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FOREWORD



Plac’d on this isthmus of a middle state

A being darkly wise and rudely great . . .

Sole judge of truth, in endless error hurl’d:

The glory, jest, and riddle of the world!

—Alexander Pope,

“Essay on Man, Epistle II”

Human beings will always be an unfathomable mystery. Which is of course ironic, because as members of the world’s only introspective species, humans will only ever be mysteries to themselves. There are numerous ways in which members of Homo sapiens literally stand out among all the many millions of other living species that populate the globe, most of them relating in some way or other to our unusual upright posture. But none of our physical peculiarities makes us more baffling than a much less material feature: the way in which we process information. Our curious cognitive style places us apart from the rest of nature, not only in our capacity to comprehend and exploit the world in which we live, but in our ability to fabricate and believe reductionist stories about it. In recent years, some of the most seductive of those stories have involved directly imputing our behaviors to our genes, implicitly absolving us of responsibility for some of the more bizarre and irresponsible things we do (and, incidentally, robbing us of credit for the more admirable ones). But while such absolution may come as something of a relief to members of a species that seems inherently conflicted about most of what it does, it comes at the cost of ignoring the scientific complexities involved—and the wonderful fact that, unlike the members of all other living species, human beings actually do have choices.

Hence this book, the fruit of a collaboration that has now extended over a decade, since we co-curated the Spitzer Hall of Human Origins at the American Museum of Natural History. Back then, we discovered a mutual worry about the way in which reductionist stories about who we are and how we got here have tended to grab public attention at the expense of scientific accuracy. Accordingly, this is our attempt to look at the relationship between our genes and our behaviors, and to place the evolution of the human species within the framework of what we know about the evolution of life more generally. For it becomes ever more evident that, no matter how astonishing the result—and Homo sapiens certainly is astonishing—the process by which it came about was entirely routine and unremarkable in the grand scheme of life on this planet. Our evolution, as we hope to show, has been far more a story of contingency and chance than of fine-tuning by adaptation; and it is only by sweeping away appealing adaptationist stories and consciously accepting this fact, that we will ever fully make sense of what we have become.

So here is our best effort to understand how we modern humans became the extraordinary and hugely inconsistent creatures that we are, and to explain how and why we will continue to be this way. Along the way we will also touch on what we didn’t become, and what we won’t become. For, while our species Homo sapiens is far from a perfected product, neither does it appear to be a biological work in progress, at least under current demographic circumstances. Whatever we become will be determined not by biological innovation, but by an energetic and unprecedented cultural dynamic. That dynamic is not tightly constrained by the heritage of the past—although, perhaps paradoxically, it appears to be only precariously under our control. Still, as we hope to make clear, if we botch our future it will not have been inevitable.

This book could never have seen the light of day without the vision and enthusiasm of Jessica Case, our editor at Pegasus Books, and of our agent, Don Fehr. Thank you both, and thanks also to Jane Isay and Michelle Press, who have been a constant source of wisdom and encouragement in our efforts to communicate our science. On the production side, we are grateful to Meghan O’Brien for her sensitive copyedit, to Rita Madrigal for her acute proofreading, and to Maria Fernandez for the book’s elegant design and for skillfully keeping everything on track. We are deeply indebted to Kayla Younkin, Jay Matternes, Diana Salles, and Ken Mowbray for producing the elegant illustrations; and as always our affection and appreciation go to our wives, Jeanne and Erin, for their support and forbearance.






PROLOGUE



In his novel The Kites, set in Europe amid the Nazi barbarities of World War II, the Romanian-French novelist Romain Gary neatly encapsulated the human predicament. “Part of being human,” he wrote, “is the inhumanity of it.” And for good measure, he added that “as long as we refuse to admit that inhumanity is completely human, we’ll just be telling ourselves pious lies.”

To anyone who might—against all odds—believe in the perfectibility of humankind, Gary’s view of Homo sapiens might appear a little uncharitable. But a dispassionate view of history will leave most of us in little doubt about the enduring accuracy of his observation. True, during its tenure Homo sapiens has been responsible for a practically inexhaustible list of wholly admirable achievements. But it is nonetheless undeniable that the list of the miseries our species has inflicted on itself, and on the world in general, is impressive enough to suggest that Gary was spot on: that “inhumanity” is just as truthful a descriptor of humankind as “humanity” is. Or, perhaps more accurately, that any adequate characterization of our species requires using both descriptors.

Interestingly, this inconsistency applies at the level of the individual as well as at that of the species as a whole. Knowing that someone is a member of Homo sapiens tells us that he or she is an upright biped with clever hands and a big brain. But it tells us nothing about the kind of person he or she happens to be. Indeed, it would be easy enough to find within the species—or even, quite probably, among the human residents of a single city block—individuals who would fit any pair of behavioral antitheses you might care to mention: saintly or selfish; generous or grasping; vindictive or forgiving; wise or gullible; meek or aggressive; energetic or indolent. In fact, any one of us might be any of these things in the very same day, for every human being is a bundle of contradictions.

At the extreme, socially conservative politicians rail publicly against licentious behaviors and reproductive choice, while sending their mistresses out for discreet abortions; pastors preach virtue, then abuse children; depressed comedians kill themselves. What is more, although usually on a smaller scale, contradictory behaviors of this kind are shown by everybody, without exception. Not all of us can be characterized in quite the extravagant dichotomies once used by a book-jacket blurb writer to describe Samuel Johnson’s friend and biographer James Boswell as “loving husband and father, dissipated whore-chaser; conscientious lawyer, drunken buffoon; writer of tedious doggerel, and author of one of the finest biographies in the English language.” But in every one of us these or similar words will strike an echo of some kind, however loud or faint it may be.

This paradoxical nature of ours is why what defines us as human, the “human condition” that philosophers and others have so long striven to characterize, is maddeningly elusive; and it is supremely ironic that the only species that—so far as we know—agonizes about its condition turns out to be the very species in which that quality is hardest to pin down. Of course, it is entirely true that we share a very great deal of our cognitive as well as physical and genomic makeup not only with our closest relatives in the living world, the great apes, but with a vast, radiating array of forms far beyond them. But there is nonetheless something emergently different about the way in which we process information in our minds. And that disparity has fundamentally changed the rules by which we interact with the rest of the living world—and with each other, for that matter. The difference, and how we acquired it, is what this book is about.

As evolutionary biologists, we are acutely aware that human beings are intimately nested into our planet’s biosphere: that we are related by ancestry to all the living things we see and don’t see around us. We are organisms, after all. But it is also evident that we humans do business in the world in a qualitatively unique way, and that there is a deep—even if narrow—behavioral gulf between us and all other living things, even including those very close relatives, the apes. What makes us so different is that we have become symbolic. This is a shorthand way of saying that, to the best of our knowledge unlike any other creatures, we dissect the experience of our internal and external worlds into a vocabulary of mental symbols. We can then mentally combine and recombine those symbols, according to rules, to produce new visions of those worlds. In the pages to come, we outline the evolutionary and genomic mechanisms by which this difference came about, and we briefly recount the long and absorbing history of how we acquired that uniqueness. And we try to understand—as much for our own benefit as for yours—why members of our species so often behave in bizarre ways, while always remaining recognizably human—at least in Romain Gary’s sense of the word.

We are, of course, very far from the first to attempt the hubristic enterprise of explaining just what it is that makes humans different. Philosophers, dramatists, and poets have striven for millennia to encapsulate, if not to explain, our bizarre experience of ourselves. And with a gradual shift in literary tastes, over the last couple of centuries it is the novelists such as Gary—and in recent times moviemakers—who have become incomparably the most successful characterizers of the unique human experience, albeit necessarily capturing it fragment by tiny fragment.

Novelists can, of course, allow their imaginations to roam freely. Scientists, who came relatively late to the game, labor under substantially tighter constraints. And they have generally found that making solid generalizations about the ways in which Homo sapiens individually and collectively behaves is an intractable task at best. On the clinical front, for example, from which Homo sapiens is usually seen not as dynamically evolving but as a biological fait accompli, psychologists and psychiatrists have tried to chart, explain, and organize deviations from expected behavioral norms. The enormous debate this effort has unleashed may reflect to some extent the awkward fact that humans are deeply cultural creatures, and that those norms are at least as much learned cultural artifacts as they are inherited biological features.

In the domains of anthropology and behavioral biology, the scientists who call themselves evolutionary psychologists have done a great deal to document cross-cultural and other regularities in human behavior, in pursuit of the notion that our modern behaviors are mediated by ancient influences. But they have greatly handicapped themselves by examining specific behaviors such as altruism, or infidelity, or homosexuality, as individuated and inherited expressions that can be explained in isolation. That disadvantage comes about because, although cherry-picking discrete items in this way makes analysis easier, every behavior actually exists on a spectrum. Such spectra are defined by what statisticians call the “normal distribution,” more popularly known as the “bell curve.” In any normal distribution, a few individuals mark the extremes of the spectrum (running from greed to generosity, say), while the bulk of the population falls somewhere in the middle (most of us being for the greater part reasonably open-handed, even if not always).

The omnipresence of the bell curve affects the way in which we need to look at the expression of human behaviors. Take altruism, probably the evolutionary psychologists’ favorite behavior. This, the propensity of certain individuals to sacrifice themselves for the benefit of others, may look at first glance like an extraordinary manifestation that begs for a special explanation. But when you realize that altruism is symmetrically matched by extreme selfishness at the other end of the distribution, and that most of us lie somewhere in between, something else emerges. Namely, that what is most worthy of investigation is not the individual extremes, but the nature and existence of the curve itself. And that curve is a property of the species, not of the individual—which is one major reason why their common membership in Homo sapiens predicts notably little about its individual members.

Given all this, it is hardly surprising that the human condition has been so elusive. One approach to solving the conundrum of what makes our behavioral repertoire unique, and one that evolutionary psychologists have particularly favored, is the making of laundry lists of “human universals.” These are things that all humans do (or could do), but that nothing else does. On the face of it, the human universal perspective certainly appears to provide a reasonable starting point for understanding whatever it is that makes us unique. After all, isn’t what makes us different merely the sum of the things that only we do? But look a bit closer, and you see that this approach doesn’t get us very far in any meaningful descriptive sense. For example, our explicit awareness of our impending mortality is almost certainly unique to human beings; but even though this knowledge may do a lot to explain our general existential angst and its many derivatives (just as the knowledge of their immortality oppressed Gulliver’s Struldbrugs), it is hardly a satisfactory predictor of our individual dispositions. And no matter how long your list gets, it will never be comprehensive (there will always be something you forgot, rather like thinking of the largest number you can imagine, and then adding one), while at the same time it will always be riddled with exceptions. That damned curve again.

Of course, there can be little doubt that—to a certain modifiable extent—every individual is the sum of his or her genetic predispositions; and most of us, at least, are born more or less the kind of individual we are likely to remain, unless we make a conscious and often difficult effort to behave contrary to our basic instincts. But, while it may be true that close observers can bracket the behavior patterns of individuals with some accuracy, when we seek a defining behavioral condition for our species as a whole we are nonplussed. Statistics and the curve aside, the main reason for this difficulty is that, while the most remarkable and consequential of our unique and universal human capacities is our common ability to reimagine the world, we each do so in our own particular way. So much so that, in our intensely social species, culture and its rules play critically important roles in keeping individual worldviews reasonably compatible among the members of each society.

Still, that cultural containment comes at a price. We all come into the world with the potential to absorb any language or set of cultural norms that Homo sapiens has to offer; yet, by an early age, we may have absorbed an unshakable perspective on the world that is completely incompatible with that of members of other societies (or even, occasionally, of our own). To put it another way, our symbolic capacity makes it possible for individual human beings to live in subjective worlds that are far more distinct from those of other humans than are the more immediate and practical worlds inhabited by, say, members of different ape species. And in an age of globalization, the full consequences of this particularity of ours are becoming ever more apparent.

Given all these complications, it is inevitable that the human condition should remain elusive; and if we were pressed to think of the single human universal that best embraces our condition, we would reluctantly have to choose “cognitive dissonance,” although this may of course be a result of the current state of our national politics. Yet, there is equally no doubt that we human beings are the product of a long and complex evolutionary process that has in some way tailored us to the world we inhabit; and, at least in certain respects, we are captive to our unusual human biology. This paradox inevitably haunts the center of this book, in which our main aim is to examine the interface between our biological inheritance and our behaviors, and to discover just how we contrived to become the wonderful, flawed, infuriating (choose your own adjectives) creatures that we are today.






ONE

GENES, EVOLUTION, AND THE BELL CURVE



Human beings are intimately nested into the natural world. Because of this they share many features with other multicelled organisms, even while differing from all of them to widely varying degrees and at numerous levels of complexity. Because the great tree of life to which we belong is literally a genealogy, these similarities and differences are hierarchically arranged. This organization makes it possible to gather information at many different levels in pursuit of understanding why both the similarities and the differences exist. One way to start is by looking at very highly integrated—and even emergent—levels of organization, such as culture and group behavior. But we can, if we wish, move one level lower and look at whole individuals. Or we can dig a little deeper and look at the organs of our bodies. Or we can proceed to an even finer level and focus on the tissues that make up those organs. But that’s not the end of it. At a lower level yet, we can examine the cells that make up the various tissues. Deeper still, we can look at the kinds of structures of which cells are composed, such as nuclei and membranes; or we can crank up the magnification yet more and look at the molecules from which our cells are built. And it is at this most intimate of levels that we best see the basic repetitive patterns that bind together every living organism on Earth.

Even in this elemental perspective, it becomes quickly apparent that we are not the only complex beings on Earth. Indeed, even very simple-looking single-celled bacteria exist at a level of complexity that is nothing short of exquisite. Yet, for all the many ways in which this complexity is expressed across the many branches of the natural world, there is a single unifying theme that underlies everything we see. Namely, that it is the job of all organisms, whatever their means of doing business, to make more of themselves. And this is a task that obviously demands a mechanism for faithfully replicating both organisms, and their traits, from one generation to the next.

On our planet, this reproductive mission is accomplished by using the most basic units of our being: molecules, more particularly, protein molecules. Every part of us and of every other living organism—our bodies, behaviors, and, in the human case, even our beliefs—has a molecular basis. And, as a result, there is a very real continuity between the simplest and the most complex aspects of what we are. As the great molecular biologist and polymath Francis Crick once said, very explicitly, “A person’s mental activities are entirely due to the behavior of nerve cells, glial cells, and the atoms, ions, and molecules that make them up and influence them.” In other words, even our thoughts and emotions are in essence nothing more than the sum of a host of molecular and chemical reactions. What is more, if whatever generates our mental capacities ultimately resides at a molecular level, then so must the underpinnings of the emergent properties of those mental capacities, such as culture and group behaviors. This is a truly sobering thought; and it is why we are beginning this book by discussing the fundamentals of the tiny structures that are so exquisitely combined to make us what we are.

All living organisms on this planet have arisen from a single primordial common ancestor that existed perhaps as much as 3.5 to 4 billion years ago. All subsequent life sprang from this ancestor, branching and diverging to ultimately produce the many millions of different kinds of organisms that exist today. We know this not only through the meticulous analysis of anatomical structures across this vast array of creatures, but because we have lately accumulated a remarkable knowledge of the genomes of organisms—not only from all existing branches of the tree of life, but even from some extinct forms. The structural similarities among those genomes clearly confirm a pattern of continuity and relatedness among all living things on Earth.

We see this perhaps most clearly in two things. First, the proteins that organisms are composed of are not organized randomly. Rather, they are fine-tuned molecular structures, built on a common pattern, that perform with exquisite precision to assure the survival of each organism, whatever its external appearance. Second, the blueprints for these proteins are all embedded in the amazing linear DNA molecules that make up the genome. And since genomes are an important part of understanding many of the nuances of the human condition, we need to spend a little time exploring their basics.

PLAYING WITH LEGOS

Nature seems to have settled on a linear theme (long strings of small, basic components) at both the molecular and the cellular levels. But molecular variety is not confined to linear patterns. Some molecular structures are twisted so that they assume fantastic shapes and substantial three-dimensional complexity; and indeed, their three-dimensional shapes are essential to the ways in which they function.

Researchers have found over ten million different proteins in the cells of the many organisms that have been studied so far. This is a substantially large number, and an even greater number of cellular functions has been identified. To coordinate all this complexity of function, every cell needs a blueprint for each protein it manufactures. What is more, for the cell machinery to run smoothly from one generation to the next, that blueprint not only needs to be inherited in a smoothly integrated fashion, but it also needs to be able to reliably replicate itself. Yet, if evolutionary change is to take place—and evolution is the only known mechanism that actually predicts the diversity of life we see around us—there must also be room for changes to occur between generations. Nature has found an incredibly efficient solution to these diverse requirements by deputing the job of maintaining and transmitting those blueprints to a very specific kind of molecule known as deoxyribonucleic acid, or DNA. The structure of DNA is not only well suited for holding information, but also for self-replication; and indeed, the DNA molecule is a thing of amazing beauty for its utility as much as for its structure. Playing with LEGOs can help us understand the amazing capacity of DNA to hold the diversity of information necessary for all life on our planet.

A basic LEGO set has six building blocks, of six different colors, with eight pegs on each one. Any parent knows (in addition to the excruciating pain caused by stepping on a LEGO in the middle of the night) just how complex the structures that a four-year-old kid can create may be with this tiny number of different blocks. In fact, a Danish math professor named Søren Eilers became famous for computing the exact number of permutations that these six differently colored blocks can produce: an astonishing 658,874,710,800. These nearly 660 billion permutations include a lot of combinations with the same shape, but with different colors distributed among them. (The original calculation was exactly 915,103,765, but Eilers did not compute the possibilities considering the six different colors. With colors added, there are 720 times more combinations.) So, if we allowed two four-year-olds to independently make structures with this basic six-piece LEGO kit, we would undoubtedly see pretty divergent end products. Each kid would use different colors and units, and would connect the blocks differently, although if we were to limit them by specifying that they could make only lines of blocks, there would be a mere 1 in 720 chance that the kids would make the same arrangement of colors.

So how do these rules apply to DNA and proteins? The long DNA molecule has four basic building blocks (called nucleotides), and proteins have twenty or so basic building blocks (called amino acids). The number of ways in which four different things can be arranged in a line is a mere twenty-four; but the number of ways in which twenty different things can be arranged in a line is 2,432,902,008,176,640,000. Even with just four basic units, there is an unimaginable number of different ways in which we can arrange things linearly using longer strings. For instance, if we consider a ten-unit-long sequence of DNA, the number of possible arrangements is only 410; but if the string is allowed to be 100 bases long, there are 1,099,511,627,776 ways to arrange the four things. For a protein with twenty amino acids, there are 10131 (that’s a 1 with 131 zeros after it) ways to arrange 100 amino acids in a linear pattern.

Most proteins are 300 to 500 amino acids in length, so the number of possible combinations of amino acids in a typical protein is 10390. And for a DNA sequence of, say, 999 bases, the possible combinations are 10601. (DNA that codes for proteins comes in multiples of three, and there are nearly three times the number of bases in a gene coding for a protein as there are amino acids coded for by that gene.) Clearly, nature has stumbled upon a unique and virtually inexhaustible way of storing information using linear DNA and protein sequences.

Deoxyribonucleic acid is made of smaller molecules and atoms that come together in an elegant confluence of structural rigidity, information, and functionality. The DNA molecule’s structural rigidity arises from the way the atoms and the smaller molecules are arranged and bound to each other to comprise it. We knew long before the discovery of the DNA molecule’s structure in 1953 that it is made up of carbon, hydrogen, nitrogen, phosphate, and oxygen atoms: five of the smaller atoms in the periodic table. And now we know that in DNA these atoms come together to form four kinds of larger building blocks. These four blocks share a basic core structure, but they are differentiated from one another by side chains of molecules known as “bases.” The four bases are guanine, adenine, thymine, and cytosine or, in DNA lingo, G, A, T, and C.

The DNA molecule itself takes the form of a double helix, in which two antiparallel (meaning parallel but running in different directions) linear molecules contact and intertwine with one another. It turns out that the double helix is very stable, staying intact even in the face of high temperatures and noxious chemical environments. This is because the bases in one of the linear molecules bind solidly to the bases in the other. But the bonds aren’t random. G on one strand always binds to a C on the other, and a T on one strand always binds to an A on the other. And what this means is that if you have one of the linear strands, you know the structure of the other. You can thus re-create it by simply letting the strand you have bind to the right bases, and then connecting the new complementary bases to build the new DNA strand. This connection process is known by biologists as DNA replication, and by chemists as polymerization.

The actual task of replicating the DNA is accomplished by several molecules. A molecule, aptly named a helicase, unwinds the tangled double helix. Another, called DNA polymerase, takes each of the two strands of the double helix separately and, by using basic chemical reactions, reconstructs their complementary strands. This happens every time a cell divides, and because DNA resides in both the ova of the mother and the sperm of the father, DNA is the perfect medium for transferring genetic information from one generation to the next. Still, if the copying mechanism were entirely reliable there would be no way of introducing the hereditary changes that we know characterized the evolution of life on Earth. Fortunately for the evolutionary process, that mechanism is very slightly imperfect; despite the overall high efficiency of the replication machine, the DNA polymerase that does the heavy lifting in DNA copying does make rare mistakes. Those mistakes, known as mutations, are then passed on to the next generation when a sperm and the ovum fuse.

Once passed to the next generation, there are three possible effects of the mutations. In the first and simplest instance, mutations will have no effect at all, in which case they are neutral. The second category of mistakes includes those that are detrimental to the unfortunate individuals who have inherited them. In the worst of these cases such mutations are lethal, or cause severe genetic disorders, and will be rapidly weeded out of the population. The third—and most intriguing—possibility is that a mutation will give its possessors an advantage of some kind. Under the right circumstances, such advantageous mistakes will be favored, yielding the potential for evolutionary change with the passage of time.

DOGMA, CODES, AND RULES

The basic information for making proteins is contained in DNA. But something else is also involved in the making of proteins, because what the DNA blueprints actually do is to specify an intermediate molecule that does the real hard work: ribonucleic acid, or RNA. The type of RNA involved is called messenger RNA (mRNA) because it relays the message of the DNA to the cell for translation into protein. This molecule has close structural similarities to DNA, and it uses some of the same basic units. The RNA and DNA molecules work in tandem, giving rise to the “central dogma of molecular biology,” namely that DNA is transcribed to RNA, which is translated to PROTEIN. All living things on this planet abide by this dogma (except for some viruses, but that’s another story). The hierarchy of DNA, RNA, and proteins means that there are extra moving parts in the cellular system, but it still works very efficiently.

One of the implications of the central dogma is that, for information to flow from DNA to protein via the RNA, the DNA must code for the proteins that make up our bodies. But there is a coding problem, because while there are twenty amino acids to specify, there are only four basic DNA building blocks: G, A, T, and C. A one-to-one code could accommodate only four amino acids, while even using pairs of nucleic acids would leave us short. To illustrate this, let’s go back to our LEGOs and start with several blocks that have four different colors: red, blue, green, and yellow. Try to arrange two blocks in every possible color combination: start with red, red, then maybe red, green, and then red, blue, and so on. If you do this, you will quickly discover that there are only sixteen ways to arrange two blocks with the four different colors. And if the four LEGOs with different colors represent G, A, T, and C, then it is obvious that the sixteen different pairs of colors (known as “codons”) still leaves us four amino acids short. Clearly, we need to go to triplet codons that consist of three bases. But if we do this, we have the opposite problem, because there are sixty-four ways to arrange four colors in groups of three, leaving us with a surplus of forty-four codons.

Nature could have solved this problem in any number of different ways, but it did so by taking advantage of redundancy: that is, by having multiple codons for the same amino acid. Our favorite example of this is the four codons that code for the amino acid proline (also known as P or pro). There are four codons in DNA that can code for proline: CCC, CCT, CCG, and CCA. Four other amino acids are also specified by four different codons, nine are specified by two, one by three, two by only one, and three are coded for by six different codons. If you have been counting, this accounts for only sixty-one of the sixty-four codons that a three-letter code can accommodate; and in a truly economical stroke, the genetic code uses the missing three codons to tell the protein-making apparatus to stop. This additional flourish is beginning to make the genetic code look like a written sentence, with three-letter words that translate into amino acids, and a period at the end. But we still need to capitalize the beginning of the sentence, and the code does this by designating the codon for the amino acid methionine (ATG) for this role. So, let’s imagine an imaginary DNA sequence in which one of the two strands looks like this:

atcagctgacatcgagcctgccatgccaccgccccctcctccaccccctccataagacacg

On the face of it, this looks more like a garbled string of letters than a sentence, because we don’t see certain linguistic characteristics that we expect of a sentence printed on a page. But the molecular rules we have described above actually do give it a sentence-like structure. First, our rules say that the capitalization of the sentence should occur at the codon ATG. Scanning the sequence, we find our capitalization at the first and only ATG:

atcagctgacatcgagcctgccatgccaccgccccctcctccaccccctccataagacacg

Finding this ATG does two things to help us read our protein sequence. First, it shows us where the first word in the sentence is. And second, since we know that all the words in the sentence are three letters long, it also allows us to tease them apart. If we disregard the letters to the left of the ATG, we can now write the sentence as:

atg cca ccg ccc cct cct cca ccc cct cca taa gac acg

So now we know where our sentence starts, and where our words are. Our next step is to use the genetic code to translate to a protein sequence. What we show below is the DNA sequence with the triplet codes translated to amino acids. Remember also that CCC, CCG, CCT, and CCA all code for P, or proline.
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	cca
	ccg
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	cct
	cct
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	cct
	cca
	taa




Through this step we finally discover where the sentence ends, since TAA codes for a stop. Even though they code for amino acids, the last triplets are irrelevant to the protein sequence, and as a result we find that what we have here are the instructions for a strange protein that contains almost all prolines.

One important outcome of having redundancy among codons is that, while the DNA sequences might spontaneously change over time through mutation, the proteins they specify will not necessarily do so. Compare these two sequences:

Sequence 1   cca  ccg  ccc  cct  cct  cca  ccc  cct  cca

Sequence 2   ccc  ccc  ccc  ccc  ccc  ccc  ccc  ccc  ccc

Both sequences code for a protein with nine Ps, but there are seven changes between them. Changes of this kind are called “silent” because they have no effect on the protein produced. Researchers can use DNA sequence patterns of this kind to determine if a protein has been influenced by natural selection, and this will become important when we discuss the evolution of some of our human traits. Any protein sequence that remains the same will normally be under strong pressure from natural selection to stay the same; but it may nonetheless incur a lot of those silent DNA sequence changes. On the other hand, any DNA sequence that codes for a protein that is not influenced by natural selection should have about the same number of silent changes as it does DNA changes that materially alter the amino acid sequence (“replacement” changes). The ratio of replacement to silent changes then gives us a metric for the presence and intensity of selection acting on a protein. If natural selection is neutral for a given protein, then the ratio should be 1.0, the number of replacements being equal to that of silents. But if natural selection is actively purging replacements, then the ratio should be less than 1.0. And if the ratio is greater than 1.0, the indication is that natural selection is favoring change.

All this might seem like a lot of detail for a book that aims to understand the big picture of what it means to be human. But because DNA is so important to what you are—and to what your ancestors were—it is really helpful to understand the basics.

A VERY SHORT COURSE IN GENETICS

As eukaryotes (complex organisms that have their genomes encased in a membrane within the cell), human beings reproduce by combining genetic material from both male and female parents. In other words, humans have sex. For better or worse, most organisms on this planet, including the single-celled bacteria that make up 90 percent of all the species in the biota, do not have sex; and those that don’t contain in general only a single copy of each DNA-containing chromosome in each cell. They reproduce by replicating their genomes and then simply splitting into two cells; and it is during the replication process that the mutations occur that supply the variation necessary for evolution. In contrast, eukaryotes start out with two copies of each chromosome, reduce that number to a single copy when they make either sperm or eggs, and return to two copies when a sperm and an egg unite. The mutations necessary for evolution occur during the process of “meiosis,” when the sperm and egg are formed.

Sex provides an additional way to generate inherited variations among individuals in a population. Variation of this kind is highly desirable, because without it all members of the population would be equally subject to external influences, rendering all of them equally vulnerable to changes in the environment. For example, a familiar supermarket staple, the Cavendish banana, faces imminent extinction (like its predecessor the Gros Michel before it), because cultivated bananas reproduce clonally. This means that all Cavendish plants are genetically identical, and thus equally susceptible to the deadly Tropical Race 4 disease that is currently ravaging plantations in Africa and Asia. If some individual Cavendish plants were less susceptible than others, then these more resistant forms would rapidly come to dominate under this severe selection, and thus avert extinction. In addition, the very process of genetic mixing via sex opens a route to new genetic combinations. Because of the way in which the DNA is packaged in chromosomes, the two parental sets of genetic material have the potential to recombine as they intermingle. How this happens is key to understanding replication, variation, and, eventually, evolution.

One of the most impressive intellectual advances in understanding life on this planet was the painstaking clarification of the mechanisms of heredity by such nineteenth and early twentieth century luminaries as Gregor Mendel, Thomas Hunt Morgan, and H. J. Muller. Right up to the middle of the last century, the “genes” themselves could not be directly visualized. Instead, their existence had to be inferred from observations of the physical traits that they influenced. The genius of the early pioneers of genetics lay in choosing what are now known as “Mendelian” traits: simply inherited features in which, for practical purposes, one gene corresponded to one characteristic. This allowed them to study the independent behaviors of single genes, or the recombining behaviors of a handful of genes, by the observation of phenotypes.

Early in the study of genetics, the discrete characteristics that were studied followed the rules of inheritance closely. Traits such as green versus yellow seeds in peas, and red versus white eyes in fruit flies, provided good examples of simple Mendelian inheritance that involved single genes. This was lucky, because in most cases inheritance is not that simple. As we’ll see in the next chapter, most traits of interest to evolutionary biologists are controlled through the interaction of numerous genes, and most genes are involved in influencing more than one feature. An oversimplified example, however, will help demonstrate how such more complex traits behave.

First, let’s look at a simple Mendelian trait that is under the control of a single gene. Actually, there may be no such thing in the real world, because while some traits may appear to be under the control of single genes, every trait actually involves the interaction of more than one gene product. In other words, while the effect of a single gene might be huge, the expression of the phenotype (the appearance of the individual) nonetheless also involves RNA polymerases, ribosomal proteins, and other products that are affected by other genes. However, in “discrete” traits the influence of small-effect entities is so minuscule that they can effectively be ignored, and for the purposes of establishing genetic principles the logical—and acceptable—norm is to go with the assumption that certain traits are effectively controlled by a single gene.

Let’s assume, first, that the genes we want to examine reside in organisms that reproduce randomly and, second, that in the population concerned there are two different versions (alleles) of the gene. Let’s call the alleles r and R). The alleles interact with each other additively (i.e., in genetics-speak there is no “dominance”) and so the two “homozygotes” RR and rr have extreme phenotypes, while the “heterozygote” Rr expresses an intermediate phenotype that combines the two. Imagine a system in which RR homozygotes are red, the rr individuals are white, and the Rr heterozygotes are pink. If we were to cross an RR individual with an rr individual, we would get all Rr, demonstrating the intermediate phenotype of this combination. Using the rules of simple Mendelian genetics, in the second generation, where we cross Rr with Rr, we would obtain an equal number of each extreme genotype, and hence an equal number of red and white individuals. But there would be twice as many of the heterozygotic pink phenotype.

Now, let’s consider that color is instead controlled by two genes, the simplest case of a polygenic trait. In this case, both genes have two alleles (again R and r for one gene, but now we have D and d for the second gene) and let’s also assume that these alleles interact in an additive fashion. The numbers of R and D alleles determine how deep the red of the phenotype will be, such that the RRDD genotype will give the deepest red phenotype. RRDd, which has three different alleles, would have a lighter red phenotype, and so on. Nine different genotypes can be generated for two genes with two alleles each, in this case RRDD, RRDd, RrDD, RrDd, rrDD, RRdd, Rrdd, rrDd, and rrdd. Using our additive rules for the phenotypes, they would look something like this:



	Deep red
	red
	pink
	light pink
	white



	RRDD
	RRDd, RrDD
	RrDd, rrDD, RRdd
	Rrdd, rrDd
	rrdd




It should be noted here that not all allelic interactions are additive, and not all genes have just two alleles. But we can nonetheless use these hypothetical genes not only to demonstrate the way that traits can blend, but more importantly, to show how polygenic traits will be distributed in populations.
 
Finally, if we consider a trait with many (N) genes involved in its expression, we would get the following:



	Deep red
	range
	white



	RRDDCCEE . . . NN
	. . . . . .
	rrddccee . . . nn




The dots in the middle “range” category represent all of the combinations of the alleles that have at least one heterozygote (like RrDDCCEE . . . NN or RrDdCcEe . . . Nn). The more capitalized alleles in a genotype, the redder the trait will be. The more lower-case alleles in the genotype the whiter the trait will be. Genotypes with fifty percent upper case alleles and fifty percent lower case alleles will be pure pink, with all other heterozygous genotypes “ranging” from red to white. This would provide the distribution of phenotypes in the graph below. We will return to the nuances of this distribution later in this chapter.
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Two-locus, two-allele system where alleles are additive. Black alleles have a positive effect while gray alleles have a negative one, so that the “rr dd” genotype has the lowest fitness, while the “RR DD” genotype has the highest.

You might be wondering how all these different combinations of alleles might be generated. The answer is that the initial variability is generated by mutation, but the way in which the alleles are actually combined is subject to the luck of the draw. In a randomly mating population, for a single gene with two alleles r and R, the outcome will be dictated by probability. Thus, if an RR mother mated with an rr father, the mother would make only R eggs, the father would make only r sperm, and the resulting offspring would necessarily be Rr. However, if an Rr mother were to mate with an Rr father, the offspring would be RR, Rr, and rr in roughly the ratio of 1:2:1, as a result of simple probability. For similar reasons, for two genes (say, the same R and D genes above) with two alleles each, there are nine ways in which the alleles may combine (see the figure above).
 
The probabilities of getting each of these nine different combinations are well established; and in a randomly mating population, absent any other forces (like natural selection), these probabilities will always express themselves. Geneticists have taken advantage of the regularity of these probabilities to understand how genes are distributed in the genome. Remember that our genome is subdivided into chromosomes, and specific genes lie in specific orders along those chromosomes. The distribution of the randomly mating combinations is used as a baseline to assess if other forces are acting on the genes involved, and it turns out that for genes that are on the same chromosomes and close to each other, these probabilities will be distorted proportionately to their closeness. By looking at recombination rates in offspring from specific kinds of matings, and at how they depart from the baseline of randomness, researchers were able to determine which genes lay close to each other on the same chromosome, and in what order they lay.

Once the basic rules of genetics had been established—namely, that parental traits do not “blend” but instead are determined by genes that are passed along as discrete entities from one generation to the next—the next breakthrough was, ironically, to steer away from simple inheritance, and to recognize instead that most of the more interesting traits in nature are not inherited through the action of single genes, but rather through the joint action of many genes working together. Eventually, this discovery led the evolutionary theoretician Ernst Mayr to dismiss the groundbreaking work of the early twentieth century geneticists as “beanbag genetics.” But while Mayr was correct that most characters are not specified in this way, his airy tone was hardly justified. That’s because by keeping each gene (bean) in the bag separate from all the others, scientists could easily study their behaviors and begin to model them mathematically. It is hard to see how the scientific study of such an elusive and extremely complex mechanism as inheritance could have begun in any other way.

Fortunately, the development of a field called quantitative genetics shifted our understanding of how physical traits are inherited on to firmer ground. Quantitative geneticists saw traits in organisms as products of complex interactions. Genes can have either additive or dominant effects on traits. But such interactions among the genes themselves are not the only ones that quantitative genetics considers. The most basic quantitative genetics expression is P = G + E, where P is the physical phenotype, G is the genetic contribution, and E is the crucial environmental component of the trait. Because the last two of these vary, the phenotype (P) emerges not as a single physical state, but rather as a range of states. By recognizing this, quantitative genetics is able to tackle traits that vary continuously. And, more recently, modern genomics and genome sequencing have begun pointing to the additional sources of complexity we discuss at length in the next chapter.

HEREDITY AND THE ENVIRONMENT

If any one of us had been kept in a black box early in our lives, we would have become something very different from what we are today. This is because early experience is crucial to the outcome of human development, and indeed to the development of any complex being. One of the authors was on a public panel at which the possibility of cloning a Neanderthal was raised. He was appalled by the idea, and the question that most immediately came to mind was, “How would we know how to raise a Neanderthal to be a Neanderthal?” Those extinct ancestors were, after all, highly sentient beings; and, like us, a very large part of them was undoubtedly what they had learned to be.

The psychologist B. F. Skinner made a reputation for himself while still a graduate student at Harvard during the late 1920s, and eventually became one of the most influential behavioral scientists of his generation. Throughout his career, he designed ingenious experiments in which he could control as much of the external environment as possible so that he could test hypotheses about his subjects’ behaviors. A “Skinner box,” a kind of enclosed chamber for mice or rats with levers inside, can still be purchased from several scientific supply companies—although, since Skinner didn’t want his name to appear on such boxes, they are advertised as “operant conditioning boxes.” The “operant” part is the unfortunate rodent that is placed inside the box, and the “conditioning” is some outside influence imposed on the hapless subject.

Contrary to legend, Skinner’s daughter Deborah did not suffer from her stay in a chamber that he also developed for human babies in the general population. It was often rumored that Deborah grew up to be psychologically damaged, eventually suing him and committing suicide as a result of her stay in this hellish contraption. The reality is different: Deborah grew up quite normally and continued a loving relationship with her father until his death in 1990. The so-called box had simply been a crib known as a “baby tender,” which had Plexiglas around it to promote safety and temperature control. Apparently, Skinner’s wife had believed that it was best for children to be at a constant ambient temperature, and to be enclosed to protect them from falling. That makes sense to anyone who has recently been around a two-year-old; but such was the scary potential of the Skinner box, that rumors ran out of control.

Assessing the environmental component of any trait requires that you compare its phenotypic trajectory in different environments. The one trick to this procedure is that the genes, or more precisely the genomes, of the two organisms need to be as closely related as possible, preferably identical. With certain plants this can be readily accomplished, because they can be cloned easily. But with animals, making exact genetic animal clones is not easy; indeed, until recently it couldn’t be done at all. And while it is possible now, the procedure remains very expensive and is rarely used in experimental biology. What’s more, while it is in principle possible to produce a human clone, the ethical ramifications are insurmountable. Still, this has not stopped researchers from studying the impact of environment on human traits because natural human clones do exist, in the form of identical or “monozygotic” (MZ) twins. And, very conveniently, nature also provides a control for identical twin studies, in the form of fraternal or “dizygotic” (DZ) twins. Twin studies have been a mainstay in human genetics for many years.

Scott and Mark Kelly are identical twins. They are one pair of identical twins out of about ten million pairs worldwide. But they are hardly run of the mill. In 1996 both were picked to be astronauts and pilots in the space shuttle program, and they are still the only identical twins to have both traveled in outer space. In March of 2015, Scott was sent into space for a one-year stay on the International Space Station, while Mark remained earthbound for the year. The mission provided a unique opportunity to study the impact of a specific environment—in this case zero gravity—on physiological, mental, genomic, and other factors. One of the more interesting results of the study was that, as soon as Scott entered outer space, gene expression in his body became radically different from the gene expression in his earthbound twin. Changes in the expression of genes for bone formation were among the most notable. In addition, Scott emerged from the flight two inches taller than when he started (Mark did not grow taller during the time span). In this unique experiment, Scott’s physiology and genome were both clearly responding to the shock of the new environment.

Classic twin studies are done using a different strategy. MZ twins arise from a single fertilization event; but the two-cell embryo or the morula (what the embryo becomes at a later stage of growth) splits into two new developing embryos, both independently viable. DZ twins, in contrast, are simply the result of two distinct eggs being fertilized by two different sperm in a double fertilization event. MZ twins share all of their genes because they develop from the same fertilization event, while DZ twins share half of their genes just like any biological siblings. If the twins are reared together, the environmental component of their experience should theoretically be a neutral factor in their development, although there are actually two kinds of environmental contribution that can impact the phenotype. The first is the shared environmental component, and the second is the unique environmental component. Contributions from the shared environment include shared prenatal treatment, socioeconomic level, educational factors and the like, while unique environmental impacts come from random events like a broken bone or a prolonged sickness due to infection.

If a trait has a large genetic determinant, MZ twins will show greater resemblance than DZ twins. The degree of concordance is measured using correlation, which is usually assessed on a 0 to 1 scale with 1 being complete correlation, and 0 being a complete lack of correlation. By measuring the difference in the correlations between MZ and DZ twins for a given trait, one can quantify the genetic contribution to that trait. If a trait is entirely controlled by genes, then the correlation for MZ twins should be 1.0 (MZ twins share their entire genomes) and the correlation for DZ twins should be 0.5 (DZ twins share half of their genes). If the shared environment is all that is involved, then the correlations for both MZ and DZ twins should be 1.0. On the other hand, if the unique environmental impact is all that is involved, then the trait measures should be random and have 0.0 correlation for both MZ and DZ twins.

As a real example, consider clinical depression in which correlation measures are 0.4 and 0.2 for MZ and DZ twins, respectively. The difference is 0.2, but this needs to be multiplied by 2 (MZ twins are twice as related to each other as DZ twins are) to quantify the genetic contribution. In this case the corrected difference would be 0.4, which is also the degree to which genes control the trait and is thus what geneticists call the heritability, or h2, of the trait. In 2015, Danielle Posthuma and colleagues conducted a meta-analysis of nearly 3,000 publications from the last sixty years that used classical twin study design. This meta-analysis included 14,558,903 twin pairs (MZ and DZ combined) and examined nearly 18,000 traits. The resulting estimates of heritability revealed a significant genetic contribution for a majority of the traits. The researchers grouped studies and h2 according to what they call “functional domains” such as the psychiatric, metabolic, cardiovascular, or cognitive (there were twenty-eight functional domains in all for those eighteen thousand traits, with the psychiatric domain being the most popular). The heritabilities of traits within each functional domain turned out to be more similar than between functional domains. Across all traits, heritability was 49 percent. For nearly 70 percent of traits, there was very little shared environmental effect, while genetic effects were almost entirely additive (see above). This study indicates not only that strong additive genetic components exist for almost all traits in the many publications analyzed, but that there is also an equally strong environmental component.

As any parent knows, the way a child is raised has profound impact; and, like all other kids, Deborah Skinner was doubtless influenced in ways unguessed at the time. For instance, the baby tender more than likely altered the microbial surroundings of its inhabitants. We now know that we live in a fantastically complex microbial world that impacts many of our most basic biological functions, and it is clear that the microbial component of any baby’s surroundings is crucial to the development of its immune system. What’s more, we now also know that the environment has an impact not only on how genes are expressed, but also on the ways in which genes are inherited. And as a result of our growing ability to observe how our environments alter the structures of our genomes, and how these alterations are passed on to the next generation, the new science of epigenetics has hugely expanded since the mid-2000s.

In an epigenetic response, the actual sequences of the genes do not change. Rather, the chromosomal structures around certain genes are altered by influences that ultimately emanate from some environmental factor, resulting in chemical changes that are passed along to the next generation. Studies of identical twins elegantly demonstrated this phenomenon, as researchers capitalized on the fact that MZ twins raised in different environments can be compared to determine where in their genomes those epigenetic alterations reside. To the great surprise of the scientists who initially investigated this phenomenon, pairs of identical twins raised together have typically shown very different epigenetic patterns of alteration on their chromosomes. We will have much to say later about the impact of environment on various human traits, but one thing to remember at this point is that environmental influences evidently tend to smooth out the distributions of traits in populations.

WHAT DID DARWIN DO RIGHT?

During his life Charles Darwin published twenty-five books on subjects ranging from evolution and coral reefs, to molds and orchids. He also ruminated at length on human variation and behavior, and obliquely referred to human origins. His famous notebooks also provide a firsthand view of his ability to describe objects and patterns in nature, and give us a window into his vast intellect. A century and a half later, Darwin’s ability to synthesize information about the natural world remains almost without parallel. Yet it is the very nature of science to be a progress report that is constantly modified and refined, and subsequent evolutionary biologists have built upon Darwin’s framework to create a very different picture of biology from the one that prevailed in the mid-nineteenth century when he lived and wrote. So, what is truly lasting in Darwin’s ideas?
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