called for phase-out by 2005, the fumigant was given “critical
                  use exemptions”; and in California, the industry insisted that no feasible alternatives existed. As the twentieth century
                  came to a close, over 35 million pounds of methyl bromide were being injected into US soils annually to protect berries and
                  other crops including peppers, perennials, and tomatoes. About half of that was used in California. As the phase-out loomed,
                  by 2004 growers had cut back to 7 million pounds.14 By 2016, just half a million pounds of methyl bromide would be applied to strawberry fields, signaling the chemical's swan
                  song.
                  
                  
               

Bereft of their go-to fumigant, berry growers and associated scientists like Lloyd have been scrambling for alternatives:
                  a way to combat disease without resorting to the toxic chemical. The demise of this go-to fumigant may just turn out to be
                  the necessity that will drive innovation. And the frantic search for replacements may have benefits beyond the strawberry
                  field. One option is to seek out microbial allies.
                  
                  
               



Millions of Allies

Well before the twenty-first-century fascination with the microbiome, there was Sir Albert Howard, an English botanist and
                  a pioneer of organic farming. Writing during the years when Dupont (and others) were filling our heads, homes, gardens, and
                  agricultural fields with the promise of “Better Living through Chemistry,” Howard advocated something different:
                  compost, that magical black gold that we now know is thrumming with life and nutrients. If farmers cultivated healthy soils,
                  he reasoned, they needn't be so reliant on chemicals. Essentially, Howard advocated for better living through nature. “In
                  the nutrition of our population,” he wrote, “at least two mistakes are made: the food is grown for the most
                  part on poisoned soil; it is afterwards refined, processed, and preserved in various ways. Both these factors cause untold mischief.”15 He would likely be horrified by the foods lining our grocery shelves today.
                  
                  
               

Instead of chemical additives, Howard believed in the power of microbial life, writing: “This population of millions
                  and millions of minute existences . . . come into being, grow, work, and die; they sometimes fight each other, win
                  victories, or perish. . . . This lively and exciting life of the soil is the first thing that sets in motion
                  the great Wheel of Life.”16 Compost—the agricultural equivalent of a fecal transplant—would leave soils teeming with microbes.
                  
                  
               

But soil that has been plowed, fumigated, and fertilized is a tough place for a robust microbial community to set up shop.
                  In contrast to a newborn baby who carries her mother's immunity and a good bit of her microbiome, consider the tomato start,
                  or the strawberry plant, or wheat seedling, which must begin anew each time it sends tender roots into the soil. These are
                  plants grown to satisfy our palates and line growers' pockets, not to survive in nature. Many are stripped of their natural
                  and often bitter-tasting defenses. They are plants in need of protection. When stuck in chemically treated soil, a plant recruiting
                  a healthy rhizobiome is on par with a patient recovering from a bout with powerful antibiotics. Maybe they'll manage, or maybe
                  an aggressive and opportunistic pathogen will take hold, or at least resist a chemical treatment.
                  
                  
               

In some fields, even as growers blasted soils year after year with fumigants, verticillium kept returning. So too did other
                  microbes. Which begged a few questions: What goes on belowground? How did pathogens return? Where were these microbes hiding
                  out? Were they hardier than their ancestors? Maybe sterilization wasn't the answer, but the problem. Maybe Verticillium dahliae, like C. diff, can take advantage of a microbial social order thrown out of whack.
                  
                  
               

Over half a century ago, Howard hoped to convert chemically dependent British growers into a “nation of compost gardeners,”
                  a practice that could help avoid this sort of invasion.17 In their book The Hidden Half of Nature, Anne Bikle and David Montgomery write of Howard's proposed “salvage campaign to return vegetable, animal, and human
                  wastes to the fields.”18 For Howard, the stakes couldn't be higher: the future of agriculture, and so, life as we know it. But compost was a tough
                  sell when the government was subsidizing the fertilizer industry. Howard was a man before his time. Now though, with advances
                  in technology, the timing is right. Genomics and metagenomics are providing scientists with a new vision for agriculture.
                  A return to ecology that is better informed by technology. A return to traditional farming techniques. A return to the soil,
                  where the emerging rhizobiome is understood as agriculture's “final frontier” and the key to the “second
                  green revolution.”19



Soil Is Not Just Dirt

Growing up in the suburbs of the sixties and seventies, I gave little thought to soil. Clothes got “soiled,”
                  but in the field next to my home, where emerald-green grasshoppers were easy targets for a girl with a net and a jar, the
                  rye grass, Queen Anne's lace, and milkweed all set their roots in dirt. Dirt was what I dusted from the knees of my jeans
                  and scrubbed from beneath my nails. It wasn't until I entered graduate school that I learned about soil. There, I discovered
                  a world of soil microbes that jostled for space, gobbled up their smaller neighbors, and pushed out the more timid. These
                  microscopic communities also produce a treasure trove of enzymes that can turn minerals into plant nutrients and chemicals
                  that may act as specific, potent poisons. Aggressors and allies coexist in a constantly evolving ebb and flow of life and
                  its associated chemistry. Dirt is inanimate, but soil is alive.
                  
                  
               

Growers know implicitly, if not explicitly, that soil is not just dirt. But how could they not be wooed by the power of pesticides
                  and fertilizers to increase yields? In some cases, the same plot of land produces three or even four times what it did forty years ago.20 Humanity has, no doubt, benefited from chemical inputs to farming, just as we have from antibiotics. Yet the chemically driven
                  Green Revolution, combined with an ever-increasing number of hungry mouths, set off a “sow and sell” cycle that
                  has left many agricultural soils in the sorry state lamented by Howard—devoid of nutrients and with microbial communities
                  in disarray. Our willingness to throw “millions and millions of minute existences” under the chemical bus, along
                  with other insults, has become worrisome enough that the United Nations declared 2015 as the International Year of Soils,
                  as a reminder that soil is the “key to sustaining life on Earth.”21 Whether we call it dirt or soil, this mixture of minerals, carbon and other essential chemicals, and microbes is Earth's
                  lifeblood. Lloyd and others know this, but convincing conventional growers to put their faith in soil rather than fumigants
                  is a challenge.
                  
                  
               

One crop that gives scientists hope is wheat. Like most crops, the grain that becomes our daily bread (harvested by the hundreds
                  of millions of tons globally22) is susceptible to plenty of pathogens: grass-green seed heads turn a dull brown with blight; smut turns them black; sooty
                  molds leave seed heads looking spray-painted and spotty. Some pathogens drop in with the wind. Others lurk in the soils. Most
                  insidious, perhaps, are the root rots: diseases that reach up from the soils, barely noticeable until patches of dead seed
                  heads begin dotting the fields. Take-all disease, caused by a fungus (Gaeumannomyces graminis), blackens roots before making its way up to the crown of the wheat plant. Before long, ghostly white islands of diseased
                  wheat emerge in fields of green. Worldwide, take-all is notorious. Sometimes the fungus takes half the crop, sometimes it
                  takes it all. There are few cost-effective fungicides.23 Rotating and fallowing (unseeded) fields have been among the few options available for wheat growers, and even then results
                  are never guaranteed, not when a pathogen is lying in wait. But disease is not inevitable, and there is an ebb and flow to
                  soilborne pathogens, just as there is with human epidemics. Sometimes a disease subsides because it kills off too many hosts, becoming a victim of its
                  own success. Other times a host develops a stronger immune response and fends off the next wave. Or there is a change in the
                  weather: a region becomes drier, or more humid. And sometimes, very small allies come to a host's rescue.
                  
                  
               

Early in the twentieth century, wheat farmers and scientists observed something curious. For years, they had watched crops
                  grown on pathogen-infested land falter and fail under attack from take-all. Then one season, the crops didn't succumb. Take-all
                  had declined, naturally. This unexpected waning of a notorious disease provided some of the first evidence that, even in a
                  mono-cropped system, nature takes care of her own. (Note that unlike human populations that die off, leaving pathogens without
                  a host, these fields were seeded again and again, providing the fungus with a steady supply of hosts ripe for infection.)
                  The decline of disease went against dogma: how could crops planted in successive growing seasons in pathogen-infested soil
                  begin to flourish, with no specific intervention?24 The answer lies with soil microbes. The microbial community that once hosted take-all had changed; it was as if microbes
                  had called in the peacekeepers to manage unruly citizens of the rhizosphere. Over time, the soil had begun to subdue the disease.
                  These are disease-suppressive soils. And they are, says Lloyd, “absolutely the future.” While take-all suppression
                  can be cultivated over years of successive mono-crops, suppression of other diseases might be cultivated by rotating in crops
                  that recruit helpful bacteria or discourage harmful bacteria. Disease-suppressive soils may even provide some relief for California's
                  berry growers mourning the loss of methyl bromide.
                  
                  
               



Of Bacteria and Berries

You can hear the passion for berries, microbes, and growers in Margaret Lloyd's voice, even as it zings across 3,000 miles
                  from her California office to mine in Massachusetts.
                  
                  
               

“Thinking about the complexities of commercial strawberry production,” says Lloyd, “is one of my favorite
                  things.” Having spent her graduate years researching nonchemical replacements for methyl bromide, Lloyd (now a University
                  of California small-farms advisor) is a fan of both berries and less toxic solutions. But, says Lloyd, “you have to
                  have an alternative to methyl bromide that supports the future industry.” Methyl bromide and chloropicrin not only
                  blasted verticillium wilt away, but, for reasons no one has yet to adequately explain, the chemical pairing also boosted plant
                  growth—which makes this killer combo a particularly tough act to follow. With an average California acre churning out
                  forty to eighty thousand pounds of berries (three times more than Florida, and ten times more per acre than most other states), and the go-to solution
                  fast becoming another industrial-age chemical relic, an alternative must both control pests and enhance growth.
                  
                  
               

There have been replacements, but they've had their own toxic baggage. Methyl iodide, a cousin of methyl bromide, enjoyed
                  a few months of application before pesticide activists and growers, concerned about its toxicity, forced the supplier to retreat
                  and pull it from the shelves. Another replacement turned out to be a potent greenhouse gas. Chloropicrin is one of the few
                  remaining fumigant options, but it isn't as effective as methyl bromide when used alone. Simply ditching the chemicals and
                  going all organic (even as the organic sector grows) isn't always a feasible option, especially for those who can't shell
                  out seven or eight dollars per quart.
                  
                  
               

This is particularly true in California, where the cost of farming means growers are reluctant to switch. Land is pricy and
                  prevention adds expense. In 2011, a conventional berry crop (managed by using Integrated Pest Management approaches), from
                  roots to fruits, was estimated to cost a jaw-dropping $36,264 per acre.25 For that price, berry plants had better make themselves useful. Lloyd, who would like to see growers move away from chemicals,
                  says that raising organic strawberries in the Golden State can be done, but growing on a large scale is hard, and, on average, organic strawberries have a 30 percent
                  lower yield. Organic growers, whether producing strawberries or other fruits and vegetables, have to grow smarter—integrating
                  more-hygienic practices, farming more diligently, and monitoring for quick response. Like health care centers trying to stem
                  the rise of hospital-acquired infections, growers need to farm preventatively. With a crop like strawberries, which must be
                  tended to for over a year, pests, pathogens, and weeds are particularly difficult to control.
                  
                  
               

Not only do organic strawberry growers have to farm that much smarter, but they have to grow that much more. One standard
                  practice for beating pest and pathogen is crop rotation, so strawberries are rotated to another plot for three or four years
                  at a time—meaning more land devoted to the whole strawberry venture. As big-box retailers like Walmart fill their shelves
                  with organically grown produce (for better or for worse, depending on your perspective), the acreage devoted to organics is
                  growing—which means that more growers are becoming more rigorous in their practices. Those Red Fire Farm berries I
                  picked at my local CSA? Pampered. At best, crops can stay in the same plot for two years, sometimes only one, says Red Fire
                  owner, Ryan Voiland. “I generally try to plant strawberries into areas that had brassica crops the year before, and
                  sometimes sorghum sudan.”26 There is evidence, says Voiland, that these kinds of crops can decrease levels of strawberry diseases and nematodes. And,
                  as most any small-scale strawberry grower here in the eastern United States will attest, because berry plants are poor competitors,
                  weeds are even more of a nuisance. Voiland's strawberry fields are cultivated almost weekly during the growing season—hoed
                  and weeded by hand numerous times as plants get established. “They require more hours of weeding effort than almost
                  any other crop we grow.” All this adds to the cost of chemical-free production. For conventional growers in California
                  planting acres of berries on expensive land, rotating with a crop like broccoli—not exactly America's favorite—is a tough sell. But this kind of rotation,
                  especially with crops that can suppress verticillium, Lloyd says, is huge.
                  
                  
               

There are other emerging alternatives to chemical agriculture, says Lloyd, like pasteurizing soil with steam. Another method,
                  called anaerobic soil disinfestation—suffocating life below ground (the oxygen-dependent species anyway)—is
                  designed to slow disease, but these approaches dramatically alter the soil microbial community. Lloyd's heart and mind is
                  with the microbes. “We are moving towards thinking about managing soil microbiology. With steam, for example, scientists are seeking to understand how long-lasting the disease suppression
                  is,” and, she says, how the treatment affects the soil's microbial community. Even with methyl bromide treatments,
                  the microbes still remain somewhere in the soil. “The native microbial community,” says Lloyd, “reemerges.”
                  
                  
               

Managing soil microbes rather than blasting the hell out of them in order to kill a few is a radically different approach.
                  This is where scientists like Dan Chellemi come in. His research with tomato crops in Florida and strawberry crops in Florida
                  and California shows how rotational and cover crops can change the plant–host relationship: a shift in agricultural
                  practices that tends to favor disease-suppressive microbes.27 As a plant pathologist and former applied-research manager at Driscoll Strawberry Associates, Chellemi is a soil microbe
                  evangelist. And he is on a mission to convert skeptics who might prefer to reach for a chemical cure while trying to keep
                  their businesses afloat—to become both better businessmen and environmental stewards. Chellemi works with farmers,
                  guiding them as they transition toward more-sustainable practices, including supporting the beneficial microbial communities
                  in the soil. Natural disease-suppressive soils are “a reality,” says Chellemi.28

As much as organic growers and soil-minded scientists like Sir Albert Howard appreciated the power of microbes in the fifties,
                  sixties, and seventies, the tools they had available for studying life belowground were limiting. To farmers whose livelihoods depended
                  on agricultural sciences, embracing the black box of soil microbes compared with the crystal-clear killing power of chemicals
                  must have been difficult. “Now,” says Chellemi, “there is a renewed interest in understanding soil microbiomes
                  that is attributable to recent advances in metagenomics. It's very cool. . . . Before metagenomics, working
                  with soil microbiomes was like watching a ballgame through a chain-link fence. You can kind of see what's going on, but you
                  aren't on the field. Metagenomics puts us on the field. The black box is becoming less opaque, and this is a good thing.”
                  
                  
               

If scientists like Chellemi and Lloyd are successful, soil microbes will once again be the key to sustainable agricultural
                  systems. And growers who need to manage pathogens like Verticillium dahliae won't be seeking the next-best soil fumigant but asking how to encourage their soil's microbiome. It is a case of “back
                  to the future,” only now scientists are armed with molecular details unavailable to Howard. It's anyone's guess how
                  quickly, if at all, conventional growers will begin cultivating their microbes. And, as with most complex problems, there
                  won't be one solution that fits all farms. While Lloyd advocates for rotation with broccoli and other crops, scientists working
                  with a fifteen-year strawberry monoculture in Korea recently reported disease-control success thanks to antimicrobials produced
                  by disease-suppressive soils.29 “Suppressive soils,” write the authors, not only occur everywhere for just about everything, but they “provide
                  a highly sustainable means to control pests using minimal off-farm inputs.”30 Like Chellemi says, naturally disease-suppressive soils work.
                  
                  
               



One Step Back and Two Steps Forward

Strawberries are but one crop among many. All told, about 150 different plant species feed the world, with a dozen major food
                  crops made to bear the brunt of filling our bellies.31 In 2007, US growers used over one billion pounds of pesticide; 5 billion pounds were used worldwide.32 They not only linger in our favorite fruits and vegetables, but are a considerable expense to growers and to the environment.
                  Many of these toxic chemicals are losing their edge as pests, pathogens, and weeds evolve under pressure to resist them, challenging
                  growers to turn up the chemical volume or seek newer, more-powerful pesticides. The Americas combined use over 20 million
                  tons of fertilizer. Globally, fertilizer use in 2018 is estimated to rise to over 220 million tons.33 At the same time, the public increasingly demands foods that aren't all hopped up on synthetic fertilizers and are free from
                  pesticide residues; in response, stores like Walmart and Target are increasingly stocking organics along with their so-called
                  conventionals. 
                  
                  
               

Twentieth-century chemistry turned soil into dirt, but twenty-first-century technologies like genetic sequencing and metagenomics,
                  combined with good old-fashioned farming practices, can help us turn it back into soil. Even as knowledge of the soil microbiome
                  and disease-suppressive soils grows, figuring out how to cultivate soils to best serve crops will require time, money, and
                  devoted scientists. Even then, suppressive soils won't be the answer for every pest and pathogen in every crop. Likewise,
                  fecal transplants work for C. difficile in some cases, but transplants won't cure all patients or all intestinal ailments.
                  
                  
               

Growing food is a complex and often risky venture made even more difficult by the constant onslaught of pest and pathogen.
                  The extent to which industrial growers will embrace life belowground as they cultivate life above isn't yet clear. Nor are
                  beneficial microbes a panacea. We might encourage hearty microbiomes in our own bodies, but there will be times when we will
                  still have to turn to antimicrobials to fight infection. And on the farm, we will still need pesticides, whether chemical
                  or biological. But what if those cures and chemicals were “smarter?” What if a pesticide targeted wilt, or black rot, or aphids? Or recruited helpful allies? What if cures for staph and strep acted like predators zeroing in on their prey? These solutions exist. Some
                  seem like cures from a science-fiction future, others will leave us scratching our heads as plants push pests away with chemical
                  trickery. Either way, culturing microbiomes is a fundamental step in the right direction. Next, we turn to cultivating the
                  enemy of our enemies.
                  
                  
               






Chapter 3 



The Enemy of Our Enemy  Is Our Friend: Infecting  the Infection

A TODDLER SUDDENLY BECOMES DEATHLY ILL. In the ER she is diagnosed with dysentery, caused by a rare but particularly aggressive
               form of Salmonella. One antibiotic after another fails because the strain, picked up when her family was traveling across Asia, resists multiple
               antibiotics; but there is an alternative new drug. Like a guided missile, the drug targets this particular strain of Salmonella. Not only that, but as long as Salmonella remains, the drug particles replicate, increasing in number until the infection subsides. Despite the carnage, the toddler's
               gut microbiome remains unharmed—no need for probiotics or fear of complications like C. diff. If the Salmonella responds by evolving resistance, the drug may respond in turn, engaging in an ages-old evolutionary dance. By the next morning,
               the color returns to her cheeks. By evening, she is cured.
               
               
            

While still a fantasy here in the United States, scenarios like this have been playing out in Eastern European hospitals and
               clinics for nearly a century. The “new” drug is a cocktail of viruses called bacteriophages (known simply “phage
               therapy”) that attack bacteria. It is a cure nearly as old as life—at least as old as bacteria. Microbiologists have suggested that for every strain of bacteria on Earth,
               from the oceans to those populating our own microbiomes, there is at least one, if not multiple bacteriophages. We are fast
               becoming desperate for new antimicrobials that are both effective and that cause minimal damage to our own microbiomes. Bacteriophages
               are potent antimicrobials. Once disparaged here in the United States and in Western medicine in general, these bacteria-infecting
               viruses are making their way back into academic and biotech laboratories. If all goes well, they may be coming to a pharmacy
               near you.1

It's Only a Phage

While we have been slow to recognize the benefits of bacteria, we are even farther behind when it comes to viruses. Essentially
                  tiny bits of genetic material wrapped in protein, viruses are so minuscule that they slipped through the early ceramic filters
                  designed to isolate bacteria. And so as nineteenth-century medical scientists began identifying one pathogenic bacterium after
                  another, viruses remained undiscovered, indistinguishable from any of the common molecules or particles in lab solutions—except
                  that these “particles” could replicate and seemingly thrived on living tissues. Like spirits, they were invisible,
                  enigmatic, and potentially deadly. Despite the medical and technological advances that were made throughout the golden age
                  of microbiology, viruses continued to cause havoc. One of the most notorious outbreaks was the great influenza pandemic of
                  1918, which killed tens of millions of men, women, and children—possibly over a hundred million.
                  
                  
               

What exactly these infectious particles were—animal, vegetable, mineral, or none of the above—would remain a
                  mystery for decades. “When viruses were found to possess the ability to reproduce and to mutate, there was a definite
                  tendency to regard them as very small living organisms,” wrote Wendell Stanley upon receiving the 1935 Nobel Prize for his role in revealing their nature.2 Yet even Stanley was initially reluctant to acknowledge that viruses were not just bits of protein, but also, at their core,
                  contained some genetic material.3

It is that bit of genetic material that makes them so relevant to our lives. Eighty years later, we know that Earth is teeming
                  with viruses, some causing us to sniffle and sneeze, others killing within hours. We know that they are parasites: they not
                  only invade a cell but use the cell's machinery to essentially clone themselves, sometimes leaving the infected cell in tatters
                  as hundreds of new viruses emerge, sometimes leaving bits of their own genetic material behind, embedded within the host's
                  own genome. Most of these bits are harmless, some are helpful, and a relative few are harmful. We now know there are a billion
                  viruses in a teaspoon of ocean water and trillions living within us.4 And we know that, throughout our existence, viruses have woven in and out of life—leaving their stamp on most if not
                  all living things. By some accounts, up to 8 percent of our genetic material came to us by way of viruses.5

Yet, for all the fear and harm we associate with viruses, many (if not most) are phages, infecting bacteria, like those in
                  our microbiome. Genomics is just beginning to reveal the diversity and representations of these entities in nature and within
                  our bodies.6 But the role that phages can serve as potent antimicrobials is no mystery. As infectious agents of bacteria, they are a normal
                  and pervasive component of Earth's flora. When directed toward human pathogens they can save lives. One day they just might
                  save us or our loved ones—as they did more than half a century ago when phage treatment saved Gary Schoolnik's mother.
                  Schoolnik, an emeritus professor of medicine at Stanford University with a specialty in infectious disease, tells the story
                  of his mother as she was dying from typhoid fever in 1948. At the time there were no antibiotics effective against the particular
                  Salmonella bacterium that caused the disease. His father, a Seattle surgeon, had read about some doctors in Los Angeles using bacteriophage to cure typhoid. Desperate for a cure, Schoolnik's father contacted the group, acquired the
                  phage, and injected his wife. Within two days, her fever disappeared.7

This was a time when antibiotics were becoming the symbol of modern medical success, but typhoid was still one of the last
                  holdouts. When an effective antibiotic was finally discovered, any enthusiasm for phage quickly waned. The therapy also suffered
                  from conflicting reports about efficacy, poorly controlled clinical studies, and a lack of quality control by companies producing
                  phage. As a result, the science of healing with viruses, writes Anna Kuchment, in her aptly titled book The Forgotten Cure, “had been all but forgotten in the West.” Now, though, Western scientists and physicians are trying to bring
                  the therapy back to the American pharmacopeia, but doing so means navigating what has—for good reason—become
                  a rigorous and expensive drug approval process under the US Food and Drug Administration (FDA). This process, though, is also
                  relatively rigid, so that even if phages were to pass efficacy and safety trials with flying colors, roadblocks to approval would remain.
                  
                  
               

The drug-testing gauntlet set up by our FDA was designed to test chemicals, with dosages based on chemical concentrations,
                  taking into consideration absorption, distribution, excretion, and the safety of specific molecular structures. FDA approval
                  is thus also based on well-defined dosages and known chemical makeup. But phages don't work that way. They may be administered
                  in huge numbers and in combination cocktails, depending on the infection—and they may replicate within their host. This explains, in part, why phages are not yet an option for treatment of human disease
                  here in the United States. And why, rather than more stories like Mrs. Schoolnik's, instead we have more recent tales of desperate
                  patients like Laura Roberts, a Texas mother who suffered from a chronic and nearly lethal infection caused by methicillin-resistant
                  Staphylococcus aureus (MRSA). In 2006, after being told that it was time to get her affairs in order, Roberts, who has shared her story in books and magazines, as well
                  as on CNN, traveled to the Phage Therapy Center in Tbilisi, Georgia, a world-renowned center for developing the therapy.8 As she tells it, she made the trip using a walker and with her brother for support, her body frail and under attack. After
                  three weeks of treatment, including phages specific for her MRSA strains, Roberts left for home—sans walker.9 While the combination of treatments Roberts received makes it difficult to give the phage mixture all the credit, it likely
                  played a significant part in curing her.10

Shigellosis—a severe form of bacterial dysentery—was the first human disease targeted with phage therapy. Working
                  around the turn of the twentieth century, microbiologists Félix d'Herelle, a French Canadian, and Frederick Twort, an
                  Englishman, discovered (independently of each other) an invisible agent that made bacteria magically disappear. D'Herelle
                  continued to study the oddity, eventually pitting the mysterious cure against dysentery. After ensuring that the therapy was
                  safe by ingesting phage (he did so along with other willing participants), d'Herelle cured his first young patient, a twelve-year-old
                  suffering from severe dysentery, with phage collected from the feces of infected soldiers. The results were miraculous. The
                  fever and characteristic bloody stools subsided within twenty-four hours.11 He repeated the treatment on three other desperate young patients, with similar success. Within a decade, phage therapies,
                  packaged into oral, injectable, and topical medications, were treating infections due to Staphylococcus, Streptococcus, and cholera bacteria, with varying degrees of success. Phage cocktails, or mixtures, ensured that despite (or, in some cases
                  because of) the phage's specificity and the lack of rapid accurate diagnosis, treatments would be effective. Pharmaceutical
                  companies on both sides of the Atlantic—including Abbott Labs, Squibb, and Eli Lilly here in the United States—joined
                  in, developing various phage therapies of their own. D'Herelle's work was recognized with multiple nominations for the Nobel Prize in Medicine.12 But then came antibiotics. And the Cold War. And, it should be noted, poor practices by some pharmaceutical companies: commercial
                  products in the United States were often found to be lacking in potency. Finally, a couple of damning reviews in the esteemed
                  Journal of the American Medical Association helped to close the door on phage therapy in Western medicine.13

Meanwhile, Eastern European countries continued to refine the therapy. Researchers understood that bacteria evolve resistance
                  under pressure from killer viruses, but viruses evolve even faster. Phage cocktails could be updated as newly resistant bacterial
                  strains emerged. Today, in at least some parts of the world, such treatments continue to heal. Elizabeth Kutter, a professor
                  at Evergreen State College in Olympia, Washington, has devoted her career to the study of bacteriophages. Speaking about phage
                  therapy at the International Conference on Biotherapy in 2010, Kutter assured the audience that, yes, “it's a real
                  thing.” The therapy, says Kutter, is targeted, self-replicating, can penetrate more deeply into infections than antibiotics,
                  can evolve, and can even behave as an “infectious cure,” spreading from one infected animal to another.14 After working on basic bacteriophage research throughout the seventies and eighties, Kutter was first introduced to phage
                  treatment in what was still, in 1990, the Soviet Union. At first, recalls Kutter, she was suspicious. “I thought, you
                  know, if nobody is using it anywhere and if I've never heard of it, how could it be true?” Kutter has since become
                  a proponent, devoting her laboratory to phage therapy research, hosting conferences on the topic, and collaborating with research
                  organizations. Today, more-powerful and less-expensive DNA sequencing means that infections can be more accurately diagnosed,
                  and their associated phages more readily identified. Phage “banks” provide an opportunity for responding to
                  infections with individualized cocktails.15

Yet, without an approved therapy here in the United States, one version or another of Laura Roberts's story continues to play
                  out, with patients traveling to places like the Phage Therapy Center in Tbilisi for a cure. In 2015, out of options and desperate, Suzanna,
                  a forty-three-year-old Chicago mother, took the plunge and, like Roberts, traveled across the Atlantic. For five years she
                  had been suffering from incessant sinus and bronchial infections; a slew of different antibiotics provided no relief. Surgery
                  didn't help either. “I was given hope that all would heal,” she says of the surgical option, but after surgery
                  the symptoms not only persisted but grew worse over time.16 Two years later she was diagnosed with MRSA, but doctors had no good suggestions about how to overcome it. Miserable from
                  her symptoms in addition to having developed allergies to many medications and foods, Suzanna says she had nearly given up
                  when her husband came to the rescue: “My husband found Chris Smith [founder of Phage Therapy International] and the
                  Phage Therapy Center in Tbilisi. I was skeptical but willing to try anything to feel better and overcome MRSA.”
                  
                  
               

After doing some due diligence, Suzanna decided she had nothing to lose by giving the therapy a try. For ten days, she shuttled
                  between her hotel room and, across the street, the Phage Therapy Center, where she was subjected to a combination of therapies,
                  including phage therapy and also immune therapy to boost her immune response, that were designed to treat MRSA and root out
                  the rampant candidiasis she had developed after years on antibiotics. (Candida yeasts, like C. diff, are a notoriously opportunistic group of microbes that can grow out of control in response to antibacterial treatment.)
                  She was also treated for Klebsiella, another microbe that had apparently slipped past her own doctors in the United States. Each day, she spent two hours at
                  the clinic and then rested at the hotel, where Suzanna says she “drank fluids and inhaled or nebulized with phages.”
                  Within days, she was feeling better. By day nine, both her sinus and any intestinal problems she'd been having cleared up.
                  “I came back to the US and surprised my doctor with my general appearance,” she says. “We then tested
                  again three months later to find that the MRSA and Klebsiella were nonexistent. . . . It is a story of a second chance. My entire life turned around after being made well.”
                  
                  
               

Stories like Laura's and Suzanna's are hard to ignore, even for practitioners of traditional Western medicine, or drug developers,
                  or regulators. In 2013, the European Commission funded a large study testing phage against skin infections that commonly plague
                  burn patients.17 Results are expected in 2017.18 In 2016, AmpliPhi Biosciences, a biomedical firm headquartered in San Diego, California, that is just one of many companies
                  hoping to bring phage therapies to market, reported that they had a couple of phage products in the early phases of clinical
                  trials. And in June of 2015, Randall Kincaid, senior scientific officer at the National Institutes of Health, organized a
                  meeting of international bacteriophage scientists, entrepreneurs, and regulators hailing from the United States, France, Georgia,
                  China, and elsewhere.19 Ever since heading up a US Department of Defense program in 2009 to counteract possible attacks with engineered bacteria,
                  Kincaid has been thinking about phages. “There are ten- to fifty-fold more phages than bacteria in nature. They are
                  very successful. If there are concerns about (engineered) anthrax, then there must be a collection of phages that can attack
                  it.” So what's the holdup here in the United States and other Western countries? In a word, research.
                  
                  
               

“The conclusion from the conference,” says Kincaid, “is largely that many treatment effects are poorly
                  documented”—at least in Western terms. Here in the United States, drug testing, particularly once it moves into
                  human trials, requires randomized, blind studies where physicians don't know whether they are providing the test drug or a
                  drug that is already approved. Kincaid explains that in the former Soviet Republic of Georgia, and in Poland, the studies
                  are not done this way. “Not that they are not credible,” he says, “but they didn't apply the same standards
                  to evaluating the treatment . . . so there is skepticism that they would be broadly useful.” That is one
                  key to turning phage into drugs: demonstrating that they are effective in treating an infection again and again and again. But such skepticism may be quelled
                  with sufficient attention: more funding, testing, and interest in developing phage therapy. And the growing problem of antibiotic-resistant
                  bacteria may well be the factor that will move phage from Eastern Europe to a hospital near you.
                  
                  
               

Doctors at Tbilisi's Phage Therapy Center were able to treat Laura Roberts's and Suzanna's infections with a customized phage
                  mixture, but this kind of customization doesn't yet fit into the FDA framework. “This is an ultimate view of precision
                  medicine,” says Kincaid, “but from a product point of view and a regulatory point of view, that is a much different
                  way of looking at the world.” This wouldn't be the first odd duck that the FDA must regulate. Because influenza viruses
                  are notorious for evolving, each year we are offered a new flu vaccine. The active ingredients are viruses (either inactivated,
                  live, or fragmented). New combinations are prepared, depending on the prevailing and predicted flu strains. For decades, the
                  FDA has worked with vaccine producers to ensure safe, effective vaccines. How this model might apply to a product like phage
                  is anyone's guess. But like flu vaccines, phage therapy may require some modification of the cocktail over time in order to
                  “adapt” to bacterial resistance. As phage-therapy products make their way through the testing and clinical trial
                  phase here in the United States, developers will soon be knocking on FDA's door. (Testing aside, there are other issues, too,
                  like intellectual property rights. Nature cannot be patented, and while patent applications for phages are piling up here
                  in the United States, it is unclear how these therapies will be handled by American patent offices. If pharmaceutical companies
                  don't own the exclusive rights to manufacture brand-name phages, it could deter investment in research. Perhaps in this case,
                  need will win out over profits.)
                  
                  
               

While a drug must work it must also be relatively safe. No one wants another thalidomide—the sleep aid that caused
                  an epidemic of deformed limbs in newborns in the 1960s; it was approved elsewhere in the world, but not the United States. Phages, though,
                  are not synthetic drugs, nor are they human pathogens. Our bodies are already teeming with phages. Many are engaged in an
                  age-old battle with bacteria in our guts, our mouths, or on our skin, helping to keep dominant and beneficial species in check,
                  and ensuring microbial diversity.20 If we are squeamish about being exposed to a live virus intentionally, we would do well to recall that we've been ingesting them for decades in processed meats and cheeses, in addition to whatever
                  viruses we encounter naturally. Phages used for infecting food-borne pathogens like Listeria and Salmonella have been “generally recognized as safe” (that is, “GRAS”) by the US Food and Drug Administration
                  and other regulatory bodies around the world for years. And, of course, they are 100 percent organic.21 In fact, says Kincaid, “what it says to me is that in other parts of world, phages have the ability to solve other
                  types of problems, perhaps in some ways more important to human health initially than the actual treatment of disease.”
                  
                  
               

Still, until phage therapy passes regulatory muster, Western physicians will continue to yearn for the treatment, perhaps
                  ordering phages from afar and using them at their own risk. And patients in need will suffer the consequences, whether from
                  a treatment in need of some regulatory oversight or for lack of a treatment that could save their life.22 As we embrace our microbiomes, we are increasingly trying to understand how complex societies of bacteria, fungi, viruses,
                  and other microbes interact. How can one strain or species be controlled, without indiscriminate destruction? Bacteriophages
                  are one way. But there are others. “Nature,” says Kincaid, “has provided us with a great deal. We could
                  try and leverage that.”
                  
                  
               



Chemical Warfare, Naturally

Another treatment to emerge from nature's bounty is a group of highly specific killer proteins called bacteriocins. University
                  of Massachusetts microbial ecologist Margaret (Peg) Riley has studied bacteriocins for most of her thirty years in research. Much of her work
                  has focused on ecology and evolution. But now, like Elizabeth Kutter, Riley is on a medical mission. Her goal is to infuse
                  some ecology into disease treatment, to turn bacteriocins into medicine. “We are very ignorant of the biology of the
                  microbial world,” she says, but with new approaches such as metagenomics and microbiome studies, “we are getting
                  glimmers of a whole world full of wonder” and a world potentially full of cures.23 These small proteins, produced by the vast majority of microbes and active against closely related microbes, promise targeted
                  destruction of infectious bacteria. Bacteriocins are like weapons in a fratricidal war. One strain of E. coli against another strain of E. coli. Salmonella against Salmonella. Like phages, their power lies in their specificity: they are good for the microbiome and good for slowing the evolution
                  of resistant bacteria.
                  
                  
               

“All of my early work had nothing to do with therapeutics,” explains Riley who, like a kid bursting with an
                  idea, exuberantly turns to the whiteboard in her university office and begins sketching a diagram of how bacteriocins kill.
                  What makes bacteriocins so specific and potent, she says, is not just the protein, but the ability of the cell on the receiving end to recognize the protein. It's like a futuristic lock that
                  attracts a key magnetically, and once the door is unlocked—that is, once the bacteriocin begins interacting with receptor
                  proteins on the cell surface, it begins to cause structural changes. Pointing to the diagram, Riley says, “this killing
                  bit right here can enter and form a pore and all the guts pour out.” Game over. “These are cool proteins,” she enthuses, and when Riley recalls her earlier encounters with bacteriocins, her eyes light up: “Wow,
                  it looks like microbes are in constant warfare. I just thought that was amazing.” Eventually, a colleague suggested
                  they might try to turn these bacterial weapons into therapeutics: an antidote to the menace of antibiotic resistance. But
                  the work was slow going. The benefits of specificity notwithstanding, the market for a drug that treats only MRSA or only tuberculosis would be very narrow. There were other issues as well. Proteins can be metabolized in the body and so put
                  out of commission. They may have a relatively short shelf life and, in many cases, would have to be injected. But now, with
                  the very real threat of resistance, the new focus on maintaining the integrity of our microbiome, and a host of technological
                  advances, the playing field has changed.
                  
                  
               

Earlier in her career, Riley and coworkers demonstrated how bacteriocins interact with their bacterial targets and how they
                  promote intraspecies (“within-species”) diversity. Unlike the phage, which essentially clones itself once it
                  attacks, microbes that produce bacteriocins make the ultimate sacrifice. “If you are carrying a bacteriocin, you die
                  when you produce it. It is a very lethal weapon just to carry on your body. You lyse open [break apart] and release the bacteriocins.
                  I think of it as form of bacterial altruism.” Cells that are closely related (bacteria reproduce mainly by cloning) will survive because they have genes for immunity. Any other strain will die,
                  save for those very few that evolve resistance. But there is a cost to producing the deadly proteins and for becoming resistant;
                  the result is a rock-paper-scissors kind of dynamic. A producer strain kills the sensitive strain; the sensitive strain outcompetes
                  the resistant strain; and the resistant strain beats the bacteriocin producer.24 Eventually the population reverts back to a sensitive strain. It's an uneasy balance that ensures diversity rather than the
                  emergence of a single victorious strain. This complex dynamic plays out wherever bacterial communities exist, from the rhizobiome
                  of plants to our guts, where coliforms, Salmonella, and others are probably lobbing bacteriocins at one another as you read. As with phages, we have a very long history of
                  bacteriocin exposure.
                  
                  
               

Riley isn't the only one singing the praises of bacteriocins. One bacteriocin in particular, nisin, has been added to our
                  foods for decades. Produced by strains of Lactococcuslactis bacteria, nisin is a common inhabitant of naturally fermented foods like pickles and yogurts. Unlike many other bacteriocins, it is broadly active. This property, in combination with its “GRAS” designation by
                  the US FDA, has turned the little protein into a modern-day food-preservation rock star.25 And well before that, for thousands of years our ancestors have unwittingly been in cahoots with Lactococcus and other fermentation bacteria. Lactobacilli on cabbages and cucumbers and in milk products churned out nisin that killed
                  harmful bacteria like Clostridium botulinum and Listeria monocytogenes (both of which can cause fatal infections, and in more modern times have triggered food recalls).26 It is an effective and relatively harmless little protein, which makes it attractive to companies like Immucell in Portland,
                  Maine. Immucell, with whom Riley now collaborates on some bacteriocin-related products, is hoping that theirs will be the
                  first bacteriocin-based medicine to be approved by the FDA, albeit as a drug for veterinary use. Their goal is to provide
                  a cure for mastitis, a common infection in dairy cows.27 Riley hopes that approval of a bacteriocin for veterinary use will open doors for similar drugs in human medicine.
                  
                  
               

Each year, more than 20 billion gallons of milk are produced here in the United States. But our milk, cheese, and ice cream
                  rely upon an antibiotic-heavy industry, in part because of mastitis—a painful udder infection that can be caused by
                  a constellation of bacteria, including species of strep, staph and coliform, and that costs the industry billions of dollars.
                  At worst, farmers cull chronically infected cows. At best, cows suffer from low-level infections that reduce milk production
                  and quality. Somewhere in the middle, milk is discarded by the tankful. Infected cows (including those suspected of infection
                  but not yet diagnosed) are treated with a handful of FDA-approved antibiotics, most of them belonging to a group of antibiotics
                  called beta-lactams. If that term sounds familiar, that's because drugs like penicillin, amoxicillin (which is approved for
                  use against mastitis in cows), and Keflex, all part of our human pharmacopeia, belong to the same class of drugs. Which means
                  that it's even more important to reduce their use on the farm.28 To protect consumers from direct exposure (treatments are often administered intramammary—right into the mammary gland),
                  milk from treated cows is discarded until the presence of antibiotics drops to acceptable levels, adding to the cost of the
                  disease. Improved hygiene and vaccination can help. But when prevention isn't enough, Immucell is betting on nisin as an alternative.
                  Aside from taking antibiotics like beta-lactams out of the equation, nisin's GRAS designation, along with its effectiveness
                  at very low concentrations, means farmers would no longer have to toss out all that milk.
                  
                  
               

Meanwhile Riley, along with recent graduate student Sandra Roy, is targeting human urinary tract infections, or UTIs, with
                  a bacteriocin other than nisin. Hundreds of millions of new UTI infections occur each year, mostly in women, and they are
                  notoriously antibiotic-resistant.29 UTIs associated with catheterization are the most commonly reported health-care-associated infections. According to the Centers
                  for Disease Control and Prevention (CDC), 15–25 percent of hospital patients will be catheterized during their stay.30 As a catheter wends its way into the urinary tract, it may pick up microbes normally associated with a patient's bowels—an
                  unfortunate consequence of our anatomy. Most healthy people won't be bothered, but others, depending on their condition and
                  how long they have to use a catheter, may become infected. If the invading bacteria form a biofilm (a dense, nearly impenetrable
                  layer that can build up on devices like catheters), they can be particularly difficult to reach with antimicrobials. Riley
                  and Roy hope to reduce the chances of such infections occurring. One of the most common causes of UTI is E. coli, which also happens to produce one of the best-studied and the oldest-known class of bacteriocins: colicins.
                  
                  
               

Unlike nisin, colicins are highly specific, active against certain strains of coliform bacteria. Both can penetrate biofilms.
                  But as with phage therapy, large-scale testing and eventual approval of bacteriocin-based drugs is expensive and daunting. So Riley and Roy are taking a different tack. “We can create a lubricant that can eliminate catheter-acquired UTI. So that's what we are going to go after first.” Getting approval for new
                  medical “devices,” like a lubricant for use with catheters, is far easier. UTIs may not be a sexy first target
                  for a potentially groundbreaking advance, but Riley and colleagues have even bigger plans. What if bacteriocins—even
                  one specific for E. coli, like colicin—could be directed toward more-intractable infections like MRSA or tuberculosis?
                  
                  
               

About a year or so ago, says Riley, a Chinese researcher named Xiao-Qing Qiu contacted her about reviewing a paper he was
                  trying to get published. For the previous fifteen years, Qiu had been working with colicins, trying to make them into medically
                  useful antimicrobials. “He was interested in MRSA and noticed some work on the discovery of pheromones in bacteria.
                  Staph was one genus for which a lot of work was done on pheromones.” Bacterial pheromones are proteins that cells produce
                  when populations get dense. As a form of intercellular communication, pheromones can induce populations to react. They may
                  cause cells to form a biofilm, or to move away, or to produce other chemicals. Like bacteriocins, they are species-specific.
                  Qiu's idea was to fuse together a well-known but very specific killer, colicin, with pheromones for disease-causing bacteria
                  like MRSA. “Lo and behold,” exclaims Riley, as if she were just now witnessing it anew, “it worked!”
                  Not only did the new pheromonicin kill MRSA in animal tests, but was harmless when mixed up in a test tube with other kinds of bacteria.31 Unlike the nisin that is directed against mastitis or used elsewhere, however, pheromonicins aren't all-natural, requiring
                  a bit of genetic engineering to link bacteriocin to pheromone. Despite the implications of a potentially powerful and directed
                  drug, Qiu's publications barely made a ripple here in the United States. “Probably because he is a Chinese scientist,”
                  says Riley. “Unfortunately, there are huge problems with being a Chinese scientist.” It probably didn't help
                  that Qiu was accused of fraud by other Chinese scientists.32 In the end, though, as reported in the journal Science, Qiu was cleared of any wrongdoing.33 A decade later, after continuing with his studies, he reached out to Riley, who not only reviewed his papers but has become
                  a collaborator, testing his drugs in her laboratory. “I thought it [the work] was extraordinary. I have confidence
                  that what he is publishing is real data.” Riley describes the whole thing as almost too good to be true: “Until we actually have a drug out to market, I'm still going to think it's still a fairy tale.”
                  Working with Qiu has brought Riley closer to her goal of developing “designer drugs”: highly specific, safe,
                  and administered with lessons learned from our antibiotic-resistance debacle.
                  
                  
               

For nearly a century, we have managed bacterial infections with traditional antibiotics. Penicillin, streptomycin, and vancomycin
                  are pitted against all-too-common infections, from pneumonia to staph to tuberculosis. Strains of these pathogens now resist
                  multiple antibiotics. Over the course of a year, 2 million Americans become infected with resistant bacteria. Tens of thousands
                  die as a result, according to the Center for Disease Control's annual statistics. Yet discoveries of new antibiotics have
                  been rare enough that when molecular microbiologist Kim Lewis reported a new method of seeking out antibiotic-producing bacteria,
                  news of his discovery went viral. But even if we do manage to enter into a new age of antibiotic discovery, scientists and
                  doctors agree that we need not only effective antimicrobials, but also antimicrobials that act more like targeted drones rather
                  than cluster bombs. A more potent and specific killer is a more difficult weapon to resist.
                  
                  
               

Resistance aside, there are other reasons to become more respectful of our antibiotics; we are so accustomed to the drugs
                  that we forget how powerful they are. According to the CDC, antibiotics are the most common cause of medication-related pediatric
                  emergency visits.34 In addition, antibiotics may also contribute to serious chronic side effects such as diabetes, asthma, and some inflammatory bowel diseases, though a causative link has not yet been proven.35 And then there are the opportunists like C. diff.

Both phage and bacteriocin could open up a whole new cornucopia of drugs. But they must first make their way through the long
                  road to FDA approval before entering the doctor's office or our medicine cabinets. Some new drugs—particularly those
                  that exist in nature—may make it more rapidly than others. Others may require some tinkering: removing or adding bits
                  of protein to make them more effective, longer lasting, or better able to reach their targets. Phages and bacteriocins probably
                  will not replace antibiotics even when they are approved, but they will certainly bolster our arsenal against infections.
                  
                  
               

And once they do enter the drug pipeline, we'll do well to learn from the past. For eons, nature has kept life in check, from
                  the largest predator to the smallest. As we learn better how to live with microbes, we will increasingly be looking to nature
                  as a collaborator. Phage and bacteriocins are powerful examples, in medicine and increasingly in agriculture. These are biological
                  solutions that may target a particular problem without causing another. Our lives may one day depend upon them.
                  
                  
               

As difficult as human infectious diseases are, they are relatively simple compared with the vast array of pests and pathogens on the farm. Consider this: we are a single species infected by
                  microbes that have adapted to thrive in and upon our body. But those who grow the wheat for our daily bread and the fruit
                  and vegetables for our table must contend not only with pathogens adapted to infect a diversity of species, but also a mind-boggling
                  number of insects and weedy pests. Some favor apples, others corn or cassava or potatoes. In recent decades, broadly acting
                  pesticides have become the obvious answer, but they carry enormous drawbacks. And so, like medical researchers, innovative
                  farmers are now seeking natural alternatives to synthetic chemicals.
                  
                  
               






Chapter 4 



The Enemy of Our  Enemy Is Our Friend:  Replacing Pesticides with  Nature's Chemistry

THE BACKYARD VEGETABLE GARDEN was a disaster. Deer grazed the peas, squirrels nipped the buds off the squash plants, and blight
               took the tomatoes. All that remained by August were the grapes, small green bunches of promise, until those too came under
               threat. Seemingly overnight, caramel-colored spots appeared on the ripening fruits. Within days whole bunches were infected.
               If they didn't drop from their stems, they shriveled into bitter, blackened raisins. This was black rot: a fungus that could
               take down a healthy-looking crop within a few days.
               
               
            

Determined to salvage something from the garden, I purchased a bottle of Serenade. This is bacteria in a bottle, a biological pesticide comprised of Bacillus subtilis, a common soil microbe. The bacterium produces powerful antimicrobial chemicals, useful in the wild for keeping neighboring
               bacteria in check. I sprayed with a vengeance, maybe even a bit more than recommended, but this was war. I'll never know if
               it was the Serenade, a change in the weather, drastic pruning, or, more likely, some combination, but by late August, red, blush, and pale green grapes dangled from the trellis, translucent in the morning
               light. Serenade and other biological treatments, from pheromones to predatory insects, are becoming a hot commodity, not just
               for the backyard gardener but even for large-scale growers. All-natural compost, crop rotations, and healthy rhizobiomes offer
               some respite and protection, but they can only take a farmer so far. When a fungus settles on ripening apples, or globetrotting
               weeds steal nutrients and real estate from hardy wheat or corn, even a robust soil microbiome can use some help. Biologicals
               are another tool in nature's arsenal.
               
               
            

Bacteria in a Bottle

The bacterium Bacillus thuringiensis (Bt) was first discovered in 1901 when it started attacking Japanese silkworms. Two decades later, rediscovered in the gut
                  of the flour moth, Bt became one of the first commercial biological pesticides. Packaged in France as Sporine in the 1930s,
                  Bt bacteria and the crystalline Bt toxin they produce while forming spores have been deployed in one formulation or another
                  ever since. The dormant spore stage enables organisms like Bt to weather unfavorable conditions. Some spore forms can last
                  for centuries. Commercial spores only need to remain viable for as long as it takes to travel from manufacturer to shelf to
                  end use. Sporine targeted flour moths. But other toxins, produced by different Bacillus strains, are active against specific insect larvae, from moths to beetles and even mosquitoes. For over half a century, spore-forming
                  bacteria, dusted, sprayed, and delivered in flake form, have provided some respite from pests on crops and in homes and gardens.
                  Of the nearly 200 Bt products now registered as pesticides, several are approved for use by organic growers.1 It is a good bet you can find plenty of Bt at your local Agway or Home Depot. (Though now a hot-button subject in the GMO
                  debate, the gene for Bt toxin has been engineered into crops like corn and soy to protect against pests such as the corn root worm. More on this later.) The fact that this one species has been so beneficial to growers suggests that there
                  must surely be others available for natural pest control. And there are.
                  
                  
               

Grown in large vats, sprayed on a field, or delivered as a seed coating, bacteria are living chemical factories. Advances
                  in genomics and analytical chemistry are promising a whole new trove of microbe-based pesticides. The problem is in the packaging.
                  Spore formers, like military MREs (meals, ready-to-eat), come in their own resilient packet that can last for years or more,
                  ready to go when you are. The Serenade that I used contained a spore forming Bacillus, happy to perform wherever and whenever. Most bacteria, however, simply can't be bottled and released and expected to be
                  full of vigor. They need to be fed and watered, they require just the right temperature, and like most living things, they
                  can be finicky. Large-scale use of active bacteria is less attractive than spore formers on the farm . . . unless
                  there is a way to kick-start growth, to whip a bacterial culture into a reproductive frenzy. One company, 3Bar Biologics,
                  says they can do this: bottle up and deliver hordes of non-spore-forming bacteria (specifically, Pseudomonas fluorescens) that are raring to go.
                  
                  
               

Pseudomonas fluorescens (or P. fluorescens) is a bioprospector's dream: a battle-ready microbe that is an adept colonizer, gaining and occupying territory near plant
                  roots, squeezing out less aggressive competitors, and sucking up nutrients. Once colonized, a plant can ramp up its own systemic
                  resistance—much like our own immune system—to ward off infection by other microbes. Like many of its cousins,
                  P. fluorescens is also a microscopic weapons factory, producing chemical compounds and proteins capable of busting apart or poisoning competitors
                  while encouraging plant growth. One of those chemicals, 2,4-DAPG, is effective against a diversity of plant-disease-causing
                  fungi, bacteria, and worms.
                  
                  
               

“Back in the 1990s,” says microbial ecologist Brian McSpadden Gardener, “Monsanto looked at DAPG, but abandoned it for lack of chemical stability . . . and most companies
                  stayed away from P. fluorescens because it didn't have a long shelf-life.”2 McSpadden Gardener, a Midwesterner and self-described “agronomist at heart” believes that feeding the world
                  organically isn't an impossible dream, and he's spent his career helping growers realize this. “If we can see the microbiome
                  on the plant,” says McSpadden Gardener, “then we can find which things are causing problems and which are helping.”
                  Identifying the beneficial microbial communities can lead to strategies on the farm that nurture soil health so that plants
                  grow better, remain healthier, and are less dependent on a diet of traditional farm chemicals. While working at Ohio State
                  University, McSpadden Gardener discovered a set of particularly useful strains of P. fluorescens. But there was that shelf-life issue. And so, in 2013, he cofounded 3Bar Biologics along with Bruce Caldwell to solve the
                  problem. They say they've done it.
                  
                  
               

3Bar packages living P. fluorescens in bottles that can be turned into mini-bioreactors with the push of a button. 3Bar's bacteria are maintained in optimal
                  conditions in 3Bar's own space, alive and ready to grow. Just before applying the product to their crops, growers release
                  bacteria into a liquid growth medication. Like baking yeast when treated to a bit of warm water and sugar, the population
                  explodes. Growers can inoculate corn and soy fields with hordes of active bacteria. So far, corn and soy growers are reporting
                  increased yield: on average 4–5 percent—enough to keep growers wanting more. While spore-forming microbes like
                  Bacillus can survive in a warehouse, says Caldwell, “if you limited yourself to spore-formers you limit capability. There are
                  thousands of research articles about beneficial bacterial species . . . but there really aren't many effective commercial
                  products out there.”3 The technology may someday help bring other beneficial microbes to the field. Bolstered by demands for sustainably grown
                  produce, microbial bioproducts like those offered by 3Bar are becoming more widely used. Says Caldwell, “I thought organic growers would be the heart of our user base; that turned out not to be the case. The vast majority
                  that have tried the product are conventional growers.”
                  
                  
               

A growing number of businesses are looking to profit by packing and selling all-natural defenses for pest and pathogen. Monsanto,
                  Bayer Crop Science, BASF, and just about every other major agrochemical corporation is now dipping into the biological trough.
                  In 2014, Monsanto claimed to have tested hundreds of microbial strains on over 100,000 farm-field plots, with a goal of doubling
                  the number in 2015.4 At a recent meeting about the problems of pesticide resistance, with an audience whose nametags read like a who's who of
                  the agrochemical industry, enzyme scientist Doug Sammons, a senior fellow at Monsanto who looks like he'd be more at home
                  on the farm than in the lab, talked about biologicals. To a roomful of pesticide junkies (and a few others devoted to alternatives),
                  Sammons said that Monsanto's aim was to not only double crop yields over the next fifteen years, but to also reduce chemical
                  inputs by an ambitious one-third.5 Small start-up companies harnessing these natural defenses are now being snatched up by agrochemical giants (which is either
                  a good thing or a bad thing, depending on whom you trust). Some fear these natural products might get lost in the shuffle
                  or, worse, never make it to the market at all—killed off by an industry already devoted to their own best sellers.
                  Others say it's the only way to get these products through the costly process required for registration. In either case, no
                  matter what one may think of those who brought us the Green Revolution, buy-in by these agro-giants will be instrumental in
                  this even greener revolution. It would be like fossil-fuel companies becoming green-energy acolytes; if big agribusinesses
                  (known collectively as “Big Ag”) point their research power toward greener agriculture, we will get there faster.
                  
                  
               

We are learning to use nature's chemistry to our advantage, from microbial chemicals that rally the troops, nourish plants,
                  and bolster immunity, to antimicrobials and other chemical signals that push away soil-dwelling invaders. But microbes aren't the only
                  option for new chemicals or new ways to boost agriculture, nor are they unique in their response to chemical signals. Insects
                  and plants, too, retreat, attack, and mate when provoked by chemical cues—volatile molecules that swirl on currents
                  of air like creamer in a coffee cup or drift skyward as a “come-hither” chemical plume. Some insect species
                  that are particularly sensitive to scent can detect these chemicals at exceedingly small amounts—parts per quadrillion, or one part scent molecule to one thousand million million molecules. We humans are comparatively bad smellers, able to
                  detect at best parts-per-trillion—and more often we are limited to parts-per-billion.6 When these molecular messages lace the air, they are picked up by insect antennae in much the way that cellular signals are
                  sent over the airwaves from phone to tower. Some insects can trace a chemical plume for miles. While one chemical might attract
                  beetles, another could cause aphids to scatter, or help moths find their mates. These are powerful cues that, like microbial
                  chemicals, offer alternatives to traditional pesticides. We just need to learn how to effectively decode and deploy them.
                  Rather than spraying broad-spectrum killers (which includes both traditional pesticides and even some microbial pesticides),
                  growers can protect their almonds or wheat or apples by hacking the insect communication system and leading pests astray.
                  Moths, a common insect pest, are particularly good at picking up a scent.
                  
                  
               



An Attractive Proposition

Naturalist Jean Henri Fabre experienced the magic of these invisible chemical signals on a May morning sometime in the late
                  1800s when a large female peacock moth emerged from a cocoon he'd collected. Within hours Fabre, who had cloistered the moth
                  under a wire bell-jar, witnessed an enchanting scene. Like a butterfly garden, Fabre's home had been turned into a fluttering frenzy of large, randy peacock moths. “With a soft flick-flack the great Moths fly
                  around . . . they descend on our shoulders, clinging to our clothes, grazing our faces. . . . Coming
                  from every direction I know not how, here are forty lovers eager to pay their respects to the marriageable bride born that
                  morning.”7 It would be several decades before advances in analytical chemistry and other innovations enabled chemists to co-opt the
                  insect's chemical language for our collective benefit. One of the more bizarre innovations is the electroantennogram, which
                  is just as it sounds. Electrodes are inserted into the moth's delicate, feathery antennae so that scientists can read the
                  insect's brain's response to chemical cues.
                  
                  
               

Fabre's moths were responding to chemicals known as sex pheromones—lures that some insects simply can't resist. Of
                  all the insects known to be drawn to their mates by a humanly imperceptible molecular trail, moths are most sensitive. Their
                  elaborate antennae, protruding like antlers on a ten-point buck, have evolved to detect unimaginably small concentrations
                  of chemicals. For moths attracted to our fruit trees, nut trees, and other crops, pheromones are a sensual Achilles heel—good
                  news for those who grow apples, a local fall favorite, because apples are plagued by moths. And no one wants to find a wormy
                  moth larvae in their apple.
                  
                  
               



Misguided Mates

Over the past few decades, apples, like so many other fruits, have become almost impossibly blemish free. Who hasn't picked
                  up an apple at the grocery store or farmer's market, spun it around, discovered a scab or spot, and surreptitiously put it
                  back? We demand perfection, while at the same time we demand fewer pesticides. That's a tall order for orchardists, because
                  we aren't the only ones who love apples. From the plum curculio—a mottled little weevil whose grubby larvae burrow
                  into the fruit—to the codling moth, apple maggot, and oriental fruit moth, apples are under attack. These are just the pests; there are also pathogens like apple scab and fire blight. And so
                  orchardists, especially in the Northeast, use chemicals to ensure that our Macouns, McIntoshes, and Cortlands are immaculate.
                  Many of these pesticides kill not only the pests, but also beneficial insects, including helpful predators. Sating our demand
                  for out-of-season fruits, growers may also use post-harvest sprays to prevent everything from mildews to discoloration. Even
                  organic growers, when pressed, will dip into the chemical trough, using sulfur, pyrethrins, and copper. (Approved for organic
                  use, the latter two chemicals in particular, though not highly toxic, are not entirely nontoxic.) Though a good deal of chemical
                  residue is long gone by the time we take our first bite, residues of several pesticides remain. In 2016, when strawberries
                  climbed to the top of the Environmental Working Group's “Dirty Dozen” list, they knocked the longtime pesticide-residue
                  champion, the apple, into the number-two spot. In 2013, the USDA reported that 98 percent of apples tested were positive for
                  pesticide, albeit mostly in very small amounts well below concentrations deemed “acceptable.”8

“It's the nature of the plant realm,” says Jon Clements, University of Massachusetts Extension orchardist.9 Clements, whose e-mail signature is “aka Mr. Honeycrisp,” works with growers to solve pest problems. “We'd
                  all love to grow stuff we didn't have to spray. I wish we could figure out how to do apples organically, but it's very hard.
                  You can beat your head against the wall.” And you can find organic apples grown on the East Coast, says Clements, but it's the rare orchard that succeeds. Most of the organic
                  apples we find in Whole Foods or the supermarket hail from the West Coast or farther afield, from South America—that
                  is, from climates where they don't have to deal with the number of pests and pathogens that populate the moist East Coast.
                  This summer, even my organic CSA compromised when it came to apples. “You just can't do it here,” reiterated
                  a grower who works at the local farm co-op and who had pointed me toward the Serenade. “At least not for fresh fruit. Some places can do organic cider.” So
                  what's an orchardist who wants to cut back on pesticides to do?
                  
                  
               

One option is pheromones. “I would say, if you follow the rules it definitely reduces the chemistry used,” says
                  Clements. With application rates of milligrams per acre—less than a pinch of salt (versus pounds per acre for many
                  conventional pesticides)—pheromones are powerful stuff. Both highly specific and nontoxic, they are a good option for
                  growers besieged by moths. Flooding an orchard with the arousing scent of female moths confuses males intent on following
                  a plume toward their intended—because the scent is everywhere. If there is no moth sex, there are no eggs or wormy
                  larvae hatching out on a maturing apple or peach or almond. Scents specific to particular species can be captured and reproduced
                  by chemists, synthesized in the laboratory, and packaged up for release. One of the more familiar large-scale uses of pheromones
                  for pest control is for gypsy moths, an invasive pest whose voracious larvae have been chewing their way across the country,
                  denuding acres of forests, tree-lined suburban streets, and city parks, ever since its inadvertent release from a Boston suburb
                  in the mid to late 1800s. I can recall a few New England summers when the moths were particularly randy; their bristling,
                  spotted caterpillar offspring had rendered stands of oaks and maples looking like an apocalyptic fall. In 2016, when the moths
                  seemed to be having an exceptionally good year in the Midwestern United States, municipalities responded by dropping pheromone-infused
                  flakes from planes and helicopters, hoping to save their trees. In Iowa at least, where small pockets of gypsy moths had begun
                  settling in, the treatments were successful enough that no further pheromone airdrops were required that year. Pheromones
                  have been part of the arsenal to fight gypsy moths for decades (pheromone traps are also used to monitor infestation). Increasingly,
                  orchardists are turning to pheromones to save their fruits.
                  
                  
               

Apple growers had a pesticide problem well before EWG's “Dirty Dozen” campaign began singling out contaminated
                  fruits. Target insects were becoming pesticide-resistant, and the loss of efficacy required growers to spray more. Meanwhile,
                  a new food-protection law began basing regulation on the combined effects of pesticides rather than treating pesticides as if they were applied in isolation of one other. The new regulations
                  focused on fruits most likely to wind up in baby-food jars or in a grade-schooler's lunch bag. This put fruit such as apples
                  in the spotlight. Though pheromones didn't promise to solve all of the pest and associated pesticide problems, they could
                  certainly provide some relief from at least one important pest, the codling moth.
                  
                  
               

Like the gypsy moth and others, codling moths have a weakness for a sexy scent. So, in the early 1990s, growers, researchers,
                  and entomologists put pheromones to the test. As the synthetic scents were dispersed across orchards in Washington State,
                  Oregon, and California, male moths didn't stand a chance.10 Though results varied (efficacy depends on both the degree of infestation and the potential for mated moths to migrate in
                  from untreated orchard boundaries) and some orchards used pheromones in combination with conventional pesticides, the trials
                  were encouraging, with some cutting back on broad-spectrum insecticides by up to 75 percent. Pheromones could reduce both
                  pesticide application and insect damage. Two decades later, codling moth pheromones are becoming an increasingly popular treatment.
                  In 2015, a government-funded pilot project in Quebec, Canada, alerted apple growers to the benefits of depriving moths of
                  their mates. One grower who says he used to spray against codling moth “five, even six, times a year” managed
                  to cut back to a single spray. “This year,” he told a reporter, “we hope to reduce it to zero.”11

California almond growers, too, are finding solace in unsatisfied moths. Nut trees—almonds, pistachios, and walnuts—are
                  grown in orchards that collectively cover more acres than the state of Rhode Island and represent a multibillion-dollar industry. Navel orangeworm moths are a major pest of California almonds. After females
                  lay eggs on the outside of an almond, the newly hatched larvae drill into the nutmeat. Their almond tailings, bits of ground-up
                  nut, along with split shells are a tell-tale sign of infestation. Larva-infested nuts are bad enough, but it gets worse. Splits
                  provide an opening for Aspergillus flavus, a mold capable of producing aflatoxin B1, one of the most potent naturally occurring carcinogens known. When I was in graduate
                  school and we worked with all sorts of nasty chemicals, a note left on the board by one student read, “I'll do anything but AFB1.” A few parts per billion of the carcinogen in a shipment is enough to require the destruction of hundreds
                  of thousands of tons of nuts. (Grains can be similarly affected.) That's a real financial hit for growers. So, when one of
                  the industry's most effective pesticides for moths began to fail, growers needed options. One alternative was mating disruption.
                  It was working for apples, but could it help almond growers as well?
                  
                  
               

In 2002, Brad Higbee, an entomologist who had helped the apple industry disrupt the mating of codling moths, was called in
                  to help almond growers. “After twenty-four years at USDA-ARS, I was hired because Paramount Farming [the largest almond
                  grower in California and perhaps the world] was interested in controlling the navel orangeworm moth.”12 Higbee was summoned at a time when growers were not only facing pesticide resistance among targeted pests, but also a market
                  that demanded increasing perfection. A bit over a decade later, the navel orangeworm pheromone was being released by “puffers”
                  (timed, metered aerosol devices), and was wafting over 60,000 acres of almond and pistachio trees. Some orchards were able to eliminate orangeworm pesticide treatment altogether, while others combined pheromones
                  with more-traditional pesticide treatments. In 2015, the number of pheromone-treated acres was around 120,000.13 It was a small fraction of California's orchards, but expectations are that pheromone treatment will grow. Noting the bins of organic almonds at the local Trader Joe's and wondering how those growers handled pests like navel
                  orangeworm, I asked Higbee if this particular mating disruption system was approved for organic growers, too. But the puffers
                  are formulated with carriers and propellants prohibited on organic orchards, which means, says Higbee, “that organic
                  almond growers don't have many options other than orchard sanitation, the foundation for any good navel orangeworm program.” There are other biologicals, like spinosads and pyrethrum, but Higbee says neither
                  is very effective. (Rather than depending on propellants, apple growers can use passive devices that release pheromones in
                  response to temperatures; such devices are typically accepted for organic use.)
                  
                  
               

Pheromones can also lure pests to a deadly end, enticing them into toxic traps, or they can alert growers to an impending
                  invasion. Hundreds of thousands of lures across the country provide a heads-up for gypsy moths. For growers using Integrated
                  Pest Management strategies (a combination of natural and pesticide controls), pheromones mean that rather than spraying the
                  whole orchard with insecticides, they might spray only the border or corner where lures have been set, or only when their
                  fruits are under direct attack. Each year, some 20 million traps now lure boll weevils, grapevine moths, bark beetles, stem
                  borers, and dozens of other insect pests to their deaths. Closer to home, millions of pheromone traps keep houseflies, cockroaches,
                  pantry moths, and, perhaps soon, bed bugs at bay.14 These are powerful, nontoxic pest controls that can knock back populations, reveal their whereabouts, or lure them to their
                  doom. But there's a catch. Even the best method of pest control is useless if it isn't available to growers. For some growers,
                  the application and expense is simply too much, or for organic growers, the formulation isn't kosher, or there isn't yet an
                  effective pheromone on the market. “Isolating and identifying sex pheromones,” says Higbee, “may be relatively
                  easy or difficult. It's highly variable and just depends on the species and the complexity of the components.” He notes that it's taken some twenty years to identify some of
                  the minor chemicals required to lure male navel orangeworm moths into monitoring traps.
                  
                  
               

“Pheromone markets are niche compared to insecticides. One develops a product for a single insect for a single crop
                  at a time,” says Cam Oehlschlager, a chemical ecologist and pheromone pioneer. Oehlschlager is now vice president of
                  ChemTica Internacional, a company that develops and sells pheromones to growers worldwide.15 Since pesticide registration is required in all countries, there's a high start-up cost for products despite the relatively
                  small markets. Even when a new product is clearly effective, “not many significant distributors want to invest in distribution
                  for small markets,” says Oehlschlager. The lack of investment in products that are both effective and specific can
                  be a downside on the business end. Even so, pheromone use is growing slowly, by 5–6 percent (average annual growth),
                  but according to one of the last available reports, pheromones have captured just 2–3 percent of the insecticides market
                  (not all that different from twenty years ago). The use of pheromones on orchards is promising, but, as with other biologicals,
                  there is plenty of room for growth and an abundance of products waiting for their day in the field. Oehlschlager says that
                  some 7,000 pheromones and attractants have been discovered for over 2,000 insect species. Hope is in the air—if it
                  can be captured, decoded, reproduced, registered, and marketed.
                  
                  
               



Mixed Signals

Meanwhile, on farms across Africa, growers have been benefiting from an even more peculiar chemical conversation. Rather than
                  using intraspecies sexual trickery, or even pitting one insect species against another, British scientists are crossing signals from
                  plant to insect.
                  
                  
               

John Pickett is a chemical ecologist and scientific leader at Rothamsted Research in Harpenden, England. While I sit with
                  recorder in hand, Pickett nearly hovers in his seat. He is a guy ready to spring into action. Several times, as we chat in his office,
                  he does just that—jumping up to aid a colleague or grab a recording of his jazz group when I notice that he plays trumpet.
                  “You must know of Avogadro's number,” he says.16 I do, sort of, and so I shrug and shake my head. It is a number that all scientists learn, but is really more of a concept.
                  Avogadro's number describes, for example, the quantity of molecules in eighteen grams (a little over half an ounce) of water,
                  which turns out to be a lot. The point is to impress upon us just how small and numerous molecules are. “Avogadro's
                  is 6.02 x 1023. An enormous number. An incomprehensible number . . . and animals like these aphids can detect molecules right
                  at the bottom end of this—they can detect molecules,” says Pickett, marveling at the economy.
                  
                  
               

Pickett has spent a career studying the chemical language of plants and insects. In 2008, he shared one of the world's top
                  agricultural awards (Israel's Wolf Prize) with two Americans. One of his top achievements is a method called “push-pull”:
                  playing plants against insects, causing chemical communication havoc. Despite Pickett's enthusiasm for these so-called semiochemicals,
                  though, he isn't imagining a pesticide-free future any time soon: “Where would we be without pesticides? Many more
                  people starving . . . losing at least 30 percent of food to pests, diseases, and weeds.”17 But he is acutely aware of the benefits of allying with nature. Why spend hundreds of thousands of dollars and countless
                  hours to find that one new pesticide, posits Pickett, when you can query nature? “That,” he says, “is
                  my raison d'être.” Push-pull puts the power of plant and insect chemical communication on display.
                  
                  
               

In sub-Saharan Africa, where small-scale growers (mostly women) struggle to provide food and income for their families, push-pull
                  is touching off a really green revolution. For the past few decades, Pickett has been working with his colleague Zeyaur Khan and farmers in Kenya,
                  Tanzania, and other East African countries to pit plant against insect.18 The results seem almost too good to be true. On fields of maize and sorghum, both staple crops, the stem borer moth is particularly
                  problematic. Like other moth offspring, its voracious larvae feed on young leaves and tunnel into stems. Affected plants are
                  stunted and harvests are reduced for farmers already living on the edge. If stem borers weren't bad enough, crops were also
                  infested with African witch weed, or striga, an exceedingly prolific parasite that feeds upon plant roots and saps crops of
                  their strength. In the mid-1990s, representatives from the Gatsby Foundation (a charitable organization devoted to plant science
                  and to Africa, among several other causes) came to Pickett: “They said, ‘we'd like to get some of your elite
                  science into Africa to get sustainable food production and alleviate poverty.'” If successful, the increased harvest
                  would mean more food for tens of millions.19

Farmers in the region were already intercropping, says Pickett, harvesting bean crops between maize crops, so it was a good
                  place to begin experimenting with other potentially beneficial crops like molasses grass. “When plants are damaged,
                  they send out an SOS which warns incoming herbivores [plant-eating insects] not to go there because they are already colonized;
                  and it also attracts parasitic wasps.” Molasses grass does this, pushing pests away and pulling in beneficial predatory
                  wasps, a sort of twofer. Rather than sacrificing the food crop, the grass takes the hit. “We would make the crop, which
                  was largely intact, seem like it was under attack.” And there was more. Along the borders, Napier grass and Sudan grass attracted the pests while incidentally providing forage for cattle and goats. “It worked brilliantly well. Then purely by chance
                  we found out one of the legumes that we used [for nitrogen fixation] was amazingly good at controlling striga, so we captured
                  all these constraints in one go.” Insect and weed control, nitrogen-fixing bacteria, and forage—all without the addition of synthetic chemicals.
                  
                  
               

Pickett and colleagues want to bring this natural technology, already adopted by over 100,000 farmers, to millions. Anticipating
                  a changing climate, growers are already experimenting with more drought-tolerant plants that are better able to thrive on degraded land.
                  There's only one caveat: these are small-scale African farms. “Iowa, Missouri. You can't do it there.” The methods
                  aren't amenable to industrial farms supplying McDonald's and Kmart, or even the local supermarket. “So,” says
                  Pickett, “we've got to deliver it by genetic modification.” The experiments—which attracted plenty of
                  controversy in GMO-shy England—are already in motion.
                  
                  
               



Reality Check

We are engaged in a war over food: it will be consumed either by pests or by us. As Pickett points out, the ever-growing number
                  of mouths to feed means that we are pushing agriculture harder than ever. Agriculture is the largest land-user on Earth, utilizing
                  38 percent of our planet's “ice-free” terrestrial surface (crops cover about 12 percent, while pastures cover
                  about 26 percent), and yet too many of us still don't have enough to eat.20 As our population increases, many more will be without adequate food to eat or water to drink. One report suggests that future
                  demands will require a doubling of food production, while others suggest that the problem is a more complicated matter of
                  how food is grown and distributed.21 But whether on large farms or small, here in the United States or in Europe or Africa, growers are engaged in an ongoing
                  battle with blights, insects, and weeds (not to mention the changing climate). For nearly a century, farmers have been running
                  on a chemical treadmill—and it is time to break the cycle.
                  
                  
               

No matter who or where they are, farmers win a hard-fought victory every time they bring a crop to market. Tens of thousands
                  of different kinds of pathogens, insects, and weeds dine upon, lay eggs on, and steal nutrients from our food crops. By contrast, humans are
                  at the mercy of a mere 1,400 known pathogens. But only when supermarket prices skyrocket as orange groves are leveled by disease,
                  or blight takes the tomatoes, or we are greeted by maggot-like corn borers, do we take note of the trials facing our farmers. Working on the front
                  lines of the world's food supply, today's growers face a daunting task. They have inherited the system of agriculture created
                  by the Green Revolution—a system that can feed billions, but also requires synthetic fertilizers and encourages large-scale
                  monocrops and reduced rotation, turning crops and orchards into pest-magnets. Growers fight back with millions of tons of
                  fungicides, bactericides, insecticides, and herbicides. But despite all the chemicals, pests and pathogens still cause hundreds
                  of billions of dollars in crop losses here at home and around the globe. Meanwhile, trade and travel introduce new pests,
                  and insects, fungi, and weeds treated one season after another with conventional pesticides evolve resistance—requiring
                  even more pesticide. As with antibiotics, a number of go-to agricultural chemicals are losing their efficacy. Resistance,
                  combined with consumer demand for food with little or no pesticide residue, is a powerful reason to seek out natural remedies.
                  For nearly a century, farmers have been running on a chemical treadmill and it is time to break the cycle.
                  
                  
               

Agriculture is currently undergoing a second, greener revolution. This isn't about organic versus conventional agriculture. It is about growing healthy, affordable food while
                  reducing human and wildlife exposure to potentially harmful chemicals. Toxic pesticides are not the only option; nature produces
                  plenty of her own killers. From semiochemicals to predatory insects and bacteria, these natural allies can move us toward
                  a safer, more prosperous future. As encouraging as biologicals are, McSpadden Gardner adds one cautionary note: none of these
                  products is a cure-all. Natural defenses are simply one part of developing an environmentally and economically sustainable
                  food system. But there is plenty of innovation and hope. The few strategies I describe here are only a fraction of those that
                  are making their way from laboratory to the farm. Some will succeed. Others won't, but they will all add to our collective knowledge of how to grow food more effectively with less impact on the planet. “The book isn't finished
                  yet,” says Clements. He's right. And one of the most controversial innovations in agriculture may be one of our best
                  bets for reducing pesticides: genetic modification. New techniques that may someday help put the GMO debate to rest are fast
                  becoming a reality. This politically divisive and endlessly fascinating topic is explored in the next chapter.
                  
                  
               






Chapter 5 



Provocation: Disease-Resistant GMOs

RYAN VOILAND HAS BEEN GROWING and selling tomatoes since middle school, setting up a roadside stand outside his parents' home.
               A decade or so later Voiland—a soft-spoken, thirty-something organic farmer with a degree from Cornell—was an
               award-winning tomato grower. “That first year was remarkable,” recalled Voiland, cracking a rare smile. “We
               heard about the Massachusetts Tomato Contest . . . had a good crop and managed to send in some specimens.”1 Red Fire's organic tomatoes won five out of twelve awards, more than any farm, organic or conventional, had ever won in a
               single year. Red Fire, now a successful Community Supported Agriculture farm (CSA), grows more than 150 different tomato varieties,
               offering them up for tasting at their annual Tomato Festival. But in 2014, a fungus-like disease called late blight that had
               been jumping from one farm to another eventually hit Red Fire. Tomato crops died within days. Rows of once-lush plants resembled
               vegetative versions of zombie armies: upright stalks studded with browned, blight-infested leaves. Large brown spots bloomed
               on the fruits, turning them soft and unsellable.
               
               
            

The 2014 outbreak left local tomato fields in tatters, but it wasn't the worst case of the blight to hit Red Fire. In 2009,
               late blight caused massive crop loss. Red Fire took a financial hit, but Voiland had plenty of company that season as the
               blight ripped into tomato plants all along the East Coast. Chef and author Dan Barber penned a New York Times op-ed about the outbreak, “You Say Tomato, I say Agricultural Disaster.” The article was just one of hundreds
               published that year. “I, myself,” wrote Martha Stewart in a 2009 blog, “have lost 70 percent of the fifty
               different varieties in my garden. . . . Many of the beautiful heirloom varieties, which were planted, never
               had a chance.”2 Stewart's post was accompanied by an image of an ugly, diseased tomato, a far cry from the doyenne's trademark perfection.
               Late blight, caused by the fungus-like Phytophthora infestans, stands apart from the typical specs, spots, and cankers that plague tomatoes. Its widespread distribution is a cautionary
               tale of big-box stores, mega-plant nurseries, and the delivery of plants potentially infected with a recalcitrant pathogen,
               which introduced a new problem for tomato growers in the Northeast.3 Ever since, growers can almost expect blight at some point in the season. The disease has made it difficult for both organic
               and conventional growers to bring this summer favorite to market. But blight isn't just a threat to tomatoes, a crop we could
               arguably do without. The pathogen also attacks potatoes: one of the most important food crops in the world.
               
               
            

That 2009 outbreak may have been the first to hit Northeastern tomatoes, but it wasn't the first time Phytophthora went pandemic. Nor were tomatoes the first vegetable (or fruit) to be taken by blight. Over a century ago, a mysterious potato
               disease spread across Europe like wildfire. Healthy plants died within days. Potatoes in the ground turned putrid. Massive
               crop losses led to widespread starvation, adding to the Grim Reaper's toll from typhoid, typhus, cholera, and other diseases.
               Some one million Irish died and more than a million sailed for distant shores. Blight had made its way to Europe (by way of
               the New World, where potatoes, like tomatoes, originated), touching off the infamous Irish Potato Famine that lasted from 1845 to 1852. Since
               its emergence on potato fields, blight has remained the bane of farmers around the globe. While growers like Voiland might
               suffer for the lack of summer tomatoes, the population at large will not. Potatoes are another story. Phytophthora has become one of the most destructive agricultural pathogens on Earth, causing havoc to growers from the United States to
               Europe and Africa.
               
               
            

Each year, blight robs food from 80 to 100 million individuals globally.4 Translated into dollars, late blight is a nearly $7-billion disease. William Fry, a plant pathologist at Cornell University,
               has been tracking the pathogen for decades. He's a gregarious guy who seems to love his work. When I ask how long he's been
               at it, Fry laughs and says, “Oh, that's embarrassing,” but, as he approaches his golden anniversary studying
               blight, his contributions to the field are impressive.5 Fry knows about the grower's struggle with blight. However careful and hygienic growers might be, says Fry, they will eventually
               have to turn to fungicide. Depending on conditions, growers make anywhere from six to eighteen applications of fungicide a
               year. Of the big three crops—wheat, corn, and potatoes—potatoes are the most chemical-intensive. A decade ago,
               approximately 2,000 tons of fungicide were applied to potatoes in the United States alone. Even organic growers apply copper—the
               “natural” fungicide that is toxic not only to blight but also to the helpful soil microbiota. “As long
               as blight is around with the given cultivars that we have,” says Fry, “we have to use fungicide. . . .
               People have been trying to make a resistant plant for over a century.” Still, the breeding process can take decades,
               and resistance is too often fleeting. Eventually blight evolves its way around the plant's resistance. “This has happened
               many, many times in potato-breeding programs around the world . . . to the point that the use of those resistance
               genes has contributed essentially nothing to late blight suppression.” It is almost as if late blight evolved to evolve. The organism is incredibly prolific, providing ample opportunity for mutation and adaptation.
               
               
            

Even in a field where infection isn't yet visible, says plant pathologist Jack Vossen, blight may be sending out hundreds
               of thousands of spores. “If you look at the genome sequence, it has a core genome,” says Vossen, “and
               a rapidly evolving peripheral genome where a lot of recombination takes place.”6 It is very likely that, within a cohort of spores released from an infested potato field, a few spores will contain the genetic
               goods to resist a potato's own best resistance. Late blight is an uber-pathogen that twists and flexes its way out of danger,
               like a genetic gymnast. And even when new blight-resistant potato or tomato varieties become available, both Vossen and Voiland
               say, they aren't always a hit with farmers, processors, and consumers, who tend to prefer heirlooms.
               
               
            

Fortunately, there is a way to develop late blight–resistant potatoes in cultivars that are popular with farmers, processors,
               and consumers alike. This brings us to one of the most contentious issues in agriculture today: genetic modification. An astounding
               diversity of genetic traits exists in plants, animals, and microbes. Within life's collective genome are genes for life-saving
               drugs, essential nutrients, and antibiotics. If harnessed safely and ethically, there are genes that may also provide resistance
               to pest and pathogen. Some of these traits, for example, can reduce the amount of chemicals sprayed onto our fruits and vegetables.7 Yet there are plenty of opponents who are certain that genetic engineering is like selling the soul of a plant to the devil.
               When I ask friends, scientists, and nonscientists alike about their feelings toward genetically modified organisms (GMO),
               the responses are mixed. “Seems like a good idea, but are they really safe?” “I don't trust anything
               Monsanto does.” “I don't know, what do you think?” But GMOs are not one thing. Introducing pathogen-resistance genes can reduce pesticide use, while introducing
               herbicide-resistant genes can increase the use of a specific herbicide (as with Monsanto's Roundup Ready). Engineering is used to grow more-nutritious food but also food that simply grows faster (like GMO salmon).
               
               
            

It is hard for the consumer to feel comfortable with a technology when even scientists are still bandying about the pros and
               cons. Some worry about the sanctity of DNA, or the potential for pollen to contaminate non-GMO crops, or the safety of ingesting
               corn and other products that can produce Bt toxin. Others argue that it is more accurate and safer than some traditional breeding
               practices. The Union of Concerned Scientists, an organization that describes its mission as “strengthen[ing] American
               democracy by restoring the essential role of science and evidence-based decision making,” urges caution.8 But their messages are mixed. They point out that health risks are often exaggerated or presented in alarmist terms, writing:
               “There is no evidence, for instance, that refined products derived from GMO crops, such as starch, sugar, and oils,
               are different than those derived from conventionally bred crops.” But, they also point to unintended consequences:
               a once-controllable weed turning into a superweed, or the insertion of a gene producing an allergenic protein. (For example,
               a soybean intended for animal feed was nutritionally enhanced with a gene from a Brazil nut, but the product never made it
               to market.9) “For one thing,” they write, “not enough is known: research on the effects of specific genes has been
               limited—and tightly controlled by the industry.” Their main concern is the engineering of herbicide-resistant
               crops, particularly those resistant to Roundup. As farmers used the herbicide on an increasing number of resistant GMO crops,
               weeds eventually evolved resistance. In response, growers increased application rates or switched to more-toxic herbicides.
               These herbicide-resistant crops are one GMO product that many, even some supporters of GMO, agree is problematic.
               
               
            

Meanwhile, in 2016 more than 100 Nobel Prize winners went on record urging Greenpeace, one of the more vocal GMO opponents,
               to end its opposition to genetic modification. The laureates, a collection of chemists, economists, biochemists, and other medical researchers, stress the precision of engineering, compared with breeding. The group is particularly supportive of golden rice: rice engineered to produce a precursor of vitamin A. They don't mince
               words:
               
               
            

Scientific and regulatory agencies around the world have repeatedly and consistently found crops and foods improved through
                  biotechnology to be as safe as, if not safer than, those derived from any other method of production. There has never been
                  a single confirmed case of a negative health outcome for humans or animals from their consumption. Their environmental impacts
                  have been shown repeatedly to be less damaging to the environment, and a boon to global biodiversity. . . .
                  How many poor people in the world must die before we consider this a “crime against humanity”?10



Greenpeace countered with a claim that the Nobel laureates' poster plant, golden rice, was a failure, a venture that they
               say could exacerbate malnutrition by encouraging rice-only diets. “The only guaranteed solution to fix malnutrition
               is a diverse healthy diet. Providing people with real food based on ecological agriculture not only addresses malnutrition,
               but is also a scalable solution to adapt to climate change.”11

There are scientists, growers, and others who are frustrated that, after nearly four decades, we are still debating the pros
               and cons of GMOs despite a preponderance of scientific studies concluding that engineered crops are safe for consumption.
               These advocates are convinced that engineering is the only way to feed 9 billion humans and still have some space on the planet
               to make a home, to play, or to let wildlife be wild.12 There is enough about GMOs to fill thousands of books: pro, con, and everything in between. Something for everybody. My goal
               is to explore pesticide alternatives. How do we reduce chemical residues on our foods and in the soils? How do we reduce the
               resistance that sends growers into a vicious circle of chemical application? For many crops susceptible to aggressive diseases like blight, genetic engineering is currently one of the only effective ways to do this. And the potatoes
               engineered by Jack Vossen and colleagues may be a product that even GMO opponents can swallow.
               
               
            

Gene Swap

We are all genetically modified. We owe our lives to countless mutations popping up in genomes over billions of years. Mutations
                  are natural: mistakes that happen each time DNA replicates. Most are repaired by a busy network of enzymes that comb a replicating
                  genome for errors and fix them. A handful are not corrected. Those are the mutations that, should they occur in sperm or eggs,
                  may pass from one generation to the next. A human zygote—after sperm and egg have combined—has on average 130
                  mutated DNA base-pairs out of more than 6 billion.13 Many are neutral, neither good nor bad, and are of little consequence in the process of natural selection. Some are lethal,
                  killing off the developing zygote, embryo, plant, or animal before it has a chance to reproduce and pass those genes on to
                  the next generation. A precious few are beneficial. Perhaps an animal tolerates a new food, or a plant sends out more seeds,
                  or grows faster, or resists disease. For eons, plant breeders have relied on mutations bearing these genetic gifts. Corn,
                  tomatoes, and carrots would not taste so sweet if not for humanity's tinkering.
                  
                  
               

Mutations can happen simply by mistake, or they can be caused by outside factors. The sun's ultraviolet light causes mutations.
                  So does aflatoxin, the toxin produced by some aspergillus fungi that grow on wheat, peanuts, and other crops. Ionizing radiation,
                  like the kind released from radon gas, can rip apart DNA as electrons zing through our bodies and into our cells, potentially
                  causing mutations: a risk to those of us whose houses sit atop granite ledges and foundations. This is the kind of radiation
                  that most people feared when the Fukushima Daiichi plant burned. And it is the kind of radiation directed at our fruits and
                  vegetable seeds to create a better product through mutation breeding. Each year, in support of a local school, I buy a crate of organically
                  grown Rio Starr grapefruit. Its deep rose-colored flesh is the product of a mutation induced decades ago when some ancestral
                  seeds were bombarded with ionizing radiation—intentionally. The mid-1900s was the dawn of the atomic age, and exposure
                  to radiation was a powerful way to create countless random mutations. By the late 1950s, Atomic Gardens, concentric circles
                  of target flowers, fruits, and herbs planted around a central source of ionizing radiation like an atomic age fig leaf, represented
                  a peaceful application of a technology that could do terrible things.14 Those pink grapefruits, one of the better known products of the atomic age, are now sold as both conventional and as 100
                  percent organic. Half of California's rice crops are products of this so-called mutation breeding (also produced using mutagenic
                  chemicals). But these are not “GMO”—at least, not technically.
                  
                  
               

Here in the United States, genetically modified organisms are produced, by definition, through the technological process of
                  introducing DNA that has been combined from different sources outside of the cell. And so, those crops created by radiation
                  (or in some cases, potent carcinogenic chemicals) are not GMO, but are considered just an extension of traditional breeding.
                  This is the case for thousands of fruits, vegetables, and cereals. Some breeders say that the method offers an important alternative
                  in a world averse to GMOs. It's a way to generate mutants that resist disease, tolerate harsh environments, bear more seed,
                  or produce a sweet ruby-red fruit.15 But mutation breeding is scattershot, as random and unpredictable as nature's own—perhaps even more so. Along with
                  the beauties are the monsters. In those concentric rings were plenty of sickly plants, some with induced tumors, and others
                  too weak to grow. According to a review by the National Academy of Sciences, mutation breeding is more likely to cause genetic
                  disruption and unintended consequences than any other method of plant breeding, including genetic engineering. Yet crops produced in this way are unregulated in the United States, meaning that regulators
                  don't ask for any verification that the crops are harmless.
                  
                  
               

Genetic engineers don't rely on chance mutations. Instead, they seek out desirable genes across life's collective genome.
                  Technically, genetic modification allows for the transfer of desirable traits from a non-crossable donor species (in other
                  words, a match not made in nature) to a target plant or animal. Plant, animal, and microbe are all fair genetic game. For
                  nearly four decades, ever since biochemist Paul Berg first recombined DNA from two different viruses, genetic engineers have
                  been cutting genes from one organism and inserting them into another. From bacteria and virus into plant and animal; from
                  one plant into another; even one animal to another. It's a process akin to cutting words from one document and pasting them
                  into another—through sometimes less precise, depending on the technique used. Genetic words could end up anywhere in
                  the genome. Other words might be interrupted, though these can be selected against. Or genes that are used as a tag, inserted
                  alongside the desired gene (say, for disease resistance) to show that genetic transformation has occurred, might remain.16 Many GMO technologies also rely on a bacterium, Agrobacterium tumefaciens, to transfer genes. This is a bacterium that, in nature, inserts a small fragment of its DNA into a plant's genome. By inserting
                  the desired gene into the bacterium and then encouraging it to infect the target plant, scientists use the bacterium like
                  a living UPS truck with genetic cargo. But in this case, a bit of the transfer vehicle can be left behind. One concern about
                  traditional genetic engineering technology is the remainder of these foreign bits of DNA from Agrobacterium or from the antibiotic tags.
                  
                  
               

Genetically engineered products are all over the map. Among the newest products are potatoes that bruise less easily and produce
                  smaller amounts of acrylamide, a “probable human carcinogen,” when fried.17Microbes in particular have been engineered to become living factories that churn out drugs, vaccines, and even rennet, an
                  enzyme once isolated from the stomachs of nursing calves, that is essential for making hard cheese. Some products are, for
                  better or worse, billion-dollar successes, while others die, victims of consumer's choice. The failure of the first GMO vegetable
                  portended a difficult future for GMOs. Calgene's Flavr Savr tomato made its debut in 1994 and was pulled from grocery shelves
                  in 1997—a casualty of either consumer concerns or poor industry management, depending on whom you read. While the tomatoes
                  were proudly sold as products of genetic engineering, its producer seemed to have focused more on engineering the tomato,
                  rather than the actual, difficult business of growing and shipping enough tomatoes for market. Meanwhile, their presence on
                  the grocery shelves prompted the first call for villagers to storm the castle, pitchforks in hand, to protect us all from
                  this “Frankenfood.”18 But then came Bt corn, a product that would raise the stakes and the profile of GMOs.
                  
                  
               

Chronicling Monsanto's efforts to produce pest-resistant crops,  Daniel Charles, author of Lords of the Harvest, wrote of agricultural bioengineers who saw themselves as green “revolutionaries.”19 These were scientists who had come of age during the 1970s, when biotechnology could possibly rein in the flood of pesticides
                  decried by Rachel Carson. Many still see this as a solution to our pesticide addiction—if we can get past the rhetoric,
                  fear, and legitimate concerns of multinational ownership and the unknowns of a new technology. Bt corn, with its toxin-producing
                  gene cloned from a strain of Bacillus thuringiensis, was among the first transgenic (across species) GMO crops available. Growers, including organic farmers, have relied on the little rod-shaped microbe
                  and its larvicidal toxin as a natural pesticide ever since its discovery in the guts of pesky moths. Monsanto's acquisition
                  of a Bt-toxin gene was an opportunity to improve upon nature; rather than relying on repeated spraying, what if the crops
                  themselves carried the toxin? First isolated in the early 1980s, the gene, writes Charles, was the perfect vehicle for a fledgling industry.20 Inserted into crops like cotton, corn, and potato, the Bt gene provided growers with an alternative to insecticides aimed
                  at specific pests.
                  
                  
               

If pesticide reduction was the goal of Monsanto's early bioengineers, Bt was a shining example. Developed in 1996, Bt corn
                  now represents 81 percent of the US crop and has reduced pesticide use by over 100 million pounds over a fifteen-year period.
                  Globally, it is credited with reducing pesticide use by nearly 40 percent, while increasing yields by over 20 percent.21 But there is controversy over the environmental risks of Bt due to the potential for toxicity to nontarget species, the chance
                  of transfer to wild crops, and the evolution of resistance in target species. Even so, Bt corn remains a widely used GMO crop.
                  
                  
               

There are also plenty of crops engineered to resist herbicide. Over 90 percent of soy crops and nearly 90 percent of corn
                  is Roundup Ready. Crops are bred to resist the herbicide so that growers can kill off weeds even after crops have sprouted.
                  The development of Roundup Ready crops was like a shotgun wedding for the farmers buying into the cropping system, and some
                  of Monsanto's bioengineers, suggests Charles, regarded the project with scorn, seeing it as a potential stain on the environmentally
                  “clean” nature of biotechnology. The crops are the antithesis of those engineered to reduce pesticide use. While
                  their creation has allowed growers to forgo tilling—a good thing for soils—it is also responsible for increased
                  use of the herbicide. And, as Monsanto offered not only Roundup Ready soy, but also Roundup Ready corn, cotton, sugar beets,
                  and alfalfa, the steady pressure placed on weeds by the herbicide contributed to the ensuing resistance problem. Between these
                  two opposing GMO poles, there are over 100 million acres of corn, cotton, canola, soy, and others in nearly thirty countries
                  (the majority of which are developing countries) engineered to resist pests and herbicide, and in some cases both.22

Despite the controversy over Bt crops, pesticide reduction remains a compelling target for genetic engineers.23 What if orange trees resisted citrus greening, caused by an insect-borne bacterium that is threatening Florida's multibillion-dollar
                  orange industry? Growers who might once have had some success with biologicals are now just trying to save their livelihood
                  with the aggressive use of pesticides. This type of all-out warfare can turn groves into ecological wastelands, bereft of
                  potentially helpful insect predators.24 What if, instead, apple trees could resist scab, a notoriously difficult pathogen for organic growers; or wheat and other
                  cereals could resist rusts and aphids and other parasites making a living on our crops? Genetic engineering may help reduce
                  the casualties, enabling growers to rely more on biological controls rather than broader-spectrum pesticides. Recall chemical
                  ecologist John Pickett's push-pull system described in the previous chapter. What if wheat crops could be engineered to release
                  a pheromone that drove away aphids while attracting predatory wasps? Rather than expressing a toxin, Pickett's crops, which
                  have been field-tested (though not entirely successfully), are armed with insect pheromone.25 Or, what if engineered crops were indistinguishable from crops produced the old-fashioned way—through breeding? Without
                  a trace of foreign DNA from antibiotic tags or Agrobacterium? The technology is more accurate than classical breeding, certainly more so than mutation breeding. Is there a way to make
                  it more palatable to the public?
                  
                  
               



Super Spuds

There is no question that transgenic crops can reduce the need for pesticides. And yet consumers push back, afraid of hubris
                  gone wrong. We are wary of creating living things that do not exist in nature and of multinational control over something
                  as essential as food. Neither of these are trivial issues, but there are alternatives that may sidestep some of the most basic
                  reservations about GMOs. One is to produce crops by repairing defective genes rather than adding foreign ones.26 Another is to produce pest-resistant crops that are no different from those that could exist in nature. This is where Jack
                  Vossen and colleagues come in. In 2015, the group field-tested the world's first engineered late blight–resistant potatoes
                  that are, they say, indistinguishable from the all-natural potatoes we love to bake, fry, and mash. These potatoes could have
                  been bred conventionally—except that it would have taken three decades. Vossen's group did it in three years.
                  
                  
               

Vossen is both proud of the work and understandably frustrated by the potential for pushback by anti-GMO advocates. Genetic
                  modification, he says, was never the end goal. “The goal was late blight resistance in potatoes.” Rather than
                  seeking resistant genes from any plant, Vossen and colleagues confined their search to the nightshade (or Solanum) genus, which includes potatoes. By using plant relatives that might naturally interbreed, says Vossen, “we are compiling
                  a completely natural product which cannot be distinguished from crossbreeding. Only we can do it ten times faster.”
                  And they can do it without leaving a trail of foreign genes, including those from Agrobacterium, which is what distinguishes Vossen's potatoes from traditional transgenic crops.
                  
                  
               

This process, termed cisgenesis (from “same” and “beginning”), has some distinct advantages. By producing crops that are genetically
                  “cleaner,” the process avoids one of traditional GMO's sticking points. Cisgenesis introduces new traits into
                  familiar genetic territory rather than into a foreign landscape, reducing concerns about unintended consequences. Plus, it
                  produces a crop with useful characteristics sooner. Potatoes can be crossed using classic breeding techniques with relatives,
                  many of which carry disease resistance. But breeding with wild family members carries genetic baggage, including undesirable
                  traits like a bitter taste and the presence of toxins. Before such plants can be marketed, the baggage must be bred out. That
                  kind of backcrossing can take decades. With a threat like blight, growers don't have decades. Since its occurrence in tomatoes in 2009, blight has become an annual occurrence along the East Coast; history provides a glimpse of
                  its ability to spread like wildfire. Moreover, late blight's adaptability means it can evolve its way around naturally bred
                  resistances while rendering one fungicide after another useless. Much like influenza, blight is a slippery pathogen to catch
                  and kill. But it is not invincible.
                  
                  
               

Solanum plants in the wild have managed blight for eons. One reason is that they naturally grow in separate patches of genetically
                  diverse individual plants. In comparison, monocrops change the ecology; growing thousands of genetically identical individuals
                  on each acre is a crop failure waiting to happen. And, just as we have our immune systems, plants too have evolved immunity.
                  In potatoes and their relatives, resistance genes produce receptor proteins that specifically interact with Phytophthora, suggesting that the sole activity of these genes is to recognize the pathogen. Once alerted to invasion, the infected cell
                  essentially commits defensive suicide. Because blight survival requires living tissue, induced cell death stymies the pathogen.
                  
                  
               

As good as the system is, the plant's receptors and the Phytophthora proteins are locked in an ongoing evolutionary war. Played out in the wild, like an ever-changing game of cat and mouse,
                  blight evolves different sets of proteins to hide from the plant's immune system while plants hold their own by evolving receptors
                  that once again recognize blight. It's a different game with monocrop potatoes, though. Bred for size and taste and planted
                  anew each year with seed potatoes, our spuds don't stand a chance. With an ever-changing pathogen like blight, the crop's
                  receptors need to be almost as flexible. “This is what we offer as breeders,” says Vossen, “a variety
                  of resistance genes.” Not only do Vossen and colleagues breed resistance into potatoes in short order, but they can
                  also insert sets of resistance genes. Multiple genes make it less likely that blight will escape. (Physicians employ a similar strategy when
                  they treat cancer with combinations of chemicals.) “Simply put, potatoes are not able to get there with crossbreeding.”
                  
                  
               

Images of field tests with the cisgenic potatoes are striking: robust plants filled with emerald leaves next to the zombie
                  soldiers, their crumpled brown leaves still clinging to the stalks. This is blight resistance without the foreign genetic
                  “baggage.” Yet the crops retain the stigma of a GMO. “As long as cisgenesis is considered genetic modification,” says Vossen, “I don't think they'll be sold on the EU market. If they
                  are considered distinct and regulated as distinct from GMO, then yeah, there will be a future.” The Wageningen Institute
                  in the Netherlands, where Vossen works, has even taken pains to assuage concerns about a corporate takeover by retaining the
                  intellectual property (IP) at the institute and offering non-exclusive licenses to parties that would like to work with the
                  genes or with resistant plants. Vossen says that most people agree that cisgenic potatoes are different than transgenic crops.
                  Even the European Food Safety Authority (EFSA) agrees. At the request of the European Union, the EFSA Panel on Genetically
                  Modified Organisms was asked to deliver an opinion on cisgenic crops. They did, finding the crops not guilty. The hazards
                  lurking in cisgenic crops, concluded EFSA, are no different from those of conventionally bred crops, while transgenic crops
                  may introduce new, unknowable risks.27 Despite the vote of confidence, Greenpeace remains stubborn in their rejection of the technology. This frustrates Vossen:
                  “We have the same goal: we both want to reduce pesticides.”
                  
                  
               

Cisgenesis is one way forward. J. R. Simplot's recent product, Innate potatoes, engineered to resist bruising and produce
                  less potentially carcinogenic acrylamide in the fryolator, uses a process similar to Vossen's, except that the potatoes also
                  have genes modified to knock down the expression of undesirable traits. In 2016, Innate potatoes received FDA clearance, although,
                  according to Simplot, they were still awaiting EPA registration.28 More options are becoming available for tinkering with genes, in ways that are closer to all-natural. One of these is gene
                  editing—a process like gene therapy, whereby malfunctioning genes can be repaired. In particular, so-called CRISPR
                  technology (clustered regularly interspaced short palindromic repeats—pronounced “crisper”) has recently
                  made gene editing so much cheaper and easier that some say CRISPR will “democratize” genetic engineering.29 With CRISPR, the hope is that researchers can more quickly and accurately disrupt or edit genes by using an enzyme system
                  that bacteria have used for eons to copy and snip out bits of invading viruses (bacteriophages). These same enzymes can be
                  used to target plant or animal cells. As promising as cisgenic multi-gene resistant potatoes and other efforts may be, Fry,
                  who has seen plenty over his career and has a healthy respect for pathogens' ability to evolve their way around resistance,
                  adds a cautionary note: “Phytophthora infestans can, and certainly has, overcome multiple resistance genes in one host.” So he urges growers and developers alike
                  to not put all their eggs in one basket. Instead, they might combine gene modification with strategies for improving the crop's
                  immune response, or use low levels of fungicide to help stymie the emergence of virulent strains.
                  
                  
               

There are no silver bullets: no single methodology will cure or prevent all disease, not in agriculture, nor in medicine.
                  But each may offer a stepping-stone of progress. There are innovations that will reduce our reliance on pesticides and help
                  preserve our valuable antibiotics. Some are just making it to the market. Others are moving through the regulatory process,
                  a costly but necessary step to verify efficacy and safety. For some products, the testing requirements are overly onerous,
                  and for others, testing may not be rigorous enough. Finding the right balance between caution and experimentation will always
                  be a struggle, but the more closely we work with nature, the more amenable nature may be to our interventions.
                  
                  
               

If the debate is hot over genetic engineering in the food people eat, it enters a whole other realm of ethics when it comes
                  to people themselves. Yet even as we struggle with the morals of genetic engineering in humans, scientists are using the technology to tackle diseases from flu to HIV, and now Zika and Ebola as well. In the case
                  of all these pathogens, scientists are engineering vaccines better able to provoke a response from our own immune system.
                  
                  
               






Chapter 6 



Provocation: The Next  Generation of Vaccines?

MY FATHER, JUST RETURNED from the US Navy, was a mischievous, apple-cheeked twenty-year-old looking forward to his junior
               year in college when meningitis struck. It was 1946 and the last thing he recalled was brushing his teeth at home in the bathroom.
               For the next ten days he lay unconscious in a hospital bed, his body fighting off an invisible army of bacterial invaders.
               Aided by the new miracle drug, penicillin, he survived, but not entirely unscathed. Shortly after recovering, my father was
               jolted by seizures, his brain permanently damaged by the infection. For the remainder of his life he managed the condition
               with a combination of powerful antiepileptic drugs (while baffling his doctors by referring to the electronic brainstorms
               as a “free high”).
               
               
            

Meningitis is a catch-all term for swelling of the tissues surrounding the brain and spinal cord. Specific viruses, fungi, and injury
               can all trigger the potentially fatal condition, but one of the most frightening and lethal causes is bacterial infection.
               Bacterial meningitis can kill within a day, is often incurable, and may leave survivors with amputated limbs, hearing loss,
               or brain seizures. My father was relatively lucky. One of the more obstinate causes of meningitis is Neisseria meningitidis, a bacterium adept at spreading in places where people are gathering for the first time: freshmen dorms, summer camps, day
               care, military barracks. Some 5–20 percent of us carry Neisseria in our noses and throats and unwittingly spread it to those with whom we share a meal, a drink, or a kiss. Most of us won't
               get sick. But a few of us may die from the infection, even today.
               
               
            

In the 1960s, annual outbreaks over a four-year period killed fourteen members of the Fort Ord community in California. At
               the time, the sprawling base was processing upwards of 1,000 new recruits a week—fertile ground for Neisseria. One study showed that by the end of basic training—eight weeks of sweating, sleeping, dining, and drinking with their
               brothers in arms—recruits carrying the bacterium rose from some 20 percent to as high as 90 percent.1 With no vaccine available there were few options for prevention, save widespread “chemoprophylaxis”—treating
               thousands proactively with the antimicrobial drug sulfadiazine. These were the days before we knew of the microbiome, or the
               looming crisis of antibiotic resistance. Inevitably, Neisseria strains began resisting the drug and it largely went out of use, though, until recently, widespread prophylactic antibiotics
               were still sometimes the only option against Neisseria.
               
               
            

The ongoing threat of meningitis in military recruits, combined with fears that the disease could spread into surrounding
               communities, turned Neisseria into a target for vaccine makers. The first vaccine, tested on recruits in 1969, was a phenomenal but limited success. It
               reduced the incidence of disease, but was effective against just one of a dozen known serotypes (members of the same strain,
               but which are recognized as different by our immune system), half of which cause the majority of disease in humans. Even so,
               just a couple of years after that first success, meningitis vaccination for US Army trainees became part of the intake routine.
               A few years later another vaccine became available, this one protective against four serotypes, but still there were limitations. Protection was fleeting in the very young and it
               didn't provoke so-called immune memory, one of the most effective protective responses; and so it was recommended only for
               a very limited segment of the population.
               
               
            

My kids were born in the 1990s. By the time they toddled off to school, they had received a slew of vaccines: for measles,
               tetanus, mumps, polio, chicken pox, and even Hemophilus influenza and Streptococcus pneumonia (two other important causes of meningitis). But an effective vaccine against Neisseria meningitidis had not yet made it onto the recommended vaccine schedule. Then, in 2005, just as they were heading off to the middle-school
               milieu of new students, sweaty locker rooms, team sports, and shared drinking bottles, a vaccine against a collection of N. meningitidis serotypes became available.2 Though the disease is rare here in the United States, particularly compared with the so-called meningitis belt of sub-Saharan
               Africa, I felt relieved. One more disease they wouldn't get. Except.
               
               
            

Except for the escape artist, a serotype called meningitis B, or Men B. Though rare, the infection has frustrated vaccine
               makers for decades. It seems to pop up out of nowhere and it can make someone seriously ill within hours.3 In 2013, an outbreak at the University of California forced a freshman lacrosse player to undergo amputation of both feet.
               Four other students were infected, and the university was forced to provide prophylactic antibiotics to 500 students. The
               very next year, an outbreak that began at Princeton University caused the death of a Drexel University student.4 In the first months of 2016, Men B hit three different colleges and killed one employee.5 Even in our “golden age” of disease prevention, Men B has remained intractable—until now. In 2015, the
               US FDA licensed two new vaccines, which are making inroads against the disease. One of them, a vaccine called Bexsero, could
               not have been produced without twenty-first-century technology. Advances in genomics are revealing pathogen targets that had
               once been obscure or even completely unknown, providing new options to combat some old adversaries.
               
               
            

We Are Our Own Best Defense

Vaccines work with our immune system, and the human immune system is extraordinary. It is the product of an age-old battle
                  with pox, syphilis, cholera, and other infectious diseases. Well before there were humans or even prehumans, animals large
                  and small fended off viruses, bacteria, and other minuscule invaders. As a result, one in thirty human genes—roughly
                  3 percent—encode proteins involved in immunity or defense.6 When it comes to pathogens, our immune system is like a dystopian society obsessed with detection, destruction, and prevention;
                  busy cells and messengers conduct surveillance and never sleep. It is a system able to sift through the constant bombardment
                  of pathogens and molecules entering our bodies, responding to dangers while largely ignoring the rest. Though our skin, mucus,
                  stomach acids, and many of the microbes we call our microbiome (and the antimicrobials they produce) serve as a first line
                  of defense, these barriers can at times be breached. This is when other “innate” immune defenses—cells
                  that gobble up or kill invaders while releasing an arsenal of chemical defenses—shift into gear. The ongoing struggle
                  may raise our temperature or settle into our joints as we take to bed. This is immunity in action, and it's the price our
                  bodies pay for nonspecific defenses. But this innate response is also buying time for a more specialized response called adaptive
                  immunity.
                  
                  
               

Within days or weeks of infection, our adaptive immune system begins cranking out specific antibodies that can attack invaders
                  just like predator drones. We also produce killer cells that, like antibodies, target particular intruders by recognizing
                  specific molecules, or antigens. Each cell of this adaptive system is recruited from a huge storehouse of immune cells just
                  waiting to be selected. Deep within our bones is a birthing ground for new blood cells, including immune cells.
                  
                  
               

When under attack, the cells that produce the most-effective antibodies survive and divide, making clones. The process continues,
                  ratcheting up the specificity and refining the antibody. Within a week or two we are fully armed with the best-fit antibodies.
                  Antibodies circulating in our blood plasma are like a biochemical surveillance system, marking their specific pathogens for
                  destruction. Yet, once a pathogen makes it into our cells, antibodies are of little use. Some of the trickiest infections,
                  from HIV to malaria, hide out in our cells, making eradication difficult and disease recurrence almost inevitable. But our
                  immune system is prepared for this scenario as well. Inside our cells is the molecular equivalent of a food processor that
                  breaks down a pathogen's antigen, grabs a bit, and presents it on the cell's surface. The cell is effectively waving a flag:
                  “Hey! I've been invaded, so for the good of the whole I am prepared to sacrifice myself.” T-killer cells recognize
                  the display and help the infected cell to self-destruct.
                  
                  
               

The adaptive system also provides us with immunologic gold: immune memory. Long after the offending pathogen is gone, a set
                  of immune cells continue circulating, acting as sentries. Should the cold that hit us last week come back, we will respond
                  far more rapidly, in days rather than weeks. We may suffer milder or different symptoms than when we first encountered the
                  virus, or we may even remain blissfully unaware of its return. Of course, we are not invincible; sometimes, particularly if
                  the disease is aggressive or we have been weakened, we may lose the battle before the immune system is fully armed. But if
                  we are prepared, we stand a better chance. This is where vaccines come in. Like war games for the immune system, vaccines
                  prepare our immune defensives for future invasions.
                  
                  
               



Immune Boosters

By the time my kids were six, cells primed by vaccines against at least ten potentially fatal diseases were circulating around
                  their bodies (along with immune cells that remembered who-knows-how-many other viruses and bacteria to which they'd been naturally exposed). Between
                  my parents' generation and my children's, vaccines have prevented hundreds of millions of illnesses and millions of deaths
                  here in the United States. The number of recorded and estimated deaths around the world in the twentieth century is a humbling
                  reminder of our vulnerability: smallpox killed 400 million; measles 97 million; whooping cough 38 million; malaria 194 million;
                  seasonal flu 36 million; and the 1918 “Spanish” flu killed 40 million (at least).7 Over the same time period, humans have killed just over 100 million of our own in warfare.8 We cannot vaccinate against inhumanity and violence; but we can against disease. There have been few health interventions
                  so far-reaching across the  globe.
                  
                  
               

Today, roughly 86 percent of children are immunized against polio, diphtheria, tetanus, and pertussis worldwide.9 But the telltale circular scar of the smallpox vaccination that I wear on my upper arm is foreign to my children. It is the
                  first pathogen and perhaps the only microbe that we humans have driven into extinction in the “wild.” (Frozen stocks still exist, though there are calls
                  for their destruction.) Nearly twenty-five years after smallpox killed Lillian Barber, a Texas mother of three who was its
                  last victim here in the United States, the smallpox vaccine was dropped from the schedule.10 A few years later, in 1977, naturally occurring smallpox killed its last known victim in the world.11 The vaccine was so successful that it brought an end to its own utility. Health workers around the world are hoping to do
                  the same with polio virus and vaccine. These are the success stories. But there are failures, too. Potentially lethal diseases
                  like TB, malaria, HIV, and, until recently, meningitis B have continued to frustrate vaccine makers and leave populations
                  at risk, particularly in developing nations. Others like Ebola and Zika emerge in the blink of an eye and catch us all off
                  guard as we clamor for a new vaccine that we could have used—yesterday. Unfortunately, a decade may pass between the discovery of a new pathogen and the development of a vaccine that is ready for widespread use.
                  
                  
               

In 2015, when Zika began sweeping across South America before making its way up to the United States, Dr. Anthony Fauci, director
                  of the National Institute of Allergy and Infectious Diseases was asked how quickly we might have a vaccine. Even with an accelerated
                  program and all hands on deck, the best Fauci could offer was maybe eighteen months.12 And that was because vaccine makers are already partway there, able to build upon an existing vaccine “backbone”
                  developed for related viruses like dengue and yellow fever. With a disease like Zika, which moves across the placenta and
                  into a developing fetus, a year and a half is too late. And had the backbone not existed (assuming that this particular vaccine is successful), a Zika vaccine might be years in the making and testing. In
                  June 2016, a Zika vaccine received FDA approval to enter into human trials, the first step in a multi-year process. Other
                  vaccines against Zika will likely follow as they are approved for trials.
                  
                  
               

The concept of a vaccination is simple enough: vaccines provoke immunity by exposing individuals either to pathogens that
                  have been weakened or killed so that they can no longer cause full-on disease, or to bits of pathogens. But pathogens are
                  wildly diverse, and a vaccine strategy that works for one disease may not work for others. Some are fairly straightforward—for
                  example, injecting weakened or killed polio virus provides lasting protection. (Since 2000, the United States has used only
                  killed polio virus.) When I was vaccinated as a kid, I likely received the next best thing to a natural infection: live but
                  weakened versions of polio, mumps, and measles. A generation later, most of my children's shots were filled with inactivated
                  or killed viruses, or bits of microbes.13 Kids today do still receive some attenuated (weakened) virus vaccines, notably against mumps, measles, and rubella.
                  
                  
               

Many of these twentieth-century vaccines began with Maurice Hilleman, a virologist and vaccine developer who spent most of his career at Merck Pharmaceutical. The mumps vaccine my kids received
                  may even be traced back to the 1963 mumps virus that once infected Hilleman's own daughter, Jeryl Lynn. As he tells the story,
                  one night she woke complaining of a sore throat. “Oh my god,” said Hilleman, pointing to the glands under his
                  chin and holding out his hands, “her throat was like this.”14 Though rare, a mumps infection can have serious complications, from permanent hearing loss to life-threatening brain swelling.
                  There was no vaccine. So Hilleman raced to the lab and grabbed some swabs. Three years later, he treated his one-year-old
                  daughter Kirsten with a vaccine he had developed from Jeryl Lynn's virus. “Here was a baby being protected by a virus
                  from her sister, and this has been unique in the history of medicine. . . . It was a big human-interest story.”
                  Hilleman, who passed away in 2005, is credited not only with developing dozens of vaccines but also saving more lives than
                  any scientist before him. But, as the authors of an article in Science about twenty-first-century vaccine development pointed out in 2013, “By the latter part of the twentieth century,
                  most of the vaccines that could be developed by direct mimicry of natural infection with live or killed/inactivated vaccines
                  had been developed.”15 In other words, the most manageable pathogens, like mumps, were under control. What's left for vaccine makers are the problem
                  pathogens. Influenza viruses, for example, evolve so rapidly that one year's vaccine may be ineffective the next. And though
                  vaccine makers have become really good at predicting the upcoming season's flu and recommending which strains to use in the
                  annual vaccine, sometimes they miss. Or consider the malaria parasites that pass through so many different life stages, moving
                  in and out of liver and blood cells evading capture by circulating antibodies. HIV not only strikes at the source by invading
                  and destroying our immune cells, but, like influenza, is also a shape-shifter. And then there is meningitis B, a pathogen
                  that disguises itself in molecules so similar to human that our immune cells see “self” rather than “invader” and back off. These are the challenges for twenty-first-century vaccine makers. They are
                  also confronted with a growing trend of distrust in vaccines. Ironically, vaccination critics are part of a population that
                  has benefited greatly from vaccines, largely avoiding the raft of infectious diseases that plagued earlier generations.
                  
                  
               

Yet no matter how many lives vaccines save, there is no skirting the issue. Vaccination is a medical intervention. We inject
                  newborns and toddlers—the most vulnerable members of society, who cannot decide for themselves. Some parents worry
                  about their kids receiving too many vaccines at once. Others are concerned by the small amounts of toxic chemicals like formaldehyde
                  and ethyl mercury used to kill or to preserve vaccines. Some believe conspiracy theories about vaccines spreading disease.
                  And many have been frightened by a now-discredited study accusing the MMR vaccine (also developed by Hilleman) of causing
                  autism. Some of these concerns contain an unsettling kernel of truth. A portion of the polio vaccines that my generation—millions
                  of children—received were contaminated with the monkey virus, SV40. Until the 1960s, polio vaccine was grown and isolated
                  from green monkey cells. Hilleman and a colleague discovered the virus; a couple of years later, another researcher showed
                  that the virus caused cancerous tumors in hamsters. By the time vaccine makers had replaced monkey-cell cultures with human
                  cell cultures, an estimated 100 million of us baby boomers had been vaccinated. Fifty years later, despite much suspicion
                  and study, the virus has not yet been shown to cause cancer in  humans.16

Vaccines made with weakened live viruses tend to induce immune responses that are highly effective and long-lasting. By passing
                  the wild vaccine through nonhuman cells (successively growing the virus in chicken or mouse embryos or in guinea pig cells),
                  the virus evolves over time, becoming better suited to infect its new host rather than a human host. With a vaccine, the altered
                  virus survives and replicates just enough to provoke a response but not to cause disease. Rarely, before a weakened virus is cleared it may mutate back to its
                  original virulent form. By some estimates, one in 2.7 million people who receive the live-virus polio vaccine runs the risk
                  of developing a case of vaccine-derived polio.17 The live vaccine is no longer administered here in the United States, where the last outbreak occurred in 1979, but it is
                  still considered the most effective vaccine in countries where polio remains problematic.
                  
                  
               

While there may always be unintended consequences of vaccines, the role they have played (and continue to play) in saving
                  lives over the past century has been huge. Now vaccine makers have the tools to develop increasingly safer vaccines, effective
                  against some of the most obstinate pathogens—and they can do so more rapidly.
                  
                  
               



Prevention Engineering

Those who devote their lives to making vaccines belong to a vast scientific community including virologists, bacteriologists,
                  protozoologists, immunologists, vaccinologists, geneticists, and others working everywhere from universities to tech start-ups,
                  federal labs to Big Pharma. In just one year, the National Institute of Allergy and Infectious Disease listed over 400 vaccine-related
                  research projects (many being multi-year efforts) supported by a bit over $430 million in funding. And that is only a portion
                  of the ongoing effort to prepare us for an encounter with a potentially deadly or debilitating pathogen. There is research
                  funded by other federal agencies, private organizations, and venture capitalists—not to mention many institutions outside
                  the United States.
                  
                  
               

Vaccine development is one of our best prospects for protection against disease. It is also a multibillion-dollar business.
                  Currently estimated to be over $20 billion, the vaccine market is projected to rise to over $60 billion by 2020.18 (In addition to pathogens, vaccine makers are now targeting some cancers—a whole other fascinating topic.) It is a booming but risky venture. Researchers can work for years, with no guarantee that the fruits of their labors will save humanity
                  from Ebola or rotavirus or C. diff or malaria or whatever else ails us. These are scientists at the front lines of defense. They are working to discover new
                  vaccines; improve the efficacy of existing vaccines; and make those that work more affordable and available globally. They
                  are immersed in a world where pathogens bump up against immunity, setting off cascades of complex responses: B cells, T cells,
                  antigens, epitopes, and antibodies, as well as myriad biochemical molecules that have evolved as part of an ancient conflict
                  between host and pathogen. Effective vaccines save lives on a global scale. But development can be an expensive slog from
                  discovery to clinical trial—where many promising candidates fail, while a precious few vaccines prevail. Vaccine making
                  is a venture for optimists driven by the potential for doing good on a global scale.
                  
                  
               

Lenny Moise, director of vaccine development at EpiVax, in Providence, Rhode Island, is one of those optimists. As a self-proclaimed
                  minimalist in a world teeming with antigens, Moise is emphatic that with today's technologies they can do more good with less:
                  “We can't just inject anyone today with something that is not well understood, when we now have tools that enable us
                  to characterize vaccines and the immune response they elicit.”19 EpiVax is one of many small companies (along with academic, federal, and corporate research efforts) devoted to combating
                  pathogens with information packaged into more effective vaccines. They call it gene-to-vaccine or genome-based vaccine development.
                  Some call it reverse-vaccinology, since researchers begin with the genome of the pathogen, rather than seeking out immune-active regions on the actual pathogen. With access to informatics and genomics
                  technologies, developers can not only get to know the pathogen down to its genetic sequence, but also predict how our immune
                  cells may respond—well before a drop of vaccine makes it into the syringe. These are next-generation engineered vaccines,
                  ground that was broken by Maurice Hilleman and colleagues back in 1986 when they engineered a vaccine against hepatitis B based on a single viral antigen.20 Here in the United States, the disease wasn't considered a significant killer, and few, save those whose lives had been touched
                  by it, had heard of it. But the vaccine was big news.
                  
                  
               

Hepatitis B is passed through blood and bodily fluids and infects billions worldwide. Those at greatest risk have multiple
                  sex partners, use IV drugs, or are health workers. Before a vaccine was available, chronic Hep B was thought to cause 80 percent
                  of liver cancers worldwide. The first vaccine developed by Hilleman and colleagues, licensed in the 1980s, relied on a single
                  antigen (called the Australia antigen) that circulated in the blood of infected individuals. It was the viral version of the
                  Achilles heel: a bit of virus that provoked immunity without the risk of causing disease. The vaccine was a breakthrough.
                  So too was the first source of antigen: infected human blood plasma. Despite rigorous processing that ensured that the vaccine
                  wouldn't be contaminated with any live, whole virus, the “subunit” vaccine was a tough sell in the 1980s when
                  HIV was just emerging as a lethal blood-borne infection that often co-occurred with Hep B.21 Seeking a more acceptable vaccine based on the same effective antigen, Hilleman collaborated with colleagues at the University
                  of California–San Francisco who not only sequenced the antigen but successfully inserted the gene into yeast cells.
                  The result was a pure source of antigen without the risk of additional blood-borne viruses.22 Recombivax HV, the first engineered vaccine to be licensed, was released in 1986 and made headline news. It was a new medicine,
                  a harbinger of hope and things to come. Interviewed by the New York Times, Frank Young, the FDA commissioner at the time, called the innovation historic: “This development opens the door for
                  the production of other vaccines that have so far been impractical, potentially unsafe, or impossible to make,” he
                  said. “Genetic engineers are already working to develop vaccines against such parasitic diseases as malaria, schistosomiasis, and filariasis, and such viral diseases as acquired immune deficiency syndrome,” he added.23 That was thirty years ago. The technology, though promising, wasn't completely there—yet.
                  
                  
               

Advances in genomics, combined with high-power computing and data-crunching programs, are enabling scientists to comb through
                  the genetic sequences of pathogens, particularly those that have proven elusive to vaccine makers. These new strategies may
                  lead to more-effective and safer vaccines against diseases like malaria, HIV, and TB, and, someday, on-demand vaccines for
                  fast-emerging pandemics like Zika. Some vaccine makers are tinkering with a pathogen's genes, removing virulence genes from
                  whole pathogens like typhoid fever while seeking to prevent microbes from reverting to more pathogenic forms; other vaccine
                  makers, including Moise, are breaking pathogens down to their smallest antigenic bits and building vaccines by stringing together
                  DNA molecules. Moise and colleagues envision a day when vaccines might be even more specific.
                  
                  
               

Sequencing technology, combined with computer algorithms, could be used to identify and test “in-silico” (computer-modeled)
                  candidate target molecules (called epitopes—the bits of antigen that are recognized by the immune system) against immune
                  sequences, seeking a best-fit match. It's sort of like high-tech, high-speed dating. “As a minimalist,” says
                  Moise, “I like that very much. Rather than more information than is needed to protect, you can pick out the specific triggers needed—wouldn't that be better?”
                  Not all vaccine researchers agree that this is the best way forward, asking: Why not use the whole antigen? They worry that increasing specificity may lead to a pathogen evolving its way around detection. There are also
                  concerns that these methods may not be able to deal with individual and biological complexities, which could send vaccine
                  makers back to the drawing board—at the taxpayer's or investor's expense. In some cases, like influenza, they argue
                  that it would be better to have a vaccine that would be effective against various strains and subtypes: in essence, one vaccine to rule them all (or, at the very least, several of them).
                  
                  
               

“There are believers and nonbelievers. I see arguments for and against a minimalist approach,” says Moise. He
                  cites animal studies that show how minimalism holds promise for treatment of both infectious disease and cancer, and he believes
                  that specificity could also cut down on a vaccine's side effects. As Moise explains, “We can design vaccines today
                  using informatic algorithms . . . to identify the key elements of a pathogen that drive protective immunity.”
                  
                  
               

This sort of hyper-specific approach to vaccine making is having some success in cancer treatment, yet for infectious diseases,
                  Moise says, “we are further away.” There is just too much variability among people for this kind of individualized
                  vaccine making on a large scale. Our age, genetics, experiences with the environment, and even our microbiomes shape our immune
                  response, causing each of us to react just a little differently to both pathogens and vaccination. But, adds Moise, “We
                  are [also] seeing what we can do to tweak antigens to make them more effective.” Sometimes, even when a vaccine exists,
                  it doesn't work all that well. While most approved vaccines are highly effective, there are vaccines for important diseases
                  like dengue and malaria that are not as foolproof as public health workers would like. For some of these, Moise and his colleagues
                  think they know why.
                  
                  
               

Our immune system is exceptional at picking out and responding to antigens, but some viruses and bacteria still manage to
                  slip by our defenses. As Anne De Groot, EpiVax cofounder and Moise's colleague, explains: “Viruses like HIV and EBV
                  have built themselves a very successful niche . . . using bits and pieces of the human genome. . . .
                  The ‘immune signature' of a virus is often indistinguishable from self. Viruses (and bacteria and parasites for that
                  matter) have found ways to camouflage themselves, to reduce the likelihood that they will be identified, trapped, chewed up, spit out, and eliminated.” Pathogens hiding behind antigens that look like us don't make for effective
                  vaccines. But Moise, De Groot, and coworkers believe they know how to make a better vaccine, even against these stealthy pathogens.
                  The majority of vaccines on the market today rely on an antibody response to antigen and this, explains Moise, requires T
                  cells. Some of these pathogens have evolved to take advantage of one kind of T cell in particular (there are several). The
                  T cells critical for antibody-based protection are effector and regulatory cells. Regulatory T cells are tuned in to our own
                  proteins. They help prevent autoimmune reactions, damping down our immune response against self. Effector cells turn up the
                  immune volume; these are the cells that help kick off antibody production. A pathogen displaying an antigen that looks human
                  rather than foreign may cue regulatory T cells to tamp down antibody production. “If we can identify those anti-inflammatory
                  triggers,” says Moise, “we can design vaccines using recombinant DNA technology that can eliminate those triggers.”
                  The goal is to uncloak the stealth pathogen and trigger a stronger, more effective antibody response.
                  
                  
               

One of their first targets is the H7N9 influenza. In 2013, H7N9 jumped from birds into people, killing nearly 30 percent of
                  these known to be infected. First identified in mainland China, the human outbreak led to a slaughter of tens of thousands
                  of geese, ducks, and other poultry in an effort to slow the spread of the virus. Should H7N9 evolve a capacity to spread from
                  one human to another, it could go pandemic; this is the kind of scenario that keeps health scientists awake at night. The
                  current vaccine against H7N9 isn't all that effective, and so developing a better version is a high priority.24 Based on computational tools, De Groot and colleagues discovered that the virus was essentially hiding behind human-like
                  genes. So they stripped H7N9 of its cloak. “We've engineered a vaccine that is more immunogenic [for H7N9],”
                  says Moise, by removing the anti-inflammatory triggers.25 The vaccine was moving toward clinical trials when we spoke, but all clinical trials require cautious optimism.
                  
                  
               

Even if this H7N9 vaccine doesn't pan out, there are other benefits of sifting through a pathogen's genome. One is identifying
                  proteins that aren't prone to the kind of rapid evolution common in many pathogens, influenza in particular. A vaccine against
                  this kind of conserved antigen is the brass ring that influenza vaccine researchers have been reaching for. Its discovery
                  might someday mean better control of annual influenza and even protection against future pandemic flu. Rational vaccine design
                  offers hope for managing diseases like HIV, TB, and malaria that have confounded vaccine makers for over a century. While
                  the new approach won't solve all of our vaccine problems, it has already provided some relief for one problem in particular:
                  meningitis B.
                  
                  
               

Men B evades immunity not by producing human-like antigens, but by wrapping itself in a sugary sheath that is identical to
                  human molecules. Immune cells that recognize this molecule are naturally eliminated or deactivated as a protection against
                  autoimmunity. By sequencing the pathogen, vaccine makers were able to discover antigenic proteins that would otherwise be
                  hidden. Four different antigens found on the majority of circulating Men B would be used for the vaccine (a single pathogen
                  may have several different circulating strains). Developer Mariagrazia Pizza and coworkers reported their groundbreaking findings
                  in the journal Science, writing: “In addition to proving the potential of the genomic approach, by identifying highly conserved proteins
                  that induce bactericidal antibodies, we have provided candidates that will be the basis for clinical development of a vaccine
                  against an important pathogen.”26 In 2013, the vaccine was licensed in Europe, though not in the United States. But after meningitis broke out at Princeton
                  and UCSB, the vaccine was offered to students on both campuses. One headline blared: “California students to receive
                  unlicensed meningitis vaccine.” Sold as Bexsero by Novartis, the vaccine (along with another new vaccine called Trumenba) was licensed in the United States
                  in 2015.
                  
                  
               

Moise is enthused by the opportunities to develop new, effective, and safe vaccines: “We'll have more successes,”
                  he says. “Many groups have their own approaches to producing vaccines, and they are finding ways to accelerate the
                  processes so there won't be this lag between emergence of new pathogens and the responses we can make to getting vaccine out
                  to people. The potential for doing good on the global level is amazing.”
                  
                  
               



Endless Conflict

Novel diseases will continue to emerge as pathogens find new hosts. Some pathogens jump from wildlife that has been forced
                  into our lives as we cut away old forests to make way for cities and agriculture, or simply wood to burn. Others find communities
                  living on the edge, malnourished and vulnerable to disease. Still more are carried around the globe as both travel and population
                  increase. While we must certainly try to prevent new diseases, particularly as we become increasingly aware of our role in
                  creating conducive conditions for epidemics, vaccines offer a measure of protection. They represent a way to better prepare
                  our own immune system for the inevitable run-ins we'll have with viruses, bacteria, and other pathogens. Effective vaccines
                  are one of our best defenses against existing and emerging pathogens, and there are hundreds under development. Some exist
                  only in code, not yet tested against the complexities of living, breathing biological reality. Others are in clinical trials;
                  if proven successful, they could be providing relief in a year, or two, or three. Technologies like genomics and computational
                  power are opening doors to new strategies. But life is complicated and pathogens are numerous, diverse, and quick to evolve.
                  Vaccine development exemplifies science on the move, poised in the precarious space occupied by the excitement of scientific
                  discovery, mistrust of Big Pharma, and the public's misunderstanding of the incremental nature of progress.
                  
                  
               

While we would always wish to avoid illness, whether through effective vaccines or simple good luck, when it strikes, we have
                  to act quickly. The first step is accurately identifying the culprit, which is not as straightforward as it sounds, particularly
                  in a world of emerging diseases. The future of better treatment and prevention, whether in agriculture or medicine, is tied
                  to fast, accurate, and accessible diagnostics—the subject of the last two chapters.
                  
                  
               






Chapter 7 



Know Thine Enemy:  Images of Disease

SOMEWHERE IN A CARGO HOLD OR CRATE, or clinging to a shoe or leaf, is the cause of the next great plant pandemic. Perhaps
               it will kill off our tomatoes, or our corn. Maybe it will hit our cherished strawberries or threaten our wheat. On average,
               roughly 18 percent of the world's food crops are lost every year to pathogens and pests. (Even more is lost to weeds.1) Some have been infecting and eating our food for centuries, while others have only recently arrived on our shores. Even
               with today's technologies for thwarting weeds, insects, and diseases, crop loss is huge (not to mention loss after harvesting).
               As a typical consumer, I was blissfully unaware of the losing battles waged by growers here in the United States (aside from
               the regional bout with late blight) until recently. In 2015, a little insect from Asia called the “jumping plant louse”
               had begun to cause enough havoc to make it into the news cycle. While I grumbled over the rising price of grapefruit (a midwinter
               favorite), the plant louse was feeding on citrus crops, infecting them with CandidatusLiberi- bacter asiaticum, a bacterium that causes citrus greening, a devastating disease also known as huanglongbing. By 2016, 80 percent of Florida's citrus crops had become infected. When the bug and bacterium combo arrived nearly a decade ago, it set the industry on a course
               of continuous decline.2 The disease may be the death of the Florida industry. There is something profoundly disturbing about the possibility of losing
               the entire orange crop (and grapefruit and tangerine crops) in a state long associated with its sunny produce. Disease-resistant
               varieties bring some hope, but the industry has a way to go before it reaches any safe haven. Here in the United States, a
               crop disease like huanglongbing in citrus, or wheat rust, may put a grower out of business; but in the developing world, where some families rely on homegrown
               grains and vegetables for sustenance, large losses can lead to hunger or even starvation. And as the world's population grows
               from somewhere around 7.2 billion to a projected 9 billion by midcentury, and available land becomes scarce, crop loss on
               large and small farms alike is increasingly unacceptable.
               
               
            

The first step in fighting, or even better, preventing, a problem like huanglongbing is identifying it. That may seem obvious, but accurate diagnosis is far from a simple process. There are hundreds of crops,
               each susceptible to their own set of pests and pathogens, and thousands of potential crop diseases. Consider the pathogens
               known to attack us humans—a single species—and then multiply. Diagnosing the ills of our food supply has been
               the purview of plant pathology and agricultural extension for the past century. Today, though, these fields are waning—the
               victims of cuts in government funding and university budgets. Both disciplines arose, over a century and a half ago, from
               the ashes of Ireland's Great Famine. Maybe it is time for a second round of agricultural innovation.3

Revelation

Early in the 1800s, late blight, or Phytophthora infestans, hitched a ride from the New World to the Old, kicking off one of Europe's most infamous famines. A pathogen of potatoes
                  and related species, blight followed our favorite tubers back and forth across the continents. Sixteenth-century conquistadors, traders, and explorers
                  first brought potatoes from their native South American soils across the ocean to Europe, Africa, and Asia. In the following
                  centuries, tubers were cultured and tamed from their small, gnarly Peruvian ancestors into the starchy white potatoes we know
                  today. Ireland's tenant farmers in particular became almost exclusively dependent on a single variety: the lumper. Lumpers
                  filled bellies, paid the rent, and fed the family pig (if a family was fortunate enough to have one), which in turn provided
                  income to survive the winter. A one-and-a-half-acre potato plot produced enough to feed a family of six for half a year.4 The tuber helped fuel Ireland's population explosion. (Some historians suggest that potatoes may even have helped some famine-prone
                  European states rise to become world powers.5) Until blight arrived. It first hit crops here in the United States and then, in 1845, it struck Europe. By that point, farmers
                  were growing potatoes in monocrops, pumping them up with fertilizers, and had bred out undesirable but protective traits.
                  
                  
               

The potatoes were sitting ducks. So too were populations wholly dependent on the single crop. In Ireland, tenant farmers were
                  left without food, seed for the next season (potatoes are grown from the previous year's “seed potatoes”), or
                  hope. Artist James Mahoney, sent by the Illustrated London News to document the devastation, wrote that “…neither pen nor pencil ever could portray the miser[y] and horror,
                  at this moment, to be witnessed in Skibbereen. . . . There I saw the dying, the living, and the dead, lying
                  indiscriminately upon the same floor, without anything between them and the cold earth, save a few miserable rags upon them. . . .
                  Not a single house out of 500 could boast of being free from death and fever.”6 At the time, the ultimate cause of the catastrophe was a mystery.
                  
                  
               

While P. infestans was causing mayhem across Europe, humanity was just beginning to grapple with the true nature of infectious diseases. In
                  1845, bad air, lack of faith, and God's wrath were all more plausible explanations for disease than microbes and fungi. That
                  invisible life existed—oozing in pus, clinging to our teeth, or zipping around a drop of pond water—had been
                  known for centuries. Ever since the 1700s, when Antonie van Leeuwenhoek, the draper turned lens crafter and microbiologist,
                  became fascinated with the microscopic world (including the “animalcules” in his own semen, which, according
                  to one text, was obtained “not by sinfully defiling himself but as a natural consequence of conjugal coitus”),
                  humans have been aware of microbes.7

Yet despite their discovery, for centuries microbes remained little more than curiosities. That such tiny creatures could
                  kill millions or cause massive crop failures was inconceivable. So when late blight blackened leaves and left potatoes rotting
                  in farm-fields in Clare, Kerry, Mayo, and elsewhere in Ireland, there were few options other than prayer. The presence of
                  Phytophthora on dead and dying plants was not in question. But was the fungus-like organism a bystander, an ex post facto parasite feeding off the dead plant tissues, or the cause of the disease? At the height of the outbreak, at least one astute
                  student of fungi, the Reverend M. J. Berkeley, dared to suggest the latter. But it would be nearly two decades before German
                  botanist Anton de Bary nailed Phytophthora as the causative agent.8 It was one of the first microbes, plant or animal, to be identified as a pathogen. (Decades earlier, entomologist and microbiologist
                  Agostino Bassi had declared that a disease killing silk worms and threatening French and Italian silk production didn't arise
                  spontaneously but was caused by a contagious living organism, which was later determined to be a fungus.)
                  
                  
               

While recognition of the problem opened the door for prevention and eventually treatment, de Bary remained wary. According
                  to one translation, de Bary wrote, “It will never be possible to drive the parasite P. infestans to extinction. . . . However, a careful selection of uninfected tubers for agriculture will be sufficient
                  to prevent large-scale spreads of this devastating plant disease.”9

Ironically, de Bary lived in an era when even physicians hadn't yet accepted their own role in spreading disease. Just two
                  decades before de Bary's discovery, Hungarian physician Ignaz Semmelweis noticed high mortality rates among new mothers at
                  a Viennese clinic and hypothesized that doctors moving from the mortuary to the maternity ward were transferring bits of dead
                  body that infected the women. This was death not by bad air, or an angry god, but by “cadaverous particles.”
                  As a test, he insisted doctors wash their hands in chlorinated lime. Mortality rates dropped. But he could offer no explanation
                  beyond traces of death transported from corpse to body. The physician's lifesaving discovery was a flop, coming decades before
                  Louis Pasteur's iconic experiments disproving spontaneous generation (a prevailing explanation for why infected plants, meats,
                  and wounds were teeming with microbes), and Robert Koch's criteria for linking pathogen to disease. Semmelweis was ridiculed.
                  Without a compelling explanation, physicians of his era roundly rejected the idea that they were the source of mortal disease, and they were insulted by the suggestion that they should bother to wash their hands.
                  For the most part, the short-lived practice of washing deadly pathogens from one's hands ceased. Nearly two decades, and many
                  unnecessary deaths later, Semmelweis, distraught and possibly mentally ill, died in an insane asylum of sepsis (perhaps of
                  the same ilk as the infection he tried to prevent).
                  
                  
               

Within several years, Pasteur, Koch, de Bary, and others proved what Semmelweis could not have known: that specific microbes caused infectious disease; that these microbes could be transferred from one body to another, or one plant to another;
                  and that they could kill. For centuries, physicians and healers had unwittingly transmitted lethal disease, just as farmers
                  putting away blight-infected potatoes for next season were contributing to the ensuing famine. For the first time in our history,
                  plant pathologists and health workers could identify a once-unknowable enemy. De Bary, Berkeley, Koch, and others launched
                  a revolution in diagnostics. Treatment and prevention followed. Koch, who identified the bacteria that caused anthrax, cholera, and tuberculosis, encouraged better hygiene, while Pasteur championed vaccination.
                  Soon, scientists recognized fungi and other pathogens as the causes of treatable or preventable plant diseases: coffee rust,
                  caused by a fungus; downy mildew, caused by oomycete microbes, and tobacco mosaic, caused by a virus.
                  
                  
               

This was the dawn of an age of microbiology, a century and a half ago. And here is the kicker: if Robert Koch or Anton de
                  Bary were to walk into a plant lab or a hospital today, they would recognize the basic diagnostic methods being used. First, a sample is taken from an ailing patient or a dying plant. That bit of blood, drop of urine, lanced
                  blister, snippet of leaf root is then cultured for bacteria or fungi. As the microbes are cultured, perhaps on an agar plate
                  or in a broth, their shape, color, gases produced, and food and oxygen preferences provide a diagnostician with crucial bits
                  of information. These clues help identify bacteria that can be difficult if not impossible to distinguish, even under the
                  microscope. The process took days or weeks when it was first developed, and it still does. This pace may have sufficed before
                  globalization, climate change, pesticide resistance, and a ballooning population, but it no longer does now.10 Agriculture, like medicine, needs broad-spectrum diagnostics that can quickly identify any disease, anywhere. The need is
                  becoming even more acute as we move away from broadly toxic treatments to increasingly specific solutions that are better
                  for both the patient and the planet.
                  
                  
               



The Death of Pathology?

“Harry Evans is a national treasure—a veritable walking encyclopedia of knowledge on crop diseases across the
                  world,” says David Hughes, a Penn State behavioral ecologist with a vision for the future of plant diagnostics.11 “He's not being duplicated by our society. The science-based knowledge on controlling plant-pest disease that has
                  been happening for the last 170 years or so [since the Irish potato famine]—that's being lost.” Evans is legendary. Best known for his work on diseases of the cacao tree, for the past fifty years this
                  Indiana Jones of plant pathology has traveled the world, sleuthing and teaching about plant diseases, insect pests, weeds,
                  and biological solutions. But today, plant pathology is becoming a lost art.
                  
                  
               

A 2012 audit in the United Kingdom suggested the field was fading quickly, as universities and colleges drop the discipline
                  or reduce the number of courses offered, while faculty age out. The authors point out that we all understand the link between
                  medicine and health, yet we fail to make the same linkage between plants and the food that sustains us. “Society,”
                  they say, “needs to invest in plant health in the same way it invests in human or animal health.”12 We are so focused on eating healthy food that we've neglected to consider everything necessary to keep our food healthy.
                  In response to the current glut of PhDs in the biomedical sciences and the dearth of scientists in agricultural sciences,
                  one biologist has editorialized, “The growing world population needs to eat and it is past due that we elevate basic,
                  translational, and applied plant research to the priority given to biomedical research, or more boldly, to defense.”13

Here in the United States, the number of PhD graduates in the agricultural sciences over the past fifteen years has essentially
                  flat-lined, while the number of biomedical scientists has skyrocketed.14 But, says Thomas Gordon, a plant pathologist at the University of California at Davis, “My perception is that we have
                  done better than Europe and Australia, in retaining the capacity to train plant pathologists.”15 Still, that capacity is shrinking as programs like those at Cornell University and North Carolina State University, once
                  giants in the field, are merged into other departments, and as plant pathologists retire. “Most voters know and care
                  very little about agriculture,” says Gordon, who believes the loss is, in part, the result of dwindling public financial
                  support. “Agriculture is largely seen as just another large industry, and so should have no special call on public funding to address their problems.” We clamor to break away from industrial, overly
                  processed foods and we increasingly demand organics, yet we fail to understand the difficulties faced by farmers, particularly
                  smaller growers. Imagine losing infectious diseases experts while facing a newly emerging disease like Zika. We will suffer
                  the loss of those who help keep agricultural crops productive and disease-free. It is time we took notice.
                  
                  
               

And we aren't only losing practitioners—disease experts who can finger the culprit when leaves start to turn brown
                  or fruit is yellowing. Diagnostic materials, including images and descriptions of plants and plant diseases, are being increasingly
                  locked away behind paywalls. In Europe, Africa, and elsewhere, extension services are becoming too costly or are privatized
                  as governments struggle to divvy up shrinking funds. Essential diagnostics services are unavailable to those most in need:
                  the small-scale growers, the less affluent farmers, and those in remote regions and developing nations.16 “What is lost,” says Hughes, “is a process of studying the problem. Everyone wants a silver bullet.”
                  We want quick fixes, when sometimes a deeper knowledge of a particular pest or how spores are transported on the wind may
                  provide longer-lasting solutions. The trend is disturbing enough to Hughes that he is willing to risk his career in the attempt
                  to develop a remedy.
                  
                  
               

Hughes and colleague Marcel Salathé, a digital epidemiologist and former app developer, had an idea. They would build
                  a free digital library of plant-disease images and information, and fill it with voluntary virtual librarians experienced in plant
                  diseases from around the globe. That would be step one. Step two would be to automate the whole process. “At the same
                  time we're losing investment in people like [Harry Evans], we have a lot of people running around with computers in their
                  pocket,” says Hughes. Millions of people, from small growers in Africa to backyard gardeners in the United States and
                  wheat growers in Europe, carry mobile phones. “So there's a possibility of a second-best solution. Connect these individuals so we have a social network. There is a lot of collective knowledge.” If that knowledge can be corralled, digitized, and eventually shared, Hughes imagines a
                  day when a grower stymied by a newly infected crop might point, shoot, and have a diagnosis within minutes or even seconds.
                  Any disease diagnosed anywhere, anytime, for free. Salathé sees an even broader application of the technology, writing,
                  “if you can do this with plant diseases, you can do this with human diseases as well.”17

Hughes's “day job” at Penn State is hunting down fungus-infected “zombie ants” in far-flung regions
                  of the globe. But his vision is to reimagine a basic service traditionally provided by governments and universities: agricultural
                  extension. He acknowledges that this work “doesn't get you anywhere [professionally]. For me and Marcel to build this
                  went against a lot of perceived wisdom and advice. We were told not to do this—that it was career suicide . . .
                  but anyone with half a brain cell knows that if we are going to feed 9 billion, maybe making all the knowledge of how to make
                  more food available is a good thing. Not doing it was the morally corrupt thing, so Marcel and I happily took the road less
                  taken because it would lead to a better world for all of us.”
                  
                  
               



Extending Knowledge

For much of my early career, I traveled from one so-called land-grant university to another, crisscrossing the country in
                  my pink Corolla (packed with books, cats, and eventually dog, husband, and kid). I went from New York to California, back
                  to New York, then to Rhode Island, then North Carolina, before setting roots in the rich soil of the Connecticut River Valley,
                  near the University of Massachusetts. I never paid much attention to agricultural sciences, yet each of the universities where
                  I worked originated as a land-grant institution.
                  
                  
               

First envisioned by Illinois College professor Jonathan Baldwin Turner, and sponsored by Vermont congressman Justin Morrill,
                  these universities were designed to offer public education for all, no matter their social class. Signed into existence in 1862 by President
                  Lincoln—in the midst of the Civil War—the land-grants taught agriculture, military tactics, mechanical engineering,
                  and classical arts to those who couldn't afford private colleges. These institutions were the place for those raised on the
                  farm and intending to return to the farm, if not physically then intellectually. Much of our nation's approach to agriculture
                  emerged from their halls. The land-grants developed insights into plant nutrition; new varieties of corn, wheat, and apples;
                  pest controls and pesticides; disease controls and resistant varieties. They were the home of the Green Revolution, with all
                  its ups and downs. Land-grants continue to provide critical support for one of our most important endeavors: growing food.
                  One invaluable service is extension. Starting up an apple orchard? Curious about scrapie in sheep? Have a new pest issue?
                  Tracking blight? You can e-mail your local extension agent; or send a soil sample for testing or a leaf for diagnosis; or
                  attend an Integrated Pest Management field walk. Extension translates the latest science for growers, from the most effective
                  pesticides to agroecology and permaculture—approaches designed to reduce chemical input.
                  
                  
               

Better knowledge for better food: a concept put into practice in the midst of the Irish potato famine. As potatoes rotted
                  in the 1840s, George Villiers, the Earl of Clarendon and Lord Lieutenant of Ireland, sought to prevent “recurrence
                  of the great calamities” by sending a handful of agricultural lecturers into the countryside. Their task was to “diffuse
                  that agricultural knowledge upon which the very safety of the country now depends.” Lord Clarendon believed that teaching
                  farmers how to grow more-robust crops and encouraging them to grow food other than the potatoes could prevent another disaster.18 At the very least, if potatoes failed, there would be another food crop. The first ten or so agents sent into the stricken
                  countryside were successful enough. Soon this kind of knowledge sharing spread around the globe. Just after the turn of the twentieth century, it took shape here in the United
                  States as a cooperative venture between the US Department of Agriculture and land-grant universities. The programs would both
                  produce “practical applications of research knowledge” and share this knowledge with the public, from the Midwestern
                  wheat growers to the orchards in the Northeast to citrus growers in the South to the backyard gardener.
                  
                  
               

But over the past century, knowledge has become an agricultural “input,” akin to large farm equipment, fertilizer,
                  or water. Agribusiness has the resources to pay for this knowledge, whereas new science has become less accessible to small
                  growers, particularly those in far-flung regions. “Since commercial farmers can derive direct financial benefits from
                  these inputs, there is a trend towards the privatization of the extension organizations,” observed the Food and Agriculture
                  Organization of the United Nations back in the 1990s, “. . . with farmers being required to pay for
                  services which they had previously received free of charge. This trend is strong in the North, and there are examples of it
                  beginning in the South.”19 Here in the United States, small growers—depending on their region—are still able to call upon extensions for
                  free, unbiased scientific advice, even as funding has become increasingly scarce.20

“We can have a new type of extension,” says Hughes. “We shouldn't be thinking we are stuck with this
                  model we've used for the past thirty or forty years. We can change. Extension began in my hometown of Dublin in the Phoenix
                  Park where I walked as a kid and was implemented in the fields of Connemara where I once lived. I see no reason I can't accelerate
                  its change 170 years later to fit a twenty-first-century world.” Hughes wants to put a Harry Evans in the pockets of
                  growers, from those tending “community gardens in Brooklyn to smallholder farms in Burkina Faso.”21 The goal is diagnostics that zip from satellite to cell tower to the palms of growers just about anywhere.
                  
                  
               



Smartphone Village

Nearly 100 years after the emergence of extensions here in the United States, and 170 years after the idea's beginnings in
                  Ireland, Hughes and Salathé envisioned PlantVillage.org. The site offers images, information, and experts. Send in a
                  photo, ask a question, get an answer. The ultimate goal is to turn the lion's share of diagnosis over to the vast computing
                  power of the Internet, while saving the trickier cases for the dwindling supply of experts like Harry Evans. The site went
                  live in 2013. By 2016, PlantVillage had acquired over 100,000 images covering 155 crops and 1,800 diseases. More than two
                  and half million visitors, roughly a third of them from developing countries, have submitted photos, asked or answered questions,
                  or read the content for solutions. How do you deal with grubs on basil plants, ants invading banana plants, fungus on watermelons?
                  Instead of the ten agents “possessing sound practical knowledge” of Lord Clarendon's day, there are hundreds
                  or thousands or perhaps someday, millions, sharing knowledge—without leaving their laboratories or farm-fields. Currently
                  a grower can snap a photo, post it, and within minutes a diagnosis and solution might be posted by contributors. As for images,
                  Hughes and Salathé are aiming for millions over the next few years—“a bit of a moonshot,” he admits.
                  If growers in remote regions of Africa or India or Brazil don't yet own smartphones, chances are they will in the near future.
                  There are currently more mobile phone subscriptions than there are people on the planet. A couple of years ago, roughly 75
                  percent of those living in sub-Saharan Africa owned mobile phones. In Nigeria and South Africa, almost everyone owns a phone.22 Although a little less than half of all subscriptions are smartphones, by 2019 the number of smartphone users is predicted
                  to rise to over 6 billion.23 Growers will have smartphones; and Salathé and Hughes are counting on social networking and crowdsourcing for better
                  diagnostics.
                  
                  
               

At first glance, PlantVillage looks intriguing, but not like a site capable of saving food crops around the globe. “I
                  would not expect miracles,” says one extension agent when I show him the site. Another, Margaret Lloyd, the small-farms
                  advisor for the University of California (and strawberry expert, whom we met in chapter 2) who has sat in on discussions about
                  this kind of approach, points out the difficulties with photo quality (which Hughes says they've solved with an algorithm),
                  regional conditions that might come into play, and a lack of commitment by the experts.24 “Diagnosis can be tough even for trained plant pathologists because it can be an investigative process that takes
                  the right questions and good training to home in on the probable cause,” she adds. “There are very simple ones
                  that can be diagnosed by a simple photo, but most farmers/growers learn these within the first few years of growing.”
                  Even so, she's hopeful about the online endeavor: “I would be thrilled to hear of this working; it's a noble concept.”
                  
                  
               

Local farmers would like to see the site in action as well. Ryan Voiland of Red Fire Farm here in the Connecticut River Valley,
                  one of the larger CSAs, with over 1,300 subscribers, says he'll send a sample to extension for diagnostics, but, with testing
                  costs running $50 a sample, he does so only sparingly. A system providing easy, accurate visual diagnostics would be welcome.
                  At the very least, it would provide a more informed guess. But as Lloyd points out, it is difficult to get scientists, who
                  are under pressure to teach, win grants, do research, and turn out publications, to contribute freely to sites like PlantVillage.
                  Academic bean counters don't count contributions to these kinds of traditionally nonacademic websites even if they are not-for-profit,
                  so there is little incentive. At least not currently. It's a problem that Hughes acknowledges, but he's optimistic about the
                  next generation of academics: “I think the younger generation is much more altruistic and less focused on their own
                  CVs and their own rewards. This is the future, moving towards more integrated spaces.” And Hughes and Salathé aren't counting solely on human brain power. They have bigger
                  plans. They want to teach computers to diagnose plant diseases.
                  
                  
               



A Brain in Every Phone

World War II was a massively destructive human endeavor. But without the energy and knowledge channeled into producing more-efficient
                  methods of killing, it's possible that we might not be carrying wallet-sized computers in our pockets today. The war years
                  brought us industrial-scale production; the packaging of penicillin; radar; pressurized airplanes; and a whole slew of other
                  mid-twentieth-century innovations that surround us today. The need for more-accurate ballistics inspired John Mauchly and
                  John Eckert Jr. at the University of Pennsylvania to create the world's first digital, all-purpose computer. Booting up for the first time in 1945, ENIAC (Electronic Numerical Integrator and Computer) never did, in the end,
                  direct missiles in World War II, but its capacity for massive high-speed calculations and its ability to be programmed were
                  revolutionary. ENIAC was a behemoth weighing nearly thirty tons and spreading out over 1,800 square feet; its descendents
                  now accompany us to the market, into the classroom, out to dinner, and into the field. ENIAC and its immediate successors
                  like EDVAC and MANIAC did what was asked of them, solving problems posed in a particular way. But could they do more? Could
                  machines made of wire and vacuum tubes, with electricity coursing through their metallic veins, learn to think like us, or
                  maybe even better? British mathematician Alan Turing thought so, foreseeing what is now known as artificial intelligence (AI).
                  Turing helped break the German Enigma encryption during the war and was influential in the early development of computers.
                  Like many of Turing's contributions, AI was an audacious proposition.
                  
                  
               

Turing wondered if the new computing machines could learn as a child does, and if they could learn, what would that really mean? Could a machine, an artificial brain, essentially filled with “the best sense organs that money can buy,” be taught
                  to understand?25 He posed the question in 1950. Unfortunately, the brilliant mathematician who pondered unrestricted machine intelligence
                  lived in a time of tragically limited human understanding. Arrested for homosexuality in 1952, and offered a Hobson's choice
                  of avoiding prison only by consenting to “treatment,” Alan Turning underwent the unconscionable procedure de jour known as “chemical castration.” Two years later, at age forty-one, Turing swallowed cyanide. In the fifty years
                  since Turing's death, inspired by his visionary essay “Computing Machinery and Intelligence,” computer scientists
                  have programmed computers that learn how to play checkers, recognize patterns, and make sense of “big data.”
                  Computers have beaten humans at chess and more recently at go, a vastly complex game of strategy and intuition that was one
                  of the last holdouts in the human domain.
                  
                  
               

Now computer scientists, collaborating with the Smithsonian Institution, have built a smartphone app called Leafsnap that
                  can recognize leaves from the northeastern United States and Canada with a snap of a photo.26 It is just one application of pattern recognition. Offering Leafsnap for free and harnessing the power of the crowd, by 2016
                  the site could identify all 185 northeastern US tree species.27 I recently downloaded a similar app for identifying flowers. Holding this collective brainpower in your hand is a thrill.
                  And this kind of pattern recognition is just one branch of machine learning. But Hughes and Salathé are delving deeper
                  into the electronic brain. “Leafsnap just finds the edges,” explains Hughes, comparing the app to their own
                  PlantVillage app, “and uses that to determine the plant species. We look at the leaf surface and use color, shape,
                  and orientation to determine disease. It is the difference between seeing an outline of a person and knowing it is a man,
                  compared to seeing the features and recognizing it is Uncle Bob (friendly) versus Hannibal Lecter (not so much).”
                  
                  
               

To make PlantVillage work, Hughes and Salathé have turned to deep learning: developing computer algorithms that can deal
                  with high-level abstractions. One product from Google is TensorFlow, an open-source machine-learning software library. In
                  2012, the project announced it had connected 16,000 computers together, creating a brain-like network. When loosed on some
                  10 million randomly chosen digital images, the network taught itself to recognize thousands of objects. Thanks to our penchant for posting photos of cats, one of the better-known objects
                  to emerge in the learned digital brain was the image of a cat. Whenever we look something up on Google or use Gmail, TensorFlow
                  is there. Hughes, Salathé, and Sharada Mohanty (a graduate student in Salathé's lab at the time) used a similar
                  kind of deep-learning framework called Caffe on a set of 53,000 images of fourteen crops with a combination of twenty-six
                  different disease categories. The computer was able to assign the 26 diseases with 99 percent accuracy. “That is really
                  good,” says Hughes. “There is no way a person—a plant pathologist or any person on the planet—could do that. While you may be an expert on tomatoes,
                  that doesn't necessarily mean you know about fungal disease on grapes. And if you know about viruses, it doesn't mean you
                  are good at classifying grape diseases caused by fungi.” Since then, the pair have released their image database on
                  a competition platform called crowdai.org where computer scientists around the world competed to get the best disease identification
                  results, using their own approaches. The goal, says Salathé, is to find out which approach works best. Any results must
                  be open-source and available to the public.28 “It was very satisfying that other teams got a greater than 99 percent accuracy, which is extraordinary,” glows
                  Hughes. “It shows that a village is always better.”
                  
                  
               

Of course, a diagnosis is only as good as the data. Images need to be clear. And the diagnosis has to be confirmed—a
                  challenge that Hughes and Salathé are well aware of. “Once we go to a completely different data set (a few images
                  we took from the Web, from sites with a high reputation), the accuracy reduces substantially,” says Salathé. One remedy is to diversify the entire data set—which
                  the pair have recently begun to do. “The vast majority of the current disease-training set, 150,000 images and growing,”
                  says Hughes, “have all been identified by an expert who either infected the plant or knew what it was. But we can't
                  expect everything to be so well studied, especially in places like sub-Saharan Africa. We are going to have to ground-truth
                  it”— that is, test results in the field or in the lab. Recently, the team worked in Tanzania with the International
                  Institute of Tropical Agriculture and one of its lead scientists, James Legg, to do just that. (IITA is part of a global consortium
                  of research centers devoted to agriculture and sustainability.) Hughes is now working with hundreds of scientists around the
                  world to get images and double-check the system's diagnoses. Given the scope of the project, it's a tall order, particularly
                  if the option for definitive diagnosis is the age-old practice of laboratory culturing. But even in the laboratory, computers
                  are influencing science in ways their innovators could never have imagined. We are entering an age where fourth-generation DNA sequencing is poised to revolutionize disease diagnostics. Just as computers morphed from room-sized to desktop-sized
                  to wristwatch-sized, DNA sequencing has increasingly sped up, downsized, and become more affordable. How might one diagnose
                  a cast of hundreds or thousands of known diseases—cheaply, quickly, and accurately? Or, for that matter, flag an emergent
                  unknown disease? Fourth-generation DNA sequencing can do this.
                  
                  
               

“We are pretty far away from lab-on-a-chip diagnosis of any kind of organism,” says Hughes, referring to efforts to move from a roomful of laboratory equipment to a computer-chip-sized
                  operation. Instead, his lab uses a device produced by Oxford Nanopore, a self-described “disruptive” tech company
                  (more on this in the next chapter), that connects by USB to a laptop and spits out DNA sequences in minutes—which means
                  that a bacterium or virus can be identified in minutes. If these new sequencers are successful, rather than sending out a snip of stem or a vial of blood, diagnosticians could soon hold the
                  answer in their hand. The parent company is already developing a mobile phone version. The devices are being put to the test
                  in the field, on the orchard, and in the hospital, and results are just now appearing in the scientific literature. Diagnoses
                  range from Ebola to Zika to the more mundane but intractable antibiotic-resistant urinary infection. This move toward rapid
                  DNA diagnosis, the topic of the final chapter, may chart a whole new course in disease diagnostics. It could be a key for
                  innovators like Hughes, Salathé, and others, devoted to saving our food, and for ER physicians, rural doctors, and health
                  care workers in the field, devoted to saving our lives.
                  
                  
               






Chapter 8 



Know Thine Enemy: The  Future of Diagnostics

WHEN MY HUSBAND SPIKED A FEVER a few weeks after a tick bite (the tick was removed early, no rash), he went to the doctor
               just to be safe. The physician noted symptoms that pointed to a flu or respiratory virus. Nevertheless, Ben came home with
               a prescription for a single high dose of doxycycline—for Lyme disease. He had given blood for a Lyme test, but the
               drugs were prescribed during the visit, before any lab results could be available. The blood tests detect antibodies made
               against the Lyme bacterium and can be turned around in days. But the tests are most accurate only weeks after an infection
               takes hold and, depending on the timing of the test in relation to exposure, a response may indicate current or past infection.
               Culturing the bacterium is difficult, which leaves physicians in a precarious situation—to treat prophylactically in
               a region where Lyme is endemic or to wait. To let Lyme go is to risk a more intractable infection.1 Without a sensitive office test, the proactive option often seems like the best one. My husband took the antibiotic; a few
               days later he was informed there had been no active infection.
               
               
            

Throughout this book, we've seen the consequences of antibiotic misuse or overuse in the hospital, at the doctor's office, and on the farm. After a century of chemical warfare, the bugs
               are striking back. In 2016, for the first time, researchers identified an E. coli bacterium resistant to colistin, a “last resort” antibiotic that fell out of favor nearly fifty years ago because
               of its toxicity, but which has since been reenlisted in response to resistance. The bug itself can be cured with other antibiotics,
               but the mere presence of a resistance gene on a bit of DNA that is easily shared with other bacteria is scary. The “pan-resistant”
               bug was cultured from a patient with a urinary tract infection here in the United States, where resistance claims at least
               23,000 lives annually—and more when those who die from complications caused by resistant infections are included. The
               incident set off a flurry of doomsday articles and interviews.2 If new solutions to resistance and infection are not found soon, the number of deaths both here and globally (where hundreds
               of thousands die from resistance each year) is projected to rise into the millions by 2050.3 Resistance not only kills but it is also expensive, racking up roughly $20 billion a year in health care costs in the United
               States alone. It affects families, work, and available hospital space.4 Resistance looms large, as does, for hundreds of thousands of recipients, the collateral damage wrought upon their microbiome
               by broad-spectrum antibiotics, which create a wasteland ripe for invasion by opportunistic bugs like  C. diff.
               
               
            

Accuracy—targeting the harmful, while sparing the beneficial—is one way out of our current conundrum. We should
               aim, writes physician and microbiome pioneer Martin Blaser, “to develop truly narrow-spectrum agents, each ideally
               targeting a single pathogen.”5 Phages can do this. So can bacteriocins and other narrow-spectrum agents. But these treatments require improved diagnostics.
               While microbiologists, pathologists, and diagnosticians have become very good at identifying whatever ails us, the process
               for a definitive diagnosis takes time—often days or weeks. In our rapid-paced, Internet, next-day-delivery, high-tech
               world, we diagnose disease with what is essentially nineteenth-century methodology. Culturing—growing out bacteria
               in test tubes, petri dishes, and flasks—remains the gold standard. If we are to save our antimicrobials and our lives,
               we need twenty-first-century diagnostics. We need tools that can be used at the bedside, in the office, and in the remote
               rural hospital. And we need diagnostic tools that can read into a bacterium's genome and tell us whether it remains sensitive
               to antimicrobials. And all this must be affordable to all health care providers, because otherwise, those providers have to
               make a gamble. Sometimes that means dispensing broad-spectrum antibiotics as a kind of catch-all cure.
               
               
            

Although doctors are becoming more conservative with their prescription pads, probably all of us have a story about receiving
               antibiotics before a final diagnosis. It's likely that your little ones won't be given antibiotics for that ear infection
               as easily or as often as mine were. Yet even in 2016, when my daughter was home from college and coughing her way through
               spring break, I sent her off to the doctor's office and she returned with antibiotics. Surprised, I asked if she'd been tested
               for anything. She hadn't. There'd been a look down the throat and up the nose. About one-third of all outpatient antibiotic
               prescriptions were recently deemed “inappropriate.”6 Roughly 50 percent of patients seeking respite from a cough, a symptom of acute upper-respiratory-tract infection, still
               walk away with antibiotics.7 Even a quick test to distinguish virus from bacterium (now available in Canada) would have helped.
               
               
            

The problem isn't a lack of diagnostics per se. According to a recent market study, identifying infectious microbes is a $16-billion industry and
               growing.8 One portion of those billions goes to “traditional identification” and testing for antimicrobial sensitivity—or
               culturing. Another chunk of money is spent on tests that capitalize on antibody-antigen reactions or probe for specific DNA
               sequences. Many of these tests have been around for decades. More than twenty years ago, a rapid diagnostic antibody-antigen test informed me that I was pregnant with our son Sam. You can buy a rapid HIV or gonorrhea test kit at Target.
               A repeat offender for strep, my daughter is a rapid-test veteran. The drill is a quick throat swab, a yea-or-nay diagnosis,
               with an antibiotic chaser (or not), followed by a culture for the ultimate confirmation. Now there is even a rapid test for
               Ebola. But there are over 1,000 known human pathogens, and most commercial rapid tests focus on some of the more common or troublesome infections worldwide: multi-drug-resistant
               staph, TB, C. diff. Less common infections are left out of the rapid-diagnostic loop.
               
               
            

And as good as existing rapid tests are, some are too sensitive while others not sensitive enough; or they are too expensive
               for smaller hospitals and offices; or they cannot diagnose the precise strain of the infection. A test may not distinguish
               between a harmless bacterium and, say, a toxin-producing cousin, or one that resists penicillin. Even existing molecular,
               DNA-based tests are no panacea for detecting resistance. “The molecular targets for certain antimicrobial resistance
               determinants are available,” explains Joseph Schwartzman, medical director of microbiology at Dartmouth-Hitchcock Hospital,
               “but are not yet comprehensive, nor are all resistance phenomena explained by single genetic elements.”9 In other words, a molecular test that probes for a single gene or even a few isn't sufficient. Many of these diagnostics
               still require a day or two to produce results—sometimes, a day or two too long. Most doctors encourage follow-up culturing.
               What is lacking is a robust diagnostic system. We need tests that can tell a bedside physician not only whether a patient has an infection, but how a
               bug will respond to antibiotics. Or whether the strain detected in a patient is friend or foe.
               
               
            

As we enter an era of the gene and genomics, rapid molecular diagnostics are moving, well, rapidly. There are tests approved
               by the FDA, laboratory tests that aren't yet FDA-approved still in need of extensive validation, and tests that remain designated
               as research-use-only. Diagnostic laboratories of various sizes find that they have options according to the patient populations they serve and the number of specimens received for various diagnostic tests, says Schwartzman.
               In other words, it's complicated. And what may be available at one hospital or for one patient population may not be available
               for another, particularly in smaller, far-flung regions.
               
               
            

Bringing effective diagnostics to remote areas is increasingly important as we humans become ever more mobile. Consider the
               world we live in, where a pathogen can chase the sun, traveling from east to west, or north to south, in a day. In 2014, the
               United States welcomed some 75 million international visitors to her shores (about half from Canada and Mexico, but the rest
               from farther afield and overseas), almost double the number from a decade earlier.10 In 2015, over one billion tourists made their way from one destination to another worldwide.11 People provide the transport for unseen hordes of hitchhiking microbes: Ebola, influenza, and now Zika (primarily mosquito
               borne, Zika can also be transmitted sexually). Zika and Ebola are harbingers. Diseases once considered exotic will continue
               arriving on our shores and in our airports. More will emerge, eventually showing up in hospitals and doctor's offices by patients
               seeking a cure.
               
               
            

Instant Gratification

“We certainly do wish we could do more rapid diagnosis of pathogens,” says physician Kathleen McGraw. “There
                  are too many times when we have to use broad-spectrum antibiotics, just to cover many possibilities until we get results.”12 McGraw is the chief medical officer of a rural community hospital in Brattleboro, Vermont, that services a population of
                  about 55,000 spread across a couple dozen towns and villages. “I'm thinking about sepsis as a big issue for this. What
                  if there were rapid tests for some of the encephalopathies and other kinds of serious and life-threatening infections, where
                  we are treating people with toxic antibiotics or antivirals?” Or what if there were affordable, dependable, “point-of-care” bedside tests for MRSA? When a patient comes in and might have MRSA, blood is sent to the lab,
                  where definitive diagnosis takes an average of two or three days, says Christopher Appleton, medical director of pathology
                  at McGraw's hospital.13 By then it's possible that the bug might have spread, contaminating surfaces or health care workers or a patient's roommate.
                  Conversely, says McGraw, “If a patient has ever tested positive—anytime they reenter the hospital, they are treated as if contaminated, until proven otherwise.”
                  
                  
               

“We still culture a whole bunch of stuff—the full boat,” says Appleton. “We culture it when we
                  don't have rapid tests for it.” Appleton points out that while they use rapid tests for infections like C. diff, strep, and a few others, they still culture afterwards, no matter what the test says. Moreover, they routinely culture fluids
                  from joint-replacement surgeries: “We culture it for Proprionibacterium, the same that's on people's skin, responsible for acne.” The bacterium, which normally coexists with us peacefully
                  on our skin and in our mouths and ears, is an emerging pathogen in orthopedic and implant surgery and can cause serious problems.
                  This particular bug, which can thrive with little or no oxygen, is slow; which means that growing out a culture can stretch
                  out over several days or even weeks. “We are still stuck in the old days. Microbiology in a community hospital still
                  takes a while,” says Appleton. Brattleboro isn't unique. There are over 1,800 rural community hospitals in the United
                  States.14 Lacking available rapid tests, smaller labs like Appleton's send samples for some of the less common tests to larger academic
                  hospitals or clinics. More common tests are done in-house—it's a balance between time and cost. “We have a good
                  system where we send a lot of material to the University of Vermont in Burlington, and if they don't do the test they send
                  to Mayo. It's quick—we have couriers who come every day.” With a turnaround time of twenty-four hours or less,
                  it beats culturing. Quick, but not bedside, while-you-wait, pregnancy-test rapid.
                  
                  
               

Having a baby isn't exactly the same as having an infection, but the rapid test for pregnancy paved the way for “dipstick”
                  disease diagnostics. The pregnancy test is the iconic rapid test. Within minutes of testing, you know that either you are
                  or you aren't. Once a fertilized egg implants into the uterine wall, cells begin releasing human chorionic gonadotropin or
                  hCG (one of the better-known pregnancy hormones). Some of that hCG is excreted in urine. Concentrations rise as early pregnancy
                  progresses, peaking several weeks after implantation. Many dipstick tests on the market are most accurate a day or so after
                  the first missed period, or roughly two weeks after implantation—give or take. The pregnancy test wand contains antibodies
                  specific for hCG antigen (along with less specific antibodies able to bind to those antibodies). When the antigens and antibodies combine, the test announces the impending pregnancy by a blue line, or pink,
                  or a plus sign; some even spell out “Pregnant.” Developed in the early 1970s as one of the first dip-and-read
                  color diagnostics, the first rapid pregnancy test was a failure. But the concept prevailed.15 A few years later, a so-called ELISA test (enzyme-linked immunosorbent assay) was developed to detect malaria in patients
                  in the field in Tanzania, demonstrating the power of combining antibodies, antigen, and color. An elegant and sensitive assay,
                  the test opened diagnostic doors. Rapid detection of hormones, toxins, antibodies, and a host of infectious diseases, from
                  HIV to hepatitis to C. diff and C. diff toxins, would follow. ELISA tests revolutionized medical diagnostics, releasing diagnosis from laboratory-bound equipment
                  and compressing diagnostic times from days or hours to minutes. “Looking back,” writes one of the developers,
                  “I continue to be amazed about what came out of our (too) early attempt to develop a simple pregnancy color test!”16

McGraw's hospital makes use of over 100 rapid tests—each with a different diagnostic target. Many are ELISAs, most
                  are for health-related indicators other than infectious diseases. There are tests for drugs, sperm, pregnancy, kidney and liver indicators, and glucose. A dozen or so are aimed at pathogens, including tests for specific respiratory
                  viruses, strep, or C. diff antigen. With infections such as C. diff and MRSA on the rise, particularly in hospital-associated infections, or HAIs, screening can not only prevent heartache but
                  also reduce hospital costs. Hospitals also compile antibiograms, or annual tallies of antibiotic resistance in common pathogens,
                  that help doctors make more-informed decisions. Collectively across hospitals, HAIs rack up tens of billions of dollars in
                  treatment costs annually. Depending on the infection, a resistant bug may double treatment costs. Appleton says that for an
                  infection like C. diff, the ELISA is a first step. Though the test is sensitive enough to indicate the presence of the bug, it can't differentiate
                  between a patient who is simply carrying C. diff and one who is infected with a toxin-producing strain: “If it's positive, we can go to molecular testing for the specificity
                  part of it. We are just getting up and running now.” A second swipe at C. diff, using a DNA-based test, provides more-detailed information. ELISAs enabled health care workers to dip and diagnose, but
                  as Appleton points out, the tests may require follow-up. Sometimes the antibiotic comes before an accurate diagnosis, as with
                  my husband Ben.
                  
                  
               

As fans of crime shows know, a perpetrator's DNA on a glass or hairbrush or lipstick can unravel the most meticulously planned
                  crime. While early DNA analysis required gobs of sample, now the smallest trace of DNA can be amplified by millions or billions
                  for diagnosis. A few molecules or even a single gene can be picked out by a DNA probe and copied—over and over again.
                  It's like the old shampoo commercial where two friends, telling two friends, telling four friends, and then eight friends,
                  exploded into to dozens before our eyes. This kind of PCR (polymerase chain reaction) technique amplifies DNA in a similarly
                  exponential way. A lab like Appleton's might send samples off to the University of Vermont or the Mayo Clinic, which have
                  the technicians, equipment, and dedicated laboratory for molecular analysis. If they are lucky, PCR might confirm infection right down to its antibiotic resistances within hours. The added information can
                  be a lifesaver. But there's a catch. PCR amplifies specific regions of DNA: a gene sequence specific for toxin producing C. diff, or chlamydia, or a gene that enables a bug to resist an antibiotic. It is a powerful test, but you need to know what you're
                  looking for.
                  
                  
               

And there are other caveats. As with almost any diagnostic, test errors can lead a diagnostician to conclude infection when
                  there is none, or vice versa. These false positives and false negatives can be a drawback of some PCR tests. In particular,
                  one of PCR's strengths—sensitivity—is also one of its greatest weaknesses. The test is so sensitive that DNA
                  that may be wafting in the air (or on a lab bench or on a clinician's gloved hands or in a pipette) might contaminate a sample.
                  Should a segment match up with the PCR target, it will be amplified, and a test may indicate infection when there is none.
                  In 2006, when physicians and health care workers at Dartmouth-Hitchcock found themselves coughing for weeks on end, the infectious
                  disease specialist wondered if whooping cough might be sweeping through the hospital. Concerned about patients and workers,
                  and tipped off by clinical signs suggesting whooping cough, the hospital used a rapid PCR test for confirmation. Back then,
                  the test was a relatively new diagnostic tool. The results sent the hospital down a whooping cough rabbit hole: over a hundred
                  cases were diagnosed with the infection; over a thousand health care workers were treated with antibiotics; and over 4,000
                  workers were immunized within days. Follow-up samples were sent for culturing, but the suspected culprit, Bortadella pertussis, is a slow grower. After over a week of culturing, no whooping cough bacteria were found. Follow-up blood samples turned
                  up negative for antibodies. Additional PCR tests by the CDC also turned up negative.
                  
                  
               

There had been no outbreak. But Dartmouth-Hitchcock wasn't alone that year in its initial misdiagnosis. Later in 2006, a Massachusetts
                  hospital also incorrectly diagnosed whooping cough infection based on PCR, concluding that dozens of health care workers were
                  infected. Two years before that, in Tennessee, an infant's diagnosis using PCR set off testing and treatment of symptomatic
                  community members who'd been in contact with health care workers. In the end, culturing revealed that only the infant had
                  been infected.17 In a New York Times article about the Dartmouth-Hitchcock “epidemic that wasn't,” one infectious disease specialist commented,
                  “It's almost like you're trying to pick the least of two evils.” That is, you are faced with an infection that
                  can sweep through a community like wildfire. So do you wait for a culture that can take weeks, or use a molecular test that
                  can be wrong? The test isn't a panacea, but with a disease like whooping cough, rapid diagnosis is critical. That was over
                  ten years ago—ages in our high-tech, molecular world. PCR is becoming more foolproof—increasingly accurate and
                  more difficult to contaminate. Still, despite improvements, the CDC recommends confirmation by culturing.18

Tuberculosis is another notoriously slow-growing bug, and culturing can take weeks—time enough for a patient to infect
                  plenty of others. The GeneXpert is designed to prevent that. Developed a decade ago by medical product maker Cepheid, the
                  small, box-shaped machine uses PCR to detect resistant TB infections within hours.19 It uses cartridges so that different steps in the process, normally done by a technician, are completed within an enclosed
                  space, reducing opportunity for contamination or human error. It's more effective—and more costly—than culturing.
                  But the test offers an unprecedented opportunity to pursue TB infection, which has become entrenched in regions of Africa
                  and India and elsewhere. So, with substantial supplemental funding from global organizations including the Gates Foundation,
                  200 machines and millions of TB test cartridges were sent to Africa, Eastern Europe, and Asia. According to the World Health
                  Organization, by reducing time for TB diagnosis the GeneXpert has helped save over 60,000 lives.20 The machine, says medical microbiologist Justin O'Grady, “is exemplary for rapid diagnosis,” bringing PCR to far-flung
                  regions where sending samples by courier to a University of Vermont or Mayo Clinic just isn't an option.21

Pathologists like Christopher Appleton are waiting for the day when these kinds of tools are affordable for a small hospital
                  with a low overall infection rate. A cartridge, test-card, or plate may not be all that costly, but the machines can run tens
                  of thousands or more, bumping up the overall cost of a test. (The company's investor relations analyst, in an email writes
                  that GeneXpert costs more per unit, or per test, than devices from other manufacturers, but says the expense is balanced by
                  savings from fewer infections in hospitals.) Meanwhile, the FDA continues to approve dozens of new tests each year.22 So hospitals with limited resources must pick and choose if they want more-advanced testing. For in-house testing other than
                  ELISAs, Appleton relies on a Vitek machine. Developed by NASA to ensure that astronauts returned sans extraterrestrials, the
                  device has since became available to hospital labs. Sold by the French company bioMerieux, the machine uses neither ELISAn
                  or PCR but instead distinguishes one microbe from another biochemically, testing cultures against a gauntlet of metabolic
                  and chemical challenges, including antibiotics.23 The company claims to identify up to 100 organisms. But prior to hitting the Vitek, samples must be cultured for anywhere
                  from eight to twenty-four hours. Then, says Appleton, “Vitek can identify it pretty darn quickly,” conceding wistfully that microbiology always takes
                  a while. Even with Vitek, ELISAs, and PCR diagnostics becoming increasingly available in our hospitals and doctors' offices,
                  each is not enough. Some are speedy but not accurate. Others are accurate but too expensive. All have a limited breadth of
                  diagnostics. There is still no magic dipstick, wand, or diagnostic capable of identifying any pathogen, in any tissue, in short order.
                  
                  
               

How do you diagnose a patient with symptoms that just don't fit the “usual suspects”? When Zika exploded into our lives, health officials raced to monitor its advances, but rapid
                  diagnostics were unavailable. Now there are diagnostics, but they are in limited supply. In the midst of the 2016 outbreak, samples sent to the CDC for testing could
                  take more than three weeks, and perhaps longer for a diagnosis, according to their website. Then there are all those “healthy
                  carriers.” Rapid diagnosis isn't just for the obviously ill, but also for the seemingly healthy, particularly in cases
                  where people who feel fine can spread infection. We need rapid, accurate, sensitive, and broadly diagnostic tests—now.
                  At least one option, MinION, has been making the rounds of research laboratories around the globe, and it is looking promising.
                  
                  
               



Diagnosing in Code

The dearth of diagnostics, combined with mounting global anxiety over antibiotic resistance, is driving private investors
                  and governments alike to take notice. And recently, the money has begun flowing: in 2012 Qualcomm, a developer of mobile technologies,
                  announced the Tricorder XPRIZE, promising $10 million to the first team to produce, by 2017, a Star Trek–inspired device that brings health care “to the palm of your hand”; in 2015, the National Institutes
                  of Health distributed $11 million in first-year funding for diagnostic tools to identify resistance in selected bacteria within
                  three hours or less; and that same year, the EU Horizon Prize promised a million euros for a cheap, fast, easy-to-use and
                  minimally invasive test to determine whether a patient even needs antibiotics. One new technology is already getting plenty
                  of field-testing, some of it in medical diagnostics: nanopore DNA sequencing. DNA tests like PCR use specific DNA primers
                  or probes. Nanopore sequencing requires neither. Just as next-generation sequencing technologies are revealing the microbial
                  world within and around our bodies, they may also lead us to the Holy Grail of disease diagnosis: a way to identify any known
                  pathogen, anywhere, within minutes.
                  
                  
               

Justin O'Grady devoted years of research to PCR-based diagnostics. While PCR has had plenty of success, he says this approach hasn't really taken off because “PCR can only really give
                  you the answer for the question you've asked. You can only find what you're looking for.” Now he, along with other
                  early adopters or alpha-testers, has been working with a device called MinION, developed by Oxford Nanopore. MinION is a DNA
                  sequencer, and researchers like O'Grady are putting the device through its diagnostic paces.24 O'Grady says the appeal is its speed, its potentially lower cost, and its expansive capacity to identify microbes—in
                  fact, any known sequenced microbe. There is no need to amplify or target a specific preselected DNA sequence. MinION reads each DNA base as a single strand of the nucleic acid passes through a vanishingly small hole, or nanopore. It is like reading
                  out any random word in a book rather than reading preselected words that must be transcribed letter by letter onto another
                  page.
                  
                  
               

Nicholas Bergman, head of genomics at the Department of Homeland Security's National Biodefense Analysis and Countermeasures
                  Center, explains the key difference between MinION and diagnostic machines like GeneXpert: “They are all nucleic-acid-based.
                  There are really two categories of method—agent-specific and agent-agnostic.”25 Nanopore sequencing is agent-agnostic. PCR-based tests are good at asking, “Is pathogen X in my sample?” but
                  they are ill-suited to the broader question of “What's in my sample?”
                  
                  
               

Says McGraw, “This concept of ‘what is in my sample' is the dream of physicians when faced with a patient with
                  ‘FUO,' or fever of unknown origin.” When an undiagnosed patient's condition continues to deteriorate, “infectious
                  disease consultants are called, and patients interrogated for whatever they could possibly have been exposed to, but we can
                  only test for things we guess might be a possibility.” 
                  
                  
               

In the case of my neighbor Bruce, who recently came down with a rash, aching joints, and low fever, the pathogen might have
                  been an insect-borne bacterium picked up from his trip to Mexico, or Lyme disease from his own backyard, or something else
                  entirely. His doctor had no way to know and so, bumping up against a long weekend, prescribed two weeks of doxycycline just to cover whatever
                  undiagnosed bug, if any, Bruce might be harboring. If the culprit had been a virus, the antibiotic would have been useless.
                  But what if, instead, Bruce's doctor had access to a machine that could spit out the name of pathogen X in a few hours—or
                  even a few minutes? It is a different way of approaching the problem, says O'Grady. “You sequence and find out what's
                  out there.” Both O'Grady and Bergman think that this kind of rapid read is the way forward. (And as of 2007, “what's
                  out there” could be any of the thousands of human, plant, and animal bacterial pathogens that have been sequenced.26) The MinION device, small enough to fit in a pocket, plugs into a laptop and within hours sequences enough DNA to accurately
                  identify bacteria, viruses, and other organisms with relatively small genomes.27

For patients like Bruce who are treated without definitive diagnosis, and for the health care workers who must make the call
                  to treat or not and what with, this kind of technology can't come too soon. As with any new technology, there are some kinks.
                  For O'Grady, one problem is too much DNA. Consider blood. In one milliliter (less than a quarter of a teaspoon), we have billions of red blood cells, and
                  hundreds of millions of white bloods cells—the immune cells that protect us upon invasion. Our red cells lack DNA,
                  but our white blood cells are packed with it, each cell containing our entire human genome. Yet even with a raging infection,
                  O'Grady says a sample can have only one to ten bacteria, each with a much smaller genome of its own. “So you've got
                  this ridiculous 10 billion : 1 ratio and you need to reduce it, hopefully to a 10 : 1 ratio, and then you can sequence. We
                  can do that,” says O'Grady. “We can remove 99.9995 percent human DNA, and we detected from real patients . . .
                  the pathogen and the antibiotic resistance genes.”
                  
                  
               

Urinary tract infections (UTIs) are notorious for resistance, which is why they are a good target for antibacterial developers
                  and why colistin resistance is such a frightening prospect. What's more, it can be difficult to tease apart those suffering from infections from those who are simply colonized by bacteria without ill effect. Because
                  urine carries fewer human cells, though, it is also easier to tease out bacterial DNA compared with blood. O'Grady says it
                  takes about an hour to effectively get rid of about 95 percent of human DNA. And, unlike sepsis, urinary tract infections
                  are practically teeming with bacteria. “We can take a urine sample . . . , get rid of human DNA, take
                  bacterial DNA, and sequence—and you have the pathogen and all the resistance genes in a total of four hours.”
                  The ability to rapidly sequence any and all DNA is a game-changer.
                  
                  
               

These agent-agnostic methods, says Nicholas Bergman, offer “extraordinarily powerful approaches able to detect essentially
                  anything and everything, including a pathogen the world has never seen before.” This characteristic may prove invaluable
                  for halting an emerging pathogen before it goes pandemic. As Ebola was raging in West Africa during the 2015 outbreak, Nicholas
                  Loman and colleagues who study the genomes of human diseases were shocked by the lack of available genomic sequences for the
                  pathogen, even though over 15,000 cases had been reported. In response, they put MinION to the test in the field. “It
                  seemed obvious to us that Ebola sequencing could be done on nanopore [that is, using nanopore technology] near the portable
                  diagnostic laboratories set up across West Africa,” writes Loman in a blog about the experience. Within twenty-four
                  hours of sampling, the group was able to detect mutations in the virus. This revealed another powerful advantage of rapid
                  sequencers. Many viruses, influenza in particular, are notorious for their ability to mutate, evading treatment and prevention.
                  Capturing those changes in real time will be invaluable. Loman writes, “We stand now at a confluence of new technologies
                  and ideas that are changing the way we can do epidemiology and public health surveillance.”28

Loman's student Joshua Quick, who traveled to Guinea to sequence Ebola, says that the method is democratizing sequencing.29 It may also give humanity an edge against invisible threats from near and far. “I think everyone expects that applications like
                  biosurveillance will shift to genomics very soon,” says Bergman. “I would actually argue that the ‘detect
                  anything' advantage makes it worth shifting now.”
                  
                  
               



Midcourse Corrections?

Twenty-first-century diagnostics can move medicine into an age of directed treatment: antibiotics better suited for the infection, such as bacteriocins and phage therapies that target specific strains of bacteria
                  while leaving others unharmed. We can go after our natural enemies without hurting our allies. Yet even as diagnostic tests
                  prove increasingly accurate, there are still barriers to overcome. Inertia is a major one, particularly here in the United
                  States and other developed countries where hospitals and clinics have the luxury of a lab a few floors or a short drive away.
                  “They may have already invested x dollars in devices, equipment, or lab space,” says Seila Selimovic, a physicist,
                  engineer, and innovator in diagnostics and smart technologies.30 “What will it take to convince them to move to a different device? They might think the more precise answer they get
                  in their existing lab is what they need. US labs and offices are not really resource-poor. They have equipment that they're
                  fine with. What is the incentive to move to rapid diagnostics tests?” Selimovic contrasts the ready availability of
                  diagnostics here in the United States with the lack of available tests in developing countries, where a village clinic may
                  be a day or two away from the lab: “This is a place where rapid diagnostics are absolutely needed.”
                  
                  
               

And, adds Selimovic with a hint of resignation in her voice, “There is not necessarily a mistrust, but maybe a hesitance
                  to adopt new technology. It's another thing you have to learn how to use, another code for people who have to deal with billing.
                  There is this feeling of ‘let's keep doing what we are doing because it works well' until you hit a wall. And I don't know if we've already hit a wall with antibiotic-resistant pathogens.”
                  
                  
               

Bergman, too, says that institutional and technological inertia may slow adoption. “It'll take some significant retooling
                  of the detection/diagnostic labs in terms of equipment, training, and staffing, and that's expensive. So the bottom line is
                  that everyone can see where we want to go, but no one knows quite what the road looks like.”
                  
                  
               

If we are serious about preserving antibiotics, working with our microbiomes, and preventing epidemic disease from racing
                  around the world, then rapid and accurate identification of bacteria, viruses, protozoans, and fungal invaders is critical.
                  We need to protect and preserve our beneficial microbiome while zeroing in on opportunistic bugs like C. diff, MRSA, gonorrhea, and TB. These twenty-first-century technologies can bring us into a new age of diagnostics, one where we
                  know our enemy and can protect against it by enlisting our natural allies.
                  
                  
               






Epilogue



“I WAS A MISSISSIPPIAN. I'd grown up there. I'd go to bed—this was before AC. Everybody would shut up the windows
               and spray the house with DDT,” recalls scientist Claude Boyd. You can hear the Deep South in his voice as he reminisces.
               “Back then, the towns, they had a mosquito fogger and I guess they had DDT in that and they just went down the streets
               every afternoon. That kind of bothered me. . . . They just sprayed it everywhere back then.”
               
               
            

Boyd went on to a long, distinguished career in aquaculture and is now professor emeritus at Auburn University. As a master's
               student, he collected frogs, fish, and birds from the bayous and marshes bordering pesticide-soaked cotton fields. As he counted
               the dead, he was finding some of the first indications that chemicals influence evolution in wildlife. Many of those pesticides
               are now banned, but in the 1940s and '50s, it was common for growers to spray them more than a dozen times a season.
               
               
            

Boyd, like my parents, grew up in the heyday of “Better Living through Chemistry.” The chemical industry produced
               the medicines that saved my father's life. Its pesticides prevented mosquito-borne diseases and allowed growers to harvest cotton, corn,
               and wheat that was under siege from weevils, black rot, and corn borers. Boyd, for one, appreciates the value of twentieth-century
               innovations, telling me, “Certain compounds need to be done away with, but I think they [chemicals] are absolutely
               necessary for various things for food production and human health.” But, he says, “they need to be used responsibly.”
               He sees that responsibility in the kind of improved diagnostics and targeted treatments highlighted throughout this book.
               
               
            

Restraint and precision weren't part of the plan half a century ago, when Boyd set out for the cotton fields as an inquisitive
               young student. Today we recognize that we cannot simply beat back pests and pathogens by blasting them with chemicals. We
               need an approach that is better informed by ecology, biology, chemistry, and genetics. The goal is to keep antibiotics and
               pesticides effective, while maintaining our natural allies—from the microbes in our guts to the beneficial microbes
               and insects on the farm. We are changing our strategy from all-out warfare to managing a new understanding of “wildlife”
               that includes bugs and germs.1

New scientific technologies have introduced us to once invisible worlds. We always knew that we lived amidst myriad microbes,
               but now genomics has unveiled the identity of the trillions of bacteria living within us, upon us, and in the roots, shoots,
               and soils surrounding plants. There's no question that some of these microbes are dangerous, but most are beneficial for plants,
               humans, and other living things. Advances in genetic engineering are also creating new vaccines and plants modified to resist
               disease, reducing the need for fungicides.
               
               
            

In the previous chapters, I have highlighted a handful of strategies for protection, prevention, and diagnostics. Each chapter
               could easily have become a book of its own, because there are hundreds of ongoing studies to identify new antimicrobials,
               better vaccines, and faster diagnosis. My goal was not to pick the winners, but to explore a promising shift in pest and disease management. By the time you read
               this book, some of these treatments may be available to health care providers and farmers; others will not, at least not in
               their current form. Perhaps a chemical, even if naturally derived, is too toxic; or it's just too expensive to produce; or
               a laboratory lacks the funds necessary to navigate expensive testing and trials; or a vaccine is effective but not effective
               enough; or a new diagnostic is overly sensitive. Yet these research efforts, at the very least, will lay the groundwork for
               the next generation of solutions. In the last century, we got schooled in the dangers of trying to dominate nature. This century
               provides new lessons:
               
               
            

There will always be pests and pathogens. There will be disease-causing bacteria like staph, TB, Ebola, and gonorrhea. There will be mosquitoes and aphids and moths.
               Farmers will forever be fending off insects and weeds. This is why we need to rethink our strategy of hammering pest and pathogen
               into oblivion. It doesn't work. They will survive. And even if we were to successfully destroy a target pest, another would
               take its place.
               
               
            

We must respect ecology. For too long we have separated ourselves from nature. Both human health and agricultural systems are stronger when they exist
               as part of a healthy, functioning ecosystem. Nature does not need us, but we do need nature.
               
               
            

We are just a few macroorganisms in a microbe-filled world. We are just beginning to discover the details about which bacteria live where and how they interact with others, but at the
               very least we now understand that the microbiome is integral to both human and agricultural health. New tools like genomics
               and metagenomics are helping us learn more. And  as we do, we can develop better ways to support these natural systems. 
               
               
            

We do not live in a black-and-white world. It can be tempting to shun any farmer who uses pesticides or to disparage doctors who prescribe antibiotics as a preventative
               measure. But such reactions are oversimplified and polarizing, even potentially dangerous. Life is complex. We can act with better information rather than react out of fear. Nature's own are powerful allies. We can harness antimicrobials from bacteria; use viruses to attack bacteria; reproduce pheromones; and otherwise enlist bugs
               and germs for our benefit. Some natural solutions may be intrinsically safer than synthetic chemicals, but natural does not necessarily equal safe. Nature produces some of the most powerful toxins known.
               
               
            

Specificity reduces collateral damage. Targeted antibiotics and pesticides fight specific pests and pathogens while preserving the microbiome or ecosystem. But
               specific can be interpreted as narrow, discouraging private research and development and widespread adoption. Precision shouldn't be the antithesis of profit.
               
               
            

Rapid diagnostics are essential. The quicker a problem is identified, the more effectively it can be treated. We need to know who and what we are up against,
               particularly as we move toward more-targeted treatments. Diagnostics in medicine and on the field are critical to better solutions,
               particularly when expert advice isn't in the next town over, or is too expensive. Machine learning and genomic sequencing
               may revolutionize diagnostics.
               
               
            

There is no better cure than prevention. GMO can provide resistance genes, boosting a plant's response, while vaccines can provoke our own immune response. Prevention
               also reduces dependence on pesticides and antibiotics, helping to avoid resistance.
               
               
            

The best solutions aren't useful if they aren't available. Several scientists I interviewed believe Big Ag and Big Pharma are the key to getting their technologies widely adopted.
               These are the corporations we love to hate, but they have the funds, the laboratories, and the market access. If held accountable,
               corporations can lead the way to a less toxic future. Meanwhile many scientists, wary of the “Monsanto effect,”
               are committed to keeping their products available and affordable without the help of private entities. A more responsive regulatory system could help keep costs down and provide options for development other
               than through corporations. Either way, solutions only work when they are used.
               
               
            

There are no miracle cures. We are flooded with headlines that tout the health benefits of coffee, vitamin C, or sunlight, and then the headlines flip
               when new studies show the opposite. Any one of the technologies described here could become a blazing headline one day (Microbes
               save the Farm! Vaccines on Demand!), and a disappointment the next. Headlines are not science. Independent of the news cycle, scientists move ahead, teasing out what works, and why—as well as what doesn't, and
               why not. Most of our solutions will come from this kind of incremental science.
               
               
            

On hearing that I was wrapping this book up, a friend congratulated me, saying, “You must be happy.” Yes, I
               am, though I admit that finishing the book also makes me anxious—because science is never “finished.”
               What I edited yesterday may be out of date in a month, or six months, or a year. Science keeps moving—and so quickly
               these days. But the book is less about any specific solution and more about the nature of our solutions. While Claude Boyd
               saw the worst of our chemical excesses in the field, I grew up at the tail end of the Time-Life, gee-whiz technology years. As we edged closer to a new millennium, the wonder products of my youth began to fail. Worse,
               they created disasters. I was part of the post–Silent Spring generation who questioned the chemical sins of our fathers, who questioned technology itself. But I believe that technology
               is now providing us with a new gift. It is the gift not of a miracle product, but of a new understanding. Technology is teaching
               us how complex the world is, how our environment is paradoxically resilient and fragile at the same time, and how our impact
               upon it is everlasting. This is a lesson in treading more lightly and choosing our battles. If we learn it, we can work with nature to protect our food and our health.
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