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Many a jewel of untold worth


Lies slumbering at the core of earth,


In darkness and oblivion drowned;


Many a flower has bloomed and spent


The secret of its passionate scent


Upon the wilderness profound.


(Charles Baudelaire, Le Guignon1)








INTRODUCTION


NAMES WRIT IN WATER


QUICK, WHAT ARE THE MOST successful organisms on the planet? Many people will answer with apex predators like lions and great white sharks. Others will bring up birds, insects or bacteria. But few people will mention a family of plants that is right up there with the best: grasses. These organisms meet at least two criteria for spectacular success. The first is abundance. Grasses cover the North American prairies, the African savannahs, the Eurasian steppes and countless other grasslands. The Eurasian steppes alone span eight thousand kilometres, from the Caucasus to the Pacific Ocean. A second criterion is the number and diversity of species. Since the time grasses originated in life’s evolution, they have evolved into ten thousand species with an astonishing variety of forms, from centimetre-high tufts of hair grass adapted to the freezing cold of Antarctica to the towering grasses of northern India that can hide entire elephant herds, and to Asian bamboo forests, with ‘trees’ that grow up to thirty metres tall.


But grasses weren’t always so spectacularly successful. For tens of millions of years – most of their evolutionary history in fact – grasses barely eked out a living. They failed to flourish by any standard.


The origin of grasses dates back to the age of dinosaurs, more than sixty-five million years ago. But for many million years their fossils are so rare that they cannot possibly have been abundant. And they did not become today’s dominant species until less than twenty-five million years ago, more than forty million years after their origin.


Why did grasses have to wait forty million years for their proverbial spot in the sun? This mystery deepens once you know that evolution endowed grasses with multiple survival-enhancing innovations right from the start. Among them are chemical defences like lignin and silicon dioxide that grind down the teeth of grazing animals. They also protect grasses against drought, as do sophisticated metabolic innovations that help grasses conserve water.


With these and other innovations you’d think that grasses would do very well. But they didn’t, for the unimaginably long time of forty million years. And their delayed success holds a profound truth about new life forms. Success depends on much more than some intrinsic characteristic of a new life form, some inner quality, like an enhancement or a novel ability bestowed by an innovation. It depends on the world into which this life form is born.


Grasses are not unique in this way. They are among myriad new life forms whose success – measured in abundance or diversity of species – was delayed for millions of years. The first ants, for example, appear on the scene 140 million years ago. However, ants did not begin to branch into today’s more than eleven thousand species until forty million years later. Mammals with various lifestyles – ground-dwelling, tree-climbing, flying or swimming – originated more than a hundred million years before they became successful sixty-five million years ago. And a family of salt water clams had to wait for a whopping 350 million years before it hit the big time, diversifying into 500 species.


These and many other new life forms remained dormant before succeeding explosively. They are the sleeping beauties of biological evolution. They fascinate me to no end, because they cast doubt on the truths about success and failure that we hold self-evident. And these doubts apply not just to the innovations of nature but also to those of human culture.


When life first crawled out of the primordial soup, when it first discovered how to extract energy from minerals, from organic molecules and from sunlight, when it first learned to swim for a living through vast primordial oceans, when it first formed multicellular organisms in which highly specialised cells share the labour and sacrifice of growing and reproducing, of escaping predators and stalking prey, of self-defence and attack, when it mastered each of these challenges, it had to innovate. And each challenge can be met in many ways, each emerging as a creative product of biological evolution, each embodied in a species with a unique lifestyle, millions of them and counting as evolution marches on.


Innovation did not stop with biological evolution. Species with sophisticated nervous systems like chimpanzees, dolphins and crows have discovered simple technologies, tools they use to hunt or gather food. In the ten thousand years since the agricultural revolution, human culture has come up with revolutionary innovations such as mathematics and writing, as well as countless smaller ones, from the wheel to wallpaper. Human ingenuity has discovered fundamental laws of nature and produced myriad creative works, from poems to songs, symphonies and novels. Countless sleeping beauties are among them. They include ignored breakthrough technologies like radar, neglected scientific discoveries like Gregor Mendel’s genetic laws of inheritance, or artistic works like Vermeer’s painting Girl with a Pearl Earring, which languished unrecognised for more than a century.


Granted, nature and culture do not create in exactly the same way. The ink and paper of Newton’s Principia is a different substrate of creativity than the cells, tissues and organs in a blue whale. A writer’s grit in wrestling with the fifteenth draft of a chapter is a different motor of creation than random mutations of DNA. A patent’s commercial value is a different measure of success than how often Escherichia coli divides every day. But beyond these differences lie deeper similarities. One of them is that a great number of innovations arrive before their time. Sleeping beauties, creative products without apparent merit, value or utility, but with the power to transform life given enough time, are everywhere in both nature and culture. They will help us understand that Gregor Mendel’s ignored laws of inheritance and Johannes Vermeer’s forgotten paintings are part of a broad pattern in a history of innovation that goes back all the way to the origin of life. The sleeping beauties of nature can help us understand why creating may be easy, but creating successfully is beyond hard. It is outside the creator’s control.


I am a biologist and my life’s aspiration is to understand how biological evolution creates new solutions to life’s problems. In this goal I am supported by a team of like-minded young researchers in my laboratory at the University of Zürich. Some of these researchers evolve organisms in the laboratory, where evolution innovates right before our eyes. Others analyse reams of DNA data to understand the origins of unique lifestyles in many organisms. Yet other researchers use the abstract language of mathematics to search for universal laws behind evolution’s creative power. All of us want to understand how nature creates. And we are blessed to live in a time where this distant goal is closer than ever. We benefit from a revolution of molecular biology that was launched in the 1950s with the discovery of DNA’s double-helical staircase, and that continues unabated in the twenty-first century. It reveals more of life’s secrets day after day. These secrets revolve around the trillions of molecules that co-operate in our cells, tissues and organs to keep us alive, molecules that form the foundation of every single innovation during life’s evolution, including the origin of life itself.


Whenever a mutation alters an organism’s DNA, it ultimately alters some of the molecules that this DNA encodes. It alters what they do, how fast they do it, and how well they do it. These alterations are ultimately responsible for everything new that evolution has created, from the whirling flagella of bacteria to the razor-sharp eyes of falcons and the neural wiring of our brains that make language, arts and science possible. When my research associates study evolution’s creations, they study these molecules, how they change over time, and how this change creates new forms of life. And they discover sleeping beauties everywhere. Among them are bacterial enzymes that have evolved for one job but can perform multiple others, such as to cleave and destroy synthetic antibiotics that do not occur in nature. Their skills remained useless until biochemists discovered these antibiotics and doctors used them to fight bacteria. Also among them are entirely new genes that originate spontaneously in large numbers while genomes – including our own – evolve. Each such gene is a solution in search of a problem, which may arise long after the gene’s origin, or never.


This book is also about these discoveries. By diving deeply into this molecular realm, we can understand natural innovations far more deeply than through fossils alone. We can understand not just why nature is so innovative, but also how it innovates. And we can understand why so many of its innovations are – must be – dormant.


This dormancy does not shed new light on nature’s creative potential alone. Because the innovations of nature are so different from those of human culture, the commonalities between them harbour lessons about all creative processes. These lessons are the subject of this book.


One of these lessons is that innovation – quiescent or not – comes easily to both nature and culture. That is not self-evident. Experts still debate how Darwinian evolution can bring forth the truly new, because natural selection can select only what is already there. On its own, it cannot create new forms of life. Intelligent design creationists even argue that true innovation is impossible in biological evolution. The examples in this book prove the opposite.


They begin by showing that innovation is not precious and rare but frequent and cheap. Chapter 1 highlights underappreciated facts about evolution that illustrate how easy innovation really is. One of them is that most biological innovations are no singularities in life’s history. Most were discovered two, three or many times. One example is agriculture, not that of humans but that of ants. Just like human farmers cultivate plants, ants cultivate fungi. They create elaborate fungal gardens, which they groom by removing waste and weeding out unwanted fungal species. They even medicate their fungal crops with antibiotics like streptomycin to combat harmful bacteria.1


The sheer speed of evolution’s response to environmental change makes the same point. Evolution can respond almost instantly even to transformative change like the rapid rising of the Andes or the emergence of giant Lake Malawi, where dozens or hundreds of new species have evolved and colonised a new environment in a few million years.


Evolution experiments like those we perform in Zürich tell the same story. When we and other researchers expose organisms to a new environment – even a near-lethal one – most evolve to survive and thrive rapidly, within mere weeks. Life usually does not have to wait long for the right innovation.


Whereas chapter 1 shows that most of the innovations that life needs arise instantly, chapter 2 demonstrates something even more remarkable. Many new forms of life like grasses, ants, birds and mammals arose before their time had come, millions of years before. Some of them even went extinct again, not because they were flawed, but because the time was not quite right yet for them.


Ultimately, all innovations in biological evolution originated in the molecules that help build and maintain cells and bodies. Studying how nature changes these molecules is like peering into an inventor’s brain. It can go beyond explaining that evolution innovates so prolifically, and help us understand why it does so.


Many innovations emerge only on this molecular level. They are entirely invisible, yet no less momentous than the creation of new species. Among them is photosynthesis, the ability to harvest energy from sunlight, discovered by cyanobacteria more than two billion years ago. Also among them is the ability to harvest energy from man-made toxins, a skill discovered by bacteria within the last century. These are two among thousands of innovations in metabolism. They go all the way back to life’s origin, and allowed life to survive on myriad new foods and in myriad new environments. Many of these innovations are sleeping beauties. Chapter 3 explains why.


Especially important innovative molecules are proteins, the molecular workhorses that keep life going. Their tremendous innovative potential is revealed by a stunning 2008 medical discovery about Yanomami Indians from the jungles of southern Venezuela. These Indians had never been contacted by modern civilisation. Nonetheless, their skin and gut harboured bacteria resistant against not just one, but eight different modern antibiotics. These included first-generation antibiotics like penicillin, but also more recently developed antibiotics that serve as medicines of last resort against drug-resistant bacteria. Bacteria have a slumbering talent for resisting multiple drugs that they have never even encountered. This talent is a huge problem for medicine. It means that we may never win our race against antibiotic resistant germs.


Chapter 4 explains the origin of this remarkable talent, which endows proteins with hidden powers that go far beyond antibiotic resistance. Proteins that evolved to destroy one kind of toxin can destroy a dozen others, a talent that remains quiescent until the right kind of toxin comes along. In addition, proteins that synthesise one kind of defence chemical can also synthesise many others, a skill utterly useless until it becomes life-saving when the right enemy comes along. In other words, molecular innovations can be more than cheap: they can be free. Such innovations can help life invade new and hostile places, with consequences that can be devastating for humanity. They include multi-billion dollar economic damage caused by invasive species like water hyacinths. They also include suffering and death from multi-drug-resistant superbugs, all thanks to dormant innovations that awaken in the right environment. Conversely, we can also make such innovations work in our favour. They can help biotech engineers produce biofuels more efficiently, improve the enzymes that clean our laundry and use green chemistry to manufacture industrial chemicals.2


No less important than proteins are the genes in our genomes, because they encode every protein in our body. Each gene is a long sequence of DNA letters that encodes the amino acid string of one among thousands of proteins that keep us alive. Up to the early twenty-first century, biologists believed that new genes always originated when evolution modified old genes to endow them with new skills. But that belief turned out to be dead wrong. Exciting and revolutionary discoveries from the last ten years prove that evolving genomes incessantly create new genes from scratch, seemingly out of nowhere, from random strings of DNA. Chapter 5 explains how and why. The reason is that creating new genes is much easier than we thought, because evolution can build on what is already there, not only DNA but a whole machinery of proteins that decode genetic information. In fact, in the cells of humans and other animals alive today, new genes are created all the time. But just like many other innovations, most of them perish quickly. Those that survive are often in for million-year waits, until their skills become useful in a changed world.


These and many other sleeping beauties show that no innovation succeeds on its own merit. The value of a new gene does not come from some inner quality of the gene. It comes from the world into which the gene is born, a world beyond the organism’s control.


In contrast to natural innovations, whose substrates are genes and proteins, cultural innovations are made possible by sophisticated brains and their neural circuits. And in the realm of culture, sleeping beauties are just as abundant as in nature. The gateways to human culture are the tool-wielding animals of chapter 6, whose simple technologies are either hard-wired into an animal’s brain or learned by an animal in its lifetime.


Dolphins protect their beaks with marine sponges when they dig in the ocean floor for hidden prey. New Caledonian crows bend twigs into hooks to scare insects from tree cavities. Monkeys use rock hammers and anvils to crack open nuts. Innovations like these are very different from those embodied in drug-resistant proteins, but they obey the same principles. An animal’s ability to discover or use tools may be quiescent, until it is awakened in the right environment. And the success of any one tool innovation is not pre-ordained, but determined by the world it is born into.


The latent potential of animals to discover tools foreshadows a much more profound potential in humans. It is the potential to discover technologies as transformative as reading, writing and mathematics, technologies that enabled our modern civilisation. This potential is embodied in ancient human brain circuits that evolved long before humans did. Chapter 7 explains how their old job in other animals predestined them for new jobs in humans. Their potential lay dormant for many millennia. It was awakened by the agricultural revolution, which brought forth not just maths and writing, but myriad other manifestations of human culture. These include intricate musical instruments like pianos, sophisticated games like chess, and complex technologies like computers. Because the necessary skills have not been directly shaped by biological evolution, they highlight the immense, yes, nearly limitless, potential of a brain to use the old for new purposes.


Such a potential also exists on the most abstract level of thought, the kind that drove many human discoveries in science and technology. This is the subject of chapter 8, where I explain how our minds use analogies in the service of discovery. One such analogy compared atoms to vibrating strings, and helped early twentieth-century physicists understand phenomena like the radiation emitted by atoms. Analogies like this are much more than pedagogical tools. Likewise, their close cousins metaphors are more than just rhetorical tricks. Linguists such as George Lakoff discovered that they are foundations of abstract thought – they make scientific explanations possible. Any one such explanation is dormant, an unrealised potential, until a creative mind discovers the analogy leading to it.


Analogies and other new combinations of concepts are more than just peculiar forms of sleeping beauties. They help explain why our human culture overflows with innovations. We continually breathe new life into old, dormant things, including patterns of thought, by using them in new ways. This very ability is at the heart of human creativity in the arts, mathematics, sciences and technology, the focus of chapter 9, where sleeping beauties also abound.


Among them is the work of nineteenth-century poet John Keats, who by one measure was a complete failure as a poet. His volumes of poetry, taken together, sold no more than two hundred copies during his lifetime. This failure so embittered Keats that he asked that his grave remain nameless, adorned only with the inscription ‘Here lies one whose name was writ in water.’


Keats really seemed destined to be forgotten. It would take decades before Keats’ genius came to be recognised. That recognition began mid-century, when his first biography was published, and it culminated at the centennial of his death in 1921. By that time, Keats had become more than just a well-known Romantic poet. He had entered a pantheon of literary greats that included Homer, Shakespeare and Dante.


The list of creators neglected or ignored in their time is endless. It includes the painters Vincent van Gogh, Johannes Vermeer and El Greco, writers Emily Dickinson and Herman Melville, American naturalist and part-time hermit Henry David Thoreau, and even the composer Johann Sebastian Bach, whose music was considered old-fashioned and absurdly complex for more than half a century after his death.


Fickle fashion may help explain success or failure in the arts. Beauty, after all, is in the eye of the beholder. Truth, however, is not – at least in the hard sciences and in maths. But even maths and science are subject to fashions. Exhibit A is the development of linear algebra by nineteenth-century mathematician Hermann Grassmann. Today, linear algebra is central to university and even secondary school maths curricula. It is essential to solve linear equations. It is crucial for modern geometry, because it enables calculations with lines and planes in three and more dimensions. Engineering and science would be unthinkable without it. Yet when Grassmann developed many key concepts of linear algebra in an 1844 book entitled Die Ausdehnungslehre, he was widely ignored. He tried again in 1862 with a second edition, but had no greater success. Thirty years after the first edition, his publisher would write ‘since your work hardly sold at all, roughly 600 copies were used in 1864 as waste paper.’


Even some fundamental laws of nature are ignored after their discovery. Among them is the law of energy conservation, first formulated by German physicist Julius Robert Mayer.3 When others did not recognise its importance for years, Mayer attempted to commit suicide. (And when they finally did recognise its importance, they first gave credit to his British competitor Joule.)


As in science, so in technology. Among its sleeping beauties are some of the most profound innovations in human history. One of them is the wheel. This ancient technology first appeared independently in the Middle East and Eastern Europe some 3,500 years BCE, but its ascent was neither swift nor universal, as chapter 9 explains. Like many other inventions, humans discovered the wheel multiple times. Some inventions, like a cure for the life-threatening disease scurvy, are first ignored and then rediscovered, often multiple times, before finding success. They illustrate that revolutionary innovations appear almost inevitable from a broad historical perspective, although they may feel hard-won to individual inventors. But more important, they underline that success is guided by forces beyond the inventor’s control.


From the molecular creations of nature to the technologies of humans, the examples of this book stretch over four billion years of innovation. Myriad innovations arise before their time has come. They lie in wait until that time arrives. No innovation, no matter how life-changing and transformative, prospers unless it finds a receptive environment. It needs to be born into the right time and place, or it will fail. The final chapter draws some lessons from these universal patterns of innovations for human creators, especially for those of us who are struggling, feel unrecognised, and may rail against being ignored or forgotten. Our creative process is a microcosm of a billion-year history of innovations. Knowing this deep history may not help us become more successful. It may not change our place in the world. But it can help us find this place and make the best of it.





PART ONE


Nature






1


Instant innovation


THE CATERPILLARS OF MONARCH BUTTERFLIES are addicted to dangerous food. They devour the leaves of milkweeds, perennial herbs that grow a few feet tall, with tiny star-shaped flowers that form eye-catching inflorescences. Milkweeds may be beautiful, but they are not innocuous. When the mouthparts of a caterpillar slice into a milkweed leaf, pressurised channels inside the injured leaf release a substance that is milky white, hence the name milkweed. The caterpillars know that this white stuff means trouble, because they try to cut these channels and let the milk drain before they devour the leaf.


The scientific name of this milk is latex, a complex and sticky mixture of chemicals whose purpose is similar to that of sticky resins, like the yellow excretions of pine trees. Such excretions bring wound healing to mind, but what they do is more sinister. That becomes clear from insects that were entrapped millions of years ago in the fossilised resin we call amber. Latex and resins are lethal defensive weapons against hungry animals.


When insects bite a chunk out of a latex- or resin-producing plant, the sticky material can immobilise their mouthparts and glue them together. It can even entrap them whole. More than thirty percent of monarch butterfly caterpillars that hatch on the leaves of milkweed get mired in the plant’s latex, become glued to the leaf, and die. And such entrapment is only one line of defence embodied in latex and resins. Both secretions can also contain toxic chemicals, such as cardiac glycosides, poisons that can quiet a beating heart forever. Latex and resins are sophisticated and complex chemical weapons.1


These chemical weapons are also examples of evolutionary innovations, so-called because they occur during the evolution of a species and help the species survive. And these specific innovations – here comes the important part – were not made by the milkweeds alone. Evolution discovered them not once, twice or a few times, but at least forty different times, on different branches of life’s enormous tree, in completely different species. What is more, many of the species that discovered them also independently evolved a distribution network for these toxic excretions, an elaborate system of channels that deliver the sticky stuff wherever a plant is attacked.2 Innovations like these, discovered multiple times, illustrate how easily evolution can innovate, and they foreshadow the sleeping beauties we will encounter later.


Latex, resins and their transportation networks are so important that biologists have elevated their status beyond that of mere innovations. We call them key innovations. That’s not because they are hard to discover – their multiplicity shows otherwise. It’s because they do more than just improve the survival of one plant species. They have more profound and long-term consequences for evolution.3


Latex-producing plants suffer less from insect damage, can grow faster, and spend more energy on reproducing by building flowers and producing seeds. These benefits allow latex-producing plants to spread further and colonise new habitats. In these habitats they eventually form new species. In the jargon of biology, such key innovations promote adaptive radiation, the sprouting of new branches on the tree of life. During an adaptive radiation, one species multiplies into many, each of them with its own lifestyle that is best suited to its own habitat.


The evolutionary potency of these chemical weapons is revealed by a study on sixteen plant families. Each family not only produces latex and resins, it has a closely related family that lacks this ability. The study showed that thirteen of the sixteen latex-producing families had evolved more species – not just a few more, but up to a hundred times more than the related families without this ability.4 All in all, latex has been a smashing success in evolution. From its few dozen origins eventually emerged twenty thousand latex-producing flowering plants, as well as numerous latex-producing conifers, ferns and even fungi.5


Latex is an important innovation, but it is itself the product of an arms race that began with another innovation, an older one, discovered by insects. This innovation was phytophagy, the ability to use plants as food.


Hundreds of million years ago, primitive insects preyed only on other animals or lived on detritus, scavenging the carcasses of dead organisms. Switching from this diet to plants can’t have been easy. One obstacle to the vegetarian lifestyle is the chemical warfare we just heard about, which plants excel at by necessity, because they can neither run nor hide. Another obstacle is that plant tissues and sap are poor in nutrients such as nitrogen and essential amino acids, much poorer than animal prey or detritus. What is more, detritus-feeders can hide in the ground, whereas plant-feeders take their meals out in the open. Their way of life exposes them not just to desiccation, but worse, to predators lured by their small, often poorly armoured and deliciously soft bodies.


Despite these obstacles, phytophagy was also discovered more than once, and not just two or three times, but at least fifty different times, by different species. And it became very successful, as biologist Charles Mitter from the University of Maryland and his collaborators proved. These researchers compared thirteen branches of plant-eating insects on the tree of life and thirteen nearby branches without. They showed that most of the plant-eating branches bear more species, and sometimes many more. For example, within an insect family also known as the green flies or Chloropidae, the plant-eating branch has more than 1,350 species, whereas the other has only 80 species. Even though only a few insect orders – large groups of species like beetles, cockroaches and dragonflies – discovered phytophagy, it became so successful that today, half of the world’s 900,000 insect species feed on plants. Phytophagy is another one of evolution’s key innovations.6


A plant-based diet poses yet another challenge: some plant-based foods like seeds or grasses are extremely tough. This challenge has been met in a unique way by yet another group of animals, the mammals. They evolved specialised teeth whose name – molars – comes from the Latin word for millstones, because they grind up plant parts.


If you reach into the back of your mouth to touch one molar – you have eight in total, or twelve if all four wisdom teeth have erupted – you will find them not entirely smooth but covered with small bumps, called cusps. Among these cusps is a key innovation of mammals, innocuous-looking but momentous. It’s a bump called the hypocone, and you can find it at the rear end of a molar, on the side that is closer to the tongue than the cheek.7


The molars of primitive mammals had three cusps, and if you were to cut through one such molar horizontally, the cross-section would be triangular. That’s a poor design for a tooth that is supposed to work like a millstone. The larger the surface of a grinding tooth is, the more plant material it can grind at any one time, but adjacent teeth with a triangular cross-section leave plenty of empty space between them, all of which is wasted for grinding. It would be much better if the cross-section were closer to a rectangle, and if molars were lined up in the mouth like bricks laid end to end. This is what the hypocone’s evolution achieved. The addition of the fourth cusp filled in the missing space. It turned the cross-section from triangular to rectangular – the scientific term is quadrate – doubled the grinding surface, and allowed for more efficient grinding.


The hypocone evolved more than twenty different times on different branches of the mammalian tree of life. What is more, molars with hypocones became platforms for further innovations, because evolution embellished their basic architecture when it built mammals with specialised plant diets. Such mammals include deer, whose molars are strengthened by a crescent-shaped ridge of enamel. They also include elephants, whose molars bear multiple such ridges. These and many other molar shapes permit more efficient grinding, and all are derived from teeth with hypocones.


You may not be surprised to hear what happened next, when plant-eating mammals branched into multiple species, a radiation that started over fifty million years ago: those mammals with a hypocone, such as rodents and hoofed mammals, did better. They evolved the greatest number of species. Remarkable that, how a small chunk of tooth can alter the evolutionary paths of hundreds of species during millions of years.


One view of adaptive radiation is that a key innovation enables radiation, and that its absence prevents radiation. Only with a key innovation can a species exploit existing opportunities, such as a warmer climate, a new source of food, or a superior form of shelter. In this view, any one adaptive radiation has to wait, possibly for a long time, until the right innovation arises. And the need to wait holds evolution back. But innovations like latex production, phytophagy and the hypocone cast doubt on this view, because they have originated so many times. Perhaps evolutionary innovation is easier than we think? Perhaps evolution does not have to wait for innovations? Perhaps its creative engine is more powerful than we give it credit for? The astonishing speed with which evolution can respond to new opportunities argues for this possibility.


This speed is showcased by plants best known for their striking blue or red columns of flowers, and their ability to fertilise the soil with nitrogen they harvest from the air. These plants are the lupins, legumes highly prized by gardeners because of their beauty. But they are more than just pretty. Their seeds – lupin beans – have been consumed by Europeans since antiquity. They have an even longer culinary history in the Andean mountains of South America, where people have been eating them for six thousand years.8 And in the Andes the lupins have also experienced a remarkable burst of evolution.


Seven thousand kilometres long, the Andes are not only the world’s longest mountain range, but also among the youngest mountains on the planet. Starting their rise some thirty million years ago, they did not reach their present topography until two to four million years ago. This topography includes one of the world’s most peculiar habitats, the treeless northern highland known as the páramo, located mostly within Colombia, Venezuela and Peru.


Starting above the timberline at an altitude of three thousand metres, the páramo reaches up to the zone of eternal snow and ice beginning above five thousand metres. Despite its high altitude, the páramo’s climate is clement, thanks to the nearby equator, even though it is chilly and temperatures can oscillate wildly. Moist air blown inland from the Pacific cools down as it rises to cross the Andes, and supplies abundant life-sustaining moisture in the form of rain, clouds and fog. Add to that the numerous habitats created by the valleys, slopes and crevices of a mountain range, and you begin to understand why the páramo is one of the world’s biodiversity hotspots, with 45,000 species of plants, and forty percent among them endemic, living only there and nowhere else.


Among these endemic species are eighty-one species of lupins. They radiated from a single ancestor and evolved an astonishing diversity of forms and ways of life in the Andes. Some of them live for multiple years, others for one season only. Some stretch towards the sun with a stem, others hug the ground with a rosette of leaves. Some build only soft herbaceous tissues, others grow hardened and woody. The woody lupins themselves radiated into diverse forms. They include species whose branches lay low and creep close to the soil, species that grow into upright shrubs and species that develop into small trees.9


Even more remarkable is that these species emerged very rapidly from their common lupin ancestor, starting a bit less than two million years ago. In other words, not only did evolution bring forth eighty-one new species in less time than the five million years needed to create humans from an ape-like ancestor, it also created these species almost as soon as the Andes had risen and the páramo with them. Evolution closely tracked the rise of the Andes and rapidly exploited the new opportunities that arose with the páramo.


Other kinds of opportunities emerged from an altogether different geological process: the slow but inexorable fracturing of the African continent, a process so transformative that it will force us to rewrite our geography textbooks – eventually. It began some twenty-five million years ago when two plates of the continental crust began to pull apart in Eastern Africa. The process is called rifting and it produced not only towering volcanoes like Mount Kilimanjaro, but also the East African Rift valleys that extend over thousands of kilometres. These valleys partly filled up with giant lakes that may give way to a new ocean ten million years from now. Among them are lakes Victoria, Tanganyika and Malawi.


Lake Malawi and other East African lakes were colonised by numerous species of fish, among them the cichlids whose sixteen hundred species form one of the most diverse fish families. They include food fishes like tilapia, but also stunning aquarium fishes like the blue discus, whose flat, disk-like body (whence the name) is painted with what resembles a turquoise river network surrounding the orange island of its eye. It is only one of many scintillating gems in the treasure chest of cichlid diversity.


Lake Malawi’s first cichlid colonisers arrived soon after the lake had formed some 4.5 million years ago, and when they did, they spread through the lake, but not only that. They started to radiate at astonishing speed, diversifying into some five hundred species at a rate that rivals the radiation of Andean lupins.10 It may not be obvious how a lake could compete with the lifestyle opportunities of a richly textured mountain landscape – after all, it’s just water – but plausibility can deceive. Some areas of a lakebed are sandy, whereas others are rocky, and different species prefer one or the other.11 Also, a lake of 29,000 square kilometres – almost the size of Belgium – can support a variety of diets and feeding habits. Some fish strain plankton from lake water, others scrape algae off rocks. Some fish are indiscriminate and feed on a rich buffet of other animals. Others are picky and consume only one kind of food, such as snails.


Evolution’s ingenuity becomes especially obvious from the more unusual Lake Malawi cichlids. Among them is one species that feeds only on the scales of other fish. Another such species is the sleeper cichlid, which plays dead until another unsuspecting fish ventures nearby. That’s when it springs to life and devours the poor sucker.


Add to these feeding strategies the profusion of colours that cover cichlid bodies. One species is painted in bright signal red. Another species dons a bright yellow body with a solid black dorsal fin that resembles a mohawk on a punk rocker’s head. Yet another sports cobalt blue stripes on a black background, bringing to mind a prison uniform. Such coloration not only helps potential mates find each other and avoid copulatory confusion. It also serves other purposes, among them the camouflage offered by vertical stripes, which are harder to see near a rocky lake bottom.12 And all this diversity emerged nearly instantly in evolutionary time.


Lupins and cichlids are not alone as exhibits of evolution’s agility. Other examples include the radiation of horses from a dog-sized ancestor, which began some twenty-five million years ago and closely tracked expanding grasslands that support a grazer’s way of life.13 They also include explosive radiations on islands or archipelagos like that of Hawaii, where 900 flowering plant species and more than 4,500 insect species emerged within ten million years.14 Examples like these also point to another illuminating pattern of evolutionary change, this one revealed by the labours of palaeontologists.


Palaeontologists are skilled at reconstructing the anatomy of long-dead and bizarre creatures from fossilised bodies that are squashed, sheared, or shattered while the rocks that entomb them travel through the planetary crust. The skills of palaeontologists shine brightest when they are applied to rocks of different ages that are stacked like the layers of a cake. That’s because the bodies reconstructed from such rocks can do more than just reveal the anatomy of an extinct species. They existed at different geological times, and can also help us understand how evolution transforms a body. Such a transformation was experienced by a peculiar species of fish some ten million years ago.


Three-spined sticklebacks are very different from the flashy Lake Malawi cichlids: they are comparatively drab, finger-long fish that inhabit oceans and lakes in the northern hemisphere. What’s remarkable about them is an anatomical feature enshrined in their name. Their back is equipped with three flexible spines, which can either cling to the body or be raised so that they protrude like small daggers. What is more, where other species have two fins on their bellies, these sticklebacks instead sport two spines that can be drawn in or manoeuvred into a defensive position like the spines on their back. Add to these spines more than thirty hard plates of bony armour that cover their flanks, and it becomes clear that three-spined sticklebacks are no picnic for a would-be predator. Not only do their armour plates resist crushing, when those spines are erect feeding on a stickleback must be like trying to swallow a hedgehog.15


Sticklebacks have been around for millions of years, and during this time they have repeatedly left their oceanic home and colonised lakes, some of them created when glaciers melted away after an ice age. If a river connects such a lake to a nearby ocean, fish can colonise it by swimming upstream, but when the river dries up, their retreat is cut-off, and they are forced to survive in the lake. That need not be a problem, but when the lake itself goes dry, as most lakes do eventually, the colonisers are doomed to extinction.16


Some ten million years ago, three-spine sticklebacks initiated such a cycle of colonisation and eventual extinction from a long-ago shrivelled lake in present-day Nevada. Today the dry lake sediment is being mined for diatomaceous earth – fossilised algae useful as abrasives or insecticides – but it also harbours myriad fossilised sticklebacks. Because they died and fossilised at different times during the lake’s existence, these fossils are a boon to palaeontologists, helping them monitor changes to stickleback anatomy over time and find out whether evolution altered this anatomy.


Indeed it did, as demonstrated by two studies that analysed five thousand stickleback fossils and tracked their changing anatomy. Sticklebacks that invaded the lake were highly armoured, but then they gradually lost their spines and their armour plating.17 It is not hard to understand why. Building an armoured body with defensive spines requires materials and energy that are lost to other essential tasks like chasing food or making babies. The lake contained few predators, and if predators pose little threat, producing armour is wasteful. What is more, the raw materials needed for armour-plating and bony daggers are ions like calcium that can be scarce in lakes.18 In other words, losing armour in this lake was the rational, the frugal thing to do for evolution.


What’s remarkable is how rapidly evolution reduced stickleback armour. Rapidly on the time scale of evolution I should say, because it still took more time than most of us can imagine.19


We can easily grasp how the world changes during an amount of time similar to our life span, a bit less than a century. It is much harder to imagine how life has changed during the millennium since medieval knights battled each other, or during the two millennia since Caesar ruled the Roman Empire. Our imagination fails us for even longer time spans, like the ten thousand years since the beginnings of our current civilisation. Yet ten thousand years is about the time that these sticklebacks needed to adapt to lake life by losing their armour. And while being unfathomably long to us, ten thousand years is still incredibly short in evolution. It is less than one tenth of the time since modern humans originated, and less than one hundredth of the time that lupins needed to radiate in the Andes.


During this time, the number of spines and the strength of stickleback armour declined, rapidly at first, and then ever more slowly, until it was almost completely lost. We know this only because so many stickleback fossils have been preserved from this ancient lake that palaeontologists can resolve evolutionary time down to a few centuries. And that’s highly unusual. Other ancient transformations of organisms are usually documented by many fewer fossils, and these fossils would be spaced much more than ten thousand years apart. In such transformations, ten thousand years would appear as a mere instant in time. In one moment the armour would be there, in the next gone.


Fossils do not document the evolution of most species so well, but the fossil evidence we have shows that stickleback evolution is typical: evolution responds lightning-fast to the challenges thrown at it. That’s what palaeontologist Gene Hunt from the Smithsonian National Museum of Natural History demonstrated when he studied the evolution of more than 250 traits in more than 50 fossilised species ranging from single celled microbes to fish and mammals. When such traits evolve in a particular direction, like the declining armour in sticklebacks, they usually change rapidly. Most traits, however, do not change in any one direction, most of the time. Evolution’s motto seems to be ‘hurry up and wait’. 20 And when evolution needs to wait, it will often be waiting for geological upheavals, like those that created the Andes or Lake Malawi. Or it may wait for the kind of challenge posed by phytophagous insects, which renders latex and resins useful. Or it may wait for the tough plant foods that require quadrate teeth with hypocones.


The right kind of environment is essential for evolution, but it is not always sufficient. When cichlid fish colonised East African lakes, they radiated into multiple species in some lakes, such as Lake Malawi, but did not radiate in other lakes. Perhaps these lakes lacked the foods needed to support multiple lifestyles, or perhaps their colonisers had not experienced the right DNA mutations.21 Unfortunately, we do not know. In fact, this ignorance is a long-standing problem for biologists, who have debated for many years whether the right starting species or the right environment is most important for evolution’s advance.22


The answer might also help explain why some life forms have evolved only once. Among them is the African desert plant Welwitschia mirabilis. The plant is no beauty, resembling a wilted lettuce with two gigantic leaves that lie on the ground and become increasingly shredded over the centuries of Welwitschia’s long life. But the huge surface area of these leaves serves a purpose. It helps harvest moisture from fog that condenses on it and drips to the ground.23 Is Welwitschia unique because it is the one best solution to survive in its unique desert environment, where fog provides most moisture? Or is it a fluke of evolution, a bizarre species that happened to survive, even though other species might have done better in this extreme environment? Might they even have radiated? We have no idea, neither for Welwitschia, nor for other unusual species, among them the platypus, the chameleon and the elephant.24


Fossils may not help us answer this question either. Not all species fossilise well, and even when they do, the fossil record is notoriously incomplete. It may mislead us into thinking that a species is unique when it is not. Another problem is that our entire planet is only a single gigantic experiment in evolution. Who knows what would happen if we could restart this experiment once, twice or many times. Palaeontologist Stephen Jay Gould asked this question in his book Wonderful Life and argued that life would come out very differently. But he really didn’t know and neither do we. Who is to say whether a rerun would produce a completely different solution to Welwitschia’s problem, another Welwitschia, or no solution at all?25
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Fig. 1 Welwitschia mirabilis





A conundrum like this calls for approaching the problem in a completely different way. One such approach is pursued by scientists around the world – including scientists in my Zürich laboratory – who do not merely observe evolution in nature but let it proceed in a test tube. In other words, we and others perform laboratory evolution experiments. Such experiments are powerful, because they allow us to observe organisms evolving in real time, within years, months or even weeks. (Such experiments are also a potent antidote to the toxin of creationism.)


When we perform an evolution experiment, we expose an entire population of organisms to a new and challenging environment for many generations. The environment could be extremely hot or cold, wet or dry, it could harbour food that is nearly impossible to digest, intense amounts of damaging radiation, toxins like antibiotics or heavy metals and so on. If a population of organisms can survive in such a hostile environment at all, the DNA of some individuals will eventually experience mutations. Because these mutations are essential for evolution, their origins deserve some explanation.26


It’s well known that DNA molecules form long strings called chromosomes that make up the genome of every organism. Each such DNA string is like a text written in a chemical alphabet consisting of four letters – four small building blocks called nucleotides and commonly abbreviated as G for guanine, A for adenine, C for cytosine and T for thymine. Each chromosome string harbours hundreds to thousands of genes, shorter stretches of DNA that encode the information needed to build an organism. This information is decoded by first copying or transcribing the gene into RNA – a molecule with building blocks very similar to DNA – and then translating the RNA into protein, another molecular string, but with very different building blocks called amino acids, twenty different kinds of them.


A protein string is highly flexible, and in the chaotic environment of a cell, where heat causes atoms and molecules to vibrate and shake incessantly, millions of jittery molecules bump into this string, causing it to wiggle and to jiggle. Driven by all these bumps, a protein folds into a three-dimensional shape. This shape – also called a protein’s fold – can resist ongoing molecular bounces, because some of its amino acids attract and stick to each other when they are near each other in the fold. Their stickiness stabilises the folded protein. A cell contains thousands of different kinds of proteins, each decoded – biochemists say expressed – from the information in a gene, each with a different fold. And this fold endows each protein with a special skill. Transport proteins import nutrients or export waste, cytoskeletal proteins give shape to cells, signalling proteins convey messages between cells, enzymes catalyse chemical reactions and so on.


Each cell of each organism on this planet is a hub of frenetic protein activity, where thousands of proteins simultaneously import, build, aggregate, cleave, export or destroy other molecules. This frenzied dance of molecules sustains life, but it also has unintended consequences. For example, when enzymes harvest energy, they sometimes create highly reactive waste products called free radicals that will damage or destroy other nearby molecules when they crash into them. When that happens to DNA, the DNA becomes damaged. Cells employ specialised protein machines that labour tirelessly to repair such damage, but unlike the Pope, these machines are not infallible. Sometimes they screw up. For example, when finding a mutilated letter, such as a damaged A, they will not repair it, but change it to a G, C or T. That’s how an important kind of DNA mutation is born. It is called a point mutation, because it affects the smallest part of a genome, a single DNA letter.


Cells use an equally fallible protein machinery to copy their DNA before they divide, to make sure that every mother cell can pass a copy of its genome to its daughter. And when this machine makes copying errors, it can also create point mutations. Yet other point mutations occur when UV light, X-rays or other forms of high energy radiation careen into DNA, and permanently alter its letter sequence.


Some of these mutations may not affect an organism’s survival, but most others will sicken or kill it, because they break some part of the molecular protein machinery that sustains life. Yet other mutations have the opposite effect. They are beneficial mutations, creating or improving the skills an organism needs to survive in a new environment. They are the rarest mutations, but also the most interesting and important ones. They help create proteins that can harvest energy from novel foods, destroy and disarm potent toxins, or protect life against excessive heat or cold.


During an evolution experiment, any one individual in an evolving population can be hit by such a beneficial mutation. And when that happens, the individual will either reproduce faster or its chances to survive will increase. Over multiple generations, its descendants will therefore outcompete other individuals. There will be more and more of these descendants, and they will experience additional mutations, most of them damaging, but a few of them beneficial, which improve the descendants further, and cause their descendants to spread through the population. As time passes, generation after generation, this interplay of mutations and natural selection will steadily improve survival, helping the population’s members to adapt to their environment. And it will cause more and more beneficial mutations to accumulate in the survivors’ genome.


During experimental evolution, organisms may begin to change after fewer than ten generations, but the longer you wait, the more obvious their changes become. In practice, it’s best to let evolution run its course for at least a hundred generations. That could be a very long time for large organisms like some mammals, whose generations are measured in months or years. Fortunately, many smaller organisms reproduce much faster. Among them is Drosophila melanogaster, the tiny fly that feasts on rotting fruit in our kitchens. A single Drosophila generation lasts about two weeks, and one year of experimental fly evolution would cover twenty-four generations. The longest running evolution experiment on this fly has been going on for more than three decades. It has covered more than eight hundred fruit fly generations, corresponding to some twenty thousand years of human evolution.27


These numbers sound impressive but they pale beneath the number of generations we can comfortably observe in a bacterium like Escherichia coli, which divides multiple times a day. In such a bacterium, an evolution experiment of a thousand generations need not last longer than a few months. The longest-lasting such experiment with E. coli is still ongoing. It was started in 1988 by Michigan State University biologist Richard Lenski, and has been running for more than seventy thousand generations, the equivalent of 1.5 million years of human evolution.28


Numbers like these also highlight the limits of experimental evolution. We may never recreate spectacular radiations like those of cichlids or lupins in the lab. That’s because evolving large organisms for enough generations would simply take too much time. Fortunately, adaptive radiations are not the only measure of evolutionary success. Evolving the ability to conquer and thrive in an extremely hot, dry, toxic or otherwise challenging environment can be just as important.
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Fig. 2 E. coli under the microscope





Experimental evolution also offers other tremendous advantages over observing evolution in the wild. First, it helps us understand how the environment affects evolution, because we can control this environment in the lab with exquisite exactitude. We can adjust the temperature to a tenth of a degree, and gradually ramp it up, challenging an organism to evolve heat tolerance. We can poison the organism with antibiotics dosed to milligram accuracy, and goad it to evolve drug resistance. And we can leave out an essential nutrient from the organism’s diet, spurring it to innovate around this problem and evolve ways to synthesise the nutrient or survive without it.
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