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Foreword

The best books about evolution have probably already been written. That is testament to the grand, brilliant and demonstrably correct idea that underlies it. In November 1859, Charles Darwin published On the Origin of Species, in which he outlined his thoughtful arguments about evolution via the mechanism of natural selection. Although the progress of science dictates that theories and models are constantly evolving, in the 150 years since that publication, every aspect of biological research has effectively served to reinforce the central idea in the Origin of Species, that species change over time with the gain or loss of characteristics according to their usefulness – often referred to with Darwin’s own aphorism: ‘descent with modification’. A century and a half of research has shown beyond reasonable doubt quite how robust an idea natural selection is.

This book is about what came before the origin of species, and what comes next, as we engineer life forms outside of the constraints of natural selection. In Hollywood terms, it concerns the prequel and the sequel to life. Both halves are also concerned with modified descent. In this part we will trace the search for the origin of life – the ascent of lifeless chemistry into biology, in the tumult of the elemental rocks, seas and the bubbling swirl of the infant Earth. The other part explores the modification of life by human agency – the designing, engineering and building of new life forms for purpose. To explore these endeavours, we need to understand four billion years of evolution, and the two or three centuries of biology that have led to this critical point in human history. These two fields are intimately interdependent, a tangled thicket of ideas whose connections are testament to the scientific method and our insatiable curiosity to find things out. As we have come to an ever-greater understanding of the processes at the beginning of evolution, we’ve learned how to profoundly manipulate biology in the present, and vice versa: as we take cells apart and reassemble them synthetically we learn more about the conditions in which the first cells arose.

For that reason, this is a book in two halves, each of which can be read independently, though both stories are inextricably connected. There are two front covers, and this foreword, modified with minor suitable adaptations, appears at the beginning of both.







Introduction

Imagine you were unlucky enough to get a paper cut opening this book. It’s an annoying but trivial injury, painful but easily mended. Yet the response that this incision triggers is complex, organized and profound. It’s comparable to the human reaction to a large-scale catastrophe such as a flood or an earthquake. As in those disasters, the first phase is an emergency response.

Everything that occurs in and around your cut happens as a beautiful orchestration of individual living cells. At the precise moment the sharp edge of the paper slices through the outermost surface of your skin, cells embedded throughout your flesh called nociceptors spark into action. Via long, stringy nerve fibres that sprout from their surfaces, an electrical signal zaps from your fingertip to cells in the cortex of your brain in a fraction of a second. There, you perceive pain, and at the speed of thought your brain fires a message back to groups of muscle cells in your arm, telling them to twitch in a coordinated fashion. The muscle contracts. Your arm recoils. All of this happens within a heartbeat.

The cut will have riven cells from each other in the walls of a blood vessel, a key event in kick-starting the healing process. Opening a capillary causes blood to flood the wound. The scarlet of blood is haemoglobin, the protein molecule that ferries oxygen around your body, and it’s packed into the concave discs of red blood cells shaped like a round mint half-sucked on both sides. Red cells account for just under half of the five litres of blood that the average person carries. Most of the rest is made up of plasma, which is mostly water. But in that plasma, comprising less than one per cent of blood, are cells that are utterly critical in repairing your wound. These are white blood cells, and their job is to find, fight and thwart any opportunistic invaders such as bacteria that immediately start trying to sneak into the body so that they might flourish, but in doing so cause you infection.

Meanwhile, the tip of the nerve cell that triggered that pain sends out a signal in the blood that attracts platelet cells. These are the body’s ‘rapid response unit’, clumping together to form a clot to prevent further blood loss. They also act as emergency beacons, sending out signals to summon dozens of other ‘workers’ – cells and proteins that protect the wound, and initiate the process of rebuilding. Muscular cells in the artery walls spasm in synchronized contraction. Your finger throbs. This twitching restricts blood flow and loss, and helps keep immune cells where the action is. The formation of a clot prevents blood loss and haemorrhage, and marks the first phase of wound healing. Now that the barrier between the inside of your body and the rest of the world is re-established, the clean-up and restoration can proceed.

After an hour, the majority of the cells attending the paper cut are called neutrophils. These carry detectors on their membranes that pick up the chemical emergency signals pulsing out from ground zero, and move in the direction of the strongest of them. On arrival, neutrophils act as specialist cleaners, enveloping bacteria and hoovering up debris and detritus, before killing themselves when their task is complete.

Over the next twenty-four hours, another regiment of cells files into the site and each matures into the giant Pac-Man of the immune system, the ‘macrophage’ (literally ‘big eater’ in Greek). These chomp up the neutrophil carcasses and any other potentially damaging remains they find.

Crucially, the cut itself isn’t simply stuck back together; otherwise we would lose the sensitivity that was there before the injury. Nor is it simply a case of plugging the gap with new skin cells, otherwise we would be lumpy and malformed. Our bodies strive to make repairs as invisible as possible, and to restore the body to its pre-injury state. It will need to be patched up with new flesh, which is a complex collaboration of cells. And that means the birth of tissue.

As with any reconstruction the foundations must be laid first. At the cut, building-block cells called fibroblasts flood the site over the next couple of days, reproducing themselves and migrating across the surface of the wound from all directions, extending ruffle-like feelers called pseudopodia – ‘fake feet’ – as they shuffle along. The march stops when they meet in the middle, forming a layer of foundation for the full reconstruction, and they begin to turn themselves into parts of new blood vessels and new skin tissue. Locked down in position, they produce and ooze collagen to lay down a sort of matrix or scaffold for the rest of the reconstruction project.

Skin, of course, is made of cells, but not just one type. Our skin cells grow, layer by layer, from within, with dead cells sloughing off on the outside in a process of continual renewal. Embedded within this matrix are also a host of other cells, including hair follicles, sweat and oil glands and the blood vessels that feed the flesh with oxygen and nutrients. All of these types of cell have to be rebuilt into the repair tissue.

A month after you might have opened this book, the cut is effectively healed. But long after you have forgotten all about it, the cells of your body will continue work on the wound for months, maybe a year, remodelling the site to restore it as well as it can and minimizing any scar. The redness fades as the temporary blood vessels that extended to fuel the repair process retreat, and the temporary collagen matrix that acted as scaffold for the rebuild is replaced with a more permanent version. A new piece of living tissue, a new piece of you, has been formed in an act of minor but necessary repair.

The entirety of this reconstruction project has been brought about by thousands of cells working together and producing thousands of new highly specialized cells that make up tissue: epidermis, glands, veins and arteries. The fact that we, and all life, can create new living tissue out of cells is the grand idea that unites not only all living things, but every living thing that has ever existed.

There are more living cells on Earth than there are stars in the known universe. Take bacteria: my crude estimate is that there are something like five million trillion trillion (5,000,000,000,000,000,000,000,000,000,000) bacterial cells on Earth. You are probably about fifty trillion human cells, give or take a few tens of trillion depending on your size. On top of all that we are all walking Petri-dishes. Healthy humans are born sterile, a clean slate of only your own cells. But in a typical adult the total human cell count is outnumbered ten-to-one by the non-human cells that we carry, in our guts and on our skin and every surface inside and out, more often than not in the form of bacteria. But there’s also bacteria’s cousins, archaea, as well as larger and more complex hitchhikers such as yeast cells, protists and the occasional parasitic worm. Right now, you are probably carrying more than a thousand alien species about your person, most of whom you don’t even notice, many of whom you couldn’t live without. Mostly, these passengers are a fraction of the size of human cells, so by mass we’re still mostly human. By number, though, at a cellular level, we are mostly other things.

These numbers are so large as to be bewildering. But they do reflect that our planet is flooded with life – and that life is only carried by cells. Though the reconstruction project of your healing paper cut is awesomely complex, at the same time, it is utterly mundane: a cut, a wince, and within a few days, new skin to patch it up. Similar processes occur billions of times every minute all over our planet. Not just paper cuts and wound healing, but the fundamental processes of all life take place through cells.

As we shall see, every single one of these cells, including the new skin cells on your finger, was born when an existing cell divided in two. And because of that simple fact the cells in your cut have an ancestry dating back four billion years to the one exception to this rule – the very first cell. When new cells are born to patch up that cut, they are the latest in a chain that leads back, perfectly unbroken, to the very beginning of life on Earth.

So how do we know this? What is a cell? How are they able to perform this or indeed any process? How a cut heals may seem trivial, a biological act, albeit one of sophisticated orchestration, that is performed without thought. But in asking how such a refined process came to be, we will arrive ultimately at the same questions and answers that address the nature, and the origin, of life. This is a book about those questions and their possible answers: the origins of our lives, the origin of all life, and the origins of new life. And at the heart of them all is our modern understanding of the cell.

Where life comes from is one of a small handful of the most fundamental questions we can ask. It is a question that has preoccupied humanity throughout its existence. Every culture and every religion has a creation myth, from the ancient Egyptians, who have a god sneezing, spitting and masturbating to create the world, to the comparatively restrained story of Christian Genesis, where life is created ex nihilo – out of nothing – and humans out of mud.

The true story began to reveal itself in a period of less than a hundred years between the middle of the nineteenth and twentieth centuries, with the emergence of the three great ideas in biology. As we will find out, cell theory, Darwin’s theory of evolution by natural selection and later the discovery of the structure of DNA combine neatly to describe how life works. But they also bring us to the brink of cracking the big question itself: how life began.

Key elements of that narrative are elusive, and contemporary scientists are hard at work on filling in the gaps. With more fervour than at any time before, a model of genesis is emerging, using the weight of modern biology to reconstruct the deep past. It is only very recently, with our solid understanding of the genes, proteins and mechanics of these living chemical processes, that we can seriously quiz how they came to be in the first place. Modern biology has revealed complexity rather than simplicity, and shown that intricate networks of chemical reactions drive reproduction, inheritance, sensation, movement, thought and all of the things that life does. None of this happens for free: energy is required to fuel these actions. The bottom line is that, without energy, you are dead. In order to work out how life began, we will have to unpick all of these networks. It is here, in the microscopic and indeed atomic world of the cell, that we will find the clues to understand these processes – the ones that keep you, your cells and every cell alive, as they have for billions of years.

As in contemporary astronomy and physics, the great theories of biology are now being tested with groundbreaking experimentation. Our exploration of the universe led to the Big Bang theory of the origin of everything, and at the Large Hadron Collider on the Swiss–French border the biggest experiment ever undertaken has been running to re-create the universe in its most embryonic form, billionths of a second after conception. In performing this act, physicists have unveiled the Higgs Boson, a most elemental particle that features at the beginning of time and continuously since then. So, too, the best way scientists can understand the pathway to life on Earth is also to try to re-create it. In the next few years, for only the second time in four billion years, a living thing, probably something akin to a cell, will be born in the laboratory without coming from an existing cell. This is a golden age in biology, and feverish work is occurring all around the world to resolve some fundamental questions. Our journey to this revolutionary point in the Earth’s history is the story of biology itself. And that story, too, begins with cells.
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1. Begotten, Not Created

Life is made of cells. For that reason, the vast array of these microscopic gloopy bags is beyond description. In one single species, us for example, there isn’t an absolute number, but of the fifty trillion or so that an adult might have, there are hundreds of types, from astrocytes in the brain to the zymogenic cells of the stomach. Along with that variety comes an assortment of dimensions. The longest cells are neurons in the spine, which stretch all the way to your big toe. If size is important, then you should turn to sex. Among the largest cells in humans are the eggs, just about big enough to see with the naked eye. And the smallest cells are their counterparts, sperm. Though what men lack in size they make up for in numbers: the average adult male can produce ten billion sperm per month, whereas women carry a finite number of eggs, one released every month from alternating ovaries between puberty and the menopause. Women are born with all of their eggs already in place, meaning that your first cell began its life inside your grandmother. Other than eggs, almost all cells are invisible to the naked eye, and even with a microscope most look unremarkable: tiny colourless blobs bound by a fractionally less colourless membrane, generally sitting in a fairly nondescript underlit swill. In labs, we freeze tissue and slice it into slivers less than one hundredth of a millimetre thick on glass slides, and the cells appear packed together in dense abstract patterns. Or we grow them in broth, where they can be seen free-floating like blurry stars in an off-white sky. We stain cells in hues of pink and purple, and in recent years in fluorescent greens and reds, to help visualize their inner workings. But in a live body, most are jellyfish opaque.

Each type of cell is a highly specialized member of a community, working in unison with others to build a fully functional organism. Every process of our lives is a result of those cells performing their jobs. As you read this sentence, the muscle cells around your eyeball contract and relax to control movement of your eyes from left to right. Now, if you glance above this page and look at something in the distance, a ring of muscle cells pull focus by stretching the clear cells in the lens. You move your eyes effortlessly, but this action requires intricate unconscious coordination. Photons of light pass through your lens and hit the cone and rod photoreceptor cells at the back of your eye, in your retina. There they are harvested and converted into electrical impulses that zoom through neurons, via the optic nerve up to the brain, for processing, perception and, with luck, understanding. Each movement, every heartbeat, thought and emotion you’ve ever had, every feeling of love or hatred, boredom, excitement, pain, frustration or joy, every time you’ve been drunk and then hung-over, every bruise, sneeze, itch or snotty nose, every single thing you’ve ever heard, seen, smelt or tasted is your cells communicating with each other and the rest of the universe.

Douglas Adams once suggested that Earth was not the most appropriate name for our planet, as most of the surface is not solid dirt and rock, but water. But if you really wanted to name our home world after a feature that truly differentiates it from the other 1,000 or so planets that we have found, it would be Cells. Earth, uniquely as far as we know, is bursting with life, and every living thing on our planet is made of cells. Bearing in mind that nine out of ten things that have ever lived on Earth are already extinct, the number of cells that have ever existed is utterly incomprehensible.

This is a very modern understanding. Biology is a young science, at most 350 years old by any sensible count, and only 150 in terms of a fuller, mature view with comprehensive and universal rules. Physics has an older pedigree. By the mid seventeenth century, scientists had mapped areas of the cosmos with future-proof accuracy. Isaac Newton was drawing up a set of rules that explained why things move the way they do, and why we can stand on Earth and not float away. But what are now known as the ‘life sciences’ were a long way behind. The reason for this is that the starting point for most scientific advances is to look at things, and work out why they are the way they are. Unlike the stars and planets, no one had even seen – or at least identified – a cell before 1673.

At this time, science itself was forming. Gentlemen scientists such as Newton and Robert Hooke had founded the world’s first scientific body, the Royal Society. But the man who first peered into the minuscule world of the cell at the birth of cell biology was not one of the esteemed bewigged gentlemen of science. The unlikely beginning of the story of biology must be credited to a Dutch linen merchant called Antonie van Leuwenhoek.

The business of making and selling cloth was inextricably linked to the development of better optical lenses, as merchants checked the density of fibres and therefore the quality of their fabric using magnifying glasses like a watchmaker’s loupe. Van Leuwenhoek was a skilled and meticulous lens-grinder, working in Delft, the capital of Dutch drapery. He specialized in a technique that involved pulling apart a hot glass rod and squashing the ends back to form a ball, but was secretive about this process, as it had made him the greatest microscopist of his day. Van Leuwenhoek’s lenses were tiny fat drops, not much bigger than a peppercorn, and he attached them to handheld contraptions nothing like the microscopes that are familiar to us today. His were rectangular copper plates, about an inch by two inches, with a hole at one end to hold the rotund glass bead lens. On one side there was a silver spike to hold the specimen in front of the lens, held by a screw that could be turned to pull focus. It was their fatness that gave van Leuwenhoek’s lenses their superior magnification.

At least, that was his technological advantage. His other key attribute was insatiable curiosity. Simply, van Leuwenhoek liked looking at small things through his lenses. While I hope the paper cut described in the introduction is entirely imagined, van Leuwenhoek deliberately invoked exactly the same repair process out of unbridled curiosity. In a letter published in the Royal Society’s official journal Philosophical Transactions in April 1673, van Leuwenhoek wrote: ‘I have divers times endeavoured to see and to know, what parts Blood consists of; and at length I have observ’d taking some blood out of my own hand, that it consists of small round globuls.’ We think that he was looking at red blood cells, and this appears to be the very first recorded sighting of individual cells.*

As his microscopy skills improved he began to look at all manner of bodily samples and fluids. He went on to scrape the matter from between his teeth, and observed the bacteria that cause plaque. At the tail end of the seventeenth century, van Leuwenhoek was becoming something of a celebrity for his exploration of a microscopic kingdom hidden in plain view. King William III of England and other dignitaries visited him to see what he had seen. One investigation, however, was kept private: his own semen, although he attested in his notes that the sample was acquired ‘not by sinfully defiling myself, but as a natural by-product of conjugal coitus’. In this act, which it is perhaps best not to dwell on, he saw sperm for what they are: single cells. He also discovered cells in a bead of water from a local lake and saw what we now loosely call ‘protists’: single-celled creatures that include self-powered swimmers, and algae.

Van Leuwenhoek was the first person to definitively see individual red blood cells, sperm, bacteria and free-living single-celled organisms. This last group he gave a cute name, ‘animalcules’, and in the 1670s sent drawings of his discovery to the Royal Society in London. The fellows expressed scepticism, not least because, when they asked Robert Hooke, their resident microscope expert, to see if he could see the same creatures in water from the Thames, he initially saw nothing.

Hooke’s expertise in looking at tiny things was unparalleled, having published a stunning and popular volume a decade earlier: Micrographia: or Some Physiological Descriptions of Minute Bodies made by Magnifying Glasses. Rarely has a book been so accurately subtitled. It contains, as you might expect, annotated drawings of very small things. His microscope was a simple six-inch tube with two lenses, and a cricket-ball-sized crystal sphere to magnify the illuminating flame. Many of the images generated by this kit are now very familiar, including a giant fold-out of a flea, and a terrifying close-up of the eyes of a hover fly, which looks staggeringly similar to contemporary photos taken with an almost unrecognizable descendent of Hooke’s tools, the electron microscope. Samuel Pepys picked up a copy of Micrographia and noted in his diary that it was ‘the most ingenious book that ever I read in my life’.

Quite right. But there’s a significant irony contained within this magnificent tome. One of Hooke’s detailed illustrations is of a longitudinal cross-section of some bark from a cork tree. There in the meticulous picture are conjoined units making up the overall structure. In the text, Hooke uses the term ‘cell’ to describe these units. In reality they are in fact the dead walls that once housed cork tree cells. He chose the word as it derived from the Latin cella, meaning cubicle, but noted that they were air-filled, which helped explain cork’s buoyancy. Hooke had seen the remnants of cells, named them cells, but did not for a moment imagine that his observations were of universal living units, nor the permanent legacy of the name.

That is how cells were discovered. But where did they come from and how were they formed? With curiosity and technology, van Leuwenhoek had pulled back the curtain to reveal an undiscovered kingdom, but progress was fundamentally hindered by a resolutely unenlightened ideology.


The Origin of Cells

The origin of the cells van Leuwenhoek was glimpsing remained elusive. Obviously, people knew that sexual intercourse between a male and a female often resulted in a new life, but, perhaps because most sex goes unobserved, an entirely fanciful view of the origin of cells remained vexatiously persistent.

‘Spontaneous generation’ was the most popular origin-of-life story for thousands of years. The first substantive explanation of spontaneous generation comes from Aristotle, the unsung father of biology. In his book Animalia (The History of Animals), written in the mid-third century BCE, he describes the genesis of certain species:


So with animals, some spring from parent animals according to their kind, whilst others grow spontaneously and not from kindred stock; and 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.



Animalia is a fascinating book, probably the first great biology textbook. It’s crammed with observations and conclusions about a huge range of species, some of which are dodgy.*

In spontaneous generation Aristotle described an idea that persisted until the nineteenth century, during which time dozens of examples materialized. The Roman writer Vitruvius casually referred to spontaneous generation when advising architects in the first century BCE:


libraries should be towards the east, for their purposes require the morning light: in libraries the books are in this aspect preserved from decay; those that are towards the south and west are injured by the worm and by the damp, which the moist winds generate and nourish, and spreading the damp, make the books mouldy.

 	

And in the sixteenth century Ziegler of Strasbourg claimed that the origin of lemmings was that they descended in their hordes from storm clouds.*

Indeed, following van Leuwenhoek’s discoveries, all manner of speculation on the origin of cells and life was put forward, all involving spontaneous generation. In seventeenth-century Brussels Jean Baptiste van Helmont – marked in history as a respected scientist, the father of the chemistry of gases – described an experiment in which he placed a sweaty shirt in a vessel with some wheat and let it ferment in his dank castle basement for twenty-one days. Lo and behold, this concoction gave rise to mice.†

It’s all too easy to mock the ignorance of the past, and we should be wary of it. Though spontaneous generation was an obstinate idea, it is not a solid scientific concept. All the misplaced examples, most notably when describing the genesis of larger beasts, were born of incomplete or poor observations. There are few more elementary questions than that of the origin of life, either in terms of the origin of new life from existing life or the more fundamental absolute origin of life, ex nihilo.

It was almost 200 years after van Leuwenhoek first saw cells before this idea would be put down. The final dismissal of spontaneous generation bears all the hallmarks of good science: rigorous observation and a testable, predictive hypothesis. But it also comes with the stamp of pure drama: an international cast and a generous helping of money, fame and betrayal.


The Birth of Cell Theory

The quality of microscopes improved steadily over the eighteenth and nineteenth centuries, and the popularity of the study of small things grew accordingly. The biggest advances were coming not from exploring the microscopic animal kingdom, but from looking at plants and algae. That different parts of plants were composed of cells was apparent in the first few decades of the nineteenth century, though the ubiquity of them in all living things was not. Much of this work was carried out in Germany, and the textbooks carried names describing a range of observed structures: Körnchen, Kügelchen and Klümpchen (granules, vesicles and blobs). But while the description of tissues was progressing, the root of its genesis was not. It was not until 1832 that the birth of cells was first described. A Belgian baron called Barthélemy Dumortier watched cells in an algae grow longer and longer until a partition wall appeared and one cell became two. Others soon replicated the work and observed it in different algae and plants.

Even without a consistent model for reproduction, the innards of cells were being explored. The quality of microscopes was increasing, and in 1831 Robert Brown was studying orchid cells.* Within them he observed ‘a single circular areola, generally somewhat more opaque than the membrane of the cell’. He called it the nucleus, the name it still bears today, and we now know it as the central office for the genetic code in all complex organisms.†

As with Dumortier’s observation of cell division, Brown’s assumption was that the nucleus was not universal. Many thought division was an exceptional means of cell birth, and no such observation of fission had been seen in animal tissue. Plant cells are frequently considerably larger than their animal counterparts, and so the study of flesh trailed the examination of leaves. The nucleus had been observed in some animal tissues, particularly brain cells, but again, was not assumed to be in all cells. Compounding the issue, the single most common type of cell in humans, red blood cells, do not contain a nucleus: it is shed during their development.

The names most closely associated with cell theory in almost every textbook are Schwann and Schleiden. The story that Theodor Schwann told was that there was a ‘eureka’ moment at the birth of cell theory. Schwann and Matthias Schleiden met by chance at a dinner in 1837. Schwann was an anatomist, short and nerdy, and would sometimes not leave his digs for days at a time while he examined bodily tissue. Schleiden was a troubled and sometimes suicidal botanist who had been influenced by Robert Brown’s identification of the nucleus. Botany and animal biology were separate fields, far from the unification that evolution and genetics would ultimately supply. Over dinner they discussed their work, on animal and plant tissue, respectively. The conversation must have become even more thrilling for the other guests as their discussion progressed to the nucleus, that smaller body in the middle of cells. Schwann and Schleiden both realized that the nucleus was the same in plant and animal cells. They rushed without delay to Schwann’s laboratory to compare notes. From this point on, the idea that all living tissue was made of cells took hold.

Dynamic though this legend is, Schwann and Schleiden were in fact only partial contributors in the development of a model of life based on cells, and significantly wrong in one major part. Much of the work demonstrating the nucleus in plants and animals had come before them, and the universality of cells had been suggested by others before 1837. It was probably Schwann who first used the phrase ‘cell theory’, but where he and Schleiden were most significantly wide of the mark was on the origin of new cells. Both described the formation of new cells starting with the spontaneous appearance of a naked nucleus in the spaces between existing cells. According to them, that nucleus acted as a seed from which the new cell would emerge, like a growing crystal. It’s not as far-fetched as heavenly lemmings, but otherwise it was still vitally reminiscent of spontaneous generation.

Our understanding of the origin of new cells can be largely attributed to Robert Remak – a lost hero of biology, and a victim of politics and race. Remak was a Polish Jew who spent his adult life in Berlin. To get the university position he wanted and deserved, he would have had to betray his orthodox Jewish roots and be baptized, something he never did. Through his undeniably good science, he was eventually given a post of lecturer and subsequently assistant professor at the University of Berlin, but this post came with neither salary nor lab. Compare that to his contemporary cell biologist Rudolf Virchow. Born of a well-to-do Prussian family, Virchow was flamboyant and bombastic. Ultimately he would be described as ‘the pope of medicine’ and ‘the sole instance of a full-fledged physician-scientist-statesman in our time’. He was six years Remak’s junior, but they were appointed to the University of Berlin at the same time.

After careful observation, Remak rejected spontaneous generation in all forms, including that which Schwann and Schleiden were describing. Over a decade, he had studied all manner of animal tissues, including muscle, red blood cells, and in frog and chicken embryos, and he only saw cells splitting, one pinching in the middle like a belt on a balloon until it became two. Virchow followed Remak’s work, and year by year edged closer to his way of thinking – that cells were only formed by cell division.

Then, in 1854, Virchow declared that ‘there was no life but through direct succession’, and a year later translated this into a Latin motto: omnis cellula e cellula – all cells from cells. He was popular and prominent, and expounded this idea wherever he could, including in his international best-selling textbook Die Cellularpathologie. But there was no mention of Remak in any of these writings. Virchow had done little of the work, but had adopted his colleague’s toil without any credit. Remak was livid and wrote to Virchow about the Latin summary:


[it] appears as your own without any mention of my name. That you make yourself ridiculous thereby in the eyes of the knowledgeable, since you have no evident embryological expertise, neither I nor anyone else can undo. If, however, you wish to avoid a public discussion of the matter, I would ask you to immediately acknowledge my contribution.

 	

We sometimes forget that science is done by people, with all their personalities in tow. The scientific method is designed to equilibrate for all those idiosyncrasies and ultimately does tend to. But due credit is a perpetual problem.*

Nevertheless, Remak, and Virchow for his sins, had nailed it. Life is cells, and cells are only begotten from other cells. But, like a zombie, spontaneous generation still shambled along, lurching up yet again in France in 1860. The man who finally killed it dead was Louis Pasteur. Not yet famous for the sterilization technique that bears his name, Pasteur was ambitious and young, and had twice been denied membership of the French Academy of Sciences.

An experiment by a prominent proponent of spontaneous generation had reignited belief in its existence. Felix Pouchet wanted to show that mould would spring forth from hay, even if the hay, the air and the water used were sterile. Pouchet had boiled the ingredients and then cooled them down with liquid mercury. As if by magic, mould appeared on the hay. The Academy wished to sort this out once and for all, and offered up a prize of 2,500 francs to the first person to resolve spontaneous generation.

Pasteur spotted the flaw, which was that the mercury had a layer of dust on its surface, which was bringing in the mould. So he designed the simplest experiment imaginable. His version of Pouchet’s set-up was to have two flasks containing a sterile but rich broth, one that would soon go cloudy if exposed to microbial life. One flask was left open, while the other had an s-shaped curved neck protruding to one side. Pasteur figured that microbes would reach the broth in the first flask, carried on dust particles in the air, but that the swan neck would not allow these contaminants into the broth in the second flask.

Within days, the open flask was cloudy. But the swan-necked flask was perfectly clear, and indefinitely so. As a control, Pasteur would snap off the swan neck and observe the broth grow cloudy over the next few days. Pasteur claimed the cash, and was duly elected to France’s scientific elite.*

The ultimate fate of this obstinate idea is best described with Pasteur’s own words: ‘Never again will the doctrine of Spontaneous Generation recover from the mortal blow struck by this simple experiment’ and ‘those who think otherwise have been deluded by their poorly conducted experiments, full of errors they neither knew how to perceive, nor how to avoid’.

These are harsh words, but true. Thousands of years of biological superstition were swept away by that essential feature of science: the experiment. And with that swan-necked flask, cell theory was completed. Like all great theories, it’s a fusion of ideas, based on observation and affirmed by experimentation. It is also one of the great nodes of biology. The work of dozens of men and hundreds of years of investigation into the stuff that life is made of is summarized in two sentences:


	All life is made of cells.

	Cells only arise by the division of other cells.



This theory has profound implications, as all grand theories should. It covers all life, a simple but comprehensive description of the innumerable inhabitants of the living Earth. But, as we already know, there are trillions of different types of cells. In the case of red blood cells, for example, those found in humans are different enough even from those of our nearest primate cousins that they cannot be exchanged without serious consequences. By the time we start looking at species as distant from us as chickens we find, as Remak did, that they do contain a nucleus, unlike our own red blood cells. The first grand idea showed that the diversity of life on Earth was embedded in the magnificent range of cells. The second showed how that diversity came to be in the first place.



Change Over Time

At about the same time as Schwann, Schleiden, Remak and others were observing how cells behave, across the English Channel a youngish family man was busy reflecting on his over-extended gap year. Charles Darwin was slowly and meticulously putting together an overwhelmingly compelling case that describes how creatures evolve. Evolution, the idea that species are not immutable, was already being contemplated as a concept in the nineteenth century. But the process by which they change was unknown. Darwin had spent five years travelling thousands of miles on HMS Beagle, collecting specimens from the far side of the world. On returning, he married his cousin Emma Wedgwood: they were both grandchildren of the pottery magnate Josiah Wedgwood. They settled in Down House in Kent, and, untroubled by financial pressures, Darwin began chiselling out a splendid idea. In 1859, after years of scientific and personal struggle, Darwin published On the Origin of Species.* In it he sets out the second grand unifying theory of biology, one describing the process by which evolution takes place.†

Unlike the microscopists in Europe, Darwin was primarily concerned with whole animals, the macroscopic world. He observed that, when comparing individuals in any population, there is a natural range for any given physical characteristic. This variation is the means by which those individuals can have a competitive advantage over others. In an imaginary population of anteaters, one with a slightly longer tongue than his contemporaries may be able to root out more juicy termites, and may be better fed and healthier as a result. This could have the effect of making him live longer, or maybe a more attractive mate to a female anteater. Consequently, this anteater may have more baby anteaters, each potentially carrying that longer tongue. After a few generations of that success, because that tongue is a useful thing, long-tongued anteaters may come to dominate the population and become the norm. Over successive generations the species will change. In contrast to earlier theories, Darwin observed that it was not characteristics acquired during life that were passed on to offspring. Years of obsessive measurements led him to establish the principle that for each and every trait – an anteater’s tongue, hair colour, any trait you care to name – it was the variation of that characteristic across the population that conferred advantage for an individual. Those traits would become more common in a population because the advantage they bestowed would play out as greater reproductive success.

There are other significant selective forces, such as the complexities of sex, where males big themselves up to win a female, or females exercise seemingly whimsical choice over males. But natural selection is the overarching force that has shaped the living world in which we live. It’s a system of error, trial and revision. Evolution is blind, and has no direction. Species are not more or less evolved, nor are they higher or lower, as they were once and sometimes still are described. Through iteration, they are merely better adapted to survive in their environments. In an experiment that really should not take place, an orang-utan wouldn’t last two minutes in the boiling submarine waters of a hydrothermal vent, despite being sophisticated enough to use tools in the jungles of Borneo. Down in the hot sea of a vent though, hundreds of species, including the two-metre giant tubeworm and dozens of species of bacteria, are quite content to eke out their existence. Change is the norm, and adaptation is success.

In the 150 years since the Origin of Species was published, millions of scientists have poked and pulled at the theory of evolution, unpicked, tweaked and yanked at it in every conceivable way. They have observed countless species from aardvarks (or anteaters) to zebras to study their behaviour. They have created simulations of myriad populations first with mathematical models, and later in computers, and pushed and pressurized their artificial environments to see how they adapt over successive generations. They have bred and crossbred inestimable species to observe how inheritance works, to see where advantage lies in the next generation. They have let tanks of bacteria reproduce for decades and witnessed descent with modification in action. In the modern era, we have deciphered their genetic codes and seen exactly the differences in DNA that reflect one species becoming two, each finding a niche into which they are better suited. We’ve seen populations of bacteria adapt to the hostile action of antibiotics and, distressingly, emerge resistant. While the initial model that Darwin laid out has been modified and fleshed out, the ‘one big argument
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