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About the Book

Over the last century we have gone from ignorance as to why some diseases run in families to the availability of simple genetic tests that can be bought on the internet. And from announcements of the death of Darwinism to the triumph of the modern theory of evolution. All this is thanks to the fruit fly, the guinea pig, the zebra fish and a handful of other organisms, which have helped us unravel one of life’s greatest mysteries – inheritance.

Endersby traces his story from Darwin hand-pollinating passion flowers in his back-garden in an effort to find out whether his decision to marry his cousin had harmed their children, to today’s high-tech laboratories, full of shoals of shimmering zebra fish, whose bodies are transparent until they are mature, allowing scientists to watch every step as a single fertilised cell multiplies to become the millions of specialised cells that make up a new fish. Each story has – piece by piece – revealed how DNA determines the characteristics of the adult organism. Not every organism was as cooperative as the fruit fly or zebra fish, some provided scientists with misleading answers or encouraged them to ask the wrong questions.

Entertaining, surprising and enlightening by turns, this unusual and original view of the science of life also challenges us to consider the ethical dilemmas that biology presents today – when we have the capacity as never before to change the very nature of living things.


About the Author

Jim Endersby is an historian of science. He is a lecturer in the history department at the University of Sussex. A Guinea Pig’s History of Biology is his first book.
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Preface and acknowledgements

In the past 200 years we have gone from complete ignorance as to why some diseases run in families, to having simple genetic tests that can be bought on the internet. Over the same period, we have gone from Darwinism being pronounced dead to seeing the modern theory of evolution triumphant. All thanks to the fruit fly, the guinea pig, corn and a handful of other organisms that have helped us unravel one of life’s greatest mysteries – inheritance.

Biology is currently one of the world’s most exciting sciences, promising everything from better foods and cures for common diseases, to the more alarming prospect that genetic engineering could allow us to redesign life itself, including ourselves. Examining the organisms that have made all this possible gives us a different understanding of how we got here and perhaps new ways of thinking about where we might be going. Instead of a story in which great scientists have great ideas, the story of passionflowers and hawkweeds, of zebrafish and viruses, allows us to understand the different kinds of work that make science possible. It can take months, even years, to prepare the organisms for an experiment: careful breeding to select the characteristics that will be useful to the researcher, and equally painstaking work to master or invent the techniques necessary to make the experiment work. Science is as much about fund-raising and meticulous planning as it is about having brilliant insights. And examining the work involved reminds us that very few scientists work alone; they rely – in hundreds of different ways – on their colleagues and competitors, on their teachers and students, and on their technicians and assistants. Above all, they rely on the efforts of their predecessors; every scientist is, as Newton put it, standing on the shoulders of giants.

The history of biology allows those of us who are not scientists – and have no hope of mastering the technicalities of genetics – to understand something of how science works, and thus what kinds of answers it can – and cannot – give us about the variety, complexity and nature of living things, including ourselves. In choosing the organisms for this book, I have not tried to catalogue every creature that made a contribution to this story; instead, I have tried to mix the celebrities of genetics, like the fruit fly, with organisms like the evening primrose, whose role in this history is now almost forgotten. In order to keep the book to a manageable size, I have had to omit some very important characters along the way, but those which have been included give some sense of the diversity of biological research and of how much it has changed in the last two centuries.

‘Meet Drosophila, the friendly fruit fly’ is not the kind of sentence one expects to find in an academic monograph on the history of genetics, but Robert Kohler’s Lords of the Fly: Drosophila Genetics and the Experimental Life, is no ordinary academic monograph. Kohler builds on a range of recent work in the history of science to tell an extraordinary story in a highly original way – by making the fruit flies the heroes of his tale, rather than the geneticists who worked with them. What Kohler calls ‘following the fly’ allows him to examine issues that are still too often overlooked by historians.

Kohler’s book is perhaps the best example of a trend among academic historians of science, of paying increasing attention to the organisms used in research as a way of broadening our historical focus. Inspired in part by the ideas of the French sociologists Bruno Latour and Michel Callon, historians such as Karen Rader and Angela Creager have examined everything from laboratory mice to tobacco mosaic virus and have brought new perspectives to bear on the history of biology.1 This book makes use of some of these recent approaches in an effort to write a broader history of biology, particularly the history of heredity and genetics. A survey of some of the key organisms that have been used since Darwin’s day illustrates how biological research itself has changed – transforming the largely amateur practices of natural history into modern, laboratory-based molecular biology. It allows us to trace the slow, uncertain path – complete with diversions and dead ends – that led us from the ancient world’s understanding of inheritance to modern genetics. And the story of the organisms also reveals how much work was needed to reach our current understanding of evolution.

Like science itself, the history of science depends on the work of the historian’s colleagues, contemporaries and teachers – and this book is no exception. I have relied on many other people’s work; that which I made the most use of is listed in the notes. Many people gave up their time to read sections of the book, offering suggestions, corrections and improvements. I would particularly like to thank: Nathaniel Comfort, Caroline Dean, Sheila Ann Dean, Ian Furner, Beverley Glover, Chuck Kimmell, Les King, Sharon Kingsland, Robert Kohler, David Kohn, Maarten Koornneef, Emil Kugler, Kate Lewis, David Meinke, Elliot Meyerowitz, Robert Olby, William Provine, Anne Secord, Jim Secord, Chris Sommerville, Shauna Sommerville, Derek Stemple, William Summers, Will Talbot, John Waller, Garrison Wilkes, Stephen Wilson and Paul White.

Special thanks to: Katie Armstrong (Talbot), Dan Austin, Rodney Bolt, Joe Cain, Kenneth Carpenter, Simon Chaplin, Soraya de Chadarevian, Anjan Chakravartty, Bonnie Clause, Gregory Copenhaver, Gina Douglas, Judith Flanders, Tom Gerats, Geoff Gilbert, Laura Green, Eivind Kahrs, Evelyn Fox Keller, Henrika Kuklick, Martin Kusch, Nick Jardine, Peter Lipton, Tim Lewens, Valerie-Anne Lutz, John MacDougal, Sunit Maity, Tim McCabe, Craig Morfitt, Gina Murrell, Charles Nelson, William Ogren, John Parker, Sridhar Ramachandran, Rowan Routh, Simon Schaffer, Peter Straus, Charlotte Thurschwell, Hugh Thurschwell, Bob Whitman, Ian Woods and Eric Zevenhuisen. And many thanks to the team at Heinemann, especially Alban Miles, Caroline Knight, Annie Lee and Juliet Rowley.

I would also like to acknowledge: the Syndics of the Cambridge University Library for permission to quote from the unpublished correspondence of Charles Darwin. I am grateful for permission to quote from The Haldane Papers, UCL Library Services, Special Collections. Thanks also to the American Philosophical Society, Philadelphia, for permission to quote from Sewall Wright’s papers; and the Archives of King’s College, London, for permission to quote from the manuscripts of Reginald Ruggles Gates. My thanks to the staffs of these libraries and archives for their help, and to the staff of the Whipple Library, Cambridge University, without whom none of my work would be possible.

The research for this book was made possible by a post-doctoral fellowship awarded by the Master and Fellows of Darwin College, Cambridge; and by the Royal Society of Literature and the Jerwood Charitable Foundation, whom I would like to thank for awarding me the inaugural Royal Society of Literature Jerwood Prize. I am most grateful to them.

Lastly, my largest debts are to Ravi Mirchandani, for the huge amount of time he spent on editing the book, massively improving it in the process, and to Pamela Thurschwell.


Chapter 1

Equus quagga and Lord
 Morton’s mare

THE RIGHT HONOURABLE George Douglas, FRS, 16th Earl of Morton, was perplexed; in 1820, he had sold a chestnut-brown mare to his friend, Sir Gore Ouseley, who had crossed her with ‘a very fine black Arabian horse’. Both Morton and Ouseley were astonished by the offspring of this union, two foals who were clearly Arabian horses, but ‘both in their colour, and in the hair of their manes, they have a striking resemblance to the quagga’.1

Quaggas were a kind of zebra, but it was mainly their heads and shoulders that were striped. They belong to a small, sad club (whose members include the passenger pigeon and the thylacine, or Tasmanian tiger) of animals for whom we know the exact day on which they became extinct. The last quagga died in Amsterdam zoo on 12 August 1883. At the time, the species went unmourned, as no one realized she was the last one.

Why should the offspring of Ouseley’s animals look like quaggas, when both parents were horses? Morton had a theory. A few years earlier, he had owned a male quagga which he had hoped to domesticate. But like the other zebras, quaggas are practically untameable – bad-tempered and stubborn, zebras not only bite, they refuse to let go – even today, more zookeepers are injured by zebras than by lions or tigers. The indigenous people of South Africa had never managed to ride them and thus Europeans were not met by troops of African cavalry when they started their encroachments. (The history of Africa might have been rather different if zebras were as tractable as Eurasian horses.)

Morton had been ‘desirous of trying the experiment of domesticating the Quagga’. In the late eighteenth and early nineteenth centuries, Africa’s diseases proved the biggest obstacles to European efforts to colonize the continent. Among the many scourges the whites faced was sleeping sickness, which attacked both Europeans and their horses. Zebras and quaggas are largely immune to the disease, and Morton seems to have been one of a number of Europeans interested in cross-breeding them with horses to produce a hybrid that would be better adapted to African conditions. In 1788, the German naturalist Johann Georg Gmelin observed that the quagga was ‘thicker, and more strongly made than the Zebra, and is more tractable, having sometimes been broken to the draft’. During Morton’s lifetime, a traveller to South Africa reported that his host kept ‘a tame quagga … for the purpose of making experiments in improving his breed of horses’. But reports of the quagga’s temper and tameability were mixed: a few years after Morton’s experiments, a British naturalist observed that the one he had seen ‘is not very docile, being much more wild than the Zebra’. While another commentator suggested that it might nevertheless be possible ‘to reclaim this creature, and to subject it to the service of man’.2

Morton acquired a male quagga and crossed it with a chestnut mare. He described the result as a female horse ‘bearing, both in her form and in her colour, very decided indications of her mixed origin’; she had evidently retained either her father’s stripes or his filthy temper – probably the latter, since Morton seems not to have repeated the experiment. However, it was the same chestnut mare, the quagga’s former mate, which Morton had sold on to Ouseley. And it was this mare that then produced further quagga-like foals – even when she was mated with a perfectly ordinary horse. Her foals had striped legs and stiff, short manes that stuck straight up like a zebra’s, instead of hanging down like a horse’s. Stripes do occur occasionally in breeds of domestic horses, but are very rare in Arabians; neither Morton nor Ouseley had even seen manes like these on a horse before. It appeared as though the mare’s encounter with the male quagga had permanently altered her, leaving some indelible imprint of ‘quagga-ness’ that affected the offspring of her later matings.

This incident struck Morton as sufficiently unusual that he brought it to the attention of his friend William Hyde Wollaston, president of the Royal Society of London (of which Morton himself was a fellow). In 1821, Morton’s letter was published in its journal, the Philosophical Transactions, under the modest title ‘A Communication of a Singular Fact in Natural History’. The notion that a male could influence the female’s subsequent offspring by other males was not new, but had typically been dismissed as little more than folk myth. Now, however, lent authority by the influential members of the prestigious Royal Society, the quagga effect became an established – if ‘singular’ – scientific fact.

Nearly fifty years after Morton published, even Charles Darwin remained convinced that ‘there can be no doubt that the quagga affected the character of the offspring subsequently begot by the black Arabian horse’.3 He referred to the case as one of the crucial puzzles he needed to solve when trying to devise a theory of biological inheritance. Darwin, like others struck by Lord Morton’s mare, believed that the male quagga had made some sort of lasting impression on the female horse. By some unknown means, the character of his species had left its mark on her, but no one knew how: was it, as some thought, a mental impression, an idea of quagga-ness that the mare retained in her mind? Or was it something tangible, some particle or fluid in the male’s semen or blood that had been passed on and retained? Might the male subsequently lose interest in female quaggas and pursue only mares?

This book is about how some of these mysteries were unravelled. Long before Darwin, most people knew that for most organisms, as for humans, both males and females were needed to produce offspring, but even after centuries of investigation and speculation, no one knew exactly why, nor exactly what each contributed to their progeny. Given that some creatures managed without sex, what was its purpose? And what about inheritance? Why do most children look like their parents, while some are more like one of their grandparents? How are the characteristics of animal or plant breeds passed on and preserved over generations? And, given that creatures only ever give birth to creatures of the same species, where do new types of organisms come from? Given that species remain largely constant over generations, how and why do they sometimes vary?

Lord Morton’s explanation of his mare’s striped foals may appear unlikely, even ridiculous, as may many of the later attempts to resolve his puzzle. To understand how and why they made sense at the time, we need to be aware of the centuries of thinking about reproduction that had preceded Morton’s experiment.

The harbour of Lesbos

The Philosopher must have become a familiar figure to the fishermen of Lesbos. Each morning he would come down to the harbour to inspect the night’s catches, searching for unusual or bizarre fish, which he and his students would take away to study. Almost 350 years before the birth of Christ, Aristotle was initiating the systematic study of life; observing sea creatures grow and develop, with no tools more sophisticated than the naked eye.

The observation of nature – this simple act of looking – seems obvious now; where else to begin understanding the world? But to Aristotle’s teacher, Plato, this beachcombing would have amounted to heresy. Plato had taught that the mind was the only sure guide to the world; only through logic can we apprehend the Forms, the ultimate abstract truths that lie behind the deceptive world of mere appearance. For example, every student of geometry knows that however carefully we draw a figure, such as a triangle, it is never perfect: the lines (which should be infinitely fine) actually have a measurable width, and their corners do not form perfect angles. Any actual triangle is simply a sketch of the idea of a triangle; no closer to the Platonic Form of a triangle than a child’s sketch of Daddy is to the man himself. Plato extended his idea of Forms to everything: the dog wandering down the street is just an imperfect image of the Dog, the pure Form of doggyness; even the blue of the sky is just a shadow of the pure Form of Blue. Examining individual dogs can never reveal the underlying Form that defined Dog, any more than comparing blue skies to blue eyes reveals the Form of Blue. Only reason can penetrate the realm of the Forms.

So, had Plato lived to observe his former pupil’s activities, he would have been horrified. Not just by wet feet and the undignified spectacle of a middle-aged man paddling and listening to fishermen’s tales, but by the idea that observing the world, trying to catalogue the seemingly endless kinds of fish, could ever reveal the underlying Form, the universal, absolute truth of Fishiness. Yet that is what Aristotle was trying to do. Even worse, Aristotle was not even looking for the Form, as Plato would have understood the idea. By examining and comparing many specimens of a creature, he hoped to discern their essential properties: Aristotle wanted to know what all fish have in common, which allows us to correctly classify them as fish. And what distinguishes one kind of fish from another?

For Aristotle, analysing differences was the key to understanding what caused those differences, and causes were the key to everything. It is not enough to know that fish were able to breathe in water, while animals could not; for Aristotle, the question was why? What was the cause of the difference? His philosophical system identified four distinct types of cause. First there is the formal cause: identifying the structure of a subject. Then it is necessary to understand the material cause: what kind of stuff is this structure made from? Then the efficient cause: what force shaped this particular structure out of that specific material? And last but most important of all comes the final cause: what is the purpose for which any new structure is being made?

Aristotle applied his search for causes to every aspect of the world, from politics and ethics, to astronomy and cosmology. The nature of living things particularly intrigued him and in order to understand them he paid particular attention to their reproduction, especially by studying their eggs. He goes to some lengths in his writings to justify his decision to spend so much time on such lowly matters, but it is hard not to feel that he was simply fascinated by the natural world. As he wrote, ‘to the intellect, the craftsmanship of nature provides extraordinary pleasures for those who can recognize the causes of things’.4 Marine creatures were particularly useful to him: they laid eggs, and eggs are easier to observe than the development of mammals, whose embryos develop inside their bodies; moreover, sea creatures lay their eggs in water, which means they do not need the protection of a hard shell, so Aristotle could see what was going on inside them as they grew. He also dissected many of the creatures the fishermen brought him and made dozens of careful observations (his Historia Animalium mentions over 500 species, of which about 120 are fish). He discovered many extraordinary things, some of which were not confirmed for many centuries after his death, but he was also prepared to listen to and preserve old-fisherman’s tales, and record the most implausible claims without further investigation.

Scrutinizing fish eggs as they develop into embryos and then into tiny free-swimming larvae helped Aristotle apply his theory of causes to living creatures. Reproduction was, he contended, the ultimate proof that Plato was wrong: there could be no form without matter, no ‘Blueness’ or ‘Dogness’ without something to be the physical bearer of such properties – an actual sky or a real dog. The ability of two dogs to produce a new dog shows that nature has the power to impose form on matter. Aristotle ascribed the size, shape and behaviour of an individual dog not to the remote, abstract ideal Form of Dog, but to the messy business of reproduction: it is reproduction that maintains the form of a species, renewing itself, generation after generation.

Like many of those who followed him, Aristotle was enthralled by the creatures he studied; in part he seems to have observed them out of simple curiosity but he also wanted to know what they could tell him about himself and other humans. He noted that ‘the inner parts of man are for the most part unknown, and so we must refer to the parts of other animals which those of man resemble and examine them’.5 One reason to study animals and plants was to shed light on human reproduction and how human qualities – including our ability to think about and understand the world – were passed on from generation to generation.

Aristotle’s ideas were, of course, not the only ones circulating in the ancient Greek world. Just a day’s sail south of Lesbos, on the coast of what is now Turkey, lay the city of Miletus, a bustling, trading port where people from all over the eastern Mediterranean came to trade spices and dyes, timber and pottery. They also brought with them their languages and customs, their gods and their stories about the origins and nature of the world. This cosmopolitan mixture may help explain why it was in this city – a couple of centuries before Aristotle’s time – that Greek philosophy began; confronted with many different accounts of how and why the world worked, the Miletian Thales became the first Greek (whom we know of) to wonder whether thinking for oneself, rather than following tradition, might not be the most reliable guide to the nature of the cosmos.

Thales and his successors came up with many different ideas to explain the essential nature of the world: one of his followers suggested that living things were formed by the heat of the sun on moisture; others that everything must ultimately be made from a single, underlying substance – otherwise how could one thing turn into another (such as ice into water and then steam)? Some proposed that water must be this underlying substance, while others believed it might be air. Gradually the idea of one, single substance seemed inadequate and the competing conceptions were combined into the doctrine of the four elements – Earth, Air, Fire and Water – out of which everything was made. Some combination of these four, each of which had its own distinct properties, made up everything around us, but it was difficult to account for living things within this system. Organisms seemed to possess unique properties that other kinds of matter did not, and of these, reproduction was the most remarkable.

The Greek doctor, Hippocrates, often called ‘the father of medicine’, attempted to explain some of the unique properties of living creatures with a theory of fluids called humours – the body’s equivalents of the four elements. Human beings are infused with black bile, blood, yellow bile and phlegm. These affect our character: those with an excess of black bile (associated in the Hippocratic system with the element Earth) are supposed to be melancholy, while those with too much of the hot, yellow bile (Fire) are choleric – short-tempered and angry. The language retains traces of these ideas when, for example, we describe someone as phlegmatic or bilious. Imbalances in the humours also explained why we get sick, and so, for hundreds of years after Hippocrates, doctors would treat disease by trying to get the humours back into balance – by prescribing a change of air or diet, or a course of blood-letting. But in the Hippocratic tradition, animals were also considered purposeful, integrated systems that can and do heal themselves.

However, while the theory of humours offered an explanation of how living things worked, it did not explain where they came from. The Hippocratic tradition dealt with that question in two treatises called The Seed and The Nature of the Child, which proposed that both the male and female contributed some kind of seed or fluid to their offspring. (Although the female’s contribution had never been seen, the Greek doctors deduced that it must exist because females clearly enjoyed copulation as much as males did.) The male seed is contained in the seminal fluid and is a combination of the strongest parts of the four humours (which is supposedly why men are so tired after intercourse). This semen is in some way distilled from every organ of the body, and so the seed carries within it some essence of each of the body’s parts. It is collected in the spinal cord and transmitted to the testicles. The doctors were much vaguer about the source of the female equivalent, but it was assumed to be comparable to the female’s pleasure – more prolonged, less violent and (these were, after all, male doctors) of a lower order. When the male and female seeds combine they produce a child that resembles both its parents, but to differing degrees – the relative strengths of its mother’s and father’s influences determine both the resemblance and the child’s sex.

The Greek doctors were aware that menstruation stopped during pregnancy and assumed that the blood was being used to nurture the growing embryo. But they were much less clear as to how the growing child took shape. How did substances as amorphous as blood or semen develop into the complex body of a child? The doctors suggested the mother’s ‘breath and spirit’ formed the child’s organs, but left the details of the process extremely vague.

The Hippocratic teachings remained influential for over 1,000 years, but Aristotle was unimpressed by them, especially by their apparent inability to explain the organization of an animal’s parts. His own theory abandoned the hypothesis of a female seed and argued instead that the male and female contributions were of different kinds. The male’s semen was derived only from his blood, which carried the spirit or pneuma of each organ and nourished it. The essence of each of these different forms of nourishment – the essential ‘spirit’ of the heart, eyes or brain – was then distilled into the semen and passed on to the offspring, thus passing some of the father’s characteristics on to his child. The female’s contribution was only the menstrual blood. Aristotle argued that it must be akin to the semen, in that it too must carry something of the form of the female’s organs. Thus he explained how elements of the mother’s appearance and character were passed on to the child; if females contributed only substance without form, Aristotle argued, all children would be perfect copies of their fathers. Nevertheless, he viewed the female’s contribution as less significant than the male’s: the mother’s main contribution was sustenance, while the higher faculties – character and behaviour – were, to Aristotle, a uniquely male contribution.

According to Aristotle, it is the amount of heat in the semen which determines the sex of the child. Females are naturally cooler than males, so older parents – whose ardour has cooled a little since their youth – are more likely to produce girls, as are those who copulated when a cool, southerly breeze was blowing. If you wanted a boy, he advised, you should wait for a hot wind. However, the mother’s and father’s contributions are not a simple, all-or-nothing business: like their parents, each child’s mind and body is divided into faculties; during sexual intercourse the parents unknowingly compete to provide the major contribution to each of their future offspring’s faculties. In some areas, the male principle will dominate, in others, the female. Hence the child might have its mother’s eyes, but its father’s wisdom. But sometimes the intensity of this struggle can damage a faculty, which could either lead to deformities or to the character of one of the parent’s earlier ancestors coming through in the child; that was why a child might sometimes have grandma’s nose or their uncle’s chin.

Generation after generation

Aristotle left Lesbos to become tutor to the young Alexander the Great, son of Philip of Macedon, teaching him everything from the virtues proper to a prince, to the mating habits of frogs. Like royal families before and since, the kings of Macedon inherited their right to rule; the prince inherited his father’s throne and wealth, and – like any other son – also his blood and with it his courage, his skill as a leader, and his other qualities, both good and bad. Inheritance, in the biological sense, is a concept borrowed from the law, the body of customs and traditions that have always surrounded the passing on of thrones, palaces or other more humble property. Such inheritance is usually from father to son, and the mother’s subsidiary role in many biological theories of inheritance parallels her relatively minor place in such dynastic successions. Yet royal brides usually came from royal families and were expected to contribute something – some land, an alliance, and some good blood – to the new prince.

Just as a young king did not have to build himself a new kingdom from scratch, he was assumed to inherit his parents’ human qualities. However, this assumption raises the question why, if a king’s virtues could be handed on as easily as his title, did Philip of Macedon hire the world’s greatest living philosopher to educate his son? Could princes be taught to embody the kingly virtues? In which case, perhaps anyone could learn to be a ruler. Was there nothing special about royal blood after all?

Those who, from time to time, successfully usurped other people’s thrones were, understandably, inclined to argue that strength, not bloodline, was the vital quality a king needed. Those with royal blood could be milksops, raised in luxury, with no need to struggle; as a result, they were weaker – physically and mentally – than those who had had to fight their way to the top. The decision to educate a prince could be interpreted as lending tacit support to the notion that it was the circumstances and experiences of upbringing, not any quality in the blood, that conferred nobility. Plato’s celebrated dialogue, The Republic, which set out his vision of a perfect state, set great store by proper breeding, arguing that people of inferior stock should be prevented from reproducing, while the strongest, fittest and most intelligent should be encouraged to have more children. But Plato also considered the education of his city’s rulers carefully, recognizing that children might be born among the lower orders – the ‘bronze’ people as he referred to them – who had the souls of rulers and should join the ‘golden’ class, the republic’s Guardians.6 And Aristotle’s suggestions about the influence of the prevailing wind during conception illustrate that he too believed environment played some part in shaping a child’s nature.

So which ultimately had the greater influence: an animal or person’s bloodline or their upbringing? The question was hard to settle for several reasons, but the biggest obstacle was that people breed too slowly and live too long. Even the wisest person could not hope to observe other human lives over many generations to see whether birth or education ultimately triumphed.

Faced with this problem, those who wanted to understand inheritance followed Aristotle’s example: just as he had turned to fish to understand the unknown ‘inner parts of man’, people turned to various animals and plants to try and unravel such puzzles as the relationship between environment and inheritance. Long before written records began, someone had the idea of saving edible seeds and growing food instead of foraging in the wild. As this practice caught on, somebody decided to save only the seeds from the plants that produced the largest fruit and planting them, while discarding the seeds from fruits that were tough, tasteless or under-sized. We have no idea when or where, but thousands of years ago this must have been the origin of plant-breeding, the first deliberate attempts to improve nature. The same thing happened with animals when farmers first chose their best animals to breed from, while the cows who produced less milk, or the sheep who had less wool, ended up in the cooking pot. But the results of these early attempts at improvement were pretty variable; sometimes the breed improved, sometimes it did not, and no one really understood exactly why.

Many of the Greek philosophers took an interest in the farmyard and farming practices. Xenophon (another pupil of Plato’s mentor, Socrates) wrote a treatise on hunting with dogs, Cynegeticus, which recommended that only ‘good’ dogs be bred. Plato used the example of dog-breeding in the Republic to persuade his audience of the importance of breeding humans more carefully. Both he and Xenophon were mainly concerned with the health and condition of the parents – whether human or canine – at the time of conception, rather than with the achievements of the parents or their ancestors. Young, fit, healthy parents were assumed to be the key to getting good-quality offspring; the issue of whether the parents themselves came from a long line of good hunters or benevolent rulers was seldom considered.

Aristotle also discusses animal-breeding, concentrating on horses, which were used for both sport and warfare in Hellenic times. Horses were considered high-class animals: more attention was paid to their breeding than to that of other animals; and, naturally, the most attention was given to the mounts of the aristocracy, rather than to ordinary cavalry horses. Later classical writers also discuss the breeding of horses and other animals, but there was no consensus about the relative contributions of good breeding and a favourable environment. Some emphasize the selection of breeding animals, while others concentrate on their condition at the time of mating, advocating starving cows to make them more fertile, while fattening bulls, to give them more energy for the arduous male task of procreation. Meanwhile, little attention was paid to either the Aristotelian and Hippocratic theories about reproduction, since neither seemed to offer breeders much practical guidance.

As Europeans rediscovered the classics during the second millennium, both Aristotelian and Hippocratic theories received renewed attention, even though they still seemed to lack practical implications. At first, little was added to the classical tradition; it was widely assumed that the wisdom of the ancients, like that of the Bible, was not to be questioned. So most scholars were intent on preserving what remained; it was not until the sixteenth and seventeenth centuries that this reverence for the classical tradition began to be widely challenged, as a new breed of enquirer, the natural philosopher, turned its attention to the ancient questions.

The natural philosophers once again approached nature in a more empirical fashion, relying less on the wisdom of the ancients and more on their own observations and experiments. Robert Boyle and his famous air pump ushered in a new era of experimental natural philosophy, which involved using experiments both to make discoveries and to demonstrate the power of the new philosophy. The Royal Society (to which Lord Morton would later write) was founded to propagandize for the new approach; its full title was the Royal Society of London for Improving Natural Knowledge and its early members looked to experimentation for such improvement. They included Isaac Newton and Christopher Wren, together with others we will come across in later chapters, including Robert Hooke and John Evelyn. Among the many investigations the Society promoted were practical questions of agricultural improvement; its first publication was Evelyn’s Sylva, or a Discourse of Forest-Trees and the propagation of Timber (1664), aimed at persuading England’s landowners to plant trees that would provide better timber for the country’s growing navy. The following year, Robert Hooke published his illustrated volume Micrographia, revealing some of the wonderful things that could be seen with the new microscopes, which had recently been improved by the Dutchman, Anton von Leeuwenhoek.

Prior to the seventeenth century, practical animal and plant breeders had paid little attention to the theories of philosophers, and the indifference was mutual; the philosophers generally ignored the observations of breeders too. However, the new natural philosophy, with its emphasis on practical knowledge confirmed by experiment, gradually began to break down this barrier. Horse-breeders and others began to read philosophical tracts on what became known as ‘generation’, a word that referred both to inheritance and to the development of the embryo. But since almost nothing was known about how inheritance worked, the natural philosophers initially focused on the embryo’s development.

The physician William Harvey was typical of the new style of investigation, and would undoubtedly have joined the Royal Society had he lived long enough (he died in 1657, just before it was founded). Harvey is best known for his discovery of the circulation of blood, but he also published a tract on generation, Exercitationes de Generatione Animalium, which applied the new experimental philosophy to the understanding of generation. He demonstrated that menstrual blood did not mix with sperm in the uterus of pregnant creatures, as prevailing theories supposed. He also dissected birds and reptiles, revealing that the very earliest stages of the egg already existed long before it was laid. Harvey assumed that animals and humans, who bore live young, must possess something similar to this primordial egg, which he christened the ovum. He speculated that the semen stimulated the ovum to develop, but since he had found no traces of physical semen in any of the uteruses he had dissected, Harvey assumed that some ‘spiritual’ emanation from the semen set development in motion. Form gradually developed from formlessness as the stimulated ovum grew into an animal or person.

However, many of those who read Harvey’s work were doubtful about this, unable to perceive where the form of the new creature actually came from. Harvey himself had been forced to assume that God personally intervened in the development of every embryo, an idea that sat rather awkwardly with the increasingly widely held view of a mechanical cosmos governed by natural laws. If, as Newton argued, God could design the sun and planets to run like perfect clockwork, with no intervention from their creator, it seemed odd that he could not devise embryos that would grow unaided. Harvey’s critics therefore proposed that the organs and structures of the body were already present in the as-yet-unobserved ovum – the sperm merely caused them to develop.

Harvey’s theory became known as epigenesis, the idea that the ovum was originally formless and only gradually took definite shape. Aristotle had believed the same thing, explaining it with his doctrine of final causes – the embryo took form because its purpose was to develop into a new animal. Harvey’s ideas seemed old-fashioned almost as soon as they were published; despite his criticisms of Aristotle, he was seen as a rather quaint Aristotelian by many of his mechanistic contemporaries. Critics of epigenesis argued instead for preformationism, the idea that the embryo was preformed in the ovum. This idea did away with the need for any organizing force that turned formless embryos into complete animals, and it also solved the problem of explaining when and how a soul entered the developing human embryo. The preformationists argued, in effect, that there had only ever been one act of creation: when God created Eve, she had all of humanity packed into her ovaries, one inside another like an almost endless series of Russian dolls. If that seems absurd, remember that the Earth was still generally believed to have been created just a few thousand years earlier, so there had been only a few hundred generations since Adam and Eve. Even more importantly, the use of microscopes had just revealed previously unsuspected worlds in microcosm – tiny new worlds existed within each drop of water; if God could create such miniature worlds and people them with bizarre miniature creatures, it seemed quite possible that he could pack a few hundred generations of humans into Eve’s ovaries.

Within a decade of Harvey’s death, the new microscopes had enabled the identification of the small sacs, or follicles, in the mammalian ovary which contain the ova. It became widely accepted that the female produced the embryo on her own; the male’s role was little more than to trigger development. However, Leeuwenhoek – arguably the leading microscopist of the day – disagreed; his microscopes had revealed tiny creatures, or animalcules, swimming in the seminal fluid of various animals. The nature and role of these animalcules was disputed, but it was clear that the seminal fluid was not purely liquid: the little animals had form and were active, so it became possible to believe that they were the source of the embryo. The preformationists therefore split into two camps: spermists like Leeuwenhoek and the rival ovists (although imagining all of humanity, one inside the other, into Adam’s sperm seems to have been even harder for some to accept than the ovists’ equivalent imaginative challenge). As microscopes improved, embryologists were able to study the anatomy of the embryo, ovum and sperm, ever more closely, looking for evidence to support or undermine the rival theories. Meanwhile, heredity was increasingly neglected.

The evidence that the preformationists, of both camps, were mistaken was staring them in the face, literally, every time they looked in a mirror. Like everyone else, preformationist natural philosophers reflected the influence of both their parents, with their mother’s ears and father’s nose, or vice versa. Yet few serious attempts were made to refute preformationism using this argument; when it was invoked, preformationists would defend themselves by suggesting that perhaps the mother’s imagination shaped the developing embryo, or she provided some nutrient that modified the male sperm; there would be echoes of these ideas in the rival explanations later offered as solutions to the quagga mystery.

The idea that every member of a species was created at the beginning of the world, preformed and prepacked inside its first mother or father, sat very naturally alongside the belief that each species represented a single divinely created and unchanging essence, an idea in the mind of God. So the preformationists naturally did not consider the variability of living things as a possible route to understanding generation, instead they tended to view variations as monstrous aberrations from the original, divinely created form of the animal or plant.

Crossing the breeds

For the practical breeder, however, the variability that the natural philosophers scorned was the key to improving the breed, by selecting two animals or plants with the desired features and hybridizing them. Horse breeders, for example, knew all kinds of things about heredity that the philosophers did not, and because horses were important, expensive animals, much of what the breeders knew was carefully recorded. In Tudor England, for example, decrees passed under Henry VIII obliged the gentry to keep and breed horses (the higher up the social scale you were, the more you had to maintain). These laws emphasized the size of these horses: noblemen were obliged to keep horses at least thirteen or fourteen hands high. It is clear from the breeders’ treatises that height was widely accepted to be an inherited characteristic – at a time when the natural philosophers still doubted or ignored the role of heredity in other domestic animal breeds.

Horse-breeding manuals also devoted much space to the question of whether pure- or cross-bred horses were better, and the evidence presented for either claim was a complex mixture of first-hand experience, classical learning and folk myth. One Renaissance writer urged that stallions should only be allowed to mate at night, so that their foals would be more wild and spirited; another argued that the more domesticated and tidy the pasture, the tamer the foals would be. Others deplored the mating of horses in stable yards, rather than running free in a field, arguing (perhaps reasonably) that restricting the animal’s movements made mating duller and so produced dull and sluggish foals. Such matings, these experts insisted, would produce too many female foals because the stallion would have cooled, losing his natural heat.

We get a sense of how widespread these ideas were from Shakespeare’s King Lear, where Gloucester’s illegitimate son Edmund asks why he should be accused of ‘bastardy’ and ‘baseness’; asserting as a well-known fact that children like himself, born out of illicit passion, ‘take More composition and fierce quality’ than legitimate children, conceived in ‘a dull, stale, tired bed’ contributing to the creation of ‘a whole tribe of fops, Got ’tween asleep and wake’. ‘Edmund the base,’ he confidently asserts, ‘Shall top the legitimate.’7 Many in Shakespeare’s audience would have agreed, that the heated passion of Edmund’s parents would indeed have ensured that he possessed the ‘fierce quality’ that would allow him to seize his half-brother Edgar’s inheritance. Shakespeare was, however, careful not to present a usurper’s charter before his royal patron, and ensured that the fierce Edmund eventually came to a bad end.

The social and religious upheavals of Shakespeare’s day had shaken old certainties and led many of the old aristocracy to the scaffold; as old elites lost their heads and new ones took their places, knowing who to trust – who were the real gentlemen – became a pressing issue for the mass of people whose lives and livelihoods relied on the patronage of their supposed betters. Evidence of this uncertainty can also be found, perhaps rather surprisingly, in Elizabethan and Jacobean horse-breeding tracts, which began to place an increasing emphasis on an animal’s pedigree as the only sure guide to its character. Shakespeare’s contemporary Gervase Markham wrote at least five books on horses; he needed money so badly that he plagiarized himself, repeating key passages of his own books in his ‘new’ titles. He was eventually forced to promise the Stationers’ Company (the guild that enforced early versions of copyright) not to write any more. However impecunious, Markham was a proud member of the gentry, and he drew an explicit parallel between the pedigrees of human aristocrats and those of horses, suggesting that keeping track of a horse’s family tree would be the best guide to judging its character. ‘An ill-bred horse,’ he argued, ‘may beget a colt, which may have fair colour and shape, which we call beauty, yet still his inward parts may retain a secret wildness of disposition, which may be insufferable in breeding.’8 Not surprisingly, the first stud-books and horse-breeding records also come from this period.

Markham’s emphasis on good breeding was shared by another early-seventeenth-century horse expert, Nicholas Morgan, who, in books like The Perfection of Horsemanship and The Horseman’s Honour, decried the fashionable Italian school of horsemanship, which stressed environment and training over heredity (although not as exclusively as English critics tended to claim). According to Morgan, ‘the art of breeding of horses’ had to be founded on the selection ‘of stallions and mares, which are most fit and proper for that purpose’. He warned his readers that ‘the least carelessness therein is the utter ruine of all the whole work’, since the principle of ‘like engendering like’ meant that ‘any evil choice’ of parents would ensure ‘an evill product must remaine’ in the horse’s eventual character.9 According to Morgan, the superiority of animals from regions known for their fine horses was evidence of their breeding, not – as some claimed – the air, food and water on which they had been raised.

Knowing good horses from bad became crucial as horse-racing became big business. People had, of course, raced horses for as long as they had ridden them, but the sport became increasingly formalized in England following the restoration of the monarchy. Races were sponsored by the new king, Charles II, and were intended to encourage the breeding of faster war horses with superior stamina. They usually involved mature animals (six or more years old) being raced over long distances (six to eight miles) while they carried considerable weight (up to 12 stone, 76kg). Over time, racing became more codified, strict rules were laid down and the prizes became more substantial. But within a century of the Restoration, the pretence that the aristocracy’s passion for racing was aimed at improving war horses had been largely dropped. Shorter races for younger horses became the fashion (boosted by the fact that first turnpike roads and then the railways made it easier to get the horses to the racecourse without riding them long distances); all the classics of the British racing calendar – the St Leger, the Oaks and the Derby – began in the 1770s. They were all for three-year-olds running over less than two miles and carrying up to 8 stone (50kg).10

With the new style of racing came a new style of horse, the English thoroughbred, which still dominates the racing world. During the seventeenth century, it had been widely believed that the speed and stamina of horses like Arabians (from which racehorses were often bred) were a product of their hot blood, the heat having been absorbed from the sun in the hot countries where they had been born. To protect the breed’s precious heat from the damp British climate, English breeders would regularly import fresh Arabians, at great expense. But during the eighteenth century, a number of horse-breeders in Yorkshire and Lincolnshire broke with this received wisdom and began to concentrate instead on keeping their stocks pure. As their horses began to win races, it seemed that the breeders’ intuition had been confirmed; it was good breeding, not a hot environment, that gave the Arabian its fiery quality. Some dissented, of course, but an increasing number of breeders held to the view that thoroughbreds were not merely a matter of speed or stamina, they were not defined by colour or the horse’s physical form, not created by the time of day or the location where their parents had conceived them, nor by the heat of the stallion at the time of conception. Like an English gentleman, it was breeding alone – recorded in meticulously kept pedigrees – that made a thoroughbred.

Much of the eighteenth-century horse-breeding literature was taken up with trying to persuade breeders to pay as much attention to the choice of mare as they did to the stallion; the quantity of ink spilt on this subject suggests this was a far from universal practice. Those who held that both parents contributed to the foal’s quality inevitably returned to the old question of how much each contributed. Richard Wall’s Dissertation on the Breeding of Horses upon Philosophical and Experimental Principles (c.1758) argued that sire and dam should be well-matched. There was, he argued, no point in crossing a thoroughbred stallion with a slow country mare; the result would be a foal that would run faster than the mother, but be much slower than the father. This commonsense notion that cross-breeding blends the qualities of the parents was – as we’ll see – one that was to have a long history, becoming known in scientific circles as the theory of blending inheritance.

Let us come back to Lord Morton, who was described by a contemporary as ‘a constant attendant at the Royal Society’. He would have been familiar with the latest theories on breeding and inheritance; while he was experimenting with quaggas, the Society’s president, Sir Joseph Banks and numerous other philosophically inclined gentlemen were busy observing the mating of sheep. The painter Thomas Weaver recorded them doing so in Ram Letting from Robert Bakewell’s Breed at Dishley, near Loughborough, Leicester (1810). Under the watchful eye of Banks and others, Bakewell, one of the country’s most successful animal breeders, demonstrates his method for improving sheep: careful selection of the parents, especially of the ram. He had demonstrated its efficacy by creating a new and profitable breed, the Leicester, which fattened rapidly. Weaver’s painting illustrates the Georgian ideal of ‘improvement’, promoted by King George III himself, whose enthusiasm for agricultural innovation gave him such nicknames as ‘Farmer George’. Why were he and Banks so concerned with such matters? Essentially because fatter sheep meant fewer discontented men to turn their eyes to the revolutionary events in France and America, and to dangerous notions like democracy.11

However, the very measures that Banks and his fellow landowners advocated often aggravated the discontent they hoped to reduce. Half of Bakewell’s home county of Leicestershire and a third of Banks’s Lincolnshire had been transformed from public to private land in the preceding decades. The process had been under way for centuries, but between 1760 and 1830 it accelerated rapidly as Parliament passed a series of Enclosure Acts, which divided up common land and obliged farmers to fence in their fields. Enclosure led to the loss of vast areas of commons and, despite the compensation that was paid, often resulted in great hardship for the communities who had depended on them. As an anonymous rhyme from the period complained:

The law locks up the man or woman

Who steals the goose from off the common;

But lets the greater felon loose

Who steals the common from the goose.

Banks and his fellow improvers were nevertheless convinced that private profits – their profits – served the public good. Common land had been under-used, no one manured or drained it, no one concerned themselves with improving its productivity; that was why people went hungry. Once an individual owned it, and could derive a profit from it, there was an incentive for improvement, perhaps by paying Robert Bakewell’s stud fees to raise the quality of their sheep. In the long run, there would be fatter sheep, fatter landlords and better-fed people, none of which, however, offered much consolation for those who were already hungry.

Enclosure was to transform the landscape of much of Britain: walls and fences began to snake across what had once been open fields and fells, barriers that attested to deep social change. Unable to scratch a living from the commons, many country people moved to the rapidly growing cities, where a new power – steam – was now running the factories, advertising for new workers with columns of belching smoke that blackened the people and the land. How were these crowds of factory and mill workers to be fed, once their direct connection with the land had been broken? Men like Banks and Bakewell thought they had the answer; they hoped to apply improvement to the whole world, ‘enclosing’ those parts of it – such as India, Africa and Australia – whose present inhabitants were clearly not making full use of their land. Morton’s attempts to create an Africanized horse were part of a much wider European attempt, by the British in particular, to turn the world into neatly cultivated, profitable colonies.12

As aristocrats like Banks and Morton struggled to improve their crops, sheep and horses, many of their contemporaries were also deeply concerned with the breeding of people. The old aristocracy could trace their lineages back for centuries and offered their claims to good breeding as the justification for their wealth and power. But Morton lived at a time when the authority and wealth of the aristocracy were being undermined by a new breed of industrialists, men like Darwin’s father-in-law, the potter Josiah Wedgwood. The Wedgwoods and their kind were transforming Britain not only physically with their factories, but also socially – with their newly acquired wealth. Just a few generations earlier, such people, even if they were successful artisans, rarely owned land; by the early nineteenth century, the industrious men had made their fortunes and were acquiring land and grand houses, insisting their sons had access to the country’s elite universities and to the learned professions. They were, in effect, claiming that traditional good breeding mattered much less than hard work; their success was proof of the vigour of their blood.

Some interpreted this energetic vigour as proof of human equality, evidence that the American and French revolutionaries were right, that once the misplaced deference to ancient pedigrees was shaken off, even the humblest people could improve themselves. These revolutions – in agriculture, industry and politics – were all closely connected to questions of breeding. Whether aimed at improving farm animals, reducing hunger, or improving the ruling class (by staving off democracy by cross-breeding the exhausted aristocracy with the hardier industrialists), knowing how inheritance worked was crucial.

In George Eliot’s novel, The Mill on the Floss, Mrs Tulliver observes that ‘It seems a pity … as the lad should take after the mother’s side istead o’ the little wench. That is the worst on’t wi’ the crossing o’ breeds: you can never justly calkilate what’ll come on’t.’ That, indeed, was the problem with crossing breeds, the difficulty of calculating the outcome: would the result be a striped horse or a bad-tempered one? Would breaking down class barriers create a new class that combined a sense of noblesse oblige with entrepreneurial virtues and willingness to work, or just a tribe of effete fops who dropped their aitches? Without knowing the answers to these questions, how should individuals, of any class, go about choosing their mates: some undesirable characteristics, such as madness, seemed to run in families; was the same true of desirable ones, and if so, which? Plato’s belief that controlled breeding would improve humanity has resurfaced often in history; the desire to make people better – and the diversity of opinions about what ‘better’ might mean in this context – has frequently driven the desire to understand the mechanisms of inheritance.

The right tools

In explaining the origins of his ‘singular fact’ to the Royal Society, Morton had described himself as trying an experiment in domestication. The idea that experiment was the key to understanding nature was, as we have seen, one of the Royal Society’s founding principles, and it was still zealously promoting the virtues of experiment in Morton’s day. But during the eighteenth century, experiments were still mainly done within the physical sciences – such as optics, electricity and chemistry. Plants, animals and people were the preserve of natural history, which concentrated on describing and cataloguing nature’s diversity, rather than attempting to explain what caused that diversity; partly, of course, because it was widely assumed that living things were ‘caused’ by God, who had created them all. That assumption began to change during the nineteenth century, in part because the drive for colonies led Europeans to realize that the world contained a staggeringly greater variety of living things than they had previously suspected. Even for those with a firm belief in God, the idea that he needed to personally design and build every species of slug or worm seemed unlikely, possibly even disrespectful. Why could God not have designed laws of nature to produce living things, just as he had done for the stars and planets?

The discipline of biology can be defined as the search for those laws, whether divinely designed or not. The word biology itself was coined in 1800, but the science only took shape slowly over the next 100 years. Experiment would gradually become one of the things that defined a biologist, distinguishing them from their predecessors, the naturalists. Instead of, for example, simply waiting for a quagga and a horse to take an interest in one another, observing what happened, and then hypothesizing about what had caused it, the new biologists tried to conduct controlled breeding experiments, with large numbers of animals, to produce precise evidence with which to investigate their theories. But they soon discovered that large animals like horses make poor experimental animals. Like humans themselves, they breed much too slowly – it would take many human lifetimes to follow the effects of controlled breeding over dozens of horse generations. Horses also eat too much and take up too much space; only the wealthy can afford to keep them. So first naturalists and then biologists began to look for alternatives, to uncover the rules of reproduction and inheritance in small, fast-breeding animals or plants, and then to see if these rules applied to the animals biologists were most interested in, including ourselves. The history of biology has, in part, been the story of finding the right animals or plants to aid the search.

So, for the last 200 years, biologists have been looking for the right tools for the job, the organisms that can answer their questions. Passionflowers were to teach Darwin about the vigour of hybrids and how plants moved, while insignificant yellow flowers called hawkweeds confused Gregor Mendel as he struggled to discover why some hybrids were stable while others always reverted to their parental types. Francis Galton discovered that people make rather bad experimental organisms (irritatingly, they often have their own ideas and motives, which may be incompatible with those of the experimenter), and Hugo de Vries was first exhilarated, then mystified, by the evening primrose. The fruit fly turned out to be more tractable, not only in revealing to Thomas Morgan how chromosomes carry hereditary information, but also in forging cooperation between American and Soviet biologists. The humble guinea pig was one of the species which enabled Sewall Wright and others to uncover how the genetics of populations works. And when the insights gained from the guinea pig were combined with those derived from the flies, biologists finally worked out how evolutionary pressure changes one species into another. Two of the best-known figures in modern biology, James Watson and Francis Crick, would never have been able to work out the structure of DNA if a virtually invisible virus called a bacteriophage had not first revealed that it was indeed DNA and not proteins that contained the instructions for making new organisms. Yet just as most biologists were focusing on the smallest and simplest of living things, such as viruses, large, complex maize plants were teaching Barbara McClintock that genes can get up to all kinds of tricks that no one had previously suspected, such as – in effect – moving themselves around.

The people in this story are fascinating, but this is not a tale of lone geniuses changing the world single-handedly, partly because even those who seem like the loneliest geniuses turn out to have relied hugely on the work of others. As we shall see, these have included not only other scientists and naturalists, but correspondents and critics, plant-hunters and lab technicians, pigeon-fanciers and gardeners, engineers and inventors, fruit importers and slave traders. Even the greatest theoretician needs practical results to analyse and stimulate their ideas: whether they do their own experiments and breeding trials, or concentrate on making sense of other people’s, someone has to do the meticulous – and often tedious – sheer hard work that all scientific ideas are ultimately built on. In this story, the ideas of science come second, in every sense, to the work of science.

From fruit flies and guinea pigs to maize and phage, these animals and plants are some of the stars of the story of genetics – and they deserve to be as well known as the people they enlightened. Two of the celebrities of modern biology, a modest cress plant called Arabidopsis thaliana and the tiny zebrafish, Danio rerio, are currently carrying on the work of their predecessors. Arabidopsis is the botanist’s answer to the fruitfly, the first plant to have all its genes mapped; it has helped make the current revolution in the genetic modification of plants possible. Meanwhile, the zebrafish is helping biologists unravel an even deeper mystery, how DNA actually constructs organisms; by conveniently having completely transparent eggs and embryos, zebrafish are allowing biologists to observe every step in the development of a living organism, shedding light on many human diseases while illuminating one of the great mysteries of life, how a single cell – a fertilized egg – becomes a complete, complex organism.

Today we take the answers to many of the puzzles of inheritance for granted; we learn about genes and DNA at school, and it is almost impossible to open a newspaper without reading about the latest gene involved in obesity or cancer. However, to understand the story I’m going to tell, I need you to start by forgetting whatever you know about modern genetics. First, because hanging on to what we now believe makes it harder for us to understand how and why people once thought differently. Aristotle, Morton, Darwin and most of the other figures we shall be meeting believed many things that no one believes any more, not because they were fools, but because they made sense of the world in quite different ways. If we want to understand their work and ideas, we have to try and see the world the way they did.

More importantly, we also need to forget about today’s supposedly right answers, because this is not the story about how the ‘right’ answers got separated from the ‘wrong’ ones. The history of science strongly suggests that today’s right answer is almost always tomorrow’s wrong one; science does not trade in eternal truths, but in temporary approximations. For a while – whether for a few days or many centuries – some sketch of how the world works will provide answers, but, far more frequently, will also propose new questions, new experiments. And, nine times out of ten, the new research reveals the old concept to be wrong in some way. Which leads to a new answer – and new questions. It is almost inevitable that much of what scientists know today will eventually be discarded, refined or re-described in ways that we cannot imagine and, as a result, our grandchildren will probably think that at least some of the theories we currently ‘know’ to be right are as implausible as the notion that cool breezes engender more girls, or that a quagga can pass on its stripes to offspring it did not actually father.

The plants and animals I have described here are just a handful of those that have enabled humans to understand so much of the machinery of life. Regardless of Lord Morton’s view, we now know that males do not impress females (at least, not in a biological sense – and often not in any other); the stripes and other quagga-like features of the foals were an atavism or reversion, the reappearance of one of the traits of the ancestor of modern horses. They are even more interesting than Morton or Darwin guessed, not least because they help shed light on the evolutionary history of horses, giving us a glimpse of what the striped ancestors of all modern horses may have looked like. But understanding genetics allows us to do more than unravel evolution – it now allows us to intervene in it as well. As we shall see, finding the right tools for the job has often involved making them, by laboriously cross-breeding hundreds of peas or fruit flies to eventually produce a pure-breeding strain with the desired characteristics. One product of our current knowledge of genetics is that it is now possible to eliminate much of this tiresome work and simply engineer organisms, like OncoMouse®, a trademarked animal that has been designed to develop cancers. Its creators believe it will bring great benefits to humans, but like many aspects of modern biology, its development raises grave ethical problems.


Chapter 2

Passiflora gracilis: Inside
 Darwin’s greenhouse

A RAINFOREST OUGHT to be paradise for a plant: but like all desirable neighbourhoods, it can get overcrowded. Although the forest is wet and lush, a newly germinated seed usually finds light is in short supply. One way to reach it is to grow into a gigantic tree, with a thick trunk hundreds of feet high, supporting massive branches that expose the plant’s leaves to the sun. But it takes time to grow such a trunk, and for every seedling that makes it, thousands fall by the wayside. An alternative strategy is to be a vine, producing a thin, rapidly growing stem that clambers up someone else’s trunk – thus getting the leaves into the light with a minimal expenditure of time and energy.

Passionflowers are typical rainforest climbers: they have specialized tendrils that will cling to almost anything; they can sense light and grow rapidly towards it; and, once there, they devote themselves to the ultimate end of any organism’s life – reproduction. The delicate, showy flowers from which they derive their name attract various pollinators – bees, bats, butterflies, moths or birds – that fly from flower to flower, spreading the plant’s pollen as they go. Once fertilized, the ovaries swell to form passionfruit, whose bright colours and sweet taste help attract animals, especially birds and primates, which eat the fruit and so spread the plant’s seeds.

Like many South American primates, brown capuchin monkeys (Cebus apella) are fond of passionfruit. Capuchins get their name from their
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