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INTRODUCTION


How did life begin? Why are we here? These are among the most profound questions we can ask. They are about both ourselves and our relationship to the wider universe.


Yet while the question of how life started on our planet is an obvious one, scientists only really began engaging with it in the early twentieth century. Research into the origin of life is barely a century old. Even today, there are only a few dozen laboratories that directly tackle this important subject.


This book is the story of the scientists who have attempted to explain how and why life arose on our planet. It explores all the major ideas, explains how the scientists came to develop them, and delves into their strengths and weaknesses. It is crucial to tackle all the ideas because, despite what their proponents say, it is clear that most of them cannot be correct. It is only by trying them all on for size that we can start to see how life might really have begun. In recent years, origins researchers have started to devise a kind of ‘grand unified theory’ that has a good chance of being correct – in part because it includes the best elements from the older ideas. It is only by examining what has gone before that we can unlock the secrets of what might come next.


Our story begins in the 1920s, when after decades of minimal progress a scenario was proposed that gained widespread acceptance: that life began in the famous ‘primordial soup’. However, little progress was made for decades, until a seminal experiment performed by Stanley Miller in the early 1950s seemed to show that the chemicals of life could have formed naturally on the young Earth.


The Miller experiment kick-started a new field of science called prebiotic chemistry, which sought to make life’s building blocks from simple chemicals. However, the problem of life’s origin swiftly became immeasurably more complicated, thanks to the emerging knowledge of the complex workings of living cells. So intricate and interdependent is the machinery inside even the simplest bacterium, it is hard to imagine what a basic, primordial version would look like. Strip out even one of the key systems, and the organism dies.


As a result, from the 1960s on, several competing ideas arose, each championed by a faction of scientists for the remainder of the twentieth century. Each of these new ideas focused on one key component of living cells, which was supposed to arise on its own and then bring the others into being as necessary. For example, one popular idea known as the ‘RNA World’ holds that a simple genetic molecule came into being and found a way to copy itself. Unfortunately, all these ideas ultimately fall down. None of life’s components, on their own, can achieve living status.


However, in the twenty-first century a few researchers have begun exploring ways to build living cells with all the key systems intact, but in hugely simplified form and using a bare handful of chemicals. This new approach, which was long viewed as virtually inconceivable, has had an astonishing run of success. The earlier ideas are still much discussed, but the new hypothesis has a better chance of being correct. It now seems that life began, not with a single component like a gene, but with several components that could work together. Life is less about a particular substance, and more about the way a group of substances behave when they are combined.


The quest to understand how life began is also the attempt to answer a profound question: is life inevitable? That is, was life always going to form given how the universe works, or is it a freak accident?


In his 1970 book Chance and Necessity, the French biochemist Jacques Monod staunchly argued that the universe is not shaped for life like us.1 He contended that the origin of life on Earth was stupendously unlikely. Life may only have formed once, here, in the entire history of the universe. ‘The universe was not pregnant with life nor the biosphere with man,’ he asserted. ‘Is it surprising that, like the person who has just made a million at the casino, we should feel strange and a little unreal?’ Monod’s attitudes were evidently shaped by existentialist philosophers like Jean-Paul Sartre and Albert Camus, who wrote of their nausea and alienation at a life lived without the moral compass offered by a god. He argued that we should all now feel ‘alone in the unfeeling immensity of the universe’.


Monod’s high-flown rhetoric has impressed a lot of people over the years, but aside from his portentous prose he offered precious little evidence. His main argument was that the evolution of new species is ultimately driven by random changes in genes. This meant that the sole driving force of evolution was ‘pure chance, absolutely free but blind’. However, Monod arguably went too far. It is true that genetic mutations are random, but which ones survive and become common in a population is not necessarily random at all. Instead, the mutations that survive are those that bestow benefits on the organisms that carry them, or at least allow the genes to become more common. That is why certain traits have evolved more than once, with different genetic underpinnings: for example, flight arose independently in insects, birds and bats. Monod was looking at the history of life through random-tinted glasses. It is a mistake to overemphasise the randomness of evolution and neglect its many regularities.


Let’s now consider the opposite viewpoint. Origin-of-life researchers often say that life was somehow predestined. This can come across as semi-mystical, but there is at least some basis for thinking it is true.


The person who argued most fiercely that life was inevitable was the Belgian cell biologist Christian de Duve.2 In his book Vital Dust, he argued that life is ‘a cosmic imperative’.3 Given how complex living organisms are, de Duve argued, they are stupendously unlikely to have arisen by chance. ‘We are being dealt thirteen spades not once but thousands of times in succession,’ he wrote. ‘This is utterly impossible, unless the deck is doctored.’ In other words, life must be easy to form under the right circumstances, or we would not be here. Over the course of the story, we will see that there are many natural processes that favour the formation of the chemicals of life, and of lifelike structures – which supports de Duve’s contention.


Ultimately, de Duve’s arguments rely on a rule of thumb called the Copernican Principle, or the Mediocrity Principle. The basic message is: assume we are ordinary. Scientists have tried to stick to this ever since astronomer Nicolaus Copernicus presented evidence that the Earth orbits the Sun, and is not at the centre of the universe as almost everyone had assumed. The Copernican Principle suggests that the chemicals and environments found on Earth are probably typical of rocky planets. In that case, life is fairly likely to pop up on any reasonably Earth-like planet in the right sort of orbit around the right sort of star.


However, we should not take this too far. Look again at the last sentence of the previous paragraph, and count the caveats. Life may be likely, but de Duve knew that does not mean it is common – and a glance at the known universe tells us that hardly any of it is remotely suitable for life.


Consider the Earth, the only place known to support life. Most of it is utterly inhospitable. The habitable zone is at most a few tens of kilometres thick, spanning the outer layers of rock, the seas and the lower layers of the atmosphere. Go too high up and the air becomes too thin, the radiation from the Sun too intense, and the temperatures too extreme. Meanwhile, go too far underground and the temperature and pressure become lethal. Our world may be a living one, but over 90 per cent of its mass is dead.


Beyond Earth, things get even sketchier. Even if trillions of planets are home to life, there are still vast volumes of empty space in every solar system, not to mention all the interstellar space and the unimaginable voids between the galaxies. Some of these hollow spaces are hundreds of millions of light-years across. Unless there is life within stars or in the empty blackness of intergalactic space, the universe is mostly dead. It is a good bet that 99 per cent of the volume of the universe is lifeless, as is 99 per cent of matter.


It is stretching the definition of ‘favoured’ quite far to claim that this is a universe that especially favours life. In fact, the whole argument can be turned around: our universe is egregiously hostile to life in all but a few minuscule patches. If the universe is fine-tuned for anything, it’s for empty space, dust, stars and planets. But on at least some of those planets, life is quite likely. Life is an edge phenomenon in the cosmos, something that has snuck in.


This perspective is somewhere between the two extreme positions staked out by Monod and de Duve – albeit closer to de Duve. The universe does not look like an engine optimised for creating life, but nor is it wholly bent on exterminating it. Instead, it is largely occupied with other things. Over the course of the story, we will discover special places on the Earth that seem to be ideal incubators for life – and see that those places are rare in the wider universe.


As well as a scientific odyssey, this is a story with a fascinating and often brilliant cast of characters, from the rambunctiously eccentric J. B. S. Haldane to the irascible Günter Wächtershäuser. Many of the people involved have been Nobel Prize winners, and they include some of the most brilliant minds of the last century. Some, like Carl Sagan, are well known; others will be less familiar. Discovering this unlikely group of pioneers is one of the great pleasures of the story.


Sadly, astute readers will soon notice that most of the scientists involved are male. The first three chapters do not contain contributions by a single female scientist. This streak does not break until Rosalind Franklin makes her appearance in chapter 4, helping to reveal the structure of DNA. Even after that, almost all the key figures are male. This should not come as too much of a surprise, as the institutions of science have been as beset by sexism as the rest of society – as science journalist Angela Saini has exposed in her book Inferior.4 I have tried to find female origins researchers who have been overlooked, with little success, and have sought to name female co-authors alongside the male heads of lab. But it would be misleading to make the story look more egalitarian than it was. For what it’s worth, I hope that future accounts of origins research, written when more time has elapsed, will feature a more diverse cast of characters.


Despite these issues of representation, the story of the quest to understand genesis is a universal one, in which everyone can find pleasure and fascination. By asking how life came to be, we are implicitly asking why we are here, whether life exists on other planets, and what it means to be alive. This book is the story of a group of fragile, flawed humans who chose to wrestle with these questions. By exploring the origin of life, these people have caught a glimpse of the infinite.


Michael Marshall,
Devon, February 2020






PART ONE


Primordial Science


‘Most chemists believe, as do I, that life emerged spontaneously from mixtures of molecules in the prebiotic Earth. How? I have no idea.’


George Whitesides, in his 2007 address accepting the American Chemical Society’s Priestley Medal for distinguished service1






Chapter 1


The Biggest Question


Everywhere you look, you are looking at life. This is true even if you stare at a brick wall, at a computer screen or straight up into the sky. Even if there are no big animals or plants in sight, there are insects, microscopic animals and, always, uncounted billions of bacteria. There is life on every surface of our little planet, even in seething hot geothermal ponds, in the crushing pitch-black depths of the sea and above the clouds where the air grows thin.


But it was not always so. There was a time when Earth was dead. A time when it was a ball of semi-molten rock, blasted by pummelling meteors and dotted with violently erupting volcanoes. There were no seas then, and no oxygen to breathe in the air. If we were to somehow travel back in time to visit this young Earth, without protective clothing and an oxygen tank, the only question would be how we would die first: asphyxiation or simply being incinerated.


Somehow, our planet transformed itself from a lifeless hellscape to the green-and-blue paradise our species is currently in the process of screwing up. What happened back then? What was the first living thing: what did it look like, what was it made of, and how did it come to be?


This question taps into another mystery, one that has boggled our minds for centuries: are we alone in the universe? So far, Earth is the only world known that supports life. What conclusion should we draw from that? Perhaps the formation of life is overwhelmingly likely, given the right conditions, in which case the cosmos must surely be teeming with life – and the other worlds in the Solar System just didn’t fit the bill. Or maybe life is staggeringly unlikely, something seemingly miraculous that happens only on one world in a billion billion billion. In that case we are alone, existentially so, and when we look up at the stars we are looking at emptiness.


Humans have told stories about the creation of life for thousands of years. These myths can be beautiful and meaningful, but none of them really explains how life could have formed solely from non-living building blocks. To illustrate this, consider the Norse creation myth, which was splendidly retold by Neil Gaiman in Norse Mythology.1 Gaiman tells of enormous glaciers that extend into a land of volcanoes and fire. Where the ice is melted by the fire, a huge person appears called Ymir, who is the ancestor of all giants. Alongside Ymir is a vast hornless cow, who feeds by licking the salty ice. Ymir in turn guzzles the cow’s milk and grows.


This is a vivid story, but it doesn’t take much pedantry to see that it doesn’t explain anything. If you melt some ice you don’t normally get a giant, let alone a monumental cow. The story skips the difficult part in order to get to the resonant bit, which comes a page later when the god Odin and his brothers murder Ymir, and in so doing create the world.


At least the Norse myth explicitly depicts life coming from non-life. Other creation myths cheat even more spectacularly by saying that life was created by pre-existing life, the origin of which is left as an exercise for the reader. Any story in which life is created by a god or gods is guilty of this. The retort ‘but where does the god come from?’ is so obvious it can seem childish to utter it, but being obvious doesn’t make it an invalid question.


Once you realise that creation myths don’t offer an answer, it becomes clear that for most of human history nobody was really asking how life began. This seems to be because people had two implicit ideas about the nature of life, which between them closed off the question.


The first assumption was that there was something special or magical about living matter that made it fundamentally different to non-living matter. This idea is called ‘vitalism’ and it recurs across cultures. It’s right there in the Book of Genesis: ‘And the Lord God formed man of the dust of the ground, and breathed into his nostrils the breath of life [my italics]; and man became a living being.’ The Stoic philosophers of ancient Greece wrote about pneuma, which means ‘breath’ but also implies ‘spirit’. Similarly, Aristotle discussed psyche, which means something like ‘soul’ but is not necessarily conscious or intelligent. If you believe you have a soul, maybe made of some nebulous ‘energy’ that will leave your body when you die, then you believe in vitalism.


There is something profoundly attractive about vitalism. It seems obvious to everyone that an elephant is not the same thing as a rock, and that difference is not just fine detail but something fundamental. Life is special.


But while vitalism is intuitive, it is also plain wrong. There is no life force – or if there is, nobody has been able to detect it or even specify what it is. Instead, much of the last 200 years of biology have been about explaining the unique properties of living things in terms of the non-living chemicals from which they are made.


The story that is often told about vitalism is that it was disproved by the German chemist Friedrich Wöhler. Historians of science have argued that this is something of a myth, as we’ll see, but it remains a crucial episode.


By the early 1800s, scientists had identified a number of chemicals that seemed to be unique to life. They were only found in living things, and nowhere else. One such chemical was urea, which is found in urine and gives it its yellow-brown colour.


Along came Wöhler. In 1824 he was puzzled by some white crystals that formed during a chemical experiment. Four years later, he identified them as urea.2 Crucially, he also reported that he had made urea from ammonium chloride: a chemical that has nothing to do with life.


However, it is not clear that this really disproved vitalism, or that Wöhler saw it in that light. Certainly, Wöhler’s result was bad for vitalism. If it was possible for one of the chemicals of life to be made from a chemical that has nothing to do with life, presumably others could be. However, Wöhler’s own discussion didn’t really put the boot into vitalism at all. Instead, the idea that Wöhler disproved vitalism gradually emerged in commentaries written by other scientists over the following few decades. This process has been traced by Peter Ramberg, a historian of science, who calls it the ‘Wöhler myth’.3 By the 1930s, one can find descriptions of Wöhler trying over and over to synthesise urea from other chemicals, determined to refute vitalism. This does not seem to be how Wöhler saw it.


Setting aside the historical controversy, there is a better reason to reject vitalism. Put simply, vitalism is an atrocious explanation for the existence of life. It does nothing to explain what is special about living things, but merely puts a label on that specialness. If you posit the existence of an undetectable and undefined energy that can turn non-living matter into living organisms, it doesn’t explain the existence of life. It just raises the question of what this energy is, how it is generated, and how it can affect the matter in living organisms without being detected by any sensor or experiment.*


Let’s consider also what it would mean if there really were a life energy or vital substance. In theory, we ought to be able to extract this élan vital from a living organism – killing the organism in the process – and inject it into something non-living like a rock or a teddy bear. This inanimate object would then come to life. It hardly needs saying that living teddy bears don’t exist, outside of stories like Winnie-the-Pooh and Akira, which suggests things don’t work like that.


Finally, the idea of a life force falls foul of Occam’s razor: the rule of thumb that one should explain mysteries using as few assumptions as possible. We should only invoke a new form of energy if we really have to, if all attempts to explain life using known phenomena have failed. The enormous progress made over the last few centuries in our understanding of life’s inner workings suggests we do not need to assume the existence of anything truly new.


Nevertheless, vitalism has proved peculiarly difficult to shake. It appeals to our deepest intuitions, even when we should know better. As late as 1913, the English biochemist Benjamin Moore was advocating for ‘biotic energy’, which was little more than a rebranding of vitalism. In his book The Origin and Nature of Life, Moore drew an analogy with the then newly discovered phenomenon of radioactivity, arguing that if atoms could possess ‘new, strange forms of energy’, so too could living matter.4 The only answer to this special pleading is to ask for direct evidence of these ‘new energy properties’. None has ever been forthcoming.


However, it seems clear why vitalism holds such instinctive appeal. We all have a sense that there is something special and precious about life, and we are reluctant to accept any idea that threatens to take that away. There is something seemingly cold and dehumanising about the idea that there is nothing remarkable about living matter. The thing is, life energy is not the only way we can imagine living matter as special. Modern science strongly suggests that living matter is made up of exactly the same atoms as non-living objects like rocks and scented candles. Instead, what is special is the way these atoms are arranged, and in particular the patterns of motion they perform. An elephant may contain nothing more than carbon and a few dozen other elements, but nobody could predict the peculiar wisdom of elephant matriarchs simply by looking at that list of chemicals. We have to look at life through a different set of lenses to appreciate what it is. The computer scientist Steve Grand put it best in his book Creation, which documents his attempt to make artificial life in a computer: ‘Life is more than just clockwork, even though it is nothing but clockwork.’5


Today the idea of a life force is common in alternative medicine. It’s often dressed up as ancient wisdom, such as the Chinese concept of chi, which is supposed to underlie acupuncture. Oddly enough, vitalism also clings on in science fiction. The Time Lords in Doctor Who possess ‘regeneration energy’, which allows them to reshape their bodies after suffering a terminal injury. The show presents this idea literally: in the 2013 episode ‘The Time of the Doctor’, the Doctor has run out of regeneration energy and is close to death, until he receives a top-up that allows him to regenerate. Doctor Who is not exactly known for its scientific accuracy, but the much harder-edged Babylon 5 also used the trope, in the form of a machine that could transfer life energy from one person to another. These ideas have a veneer of futurism, but in fact they are deeply primitive.


Even if some people saw through vitalism, there was a second reason for science to ignore the origin of life. It was widely believed that life forms all the time, from dead matter. This idea of ‘spontaneous generation’ is another one that recurs across many cultures, from Christianity (‘And the earth brought forth grass, the herb that yields seed according to its kind, and the tree that yields fruit’) to Chinese scriptures. Often a god of some kind was involved, but not always.


It’s easy to see why people would think that life can spontaneously form from non-living matter. Leave a piece of meat in a warm place for a few days and maggots will form in it, and unless you keep a close watch you will not see their insect parents laying their eggs in it. It seems as though the maggots have formed of their own accord, given only a food source to lure them into existence. Almost all things go mouldy or rot if you leave them long enough, so it was natural to think that life was constantly being formed. Aristotle spelled it out in History of Animals: ‘of these instances of spontaneous generation some come from putrefying earth or vegetable matter, as is the case with a number of insects, while others are spontaneously generated in the inside of animals out of the secretions of their several organs’.


Vitalism and spontaneous generation are arguably mutually contradictory. If living organisms form in mud, from where do they get their life force? It can’t come from the mud, because the mud isn’t alive and therefore doesn’t have any. Still, historically people have found ways to believe both at once.


However, by the middle of the nineteenth century spontaneous generation was under attack from scientists. By this time biologists had discovered the life cycles of parasitic worms, which were previously thought to appear in human intestines by spontaneous generation. At a stroke this removed one of the key arguments for spontaneous generation, because instead of the worms appearing from nowhere, they in fact had parents. There were also rumbling controversies about the nature of diseases like cholera – which we now know to be caused by microorganisms – and about the processes of decay and fermentation.


The idea had also become politically charged. For centuries the Christian Church backed spontaneous generation: both Saint Augustine and Thomas Aquinas wrote lengthy tracts fitting it into their theology. Augustine thought God had endowed the universe with the potential for life, which continually sprang forth, while Aquinas saw each new emergence of life as another divine miracle. However, by the seventeenth century the dogma had shifted and the Church rejected spontaneous generation. As a result, belief in spontaneous generation became associated with atheism, and ultimately became tied up with the anticlerical and liberal ideas of the French Revolution.6


Into this breach stepped the French naturalist Félix-Archimède Pouchet, the director of the Natural History Museum at Rouen. In 1858, Pouchet published a paper in which he described experimental evidence for spontaneous generation.7 Pouchet placed hay in water and left it to infuse, making a kind of hay tea. He then boiled it to kill off any microorganisms living in it. Finally, he exposed the liquid to purified air, which should also be sterile. All of this was done under a layer of liquid mercury, so that no microorganism could drift down into the liquid.


Despite these precautions, the surface of the tea went mouldy. Pouchet claimed that this mould formed by spontaneous generation, since he had removed all potential sources of life. The following year he published a book arguing his case: Heterogenesis, or Treatise on Spontaneous Generation.8


This did not go over well with the French Academy of Sciences. They established a prize of 2500 francs, to be awarded to ‘him who by well-conducted experiments throws new light on the question of so-called spontaneous generation’. The ‘so-called’ is telling: the academy was unsympathetic to Pouchet’s claims.


The competition drew the attention of the biologist Louis Pasteur. He was still in the early stages of his career: it would be many years before he discovered the principles of vaccination. Instead, Pasteur had spent the latter half of the 1850s studying the fermentation of lactic acid: the chemical process that turns milk sour. Whereas several chemists had argued that this was a purely chemical process, Pasteur showed that microorganisms were crucial. This ultimately led to the realisation that foods like milk can be preserved by heating them to eliminate microorganisms. We call this pasteurisation.


Pasteur was convinced that the microorganisms responsible for fermentation float around in the air. Pouchet’s experiment seemingly disproved this, but Pasteur argued that Pouchet hadn’t been careful enough. He suggested, forcefully, that there were microorganisms in the dust sitting atop the mercury layer, and that these had contaminated the hay tea. So he tried a different approach.


Pasteur mixed sugared water, yeast, urine and beet juice in a flask, then heated the neck of the flask and extended it into the shape of an S, like the neck of a swan. This swan-neck arrangement would allow air in, but trap any microorganisms that entered. Pasteur then boiled the liquid and watched as absolutely no mould formed. Then, in a dramatic coup de grâce, Pasteur snapped the neck off the flask and dipped it in the boiled liquid. Only then did microorganisms appear, having finally made it into the liquid.


In a second experiment, Pasteur sealed the necks of his flasks and carried them up into the French Alps, where the thin air presumably contained fewer microorganisms. Once there, he opened the necks to let the air in. The higher he went, the less likely the liquids were to go mouldy.


The academy duly awarded Pasteur his prize in 1861. Spontaneous generation had been disproved.


Science textbooks often present the Pasteur–Pouchet debate as a dramatic turnaround – so much so that revisionist historians of science sometimes argue that Pasteur got lucky or was unduly biased. In truth, spontaneous generation had been losing ground for decades, and the argument rumbled on for some time. The British scientist Henry Bastian presented experiments that seemed to show spontaneous generation throughout the latter half of the 1800s, but they were discredited by the discovery that some bacteria could form heat-resistant spores that survived Bastian’s methods of sterilisation.


At any rate, once Pasteur had won the debate, the origin of life should have become a live scientific question. But it didn’t. Few researchers tackled it.


This was despite the problem having gained a new urgency thanks to a major discovery. In 1859, the same year that Pouchet published his book and unwittingly unleashed Pasteur, the British naturalist Charles Darwin had published his magnum opus, On the Origin of Species.9 In it, Darwin, inspired by his experiences sailing round the world, set out his theory of evolution by natural selection, which explains the amazing diversity of life on Earth. Other researchers had already suggested that each species was not created individually by God and set in stone forever more, as was thought. Darwin bolstered the case by offering an explanation. His theory of natural selection stated that species gradually changed in response to the environments in which they lived, occasionally giving rise to entirely new species. Every kind of living thing, from the largest blue whale to the tiniest bacterium, was ultimately descended from a single common ancestor that lived long ago. As Darwin would later spell out, that included us: humans were animals, descended from ape-like ancestors.


Darwin’s theory of evolution caused the most almighty hullabaloo. Many Christians were apoplectic: Darwin seemed to be cutting God out of the creation of life altogether and proposing a wholly atheistic explanation for the wonders of nature. In fact, Darwin was rather hesitant on this point and his writings barely touch on religion. But nevertheless his ideas were a body blow for the supremacy of religious belief of any kind. The incredible intricacy of animals and plants looks like it has been designed, which implies a designer, but Darwin showed that there was no need to invoke any such creator. Even startlingly complex organs like the human eye arose gradually, bit by bit, from simple beginnings.


Nowadays science takes evolution as an accepted fact, but the row over whether it was true rumbled on for the rest of the nineteenth century and well into the twentieth. Not until the 1930s and 1940s, when evolutionary theory was integrated with the emerging science of genetics and heredity in what became known as the ‘modern synthesis’, was the question firmly settled. For many religious people today, of course, it remains a disputed idea or even an outright lie. The point is simply that biologists had quite enough to do, what with defending evolution against the religious while figuring out exactly how it worked, to worry about how the whole thing might have started.


Contrary to popular belief, evolution says nothing about how life began. It assumes that all living things are descended from a common ancestor, but where that ancestor came from is beyond the scope of the theory. In a sense, Darwin’s theory created the question of life’s beginning, which did not previously exist in people’s minds. As Bill Mesler and H. James Cleaves II put it in A Brief History of Creation: ‘People asked where the first monkey came from, or the first shark … but not the first species, period.’10 Those who believed in spontaneous generation thought it gave rise to many different kinds of life, from flies to worms. Darwin’s theory instead suggested there was a single living organism that came first, and which was the ancestor of everything else.


Darwin did not discuss the origin of life in his books, but he did mention it in a letter to the botanist Joseph Hooker written in 1871.11 This unassuming little note is totemic, for in it Darwin speculated that life could have formed naturally on Earth in the distant past, given the right conditions. Darwin wrote:


It is often said that all the conditions for the first production of a living organism are now present, which could ever have been present.— But if (& oh what a big if) we could conceive in some warm little pond with all sorts of ammonia & phosphoric salts,—light, heat, electricity &c present, that a protein compound was chemically formed, ready to undergo still more complex changes, at the present day such matter wd be instantly devoured, or absorbed, which would not have been the case before living creatures were formed.


In other words, suppose that millions of years ago, when Earth was lifeless, a pond formed. It contained a mix of simple chemicals and was bathed in sunlight. The chemicals in the water might eventually form a protein, one of the crucial molecules of life, and that protein might then become ever more complex until it could be said to be alive. This could never happen today, because any protein that formed in the water would be instantly eaten by some hungry organism. But with no life around, life’s chemicals could develop in peace.


Darwin’s idea is a sketchy one, as you would expect of something that was dashed off in a short letter that – as he went on to note – was written while one of his daughters was suffering a severe case of measles. But it is nevertheless arguably the first modern suggestion for how life could have begun. It implicitly asks the key question: how do lifeless chemicals assemble themselves in such a way that they become a living thing?


Let’s narrow down the problem. What is the simplest form of life we can imagine? Where might it have formed – and when?


On the face of it, imagining what the first living organism might have looked like seems a tall order. Life is so ridiculously, amazingly diverse. Consider a blue whale, the largest animal ever to exist at nearly thirty metres long, swimming majestically through the ocean. It has a huge brain, a heart the size of a car, a mouth filled with baleen for sieving tiny krill out of the water, and a set of imposing genitals. And now consider fly agaric, a red mushroom with white spots that looks like it should have a tiny door in its stalk with a fairy poking its head out. A few centimetres in size, it has none of the organs a blue whale does. It does not move and instead simply pokes up from the floor of a forest. The two organisms appear to have almost nothing in common, but in fact they are both built of the same microscopic structures.


The first clue to life’s underlying unity was discovered by the British scientist Robert Hooke in the seventeenth century. Hooke was a grumpy genius, one of the founders of the scientific revolution, a rival to Isaac Newton, and one of the first members of the Royal Society. Like many early scientists, he ranged across many fields, from mechanics – Hooke’s law of elasticity is named for him – to timekeeping and astronomy. But perhaps his greatest contribution was his 1665 book Micrographia, the Royal Society’s first major publication.12


In Micrographia, Hooke described what he had seen when he looked at a host of objects under a compound microscope. Although microscopes had existed for several hundred years, they had been drastically improved in recent decades, and Hooke was seeing things that no human had ever seen before. He illustrated the book lavishly, which may account for its immense impact.


In one section, Hooke described what he saw when he looked at thin slices of bottle cork under his microscope. The cork was peppered with innumerable tiny chambers or pores. They reminded Hooke of the tiny rooms in which monks lived, and so he named them ‘cells’ after those chambers.


Meanwhile, in the city of Delft in the Dutch Republic, Antonie van Leeuwenhoek was also experimenting with microscopes. He had found a way to make particularly high-quality lenses, and as a result saw even more detail than Hooke. His most crucial find was communicated in a letter he sent to the Royal Society in October 1676. It was published the following year after a great deal of internal debate and controversy – in which Hooke firmly defended Leeuwenhoek after confirming some of his observations for himself.13


Leeuwenhoek’s opening sentences set forth an extraordinary claim. In 1675 he had discovered ‘living creatures in Rain water’ that had been standing for a few days in an earthen pot. The tiny creatures were ten thousand times smaller than the smallest critters yet seen. Over eleven pages, Leeuwenhoek enumerated the different shapes and behaviours of these tiny ‘animalcules’ or ‘living Atoms’. Some were oval, but occasionally became near-perfect spheres. Others were ‘twice as long as broad’ and seemed to have ‘little feet, whereby they moved very briskly’.


Leeuwenhoek had discovered microorganisms: living things far smaller than even the tiniest of insects and mites. What’s more, he claimed they were everywhere: in pond water, in the sea, on the surfaces of objects, even floating in the air. It is no wonder other scientists were sceptical. But Leeuwenhoek’s observations were unimpeachable, and soon the science of microbiology would begin in earnest. Later researchers would group the animalcules into different classes, giving them names like ‘Amoeba’ and ‘bacteria’ that are still in use today. But the crucial realisation was that they were all made of cells, much like those Hooke had seen. These cells came in different shapes and sizes, and some had armour plating or things that looked like spinning, whipping tails. But, at root, each animalcule was a single cell.


Over the next 150 years, cells began turning up everywhere. As biologists examined living tissue under the microscope, they kept finding cells. Brain cells, blood cells, liver cells, muscle cells, single nerve cells that stretched for over a metre without a break, swollen egg cells and frantically swimming sperm cells: there seemed to be almost nothing in the bodies of humans and other organisms that was not made of cells.


In 1838, the German botanist Matthias Schleiden put down in writing what many biologists quietly suspected but had not quite spelled out. In a paper with the riotous title ‘Contributions to Our Knowledge of Phytogenesis’, Schleiden described the anatomy and growth of plants and argued that cells are the foundation of everything that makes a plant a plant.14 As he put it, ‘the entire growth of the plant consists only of a formation of cells within cells’.


At the same time, another German, the biologist Theodor Schwann, was examining animal cells under the microscope. Supposedly, the two men dined together and discussed their work – prompting Schwann to realise the similarities between the plant cells Schleiden studied and the animal cells he had been looking at. The result was 1839’s Microscopical Researches into the Accordance in the Structure and Growth of Animals and Plants, in which Schwann took the obvious next step and declared that all living things, not just plants, were fundamentally made up of cells.15 This, then, is what links blue whales and fly agaric mushrooms despite all their differences: they are both made of cells.


‘How broad is the distinction between a muscle and a nerve, between the latter and cellular tissue (which agrees only in name with that of plants), or elastic or horny tissue, and so on,’ Schwann wrote, bending over backwards to show that he knew what a big claim he was making. ‘When, however, we turn to the history of the development of these tissues, it appears that all their manifold forms originate likewise only from cells, indeed from cells which are entirely analogous to those of vegetables, and which exhibit the most remarkable accordance with them in some of the vital phenomena which they manifest.’


The idea was that all living matter is either made of cells or, in the case of things like nails and feathers, produced by them. This became known as cell theory and today it is beyond question.


How might one cell give rise to another? This question was gradually solved over the course of the 1830s after a string of researchers saw the process in their microscopes.16 It was startlingly simple: cells could divide themselves into two. A spherical cell would slowly pinch itself in the middle, the central part becoming narrower until the cell looked like a bow tie. Finally the last remaining link vanished, and instead of a single ‘mother’ cell there were two ‘daughter’ cells.


The final touch was put in place by the Prussian-born biologist Robert Remak.17 He realised that this process of cell division was the only way that new cells are formed. During the 1840s and 1850s he published a stream of evidence to this effect, but was widely disbelieved and – as a result of his Jewish faith – repeatedly denied the professorship he had so clearly earned. His ideas were finally popularised by Rudolf Virchow, who summed them up in 1855 as ‘Omnis cellula e cellula’ (‘all cells (come) from cells’). Virchow was partway through a staggeringly successful career (he had already discovered leukaemia and would go on to essentially invent public health) but nevertheless opted not to give Remak any credit, presenting the ideas as his own. Three years later, he begrudgingly acknowledged Remak’s contributions, but only partially.


This chain of discoveries (and one act of flagrant plagiarism) means we have an answer to our question. If all life is made of cells, then presumably the first living organism was also a cell – albeit one simpler than modern cells. The question: ‘How did life begin?’ thus becomes: ‘How did the first cell form?’


Some readers may cry foul at this point. Surely viruses are living things even simpler than cells? After all, they are far smaller than cells, so much so that they were not discovered until the 1890s – over 200 years after Leeuwenhoek spotted his animalcules. A typical virus is nothing more than a simple shell protecting a few genes. However, this simplicity is also why viruses are not good candidates for the first organism. They are so stripped-down that they cannot survive on their own. To reproduce and flourish, viruses must infect cells and take over their internal machinery. Arguably they are not really alive. They may well have evolved later in the history of life, once there were cells for them to parasitise. Cells, it seems, are the only candidates for the first life.


Let’s now consider where life might have formed. This question, at least, is fairly easily answered. The only place we know of where life exists, or has ever existed, is Earth. Therefore, it seems reasonable to suppose that our planet was also the site of life’s birth. A handful of scientists do argue otherwise, instead pushing the notion that life formed somewhere else in the universe and was then transported to Earth. There are several variants on this ‘panspermia’ idea and we’ll come back to them in more detail in chapter 6. For now, it should suffice to say that we haven’t found life anywhere else we have looked, which rather cuts the whole idea down at the knees.


Finally, there is the question of timing. How long was the window of opportunity for life to form on Earth? To answer that, we need to know two things: how old is the Earth, and how long has it had life – which in practice means, what is the oldest known evidence of life?


Of these two problems, the age of the Earth was solved first.


It’s traditional, when discussing this question, to begin by making fun of James Ussher, an Irish archbishop who in 1650 claimed that the Earth was created by God at nightfall on 22 October 4004 BC.18 Ussher reached this conclusion by adding up the ages of key figures in the Bible and cross-referencing with what was then known of ancient history and astronomy. Clearly, his date was wildly wrong, but it’s rather unfair to mock him. Ussher was writing before modern science had really got started. In 1650 Copernicus and Galileo had been and gone, but Isaac Newton was a mere eight-year-old and the entire science of geology lay far in the future. Against that background, Ussher did sterling work. The palaeontologist Stephen Jay Gould defended him stoutly, pointing out the sheer complexity of deducing a reliable timescale when the Bible so often fails to give dates, necessitating finding links with Roman and Persian history.19 ‘Ussher represented the best of scholarship in his time,’ Gould wrote. His one mistake was to assume, as many did at the time, that the Bible was a wholly reliable source.


Over the next two centuries, scientists realised that the rocks of Earth’s crust form distinct layers called strata, and that the deeper strata are older than the shallower ones. Each stratum represents a period of Earth’s history, and these were ultimately given names, such as ‘Jurassic’. By the mid-1800s, geologists like Charles Lyell had realised that each stratum had been laid down, grain by grain, over thousands upon thousands of years – but there seemed to be no way to put a reliable figure on it.


One of the first rigorous calculations was performed by the nineteenth-century physicist William Thomson, who was ultimately ennobled as the first Baron Kelvin. Thomson was a devout Christian who was sceptical of Darwin’s theory of evolution. He was also an expert on thermodynamics: the science of heat, and in particular of how rapidly objects cool. Kelvin started from the assumption that the Earth was initially very hot, because it gets warmer the deeper into the planet you go, implying that the Earth is losing heat. He estimated in 1864 that it was between 20 million and 400 million years old.20 It could not be any older and still be as warm as it is. By 1897 he had settled on 20 million years.


Kelvin was also hopelessly wrong, but again it was not really his fault – not entirely, anyway. One pivotal discovery, which began in 1896, was radioactivity. Deep inside the Earth there are plenty of radioactive rocks, and these are a source of heat that Kelvin knew nothing of. He also believed that the Sun was similarly young, because at the time nobody could understand how a star might shine for untold millions of years. It was not until the discovery of nuclear fusion in the 1930s that it was realised that the Sun has a staggeringly huge power source, and could be truly ancient – in which case the Earth could be too.21


The discovery of radioactivity would prove to be the key to pinning down the age of the Earth. It is a story in its own right, but we’ll skip to the end. In the early twentieth century, physicists realised that some atoms are unstable and tend to break down or ‘decay’ into smaller, more stable atoms – releasing tiny packets of radiation in the process.


This happens because an atom is not, as was long imagined, a single particle, but instead is made up of three kinds of smaller particles. Each atom has a central core or ‘nucleus’ made up of differing numbers of protons and neutrons, which is surrounded by a cloud of electrons. The nucleus is the crucial bit, because the protons and neutrons have to be packed together in certain ways. If there are too many or too few of one of them, the nucleus becomes wobbly.


Each radioactive element decays at a predictable rate. Imagine you had a block of uranium-238, the most common form of uranium, which contained 1000 atoms. It would take 4.468 billion years for half (500) of those atoms to decay into lead atoms. It would then take another 4.468 billion years for half (250) of the remaining uranium atoms to decay – and so on until there were none left and the entire block was made of lead. That 4.468-billion-year halving time is uranium-238’s ‘half-life’. Because every radioactive element has its own half-life, which can be determined by experiment and does not change, they can be used to calculate the ages of rocks. The first person to try this was an American radiochemist called Bertram Boltwood, who in 1907 measured the relative quantities of uranium and lead in rocks and concluded that they were at least 400 million years old.22


However, it quickly became apparent that the problem was more complicated than it had seemed, because uranium was not the only radioactive element that decayed into lead. There was also more than one kind of uranium, and they decayed at different rates.


The person who solved the problem, largely single-handedly, was a ‘quiet, unassuming’ British geologist named Arthur Holmes.23 He published his first paper in 1911, having only graduated in 1909. In it, Holmes successfully dated a rock from the Devonian period: a time when the first land plants were flourishing and fish first came to dominate the oceans. He concluded that the rock was 370 million years old – a figure that still fits the Devonian as we understand it today.24


Two years later Holmes produced his first book, The Age of the Earth – despite having in the meantime gone mineral-prospecting in Mozambique, a trip that led to a near-fatal case of malaria. In the book, he made the case that radioactive decay could be used as a reliable clock to determine the age of the Earth. Based on the rocks that had been dated thus far, he stated that the Earth was probably 1600 million years old.25


Holmes kept plugging away at his radiometric dating for the next two decades. He revised his book twice, in 1927 and 1937, by which time he had found rocks 3 billion years old – a figure he was still pushing in 1946.26


At this point the story gets complicated, because after years spent making the case for his methods Holmes suddenly found that radiometric dating was widely accepted, and other researchers piled in. The dating techniques were refined, and researchers also began using samples from meteorites – which presumably formed at the same time as the Earth, but have not been subjected to the endless weathering and general brouhaha of the planet.


The crucial year was 1953, when two researchers independently arrived at basically the correct figure. The first into print was Fritz Houtermans, a German researcher who survived being imprisoned by both the Soviet Union and the Nazis, and went on to become a world expert on radiochemistry. He examined the lead content of a meteorite and estimated that the rock was 4.5 billion years old – and argued that the Earth must be the same age.27 A few months before, at a conference, Clair Patterson had presented similar data from the Canyon Diablo meteorite, which produced the enormous Barringer Crater in Arizona.28 Patterson generally gets the credit for being first; a frankly ridiculous distinction, when the two studies came out so close together and credit could easily be shared. Patterson subsequently cleaned up some problems with his results and published them properly in 1956.29 By that point he had settled on a figure of 4.55 billion years for the age of the Earth.


And there, pretty much, it has stayed.30 More recent estimates have revised it down ever so slightly to 4.54 billion years, and presumably the number will be fiddled with some more, but at this point it’s doubtful that it will change substantially. Our planet is a smidge over 4.5 billion years old. Before that time, the Sun was being orbited by a collection of boulders and dust. After that time, there was a young world.


That figure of 4.5 billion years ago is the upper boundary for the age of life on Earth. It seems highly unlikely that life formed any sooner, or at least if it did none of it survived. That’s because soon after the Earth formed, it appears to have been hit by a rock about the size of Mars.31 The entire surface of the planet was melted and huge volumes of rock thrown into orbit – ultimately forming the Moon. Anyone who wants to argue that life is older than 4.5 billion years needs to present a compelling story for how it might have survived such an apocalyptic event. But it is simpler to assume that life began later.


Quite how much later is uncertain. Palaeontologists keep pushing back further into the deep past, finding ever-older fossils and other traces of life, so the window is narrowing.


In the nineteenth century, the fossil record only went back as far as the Cambrian period, which began 541 million years ago. Cambrian rocks hold a rich diversity of fossils, including the woodlouse-like trilobites, worms and sponges. However, many modern groups are completely missing: there were no Cambrian mammals, birds or insects. All known life was confined to the sea.


When the first palaeontologists dug down into older rocks, they found nothing. There seemed to be no ‘Precambrian’ fossils at all. This proved to be an enormous thorn in Darwin’s side as he tried to convince people that evolution could explain life’s diversity, because to all intents and purposes it seemed that an enormously rich marine ecosystem had popped up out of nothing.


Not until 1957 was the fossil record extended deeper into the past. In that year, a schoolboy named Roger Mason and his friends went climbing in Charnwood Forest in Leicestershire, England. Mason found a fossil that looked like a fern. He took a rubbing of it and later showed it to his father, who in turn showed it to a local geologist named Trevor Ford, who wrote up the fossil the following year.32 Coming from undisputed Precambrian rocks laid down tens of millions of years before the Cambrian, this was the first Precambrian fossil to be generally accepted – others had been found over the previous few decades, but were incorrectly lumped into the Cambrian.33 The fossil was named Charnia masoni, after the forest and its young discoverer. It would be a delightful story, except that a girl named Tina Negus had spotted the fossil a year before Mason, only to be roundly disbelieved. It is hard not to see sexism at work.


Since then, the fossil record has been pushed far further back. The oldest traces of life that are entirely uncontroversial are found in the Pilbara region of Western Australia. First described in 1980, this ancient ecosystem is preserved as layered fossils called stromatolites.34 These were once thin mats of bacteria, which became covered by sediment – at which point a new layer of bacteria formed on top, and so on. They have been studied ever since, and there is no meaningful doubt of their age: they are 3.5 billion years old.


In theory, that gives us a window of a billion years in which life could have formed. But in practice the window is smaller than that. The Australian microbes had complicated internal structures and could link together into chains. They do not look like the first, simplest life, but rather like an intricate, modern-looking bacterial ecosystem. The implication is that life is rather older than 3.5 billion years.


The exact length of the time window is still being hashed out. For instance, until recently it was thought that the Earth suffered a particularly heavy battering from meteorites between 4 billion and 3.8 billion years ago. This ‘Late Heavy Bombardment’ was thought to have rendered the planet hostile to life, implying that life began no earlier than 3.8 billion years ago. However, simulations suggest that at least some life could have survived.35 Besides, the evidence for the Late Heavy Bombardment is not as solid as it once seemed. There appears not to have been one short sustained blast of impacts at all.36 Instead, large meteorites hit from time to time until about 3 billion years ago.37 So it seems 3.8 billion years ago is not a hard barrier.


There is no shortage of claims to have found older traces of life. For instance, in 2017 researchers described tubes and strands in rocks in Quebec, Canada.38 They look like microorganisms and the surrounding rocks have chemical traces that suggest the presence of life. The entire assemblage is at least 3.77 and possibly 4.28 billion years old. However, many other researchers are not convinced that the tubes and strands are really microorganisms, as they could simply be unusual rocks. This is a recurring issue with fossils of this age.


Instead of looking for fossils, other teams have looked for purely chemical evidence of life. A study published in 2015 found fragments of carbon preserved in a crystal that formed 4.1 billion years ago.39 The carbon seems to have been affected by living organisms. There are several forms of carbon, known as isotopes, which differ only in the number of neutrons in the nucleus of each atom. Living things prefer to use carbon-12, so living matter tends to have lots of carbon-12 and little of the heavier carbon-13. That is exactly what was found in the preserved carbon, suggesting it came from living organisms.


Results like these are still being actively discussed, so nobody is really sure when life formed. But it is definitely more than 3.5 billion years old, and it would be foolish to bet against it being over 4 billion years old. This means the window for life’s origin is narrow: a billion years at most, and possibly just half a billion or even less. Therefore, whatever explanation we come up with for life’s beginning, it cannot rely too heavily on good luck. If Earth had been lifeless for billions of years, it might have been reasonable to postulate something staggeringly unlikely, because there was plenty of time for implausible things to happen. But it may even be that life formed almost as soon as the Earth’s surface solidified after the Moon-forming impact. The implication is that the genesis of life is something that can happen relatively easily, and therefore repeatably.


That is where things stand. We have good reason to think that life began on Earth, and nowhere else. It did so after the planet formed 4.5 billion years ago, possibly rather quickly as there may well have been life 4.1 billion years ago. Finally, either the first life was a cell or it swiftly gave rise to one, because we know of no other form of life. So we can now spell out the problem of life’s origin in a more specific way: in no more than a billion years, lifeless chemicals must have assembled themselves into a living cell. The question is, how?





* This is also the reason not to accept ‘god(s) did it’ as the explanation for the existence of life: it explains nothing. If you asked how a car was made and were told ‘someone built it’, you would not be satisfied.






Chapter 2


A Soviet Free Thinker


The Russian scientist Alexander Ivanovich Oparin was the first person to publish a hypothesis of life’s origin that other scientists took seriously. He imagined simple blobs of fatty material floating in the primeval seas, which ultimately became more complex and gave rise to living cells. This idea opened up the question of life’s origin for other scientists, by giving them a working hypothesis to consider. Ultimately, it would help to inspire an experimental breakthrough.


However, as well as contributing his ground-breaking ideas, Oparin was also a profoundly contradictory, controversial figure, because he worked in the Soviet Union under Stalin. Arguably, Oparin was complicit in many of the Soviet regime’s abuses. Yet it can also be argued that he had little choice, for resisting would have meant risking his job and possibly his life. Either way, he cannot be fully understood without grasping the historical context.
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