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  Praise for Bioverse: How the Cellular World Contains the Secrets to Life’s Biggest Questions




  “Stunning. Bioverse draws the reader into new and surprising aspects of the intelligence of microbial life. Miller has pioneered Cognition-Based Evolution as an alternative to orthodox evolutionary biology that is based almost entirely on blind natural selection. Readers will come to understand themselves better through learning how much we depend on the microbiome. Bioverse shows that every cell in our body exhibits natural intelligence.”—Denis Noble, FRS, professor emeritus and codirector of computational physiology at the University of Oxford and author of The Music of Life




  “A stimulating book—truly original.”—Frank Ryan, best-selling author of Virus X and Virusphere




  “My lifetime has been spent studying the miracles cells perform. Here at last is a book that celebrates the majesty of the life under the microscope.”—Brian J. Ford, award-winning research biologist, lecturer, broadcaster, and author of Too Big to Walk




  “A lively and enjoyable tour of cell science, microbiology, and the implications of basal intelligence from medicine to society.”—Michael Levin, Distinguished Professor of Biology and Vannevar Bush Chair, Tufts University




  “Filled with the most up-to-date science on our cells and microbes, and placing it in deep philosophical and cultural context, Miller demonstrates the vast implications of the connectedness of all life on Earth. Bioverse will help readers understand our identity as a superorganism, as well as the meaning of our human life.”—Jon Lieff, MD, neuroscientist, neuropsychiatrist, former president of the American Association for Geriatric Psychiatry, and author of The Secret Language of Cells




  “Bioverse offers deep insights into a new understanding of how evolution works its magic, refocusing on the role of each organism’s behaviors, cognition, and desires, down to the level of single cells and the microbes that form our body’s microbiome. Miller suggests that cognition, as it is embodied in cells, provides life’s evolutionary drive in this cutting-edge approach to evolutionary theory.”—Tam Hunt, evolutionary biologist at the University of California, Santa Barbara’s META Lab and author of Mind, World, God: Science and Spirit in the 21st Century




  “Bioverse contains a universe of rarely contemplated concepts in biology, evolution, virology, the microbiome, cancer, and more. A source of truly revolutionary ideas that will open the doors to innovations in medicine, evolutionary biology, and beyond. It’s that important.”—Richard Jacobs, executive director of the Finding Genius Foundation and host and founder of the Finding Genius podcast


  

  “An encyclopedic and engaging exploration of the edges of origins to the gut microbiome, to kissing and sex, to plant intelligence and extraterrestrial life. Bioverse is a comprehensive account of what it means to be alive.”—Perry Marshall, author of Evolution 2.0 and founder of the $10 Million Evolution 2.0 Prize




  “Remarkable. Miller shows us that microbes are smart. Humans are smart, too, and his Bioverse takes readers on a fabulous ride from those first surprisingly intelligent unicellular species to us, touching on, well, almost everything along the way.”—Arthur S. Reber, PhD, author of The First Minds: Caterpillars, Karyotes, and Consciousness




  “Dr. Miller’s brilliant insights into evolutionary biology are provocative and prescient. Bioverse is a profound work of research, exploration, and contemplation with a message—all cells are intelligent. I highly recommend this book for anyone interested in our beginnings and our present understanding of who we are as human beings.”—LJ Frank, publisher of the Narrative Paths Journal, author, artist, philosopher, and former library director
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  A Note on Medicine and Health




  The material contained in this book is for informational purposes only. None of this material is intended to be a substitute for professional medical advice, diagnosis, or treatment. Always seek the advice of your physician or other qualified health care provider with any questions you may have regarding a medical condition or treatment and before undertaking any new health care regimen.




	



  CHAPTER 1




  As Above, So Below THE COSMIC DIMENSION






   She lay on her back, breathing softly, and wondered at the limitless night sky. Everywhere above, the measureless stars were glittering specks of incandescent light. Across trillions of miles and billions of years, their testament now reached her. In their scant shimmering glow, they upheld a silent message. You are united with us through invisible threads, not just in this moment but for eternity.







  There is no doubt that humans have unique gifts. We are well aware of them and assume that an innate superiority categorically separates us from the rest of our planetary companions. Few question our natural supremacy over all other living things. Yet, despite that lofty self-regard, our own lives are plagued with uncomfortable uncertainties and personal doubts. There are so many nagging questions that rattle our thoughts. We often question ourselves: “Why do I make bad choices?” “Why am I always unhappy?” Those who are lonely may ask in despair, “Do I matter at all?” “Does anyone care?” Each of these anxieties shares a common denominator—they reflect our continuous struggle to find our place in an unsettling world. Part of the dilemma is a continuous assault by a barrage of self-aggrandizing social media that is invariably unsettling. It provokes us. We stress about our family, friends, and society at large. For some, the status of the entire planet is woeful. For others, the entire universe seems scrambled. Whether we admit our misgivings or not, we are all united in a forced confrontation with agitating inner questions. You know the ones that I’m talking about. They’re the disconcerting ones that spring out of nowhere during the day or visit uninvited in the middle of the night.




  “What difference do I make?”




  “How should I be living my life so that it makes some sense?”




  Feeling adrift is a nearly universal sensibility in this tumultuous moment. Our prior societal touchstones have lost their force. Many believe that they are simply wandering through life, hoping to find some security and purpose along the way. Many silently wonder, “Am I simply running out the clock with my life?”




  Throughout history, religious faith has provided answers to these vexing doubts. Yet, for many in our era, the piety that provided comfort for millennia no longer seems legitimate. As a result, our daily anxieties grind. There appears to be no comforting refuge. Most would agree that we live in an angst-ridden age. In reaction, many compensate through a relentless search for personal fulfillment. For some, it is a devotion to causes. Others seek some general spiritual reassurance in the hope of divining some identifiable purpose to their lives.




  Fortunately, there is an antidote for this modern malady of prevalent unease. In this fretful time, science can provide evidence that there is genuine permanent meaning in your life. Exacting science provides direct assurance that our lives are much more than “just in the moment.” This heartening conclusion springs from an unforeseen source. An ongoing exploration of the intricate wonders of our cells has unexpectedly revealed previously hidden connections between ourselves, our planet, and the cosmos. Simultaneously, this same unprecedented scrutiny of the inner workings of our cells is uncovering new keys to better health and personal well-being.




  Three remarkable opportunities extend from this unexpected convergence. A remedying perspective of our relationship with the natural world is readily discerned. From these innovations, a fresh path opens toward a transformation of our health care. And, surprisingly, these same links shape an unorthodox outlook about our place in the cosmos. We can anticipate that claims of this type will be met with skepticism. Science is not expected to offer plausible insights into the possibility of valid cosmic connections. For many, that is the province of unsophisticated spirituality. It is considered an article of faith that science has little to say about any purpose in life. Yet, that was not always so. Many of the most accomplished scientists in history had deep convictions about our living connection to the entire cosmos. This perspective did nothing to inhibit their systematic investigations of the natural world. Far from it. For many, it was the foundation of their scientific inquiries. The preeminent scientist Sir Isaac Newton formulated the principles of gravity, the three classical laws of motion, and revolutionized mathematics by creating calculus. He was also a dedicated theologian. There is no doubt that he is among the premier intellects in human history. Even today, many consider him to be the foremost scientist that ever lived. Some experts insist that his Principia Mathematica is the most influential book ever written.1 His genius was so unequaled that at his burial in Westminster Abbey, the great philosopher Voltaire observed, “He was buried like a king who had done well by his subjects.”2 No scientist before or since has received a state funeral of this magnitude.




  Newton never presumed that his spiritual reflections obstructed his scientific pursuits. Much of his life was devoted to religious thought. His conviction was that there is an identifiable universal order that underpins our natural system with mathematical precision. For him, life has purposes that rise above our direct human experiences. Our existence extends outward through obscure cosmic connections that he sought.




  It is commonly asserted that the incomparable Galileo Galilei (1564–1642) was an atheist, and he only feigned religious beliefs to escape the Inquisition’s torture. That is mere fabrication. Galileo was a committed and pious Catholic. He did not consider himself a heretic. On the contrary, he asserted that his revolutionary scientific discoveries should be used to strengthen religious faith.3 Albert Einstein regarded Galileo as the father of modern science. It had been Galileo who first combined observation, experimentation, and measurement into a cohesive scientific method. Although not religious, Einstein also felt that there was a form of cosmic unity that orders through balanced harmonies. Existence was itself evidence of that fundamental unity and a connection among all substances.4 His faith was not in any personal God. He regarded that belief as naive. Instead, he perceived a “spirit” of the universe revealed through its beauty and harmony. For him, “The belief in the existence of basic all-embracing laws in nature also rests on a sort of faith. Everyone who is seriously involved in the pursuit of science becomes convinced that a spirit is manifest in the laws of the universe.”5




  Each of these scientific geniuses sensed connections that extended outward beyond themselves. Each fundamentally changed our understanding of the world. Each overturned centuries of mistaken beliefs. And all shared an intuitive sensibility that there was a further reality that remains beyond our reach. Indeed, this was the point of their labors. Scientists very rarely try to find any absolute truth. Working science is always a quest for the next better truth. Robert Oppenheimer was the brilliant physicist spearheading the Manhattan Project that produced the first atomic bombs during World War II. He framed the objectives of science this way: “Discovery follows discovery. Each both raising and answering questions, each ending a long search and each providing the new instruments for a new search.”6




  It is commonplace in our scientific age to discover that much of what our ancestors had believed was incorrect. Humans much like ourselves have been on this planet for little more than 200,000 years. Yet, rigorous science had been rare before the last few centuries. For most of our human history, intuitions, unproven suppositions, and superstitions have ruled us. Our good fortune is that we live in an era in which there is a heritage of scientific progress. Our contemporary lives are based on well-grounded and diligent science. For the first time, science can provide us with authoritative answers to many troubling questions about our human purpose and our place in the cosmos.




  The search for answers to the mystery of life and its cosmic significance is by no means new. That inquiry has gone on for millennia. The quest to understand the universe has been central to many ancient cultures throughout the world. The traditional Western perspective began with the Sumerians, Babylonians, and Greeks. In the sixth century BCE, Greek philosopher Thales of Miletus sought a unifying principle to explain the entire world. The cosmos came to be envisioned as a system in which the parts, or “microcosm,” reflect the whole, or the “macrocosm.” Ancient philosophers believed that connections between the parts might be found through mystic linkages between astronomy and medicine. That combination might seem like an odd pairing; however, they are both the oldest of all the sciences. Each has mutually counseled the other for centuries. As an example, medieval medicine was directly influenced by both cosmology and astrology.7




  At that time, cosmology and medicine were the only active sciences. Thus, it was natural to assume that one should apply to the other through a fundamental association. The ancient philosophers found this idea of universal harmony so compelling that it buttressed Western scientific culture for more than a thousand years. Now, centuries later, there is a persistent echo of that prior search that is sustained within us. We have a distinct advantage, however. Armed with powerful tools and scientific techniques, an understanding of the essential harmonies that extend across the cosmos is within our grasp.




  Recent scientific advances offer fresh insights that were inconceivable in an earlier age. Still, predecessor generations had impressive levels of technological abilities. For thousands of years, ancient cultures developed sophisticated methods of observation. In 1800 BCE, the Babylonians made detailed charts of the movements of the sun and moon. The ancient Greeks calculated the circumference of the Earth.8 In 500 BCE, Pythagoras discerned that the Earth and other heavenly bodies were round. Ancient Indian astronomers assumed that the Earth rotated on an axis. The Mayans conducted detailed celestial observations and calculations using devices of their own invention to construct their Mayan calendar. The pyramids of Egypt were precisely centered along a north–south axis by coordinating the alignments of two stars, Mizar in Ursa Major in the Big Dipper and Ursa Minor in the Little Dipper.9 The ancient Chinese conducted detailed astronomical observations and even created a star atlas that dates before 700 CE.




  Despite such advances, concepts of the universe in the past were primarily based on our imaginations. It is only in the last few centuries that previously invisible realms have been revealed. This momentous achievement required the dual inventions of the microscope and the telescope that permit detailed observations in opposing directions—outward and inward. Both are crucial to our modern understanding of the world. Yet, even these are not sufficient in and of themselves. A correct scientific frame of reference is equally indispensable.




  The constructive use of these invaluable tools required a fundamental shift in logic away from the assumptions of the ancient philosopher-scientists. Although this reordering was authored by many, the highly consequential late sixteenth-century philosopher Francis Bacon is most often credited with launching this necessary alternative logical framework. Bacon championed “empiricism,” emphasizing the importance of firsthand experiences compared to traditions or prior assumptions. He was not its first advocate; many others had considered similarly. Leonardo da Vinci had written decades earlier, “If you find from your own experience that something is a fact and it contradicts what some authority has written down, then you must abandon the authority and base your reasoning on your own findings.”10 For the empiricists, accurate knowledge could only be obtained through trial and error. Bacon’s empiricism centered on a central premise that the natural world should be studied through observation and experimentation. For him, this was not just idle musing. His death from pneumonia has been attributed to a prolonged experiment on the effects of snow. A contemporary report chronicled his death, occurring within hours of a lengthy outdoor winter experiment. The result was “a gentle fever, accidentally accompanied with a great cold, whereby the defluxion of rheum fell so plentifully upon his breast, that he died by suffocation.”11 Bacon was a devout Anglican. He believed that the sharp purpose of any system of logic was to defeat idolatry and paganism. It can be appreciated, then, that the birth of the scientific method had its roots in spiritual inquiry.




  Since the invention of the telescope, scientists have presumed that any quest to understand our universe and our place within it should be conducted outward. Recent research directs otherwise. To properly comprehend ourselves and our universal significance requires an exploration that leverages both the telescope and the microscope to peer both inward and outward. Surprisingly, scientific research shows that our cosmic place can be better revealed by looking inward to the extraordinary capacities of our cells. Recent discoveries indicate that the combined actions of our cells not only grant us our gifts and limitations but also impart connections that assure our permanent individual signature on the planet.




  To understand how our cells work seamlessly in concert, we need to dissect our relationship with our vital companion microbes. They, in their trillions, are our essential living partners. The intricacies of this living partnership have only recently been illuminated. Much of what you will be reading is new information. Even a few decades ago, most of it would have seemed fanciful. Nonetheless, everything that you will be reading is backed by rigorous modern scientific evidence.




  One particular facet of our emerging knowledge stands paramount and separates the past from the future. Extensive research confirms that each of the cells of our body and every one of our microbial partnering cells has its individual form of intelligence. Unquestionably, that intelligence is distinctly limited compared to our intellectual gifts. Yet, their cognitive capacities are remarkable because they are sufficient to permit discriminating choices and coordinate all of those cellular actions that energize our living planet. Surprisingly, the extent of these cognitive cellular faculties is unfamiliar to most scientists that work in fields outside of biology. There is no general realization that all cells have demonstrated these elemental faculties since the origin of life billions of years ago.12




  Two linchpins of our existence emerge from this revelatory knowledge about our capable cells: All life, at every scope and scale, is defined by intelligence; and second, intelligence permits individual and complex choices at every scale, even at the level of our cells. The essence of life clarifies when it is appreciated that intelligent choices sustain life at all scales. All life is problem-solving.13 It is obvious enough in our own lives, and it might seem strange to indicate that it is the same for cells. Yet, it is their circumstance, too, and because of that, it is also ours as cellular beings. Until very recently, our hubristic assumption was that this particular cognitive capacity was exclusive to ourselves. Now, we know that each of our cells exists within that same context. Every one of our cells has its specific form of intelligence that is entirely alien to our frame of reference. Yet, at the same time, this intelligence is the source of our particular life-sustaining cognitive powers.14 And further, cognition, as it is embodied in cells, provides life’s evolutionary drive.15




  Research indicates the universe is connected across its immensity by instantaneous quantum processes that physicists study and measure. Any life within our universe must center within those fundamental principles. Indeed, scientific analysis discloses that many of our cellular faculties operate through these same quantum processes that enable the universe at large. It follows that any intelligence within the universe, such as that exhibited by our cells, must also derive from within those identical elemental physical factors and energetic forces. Inescapably then, our particular human intelligence is its further derivative. This means that our self-awareness is an expression of those same constant physical principles that drive the universe from its origin forward. This obliged overlap between our intelligence and elemental quantum mechanisms has profound implications. It assures that our intelligence connects us individually to the outer universe. Unassailable, tangible connections ramify through our cells and bond us within a fundamental cosmic unity. Innovative research on our intelligent cells permits a first glimpse into just how these connections operate and how they might have formed.




  Each of us wonders about our significance. Why am I here? What is the sense of our lives? We are far from the first generation to anguish over these questions. It has been our perpetual human condition. Our human concerns about our station within the vastness of the universe are deeply rooted. What are we to make of our predicament within an endless cosmos? Much is unknown, but there are some scientific certainties. Even though the extent of the universe may be beyond our imaginations, it has order. That order materializes in the objective physical presence of the stars, comets, and asteroids. All have their cycles and consistent orbits, just as our living planet does. And further, living beings are not possible without that same order. The collections of cells that faithfully reproduce to recreate living creatures like ourselves are explicit examples of that order. Life on this planet may be the first and only exemplars of life in the universe. If there is extraterrestrial life, it has not made itself known despite our best efforts. Accordingly, we should not assume that our diminutive planet is insignificant on a universal scale.




  The universe is constantly expanding in a process that has been ongoing for billions of years. The Big Bang was not an expansion of objects into preexisting space. It is the origination of space and time itself. In that circumstance, there can be no clear concept of a center. Instead, all exist within a universal center in which every part connects to everything else. This perspective is certainly not new. In 1584, a Dominican friar, poet, mathematician, and cosmological theorist, Giordano Bruno, wrote, “The center of the universe is everywhere and the circumference is nowhere.”16 He was not the first to express that thought or write about it. Many other philosophers have echoed this same idea throughout the centuries. For some, it was not a comforting idea. Perhaps it would have been better for Bruno if he hadn’t said it. Ultimately, he burned at the stake for forcefully professing his belief in the Copernican discovery that the Earth was not the center of the solar system.




  Some time ago, a commentator on a radio program discussed the meaning of life. At the conclusion, the host delivered this judgment: “We are machines and just don’t know it.” The science of our cells entirely contradicts this prejudicial perspective. Living things are not machines. They are intelligent problem-solving creatures that operate very unlike any programmed device or computer at every scope and scale. This essential gap that separates life from non-life specifically centers within the complex inner workings of our cells. Today, the technical means to analyze and measure these capacities are available for the first time in our history. This exploratory research has already confirmed that our cells directly link to the same quantum phenomena that are the physical basis of the universe. To our amazement, this inward search into our cellular selves permits a first glimpse into actual cosmic connections that extend outward through these quantum phenomena.




  A remarkable threshold has been reached. We have just entered a transformative “Era of the Cell.” Its radical message is that all cells are intelligent. All the cells of our body and all the microbial cells that inhabit us share a basal level of intelligence at their scale. What does intelligence at the cellular level mean? Every cell is a capable problem-solving agent and a skillful networking participant. This means that cells can make independent decisions and can group together to make collaborative ones. In the past, cells had been regarded as mere automatons, reacting to molecules or energetic impacts like tiny robots. Now, for the first time, cells are recognized as independently intelligent and capable of finding their own solutions to environmental problems at their scale. In this new framework, we will appropriately task ourselves to leverage their problem-solving abilities for our benefit. This is a radical shift from the past. Cells are not “living” machines. They are living problem-solving intelligences. For the first time, we will be using living beings as partners to augment our futures. This shift in scientific perspective powerfully impacts our understanding of our health and all planetary biology. Just as importantly, this same revelation affirms that our constituent cells have much to teach us about our planetary and universal role and can assist us in addressing the root uncertainties of our shared circumstances.




  From this illuminating nexus, a wide range of further wonders will cascade. Research into our cells will ultimately reveal the essential physiological and metabolic pathways that sustain us. Consequently, we are on the threshold of much healthier and longer lives. Emerging cell-based technologies will yield these dramatic changes. Effective cures for many devastating afflictions will be found. Ultimately, the same technologies will displace our assumption that aging must yield to inevitable disability and decline. None of our ancestors could have imagined such freedoms. Yet, even beyond these self-evident future benefits, this exploration of our cellular selves is already yielding appreciable gifts beyond those material advances. Throughout our human existence, we have struggled to comprehend the outward universe and grasp our place in the cosmos. For tens of thousands of years, we have gazed upward with awe and bewilderment. Now, unexpectedly, it unfolds that a pursuit deep within us offers our best chance of discovering ourselves and our manifest purpose. Consequently, our understanding of our relationship with all of our planetary companions and, indeed, the cosmos will be undeniably recalibrated.




  After centuries, scientific research marshals sufficient evidence to confidently assert that identifiable universal forces extend across the entire cosmos and unite each of us with it. Our cells provide our first enticing glimpse of this permanent link by embodying those enabling physical principles and permitting our close scrutiny of them. We could sense these connections previously, but they could not be measured until now. Singular insights crystallize from this commanding realization. Each of us owes our existence to physical and energetic networks that began with the singularity of the Big Bang and echo across our daily lives. Your unique self-awareness, as its derivative, sits within the center of a shared cosmic immensity as a vital and permanent participant. That is your universal place.




  It is incontrovertible that the physical laws of the universe enabled cells. No matter our outward appearance, it is unequivocal that we remain exquisitely connected cellular beings. Those cells link you permanently to the planet and the universe beyond. From this actuality, a cardinal assurance emerges. As diminutive material specks in a boundless immensity, we have a meaningful role in the cosmos. This is no conjecture. Through impeccable science, it can be shown to be true. “When we behold our cells correctly, we might, at last, fathom ourselves.”17









  CHAPTER 2




  The Birth of a New Epoch




  What makes us human? What separates us from all the other creatures that live on the planet? Some say it began with fire. Many scholars insist that our human dominance on this planet sprang from its use. Others contend that it was agriculture that set our exceptional path. That is likely incorrect because scientists have identified insects that are capable farmers. They’re remarkably good at it, too. Anthropologists argue that it was our unique opposable thumbs that set us apart. They grant humans unusual flexibility in the use of tools. In theory, the use of our thumbs provoked enough rewiring of our brains to encourage language. The debate has gone on for decades, and there is still no consensus.




  As part of a search for the source of our humanity, generations of paleontologists have displaced eons of sand and sediment to exhume the fossil record. Archaeologists have scoured the Egyptian pyramids and Stonehenge, attempting to glean insights from within their confounding monumental beauty. Astronomers have painstakingly mapped the observable universe. Vast amounts of money have been expended searching for extraterrestrial life that might illuminate our origins and universal place. Yet, none of these anticipated sources has revealed our path to privileged planetary status. Instead, insight now springs from an entirely fortuitous direction. We are finding ourselves through microscopes, not telescopes. By investigating our cellular selves, we are discovering how closely linked we remain to their surprising faculties. Furthermore, their startling competencies disclose that our presupposition of natural superiority over all other creatures is misplaced.




  On an entirely superficial level, our distinctly human characteristics are obvious. We look different from all other living beings. That alone convinces us of our unique status. And from our appearance, we also assume that we are a single unitary being. Yet, nature appraises us very differently from the singularity that we perceive.




  Certainly, when looking in a mirror, I see just “one.” And I might add, a wonderfully good-looking one, too. But that reflection is deceiving. I’m not a “one.” You’re not a “one” either. Instead, each of us is an astounding consortium of life. Each of us is a vast combination of two essential living types. We exist as a combination of our body cells and an enormous array of cohabiting microbial life.1 That partnering microbial life outnumbers our body cells, with estimates ranging from 1.3:1 up to 10:1. These microbes are not incidental passengers as “hangers-on” or parasites. We need them. They are essential for our survival as crucial participants in our health, development, and well-being. Critical aspects of our metabolism, immune system, digestive health, and nervous system functions are subject to their collective action. They even influence our behaviors and moods. Did you know that your microbes participate in controlling your weight? They govern how hungry you feel and how likely you are to push yourself away from the table. Both of our living fractions—our cells and our microbes—work together so seamlessly that we actively sense that we are a single being even though we aren’t. We cannot do without our microbes, and they cannot be what they want to be without us. The result is the “you” that you feel is a consensual “we,” even if you don’t perceive that collective reality. Naturally, there is a scientific name for this constituency of vital microbes that link with our body cells. It’s called our “microbiome.” And every part of our body—skin, hair, mouth, gut, respiratory system, genitals—have their unique partnership characteristics.2 Together with our body cells, these microbial partners shape our immune system, guide our responses to stress, and significantly influence our metabolism.3 They also govern some aspects of our outlook on life. Importantly, each of our living cells and our microbes share one crucial bond. They are all working together to solve problems and meet the constant stresses of our environment.4 It is the collaboration of our body cells and our microbes, working together, that grants our survival.




  It is only in the last decades that scientists have developed the tools that allow us to examine the true extent of our partnership between our microbes and our cells. It is our good fortune to have arrived at a scientific threshold that galvanizes novel and focused research confirming our codependency. That focused scrutiny is a form of human exploration equal to any of the great expeditions of the past. Its object is even more encompassing: we will attain a nuanced grasp of the complexity of our cells and their collaborative networks that enable us. Its yield will be innovations that will reverberate across biology and profoundly impact our health. It is only after we have unraveled the marvelous powers and limitations of our trillions of cells that we will begin to understand ourselves clearly. Throughout time, those ramifications will remake our health care, social systems, and culture.




  When historians write their chronicles, they unsurprisingly focus on their subjective interests. History becomes codified as an engaging narrative of lust, greed, power, religious fervor, and hierarchy. Typically, lionized individuals and their bold ambitions are the dramatic epicenters. Such descriptions are not incorrect but are simply incomplete. Few historians consider our human adversities within the more encompassing framework of the health of its various populations. The most conspicuous feature of the actual ebb and flow of history requires an accounting of the burdens of infectious disease. When placed in that frame, our human narrative acquires quite a different cast. It can be characterized as one long, flat line of premature death and suffering, spanning cave dwellers, Roman citizens, London merchants, and Chinese warlords. The actual frontlines of history intersect our continuous battles with deadly or debilitating infections. Our productive influence on this overwhelming suffering is very recent. Our remarkable progress in that battle can be measured through the steady extension of average life expectancy within the last century. Across previous millennia, life expectancy at birth averaged 30 to 35 years.5 Of course, there were always a few that survived manifest odds and lived into their 80s, but as a percentage of the total population, their numbers were few. In the past, the aged were venerated because they were so uncommon. This pattern of short lifespans persisted from the early Paleolithic era, across the Bronze and Iron ages, and throughout Roman antiquity. It was the same across the medieval Islamic world, the pre-Columbian Americas, and precolonial Africa. Even in nineteenth-century Europe, it was not much different. Across the ages, average life expectancy remained at a consistent plateau. It has only begun to significantly shift in the last century, rising to a worldwide average of 48 years in 1959 and reaching the current average of 72 years.




  What accounts for this dramatic improvement? It results from the cumulative impact of six consequential leaps in our attempts to combat disease. Six epochal advances decisively affected human health and changed the world. Each was incalculably more important than the actions of any emperor, politician, general, or social media darling. What were these miracles? They were the triumphs of antisepsis, vaccination, anesthesia, germ theory, medical imaging, and effective medications such as antibiotics. Some would argue that the embryonic science of genetics should be considered another decisive shift. It holds promise but remains far short of earlier optimistic projections. Fortunately for us, we are now entering a momentous seventh epoch. It is the Era of the Cell, and this revolutionary shift will give birth to unnumbered advances.




  Imagine that you lived at a time before vaccination. Smallpox, polio, and diphtheria were devastating scourges. Someone you knew or loved would surely have been a victim. The fact that you are reading this book is due to the marvelous advances in vaccines. Without them, one or more of your ancestors would have died prematurely and interrupted your ancestral reproductive flow. Similarly, the influence of antibiotics has been of incalculable benefit. None existed for nearly all human history. Pneumonia had the same deadly outcome for both a pyramid builder and an early twentieth-century farmer in the midwestern United States. No effective treatment had been devised. In 1928, that abruptly changed. Scottish physician, microbiologist, and Nobel prize winner Alexander Fleming discovered penicillin. Within fifteen years, the treatment of infectious disease was transformed. That tectonic discovery has been described as the “single greatest victory ever achieved over disease.”6 At Fleming’s funeral, his colleague, Sir Charles Pennet, memorialized him with these words: “He has saved more lives and relieved more suffering than any other human.”7 After each epochal advance—such as the discovery of antiseptics and then antibiotics—a threshold was crossed, and human well-being dramatically changed.




  What might your life have been before germ theory? The pasteurization of milk, developed as an effective means of preventing tuberculosis, began as a result of Louis Pasteur’s insights from his experiments supporting germ theory. Before that, tuberculosis and many other infectious diseases were frequently transmitted by raw milk. Throughout the history of humanity, tuberculosis had been rampant, destroying the lives of countless millions. Genetic evidence indicates that tuberculosis has plagued humanity for at least 9,000 years. There is evidence of Mycobacterium tuberculosis infection in ancient Egyptian mummies.8 In the Middle Ages, European medical treatises referred to tuberculosis as the “white plague” due to the afflicted sufferers’ pallor. It was also called “consumption” since it is a progressively wasting disease. Scottish physician J. O. Affleck wrote despairingly in 1885, “Few diseases possess such sad interest for humanity as consumption, both on account of its widespread prevalence and its destructive effects, particularly among the young.”9 It is estimated that up to a quarter of all deaths in Europe were caused by tuberculosis. It was the “captain of death” for generation after generation. It took many of the most celebrated individuals of the nineteenth century in their youthful prime: Chopin, Keats, the Bronte sisters, Orwell, Thoreau, and Chekov. It took older individuals too: Andrew Jackson, Eleanor Roosevelt, Vivien Leigh, Ho Chi Min, and Voltaire.10




  How might we measure the cumulative impact of these magnificent medical advances? Ours is the first generation in human history with a large proportion of the population having no personal acquaintance with death until middle age. Many individuals in their forties or fifties have never lost a loved one. That never happened in previous centuries. Rates of infant mortality in the past were astounding. In societies around the world, through all of recorded history and until only a few decades ago, 27 percent of all newborns died in their first year of life, and 46 percent of children died before the age of 15.11 Excavations at Indian Knoll, a 2,500 BCE paleolithic hunter-gatherer site in today’s Kentucky, indicate that mortality was 30 percent in the first year of life, and 56 percent of children in that community did not survive to puberty. Available records indicate that mortality before the age of fifteen in Roman Egypt in year 0 was 57 percent, and it was 50 percent in Rome itself. This was also true in Teotihuacán, Mexico, from 300 to 550 CE, and in Japan from 1400 to 1500 or Sweden from 1600 to 1700. In the first year of life, infant mortality was 32 percent in Teotihuacan, Mexico, from 550 to 700. It was 35 percent among English Quakers from 1650 to 1800.12




  For previous generations, death was ever-present. Who can deny that this fact governed much of the political, cultural, and religious convictions throughout history? More than any other single factor, childhood mortality has exerted the greatest effect on human history and evolutionary pressures.13 After all, Hitler and Stalin could only enact their atrocities after winning a survivorship lottery.




  In the last century, prominent technical achievements made critical differences in public health. What outcome might you have anticipated if you had been in a traumatic accident before the invention of x-rays, ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI)? After each such seminal advance, there is an abrupt and miraculous transition. Human health made a leap forward. The generations that follow each discovery never dwell in the same circumstances as their forebears. The prior trajectory of human suffering becomes gratefully subdued.




  The Era of the Cell will bring changes of a similar magnitude as each of the stellar advances of the past. Yet, it arises from distinctly different circumstances than earlier appreciable advances in medical science. Each of those prior wonders sprang from a single crucial invention, such as a powerful antiseptic solution, an effective anesthetic, or a revolutionary medical technique like vaccination. Most often, each such advance was driven by the insights of a single, driven individual. Instead, the Era of the Cell derives from a remarkable confluence of extraordinarily sophisticated scientific technologies that can be dramatically leveraged through cutting-edge computer design and programming. The combination of these technologies finally permits an in-depth interrogation of the wondrous complexities of cells and microbes, and helps us to discern their convoluted relationships with one another; however, realizing their potentials requires a team approach. Previously, researchers in different disciplines such as microbiology, genetics, infectious diseases, cellular chemistry, and physics tended to confine their studies to their field. The Era of the Cell reverses that. Scientific advances now require an integrated interdisciplinary approach, and these scientific consortia are assembling. Together, these allied teams will explore the ultimate mystery of why every one of our cells is an intelligent, problem-solving being. Given the complexities of the research, benefits may not unfold as dramatically as was the case for some of the previous crucial medical revolutions. Still, the cumulative effects throughout time will be just as substantial. Meticulous investigations of the complexities of cellular life will yield remarkable improvements in health care. New resources will enhance our life-long sense of well-being. As a result, we will be living longer, healthier, and happier lives. Much of this improvement will stem from newly discovered connections between mind and body. Researchers at the Washington University School of Medicine made a surprising finding in mice. The immune cells surrounding the brain produce a molecule that is absorbed by brain neurons and affects behavior.14 This protein molecule, called IL-17, is a cytokine involved in immune function. Research suggests that its mechanism of action represents a key link between mind and body. These types of immune cell molecular products have a broad range of effects, including important roles in influencing mood and behavior as well as protecting against infections. This previously unknown relationship illustrates the depth and richness of the connections among our intelligent cells that can be exploited through our human ingenuity.




  This new era will launch an odyssey equal to any of the boldest adventures of the past. It is an exclusively modern quest and requires no deprivations. It is the exploration of new territory that offers unparalleled riches. That goal is an understanding of the fullest powers and limits of our cells and our constituent microbial partners. As recompense for this arduous work, marvels will be disclosed.




  As is always the case, any progress carries its price and a fresh set of responsibilities. The price of the Era of the Cell is an inescapable distancing from our forebears. We will not have their experience of the human condition as our like-kind requisite. When we review the past through our privileged contemporary judgments, it will become easy to mistake the motives, attitudes, or those fears that moved prior generations. As further advances accumulate, we will inevitably separate psychologically from our past. In earlier eras, humanity had a particular set of natural limits. Ours will be fortuitously different. In every epochal transition, by virtue of each demarcated blessing, humankind distances itself from its heritage. This is its price.




  Our new responsibilities will derive from an enlightened recognition that all living beings are competent and problem-solving in their scope. This realization energizes a much more nuanced understanding of the intelligence invested in everything living.15 A mandate issues from this wisdom to honor our shared intimate harmony with all other creatures on this planet over whom we have precarious dominion. With privilege comes duty.




  We learned in school that we are made of cells. Trillions of cells make us who we are; however, we had never been taught that our cells grant us a discriminating insight into our bonds with the entire universe. That insight could only spring from the groundbreaking discoveries of our contemporary, radical cellular epoch. The science of our cells discloses that we experience an exalting kinship with all of Earth’s creatures that extends unbroken across the cosmos. Our exploration of that relationship promises substantial rewards . . . a more gratifying life and an affirmation of our proper place on our exceptional planet.









  CHAPTER 3




  Everything Has a Beginning






   There are only two ways to live your life. One is as though nothing is a miracle. The other is as though everything is a miracle.




  —Albert Einstein







  There is an animated debate among scholars that this universe may not be the only one. Some physicists believe that are many universes beyond the one we inhabit.1 Some insist that these are infinite in number. Many scientists quiver with enjoyment at contemplating them. Yet, for all their theorizing, it doesn’t really matter to us. Even the experts on multiverses can’t agree on what this would mean, even if multiple universes did exist. And none of these other potential universes could be observed. It is not that the concept of multiverses isn’t engaging. It is simply that no measurements can be made in universes that cannot be observed. For our purposes, measurement is the crux of valid science. The exacting science that matters to us is based on the kind of measurements that can be scrupulously conducted so that experiments can be repeated for confirmation or refuted when incorrect. There is nothing wrong with scientific speculation. Good theory has often led to exceptional scientific breakthroughs; however, it is only in this universe that we can make measurements, so this is the universe that deserves our attention.




  It is highly fortunate for us that our universe is the way it is, ordered precisely as it is. If gravity was the least bit stronger or weaker, or any of the other universal constants that govern the universe were different to even a minuscule extent, neither we nor any other current living creature would be here.




  If most scientists are to be believed, the universe began in an infinitesimal fraction of a second. From that moment forward—the Big Bang—the universe has spilled outward to its present moment and progresses to its unknowable future. There is a lively debate as to how long ago the Big Bang occurred. There is general agreement among those whose expertise permits an opinion that it began 13.8 billion years ago, give or take. Most physicists firmly assume that the universe started from a singularity as a single point of infinite heat and density. Naturally, not all agree. Some physicists propose an alternative of a perpetually oscillating universe or a universe without any point of initiation.2




  The modern evidence for the singularity and its “Big Bang” originated from speculations made by an American cosmologist and mathematician, Ralph Alpher. In 1948, Alpher had predicted the existence of faint radiation that would be left over from any initial inflation.3 This afterglow or “fossil” radiation was coined “cosmic background radiation.” Along with other researchers, Alpher had even proposed how that background radiation might manifest. Although groundbreaking theories are critical, they still require validation. Sixteen years later, using modern radio telescopes, scientists found direct evidence of background radiation. Surprisingly, that discovery was accidental. Two American radio astronomers, Robert Wilson and Arno Penzias, were working on a massive Bell Labs radio antenna. They noticed a strange, persistent noise that came from all parts of the sky. Their first assumption was that it was interference of some kind, and they proceeded to track down any possible sources of this strange buzzing hum. They even investigated the pigeons that were nesting on the antenna array. When they were finally convinced it was real, the astronomers were still mystified about what they had found. Neither was aware of Alpher’s crucial papers describing cosmic background radiation. Serendipitously, they called the brilliant astronomer and physicist Robert Dicke at Princeton University for advice. And astonishingly, he and his team of research scientist were looking for precisely what Wilson and Penzias had inadvertently found. As more measurements have been made from Earth and space, the Big Bang has continued to provide an excellent description of how the universe has evolved (figure 3.1). Given his momentous achievement, it is notable that Alpher received relatively sparse recognition for it in his lifetime. Others, whose work was derivative to it, received Nobel Prizes. It is not necessarily true in the history of science that credit goes where it is most deserved.




  Scientists are often characterized as an intensely serious group. On the contrary, they are by no means humorless, and often exhibit a lively sense of subtle wit. Alpher had first presented his clever idea and its supporting calculations to his PhD dissertation advisor, the renowned physicist George Gamow. In 1948, the two published a celebrated paper in Physical Review entitled “The Origin of Chemical Elements” based on Alpher’s dissertation, and mischievously included the name of another physicist as an additional co-author. The first three authors were listed as Alpher, Bethe, Gamow, a symbolic play on words for the first three letters of the Greek alphabet—alpha, beta, gamma. Hans Bethe, one of the most famous physicists of that era, had nothing to do with creating the paper but happened to review the manuscript for publication. He noticed his accreditation, appreciated the joke, and thought the article was so worthy that he just let it stand to show his support.4 It was a good jest, but it would never be permitted today, serving as a good example of separate eras having differing standards that should be judged accordingly.
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 Fig. 3.1. Timeline of the universe based on the Big Bang theory and inflation models, confirmed by WMAP (NASA’s Wilkinson Microwave Anisotropy Probe). NASA/WMAP




  Although there are many contentious disputes among cosmologists about the origin and shape of this universe or the presence of others, there are some admitted certainties. First, our universe is so immense that our minds cannot comprehend it. We are accustomed to earthly distances and boundaries. Our minds cannot visualize a universe in which spaces are infinite and borders do not exist. Second, if everything began instantly, it is inescapable that our roots must also originate within that same cosmic foundation. The educator and physicist Allan Lightman has emphasized this connection.5 Both humans and stars are made of the same material, the very same atoms. In the early universe, it was only the light atoms of hydrogen and helium that existed. Throughout time, they fused to create the larger atoms, like carbon, oxygen, or silicon, that would then commingle to form planets, including this one, where cells could be birthed and we could exist.




  Any discussion of the universe must confront the void of space. Disconcertingly, space is almost completely empty. It’s just space. There is very little matter in it, despite the trillions of stars. The distances between material objects in space are immense, so much so that a collection of all the matter of the universe would occupy a mere trillionth of its estimated extent.




  Perhaps some of you have seen maps of our solar system in school. These attempt to illustrate how each of the planets sits in relation to the Sun. Some of those maps may also try to indicate the distance between our solar system and its nearest star. There’s a complication with all of these maps. They’re all drawn way, way, way out of scale. It’s not a mistake; there’s no choice. The actual distances are so gargantuan that they can’t be depicted on any regular map. The problem is that our solar system—all of our cousin planets together—circle within an area that is less than a trillionth of the extent of space. The distances between objects are jolting. The distance between Earth and Jupiter is more than 1500 times farther than we are from the moon. Neptune is five times more distant than that. It only gets worse. Let’s imagine shrinking the Earth to the size of a pea. Then Jupiter would be about 1000 feet away. Pluto, the most distant planet—if indeed it is one—would be a mile and a half away. But wait, that is only a start. The nearest star other than our Sun, Proxima Centauri, would be 10,000 miles away. And that is only the beginning. The distances are so staggering that it is quite actually beyond our imagination.6




  Science exhibits and programs have enabled many to become familiar with conceptualizing the vastness of space. Most are reconciled to how the universe operates. When it comes to ourselves, however, we have a different point of view. We’re solid, even if space is not. Undoubtedly, none of us is anything like the void of space. Yet, surprisingly, that is only a comforting illusion. You, too, are mostly empty space. This has to do with the basic architecture of the atom.




  The convenient way to visualize an atom is that it has a small, dense nucleus surrounded by electrons whizzing around at a distance. The nucleus is composed of sub-microscopic protons and neutrons, which are specific elementary particles. Negatively charged electrons circulate about that central core and balance the positively charged protons. These protons are the index particle of the atom because their number defines the element to which the atom belongs. It also characterizes its chemical properties. Neutrons, which are also part of the nucleus, have no charge. In combination with an atom’s protons, they determine the mass of the atom. Of course, there are many smaller fundamental particles than protons or neutrons, like muons or quarks. Fortunately, there is no need for us to consider them to understand our own situation.7




  Every atom has a nucleus. The size of the nucleus compared to an atom as a whole is startlingly small. To get some perspective, let’s imagine that the nucleus is the size of a raisin. Then, the whole atom would be the size of a large football stadium. The circling electrons would all be out in the stands. But the size of these electrons is less than one-thousandth that of a proton. So, the atom itself is largely untenanted space, and since we are composed of atoms, we are nearly empty space ourselves.




  The structures in our human body have differences that are orders of magnitude in scale, just like in outer space. A meter is just a bit longer than a yardstick. A nanometer is one-billionth of a meter. One nanometer is the width of ten hydrogen atoms lined up in a row. A strand of human DNA is 2.5 nanometers in diameter, the width of about twenty-five atoms. A typical protein is about four times larger, at about 10 nanometers in size. A virus can be that size but is usually considerably larger, averaging 100 nanometers on average. In comparison, an average bacterial cell is 1000 nanometers, roughly 10 times as large as most viruses. Our body cells are much larger than that. A red blood cell dwarfs a bacterium at about eight times its size. But red blood cells are comparatively small. The average cell of your body is bigger yet at 10,000 nanometers. By that standard, human hair is impressively large, 80,000–100,000 nanometers in width, about the same thickness as a piece of paper. That’s just a tenth of the width of a grain of sand. An ant is enormous in comparison, at 3 million nanometers. And a man that is more than 6 feet tall is roughly 2 billion nanometers in height. So, you can see (or not see) that the world of the small is very minute indeed. Most importantly, it is within the scale of the small that quantum forces dominate, exhibiting properties that are dissimilar from those objects we can see with our eyes. Importantly, for all living things, both classical Newtonian and quantum effects are exerting dynamic ranges of force.




  Calculations suggest that the universe is 13.8 billion years old. We know that microbial life began on Earth about 3.8 billion years ago. Complex multicellular life, the type of life we are, began about 600 million years ago. We are a particular type of primate called hominids, originating about 5 million years ago. Homo sapiens or “modern humans,” the exact type of hominid that we are, are believed to have emerged a little more than 200,000 years ago. Let’s put this timeline into perspective. If the distance of a mile represents the universe’s age, humans have only existed within the width of a single human hair. And the length of time that there has been civilization, where human societal structure progressed beyond the stage of being struggling nomadic hunter-gatherers and capable of agriculture and organized cities, would cut that human hair down to 1/40th of its width.8 So, on a cosmic scale, our technological abilities are incredibly recent.




  On a universal timescale, all of human existence is a minuscule speck. On that same scale, our individual lives are abysmally brief. This deficiency enforces a consequential reality. We will not journey to the stars. The nearest star system to our Sun is the three-star constellation of Alpha Centauri. Traveling at the speed of light, it would take 4.3 years to get there. Of course, only light travels at the speed of light, and we can only travel at a trivial fraction of that. The fastest that humans have ever traveled in space is roughly 24,000 miles an hour. Let’s imagine that we could go more than a thousand times faster. It would be quite an accomplishment, but still sluggish on a cosmic scale. At that speed, it would still take us one hundred years to get to Alpha Centauri.9 When we got there and sent a text to Earth to let them know that we had arrived safely, it would take 4.3 years to send the information back at the speed of light. So, you can see that we humans are not engineered for space travel. We will not seek our significance by anticipating any journeys to the stars. Instead, to find ourselves and our purpose, we must voyage inward into the mysteries and wonders of our cells.









  CHAPTER 4




  The Quantum Realm




  Trigger warning: We are about to discuss some basic physics. Only a little. Don’t despair. No math is required, just curiosity.




  Even though the universe is consistently inflating, it is still orderly. There are consistent rules that can be observed and measured. There are dependable physical principles that govern the relationship of one particle to another at varying scales. Three hundred years ago, the brilliant mathematician Sir Isaac Newton formulated the laws of motion that define the movement of large objects in physical space. These are the reliable and reproducible physical rules that allow us to calculate the accurate trajectory of an artillery shell or a rocket ship. These apply to the scale of objects that we can observe directly and are not microscopic in size; however, in the last century, a new set of quantum rules has been identified that govern how the atomic level operates. Some of these quantum principles contradict our ordinary senses. At this microscopic scale, the actions among particles defy our established expectations of clear-cut relationships between physical causes and effects. Instead, quantum measurements reveal inherent uncertainties about the relationship between one object and another. Yet, these built-in uncertainties are just as pertinent to our lives as those Newtonian forces that govern what happens when two cars collide.




  Quantum mechanics involves many puzzling concepts that are quite complex in their details. Still, the basic concepts are readily accessible. For our purposes, we do not need all the exacting math that is the lifeblood of those who work in the field. Only a few quantum features merit our attention. These are the ones that provide the necessary insights into the nature of the relationship between matter and energy that sustain our links across the cosmos.




  The main difficulty in understanding quantum principles is that they seem to disregard the way we perceive our world. We’ve spent a lifetime relying on our senses to make predictions. Yet, with quantum phenomena, there is a disturbing gap between our natural perceptions and how the quantum realm operates. Consequently, quantum phenomena seem enigmatic and very weird. Even Albert Einstein found its concepts frankly alien. He remarked with evident frustration that “the more success the quantum theory has, the sillier it looks.”1




  Basic electromagnetic theory indicates that energy transfers can be measured and mathematically expressed in patterns of continuous waves. At the beginning of the twentieth century, the peerless physicist Max Planck discovered something shocking. Energy can be emitted or absorbed in discrete units or “chunks.” It doesn’t have to act like an unbroken wave. At quantum levels, energy can exist as discrete units or as separate packets. A particle, such as an electron, can be at one level or at another separate, distinct level, but not in between. It seems to jump between those levels. A few years later, in 1905, Einstein realized that light could act as both a particle and a wave depending on energy and momentum. It behaves like a photon particle at low frequencies, and at higher frequencies, it acts as a wave. In 1923, Louis-Victor-Pierre-Raymond de Broglie was able to go a step further. He extended this concept of wave-particle duality beyond light to include all quantum particles, even electrons. De Broglie was not only a metaphorical “prince” among physicists, as he was regarded by many, but was an actual prince from an aristocratic family, the seventh Duc de Broglie.2




  It was Einstein who recognized that there is no way to precisely predict the momentum of a photon that is spontaneously emitted from an atom. This lack of precision is entirely different from the classical Newtonian laws of physics. This means that there is an irreducible amount of uncertainty within the quantum realm in any complete attempt to describe a set of events. It isn’t exactly known how to account for this fact, but it is true because it can be reliably observed and measured. One of the primary reasons that quantum mechanics seems so abstruse is that this absence of absolutes seems so contrary to our own lives.




  It is generally conceded that the Nobel Prize–winning Austrian-Irish physicist Erwin Schrödinger definitively launched the science of quantum physics with his famous quantum wave equation in 1926. Although the specifics are complex, the basic concept is not. Simply put, there are no absolutely accurate observations within the quantum realm. At the level of atoms, it is always an issue of quantum probability. Unlike the classical laws of physics, quantum motion cannot be described in unequivocal terms. Instead, a quantum context is a set of possibilities. In quantum mechanics, the motion of particles follows probability laws. Schrödinger thought in depth about the relationship between physics and biology. He knew that the standard rules that exactly describe the behavior of large objects, like the ones we can see, are themselves composed of innumerable tiny, smaller objects. Although the individual behaviors of these particles might be random and unpredictable, when they combine in aggregates of billions or more, their statistical behavior becomes predictable. Their combined action yields “order from disorder.”3 Many physicists believe that these quantum reactions form the link between biology and physics. Even DNA exhibits the strange quantum effects of proton tunneling and proton-electron pairing.4




  The acclaimed Heisenberg uncertainty principle offers a convenient framework for considering the fundamental concept of quantum uncertainty. Werner Heisenberg, a German theoretical physicist and a Nobel Prize winner, was a prominent leader in quantum mechanics. He pioneered the initial conceptualizations of the contradictory implications of quantum phenomena. His perspective was, “the smallest units of matter are not physical objects in the ordinary sense of the word; they are forms, structures or—in Plato’s sense—ideas which can be unambiguously spoken of only in the language of mathematics.”5 The Uncertainty Principle proposes a radical, non-intuitive notion. For certain particles—an electron, for example—it is not possible to know with complete precision both its position and momentum at the same time. Any attempt to measure the position of a moving particle will affect its momentum. Trying to measure the momentum of that particle necessarily requires an energy input that inescapably affects its position. The crucial implication of this inherent coupling is that there is a natural limit to what can be known with complete precision. There is a fundamental quantum limit of accuracy in measurement that cannot be overcome. The lower limit, Planck’s constant, relates the energy of a photon to its frequency. Importantly, this lower limit is not specific to our capacities as clever humans. It is not dependent on our ability to devise some novel method of measuring each of these properties. It means that our existence has specific boundary levels of uncertainty, and we must just get used to it.




  There is no doubt about Heisenberg’s intuitive genius. Some informed contemporary physicists insist that we are indebted to him in other profound ways. During World War II, Heisenberg was drafted into the German Uranium Project. Ostensibly, this effort was directed toward designing a uranium energy reactor; however, that research might have easily been refocused toward the development of nuclear weapons. Edward Teller was one of the primary physicists working at Los Alamos to produce the successful U.S. atomic bomb. He insisted that Heisenberg actively sabotaged German attempts to develop an atomic weapon. Heisenberg is also the source of other good news. Who among us has ever struggled to pass a test? Heisenberg is arguably among the most brilliant theoretical scientists in history. Yet, he almost failed his oral dissertation in physics, which contained detailed questions about experimental physics that had never interested him. He just squeaked by. That experience mortified Heisenberg. For my part, I’ve taken heart. I now feel better about my grammar test results in sixth grade.




  The uncertainty principle dictates that an atomic particle such as a photon or an electron cannot be accurately defined as either a particle or a wave, or even as a precise combination of both. Its actions are directly related to its instantaneous situation. Any attempt to measure one aspect of its position, status, or trajectory implies a consequential alteration. This means that there is no way to know everything about an atomic particle at any specific instant. The number of manipulations that are performed doesn’t matter. It’s simply a natural limitation. Conceiving this limitation requires a broad imagination because there is no analogous situation in our own lives. Even the incomparable physicist Richard Feynman ruefully commented:






   Now we know how the electrons and light behave. But what can I call it? If I say they behave like particles I give the wrong impression; also if I say they behave like waves. They behave in their own inimitable way, which technically could be called a quantum mechanical way. They behave in a way that is like nothing that you have ever seen before. . . . Our imagination is stretched to the utmost, not, as in fiction, to imagine things which are not really there, but just to comprehend those things which are there.6







  As an initial pillar of quantum theory, Max Planck had realized that light and other electromagnetic waves were emitted in discrete units of energy that he termed “quanta.”7 Although Planck’s work was a monumental achievement, it took the energetic insight of an intuitive Indian mathematician, Satyendra Nath Bose, to reach a further crucial insight.8 Photons of the same frequency are identical—in fact, indistinguishable. This property is still considered astounding. If we were to take two like-kind objects and scrutinize them closely enough, we would readily find some distinguishing features between them. Suppose we examined two factory-fresh golf balls. If we looked closely enough, we would eventually discern some trivial differences in color or markings; however, this is not true for photons, and this has important ramifications. It means that distinguishing things at the quantum level requires large-scale statistical analysis. It’s impossible to directly discern the differences between identical particles without crunching lots of numbers to make the statistical measurements that determine their quantum differences. This facet of quantum mechanics has a significant practical application because quantum statistical analysis is crucial for modern computers, cell phones, other types of microelectronics, and telecommunications. Although this kind of statistical methodology might not seem to have anything to do with ourselves, that is not true. These same principles are at work within us. Many living processes are based on quantum principles. Even in biology, outcomes can only be defined through probabilities for which there are no absolutes, and there are many coexisting dualities. As brutally nonintuitive as it might seem, our reality is that quantum systems can exist in more than one physical state at the same time. Although unsensed by us, this same strange principle matters across life on this planet.




  One of the more disturbing features of quantum systems is that they so completely contradict our own daily experiences. In quantum systems, objects do not merely have the potential to exist in more than one physical state, such as either particle or wave, but they can do so simultaneously. This phenomenon has been proved by a series of clever experiments in which researchers sent electrons through specific holes in a barrier. The surprising finding was that even a single electron can interfere with itself. The exact manner that it does so in the experiment requires that it exists in two different states simultaneously. Both states are superimposed. They exist together, at once, and their effects on one another are instantaneous. Whenever we try to observe them and make a discrete measurement, they immediately “settle” into one or the other of those overlapping states. In effect, the act of observation converts the quantum realm toward the more familiar one of classical physics that we experience, where one specific outcome can be observed. This may seem baffling, but it is an essential aspect of our biological systems.9




  This phenomenon, in which two states can overlap simultaneously, is not the only bizarre property of quantum mechanics. In quantum systems, it is possible for objects separated from each other to instantaneously “know” and reflect each other’s state. This counterintuitive property of “entanglement” has been experimentally demonstrated at small distances, but it is just as valid, at least theoretically, even trillions of miles away. For example, if a pair of electrons is created together, they will have opposite spins. For simplicity, spin can be imagined as a pair of possible states that must cancel to zero. For example, if one spin is clockwise, the other would be counterclockwise. Of course, spin is a good deal more complicated, but that’s not important for our discussion. In a quantum system, if two electrons are separated, the two can be entangled as a superimposed pair. If the spin of one changes, the spin of the other changes in the opposite direction at the same instant. It doesn’t matter how far apart they are. This seems unimaginable. Einstein termed this “spooky action at a distance,” and it upset him so greatly that he never completely accepted nonlocality and entanglement throughout his life. Yet, modern research experiments have concluded that nonlocal entanglement is not merely theoretical, but a measurable and reproducible phenomenon.10




  One more concept needs to be covered in our quick odyssey through quantum mechanics because it is directly involved in cellular processes. Quantum entanglement is related to another feature of quantum systems, termed “quantum coherence.” Quantum entanglement and quantum coherence are separable aspects of the superposition principle that permits particles to exist in multiple states simultaneously. For example, photons can exhibit properties of both a particle and a wave; however, their wave-like action can be split into two separate overlapping waves. Each of these can augment or interfere with each other depending on their frequencies. These two waves are “coherent” if their frequency and waveform match. Of course, they need not always match. That pattern is termed decoherence. What’s important is that quantum coherence and decoherence represent the gain or loss of information in a quantum system. This matters for computer operations. Coherence is also the phenomenon that enables us to have lasers and, increasingly, it is recognized as central to quantum biological systems.11




  Physicists have discovered that the physical universe relates to quantum uncertainties, and research scientists have confirmed that quantum reactions are constantly operating in our cells. Cellular quantum reactions are the basis of our sensory perceptions, such as vision, hearing, and smell. Our cells and microbes have a broad variety of communication mechanisms. Some obey classical physical parameters, such the transfer of signaling molecules between cells. Others are based on quantum phenomenon.12 Although we are unaware of it, much of the information we glean about the external environment is the product of quantum interactions. Cells are sustained through all of these types of sensory inputs, both quantum and classical. Since cells make us, this is how we survive. So, the energetic exchanges that animate our bodies are a mixture of quantum processes and classical physical interactions.




  As a cellular being reading this book, you are just one juncture in an endless spectrum of universal particles and energy that integrate through hidden quantum linkages. There is no reason to suppose that you are any necessary endpoint of that repetitive process. All those forces that enliven you travel across the trillions of cells in the microscopic universe that you are. No known imperative dictates that any of the energetic recurring cycles that connect your sub-atomic particles, atoms, cells, blood vessels, and organs should abruptly cease with you. Instead, there is a further justifiable assumption. Quantum mechanisms represent an animating thrust that extends outward to join you with the cosmos, traveling through as yet unmeasured superpositions, entanglements, and coherences.









  CHAPTER 5




  Life’s Building Blocks




  Scientists declare that the physical universe began 13.8 billion years ago, give or take a day or two. Any life in the universe must directly connect to that physical origin. That assertion of inexorable kinship is by no means novel. More than 2,500 years ago, the Greek philosopher Heraclitus recorded the first instance of this argument. He declared that a definite continuum extended through all living things, imagined as an “upward-downward path.” Everything goes both up and down instantaneously. These interactions result in “hidden harmonies” across the cosmos, united by unending and transforming changes. His writings record his thoughts in vivid terms: “the death of fire is the birth of air, and the death of air is the birth of water.”1 Some reflection on the assumptions of the ancient Greeks is necessary to make sense of that declaration. They encapsulated nature into four essential overlapping elements: water, earth, fire, and air.2 Consequently, a statement of the birth of air equating to the death of water has a nuanced meaning beyond our contemporary mindset. The ancient philosophers presumed that matter and energy could only yield biological forms through cosmological intervention. Heraclitus insisted that everything was in flux. Plato quotes Heraclitus: “All things are in process and nothing stays still.”3
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