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To the past, present, and future visionaries who fearlessly explore the beautiful and the beastly microbes in our world. And to the microbes that make us “human.”





“Hello, I am Alice, and I am always in a state of wander.”

Alice in Futureland is a book series that asks you to wander into possible, probable, plausible, provocative futures.

Consider this book a guide.

Inside, you will discover extraordinary ideas: a cross-pollination of art, science, and culture. Alice’s aim is to give the future a platform for expression, so everyone can make sense of it—and help create it.

When speculating about the future, it’s easy to get lost in the volume of information. That’s where this book comes in. Alice is designed to break the static flow with a dynamic reading experience, where experimentation and exploration meet.

The ultimate purpose of the Alice series is to foster curiosity.

To enliven our present.

To be accessible to everyone.

To allow for exploration.

And to incite optimism.

So, wheeeeeeeeeee, down the rabbit hole we go!
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00. INTRODUCTION Why Bacteria Get a Bad Rap


Microbes rule the world, so much so that saying the word “microbes” is like saying “light”—there are so many different forms and varieties in it, and all are essential to life. The term “microbes” refers to any small organism that is microscopic and generally unseen by the human eye. Microbiology is the study of these microorganisms; some are friendly but seem to have evil twins, and others are still a mystery. Microbes include the beautiful and badass bacteria that live in and on us (and just about everything else on the planet); fantastic fungi that communicate to one another, and that we manipulate for food, medicine, and materials; the (sometimes) yummy yeast we have cultivated for fermented foods; and even the pretentious and often freeloading parasitic protozoa, which we try to avoid. Much like a pop star today, microbes have many followers, admirers, frenemies, and haters.

Microbes are a magical kingdom coexisting with us in every aspect of life. And we are harnessing them to become our factories and engineers; our personalized medicine; both our chefs and our food; our architects and designers; and our partners in fighting climate change and cleaning up the environment. We are inextricably bedded with microbes, you see. We are their spaceships—they are our fellow travelers here on Earth, and we in turn will bring them to the new habitats we jet toward in the cosmos (trip to Mars, anyone?).
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Say Hello to Your Microbiome

You and I, and every pet and animal and plant are made of microbes. Tens of trillions of them, and still counting, comprise our very beings and the environments we live in. Yet humanity has had a love/hate relationship with these remarkable invisible organisms. To anti-bac or not has been the question of the last ten years since the microbiome, the colony of bacteria that lives within and on us, became the talk of gut health, immune boosting, mood disorders, energy, and possibly cognitive disorders like ADD and dementia (more on that in chapter 2). Books, nutritionists, and Instagram feeds became flooded with diets, supplements, and lifestyle routines to balance your microbiome and help you hack your way to better health.

And then in the fall of 2019, along came a novel (new) coronavirus, challenging our view of microbes, putting us into sterilization overdrive, masking, and social distancing from one another and the invisible virus. One day we may look back in wonder at how something so small as a virus nearly silenced and stilled our world, and in its aftermath, reset how we socialize in a “new normal.” Virtual or remote life became the foundation of the way we worked, celebrated, and learned, and in the wake of the pandemic, we will perhaps weigh the risks of the one sense that helps us feel our world: touch. Many of us will hesitate with any casual, emotional, and physical contact. But we humans are social beings. We crave connection, we like to touch, and we like to be touched. Our emotional ties will get us through the new normal, and the services we seek for our health, wellness, and entertainment will recover with us. And that goes the same for our current relationship with microbes. During social distancing, our microbiome became a closed community as well, and we will need to rewild our microbiome and resocialize with the outside world again to build up the resilience of the microbes we carry.
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Some microbes can be our enemies, and bacteria, the largest member of the microbial community, have a bad reputation lately. But they are also family. All life on Earth is said to derive from a common ancestor: bacteria. Most of life’s history is microbial. Bacteria have a remarkable capacity to combine their bodies with other organisms, forming alliances that may or may not be permanent. This concept is called “symbiogenesis” and is a major source of evolutionary change on Earth. Acknowledging that bacteria are our ancestors and are in fact essential to our survival as organisms—for example, without the bacterially derived mitochondria that live in our cells we cannot breathe—proves how interdependent and interconnected life on Earth really is.
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From Epidemic to Pandemic

The novel coronavirus that began spreading in Wuhan, China, was an epidemic at first, as it caused a rapid increase in new infections or cases.1 Once it traveled, or as New York State governor Andrew Cuomo claimed during one of his weekly press meetings, “it got on a plane from China” and spread across several countries, this regional virus became a global pandemic. We don’t mean to remind you once again of the fear, bravery, loss, mayhem, disinformation, and upheaval it caused—everything and anything became stalled, reversed. We will almost certainly feel the reverberations of this pandemic for years to come. But despite being catastrophic in many ways—the number of lives lost, the disruption of work, education, and people’s livelihoods—the pandemic also taught us how to better understand and respect the role of microbes in our world.




LUCA

Scientists have discovered that we humans have a “Last Universal Common Ancestor,” a LUCA in science lingo, that is a single-celled, bacterium-like organism, estimated to have lived tucked away in deep-sea vents here on the Earth around 3.5 billion years ago. Building off a theory that bacteria and archaea (bacteria-like organisms) were the earliest of Earth’s inhabitants, evolutionary biologist William F. Martin set out to determine the nature of the original organism that both the bacteria and the archaea came from. Together with his team at Heinrich Heine University in Düsseldorf, Germany, he investigated microbes’ protein-coding genes, which have been catalogued in DNA databanks over the past twenty years.2

Thanks to AI, new decoding machines, and human tenacity, science now has a wealth of gene sequences from thousands of microbes, about six million genes thus far—the holy grail of bacterial origins.3 And science has only begun to tap this primordial intelligence. Microbes have extraordinary adaptive and altruistic behavior; they communicate through chemical signaling to form bonds, help each other, and even sacrifice themselves for the greater good of their colony. Our knowledge of CRISPR-Cas9 gene editing came from studying the DNA of bacteria and archaea, teaching us how to edit genetic sequences used today in biological research, biotechnology, and the treatment of diseases. Microbes are also teaching us how to ferment our foods, create new materials, and improve our health and that of the environment. Yes, all that and more from mighty, minute, single-cell intelligent life-forms.
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Evolution, Creation… or LUCA?

Charles Darwin was the first to propose the “universal common ancestor” theory more than 150 years ago. Today, a large body of scientists have surmised that all species on this planet come from just three groups: bacteria, archaea (bacteria-like microbes), and eukaryotes (the multicellular groups that include plants, animals, and humans). But where did those three groups come from? The answer is in the genomes of all modern organisms. There is no specific fossil evidence of LUCA, so scientists have turned to the genomic data available, identifying a set of 355 genes that are shared among bacteria, archaea, and eukaryotes, suggesting they would have been present in our LUCA. These genes reveal a “complex life-form with many coadapted features, including transcription and translation mechanisms to convert information from DNA to RNA to proteins.” The 2016 study by the team at the Institute of Molecular Evolution, Heinrich Heine University, Düsseldorf, Germany, proposed that LUCA probably lived in “high-temperature water of deep-sea vents near ocean-floor magma flows.”4 Another study in 2018 from the University of Bristol that applied a molecular clock model, claims LUCA emerged around 4.5 billion years ago, shortly after the believed formation of the Earth some 4.6 billion years ago.5



Okay, so maybe you’re still thinking, “How can I vibe with microbes while living through the pandemic or outbreaks like the common flu?” When we began writing this book while still quarantining from COVID-19, there were many rumors and misunderstandings about this new strain of coronavirus, with social media at first abuzz with bacteria as the culprit. That has since been debunked (good news for bacteria). There’s a simple difference between bacteria and viruses: bacteria are living single-cell organisms, and viruses (smaller than bacteria) are not living—they need a living host in order to multiply and spread. They attack and take over the host cells they latch on to, often hiding away for a free ride. Viruses like COVID-19 are not considered living organisms; however, they are still classified as microorganisms according to the US Department of Health and Human Services.6 So it’s not all microbes’ fault—and we aim to show you just how social and beautiful they can be.
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Microbes Outnumber the Stars

Trillions of microbes are estimated to make Earth—and our bodies—their home. And that number may be conservative, considering they’re microscopic and perhaps the most uncountable life-forms on Earth (and not all of us walk around with a microscope or app to see them—at least not yet). Bacteria, archaea, protists, and fungi—collectively called microbial taxa—are “the most abundant, widespread and longest-evolving forms of life on the planet” according to Jay T. Lennon, a professor of biology at Indiana University, Bloomington, and Kenneth J. Locey, a faculty member at Diné College in Arizona. In their article for Aeon, the authors estimated that the “number of microbial cells on Earth hovers around a nonillion (1030), a number that outstrips imagination and exceeds the estimated number of stars in the Universe.”7
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Who are these micro-things that outnumber our stars? Forgive us as we simplify the science (and decades of microbiology research) for a quick introduction.

There are seven types of microorganisms: bacteria, archaea, protozoa, algae, fungi, viruses, and multicellular animal parasites (helminths). Microbes may exist either in single-celled form or a colony of cells, but keep in mind that single-celled microbes such as protozoa usually latch on to another organism to thrive—microbes don’t typically operate alone. Each has a certain type of character, from its cellular composition, to how it moves, morphs, and reproduces.8 For this wondrous look at the mischievous and magnanimous microbes, we will concentrate on just a few types: bacteria, algae, fungi—and yes, a bit on viruses as well.

If Bacteria Had an Instagram Feed, They Would Break the Internet

For decades we have feared bacteria, given them a bad rap, called them “germs,” yet there are way more of them than us—or anything else on this planet. The number of bacteria on earth is estimated to be 5,000,000,000,000,000,000,000,000,000,000. This is five million trillion trillion, or 5 × 10 to the 30th power.9

Bacteria are the most social of the microbial world, but they don’t often win popularity contests. Bacteria can live in a wide variety of environments, including inside our bodies, where they help us with our biological processes like digesting food. Bacteria often encourage other friendlies to join their tribe and work together for the greater good. But like any social clique, some types of bacteria can be toxic, bad-mouthing each other and recruiting outcasts to soldier up for an invasion. The havoc these nasty tribes wreak include serious diseases like pneumonia (culprit: Streptococcus pneumoniae), meningitis (violator: Haemophilus influenzae), strep throat (perpetrator: Group A Streptococcus), food poisoning (invader: Escherichia coli and Salmonella), and other infections.10 But here’s the thing: both good and bad bacteria coexist, and it’s when the bad bacteria start rallying their peeps to outnumber the good that causes havoc, and can become a menace as prolific as COVID-19.
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You Are a Superorganism

So you think you’re human? Made of blood, cells, flesh, thoughts, and emotions? Think again. Humans are superorganisms, with literally trillions of microbes taking up residence inside your body, on your skin, and in your hair. Our bodies are home to an invisible universe called the microbiome. Several scientists posit that we are only 10 percent human and 90 percent bacteria! Even if the ratio isn’t quite that extreme, it’s true that bacteria well outnumber your body’s own cells. The Spanish Society for Biochemistry and Molecular Biology estimates that more than ten thousand species of bacteria, of which more than 99 percent are non-pathogenic, inhabit a healthy human body.11 To put that into perspective, it’s been estimated that if we were to line up the bacteria in a human body it could loop the Earth two and a half times.12 (Makes you wonder, are we really humankind or bacteriakind?)

The late biologist Lynn Margulis posited that species arise from symbiogenesis—that evolution is social—based on her study of the bacterial world. She is credited for the “endosymbiont theory,” which asserts that the mitochondria in our bodies (the organelles in our cells that help energy production and respiration) and the chloroplasts of plants evolved from microbes. Margulis’s research showed evidence that mitochondria evolved from aerobic bacteria called Proteobacteria, and chloroplasts evolved from endosymbiotic cyanobacteria.13 It seems that cooperative, friendly, energy-sharing bacteria have helped our cells and plant life around us breathe and reproduce. Yes, we breathe because of bacteria.

The concept of the human microbiome is not that old; it was first suggested by Joshua Lederberg in 2001 “to signify the ecological community of commensal, symbiotic, and pathogenic microorganisms that literally share our body space.”14 Like the citizen scientists who helped fast-track the sequencing of the human genome with their DNA samples, we owe much to everyone who had the interest and the gumption to provide specimens for microbiome research. In just over a decade, research in the human microbiome in the United States alone has surpassed $1.7 billion.15 Science has gone from identifying the “garden” of bacteria in our bodies to recognizing that our gut microbiota can influence the function of our brain, our immune system, and even our moods. In fact, we may “love” because of a probiotic microbe found in human breast milk that elevates oxytocin, our feel-good hormone.16 (We are hoping by now you are feeling some love for your microbes!)

Sampling for your microbiome is more complex than just a buccal swap you do for DNA testing—a gut microbiome test requires a fecal sample, not a pleasant process for many. But the results from gut microbial tests, as well as those of other body parts, have helped expand our understanding of the diversity of microbes that support or hinder our overall health. There are significant advantages to knowing the different microbial colonies within your body, from your brain and mouth to your gut and private parts. Within the next decade we will undoubtedly be seeing more personalized therapeutics and drugs thanks to a highly intelligent triage: your microbiome!

Humans aren’t alone in their microbiomes either. Your pet has their own microbial colonies. Your home has its own microscopic neighborhoods on every surface. As a matter of fact, everything—and yes, we mean everything—has a biome of sorts. Your car, the subway, a plane, the buildings and stores you walk in and out of, whether in the city or the suburbs. And those various “biomes” influence your microbiome and, by extension, your health. But how these biomes impact your health goes well beyond just individual bacteria. It is your total lifestyle exposure, or what scientists are calling the exposome: the totality of your genome, microbiome, diet, lifestyle, and environmental impact on your health and wellness.
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Did You Know?


	Bacteria are called “prokaryotes,” because they’re single-celled organisms that carry a small amount of genetic material in the form of a single molecule, or chromosome, of circular DNA.17


	Bacteria found inside all animals combined (including humans) make up less than 1 percent of the 5 million trillion trillion bacteria in the world.

	The greatest numbers of bacteria live in the subsurface, soil, and oceans of Earth. They have been found forty miles high in the atmosphere and miles beneath the ocean floor.

	Researchers estimate that the total amount of bacterial carbon in the soil and subsurface would be equal to a staggering 5 × 1017 g, or the weight of the United Kingdom.18







Microbes to the Rescue!

The more we learn about the microbiome, the clearer it becomes that it is the gateway to health. Traditionally, medicine has focused on eradicating the bacteria that make us sick (hello, antibiotics!), but the overuse of things like antibiotics and sanitizers that claim to kill 99.9 percent of germs may be creating an antimicrobial resistance (AMR) in humans, impeding the immune fighting powers of our microbes to help fight infection.19 Scientists suggest that one day your microbiome—whether it’s your oral, gut, lung, or skin microbiome—will be a measure doctors will use to give you more precise medication and treatments. These health solutions may include a mixture of “biotics”—prebiotics, probiotics, or postbiotics (and there may be more of these we haven’t discovered yet), delivered either by supplement, real foods, or topical solutions. For more serious issues, microbiome “transplants” have shown enormous promise, and there have been successful trials using fecal implants to treat severe cases of colitis, a gastrointestinal disorder.20 Fecal transplantation (or bacteriotherapy) is the transfer of stool from a healthy donor into the gastrointestinal tract of someone with disease, and, according to Johns Hopkins Medicine, this may be the remedy for our overuse of antibiotics, which kill off too many “good” bacteria in the digestive tract.21 We’re just beginning to discover the healing power of good bacteria for all species, and the inevitability that microbes will be our doctors, surgeons, and medicines.

But wait, what about the highly anti-microbe reality of COVID-19? Well, it’s becoming clear that your shrinking social world has also shrunk the social circles of your microbes. It seems the microbial communities in us and the family or roommates we live with are adjusting, and one telltale sign of this may be your bodily smells. Rob Dunn, a biologist at North Carolina State University, explains that if you’ve been home for some length of time with just a handful of people, you’re then just swapping microbes with them and could start to smell like your companions, and vice versa. (Sniff test, anyone?)22

Back when we perhaps commuted to work, sat in real-life workshops or concerts, jammed with a CrossFit class, or shopped at the mall, we were in contact with a multitude of diverse microbes. But these days most of us Zoom our way through work or school, rarely venturing into the world beyond a circle of necessary stops. Bottom line: our microbial diversity has changed, and the same thing is happening in the urban and ecological wild. We don’t yet know what consequences this will have, but it is inevitable that we need to rebuild our microbiome back to its strong, diverse, and hardworking ecosystem to help fight off all types of infections, viruses, and the common cold.
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The Wild Ones Need Names

A number of microbiologists from around the world have come to a consensus that the standard rules for assigning scientific names to bacteria and archaea are due for an upgrade. The current nomenclature of “bacteria” and “archaea”—two of the three large domains of life on Earth—are too generally identified, without regard to the diversity and personality of each individual organism or the collective colony.

So why is this important? In a statement published in Nature Microbiology in June 2020, the microbiologists argue that the current code only recognizes those grown from cultures in labs, and not the samples gathered and identified in the wild. The authors explain that “since the 1980s, microbiologists have used genetic sequencing techniques to sample and study DNA of wild microorganisms directly from the environment from habitats such as ocean volcanoes, underground mines, and human skin. Most of these cannot be cultivated in a laboratory, so according to the [International Code of Nomenclature of Prokaryotes] they cannot be officially named.” When most of these wild microorganisms are able to be cultured and finally named, imagine what the microbe-naming system will be when you are looking to name, say, a million or more species!

—University of Massachusetts Amherst23
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We Need to Get Micro-Diversified

There’s been much discussion and increased awareness around the loss of ecological biodiversity due to our unsustainable habits and the threat of climate change. Biodiversity of species and insects, like the more than twenty thousand species of bees on the planet, of which 80 percent are responsible for helping to produce ninety different food crops (or about one-third of the global food supply chain),24 is critical for our ecosystems, as well as the biodiversity of soils—not the monoculture that is challenging farming. But at the root of this bio-loss is another larger ecological crisis that we cannot yet visibly detect: the loss of roughly one-third of microbial diversity on Earth.

The long-term impact of this is still not comprehensible, but without drastic changes, such as those proposed by ecologists and environmental advocates, we could be heading toward both an ecological and a microbial collapse. Remember, most species (including ours!) are made of microbial diversity. This possible collapse doesn’t bode well for anyone.

But we at Alice in Futureland believe in optimistic futures, the ingenuity of science to stop threats, the biotopians to help solve problems, and, yes, we also believe in the diligence and resilience of hardworking microbes. We have every reason to. Bacteria have been the common “tool” in some of the most advanced discoveries in biotech. From growing high-quality proteins to harvesting energy, pulling excess carbon dioxide (CO2) from the atmosphere, “eating” plastics to reduce waste, or reversing the impact of antibiotic resistance, bacteria may just one day be our savior.

Given the right circumstances, the biosciences could produce the next wave of innovation in products and services across a range of economic activities in food, agtech, home and personal care, and digital health. Synthetic biology and the perfecting power of clustered regularly interspaced short palindromic repeats (CRISPR) gene editing allows for the creation of entirely new species of organisms. Until now, nature has been the exclusive arbiter of life, death, and evolution. With synthetic biology (also known as biotechnology or intentional biology), we now have the potential to write our own biological future.

Synthetic biology has spawned the bioeconomy, with bioengineers and biodesigners mastering microbes and biological processes to bring us ever closer to an abundant future reality. For example, new foods, fashion materials, beauty and personal care products will be sourced from organism-engineered foundries using fermentation of microbes as its technology.

Today, microbes are our micro-factories, micro-engineers, and micro-designers. Pioneers in biodesign are working with bacteria, yeast, and algae to grow new buildings, new materials, electricity, medicines, and more. We are entering a biotopian future in which everything will be alive, growing, evolving, changing, and healthy—for us, our earthly and soon interplanetary homes.
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Hello Fellow Travelers

It appears that bacteria didn’t originate here on Earth—or, at least, so the theory goes. Some five thousand kilometers below the surface of the South Pacific, embedded deep within the ocean floor, scientists have discovered a community of ancient microbes that they believe have lived there for 100 million years. What’s more miraculous is when the researchers fed them oxygen back in a lab on land, the microbes loved the oxygen and began to multiply, which made them wonder how they could have survived in an oxygen-deprived seabed. The team of Japanese and American scientists pushed the question further: If ancient life can persist in the deadest parts of the Earth, could it perhaps survive on other planets too? Steven D’Hondt, a professor at the University of Rhode Island who was a part of the expedition team, posits that microbial communities established hundreds of millions of years ago, or even longer, could feasibly persist on Mars (a mere 135.81 million miles away) or Europa (which we know has water vapor, which could mean possible life).25

There recently have been several theories around origins of life both terrestrial and extraterrestrial. The January 28, 2020, issue of Live Science reported on two Harvard astrophysicists who proposed a “wild theory of how life might have spread through the universe.” How? Extremely hardy microbes hitched a ride with an exploding comet that got ejected out of our solar system billions of years ago, and landed here on Earth—and that may not have been the only time microbe-carrying comet vehicles landed in Earth’s early history.26 Their hypothesis is a take on the theory of panspermia, which dates back to the early 1970s and suggests that life throughout the galaxy and Earth was seeded by space-traveling microbes.

Of course, in our own space explorations, whether manned or robotic, we have probably been seeding the moon and now Mars with microbes from Earth. An inadvertent, interstellar, inter-species cross-pollination of sorts. While NASA and most planetary exploration missions have adhered to sterilization standards that include removal of bacteria on the spacecraft so as not to contaminate equipment or studies, there is still the fact that we humans are the real spaceship: there’s no way to prevent us from carrying our trillions of microbes with us. There is much debate on what will happen when we send our first Mars explorers to colonize the Red Planet, traveling with life support and energy supply systems, food, tools, 3D printers, and more to set up camp. And then there’s the basic human function and habit of producing waste, drinking and releasing water… you get the picture. We humans may very well be the contaminating virus on Mars. And yet, we will need to bring our own earthly microbial communities if we want to ensure we can maintain our human life and survive as Martians.

What’s Out There Is in Here: You Are Conscious Because of Microbes

To be, or not to be… one with a microbe? Don’t think you have a choice, as you have an ancient virus in your brain that is believed to be the root of conscious thought. According to papers published in the January 2018 issue of Cell, a very, very long time ago a virus embedded its genetic code into the genome of four-limbed animals. That snippet of code is still in our brains today, transporting packages of genetic information from nerve cells to their neighbor cells in what looks like carbon copies of the virus itself. (It’s all due to the ARC gene. More on that in chapter 6.) The theory is that these packages of information are what fires up our neurons, causing nerves to communicate over time, akin to the process we recognize as higher-order thinking.

[image: Image]

So you see, dear humans, we think, we live, we breathe, we procreate, and we thrive all because of the generous, altruistic (more on that in chapter 1), and mighty microbes.

No matter where we travel, earthly, otherworldly, or in our dreams, we are always, always with our microbial family.
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01 Come Together Now


Microbe Tribes and the Holobiont
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Renegades, activists, and peacemakers—microbes like to find their squad, cling to the “mother” influencer, create fandoms, and cross talk faster than a Twitterstorm.

Microbes—of which bacteria are the most popular—are far smarter and more resilient than you might think. They have used their influential powers for centuries, and we humans have been in a love-hate relationship with microbes since at least way back in 430 BCE, when the first recorded pandemic swept through Athens during the Peloponnesian War, killing about one-third of the Greek population, including the general Pericles.1 Epidemiologists suspect that disease was typhoid fever, which likely traveled from Libya, through Ethiopia and Egypt before making its way to Greece. Today, we know that typhoid fever is caused by the bad-boy Salmonella bacteria that you can ingest from contaminated food or water. Between 1346 and 1353, the Black Death, also known as the Bubonic Plague, was said to have wiped out half of Europe’s population, the doing of a strain of the bacterium Yersinia pestis that was spread by fleas on infected rodents.2 The next great wrecking ball of a microbe was the 1918 influenza virus, known as the “Deadliest Flu,” often compared to COVID-19 in that it was a “novel,” highly infectious virus that spread through respiratory droplets. Medical and scientific experts have been studying the 1918 virus for several years, looking for clues to help fight modern viruses, especially SARS, to which COVID-19 is closely related.3
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Since then, modern outbreaks like the flu and COVID-19 have forced us to anti-bac up and sterilize everything. But in the last decade, we have just begun to embrace the trillions of microbes that live on and within us, a bacterial colony called the microbiome. These microbes aren’t all naughty—actually, some scientists want us to balance, feed, and cultivate our personal microbial tribes. We are constantly immersed in a myriad of microbes, walking through others’ microbial clouds, and whether we like it or not, it’s time to come together right now.

Oh Behave!

Microbes act like a community of influencers that gain massive followers and sometimes bully their legions to do harm. Their power lies in the gift of gab. Bacteria in particular are great talkers, and their persuasive rhetoric can sway their allies and their frenemies into action. For example, some bacteria in a social situation synchronize their behaviors so that all the members act like one big organism, almost like the world’s most popular tweet gains influence through millions and millions of retweets.

Another type of bacterial social behavior promotes more individuality among its group, encouraging diversity that can help with the health of the community or, sometimes, make it unwell. Bacterial communication has been fascinating researchers for years, especially in their attempt to understand how microbes spread, how antibodies can be conceived, and how various environments, from our bodies to the soil to the surfaces of our things, can impact our health and immunity.

Ultimately, it all comes down to the conversations and signaling power of bacteria. Researchers Bonnie L. Bassler and Richard Losick have identified four key methods, “long- and short-range chemical signaling channels; one-way, two-way, and multi-way communication; contact-mediated and contact-inhibited signaling; and the use and spread of misinformation or, more dramatically, even deadly information.”4 We are still learning about the sway bacteria have, and the secrets they share.
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Bacteria Cross Talk

When humans coined the term “consensus,” bacteria had been practicing it for millennia. Bacteria are the very first operating cooperative on Earth (and perhaps the universe, but more on that in chapter 6). Every member in their microbial cooperative is a worker and stakeholder, vested in protecting the greater good. To that end, bacteria engage in public and private conversations using their own process called quorum sensing. It’s a cell-to-cell process where bacteria share information about their cell or host to initiate a collective response. Quorum sensing is a motivating rally—it enables bacteria to express certain processes as a team when they’re certain that something will have an impact on the environment they’re in or the host they’re hanging with.

Part of the duties of a bacterium is to detect and elicit a response to autoinducers (AIs), an extracellular form of signaling molecules that act like another form of AI (artificial intelligence). Bacteria’s autoinducer AI helps keep tabs on inventory, and changes in the density of population that accumulate in and around their co-op environment. When the bacterial population increases in a co-op, the autoinducers increase as well. This helps the colony monitor cell numbers, and also helps them collectively alter their gene expression—in other words, the more autoinducers, the better they can direct and perform activities that are beneficial to the group. Autoinducers are the chemical signals needed for quorum sensing—bacteria’s own Wi-Fi that enables them to detect, signal, connect, and band together for a collective response. There are so many events in our world, both notable and invisible, that are powered by the quorum sensing of bacteria, from the bioluminescent bacteria that make oceans glow, to the bacteria that spread the common cold, to that end-of-day film on your teeth, or the spoiling of your foods.5, 6

Interestingly, there’s also a social structure in the way bacteria quorum sense and regulate their gene expressions. Recent experiments have shown that in a population of genetically identical microbes—think for example, a family—some individuals in the family may produce autoinducers and others may not. And like a family, different individuals may perform different roles or duties for the unit, some even reserving or decreasing their fitness in order to call on that reserve for increased fitness in stressful conditions, a practice known as biological bet-hedging. The act of bet-hedging is believed to help the overall population to survive when exposed to threats.7

Bacteria cohabitate like most other species, living in diverse communities among other cells that may differ from each other, even though they are within a common species. And, just like humans, bacteria have different languages. Researchers have found that each bacteria type has a slightly different autoinducer, like talking on different radio frequencies so their messages don’t get mixed up or intercepted.8

Bacteria are always collecting information about their surroundings and the microbial citizens living nearby, so they’re extremely adept at sensing how many bacteria are in the area. But it’s not just the sheer number of “others” that bacteria can detect; it is the proportion of the diverse groups within their environment that bacteria keenly surmise. This is the discovery of a research team at the Max Planck Institute for Terrestrial Microbiology in Marburg and Heidelberg University, a process they identified as “microcensus” in bacteria, where bacteria can suss out a crowd and determine the size of different groups in a mixed population. It is a strategic power bacteria practice to help them make decisions. Ilka Bischofs-Pfeifer, the principal investigator of the research team at the Max Planck Institute, used the analogy of finding a dance partner in a crowded ballroom. She explains that the “sheer number is only of limited relevance to you; it is the gender ratio that tells you how hard it will be to find a dancing partner.” Bacteria have the gift of collecting information and detecting that ratio, and that “information about group ratios could help them make decisions and adapt in the best possible way.”9 In other words, find the right dance partners to tango with.
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Bacteria Diversify Their Portfolio

This extraordinary gift of sensing the various groups in a mixed crowd is based on molecular signaling systems (autoinducers). The Max Planck Institute research team looked into the signaling in the bacterium Bacillus subtilis (a bacterium mostly found in soil and vegetation) known for splitting its population into subgroups, or tribes, that have different properties and duties, diversifying the phenotypes of the whole group like a stockbroker diversifying a portfolio. What the researchers found was that Bacillus subtilis produce identically constructed signals, and although the signals were produced by just one subgroup of cells, they were taken up by all bacteria in the Bacillus subtilis group. This diversification has an advantage: the variety in the composition of the colony’s portfolio allows the bacterium to remain resilient to environmental changes, absorb losses, and even increase its numbers.12 Bacterial cells have to make a tradeoff between longevity and reproductivity. It is either grow slower but have more ability to live longer, or grow faster, making the bacterial cells more fragile. For a bacteria colony to survive and expand, it employs a division of labor among its constituents, and diversifies its portfolio to invest in both strong producers for the long haul, and the fast growers for rapid expansion.13


Bacteria Hedge Their Bets

Scientists have identified that bacteria use a strategy like financial traders use: bet-hedging. You may have heard about hedge funds, which are used as an investment position to offset potential losses or gains that may be incurred by an investment. They can come in many financial forms such as stocks, insurance, options, or futures contracts. The same risk positioning behavior is seen across many organisms, including prokaryotes (the kingdom bacteria belong to). Biological bet-hedging is a mode of risk management for environmental change.10 It reflects the adaptation organisms practice to allow them to survive in fluctuating environmental conditions and it has a distinct evolutionary advantage. Bacteria are masters of this adaptive behavior—they are known to decrease their fitness levels by reserving their energy and not expending themselves during a “good year” or time of good conditions, in exchange for increasing their endurance during stressful conditions (like a “bad year”).11 It’s a strategy that utilizes diversification of bacterial phenotypes within a population in a move to reduce the overall risk of death of all the cells in its population.
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We Can Talk to Bacteria, and Bacteria Can Talk to Us!

While we are still learning the intricacies of quorum sensing, scientists have made progress in synthetically producing the compounds bacteria use to communicate. It’s better than cracking the code—we’re not just listening in on their conversations, we can talk to them and, even more exciting, they can talk back.

Why is this important to us? By synthetically producing these compounds, we are joining bacterial conversations, and triggering new conversations that we can control. We are on the verge of using bacteria to work as our personalized medicine. Our skin is the largest organ of the body and hosts microorganisms known as skin flora or skin microbiota. Many of these microbes are bacteria, and around one thousand species of microbes found on the human skin come from nineteen classes of bacteria.14 Most them are found nesting in the superficial layers of the epidermis and the upper parts of hair follicles. Collectively, this colony is called the skin microbiome. We’ll explore more of the wonders of our skin’s microbiome in chapter 2, but rest assured, most skin flora are usually nonpathogenic and are either commensal, coexisting neutrally and neither benefiting nor doing us harm, or mutualistic, offering a benefit to us. These commensal and mutualistic bacteria on the skin help prevent transient bad pathogenic organisms from colonizing the skin surface, and they do this by getting their competitive game on. Bacteria have an arsenal of ways they fight off aggressive invaders, either by competing for nutrients, or secreting chemicals against them.15 Actually, a compound that certain skin-dwelling microbes secrete has been shown to disrupt DNA formation in cancer cells, potentially stopping their growth—perhaps one day we may manipulate our own skin microbes to prevent skin cancer.16

The idea of using bacteria to work for us is not a new one. Bacteria in our bodies help us break down food and turn it into nutrients and aid our frontline defenses against infection. We use bacteria to help create vital antibiotics. They have been our chefs, fermenting foods like cheese and yogurt; and we use their fermentation techniques to create compost from our organic waste. Soil bacteria keep our farmlands, fields, and forests nutrient-rich. But it has only been recently that biologists have been able to drop in on the conversation bacteria are having, and manipulate the way bacteria talk to each other, giving us the chance to not only join in but direct the discussion to our benefit.


Bacteria Practice (Social) Policing

To maintain their social order, quorum-sensing bacteria deploy a strategy that keeps “cheaters” in line to maintain cooperation in an increasingly hostile environment. Biologists at Indiana University Bloomington, have learned that naturally cooperative bacteria may evolve to behave in ways that block the increase of selfish members of the colony and impede their bids for dominance. Cancer cells are a good example: in humans—the ultimate complex multicellular organism—cancer cells are the “cheaters” who, rather than cooperating, attempt to multiply at the expense of the larger organism. That increase needs to be suppressed by our healthy cells (or sometimes with the support of medical intervention) in order to avoid being taken over or becoming disease. The same goes for bacteria, who need to socially police their good and bad growth to avoid losing their hold in an environment.

—ScienceDaily17
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I’m Listening!

One team of bioengineers at the University of California, San Diego, has done this with the harmless kind of E. coli bacteria, reprogramming their conversation process to prevent communication unless one specific external molecule—in this case, the bacterial gene lysis—is present in the population. The researchers found that the lysis gene turns on the chemical signals that trigger bacteria’s cross chatter.18 The beauty of this work is that we now have a new genetically engineered “circuit” that could be used like an app for synthetic biologists to instruct the bacteria they are engineering to deliver drugs or perform other tasks, ultimately putting bacteria to work for us just by flipping a switch to turn on their conversations. According to Arianna Miano, a UC San Diego bioengineering PhD student and lead author of the research paper, “We have just scratched the surface of the potential of this communication system. We are excited to see the applications that will follow by coupling it to the expression of different genes.”19

Of course, we aren’t the only ones eavesdropping on bacteria. In 2018 a team of Princeton researchers discovered that a virus, VP882, can listen in on bacterial conversations and, even more important, twist the discussion to go on the attack. The researchers were able to reengineer the virus to respond to external sensory inputs they provided, rather than the communication molecule that bacteria use, to make the virus kill on demand. The newly programmed VP882 was able to confront bacteria like E. coli and diseases such as cholera, and their success suggests that reengineered viruses may help to counteract antibiotic-resistant bacteria.20

Our very existence is codependent on microbes, and tapping into their conversations will help us to steer their discussions to help deliver targeted drugs, produce new foods, materials, and more, all of which we will cover in the chapters to come. But first let’s look at the intelligence these microorganisms possess, and how we can co-opt bacteria’s smart ways.
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If you look at the bacterial kingdom as a whole—what a wonderful thing it is. In a sense, it’s a huge computer because these guys can share back and forth DNA in a much more promiscuous way than sexually oriented large creatures can.

—Vernor Vinge, retired San Diego State University professor of mathematics, computer scientist, and science fiction author, Sputnik Futures interview, 2000



The Tribes

They may be single-celled microorganisms that don’t have a nervous system, or a heart, or a brain, but bacteria are known to exhibit some impressive intelligent behavior. These miniscule life-forms are “Big Thinkers,” using a form of intelligent processing. Bacteria use receptors of touch or sense the chemicals released by other bacteria, and they “interpret” that information and then signal others—basically sensing, processing, and then persuading. Bacteria have also been observed to solve problems such as food scarcity; encourage other bacteria to join them and build “cities”; and are amazing survivors often overtaking a host or another colony. Let’s dive into the characteristics bacteria display to better understand their symbiotic processing power—and the societies they build, with and without us.

The Big Thinkers

Bacteria are perhaps the most intelligent and persuasive microorganism on the planet. We have learned that through quorum sensing, bacteria can induce behavioral changes in other cells within their population or a mixed-species population. This behavior is often referred to as “microbial intelligence.” While we know that bacteria communicate through the release of chemicals, it may help to understand the way this helps them “think.” Bacteria cells contain various receptors, and each receptor affects a specific behavior in the bacteria—for example, where to move or whether to become virulent. Genetic sequencing has enabled us to understand how many receptors bacteria have, and the ways individual bacterium use these to sense its surroundings.21

[image: Image]

Bacteriologists are still investigating how this process of “thinking” originates, by observing how single-cell bacteria can sense, respond, and adapt as it interacts in a local environment. Findings so far indicate a system of first sensing and then communicating to other bacteria, described as a model of “bacterial neural networks,” because the overall communication system of a colony can look like the neural network of the human brain. The human brain makes its connections through a pattern of electrochemical signals that pass from one neuron to another, certain receptors selectively picking up signals, thereby forming a neural network. Bacteria also make connections, sense, and communicate through chemical signals. Like humans, bacteria take inputs from their environment—for example, sensing the surface they are on or the presence of food. They “process” that input and send out chemical signals that are selectively picked up by other bacteria in their colony. One study demonstrated that individual Bacillus subtilsi growing in an area with very little food released their chemical signals warning that “hey, there isn’t enough food here for all of us” to other bacteria in the colony. Bacteria who responded to the chemical signaling moved themselves farther away from the other bacteria still in the food-poor area, changing the shape and dynamics of the colony.22 Researchers at Tel Aviv University in Israel have developed a fractal model of a bacterial colony, going so far as identifying linguistic and social patterns in a colony life cycle.23

[image: Image]

Bacteria may not have a brain, but they do have memory—and a pretty good one according to biologists from the University of San Diego, California. This microbial memory was discovered in a collective of bacteria, known as “biofilms.” The researchers stimulated individual bacterial cells within the biofilm with light when the bacteria were communicating through ion channels produced by the potassium in the chemical signals they release. These ion channels act like phone lines between the bacteria in the biofilm, a very low-level electrical charge similar to how the neurons in our brain work.

The researchers exposed the Bacillus subtilis biofilms to light during their communications, thereby encoding a light stimulus during the time of a “task.” The light induced changes to the biofilm’s ion channels, and consequently transformed the membrane, or overall community of biofilm. But what is most interesting is that hours after the first stimulation, the researchers repeated the light-induced stimulus, and discovered that the bacteria responded. According to Professor Gürol Süel, head of the laboratory at University of California, San Diego, when they disturbed these bacteria with light, the bacteria “remembered and responded differently from that point on.” The bacterial cells “remembered” the light exposure and performed their collective activity. While it sounds somewhat simple, the findings show some fascinating parallels between single-cell organisms and the complex neurons that process memory in the human brain. The researchers are hopeful that this ability to encode memory in bacterial communities may be the premise for the future design of biological computation—basically computing systems with bacteria as the living processor.26


Total Recall?

Your average bacterium may have a memory based on its behavior. Evidence is mounting that regulatory networks within bacteria are capable of complex behaviors that have been linked to “memory.” Bacteria that have experienced various environmental histories may respond differently to current conditions. These “memory” effects may be regulated by the cell to turn on the memory of fitness to the organism in the evolutionary game it participates in. Researchers propose that history-dependent behavior is a potentially important manifestation of memory, and in the case of bacteria, it presents a framework for quantifying memory in cellular behaviors—and perhaps unveiling new questions about cellular regulation and evolutionary strategy.24




Receptors May Determine Bacterial “IQ”

Like some people you may know, certain species of bacteria are known to be, well, “kind of dumb,” according to Gladys Alexandre, an associate professor of Biochemistry & Cellular and Molecular Biology at University of Tennessee, Knoxville. Alexandre is referring to the common bacteria Escherichia coli (aka E. coli), which biologists typically look at when studying sensing and information processing. But she and her team wanted something smarter, a more complex thinker, and they found it in soil bacterium Azospirillum brasilense. The intelligence gap between the more common E. coli and the special Azospirillum brasilense is a matter of how many receptors each individual bacterium has to direct its decision-making process on movement: E. coli, five; Azospirillum brasilense, forty-eight. As you guessed, the Azospirillum brasilense are much “smarter,” can detect changes in their environment, and can make more complex decisions about where to move.

—ScienceDaily25



A-Mazing Bacteria!

The Problem Solvers

That influential ability of quorum sensing can do more than help individual bacterium detect what other like minds are around them. When these similar bacteria realize they are sisters (or cousins, or friends, or colleagues), they collectively trigger a behavior change in each other. One example of this is in disease-causing bacteria who practice their quorum-sensing prowess to decide if they have the critical mass to launch an attack on their host. And if we can jam their communication signals and prevent them from rallying the troops, it may be possible to neutralize the bacterial mob, something researchers are still exploring.

The idea that microbes have ways of bonding and working together in stressful environments caught the attention of researchers at Princeton University—actually, as an experiment that began as a dare to design a maze that a physicist at Princeton could not find his way out of. The challenger? Princeton University physicist Robert Austin. Challenge accepted by his grad student Trung Phan. The aha moment: watching Austin’s traditional maze-solving strategy—when he hit a dead end, he traced his path back. Which led Phan to question: what if there were a maze with no dead ends? What would Professor Austin do? (Bacteria will be part of this story soon, we promise.) So Phan had a blueprint developed using infinite loops of winding pathways, which a colleague etched on a small silicon chip. Now the player of this new challenge wasn’t Austin—it wasn’t even human. It was ten E. coli bacteria that the researchers trapped in the center of the chip.
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The “Glue” That Helps Bacteria Build Cities

The biofilms bacteria build are analogous to urbanization and how we build our cities, as was recently proven by researchers from University of Pennsylvania’s School of Dental Medicine who took a “satellite view” following hundreds of bacteria distributed on a tooth enamel–like surface, and watched them grow from individual “settlers” to small bacteria villages. Once the villages grew and their borders met, they joined to make “cities” and some of these cities then merged into “megacities.” The researchers had expected that as the different microcolonies met, there might be competition between them, causing the two edges to repel and move apart. But they didn’t. What held them together? A glue-like secretion known as extracellular polymeric substances (EPS) that enabled bacteria to pack together closely in the biofilm.

—PhysOrg27



Austin’s first round was for learning. In this round, their intention was to look at how organisms solve problems—in this case, the fastest route out of a maze. To motivate the ten bacteria, the researchers flooded the chip with bacteria’s favorite food, a broth that, according to Phan, “smells like chicken soup.” And then the spectators (researchers) watched under the microscope. The bacteria succeeded at the task, basically by eating their way around the maze and reproducing like crazy, so that by end, that original ten grew to become a million bacteria. As the maze-playing bacteria cleared paths of food, Team E. coli moved toward the unexplored, broth-rich areas, eventually leading them to successfully evacuate the maze. And it only took about 1 percent of the multiple generations of bacteria to collectively solve the puzzle in about ten hours. Well done, team bacteria!28
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The Builders

As we are learning, bacteria do more than just talk, they also cooperate and like to build communities. There are more things that microbes are building or will be producing for us in the future with the help of synthetic biology, and we will dive deeper into just what this wonderful shadow workforce is up to in chapter 5. But first, it’s important to understand how bacteria engineer their basic building tools of quorum sensing to create their own “cities”—which microbiologists call biofilms. To the human eye or touch or smell, biofilms are basically thin layers of slime that coat things like river rocks, the slippery lining of a pool, or the lining of our digestive systems, on implanted medical devices like a pacemaker, or the early morning covering on your teeth. Biofilms exist anywhere there is a source of water. Biofilms operate like any urban city: diverse species living side by side, creating food co-ops to share resources, consume each other’s waste, and form a neighborhood watch to monitor external threats like antibiotics.29

Welcome to the Biofilm


Building a biofilm, escaping from the biofilm, or even living in a biofilm requires some sort of coordination among the millions of bacteria that make it up. They can do so by communicating with each other, using a chemical language of proteins. Jamming the bacterial language (although there are many) or interfering with their key factors required for coordination has proven to be a successful strategy to block or modify biofilm formation, at least in laboratory settings and some clinical pilot studies.

Likewise, repurposing the bacterial language has shown promise. For instance, when we co-opt the bacterial language to signal “escape from the biofilm!” we can trick biofilm bacteria into giving up their protective lifestyle and convert to planktonic cells again. The added benefit is the planktonic cells are more susceptible to antibiotics.

Controlling biofilms in the future will likely require a combination of strategies, addressing both attachment and escape, with and without the use of antibiotics and communication blockers, and likely in a manner more or less tailored toward the different bacterial lifestyles.

—Karin Sauer, professor of biological sciences, Binghamton University, State University of New York, via The Conversation30



The Survivors

One thing scientists have learned is that bacteria are good organizers, especially in times of stress. They are even known to swap genes between mixed species in their colony to resist antibiotics. But not all of their survival mechanisms are so tamely cooperative. Myxobacteria in particular are known to signal their fellow bacterium to soldier up and form predatory groups, known as swarms. Acting eerily like a wolf pack, myxobacteria move and feed cooperatively in their swarm. But mostly they like to dominate and take over a host. Usually this host is a willing one, a cell displaying receptors to which bacteria adhere and then enter the cell. Other tricksters in the bacterial world include certain strains of E. coli, who are able to infiltrate a host cell even though that cell doesn’t have the specific receptors that bacteria read. Instead, the nimble E. coli bring their own receptor that they can attach and use to enter the cell.31

While bacteria are often blamed for getting us sick, it’s actually viruses that do the damage by infecting bacteria. Bacteria themselves get sick by being infected by a type of virus called bacteriophages (“bacteria eaters”). The viral contamination of bacteria occurs when the virus penetrates the bacteria cell’s membrane, the outer shield that keeps the cell in place much the way skin wraps the bodies of humans and mammals. Some bacteria are able to change the shape of their cell walls to prevent viral attack, while others have what is called an “adaptive immunity,” which is the ability to store memory of an attacking virus, so they can shift into defense mode when they recognize the perpetrator. Interestingly, humans have developed adaptive immunity as well (probably with the help of our bacterial roommates). Some viruses also adapt and change over time, tricking the memories of bacteria. A simple example of this is the common cold.
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