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To my talkative daughters, Janneke and Willemijn






Introduction SEE HOW IT BEGINS [image: ]


At the time of her birth, my daughter weighed 5 pounds 13 ounces, around 5 percent of my own body mass. That doesn’t sound like a lot, but compared to other mammals such an investment in a single baby is enormous. Yet, despite the significant resources my body allocated to her during the nine-month pregnancy, my daughter was born totally helpless. A typical human baby.

There was one thing she was particularly good at, though. Exploring my face. I distinctly remember spending ridiculous lengths of time simply staring into my baby daughter’s little blue eyes, and she into mine. It felt as if we shared a secret language, searching each other’s faces to get a sense of each other’s feelings. Who are you? What are you thinking?

It turns out that my intuition was correct. Because our babies are so helpless when they are born, they need to be cradled, which brings their eyes very close to the face of whoever is holding them. And that provides the perfect vantage point from which to explore facial expressions of caretakers. So it is that little babies, my daughter included, start their journey to become masterful mind readers. By the age of one year, human babies have developed a theory of mind—the ability to understand what another person is thinking. They may not be able to walk unassisted, if at all, nor are they able to talk, but they sure know how to wrap others around their little finger.

Eighteen months after the birth of my first daughter, another girl was born. She was slightly heavier than her sister, but equally helpless and equally inquisitive. Now there were two little human beings totally dependent on us. Without knowing it, we, their parents, had embarked on a well-trod human journey: producing, often in quick succession, helpless babies with an innate ability to rapidly learn how to navigate the world around them. Helpless as they may be physically, our babies have exceptional emotional and psychological skills. They need those skills so they can build and foster strong social bonds with others around them. For babies, it is a matter of survival; they have to ensure the care they need for almost two decades. They don’t just need their parents. Human babies are way too much work for two parents, let alone for one parent.

How did we get ourselves into such a precarious situation? This book is an investigation into how our babies became so helpless and the wonderful solution Mother Nature provided to help us cope. That gift from Mother Nature sounds as simple and ordinary as could be—effective communication—but how we came by it has puzzled many great minds for centuries.

Strange as it may seem, for me, this detective story started with ants.



As I type these words at my desk at home, in the tropical north of Australia, ants wander around me in search of something to eat. At first their movements can look random, but when you focus on an individual ant, you soon start to see patterns in its behavior. Seeking food, it rarely walks in straight lines, instead slightly zigzagging over my desk, books, and laptop. The ants remind me of the Black Riders in Tolkien’s Lord of the Rings. In search of Frodo, the Riders would stop regularly to sniff out the presence of Hobbits. Sitting high on their horses, they would slowly move their heads from left to right, inhaling deeply. The Riders’ vision is poor, their olfactory sense acute. So it is with ants. Their world is one of smells. Smells guide them to potential food sources, but smells are also their main mode of communication.

The ant on my desk has just discovered a crumb of apple cake I carelessly spilled and couldn’t be bothered to clean up. She first tries to see if she can carry it home herself, but soon realizes some help is needed. (I use “she” because all the ants you normally see are female.) Now, she will return to her nest in a razor-straight line, as there is no time to waste. She has to tell her nest mates to come help her before ants of a different colony discover the same treasure. Marking my desk with pheromones as she walks home, the ant ensures she’ll be able to return quickly to the crumb. Soon more ants make their appearance at my leftover treat, each taking a bit of the crumb to carry back to the nest. Now there is so much ant traffic that a two-lane highway has formed, snaking over my desk, past my empty coffee cup and toward the cake. Each time two ants meet head to head, they stop briefly to touch each other with their antennae—which are basically the ants’ noses—to confirm their identity. Do you smell like I do? Then fine, and we continue.

I’ve made a career of studying social insects—in particular, the way they “talk” to each other. Living in a society requires some form of communication, and the larger the society, the more complex its mode of communication. The ants feeding off my crumbs live in large colonies and construct trail networks using volatile pheromones that dissipate as soon as the ants stop reinforcing them. Because the ants live off ephemeral food sources, like my cake crumb, their trails disappear as soon as the food runs out. Otherwise, the tiny creatures would get “stuck” in their trail, wasting time walking to and from the now-depleted food source.

Ants that live in smaller colonies directly “tell” each other where the food is. One ant stumbles onto something to eat and then teaches her sisters where it is by slowly guiding them to the treat. She has to be slow about it, as her sisters will need to remember the route so that they, too, can teach nest mates. Others still—those that live in really tiny colonies—don’t really talk to each other, with each ant doing her own thing. That works for them because there are so few of them.

Honeybees have more artistic style. They “talk” through dance. Austrian biologist Karl von Frisch shared the 1973 Nobel Prize in Physiology and Medicine for his deciphering of the symbolic “waggle dance” bees use to convey information about the direction and distance to a desired target. Dressed in traditional lederhosen, von Frisch would observe the individual bees he painstakingly marked with various combinations of paint colors. These days we use little discs with numbers that we glue onto the bees, but we still need the same patience von Frisch had all those years ago.

The honeybees von Frisch studied, the Western honeybee (Apis mellifera), is only one of the eleven or twelve species of honeybee (the precise number depends on whom you ask). This species has been kept by humans for thousands of years, and it so effectively spread across the globe that nowadays only Antarctica is free of the bee. All other species are found only in Asia and are mostly ignored, which is a great shame, as they are not only beautiful (I know I am biased) but also provide us with a window through which we can look at the evolution of bee communication. Together with my husband, who is as obsessed with bees as I am, and a bunch of students, I spent many months gluing numbers onto bees, or painting them when the bees were too small for our numbered discs, so that we could study them individually as they did their dance.

We wanted to learn how the precision of the bees’ language depended on the difficulty of the problem they needed to solve. One might wonder why anyone would care about how well bees dance, but in a way their dance is equivalent to speaking and writing clearly. When it concerns humans, we know that precise communication is of the essence. For bees, precision matters too. Honeybees often go through a phase of homelessness as part of their reproductive cycle, or when they’re following flowers in the tropics. Some species have specific requirements for their temporary housing: not too warm, not too cold, and most certainly dry. Only a hollow in a tree—or a suitable chimney, as a student of von Frisch discovered—will do. Other species are more flexible, happy enough with a twig, in the shade and away from ants. Others still, the giants of the honeybee world, need a sturdy branch or other strong structure capable of holding the significant weight of their substantial colony.

Finding a new suitable nest site and making sure your fellow bees are willing to relocate there presents a much more difficult problem than just settling anywhere for the time being. And as it turns out, bee species that never encounter a hard coordination problem can get away with a rather sloppy kind of waggling, whereas the picky species have to fine-tune their dance language. These results comport with my earlier research on ants. If nuanced communication is important, natural selection will refine the channels. After all, if you can get away with a bit of babble, why bother constructing grammatically correct sentences? Or the insect version of complicated speech.

My work as an evolutionary biologist has taught me to see all life forms equally, in the sense that everything alive is subject to natural selection and has evolved from a common ancestor. Humans included. An epiphany about the role of genetics in explaining the surprising biology of the South African Cape honeybee led to this book.

Without a doubt, the best place to study the Cape honeybee is the beautiful Cape Dutch village of Stellenbosch, located in the southernmost part of South Africa. Stellenbosch is known for its wonderful wine, making it a pleasant place to spend one’s summers, sampling wines after a hard day’s work. For over twenty years, my husband and I have been trying to understand the peculiar biology of the Cape bees. Their workers can create daughters by cloning themselves—a curiously self-involved development for a social insect, diverting as it does the workers’ attention away from the interests of queen and colony, thereby changing, for the worse, the whole dynamic of the bee colony. After many years of experimenting, failing, and trying again, and drowning our sorrows with the help of Stellenbosch’s wine and the unwavering good cheer of our South African colleagues, we found that everything can be explained by one small genetic change. That small genetic change, unique to the Cape bee, has huge flow-on effects on their behavior, turning the bees from (more or less) harmonious social critters into parasites of other bees, with devastating consequences for the South African beekeeping industry. Sometimes a seemingly tiny change can have an enormous effect. And, as I came to discover, as with bees, so with us.



In essence, the human origin story is simple. More than 4 million years ago, our distant ancestors permanently swapped a life in the trees for one on two legs. Their skeletons changed, to make walking much easier and more efficient. Indeed, walking upright was a great innovation. It allowed our ancestors to literally walk out of their ancestral environment and start to explore the world. But nothing ever comes for free, and so the adaptations that made for efficient walkers also led to a series of problems—problems best addressed by forming strong social bonds. As with ants and bees, a social life requires some form of communication. Nothing too complicated initially—just enough to keep the group together. For a few million years, our human family expanded and spread around the globe. I refer here to all our ancestors, cousins and the like, to include every species of human-like creature that evolved after we split from the common ancestor we share with chimpanzees and bonobos. As soon as our species made its appearance, about 300,000 years ago, everything started to change. In no time, we had become the sole survivor; all others in our extended family swiftly went extinct. We have been exceptionally lucky. Truth is, we shouldn’t be here.

Our species, Homo sapiens, has a design fault that should have been the end of us. As our skeletons adjusted to walking upright, our hips became narrower. Then, by a fluke of nature, our brain started to expand, forcing our head to change to make space for all that gray matter. And while changing our head was relatively easy—our skeleton had already shown how bony structures can change quickly—the consequences were significant. Babies with a large head and mothers with narrow hips do not make a good combination. But there is more. Growing a large brain is expensive—so expensive that mothers cannot allow their babies to stay in the womb until that brain is more fully grown. The consequence of this is that our babies are born early; their heads are too large, their brains are too expensive, and their mothers’ birth canals are too narrow for them to be born any later than they are. Thus, the babies are seriously “underbaked.” So underbaked, in fact, it takes them almost two decades to catch up, a time during which they have to rely on others.

So far, the story is not that new. Many have told similar origin stories, but I remained puzzled. Why did natural selection allow our species to get away with producing these useless and needy babies? I soon realized that the design fault that started the problem in the first place also provided its solution. That solution is language.

As the brain expanded and the head changed shape, the throat did too. The larynx descended, pulling the tongue with it. And that change led to two uniquely human characteristics. One is a high risk of choking on our food and drink, and the other is the ability to mold sounds like no other creature. Sounds we crafted into the language needed to organize our childcare.

I will argue here that talking and caring for underbaked newborns co-evolved, in an episode of runaway selection initiated by the genetic anomalies we now know spurred our species’ neurological growth. Because here is another surprise. We are the result of a short series of discrete mistakes that made us what we are today. Our descent from other apes in the last few million years or so boils down to a mere handful of genetic and morphological turning points. These small changes incrementally built on each other, as in a multiplayer game in which the outcome is never quite predictable, setting in motion our transformation from tree-swinging apes to chatty apes.

The picture, in the end, is of an odd species that stumbled into global dominance through a relatively quick succession of simple mistakes. A species forced to speak up, or let its helpless infants perish.

The Origin of Language tells the story of how we learned to speak and why. It exposes a strong force—natural selection, solving problems by using whatever’s lying around. A strong force that rarely over-delivers. If a simple solution will do the trick, natural selection usually won’t bother with bells and whistles. And so we hone in on the small changes that made a huge difference in our evolutionary history.

Part I of the book uncovers how each fluke of nature became one step toward the creation of a new species. None of those flukes in and of themselves was sufficient, but slowly, over a period spanning 6 to 7 million years, cumulatively they led to a species with a unique ability for precise communication. This first part delves into the molecular roots of our unique talent for language; to dig into this seemingly miraculous accomplishment, we must use the sophisticated technical language of genetics. It can be a challenge, but I assure you it is worth it. Part II of the book then illustrates how this art of language kicked off an unstoppable process that led, ultimately and for better or for worse, to the global dominance of Homo sapiens.

I should emphasize that this is not a report of scientific consensus. We have no consensus, and perhaps never will, because the soft tissue involved in thinking and talking doesn’t fossilize. And because it’s often difficult to test whether a given feature was selected for or was just a “spandrel”—a side effect of something useful. But when you arrange the current puzzle pieces side by side, and apply Occam’s razor, you find a new origin story for our species that was hiding in plain sight.

Or, perhaps, you’ll see it in the eyes of the tiny, helpless, inquisitive baby you may be holding in your arms.






PART ONE Mistakes Were Made…







one THE 1 PERCENT [image: ]


Nobel Laureate Niko Tinbergen once took a sabbatical from Oxford University and asked a young lecturer in biology to cover his teaching load. In an effort to connect with college students and animate the evolutionary relationship between organisms and genetic information, this resourceful stand-in started “thinking like a gene.” What could you do, stuck on your home chromosome, to boost the chances you’d make it through to the next generation? So it was, from the lectern in 1966, that a young Richard Dawkins first pitched the gene’s-eye view of evolution that would ultimately define his career as a public intellectual. By playing with alternative “units of selection,” Dawkins was able to explain why it can appear that organisms are meticulously designed, even though there is no such thing as a designer.

Take a honeybee worker. When she stings a mammal in defense of her colony, she sentences herself to death, but ensures the propagation of the genes she shared with her sisters. Ever the genius, Charles Darwin had already speculated that families were biologically special when he considered the evolution of sterile insect workers. Self-sacrificial behavior, like dying in defense or refraining from reproducing, makes sense only if the beneficiaries of the action are family.

While Dawkins came to his insights during his stint as a stand-in lecturer, Darwin came to his while trying to avoid seasickness. Darwin spent five years sailing the world as “gentleman naturalist” on the HMS Beagle; his only official job was keeping the young captain Robert FitzRoy company during dinner. The Beagle’s previous captain, Pringle Stokes, had killed himself during a bout of depression in the waters off Tierra del Fuego, so the ship’s owners thought it prudent to ensure FitzRoy had someone of his own class to converse with. (FitzRoy did ultimately kill himself, but only years after Darwin’s trip.) Darwin took every opportunity to leave the ship and collect specimens that he later described, preserved, and took home to England. His extensive observations made him see that, contrary to religious doctrine, species were not immutable but, rather, changed in response to different environmental conditions. It was the beginning of what would become the most powerful idea within the biological sciences of the last two hundred years: evolution through natural selection.

Without knowing anything about genes (the word was “coined” only in the early twentieth century, years after Darwin had died), Darwin realized that if individuals of the same species vary in their reproductive success, he could explain how new species come about. That is, new species form from the accumulation, over thousands of generations, of small variations. And each small variation results in its bearer being just that little bit different than its ancestors, until ancestor and descendent are no longer alike. He may not have been totally correct, particularly when it comes to the accumulation of many tiny changes (as we’ll see), but evolution by natural selection certainly explains the remarkable adaptations found in organisms.

To illustrate the power of evolutionary thinking, when Darwin received a specimen of a particularly weird-looking orchid, he predicted what sort of physical and behavioral characteristics its then unknown pollinator should have. That is, the pollinator should be able to reach down into the orchid’s exceptionally long nectar spur. The actual pollinator was identified years after Darwin’s death, and it had the exact characteristics predicted by him: a moth with an enormously long tongue. Evolution by natural selection also explains why bacteria become resistant to antibiotics, why head lice seem unfazed by insecticides, and why yeast is a good model system to investigate the growth of tumors.

Dawkins gave us a different view of evolution by shifting the focus from the organism, which was Darwin’s focus, to its coalition of genes. His genius was his ability to picture the gene as the master of the universe. Genes best able to contribute to an individual that is well suited to survive and reproduce will win the evolutionary lottery. All that these genes “want” is to get into the next generation. In Dawkins’s world, the organism is nothing more than a means to an end, a puppet to its masters. Dawkins’s gene’s-eye view did not challenge Darwin’s theory; on the contrary, his view of genes as immortal keepers of information provided a mechanistic explanation for how natural selection could affect evolutionary change. It is perhaps no wonder, then, that I consider both Darwin and Dawkins my heroes, along with their respective books. Darwin’s On the Origin of Species by Means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life, was first published in 1859; Dawkins’s The Selfish Gene was published in 1976. I view both as evolutionary bibles, if that would not be a contradiction in terms.

Then came a revolution, the genomic revolution, a revolution that kicked off with the completion of the Human Genome Project in 2003. We can read a human genome! According to the Human Genome Project’s website, the project gave us “the ability, for the first time, to read nature’s complete genetic blueprint for building a human being.” But did it? Not really. But that hasn’t stopped some scientists from claiming otherwise.

The behavioral geneticist Robert Plomin is such a scientist. In his 2018 book Blueprint: How DNA Makes Us Who We Are, Plomin promises us a “fortune-telling device,” a method that pinpoints exactly what genetic differences are responsible for which particular human traits. Alas, reading our DNA turns out to be much easier than figuring out what the collection of letters mean. The four letters of DNA’s alphabet stand for the first letters of the four nucleotides, or bases—adenine, cytosine, thymine, and guanine—that make up DNA. The famous double helix of DNA forms because an A always forms a pair with a T, and a G always forms a pair with a C. The base pairs form the “ladder” structure of DNA. The human DNA ladder contains 3 billion steps. Sequencing a genome, then, involves no more than figuring out the order of the nucleotides. Sounds easy, and these days it is even cheap to sequence a genome. But what that order means is a different matter altogether.

With the exception of identical twins, we all have a unique DNA sequence. The smallest possible difference is a single nucleotide polymorphism (SNP, pronounced “snip”)—a difference in a single “letter,” or base pair. Imagine two fragments from different individuals, one reads AAGCCTA and the other reads AAGCTTA—a single difference in nucleotides, or C versus T. Because the nucleotides always form pairs, we know that the individuals also differ in the nucleotide found on the other DNA strand. Genome-wide association studies (GWAS) look for such minuscule differences between people in the hope of predicting the chance someone with a particular DNA profile will develop a disease such as diabetes or coronary heart disease. One of the first large-scale GWAS was published in 2007 by the UK-based Wellcome Trust Case Control Consortium. This study looked at a total of seven human diseases: coronary heart disease, type I diabetes, type II diabetes, rheumatoid arthritis, Crohn’s disease, bipolar disorder, and hypertension.

A typical GWAS goes like this: Find a large group of people who suffer from a particular disease or disorder, and compare their genomes with the genomes found in a control group of people who are as similar as possible to the first group, but without the disease or disorder. Then trawl through 3 billion base pairs, the 3 billion steps on the human genome ladder, and find every SNP that differs in frequency between the two groups. Once found, apply a toolbox of statistical wizardry to produce a number that says something about the strength of the association between the genetic profile of the case group and the disease or disorder. The more individuals in the case group who share the same SNP that is absent in the control group, the stronger the association between the SNP and the disease. Then, combine all the SNPs that seem to be more frequent in the case group, use more statistical wizardry, and come up with a polygenic score—a number that reflects the association of many SNPs with a particular trait. Plomin’s fortune-telling device relies on this exact logic, and in his own words, it “can tell your fortune from the moment of your birth, is completely reliable and unbiased—and costs only £100.”

Alas, I would not recommend spending 100 pounds on a fortune-telling device, not because I do not believe that GWAS are unable to find associations between a particular genetic profile and whatever trait of interest, but because an association does not mean causation. One can draw an almost perfect correlation between the sales of organically produced food and the occurrence of autism, but no one in their right mind will argue that consumption of organic food causes autism. But there is more. Imagine you had your genome sequenced, and you were told you have a series of SNPs associated with developing type II diabetes. For the sake of argument, we assume the association between the genetic profile and disease is causal. You are given a number: your profile makes you 1.167 times more likely to develop type II diabetes than someone who does not have that particular combination of SNPs. The trouble is that such information is no more useful to an individual than is knowing you have a certain probability of dying in a car crash every time you drive your car. Calculating your chance of having a fatal car crash based on a large amount of data (statistics on the number of cars on the road, people per car, trips made, duration of trips, fatality rates, and so on) does not take into account your specific circumstances (sticking to the speed limit, only driving during off-peak traffic times, your age—you name it). Similarly, your type II diabetes SNP profile ignores the rest of your genetic makeup, your lifestyle, and your general health profile. There is a reason one of the most frequently used phrases in science is “all else being equal.” All else is hardly ever equal.

Even so. Thanks to the many offshoots of the Human Genome Project, anyone who wants to and knows where to look, can now find huge amounts of genetic data on the internet. It would not surprise me if the study I am about to describe started as a joke, as the question it seems to ask is: Is there a genetic marker for income? Using data collected as part of the UK Biobank data set, this particular study found an association between 30 so-called loci (singular is locus, a particular location in the genome) and income in the UK. Well, that seems interesting, so the researchers dug deeper into the available data and identified another 120 loci associated with income. Given the looking-for-meaning-in-DNA frenzy, the researchers could see what sort of associations other studies had made regarding the newly identified “income loci.” Lo and behold, 18 of the loci found to have an association with income had previously been associated with intelligence in other studies. Thus, if you have the right DNA, you are intelligent enough to achieve a high income. Right? Of course not, as the authors of the paper explain, but they do conclude that there are some genetic effects contributing to socioeconomic status in the UK. That last qualifier is important, as GWAS can only say something about the particular group of people, or population, under study. GWAS results do not generalize because there is so much more than just genes.

Does that mean we cannot derive anything sensible from looking at someone’s genes? There are certainly some gems to be found in our genomes. Sometimes a single change can have huge effects. One such change determines whether your urine has a peculiar smell after a meal of asparagus. Surely, that’s information you had been waiting for your whole life. (The culprit is methanethiol, a metabolite of asparagus. If you can’t smell it, then you might be lucky, as it smells like rotten or boiling cabbage.) But the Human Genome Project did not turn out to be a Rosetta Stone for translating between genotype and phenotype. There will always be something lost in translation.

One big surprise from the Human Genome Project was the relatively small number of human genes. Before the project was finished, popular estimates had put the figure at roughly 100,000. The truth turned out to be less than 25,000, a fourth of that guess. To put these numbers into perspective, the Australian platypus has about 18,500 genes. So, we’ve done a lot with a little, especially considering how genetically similar we are to other species and to each other. Humans share about 98 percent of their DNA with pigs, 85 percent with mice, and, wait for it, 40 percent with bananas. And your genetic makeup is 99.9 percent identical to mine.

Darwin would be scratching his head, as this high level of genetic similarity seems a far cry from the immense diversity of life that inspired his famous theory. What’s going on here? How similar are we, microscopically, to our closest surviving relatives in the tree of life? And how can we explain our manifest physical, behavioral, and sociological differences in the face of that sameness? Those questions puzzled two people in particular, a PhD student and her supervisor.



SAME, SAME BUT DIFFERENT

Eons ago, in 1975, Mary-Claire King and Allan Wilson were comparing the DNA of humans and chimpanzees,I using every technique available at the time. Proteins are what coding DNA codes for, via three-letter “words,” or codons, that translate into one particular amino acid. A string of amino acids, like beads on a string, then form a protein. The four letters—the A, C, G, and T from the nucleotides that make up DNA—allow for a total of 64 possible combinations (43). For example, AAA codes for lysine, CAG for glutamine, GTT for valine. The system is a little sloppy, so multiple codons can stand for the same amino acid. Both TTC and TTT code for phenylalanine, for example. Thus, we say that TTC and TTT are synonymous because both sequences produce the same amino acid. (As an aside, redundancy in the system is yet another problem in using SNPs as genetic fortune-tellers; many differences have no biological effect.) The underlying assumption for the kind of comparisons King and Wilson relied on is that the greater the similarity in proteins between species, the more closely related those species are. We can use the same sort of comparison to estimate how long it has been since the species shared a common ancestor. The fewer accumulated differences between the species, the shorter the time since they separated from their last common ancestor.

The first technique King and Wilson used directly compared the amino acid sequence of proteins that have the same function in both humans and chimpanzees, known as homologous proteins. Just like the codons can differ slightly but still produce the same amino acid, the same protein can have a slightly different amino acid sequence. And as with an actual DNA sequence, the assumption is that the more similar the amino acid sequence, the more closely related the species are.

King and Wilson’s second technique was a more roundabout way of comparing certain proteins in chimpanzees and humans, using the immune response of rabbits after they were injected with those proteins. It is a neat trick to use the response of a rabbit’s (or of any other vertebrate’s) immune system when it’s challenged with something alien. When our bodies are invaded by bacteria, viruses, fungi, or parasites, our immune system makes antibodies—proteins that latch onto the invader. Antibodies are invader-specific, so different kinds of, say, bacteria elicit the production of different antibodies. King and Wilson compared the rabbits’ antibodies to serum albumin, a protein found in the blood of both chimpanzees and humans (and all other vertebrates). And once again, the more similar the antibodies produced, the more recent was the common ancestor of both chimpanzees and humans.

Their last protein comparison looked at the size of the proteins using gel electrophoresis, which is a way to force large molecules through a gel matrix using an electric current. The larger the molecule, the slower it moves through the matrix because larger things have a harder time finding their way through the gel matrix. And the more similar the molecules are in size, the more similar the human and chimpanzee proteins move in terms of speed. But there is more to this. Amino acids differ in their electrical charge and because gel electrophoresis uses an electric current to pull the molecules through the gel matrix, any difference in charge will produce a difference in travel speed. So, when two homologous proteins are not identical in their amino acid makeup, that shows up as a speed difference.

The techniques King and Wilson had available to them, plus the published data they included, are, by modern standards, considered crude, but they were the best for the time. Their conclusion, combining the results from their three separate techniques, was astounding: the average human protein is more than 99 percent identical to its chimpanzee counterpart. But they did not stop there.

The last comparison King and Wilson used is a neat way of looking at genetic similarities if you can’t examine the complete DNA sequences directly (which we can do now, but not then).The DNA double helix is held together with bonds between the nucleotides, and those bonds can be broken with the application of heat, separating the two strands. With some ingenuity, it is possible to synthesize hybrid DNA molecules using one strand from a human subject and the other from a chimpanzee. The more similar two species are in their nucleotide composition, the more chemically stable this hybrid molecule will be. And the more stable the bonds, the more heat you need to break them. So, it is possible to measure similarity, via strength, by measuring temperature. That is, the difference in heat required to break the “pure” double helix and to break the hybrid molecule allows quantification of the similarity between the DNA from the two species.

This hybrid technique, unlike the methods that focus on proteins, looks directly at the similarities in all the DNA in humans and chimpanzees. The distinction is important because we now know that genomes are full of what Dawkins memorably named “junk-DNA,” or DNA with no known function. If junk-DNA really is junk—in other words, it does nothing for the organism—we expect such DNA not to be going through the process of natural selection. That is, any mutation that occurs in junk-DNA is “invisible” to natural selection because it doesn’t do anything. And because they have no effect, such mutations can then accumulate, leading to more differences between the species than one would expect when looking at functional stretches of DNA that code for stuff like proteins. The longer two species have been separated, the more they will have garnered unique mutations. Because King and Wilson relied on studies that used slightly different techniques, they did not give a precise similarity percentage for this particular kind of comparison. What they did say was that the two genomes, measured in this way, are very similar.

By 2003, it was possible to compare DNA sequences more precisely than King and Wilson ever could, using methods developed during the Human Genome Project. And so a group of scientists compared the DNA sequences of 97 human genes to those gene counterparts in chimpanzees. These genes all coded for proteins. The result? Same as with the older techniques used by King and Wilson: overall 99 percent similarity.

Whether we like it or not, there is no denying that humans and chimpanzees are at least genetically as similar as sibling species in other groups of organisms. Different species of fruit flies from the genus Drosophila, for example, are as similar to each other as humans and chimpanzees are similar. We’re more closely related to chimps than either of us are to gorillas, orangutans, or any other primates. By these standards, either chimps belong in our genus or we belong in theirs. If we aren’t prepared to call chimps Homo, or human, it’s not because of their DNA. Yet, we desperately hang on to our special place in nature, despite pervasive evidence to the contrary. To understand why we do this, we need to go back to the father of science itself: Aristotle.

The way we do science today has inevitably been influenced by the scientists who came before us. Darwin did his best to remove humans from their self-erected pedestal, but at the time he was a lone voice in the wilderness. Even after Darwin’s great insight, many continued to approach our evolutionary history as if humans are something quite different from everything else. But in going back to where it all began, with Aristotle, I do not mean to ridicule those who came before us. Instead, I acknowledge their insights; after all, we are all products of the past, and none of us works in isolation.




OUR PLACE IN NATURE

Aristotle’s scala naturae arranges animals on a scale of perfection. Humans are found at the top of the evolutionary scale, but interestingly, under angels and God. Even now we see this view represented in a common cartoon version of human evolution, one that irritates me immensely: a chimpanzee-like creature morphs into a fierce human hunter, first via a hairy half-chimp walking on two legs and then as a less hairy human-like version holding a stone tool. The assumption is that our common ancestor with chimpanzees looked like a chimpanzee, and that chimps stayed more or less the same throughout this time following our split. We, humans, on the other hand, made a great leap forward. See, we are special!

Surprisingly, the great Thomas H. Huxley, the biggest defender of Darwin’s theory of evolution at the time, was himself guilty of a gross misrepresentation of human evolution. In his 1863 book Evidence as to Man’s Place in Nature, Huxley used a drawing by Benjamin Waterhouse Hawkins of the skeletons of a gibbon, orangutan, chimpanzee, gorilla, and man (in that order) to illustrate the progression from beast to man. The scale was adjusted so it was abundantly clear that each succeeding form morphed from the former one, with the “primitive” forms slightly leaning forward, ready to change into the next one. Perhaps in response to Huxley’s misrepresentation, Darwin wrote in his second most influential book published after Huxley’s, his Descent of Man, and Selection in Relation to Sex: “But we must not fall into the error of supposing that the early progenitor of the whole Simian [apes and monkeys] stock, including man, was identical with or even closely resembled any existing ape or monkey.” I suppose that the creators of the cartoons don’t read Darwin.

Aristotle organized organisms according to their broad similarities (being able to move or not, giving live birth versus laying eggs, having blood or being “bloodless”), but of course he did not know why some organisms were more similar to each other than to others. Neither did the most famous organizer of things, the eighteenth-century Swedish naturalist Carl (Carolus) Linnaeus. Linnaeus systematically grouped organisms based on their shared morphological characteristics. Initially he devised three Kingdoms: a Kingdom for things that move (the animals or Regnum Animale); a Kingdom for things that do not move (the plants, or Regnum Vegetabile); and a Kingdom for things not considered to be alive (the minerals, or Regnum Lapideum).

It was Linnaeus’s goal to describe and name all species on earth. It goes without saying that he failed miserably. In 2009, a total of 19,232 new species were described—about twice as many as were known in Linnaeus’s lifetime. Linnaeus certainly gave it a good try, though, and collected specimens whenever and wherever he traveled. But his own travels were insufficient to get him specimens from around the world, so he enlisted the help of loyal and keen students, who became known as his “apostles.” Many of those apostles traveled the world as part of the Swedish East India Company. That sounds romantic, but travel in the eighteenth century was far from comfortable or safe. Seven of seventeen apostles died during their travels, a mortality rate of almost 40 percent. When one of his married apostles died of malaria, his wife, not unreasonably, blamed Linnaeus for making her children fatherless. Being a considerate man, Linnaeus from then onward sent only unmarried men on collecting expeditions.

Linnaeus was the first to group humans with other apes and monkeys. This group, the Anthropomorpha, included humans, monkeys, apes, and—wait for it—sloths. Not that Linnaeus had actually seen nonhuman apes and was struck by their similarity to us. He had only seen drawings of apes included in a dissertation by one of his pupils, Christianus Emmanuel Hoppius. According to Huxley, Hoppius’s drawings are laughably inaccurate, showing “apes” that look like very hairy humans. In later editions of his book Systema Naturae, Linnaeus replaced Anthropomorpha with Primates. To this day, we still use the Primates classification, but we did take the sloths out of the group (sloths are most closely related to anteaters).

Linnaeus’s aim was to create an ordered view of the natural world, and his order was based on morphological similarities. I relate to his desire for order; when I was a child, I liked to sort things by their size. What I sorted could be anything, really—stones I collected on my walks (which my parents needed to carry for me), shells from the beach, my stuffed toys. It seems that I passed on my childhood obsession to the next generation, as one of my daughters cannot eat lollies (also known as candy) without first sorting them by color. Of course, there was no reason to sort things by their size, nor is there any logical reason for my daughter to sort her lollies by color, but to our minds this sorting creates order.

In taxonomy, the grouping of organisms is based on the number of characteristics they share. While my daughter and I use only one sorting characteristic—color or size—biological classification systems use as many characteristics as are deemed informative. The more characteristics two organisms share, the lower the category they are placed in together. So, a species represents a group of organisms that share the most characteristics. But it wasn’t until Darwin that we started to understand where this order in the natural world comes from: shared ancestry.

When done properly, a biological classification system tells us something about evolutionary relationships. That is, organisms share certain characteristics because they share an evolutionary history. The more recent their common ancestor, the more characteristics those organisms share. While we now use DNA sequences to compare species, the first biological classification systems could be based only on morphological similarities. But even with DNA, it is an art to determine the boundaries between species. Mother Nature does not easily comply with our desire to strictly delineate her creation.

Thanks to DNA, we now know that we last shared an ancestor with chimpanzees 6 to 7 million years ago. Alfred Russell Wallace, the co-discoverer of evolution by natural selection, was probably the first to refer to the human as “a naked ape.” But as we’ll see in later chapters, many of our ancestors who made an appearance after our split from the common ancestor with chimpanzees were also naked. “Talkative ape” is probably a more fitting description of our species. After all, humans are the only ape that regularly sits down to dwell on its own amazingness. And for that, it was thought, we first needed to evolve a large brain. As is so often the case, Darwin set the scene.

In The Descent of Man, Darwin wrote, “The difference in mind between man and the higher animals, great as it is, is certainly one of degree and not of kind.” Language “owes its origin to the imitation and modification, aided by signs and gestures, of various natural sounds, the voices of other animals, and man’s own instinctive cries.” In Darwin’s view, language was not a human-specific instinct, as some of his contemporaries claimed, but rather had to be learned, just like birds need to learn the specific songs of their species. It is the ability to learn that has evolved by natural selection. Darwin even dreamed up scenarios in which “ape-like animals” could have used sounds to convey information to their fellow beasts. With that increased use of sound, Darwin hypothesized, the vocal organs would have been “strengthened and perfected” until the lack of mental powers prevented any further evolution of speech.

Darwin’s last phrase struck a chord with many people. To be considered human, a creature must have a brain large enough to allow it to speak. And if Darwin’s theory of evolution by natural selection was right, then there should be a gradual change in brain size, from small-brained chimpanzee-like creatures to human-like large-brained ones. The idea of the “missing link” was born, the search for which became at least one person’s life-long obsession.




IN SEARCH OF THE MISSING LINK

Despite his French-sounding name, Marie Eugène François Thomas Dubois was, like me, born in the Netherlands. He lived in the small village of Eijsden, the son of an immigrant apothecary from Belgium. The pharmacy was a great place to hear the village’s news and gossip, and so a ten-year-old Dubois got wind of an upcoming lecture by the German biologist Karl Vogt about Darwin’s theory that all living things share a common ancestor, including humans. Prevented from attending the actual lecture by his father, the young Dubois had to make do with the snippets he heard from the townsfolks and the newspaper reports. Vogt’s lecture had caused enormous uproar among the burghers of Eijsden. He claimed that humans were not especially created by God but, rather, are a “mere cousin to the savage and bestial apes.” Blasphemy! But for Dubois it was the beginning of a life-long passion.

Dubois was encouraged by his receptive science teacher, who lent him Darwin’s Origin of Species and Descent of Man, Ernst Haeckel’s History of Creation, and Huxley’s Man’s Place in Nature. Haeckel’s book in particular had a huge influence on the young Dubois, with his writings about the “Ape-like men,” or Pithecanthropi, who must have evolved from the “Man-like Apes,” or Anthropoides. The Pithecanthropi, Haeckel claimed, were the missing link between ape and human because they “lacked one of the chief human characteristics, articulate speech and the higher intelligence that goes with it, and so had a less developed brain.” They, the Pithecanthropi, would represent a transitional form between apes and humans. The young Dubois was going to find this missing link—Pithecanthropus—and so prove, without a doubt, that humans evolved from other apes. Take that, burghers of Eijsden!

A good anthropologist knows how bodies are built, and so, after finishing his medical degree at the University of Amsterdam, Dubois accepted a position as anatomy instructor at the same university to study the evolution of the larynx—the vocal cord, or voice box. That’s a research avenue I would have heartily supported, but I can’t really imagine him as my student. By all accounts, Dubois was prickly, a characteristic that caused him many troubles when dealing with some of his big-ego contemporaries.

The German pathologist Rudolf Virchow was one such big ego; Virchow once boasted that he was German science. Regardless of his unpleasant character, Virchow was a scientific force to reckon with, known as the founder of modern pathology and the discoverer of the cause of cancer. To his colleagues he became the “Pope of medicine.” But evolution, Virchow did not understand, calling Darwin an ignoramus and his theory of evolution an unproven hypothesis. So, when in 1887 the geologist Max Lohest and the anatomist Julien Fraipoint published a massive tome describing the fossil finds of two Neanderthal skeletons, or Homo neanderthalensis, Virchow was less than impressed. The discovery reignited an old debate about the place of Neanderthals in human evolution. Were they an example of an ancient, primitive race from which modern humans evolved? Perhaps. Or, alternatively, were they our contemporaries, our cousins? What was undisputed was that the fossils were too “human” to be the link between humans and nonhuman apes. Because they were so human, Virchow saw them as evidence for the absence of evolution, claiming—after having studied a Neanderthal fossil himself in 1872—that it did not represent a primitive form of human but, rather, was an abnormal human being that, judging from the skull, had been malformed or injured. The fossil’s unusual bones must have been the result of diseases like arthritis and rickets. When Virchow spoke the following words, “The intermediate form is unimaginable save in a dream,” Dubois took them as a call to arms. And so an unknown anatomy instructor set off to prove wrong the giant of German science.

Dubois abandoned his longstanding project on the evolution of the larynx and his fights with Max Carl Anton Fürbringer (his superior and another big ego), and in 1887 he packed up his belongings and with his pregnant wife Anna and young daughter Eugenie, joined the Dutch East India Company as medical officer. Haeckel had argued that humans originated in Asia, and for a Dutch burgher, the East Indies was a logical destination. After many failed attempts and bitter disappointments, and multiple relocations of his growing family, Dubois’s dogged persistence finally paid off. In 1891, in a bend of the Bengawan Solo River, near the tiny village of Trinil, on the island of Java, Dubois found what he had been dreaming about his whole life. It was a cranium, a tooth, and a femur that had belonged to a creature not yet quite human but no longer ape. Dubois had found his missing link, Pithecanthropus erectus, or Java Man.

But had he?





PITHECANTHROPUS ERECTUS BECOMES HOMO ERECTUS


In 1927, Davidson Black, a Canadian medical doctor working at the Peking Union Medical College in what is now Beijing, figured that fossil remains found in China belonged to a completely new group. He gave the fossil the name Sinanthropus pekinensis, or Peking Man. Three more Sinanthropus species would later be identified, all named after the places where they were found in China: S. lantianensis (Lantian Man), S. nankinensis (Nanjin Man), and S. yuanmouensis (Yuanmou Man). Black argued that his S. pekinensis was the missing link, not Dubois’s Pithecanthropus erectus. He was definitively on to something, but not quite what he thought he was, as we’ll soon see. Then, in 1936, the Dutch-German paleontologist and geologist Gustav Heinrich Ralph von Koenigswald found yet another fossil on Java, near Mojokerto. Von Koenigswald initially gave the fossil the name of Pithecanthropus modjokertensis, but he soon got into immense trouble with Dubois, who was fiercely protective of his own Pithecanthropus. To avoid the wrath of Dubois, whose prickly nature had not mellowed, von Koenigswald renamed P. modjokertensis as Homo modjokertensis.

Homo, first introduced by Linnaeus, means “human being” or “man,” in the general sense. The fact that von Koenigswald could easily decide that “his” fossil should be renamed so as to belong to a completely different group shows how ill-defined the human and human-like species were then. From the late nineteenth to the mid-twentieth centuries, even more genus names popped up in addition to Pithecanthropus and Sinanthropus. Proanthropus, Cyphantorpus, Africanthropus, Telanthropus, Atlanthropus, and Tchadanthropus all referred to human-like fossils found throughout Asia. The seemingly immense diversity of human-like species in Asia appeared to confirm the widely held belief that modern humans evolved in Asia. But how real was this diversity, given how arbitrarily paleoanthropologists—people who study human evolution mainly from fossils—dole out new names? Enter one of the twentieth century’s leading evolutionary biologists.

German-born Ernst Walter Mayr was a jack-of-all-trades. One often thinks of a jack-of-all-trades as someone who dabbles in many skills with no expertise in anyone field. Not Mayr. An avid birder, Mayr excelled in systematics and taxonomy, and not only of birds; he was also a philosopher of biology and a historian of science. Then in 1950, Mayr decided to get involved in the systematics of humans and their ancestors. Bewildered by the diversity of names, he decided to subsume them all within three species of Homo: H. transvaalensis, H. erectus, and H. sapiens. Although what he called H. transvaalensis later became the genus Australopithecus, all species of human-like fossils found in Asia to this day remain lumped together under the name H. erectus. That means that Dubois had not found the missing link. Nor had Black. Both had found the fossil remains of H. erectus. Dubois died before it became clear that his missing link was not what he thought it was. It would have broken his heart to know he failed his life’s mission.

Homo erectus was the first species belonging to the same genus as us modern humans to have left Africa, the true cradle of humanity. Once outside Africa, H. erectus diversified into multiple distinct species of Homo across Europe and Asia, and continued to roam the earth well after our own species appeared. Then, it seems that some H. erectus individuals got stuck on an island. On the island of Flores, to be precise.




DWARF SISTER OR DISTANT COUSIN?

In 2003, in a cave on the Indonesian island of Flores, fossil remains were found of what appeared to be a tiny human-like creature. The team of scientists who described the remains concluded that the finds belonged to a previously unknown species of human. They called it Homo floresiensis. Because of its diminutive size, only about a meter (31⁄2 feet) tall, H. floresiensis quickly became known as The Hobbit, a nod to the immensely popular Lord of the Rings films at the time.

The Hobbit skeleton was relatively intact, with a fairly complete head, a leg and part of the other leg, and bits and pieces of the rest. Even in 2003, it was still difficult to classify human remains. In fact, nothing much had changed since Dubois and his contemporaries. To figure out where a fossil fits within our evolutionary history, paleoanthropologists work backwards. Using features that distinguish us from chimpanzees, they look at fossil remains and determine how far they are on their way to being like us. Any human remains that do not fit within present-day human variations are referred to as “archaic.”

Paleoanthropologists are obsessed with three characteristics. Does the creature walk on two legs? How big is its brain? And how small are its teeth? Teeth can tell us something about the creature’s diet, but they also can hint at how the creature dealt with rivals, whether using its teeth (“primitive”) or weapons (“derived”) to fight. Primitive characteristics are, then, those that are furthest removed from modern humans—us—while the derived are those that most resemble those characteristics found in us. Dubois’s fossil had a brain size greater than modern chimpanzees but smaller than modern humans, while its femur indicated it walked on two legs. The tooth, a molar, could easily have been from a modern human or from a nonhuman ape; it had characteristics of both.

Homo floresiensis in some ways resembled the more archaic human known as Australopithecus afarensis, better known as Lucy, that was found in Ethiopia in 1974 (named H. transvaalensis by Mayr; the name Lucy came from the 1967 Beatles song “Lucy in the Sky with Diamonds”), while in other ways the skeleton showed similarities with other humans classified as Homo, such as H. erectus. Size-wise, H. floresiensis was more similar to Lucy but lacked its tooth and jaw structure. Its face was more similar to Homo than to Australopithecus because its skeleton showed no evidence of a protruded face, as in Australopithecus and species that came before. From its skeleton, it also became clear that The Hobbit walked exclusively on two legs, another hallmark of humans and one much easier to determine than the ability to speak. It also looked as if The Hobbit had made tools; scattered around the skeleton were stone artifacts and animal remains. Australopithecus afarensis or other species of archaic humans outside the genus Homo are not known to have made tools. Ergo, The Hobbit had to be part of our group, Homo.

There was something peculiar about H. floresiensis, though. It had a remarkably small brain, even when corrected for body size. Its small brain made other paleoanthropologists doubt the skeleton represented a new species. Instead, they argued, The Hobbit was simply a deformed modern human, H. sapiens. Others, who reanalyzed the fossil remains and compared them to modern humans suffering from a disease that results in a tiny brain (microcephalia), concluded that The Hobbit really is a new species. Homo floresiensis, according to them, is the end product of a long period of isolation of H. erectus on the small island of Flores. Insular dwarfism is a well-established evolutionary process whereby originally large-bodied organisms confined to a small island become much smaller because of their much smaller environment. The Hobbit thus seems very likely to be one of our distant cousins, albeit a very small one.

Homo erectus gave rise not only to H. floresiensis but also to H. heidelbergensis, the first species of Homo thought to be well adapted to colder climates. Remains belonging to H. heidelbergensis—an almost complete jawbone—were found near the southern German city of Heidelberg in 1907. Illustrating the difficulties of deciding what is what, especially when one has only a jawbone to go by, H. heidelbergensis was initially lumped with H. erectus, but is now widely considered to be its own species. Then, around 2010, when researchers were able to sequence the genome of some fossil remains, it turned out that H. heidelbergensis gave rise to two new species, one in Africa and one in Europe. The latter became H. neanderthalensis and the former H. sapiens.

The ability to sequence DNA from human fossils opened up a whole new way of looking at our past. And that past became even more interesting. Our DNA is able to tell a story our fossils never could.




A REVOLUTION IN OUR EVOLUTION

When Svante Pääbo arrived at the Max Planck Institute for Evolutionary Anthropology in Leipzig, Germany, in 1997, to solve the mystery of human evolution, he had an extensive molecular toolkit at his disposal. Originally from Sweden, Pääbo had been interested in our ancestry ever since he was a PhD student when, instead of studying viruses as he was supposed to do, he decided to try to extract DNA from a two-thousand-year-old Egyptian mummy. Being ridiculed for wasting his time on a shriveled corpse did not deter Pääbo, who was convinced that if he could extract DNA from old human remains, he would be able to reconstruct our evolutionary past. One man shared this young PhD student’s vision—noted biochemist Allan Wilson, who was impressed with the mummy work when he read the publication. Not realizing that Pääbo did not even have a PhD, Wilson asked if he could come for a sabbatical so they could together develop ancient DNA work. Instead, Pääbo moved to Wilson’s lab at the University of California, Berkeley, in 1987, where the two worked on the genomes of extinct mammals. Sadly, Wilson died young, in 1991.

When Pääbo entered the field of human paleogenetics, it was possible to successfully extract DNA only from remains that were at most a few thousand years old. That all changed in 2021, when a group of scientists successfully extracted DNA from a tooth of a mammoth, found in Siberia, that was more than one million years old. But with that innovation still in the future, Pääbo had to make do. And make do he did. He went on to transform the way we study human evolution. In 1963, Emile Zuckerkandl and Linus Pauling had coined the term paleogenetics to describe a hypothetical means for reconstructing a species’ evolutionary history by looking at the sequence of its DNA. Pääbo’s work turned that possibility into reality. Deservedly, in 2022 he received the Nobel Prize in Physiology and Medicine.

Pääbo’s immediate goal when he arrived in Leipzig was to sequence the complete genome of the Neanderthal mitochondria (the powerhouses of the cell); his aim was to look for evidence of interbreeding between H. neanderthalensis and H. sapiens, which could be inferred if they found the mitochondrial sequence of a modern human in a Neanderthal fossil, or vice versa. I haven’t asked him personally, but I strongly suspect Pääbo and his team were disappointed when they found no evidence of such interspecies sexual liaisons.

Mitochondria are only ever transmitted by the mother. The father’s mitochondria are mostly found in the tail of the sperm cell, generating the energy needed for the sperm cell to swim. When the sperm cell enters the egg, its tail is left behind, and thus also most of the father’s mitochondria. If some mitochondria do happen to get into the egg, they are quickly recognized by the machinery of the egg cell and destroyed. That means we all carry our mother’s mitochondria, which came from our grandmothers, and before that from our great-grandmothers, and so on, ad infinitum. Using the mitochondrial genome, all living humans can be traced back to their matrilineal most recent common ancestor (MRCA)—our Mitochondrial Eve, who lived about 160,000 years ago in Africa.

“Mitochondrial Eve” does not refer to the first woman of our species, nor does it imply she was the only woman living at that time. Mitochondrial Eve, whom Allan Wilson preferred to call “Lucky Mother,” simply had the luck that her female offspring went on to produce more female offspring, probably at a time when the number of humans was relatively small. In a similar vein, we can identify Y-chromosomal Adam because Y chromosomes are only transmitted from father to son.

Pääbo and his team established that modern humans do not carry Neanderthal mitochondrial genes, because we have no recent female Neanderthal ancestor. But nuclear genes would soon tell a different story. The genes in our nucleus are a mix of genes inherited from mother and father. And in those genes a researcher, sifting through the sequence data available online, found something odd.

David Reich is a geneticist at Harvard Medical School, and he was interested in using the data generated by Pääbo’s group to compare the nuclear genome sequences from Neanderthals with those from modern humans. Much to his surprise, Reich found that some Neanderthal genomes were more similar to some humans than to other humans. To be precise, people from Asia and Europe shared some of their sequence with Neanderthals, whereas people from Africa never did. The evidence Pääbo did not find when he was looking into mitochondrial DNA Reich did find in nuclear DNA. Modern humans and Neanderthals interbred, but only outside Africa, as Neanderthals never lived in Africa. If you are of Asian or European decent, chances are 1 to 4 percent of your genome is Neanderthal DNA.

Then someone found a more than 40,000-year-old pinky in a cave in Siberia.

Initially, Pääbo and his team assumed that the pinky belonged to a modern human or a Neanderthal, and they didn’t think much of it. But small as it was, this pinky held a surprise. Its DNA did not match the DNA from modern humans, nor that from Neanderthals. The pinky belonged to a different species altogether: the Denisovans, named after the Denisova cave in which the pinky was found. (Researchers are reluctant to give the Denisovans a proper scientific name, such as Homo denisova, because we know them only from their DNA.) The pinky yielded a lot of DNA, allowing a comparison between Denisovan and modern human DNA. Knowing what we do now about Neanderthals and modern humans, it probably doesn’t come as a surprise to learn that the Denisovans, too, interbred with modern humans. People native to many Pacific islands carry 4 to 6 percent of Denisovan DNA sequences. Like their Neanderthal cousins, the Denisovans never lived in Africa, but they evolved, and went extinct, in Asia.



Charles Darwin had no fossils and no DNA to guide his ideas about our evolutionary past—with one exception. While spending time in London, recovering yet again from a bout of illness, Darwin was shown an unusual fossilized skull that had been found in the Forbes Quarry in Gibraltar in 1864. The skull was being prepared for display at a meeting of the British Association for the Advancement of Science, in Bath, by George Bulk, an English paleontologist, and Hugh Falconer, a Scottish paleontologist. Prior to the meeting, Falconer had brought the skull to his friend, Charles Darwin. It seems that, unusual for the great man, Darwin was not impressed. No other writing by him mentioning the skull exists other than a throwaway line in a letter to his friend Joseph Dalton Hooker, mainly describing Falconer’s visit. The skull was that of a female Neanderthal. Even intellectual giants miss something sometimes. And what if Darwin had known about the 400,000-year-old fossil remains of Homo heidelbergensis, discovered in 1935, but found nineteen miles from his house? We’ll never know.

After this briefest history of the study of our evolutionary past, it is now time to return to 1975. That’s because Mary-Claire King and Allan Wilson had something specific to say in their paper.




MORE THAN GENES

Ignored by all but the most careful readers, King and Wilson didn’t mean to focus on the close genetic similarity between us and chimpanzees. Instead, they were intrigued by the concept that very similar genomes can produce very different organisms. They mused about possible mechanisms that could explain our morphological and behavioral differences. Many of their guesses turned out to be correct. Yet, it remains tempting to try to solve the mystery of the 1 percent difference between us and chimpanzees—the yawning gulf between genotype and phenotype—by scrutinizing the assembly instructions encoded in that tiny fragment of DNA. For any macroscopic trait of interest, we can always ask: Is there a “snip” for that? The “selfish gene” has been a tremendously successful meme. Remember the headlines? Scientists find the gay gene, the gene for schizophrenia, even the language gene (allegedly FOXP2). None of these claims have held up, but there’s still a cottage industry in evolutionary biology that is devoted to finding a single gene for X, Y, or Z.

The genomic revolution in biology—alongside parallel work in anatomy, anthropology, and archeology—is revealing that a precious few key changes made for the leap forward from our last common ancestor with chimpanzees. We are the result of a short series of mistakes that made us what we are today. A few of the flukes that now define us were indeed genetic. But the gene’s-eye view of natural selection has sometimes led us to overlook simple, physiological explanations for our differences from other apes. The American philosopher Hilary Putnam once pointed out that you might try to explain why a square peg won’t fit in a round hole by using quantum mechanics—but why bother, when a geometrical explanation works just fine?

At the end of the day, the key to our evolutionary success is to raise offspring who can thrive, raise children of their own, and so on down the line. The simple calculus of natural selection, operating simultaneously at macro- and microscopic scales, has given rise to the immense diversity of life we see today. That diversity ranges from single-celled organisms to giants like the sequoia tree and the blue whale, with everything imaginable in between. It even includes creatures that challenge the imagination, like the male anglerfish, which has evolved into an appendage of the female. All these species—the products of millions of years of accumulated changes—managed to leave behind more offspring than other species. And so did we.




	
I. There are two species of chimpanzee and both are equally related to us: the common chimpanzee (Pan troglodytes) and the pygmy chimpanzee or bonobo (Pan paniscus). Throughout, I will use chimpanzee, although most studies probably will have used the common chimpanzee.
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