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Prologue

A woman of no great age – just 120 or so – reaches from her balcony a quarter mile above the ground, brushes aside the snow, and picks from the ivy that clothes the building to the eaves, a ripe passion fruit. It is the scarlet variety – a touch of colour – almost seedless, and big as a pomegranate. Hers is a pleasant and typical urban existence; the high-rise apartments all around like cliffs and spires of green, dotted here and there with fruit that once grew only in the tropics; deer in the gardens; eagles and kites overhead; the occasional wolf, yelping in the forest on the city edge.

You may or may not find such a vision pleasing: too fanciful, perhaps; too artificial; or too smug. It is a matter of taste. You will surely prefer it, though, to another which perhaps is more likely: a desert that stretches through almost all of Africa; a rising sea that has already obliterated lowlands everywhere, from the arable fields of eastern England to the entirety of Florida; fragments of humanity under siege, desperately clinging to what they have left, spawning committees, throwing up despots, and inventing religions to fend off and to explain to themselves the horror that has overtaken them.

Or indeed – for futurism is a game that anyone can play – you might care to envisage a thousand and one scenarios of your own: of life much the same as now; of life that contrives to be the same as now, but in which there are two, or three, or five times as many people; of life like now but with half the houses empty; like now but with no animals, or wild plants; or so radically different from the present as to beggar belief – with people living effectively for ever, and dinosaurs in zoos, and the world cleaned up (or nibbled away) by life-forms reinvented, and without precedent in the history of the Universe. All that is certain is that almost any future you care to envisage could in theory come about. Provided you do not choose to reinvent the laws of physics, which seem to be beyond transgression, anything you can bring to mind could probably be achieved.

Or rather – any future you may care to bring to mind could overtake us: for we, the British, the Americans, the Australasians, the Africans and the Asians – we the human species – are not in control. We aspire, or many of us do, to live in democracies. Even despots love the word ‘democracy’. In the name of democracy, we hold protracted and immensely expensive elections. Of course this is worthwhile, for some governments are clearly less disastrous than others.

But even the world’s most committed democracies have a quality that is merely cosmetic; because, in the end, the lives of individual people, and the destiny of humanity as a whole and of our fellow species, is only in part – only in superficial part – determined by governments, elected or otherwise. For at least two million years, since human beings first began seriously to develop technologies, our individual lives and our overall fate, even our evolution, has largely been shaped by those technologies; and in the main those technologies have effectively followed their own logic. One idea has led to another, and each new idea has shaped society afresh. Governments, kings, emperors, like the rest of us, have for the most part merely adjusted to what had become available. Nobody has truly determined the course of events. The most successful have been those who have adjusted fastest to whatever new technique is most powerful.

So long as the technologies were feeble, and so long as human beings were a rare and scattered species, this laissez faire attitude to our own ingenuity mattered very little. But the technologies soon became very powerful; and because of that, we soon ceased to be rare and scattered. Our ancestors had fire, a million years ago. It is truly amazing what can be achieved with a stone axe and a bone-tipped spear. Within the past few tens of thousands of years, it seems, our ancestors obliterated vast suites of other animals, including the big herbivores of Europe and North America and the sabre-tooths that preyed upon them. A few thousand years ago, before the Romans came, ancient Britons de-forested much of Britain, and created the modern moors and heaths. The beautiful but stark islands of the Mediterranean were forested until a few thousand years ago. There was never a policy to bring about such vast and permanent ecological change. It was just the way things turned out, as our ancestors followed their noses, exploited the tools they had to hand, made new ones, and solved their day-to-day problems. The technology employed was of the kind that now looks so quaint in local museums. With stone axes and an aptitude for fire our ancestors altered the entire world, long before any of today’s societies – or any of those in written history – had come into existence.

We have come a very long way since the stone axe. We have not simply created vastly better technologies. We have devised quite new ways of creating technologies. We no longer rely simply upon ingenuity and common sense. For the past several thousand years, at least, many kinds of philosopher have practised what may loosely be called ‘science’; and in the past 300 years, in the western world, the sciences have been refined into a series of disciplines, and of methods, which produce deep and more or less certain insights into the mechanisms of the world and which, increasingly, far transcend common sense. Out of this new science has come a new species of technology which can properly be called ‘high-tech’; the kind of technology that cannot be created, or even conceived, without the extra insights of formal science. ‘Ordinary’ technologies, which relied simply upon human invention, were powerful enough, and still predominate in everyday life. They embrace even the steam engine, which in its earliest forms involved no bona fide science at all. But when science and technology work in harmony – each feeding upon, and developing the other – the combination is very powerful indeed. The resulting machines are stunning; to date, the microchip is perhaps the apotheosis. The effect of high tech upon the world at large is commensurately huge. The rate of change outstrips the transformations that our ancestors brought about, a hundred or a thousand fold.

Now we are busily developing a science, and a resultant group of high technologies, that could change the world and our attitude to it more radically than any we have seen before: the science and technologies of genetics, and in particular of what has been called (I believe misguidedly) ‘genetic engineering’. As I hinted above, the science and technologies promise – or threaten – nothing less than the creation of life, or the indefinite prolongation of the life we already have.

If this science and these technologies are deployed adroitly, they could do more than any other sciences or techniques to solve our present problems, and avert the pending disasters of the future. More than any other science, they could help us to provide agricultures that can feed ten billion people, but do so humanely and without destroying the rest of the environment. They could provide methods of manufacture that preserve fossil fuels and reduce, or even reverse, the pending greenhouse effect; and transform the economies of present-day ‘Third World’ countries, and truly help to create a new ‘world order’. They could provide us with medical techniques that could defeat most infections within a century from now, and probably begin a serious attack upon the cancers while at the same time providing benign but certain methods of contraception that at last will enable people to regulate their own families as so many obviously want to do, even if they have no money or access to high-flown clinics. For the conservation of animals and plants, the science and high technologies of genetics are already vital. Without their adroit application, we cannot hope to save more than a token proportion of our fellow creatures from extinction. On the other hand, if we fail to remain in control, then the science and the new technologies could equally be employed for ends that we may well consider evil, or at least deeply sinister; and which, if things go wrong, could trigger a chain of biological destruction that could outstrip any we have seen before.

As things are, there are two prime reasons why we cannot hope to deploy science and technology astutely; to seize what is there to be seized, and avoid the potentially horrendous side-effects. First, we simply have not defined what it is we want to achieve. We still have the attitudes of the new stone age; that is, we are still content merely to follow our noses. Later in this book I will discuss the notion of natural selection, and explore its deep flaw, which is that natural selection does not look ahead, and in general is bound to favour short-term advantage over long-term. Our stone-age ancestors did not plan, they evolved, according to natural selection. If we simply do as they did, we are bound to accumulate long-term problems, and if we do not address them, they will become overwhelming. In fact, the ecological ills of the world which have now become such a cliché represent, in large part, the accumulated side-effects of 10,000 years of agriculture, along with another 500,000 or so of over-efficient hunter-gathering. But, except for the occasional world conference, where politicians compete for a few days to appear far-sighted, world politics as practised is not distinguished by any particular sense of direction. In general, we do what is there to be done, as our Cro-Magnon ancestors did, and then adapt as best we can to whatever new circumstances we happen to have created.

Second – which is closer to the subject of this book – we cannot hope to deploy science and technology for the public good in the foreseeable future because, quite simply, science and high tech are not in the public domain. People talk about all kinds of things, from football to opera, from sex to politics, but only professional scientists commonly talk about science. To be sure, this is far more true in Britain than in many other countries. In Britain, indeed, educated people still take a pride in not knowing any science. The term ‘intellectual’ is still reserved for those whose learned discourse is confined entirely to literature. The mood is changing slightly, but until very recently (and certainly when I was at University) scientists were considered an odd and slightly dangerous bunch, and professors of physics who were foolish enough to reveal what they did for a living at cocktail parties were likely to spend the rest of the evening talking to the potted plants. We live in a society dominated by science and technology, but we do not live in a science ‘culture’. Science and technology are treated not as a flowering of human creativeness, subject to human frailty, but like the weather: a fact of existence, beyond our control.

Indeed – in Britain at least – science and what are vaguely termed ‘the humanities’ are loosely divided into what C.P. Snow in the late 1950s called ‘the two cultures’, and the schism between the two is deep and pernicious. In the century in which science and high tech have made their greatest impact, and brought the world to a point of departure that may be terminally destructive but could still be idyllic, most people have remained unaware of most of the changes and the new ideas, and the people who are acknowledged as intellectual leaders take a positive pride in not understanding the source of the most significant change.

Yet without understanding, there can be no control; or at least none of the fine and subtle kind that is now required. Furthermore, the necessary understanding requires more than the passing of exams, for science and the high technologies that spring from it can be deployed adroitly only when science has become a natural and accepted part of our culture. It is not simply a ‘method’ for exploring the material facts of the Universe: its ideas change the way we look at all of life. Science must indeed be placed within broader contexts: integrated, in so far as this is possible, into all aspects of philosophy, including economics, politics, ethics, aesthetics, and indeed into religion. The point is not to put science on a pedestal, so that all other disciplines may pay homage, but to bring science and the high technologies that it generates back under human control; or rather, to begin to exercise control for the first time in our very long history.

The purpose of this book is to contribute to the scientific culture, and to do this in particular by looking at the science that I personally find the most interesting (this is my book, after all) and at the technologies which, in the decades and centuries to come, have the power to change the world for good or for ill more profoundly and more quickly than ever before.

Specifically, I want to describe the new science of genetics, and the technologies it produces, largely just to show how interesting it all is. Unless you find science interesting, you will not allow it to permeate your thinking. But there is no problem with this. Science is not a penance. It contains some of the greatest excitements that any pursuit has to offer: aesthetic as well as intellectual.

I also want to show what the new and astonishingly powerful technologies might achieve, both for good and not so good, and to suggest, however presumptuous it may seem, what the criteria should be for judging what is good.

Finally, in the last few chapters, I want to suggest ways in which we might begin to exercise sensible control, and at last begin to deploy technologies for proper ends. To be sure, I am not advocating that we should set up any particular bureaucracies, or make any particular changes of law. I want rather to address the kinds of attitudes of mind that are needed, and the kinds of problems that truly have to be addressed.

One way to write a book like this is to plunge straight in, with a list of agricultural or medical triumphs and disasters. But understanding is the important thing, and there can be no understanding without a feel for the underlying science. Besides, the science is the most interesting. So I will begin at the beginning. It is appropriate to start at the dawn of modern biology: in the middle of the nineteenth century, with Charles Darwin.


CHAPTER 1

The Puzzle of Heredity and the Idea of the Gene

Heredity matters. It matters to each of us that our children, our parents, our families, are ours. It has mattered too much and too often in history that some of us belong to this family, or this race, and other people belong to another; so much, indeed, that human history (and probably much of prehistory) has been punctuated by genocide, which literally means the elimination of a people, but in practice tends to imply the elimination of people perceived to be different; at least, when the people attacked are not perceptibly different, as in civil war, the sin is commonly felt to be the greater. Heredity matters to animals as well; many have evolved ways of avoiding incest, at least between siblings (though father/daughter relationships are harder to avoid); and many spend their time or risk their lives in helping their offspring or their siblings, while treating non-relatives of their own species as rivals. Many plants avoid incest by chemical means; they can mate successfully only with others that are of the same species, and yet are subtly different from themselves.

Genetics is the study of heredity – or, more specifically, of the mechanisms of heredity. Because heredity matters, genetics matters. Indeed, of all the life sciences, genetics probably matters the most of all.

Genetics, then, lies at the heart of myths, of culture, and of the most basic instincts of people and other animals. Human concern with heredity is as old as humanity itself, older, indeed, for it also occupied all our animal ancestors. This book is an overview of the modern science of genetics. I will begin just before that science properly began: with Charles Darwin, and in particular with his pivotal publication of 1859, On the Origin of Species by Means of Natural Selection.

HEREDITY AND CHARLES DARWIN

John Maynard Smith once opined that if Charles Darwin had not written Origin of Species he would still be remembered ‘as the greatest of all field naturalists’.

On several counts, then, Darwin can reasonably be said to have been the greatest biologist of all time. He was certainly not the first to conceive the notion that living things evolved, one from another, and were not simply created in their contemporary form, but he was the first to provide a truly plausible mechanism whereby they could have changed in the way they have as the generations passed. The mechanism he proposed was that of natural selection.

Darwin’s hypothesis of evolution by means of natural selection has two main components. First, it borrows from the prognostications of the English cleric Thomas Malthus – who, at the turn of the eighteenth and nineteenth centuries argued that the human population was bound to outgrow its ability to produce more food, and so was bound, sooner or later, to run into severe trouble. Darwin applied this principle to all living things. All, he perceived – even slow breeders, like elephants – seemed bound to produce more offspring than their environment could support. So, like it or not, all creatures were bound to be thrown into competition with their fellows. Note indeed that in Darwin’s view the main competition was not between a wild horse and the wolf that eats it, but between two wild horses that are both trying to escape from the same wolf: when the race is to the swift.1 This has very interesting implications of many kinds as we will see in later chapters.

Second, Darwin perceived that in any one generation, individuals of the same species vary. One wild horse is very much the same as another wild horse of the same age and sex, but they are not identical. Some do run faster than others. The faster one is indeed the one who escapes.

These two components – inevitable competition, and variation – lead to what Darwin called ‘descent with modification’. If there were no variation, then there would have been no increase in the speed of horses as the generations passed – although such an increase can certainly be inferred from the fossil record. If all wild horses ran at identical speed, then it would be a pure lottery as to which one fell to the wolf. On the other hand, if there were no wolves (or lions or bears, or what you will) to chase the horses, then there would be no particular reason why swift ones should survive at the expense of slow ones. So the competition between horses does not simply lead to a decimation – a random removal of a few, in the way that Roman armies removed a few soldiers pour encourager les autres. It ensures that the ones that are best adapted to the circumstances – what Herbert Spencer, following Darwin, called the ‘fittest’ – are the ones that survive, and they, of course, are the most likely to produce offspring.

Note – which is why this is all so relevant – that Darwin’s notion of evolution, the crucial biological insight of the greatest of biologists, rests on two assumptions about the nature of heredity. First, it assumes that like begets like: swift horses are more likely to give birth to more swift horses, than slow horses are. If it were not so – if all horses gave birth to a random selection of more horses – then natural selection would not work, because the horses born in the next generation would turn out in the same way, whoever survived in the generation before. But then, this observation is hardly exceptionable: resemblances do run in families (and Darwin made friends with breeders of livestock and plants, and himself belonged to an enormous extended family).

Second, however, a system of heredity that could support the mechanism of natural selection would have to allow variation to occur. Again, this is a common observation. Siblings tend to resemble each other more than they resemble other people chosen at random, but siblings are never identical unless they are identical twins (and even they diverge through life’s vicissitudes).

Darwin was a very thorough thinker, and a tremendous worrier (none more so!). He provided the explanation he set out to provide: a plausible mechanism of evolution. But to be perfectly happy in his own mind (and indeed to satisfy all his critics, many of whom were extremely astute) he also wanted to provide a mechanism of heredity that could, in practice, underpin his mechanism of natural selection: one that would ensure that ‘like begets like’, but would also produce at least a modest degree of variation in each generation. In this, he failed. As he lamented in one doleful passage in Origin of Species:

… no one can say why the same peculiarity in different individuals … is sometimes inherited and sometimes not so; why the child often reverts in certain characters to its grandfather, or much more remote ancestor; why a peculiarity is often transmitted from one sex to both sexes, or to one sex alone, more commonly but not exclusively to the like sex.

Now, of course, the mechanisms of heredity have been worked out. As this chapter will soon explain, they are in principle very simple, so simple that some biologists have wondered at Darwin’s failure to work them out for himself. Some have even gone so far as to suggest that Darwin was, in fact, not particularly bright.

But those who doubt Darwin’s intelligence are themselves immensely foolish. It is not pure chauvinism that prompts me to defend Darwin as the greatest genius of biology. We could argue simply that none of Darwin’s immediate peers, who included people of unquestioned intellect – Thomas Huxley comes most obviously to mind – was able to infer a plausible mechanism of heredity either.

In fact, if we think about the matter objectively, Darwin’s ‘failure’ to provide a plausible mechanism of heredity is absolutely typical of the history of science in general. Only a small proportion of scientific cogitation leads to insight. The rest leads into blind alleys, and once the scientist is in a blind alley, it is extremely difficult for him or her to get out again. Usually, scientists are rescued from the various gum trees up which they climb only by their peers, who are looking at the problem from a different angle.

Darwin, I believe, was simply the wrong kind of thinker to arrive at the correct mechanism of heredity. He conceived his grand overview of evolution by looking at thousands of different instances, in thousands of different species: beetles, finches, barnacles, orchids, human beings; in other words, through the eyes of a tremendously accomplished naturalist. Nothing short of such a grand sweep could suggest a convincing mechanism that could be seen to apply to all of them.

But when you start to look at the details of heredity on such a grand scale, confusion reigns. As we will see – and as indeed is common experience – even very simple mechanisms of heredity can give rise to complex patterns of inheritance. Besides, there are mechanisms which, though simple in principle, are not particularly simple in detail, and they produce enormously complicated patterns of inheritance. Add to that the problem of sudden random change, sometimes caused by genetic mutation (just to anticipate) and sometimes caused by ‘recessive’ genes that make themselves felt only now and again, and sometimes caused by accidents or diseases in the womb (accidents which, in Darwin’s time, could not easily have been distinguished from true genetic changes). Any character that an individual is born with is, by definition, ‘congenital’, but congenital characters (such as congenital disorders) may result from particular genes, or may be caused by accidents in the womb or, for example, disease organisms passed on by the mother. Characters that are properly called ‘hereditary’ cannot be assumed to be genetic, either: for example, syphilis may be passed from generation to generation. In short, any line of inheritance occasionally throws up ‘sports’, or ‘monsters’, creatures that are quite out of the ordinary. All in all, it is quite impossible to see a coherent pattern of inheritance simply by scanning the whole of life, as a naturalist tends to do. Darwin’s cri de coeur in Origin is all too easy to explain.

However, if Darwin did have a true intellectual fault, it was that he was not numerate. He admired people who were, like his cousin, the pioneer statistician Francis Galton. He fully acknowledged the importance of maths in rigorous analysis. But his own experiments, though beautifully meticulous and inclusive, tended primarily to be qualitative: ‘This happens, and this and this’. Statistical analysis was lacking. As will become evident throughout this book, you cannot carry out serious genetic studies – indeed you hardly see the patterns of heredity at all – unless you are a statistician (although in practice there is no maths in this book, largely because the author is roughly as innumerate as Darwin). One important point is that statistical analysis depends on large samples; you simply cannot see the patterns in small samples (or if you do it is only by luck). If Darwin had had several hundred children instead of a mere ten or so, and several wives instead of one, and several thousand cousins instead of a few score, then he might well have been able to infer, for example, ‘why the same peculiarity … is sometimes inherited and sometimes not so’. But observations even of all the hundreds of people randomly encountered throughout his life could not truly reveal the orderly patterns.

In fact, Darwin did entertain two notions of heredity in particular: both germane to our theme. First, throughout his life he toyed with variations on the notions of the French biologist of the early nineteenth century, Jean-Baptiste Lamarck. Lamarck suggested that offspring inherit characteristics that were ‘acquired’ by their parents. Suppose, for example, that ancestral giraffes had short necks. Suppose that those ancestral giraffes spent their lives stretching those necks, to reach the higher leaves. As a result of all those efforts, said Lamarck, the offspring would be born with slightly longer necks than their parents. They too would stretch, and their offspring in turn would have even longer necks. And so on.

Such a mechanism was finally scotched in the late nineteenth century by the German biologist August Weismann. He suggested that information from the body cells (such as the muscle cells of a giraffe’s neck) did not pass to the gametes (the eggs and sperm), so that heredity could not directly be influenced by the activities of the parents. Even so, Lamarck’s hypothesis was far from foolish, and the derision he received in his own lifetime was founded in prejudice and ignorance. There should be no disgrace in science in being wrong, only in being dishonest, or dogmatic, or obfuscatory.

Besides, there is a twist to Lamarckism that makes it highly relevant today. After all, we may say – following Darwin’s theory of natural selection – that giraffes did not acquire long necks because their parents stretched their own necks; it was just that natural selection favoured the particular individual giraffes who happened (by chance) to have the longest necks.

Ah, we may ask, but why did natural selection favour long necks in giraffes? Why did it not favour long necks in okapis or anteaters? The answer is – because the ancestral giraffes were in fact feeding on leaves in high trees, and okapis and anteaters were not. In other words, the stretching of the ancestral giraffe necks did not lead directly to long-necked offspring. But it was only because the ancestral giraffes had a predilection for feeding in tall trees that natural selection favoured long necks in the first place. In other words, animals do have some (unconscious) ‘control’ over their own evolution, even though natural selection is the mechanism that finally applies. At least, they tend (albeit unconsciously) to put themselves in a position in which natural selection favours such-and-such a character, rather than another.

Darwin, however (just to hammer this point down), was not looking to Lamarck for an explanation of evolutionary change: natural selection is in general an alternative to Lamarck’s ‘inheritance of acquired characteristics’. He did, however, entertain the idea that the mechanism of inheritance that Lamarck proposed might be correct, and that it could underpin natural selection just as well as it underpinned Lamarck’s own theory of evolution. Indeed, after Darwin published Origin of Species, he wrote a long essay suggesting that body cells (such as giraffe neck cells) in fact produce ‘gemmules’ or ‘propagules’, which, he suggested, contained summaries of information about themselves; and that these summaries then passed to the reproductive organs, thence to become part of the hereditary information. He called this proposed mechanism, ‘pangenesis’. It was, of course, in direct opposition to the notions of Weismann, which were published a couple of decades later.

Darwin always sought the opinions of his friends, and he asked Thomas Huxley what he thought of pangenesis. Huxley put on his ‘sharpest spectacles and best thinking cap’ and replied with wonderful diplomacy: ‘Somebody rummaging among your papers half a century hence will find Pangenesis and say, “See this wonderful anticipation of our modern theories, and that stupid ass Huxley preventing his publishing them”.’2 But Huxley, as Darwin well knew, was a very wise ass indeed, and he kept his ingenious but crackpot notion to himself.

In general – whatever the details – Darwin supposed that parental characters were combined (more or less) in the offspring by a kind of blending, like a mixing of inks. He must have known that this was unsatisfactory. After all, red flowers crossed with white flowers may produce pink flowers (as we will see). But the cross may equally well produce offspring that are all red, or all white, or a mixture of the two.

There was a broader objection, however, one pointed out in 1867 by a professor of engineering from Glasgow University, Fleeming Jenkin. For Darwin, in Origin, was not seeking simply to explain evolutionary change. He affected – as the title of his seminal book proclaimed – to explain the origin of species. The central notion of the species (at least in Darwin’s day) was that each species differed qualitatively from another. The new species should be able to shake off the qualities of the ones that came before. But Jenkin – albeit with the racialism typical of his time – suggested a scenario that would seem to proscribe such radical change. Thus, he said, a white man cast away on an island of black people might well be acknowledged as their king. If he were, then he would enjoy all the reproductive success he might hope for. This reproductive success would be a measure of his ‘fitness’, in that particular environment; and hence the deified white man in the island of blacks would be bound to be favoured by natural selection, as envisaged by Darwin.

Yet, said Jenkin, this hypothetical successful white man ‘cannot blanch a nation of negroes’.3 In short, the ‘blending’ inheritance envisaged by Darwin could not apparently produce the kind of absolute changes that Darwin envisaged – changes that indeed could lead to the origin of new species.

In summary, Darwin produced the theory that has transformed biology, and indeed has changed the course of modern philosophy more profoundly than any other thinker of the past three centuries.4 Yet the mechanism he proposed cannot work unless the process of heredity operates in a particular way: a way that can produce variation from generation to generation even while respecting the general condition that ‘like begets like’; and in a way that would allow obsolete characters to be shuffled off completely and absolutely. But what that mechanism might be, Darwin failed absolutely to perceive.

Here we come to yet another irony, in fact to several more. First, the mechanism of inheritance that Darwin sought and needed was worked out and published during his own lifetime – indeed, just a few years after Origin appeared – by a scientist/monk in what was then called Moravia. Second, however, this crucial insight was overlooked by the scientific community at large, and was in fact forgotten until rediscovered at the beginning of the twentieth century. Third, when the vital mechanism of inheritance was finally rediscovered, it was not at first acknowledged as the key to Darwinism, the means by which natural selection could actually work. By contrast, biologists argued for several decades that if the newly discovered mechanism of inheritance was correct, then natural selection must be wrong.

But I am running ahead of the story. The monk who provided the vital mechanism that Darwin needed was Gregor Mendel.

GREGOR MENDEL

Gregor Mendel (1822–1884) was almost an exact contemporary of Darwin: he was born just thirteen years after Darwin was born, and died two years after Darwin died. By the mid-1860s he had completed experiments which provided precisely the mechanism that Darwin’s theory of evolution needed to round it off. Many commentators have said what a pity it was that Darwin never knew of Mendel’s work. But then, they sigh, Mendel was a monk, who did his work in the Augustinian monastery of St Thomas at Brunn in Moravia (now Brno in Slovakia) – a distant country of which we knew as little then as Neville Chamberlain apparently did in 1938. Mendel announced his pivotal ideas in two lectures in the Natural History Society of Brunn, and they were published in the society’s Transactions for 1866.

Yet Mendel was not a country bumpkin. He had studied mathematics, physics and biology in Vienna. Moravia and Brunn were not obscure. There was almost a century to go before the ‘Iron Curtain’ descended: Moravia in the mid-nineteenth century was very much a part of Europe. Sets of the essential Transactions were kept in England both in the Royal and the Linnean Societies. Darwin was extremely widely read, and other biologists brought matters of interest to his attention. Mendel also visited England, and some have rumoured that he actually visited Darwin. The great British population geneticist E.B. Ford avers that he did not: as Ford records in Understanding Genetics (Faber and Faber, London, 1979, p. 13) ‘I am … the last of those who shared their friends with Darwin, and among the last who knew one of his children (Major Leonard) quite well … and am confident that no meeting between Darwin and Mendel ever took place’. Yet I remain intrigued by the notion that Darwin may well have known of Mendel’s key experiments but – like everyone else at the time – failed to see their significance.

Such a failure does not reflect ill on Darwin. It would be perfectly understandable. After all, Mendel conducted his experiments with a few carefully selected characters in carefully selected plants – that is to say, with garden peas – under highly contrived conditions. Not even he was able to see that he had in fact discovered universal laws. It would indeed have been stretching credibility too far to suggest that the rules he had worked out in peas could also explain the caprices of inheritance in human beings. Here we have the nub of the problem, for although the basic rules of inheritance are simple, and universal, the realities of inheritance are such that the existence of those rules could not be inferred except by exploring deliberately simplified cases, in highly contrived circumstances. But Darwin was a broad thinker, and in this, he was hoist on the petard of his own breadth.

Mendel carried out his seminal experiments on the garden pea, Pisum sativum. In particular, he explored the patterns of inheritance of eight different characters, which included stature (short or tall), the colour of the unripe pod (yellow or green), the colour of the cotyledons within the seed (yellow or green), and the behaviour of the seed as it dried – whether it remained round, or became wrinkled.

Clearly, his experiments were highly contrived. He knew perfectly well – because he was an accomplished horticulturalist, as indeed were his parents – that the pattern of inheritance in domestic plants is sometimes orderly, and sometimes much less so. Garden peas are inbreeders: the seeds are fertilised by pollen from the same plant. Indeed the pollen comes from the same flower: it has to, because the stigma which receives the pollen and the anthers that produce it are completely enveloped by the petals. Inbreeding plants are also true-breeding: you do not see the erratic pattern of inheritance that Darwin observed in human beings (and other animals) and which can also be seen (for reasons that will become evident later) in, say, cabbages. Mendel knew, before he began, that peas would give him clear results, if any plant would; and that cabbages (say), would probably not.

Furthermore, Mendel knew perfectly well that only some characters in garden peas are inherited in an orderly pattern. Indeed he recorded the fact:

The various forms of peas selected for crosses showed differences in length and colour of stem; in size and shape of leaves; in position, colour, and size of flowers; in length of flower stalks; in colour, shape, and size of pods; in shape and size of seeds; and in colouration of seed coats and albumen. However, some of the traits listed do not permit a definite and sharp separation, since the difference rests on a ‘more or less’ which is often difficult to define. Such traits were not usable for individual experiments; these had to be limited to characteristics which stand out clearly and decisively in plants.

So Mendel very deliberately elected to study the inheritance of a few carefully selected traits, in a well-chosen species. This is good science; it is a well-established principle that complex issues are often best approached through the study of simple cases. We can see, though, why even those who we know were aware of Mendel’s work – why even Mendel himself – did not perceive that the rules that applied to highly selected characters in highly selected plants in practice apply to most characters in most animals, plants and fungi.

Yet Mendel’s experiments, deliberately contrived to give simple results, also showed why it was so difficult to discern any order in inheritance among creatures at large, for even the simple examples he chose to study led quickly to enormous complexities.

Thus, to begin as simply as possible, round-seeded varieties of garden peas when left to self-pollinate produced round-seeded offspring, and wrinkle-seeded varieties, when self-pollinating, produced wrinkle-seeded offspring. This is what ‘true-breeding’ implies. But in one of his first experiments, Mendel explored what happened when round-seeded were crossed with wrinkle-seeded. This he did by removing the anthers of one kind, so they could not self-pollinate, and then brushing their stigmas with the pollen of the other kind; the time-honoured technique of the plant breeder.

A cross between two varieties is called a hybrid. The first generation following a cross between any two specified parents (whether of the same or different varieties) is called the F1 generation; and their offspring are in turn called the F2 generation, and so on. In the event, the answer to the first of Mendel’s questions is that the F1 hybrid offspring of round-seeded and wrinkle-seeded peas all had round seeds.

What then had happened to the quality of wrinkledness? Mendel now allowed the F1 hybrid plants to self-pollinate. The result of this was that some of the F2 generation had round seeds – but in others, the quality of wrinkledness had mysteriously reappeared. This, of course, is exactly the kind of phenomenon that Charles Darwin had drawn attention to: that a character may miss a generation, and then crop up in a later one.

Mendel was not content merely to observe that some F2 plants were round and some were wrinkled. He counted them. There were 5474 round ones, and 1850 wrinkled ones. The ratio is very nearly three to one.

A short diversion is called for. The great British twentieth-century statistician R.A. Fisher pointed out that Mendel’s figures were, in fact, too good to be true. All Mendel’s published results show very clearly the kinds of ratios that confirm his ideas. But life isn’t like that. In truth, all biological systems are subject to time and chance, and the kinds of figures that are really obtained from experiments such as Mendel’s only rarely show exactly what they are supposed to show. Some critics have darkly hinted that Mendel, holy man though he was, fiddled his results.

I do not believe for one second that that is the case. Here, rather, is yet another quirk of science history. For it is only in the twentieth century that biologists (like physicists) have routinely begun to work in teams, and it is only now that those teams have come routinely to include statisticians. Indeed, everyone acknowledges nowadays that if complex experiments in biology are truly to be informative then statisticians must be involved at the design stage.

Mendel was not a statistician in the modern sense – for indeed, statistics in his day was still primitive. His statistics was of the commonsense, accountant’s variety. He probably did not perceive that rigorous statistics were necessary to test hypotheses. Probably, rather, he saw the experimental results primarily as a means of illustration, of confirming what common sense already showed was obvious. In the same way, two centuries earlier, Isaac Newton recorded precise experiments with light that he could not possibly have carried out. But Newton, unimpeachably honest, was not at all contrite. ‘Of course the experiment did not turn out exactly as I recorded,’ he replied when challenged (though I paraphrase): ‘This is the seventeenth century for Goodness’ sake! What do you expect with prisms like these? But it is obvious what would have happened, if I had been able to control all the factors precisely.’ Mendel doubtless felt the same. He counted peas until (so common sense suggested) he had counted enough to make the point. So what else do you need?

The three-to-one ratio that Mendel observed has several implications. First, it suggests that inheritance can indeed follow simple arithmetical rules. The patterns of inheritance are not invariably messy. Second, the clear ratio clearly militates against the kind of explanation of inheritance that Darwin found himself adhering to: that inheritance is like a mixing of inks. There was no mixing here. The F2 peas were either wrinkled, or they were not. They were not half-wrinkled, or wrinkled in parts. The quality of wrinkledness had not been diluted, and still less had it been extinguished. It had merely been suppressed for a generation. But how?

Mendel, genius that he unquestionably was, provided an explanation that was simple, satisfying and – so all experiments subsequently suggest – correct. The characteristics of a plant (‘characters’) were determined not by vague pervasive philtres that could be mixed like inks. Instead, each character was determined by a discrete ‘factor’ (Mendel used the German Anlagen for ‘factors’). These are the factors that we now call genes, and for convenience, I will use that excellent term from now on.

Each individual, said Mendel, contains two copies of each gene; one inherited from its mother, and one from its father. And each individual (just to round off the point) passes only one copy of each gene on to its offspring. And this is the essence of classical genetics, from which all else follows. The rest of this book is a footnote. It is, however, quite an interesting footnote, so I will continue.

Each true-breeding round pea, so Mendel inferred, contained two copies of the gene for roundness, and each true-breeding wrinkled pea contained two copies of the gene for wrinkledness. In fact, of course, the roundness gene and the wrinkledness gene are different versions of the same gene; that is, different versions of the gene that determines seed shape. Different versions of the same gene are called alleles of that gene, and ‘allele’ is an extremely important term.

Each kind of pea passes on only one copy of its pea-shape gene to its offspring. Hence the true-breeding round pea passes on one roundness allele to each offspring, and the true-breeding wrinkled pea passes on one wrinkledness allele to each offspring. They can do nothing else, each one contains only one kind of allele for that particular gene. Hence the F1 offspring of a cross between a true-breeding round and a true-breeding wrinkled all contain one roundness allele and one wrinkledness allele.

Mendel realised the roundness allele is dominant over the wrinkledness allele. So long as it is present, the wrinkledness allele remains inoperative. That is, it is recessive. So the peas of the F1 cross-bred generation are all round, because in each one, only the roundness gene makes itself felt.

Consider what happens now, however, when the F1 offspring themselves start to breed. Stage one is to produce gametes: eggs or sperm. Each gamete can contain only and copy of each kind of gene. But the F1 offspring each contain two versions of each pea-shape gene; both a wrinkledness allele and a roundness allele. Each one can pass on only one of the two alleles to each gamete: either the wrinkledness allele or the roundness allele but not both.

Hence, if these F1 offspring are randomly crossed with other F1 offspring the subsequent, F2 generation contains a fine old mixture. Each individual could, in principle, inherit two roundness alleles (one from each parent) – in which case its own seeds would be round. Or it could inherit two wrinkledness alleles – and then its seeds would be wrinkled. Or it could inherit one roundness and one wrinkledness allele – in which case, because roundness is dominant, its seeds would be round, just as if it had inherited two roundness alleles. Common sense immediately allows us to see that there are three ways out of four in which the F2 seeds could finish up being round, and only one way out of four in which they could finish up being wrinkled. If common sense fails, Figure 1.1 makes it all obvious at a glance. In fact, as Mendel found, in this experiment the ratio of round peas to wrinkled peas in the F2 generation is indeed 3:1.

Mendel, as already noted, did not establish the basic vocabulary of genetics; indeed, the term ‘genetics’ was not coined until 1909. But it will make this historical account easier if at this point we introduce a few basic twentieth-century terms that will occur throughout this book.
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Figure 1.1 Mendel’s famous 3:1 ratio

The parents (P) are round homozygous, and wrinkled homozygous. Their F1 offspring are therefore all genetically heterozygous – but round is dominant so they are all phenotypically round. The F2 generation contains one homozygous round and two heterozygotes – all of which are phenotypically round – plus one homozygous wrinkled; the only one that is wrinkled phenotypically.

First, an individual that contains two identical alleles of a particular gene is said to be homozygous for that gene; while an individual that contains two different alleles of a particular gene is heterozygous for that gene. Clearly, too, we must differentiate between an organism’s phenotype, which refers to how it looks; and its genotype, which alludes to the genes it contains. Thus homozygous round-seeded peas, with two roundness alleles, are phenotypically the same as heterozygous round-seeded peas, containing one roundness and one wrinkledness allele. But genotypically the two are different – as is shown by the phenotypes of their offspring. Finally, the total complement of genes (alleles) within any one individual is called its genome, and the total array of alleles within any breeding population of organisms is called the gene pool.

Mendel’s first experiment with peas is about as simple as heredity can be, yet in principle it illustrates almost all there is to know about its basic rules. So why, in reality, does heredity seem complicated – so complicated, indeed, that it fooled Charles Darwin?

Mendel himself again provided the essence of the answer. It is easy (even by playing simple mind-games, and without carrying out experiments at all) to envisage complications: and once you add a few complications, the patterns that rapidly emerge become very intricate indeed. Furthermore, it soon becomes impossible to see any patterns at all unless the numbers of offspring are very large indeed. In short, once you get beyond the very simplest examples, you have to be a statistician to see what is going on. Mendel was a statistician of a simple kind, while Darwin was a wonderful observer but was not a statistician at all. He had no hope of seeing clear patterns from observations of single lineages of creatures that have only a few offspring, such as human beings.

Specifically, Mendel did not stop with his experiments on wrinkledness and roundness in peas. He went on to show that the yellow colour of seeds dominates green colour. When yellows were crossed with greens all the F1s were yellow, and when the F1s were allowed to self-pollinate, the yellows in the F2s outnumbered the greens three to one, exactly as with roundness and wrinkledness.

He then tested the inheritance of both characters together, and found, first of all, that whether a pea’s seeds were wrinkled or round had no bearing on whether they were yellow or green. The two characters were inherited independently – and this independence of inheritance is one of Mendel’s fundamental laws. He then found that when homozygous round-yellows were crossed with homozygous wrinkled-greens the resulting phenotypes were in the ratio of nine round-yellows, three round-greens, three wrinkled-yellows, and one wrinkled-green. This is another famous Mendelian ratio, 9:3:3:1; and the reason for it can be seen at a glance in Figure 1.2. But the ratio cannot be seen at all unless there are at least sixteen offspring, and because of the stochastic (chance) variations this ratio is not likely to emerge at all clearly unless the numbers of offspring are very large indeed. Clearly, too, some combinations of characters are rare: only one in sixteen of the pea offspring (on average) is both wrinkled and green. A plant breeder would hope to produce such comparative rarities by producing tens of thousands, or millions of offspring. In a human family, such rarities would simply turn up now and again, apparently ‘out of the blue’.
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Figure 1.2 Mendel’s Law of Segregation

Most characters in most organisms are inherited independently of other characters. Thus round peas can be either yellow or green, and wrinkled peas can also be either yellow or green. But because the round gene dominates the wrinkled gene, and the yellow gene dominates the green, the offspring of doubly heterozygous parents appear – phenotypically – in a ratio of 9 : 3 : 3 : 1.

The important point to note here is the cumulative effect even of ‘simple’ complications. Just add one complication to another, and the outcome rapidly becomes very confusing indeed, just as Darwin observed. We may draw a parallel with the modern mathematical concept of chaos: a few simple physical rules, piled one on top of another, produce effects which, in detail, are totally bewildering. Some have said that Mendel was lucky to have seized upon examples in which clear rules could be easily discerned. The facts instead suggest that he was simply a genius, who knew that complexities have to be sought by focusing first upon simplicities. The approach to complexity through simplicity is René Descartes’s principle of reductionism.

Mendel’s seminal experiments, duly announced and recorded, were then ignored and effectively forgotten for the rest of the nineteenth century. Mendel himself embarked upon experiments which, I feel, his own native good sense must have warned him against. His senior, Karl Wilhelm von Nageli, suggested to Mendel that he should try to make sense of the heredity of the hawkweed, Heiracium. Mendel accordingly worked on Heiracium from 1866 to 1871, and got precisely nowhere. The reason is now clear: Heiracium reproduces by parthenogenésis – that is, the eggs develop into embryos without being fertilised by the males. Parthenogenesis is in fact a form of asexual reproduction, even though it is based upon sex cells. Clearly, Mendelian laws of inheritance do not apply to it. Von Nageli would not have known this, however. His intervention may in practice have held up the development of genetics by several decades – but if it did, it was inadvertent. He was not trying to be mischievous. He was merely being realistic, in a way that Darwin might have approved of.

Perhaps Mendel was frustrated by his lack of recognition: this is suggested by his recorded comment, ‘Meine Zeit wird schon kommen’ – ‘my time will surely come’. But in practice he was elected Abbé of Brunn in 1868 and became more and more involved in church politics until his death in 1884. Further advances in the science of genetics were left to the twentieth century. The achievements of that science have indeed been spectacular. At the purely theoretical level – we will come to practicalities later – twentieth-century geneticists have advanced the whole process of unification. Thus they have shown that the ideas of Mendel do indeed complement those of Darwin, and have revealed that Mendel’s abstract ‘Anlagen’ have a precise chemical basis, and act in clearly definable ways, thus unifying the parallel sciences of genetics, biochemistry, and indeed pharmacology. Genetics, in short, as this book will unfold, has effected the grandest of all conceivable syntheses within the overall science of biology.

But it has also revealed a huge range of further complexities in the mechanisms of heredity: complexities that fully vindicate the confusion of Darwin, and emphasise the genius of Mendel, in pinning down the essentials.

‘CLASSICAL’ GENETICS IN THE TWENTIETH CENTURY: AN INSTANT GUIDE

In Russia, in the middle decades of this century, the ideas both of Darwin and Mendel were rejected on ideological grounds. Soviet ‘crop improvement’ was consequently based on non-Mendelian principles – a fact from which their agriculture has never recovered.5 It is ironical, then, that the first scientist truly to recognise the significance of Mendel’s results, soon after their publication, was a Russian botanist, I.F. Schmalhausen. In general, however, Mendel’s work lay fallow until 1900, when it was discovered by three scientists working independently: the Dutch biologist Hugo de Vries; the German botanist Carl Correns; and the Austrian Erich Tschermak. Within a few years the French zoologist L. Cuenot, the American biologist W.E. Castle and the British biologist William Bateson showed that Mendel’s laws apply to animals as well as plants. Bateson also – in 1909 – coined the word ‘genetics’.

Since then, to be brutally brief, the central science of genetics – ‘classical genetics’ – which deals with the patterns of inheritance, has been developed by such giants as T.H. Morgan in the United States and R.A. Fisher (the statistician) and C.D. Darlington in Britain. The creatures that have emerged as the principal ‘models’ for such studies have included various bacteria, including the famous and ubiquitous Escherichia coli, which lives in the gut of human beings and of many other animals, usually harmlessly but also causing various forms of travellers’ diarrhoea; yeast, which is a fungus-like single-celled organism; true fungi, such as Neurospora; maize, among plants; and, most famously of all among animals, the fruit-fly Drosophila, favoured first by Thomas Morgan. Drosophila has many visible characters that have a simple genetic basis, produces a lot of offspring, and has a generation time of just a few weeks; an ideal subject. There have also been many classic genetic studies on various snails, which are convenient because many of their genes show their presence by affecting the colour or form of the shell; on a vast range of domestic plants and animals; and on various odd but convenient species such as tobacco (Nicotiana) and Primula, and the small floating water-weed, Arabidopsis. Scientists, in short, are opportunists. They make use of whatever is to hand that seems most likely to throw light upon the immediate problem – just as Mendel worked on garden peas, and Darwin played around with pigeons.

These classical genetic studies have revealed that Mendel was right to begin work on characters that he knew, or sensed, had a simple pattern of inheritance. For they have revealed a great many complications, of which the most important are as follows:

First, it is clear that the same character or set of characters – the same phenotype – may be brought about by quite different genetic means. Thus, some strains of wheat are tall (that is, have long stems) and some are short. But some are tall because they produce more of the growth ‘hormone’ giberellin – while others produce the same amount of giberellin but have cells that are more sensitive to it; and some are tall because they are less responsive to changing day-length and do not so quickly acknowledge that autumn is pending, and so they go on growing for longer. Among dogs, Great Danes are big because they have genes which in a general way promote growth, while St Bernards are big largely because they produce large amounts of the growth hormone from the pituitary gland (and they are in fact ‘pituitary giants’). As discussed further here, several snails of the Pacific islands have transparent shells, but appear to be coloured because the mantle beneath is coloured. But shell transparency has a different genetic basis in different kinds of snail. And so on.

Neither can we infer that two phenotypically different creatures are necessarily different genetically. Phenotype in general is ‘plastic’; that is, the form, colour, behaviour, and even in some cases the sex of an organism may be determined not only by its genome, but by circumstance. Oak trees that grow in crevices in rocks are very different in form from the tall, straight trees of oak forest, or the luxuriantly spreading behemoths of open fields. Some salamanders sometimes retain a larval form throughout their lives, and sometimes assume an adult form, depending on what life has to offer them. Successive generations of children in the western world have tended to be taller than their parents, in a manner that looks very Lamarckian, but isn’t. Tortoises are female if incubated at high temperatures, but male if incubated in the cool. Female naked mole-rats stay small and infertile so long as the queen mole-rat is ruling the nest, but can themselves grow into big, fertile queens if the boss lady dies. In Chapter 3 we will explore the phenomenon of gene expression: the fact that genes make their presence felt under some circumstances, but not necessarily under others. Thus, a gene may become operative in a cool environment for example, but not when it is warmer. In general, plasticity of phenotype is largely but not exclusively explained by the effect of environment on gene expression.

Then again, most characters in any one organism are polygenic; that is, they are brought about by more than one gene. Skin colour in humans is one such character – as Fleeming Jenkin observed: so the offspring of one black parent and one white may be any colour from creamy to dark.

On the other hand, most genes are pleiotropic in their effects, which means that they affect more than one character, and often affect characters that are not at all related. Thus did the great British geneticist E.B. Ford observe that different colour variants of brown butterflies in fact have different resistance to temperature. The difference in colour does not, in this case, directly affect the temperature response, but the genes that result in colour differences also produce a difference in physiological response.

Easily confused with pleiotropy is the phenomenon of linkage – a phenomenon that Mendel himself observed. For genes, as we will explore more fully in the next chapter, are ‘carried’ on physical structures known as chromosomes, within the cell nucleus; and as Thomas Morgan first established, they occur in rows, one behind the other. Each place on the chromosome, where each gene occurs, is called the locus of that gene. Genes that are carried on the same chromosome may be inherited together, effectively as a package. If they are very close together on the same chromosome – that is, closely ‘linked’ – then they are extremely likely to be inherited as a pair.

This phenomenon has several very important connotations. First, it shows that one of Mendel’s fundamental rules – the one that says that different genes can be passed on independently of all others, so that round peas and wrinkled peas can be either yellow or green – is not invariably true in practice. If the roundness gene was linked to the yellowness gene then the two qualities would tend to be passed on together. Note, however, that whereas two different characters brought about by a single pleiotropic gene will always go together, two characters that are caused by different genes that happen to be linked will go together only sometimes. Indeed, geneticists can ascertain where particular genes are positioned on chromosomes – that is, begin to create a chromosome map – by measuring the frequency of linkage (or, more precisely, by comparing the frequency with which the two characters turn up together, with what would happen if they were not linked at all).

The phenomenon of linkage – which depends on the physical proximity of genes on any one chromosome – has itself been the subject of vigorous natural selection. For within the cell, genes act in concert with other genes. In general, as we will see in the next chapter, genes produce enzymes; and enzymes work in conjunction with other enzymes, to form ‘metabolic pathways’. Enzymes work most efficiently if they are compatible with all the other enzymes in their pathway – for example, if the first enzyme in the pathway turns out its product at exactly the pace, and in the form, that the next enzyme in the pathway is best able to deal with. Hence it is advantageous if genes that produce enzymes in the same metabolic pathway are inherited as a group; and natural selection has accordingly favoured the coming-together of genes that habitually work together. Groups of genes that have thus been selected are called clusters, and Darlington called such clusters, passed on and working in unison, supergenes.

A special example of linkage is sex linkage. In most animals (though not in tortoises and some others) sex is determined by special chromosomes known as sex chromosomes. All mammals, for example, are female if they contain two X chromosomes – that is, are XX; and are male if they possess an X and a Y chromosome – that is, are XY. The allele that causes the human blood disease haemophilia is recessive, and is carried on the X chromosome. If a male inherits an X chromosome with the haemophilia allele, then he has the disease; for there is no equivalent, dominant allele on the Y chromosome to override it. If a female inherits an X chromosome with the defective allele, then she will probably be clear of the disease, because her other X chromosome will probably carry a normal allele that will dominate. Such a female will, however, be a carrier of the allele, and a carrier has a 50/50 chance of passing on the chromosome with the defective allele to each of her children. A girl could be a haemophiliac herself, if her father was a haemophiliac, and if her mother was a carrier, though this is a most unlikely state of affairs. Hence, in general, haemophilia is a sex-linked disorder: it is far more common in boys than in girls. Haemophilia blighted Queen Victoria’s family, and Darwin may well have had this in mind when, in Origin, he wondered why ‘a peculiarity is often transmitted … to one sex alone’. Domestic cats provide a more homely example. Gingers are always toms. The female equivalent of the ginger tom is the tortoiseshell. The one exception – apparently tortoiseshell males – is brought about by a chromosome anomaly known as Klinefelter’s syndrome (of which more later) in which individuals that look male (but are sterile) contain two XXs or more, and at least one Y chromosome (XXY, XXYY, XXXY or XXXXY).

Dominance, too, need not be the all-or-nothing affair that Mendel observed in peas. The degree to which a gene makes itself felt is its penetrance, and penetrance varies, for all kinds of reasons. Sometimes one allele is merely partially dominant over its partner. Thus in some cases a red-flowered plant crossed with a white-flowered plant produces a pink-flowered offspring. Then it may seem as if the two characters are simply being mixed, like coloured inks, but this is not so. If, in such a case as this, the pink hybrids are self-pollinated, then the offspring will include some pure reds and some pure whites, as well as some pinks.

In 1908, H. Nilsson-Ehle showed partial dominance and polygenic inheritance working together, to influence the colour of the kernels of wheat. Some wheat strains have dark red kernels, and are true-breeding. Some have white kernels, and they, too, are true-breeding. When the two types are crossed, the F1s are all medium red. But when the Fls reproduce, the F2s show a range of colours. For every sixteen plants (on average), one would be dark red, one pure white, and there would be fourteen intermediates: four pink, four fairly dark-red, and six medium-red. The point here is that colour is determined by two alleles, with the red partially but not completely dominant over the white. A plant that contains four red alleles (that is, is doubly homozygous) is dark red, and one that is doubly homozygous for white alleles is white. Any other combination produces some intermediate colour, depending on the number of white or red alleles.

Then again, sometimes the effect of one of the pair is actually enhanced by the presence of the other, in which case the gene that is enhanced is said to be superdominant.

Some complications are positively bizarre. In particular, not all the genes in animals or plants are carried on the chromosomes, tucked away in the nucleus. Some are carried on small structures (organelles) within the cell cytoplasm, outside the nucleus – such as the mitochondria, which in both animal and plant cells contain the enzymes that carry out cell respiration; some are carried on the chloroplasts, which in plants carry out photosynthesis. During fertilisation, the female egg (ovum) combines with the male sperm. In general – and certainly for most of the time in animals – only the ovum provides cytoplasm, for the sperm, effectively, is all nucleus. Thus mitochondrial and chloroplastic genes – ‘cytoplasmic genes’ – are in general passed on only through the female line.6 Clearly, though, the laws of Mendelian genetics cannot possibly apply to organelle genes. As we will see in Chapters 6 and 7, however, plant breeders, opportunist as ever, make use of cytoplasmic genes in various ways. For one thing, some mitochondrial plant genes induce male sterility, which in plant breeding can be useful; and chloroplasts can provide convenient sites in which to position novel genes during genetic engineering.

Finally, genes, every now and again, mutate. That is, they simply change, and start to behave differently. Mutations occur randomly in nature, although in practice some kinds of mutation occur more frequently than others, and some genes are prone to mutate in particular ways, and various environmental stimuli – such as X-rays, ultra-violet radiation, and various chemicals – can increase the rate of mutation.

Genetic mutations are random, and most lead to bad effects. By the same token, you would not seriously expect to improve the workings of a television set by giving it a random kick, even though we have all resorted to it. Mutations that occur in body cells can lead to cancers, which is why excessive sun-bathing (over-exposure to ultra-violet) can lead to skin cancer; and why the diminution of the ozone layer (reducing the atmosphere’s natural ultra-violet filter) exacerbates the problem. But body-cell mutations are not passed on to the offspring – for the reason that Weismann identified: the gametes stay aloof from such calamities.

However, mutations that occur within the sex cells themselves can be passed on to the offspring, and they become a new source of genetic variation within the subsequent generations. As I have said, mutations are random and most of them are bad. Yet mutation in practice provides the chief source of new genes – and is therefore the chief source of the variation upon which evolution by natural selection depends. Mid-Victorians did not know about genes and genetic mutation. But Darwin made it very clear that the variation which he saw as the essential precondition of natural selection was randomly produced. Mid-Victorians – including mid-Victorian scientists – preferred to believe that if evolution happened at all, then it unfolded according to a plan prescribed by God. They found the idea that random events should be the driving force extremely offensive, as indeed do many people today. I believe (and so do many modern clerics) that Darwin’s view of evolution by natural selection is perfectly compatible with a broad and satisfying view of religion, even if there is some conflict with particular points of theology. I will discuss at least part of this issue in later chapters. But the nature and implication of genetic mutation certainly belong here.

Incidentally, as we will see in a later chapter, X-rays and other mutagens play a relatively small but still significant part in plant breeding. They produce new variants – not for natural selection to act upon, but for breeders to select between. What can be called directed mutations, however – specific and deliberate alterations in genes – are now playing a very large part in genetic engineering.

Finally, as we will see in the next chapter, the genome in general is now known to be far more restless than was hitherto envisaged. It now transpires – extraordinarily – that pieces of DNA, and indeed entire genes, may hop from place to place within the genome – within the chromosome, or from chromosome to chromosome; and that such pieces may (or may not) cause other genes to mutate as they do. Individual genes may also multiply within the genome, sometimes to produce hundreds of copies. In general, it seems that whenever biologists pin down living systems, they turn out to be more fluid than conceived. This innate fluidity and restlessness, as we will see many times throughout this book, has many implications for evolution, and for human attempts to manipulate the genome.

These, then, are the main complications of heredity. Some are caused by innate complexities of genetic inheritance, and some result from the confusion caused by non genetic influences upon hereditary. We need not be surprised that any one biologist, even the genius Darwin, failed to see the simple, underlying pattern. We may rather be suitably astonished – and grateful – that another genius of a different kind did.

Put the two species of genius together – the grand overview and the adumbration of precise mechanism – and we surely have the perfect synthesis: the neatest, tidiest and most convincing unifying vision of life’s diversity that we could ever have dreamed of; the biological equivalent of the physicist’s grand unifying theory. Well, that is in fact how things have turned out. The grand unifying theory of biology – what Julian Huxley in the 1940s called ‘The Modern Synthesis’ – is known as ‘Neodarwinism’7. Now some footnotes have been added to the Synthesis, as discussed later, but it remains none the less the ‘paradigm’ of modern biology, where ‘paradigm’ (as defined by the modern philosopher of science Thomas Kuhn8) means, effectively, world view. Neodarwinism is, in short, the essence of modern biology.

NEODARWINISM: THE MODERN PARADIGM

You may feel intuitively that Darwin’s and Mendel’s ideas do fit together, neatly. You may reasonably suppose, then, that when Mendel’s ideas were first rediscovered at the beginning of this century, biologists would have said, ‘Eureka! Here (in Mendel) is the perfect body of ideas to complement, flesh out, and generally complete the beautiful vision of Darwin!’ In fact biologists in the first decades of this century were split, between those who thought Mendel must be wrong (or that his ideas must apply only to a minority of creatures), and those who thought Darwin must be at fault. (In the same kind of way, as we will see in the next chapter, William Bateson, who contributed so much to the early development of genetics, for some time vigorously opposed the apparently obvious notion that genes are carried on chromosomes.)

The trouble was felt to lie in Darwin’s notion that evolutionary change was generally gradual: a step-by-minute-step progression from one state to another. Mendel seemed rather to suggest that an organism either had one character or another – yellow flowers or white; wrinkled seeds or smooth – with no infinity of shades between the two. Yet Mendel himself had pointed out that many characters even in his garden peas were of a ‘more or less’ character. Besides, it soon became clear that most characters are, in fact, polygenic; and if there are ten genes coding for skin colour, say, which could each be present as one of several different alleles, then any shade between is possible. In short, Mendel’s genetics are perfectly compatible with Darwin’s gradualism, once we acknowledge the reality of genetics: that most characters are polygenic, and therefore, within their limits, almost infinitely variable. The intellectual ground-work – the realisation that this is so – was laid in the 1920s and 30s, and the Modern Synthesis (Neodarwinism) finally assumed its proper place in the 1940s.

In practice, the Modern Synthesis – the essence of modern biology – can be expressed as follows. Most creatures on the face of this Earth practise sex, in one form or another: that is, different individuals exchange genetic information. Sometimes, as in most bacteria, one individual simply squirts a seemingly random bundle of genes into another; but plants, animals, and fungi carefully and precisely divide their genomes into two, as we will discuss in the next chapter, and then splice the two half genomes to make a new and qualitatively different whole.

Because organisms practise sex, all the individuals who are in contact with one another – that is, all who are within the same population – are potentially able to combine their genes with each and any of the others. To be sure, males cannot mate with other males, but they can mate with each other’s daughters, so that any one gene in any one individual could, in some future generation, find itself sharing a genome with any other gene from any other individual. Thus, all individuals in any one population partake of a common gene pool. ‘Gene pool’ is a respectable technical term – and one with a truly evocative metaphoric ring. All of us are members of populations and each of us does indeed dip the common reserve of genetic information.

In the neodarwinian paradigm, evolutionary change is regarded as a shift in a population’s gene pool. As the years and generations pass, some genes are gained, and others are lost. Each individual allele in the pool is liable to change in frequency; in fact, evolution can simply be envisaged as a shift in gene frequency. In practice, most biologists would not acknowledge that evolution had truly taken place until and unless some alleles had actually been lost altogether, while others had been gained and established. There has, for example, been quite a shift in the frequency of the various alleles in the gene pools of human populations in most of the continents of the world over the past few centuries, as (for example) Moors from North Africa and Mongols from Asia came and mostly went. But such changes would be seen merely as a temporary fluctuation. There has been little or no absolute loss or gain of alleles, not enough to register as an evolutionary shift.

New alleles may appear in the pool for one of two main reasons. The first – and most radical – is mutation. Any gene may simply change, in ways that we will explore in the next chapter. Note, however, that any one gene can be present in more than one copy, so if one allele alters, this does not necessarily mean that the organism has lost all copies of the original. Mutations sometimes result from a simple ‘mistake’: sometimes because of some assault from outside (such as radiation), and sometimes are induced by the migrations of other genes within the genome.

The second source of new alleles in any one gene pool is introgression. This means, simply, that sometimes some creature from a different population wanders in, bearing alleles that are not possessed by the original population, and stays to interbreed and so add its genes. As we will see in Chapter 6, introgression can hold up – and occasionally enhance! – attempts to breed better crops, as wild plants pollinate the domestic ones. Contrariwise, cross-breeding with domestic cats constantly extends – or some would say ‘pollutes’ – the gene pool of wild cats in Britain, while feral domestic dogs are presently corrupting the few remaining wolves of Italy. Note that introgression – unlike mutation – does not create brand new genes that may not have occurred on Earth before. But introgression does bring in genes that are new to any one gene pool, and it can be very important indeed for evolution. In either case, the first appearance of new genes – the initial source of genetic variation – is pure chance. At least this is true in nature. Breeders, and genetic engineers, increase variation in their subjects’ gene pools primarily by arranged introgression; that is, crossing with individuals from different populations.

Whether or not a new gene increases in frequency once it has appeared, or peters out, is partly a matter of time and chance, and partly of natural selection. In animals, for example, if a new mutation occurs in an ordinary body cell – a somatic cell – then it will not be passed on to the next generation, and so will have no real effect. Changes in muscle cells, as Weismann said, can have no direct effect upon gametes. However, this is not true of many plants, which first may reproduce asexually to produce a new plant (as a strawberry sends out runners), which in turn may produce flowers, which do contain sex cells. So a mutation that occurs in a strawberry runner may well be transferred into strawberry gametes, and hence be passed on and shared sexually with other strawberries. This is one profound difference between animals and plants.

If, by whatever means, the mutation does finish up in a gamete, and is passed on, one of several fates befalls it. Most mutations either have very little effect or are harmful (they arise as random changes in a delicate mechanism, so how could it be otherwise?). If the mutation does not affect the survival of the individual that inherits it, then it is said to be ‘neutral’, and gene pools clearly accumulate a large backlog of ‘neutral’ mutations. These are important, because variation is variation, and what is neutral in one generation may prove useful in a later one. If mutations are harmful, then the inheritor may suffer, and so the mutant gene is liable to die out. But if the mutation is recessive then it will not immediately make itself felt, and so it is that most populations of organisms contain recessive genes whose effects are indeed harmful (known as ‘bad genes’ or deleterious alleles). These are the source of all the single gene disorders in human beings. If by chance the mutation is beneficial, then its possessor is likely to have more offspring than a non-possessor, and so the new, beneficial mutation will increase in frequency from generation to generation. The population may grow as a result of a beneficial mutation, but no population can grow indefinitely. Sooner or later, then, the individuals with the mutated genes find themselves in competition with the non-mutated gene, and if the new gene is better and the competition is fierce, those with the original allele die out. This is natural selection in action: individuals with a beneficial character (brought about by a beneficial gene) ousting those without it. The acquisition of a new gene, coupled with the loss of an old one, truly represents a qualitative change in the gene pool. Once such a qualitative shift has occurred, then evolution can properly be said to have occurred. Genes acquired by introgression similarly peter out, hang around, or increase and contribute to evolutionary change.

Alleles are also lost from the gene pool, partly by natural selection, and partly by time and chance. How natural selection works is obvious: genes that produce uncompetitive characters are simply pushed out. Loss through time and chance is called genetic drift – and may result in the loss of very beneficial genes. Here there are two main mechanisms. First, and importantly, each individual passes on only half of its genes to each of its offspring. Unless an individual has a huge number of offspring (as a fly does), then it is statistically unlikely to pass on all of its genes to the next generation. If the population is large, this does not matter, because the genes in any one individual are likely to be represented in another, who very possibly will pass them on. But in small populations of animals that are not fecund (a few score rhinoceroses in a park, for example) there can clearly be a huge loss of alleles, and hence of overall genetic variation, in each generation. There simply are not enough new individuals in the new generation to soak up all the genes of their parents.

The second mechanism of loss by genetic drift is simply that some individuals in any one generation fail to breed at all. Some die young, others fail to find a mate. If the non-breeders are the sole bearers of some rare allele, then that allele dies with them. Again it is clear that such loss is far more likely in small populations, where rare alleles may indeed be represented only in one or a few individuals. Loss is also likely in many modern wild habitats that have become fragmented, because then many animals cannot find suitable mates. Again rhinoceroses come to mind, particularly the few hundred remaining Sumatrans, increasingly cut off from each other as the forest is felled around them. Clearly, these genetic considerations have enormous implications in conservation, which I will discuss in Chapter 8.

This, then, is the neodarwinian view of evolution: a gene pool changing over time, through the interaction of natural selection, and time and chance. Since it was formulated, in the middle decades of this century, there have been one or two modifications of varying significance, which we will come back to at the end of this chapter. But these changes have not burst the paradigm, they have merely enriched it. Neodarwinism remains the essence of all modern biology.

Let us refer again, though, to the title of Darwin’s seminal work of 1859: On the Origin of Species by Means of Natural Selection. It begs a very important question: What exactly is a species?

THE IDEA OF THE SPECIES

The seventeenth- and eighteenth-century biologists who laid the foundations on which Darwin built had two principal cultural roots. They were Christians, and they were Platonists. As orthodox Christians, following Genesis, they believed that God had created all living creatures, and that he had made them in their present forms. As followers of Plato (whether they knew it or not), they believed that each actual creature was the embodiment of an ‘idea’, an idea in the mind of God, as to what that creature should be like. To them, each ‘species’ was an ideal, and the individuals in each species were all representatives, approximations, of God’s fundamental vision of what their particular type should be like.

As everybody knows, many orthodox Christians – both scientists and non-scientists – objected to Darwin’s ideas. What most people don’t know, however, is that they objected most strongly not to the idea of evolution per se – of ‘descent with modification’ – or even to his stark contention that the course of evolution was shaped by the vicissitudes of environment, and not, at least directly, by the moulding hand of God. What really offended critics was Darwin’s insistence that one species could change into another, or – even worse – that one species could diverge to form several, or even thousands of, new species. Before Darwin, it was possible to reconcile the general idea of evolution with the story of Genesis by supposing that in the beginning God did indeed create a whole array of creatures – each one a type, a ‘species’ – which subsequently changed by evolution. But Darwin envisaged that any one species could give rise to many, and indeed suggested that present-day living things may all have evolved from just one first ancestor. This goes against Genesis – and hence is non-Christian. But it is also non-Platonist, because it suggests that the basic ideals of God – the species – were, in fact, changeable. The idea that God could change his mind seemed somewhat blasphemous.

Modern biologists still have a very strong sense that ‘species’ are real. Creatures within any one species may be very variable, but there none the less are clear differences between one species and others. Thus all domestic horses, though they range from Shire to Shetland, belong to the same species, called Equus caballus. But domestic horses are clearly different from asses (although they are also in many ways similar). They are even more different from rhinoceroses (although the anatomist can still see clear similarities). Human beings also seem variable, but they too are all of one species: in fact, within the human species the total genetic variation – that is, the total variety of alleles – is remarkably small. Black or white, brown or yellow, short or tall, human beings are much of a genetic muchness. But we are clearly different from chimpanzees (though in many ways obviously similar), and even more different from monkeys (though similarities are still discernible).

But modern, post-Darwinian biologists no longer regard species in mystical, Platonic terms, as ideas of God. Instead, their approach is functional. No definition of species can be perfect, so it is foolish to try to frame one. But the kind of rough-and-ready definition that I learnt at university works well enough for most purposes: ‘Two creatures (of appropriate age and sex) are of the same species if they are able to breed together sexually to produce fully viable offspring.’ This is simple and to the point, but it contains a wealth of notions, which are worth discussing.

First, we can readily see how such a definition fits into the neodarwinian paradigm. We can simply say that all the creatures of any one species share a common gene pool. In fact this might not be literally true, for the gene pool of any one species may be divided into several different gene pools for geographical reasons, for example. Each pool then represents a different ‘population’, and all the populations together form the whole species. Thus the lions of Asia are now confined to a single reserve, the Gir Forest of north-west India, and they are separated, by several thousand miles of country that now is hostile to lions, from their counterparts in Africa. But when Asian lions and African lions are brought together in zoos, the resulting hybrids are indeed ‘fully viable’, and in fact, as we will see again in Chapter 8, the first serious attempts to conserve Asian lions in zoos were spoiled because Africans were allowed to cross-breed with them (and the breeding programme had to begin all over again). Thus, all lions are considered to be of the same species, even though in practice, in the wild, Asians do not interbreed with Africans. However, Asians are visibly different from Africans (for example they have smaller manes), and they are generally recognised to form a separate subspecies.

The neodarwinian paradigm also shows clearly, at least in general terms, how one species evolves from another, or how one species diverges to become many. In the first case, we have merely to envisage that over many generations, a great many alleles are lost from the pool, and a great many more are incorporated, until the creatures in the population are so different from their ancestors that they would not be able to interbreed with them even if those ancestors still existed. In the second case, we have merely to envisage that a single gene pool becomes divided into two or more; and that each separate pool then evolves in its own way, until the differences are too pronounced to allow for interbreeding. Thus, for example, tree snails of the family Partulidae inhabit many islands of the Pacific, and there are (or until recently were) about 100 different species, which all probably arose from only one or a few ancestors that once lived on the giant Southern continent of Gondwana.

This, then, is the basic neodarwinian concept of species, and it is obviously very powerful. But in Nature there are always complexities. Why and how is it, for example, that we recognise all domestic horses as being of the same species even though they are very variable, yet can clearly distinguish horses from asses – even though some horses may look more like some asses than they look like other horses? Why is there variation within species, and what is the nature of the distinction between species?

SAME ONLY DIFFERENT

Just to begin this discussion, recall if you would the concept of the recessive gene, a gene that does not make its effects felt unless it is inherited in double dose. As we have observed, genes that are in any way deleterious tend to be recessive, basically because if they were not they would damage every individual that possessed them, and would tend to be rapidly eliminated from the gene pool by natural selection. But recessive deleterious alleles can lurk in the gene pool, cropping up only now and again.

The gene pools of most wild animals (there are laboratory strains of many creatures in which this is not true!) contain at least some deleterious alleles. If these are inherited only in single dose, then their possessor is heterozygous for that allele and is called a ‘carrier’; and carriers are unaffected by the recessive allele, even though they may pass it on to their offspring. The recessive ‘bad gene’ is harmful only in homozygotes: that is, if inherited in double dose. Our attention is naturally drawn to those deleterious alleles that cause frank disease, such as cystic fibrosis in humans. But ‘deleterious’ is a matter of degree – so that an allele which, for example, slightly reduced the spring of the tendons would be deleterious in an animal that relied upon speed.

Thus in general it pays to be heterozygous; and in general creatures that are highly homozygous – that is, possess many of their alleles in double dose – are not as ‘vigorous’ as those that are more heterozygous. Darwin himself noted this: for example, that if two different varieties of the same plant were crossed, the resulting hybrid could be stronger than either parent. He called this phenomenon hybrid vigour – although he did not, of course, know the underlying genetic reason for it. The more general term these days for ‘hybrid vigour’ is heterosis. By contrast, if two creatures that are themselves highly homozygous and are similar to each other are crossed, then the resulting offspring would be very homozygous indeed. Most of its alleles would be present in double dose, and any (relatively) deleterious ones would make themselves felt. Hence such ‘inbred’ creatures are often weak. They are said to suffer from inbreeding depression. As we will see in Chapter 6, the deliberate creation of hybrid vigour, and the avoidance of inbreeding depression, play a great part in livestock and crop improvement.

Similarly, wild species are less likely to go extinct if they have a wide variety of alleles within their gene pool, largely because they are better equipped to avoid inbreeding depression if the individuals are genetically diverse, a matter we will discuss at much greater length in Chapter 8. Furthermore, wild creatures of many kinds go to great lengths to avoid mating with their own brothers and sisters.

On the other hand, mating between creatures that are too different genetically is also hazardous. Most characters are polygenic, which means they are produced not by one gene, but by concert-parties of genes, and some concert-parties work a lot better than others. Breeders of livestock and crops find that in their quest for hybrid vigour, they can go too far. If they cross individuals that are too dissimilar, then the resulting offspring may suffer from outbreeding depression. The underlying genetic reason here is that its concert-parties of genes, which in the parents work so well, are broken up. In practice, breeders find from experience that some combinations work very well, and produce extremely vigorous offspring, while others do not. In cattle, the Hereford-Friesian cross – Hereford bull and Friesian cow – produces excellent calves. Among dogs, the crossing of Great Danes and St Bernards is disastrous. The two sets of genes from the two huge but different breeds do not mesh well together at all.

Great Danes and St Bernards show the problems that can arise from bad marriages even within species. If animals of different species mate – which some animals do naturally in the wild, and many more can be induced to do in captivity – then there can be several kinds of outcome. If the two creatures were too different, then nothing at all would result: for example, horses and rhinoceroses are clearly related species, but they are far too different for mating to produce any kind of offspring. If the relationship is closer, however, then hybrid offspring may result, but usually – at least among animals – these would generally be deficient in some way or another. For example, if horses mate with asses the result is a hybrid known as a mule. Mules benefit from heterosis, and so are extremely tough, which is why they are employed as working animals. But they are certainly not ‘fully viable’ because they are sexually infertile. The reason here is that horses and asses have different chromosomes, and thus – for reasons we will see in the next chapter – their hybrid offspring are unable to produce viable gametes (eggs and sperm). The fact that horses and asses can mate to produce offspring shows that they are indeed closely related, and they are both placed in the same genus, Equus. But the fact that their hybrid offspring are not fully viable defines them as separate species.

Whether humans and chimps could produce hybrid offspring is unknown; or at least, it is unknown to me, though it is hard to believe that somebody, somewhere, has not tried to impregnate a captive female chimp with human sperm. Whether those offspring would or would not be fertile is also unknown. I suspect not, for again there is a clear chromosome difference between humans and chimps. So again, chimps and humans are clearly related (probably more closely than horses and asses). But again, they are different species. Again, we can assume that attempts to produce hybrids between humans and monkeys would fail. They are indeed related, but, as with horses and rhinos, the relationship is too distant to allow issue.

With all this in mind, we might expect to see different populations of animals and plants in nature constantly tending to divide and to form new species; and might also expect to see every degree of separation. So we do. Red wolves and grey wolves in North America are considered separate species, because if left to themselves they keep to themselves. But if they are forced together (for example in captivity, or because one or other type has become extremely rare in the wild), they do, in fact, produce fertile offspring. Fire-bellied toads and yellow-bellied toads in Europe live separate lives in separate areas – except where their two habitats overlap, in the Carpathian mountains and along the Danube Basin, when they do in fact hybridise. Carrion crows of England and Southern Scotland hybridise with hooded crows of Northern Scotland, where the two meet. In such cases you may say, ‘Well, if the two populations can mate together to produce sound offspring, they should be considered of the same species!’ There is no simple answer to that. In nature, species divisions are not as absolute as the most tidy-minded zoologists might like them to be. But our definition of ‘species’ referred to ‘fully viable’ offspring, and this does not refer only to reproductive prowess. The hybrid offspring of fire-bellied and yellow-bellied toads remain confined to a ‘hybrid zone’ between their parents’ positions. They fail to spread into their parents’ territories because they cannot compete with their pure-bred parents. In short, the hybrids are ecologically disadvantaged, even though they may be reproductively potent. In the context of the real, wild world, an ecologically disadvantaged creature cannot be said to be ‘fully viable’.

There is one further complication before we move on, one that has at times caused enormous confusion (and still does) but is extremely important in many contexts. This is the phenomenon of polymorphism.

POLYMORPHISM

As if to prove that in Nature nothing is simple, many bona fide species include different forms that are extremely different in appearance. Thus in many creatures the two sexes are very different. Male baboons and elephant seals are very different from the females. In some insects, only one sex has wings. In many species (especially among birds) the male is very showy, while the female is drab (though occasionally, as with the eclectus parrots of New Guinea, the females are brighter). Barnacles and some deep-sea fish such as anglers have ‘dwarf’ males which remain permanently attached to the matriarchs as parasitic appendages. This general phenomenon is called sexual dimorphism. When the males and females are commonly seen together – as are elephant seals in their harems, or drakes with ducks – then it is easy to see who belongs to whom. But when the two forms are usually seen apart, mistakes can be made. Many a male and female butterfly, and not a few birds, have in the past been classified as different species.

In genetic terms, however, sexual dimorphism is easy to explain. It is obvious even in relatively monomorphic species that the sex genes, though perhaps few in number, make a profound difference to their possessor’s physiology, and it is not surprising that they can profoundly affect feather-colour or body size. More intriguing, however, is that within some species, different individuals of the same sex and age can also differ enormously. This is the general phenomenon of polymorphism.

Tropical butterflies provide some striking examples. A classic is the African swallowtail, Papilio dardanus, which has several forms differing enormously in wing pattern, wing shape, and overall size. Polymorphism is much more common than it may seem, however, because it becomes increasingly clear that many enzymes and other bodily materials can be polymorphic too. Polymorphism sometimes represents a population caught half-way in making some evolutionary shift from one state to another. But it has much more general and interesting significance than this. The term is most accurately applied when the two or more polymorphic forms co-exist in a more or less constant, or ‘stable’, ratio.

Stable polymorphism can arise in several ways, but two main mechanisms predominate. The first is frequency dependent selection, in which natural selection favours any one form, but only so long as that form remains fairly rare. Thus, most of the different forms of P. dardanus are Batesian mimics: most of them resemble other butterflies that are poisonous, though they are not poisonous themselves.9 However, poisonous animals succeed not by poisoning the animals that eat them, but by warning their attackers that they are poisonous; the idea is not to exact revenge, but to avoid being eaten in the first place. The non-poisonous mimics issue the same message, but with them it is pure bluff. But if the mimics become too common – if, that is, they begin to out-number the ‘models’ that they imitate – then the predators are unlikely to learn that the advertisement is supposed to be linked to poisonousness. Indeed, if they begin by eating mimics, they will get it in their heads that this particular pattern denotes tastiness.

In short, natural selection favours mimics, who have no weapons of their own but who borrow the charisma of those who have. But if the mimics are too successful and become too numerous, natural selection starts to work against them. Thus the only way in which a mimic population can grow is to adopt more than one model. Papilio dardanus becomes commoner than it otherwise could by imitating more than one model, while each of the polymorphic forms is subjected to frequency-dependent selection.

Papilio dardanus has long since become a text-book example of polymorphism brought about by frequency-dependent selection. More recent are the studies of Bryan Clarke of Nottingham University on the partulid tree snails of Pacific islands.

Professor Clarke studied in particular the Partulas on the island of Moorea, one of the French Polynesian Society Islands, which also include Tahiti. There are seven Partula species on Moorea.10 Two of them, Partula taeniata and P. suturalis, are generalist feeders, while the other five are more specialist. The two generalists are both highly polymorphic. The various morphs within each of the generalist species differ in size, shell shape, shell pattern, and even in some cases in ‘chirality’ – whether the shell coils to the right or to the left.

In general, the various specialist species can feed in the same place, because they do not all feed on the same things. The two generalists usually do less well when the specialists are around – but even so, generalists and specialists do co-exist in some places. Now, some of the morphs of the two generalist species closely resemble one or other of the five specialist species. But Clarke found that whenever a generalist overlaps with a specialist, the particular generalist morph that is present is always very different from the resident specialist.

The reason here, Clarke suggests, may lie in the psychology of the birds that are presumed to prey upon the snails. For birds feed most efficiently by focusing upon whatever edible component of their diet is most common. Thus if birds are surrounded by a lot of red berries and a few yellow berries, they concentrate on the red ones and leave the yellow ones alone altogether. But if the yellow ones are commoner they eat them, and leave the red ones alone. That way, they do not have to waste time making choices. This is an example of a general tendency among all animals to develop an ‘optimum foraging strategy’.

As with berries, so with snails. When generalist overlaps with specialist, the specialists tend to out-number the generalists. The specialists, at least in their own specialist places, feed more efficiently than the generalists. But because of the constant attentions of birds, natural selection will favour the generalists provided they look as different as possible from the more common specialists – and provided they remain less common. As soon as the generalist morph starts to increase, and match the specialists in numbers, then the birds start to concentrate on them instead. Here, then, is an advantage in being rare, and in being different.

Stable polymorphism can also be sustained by a second mechanism. Some creatures gain enormously – disproportionately – by being heterozygous for particular genes. A classic example is that of sickle cell anaemia among African people, in which sufferers are born with defective blood cells which collapse – become sickle-shaped – as the oxygen tension falls, in which state they are useless. The gene that causes this condition seems disastrous, yet it has persisted among Africans, presumably for thousands of years, at roughly constant frequency. The reason, it seems, is that people who are heterozygous for the sickle gene are less prone to malaria than people who have ‘normal’ blood, because the malaria parasite attacks red blood cells and thrives better in normal cells. So although the sickle gene is disastrous in double dose, it persists because in malarial regions selection favours the people who are heterozygous for the gene. But if the heterozygous people become too common, then they start giving rise to large numbers of people who are homozygous for the sickling gene – and these people generally die before they reach reproductive age. Thus, anaemia exerts heavy selective pressure against individuals who are homozygous for the malaria gene, and malaria exerts somewhat less, but still heavy pressure against people who are homozygous for the normal gene. But there can be no heterozygotes unless there are also some homozygotes of each type. So the three persist in ‘stable’ equilibrium.

Appearances – or phenotype in general – can be deceptive in deciding which creature belongs to which species. Ah, you will say wisely, what really counts is the degree of difference between two creatures’ genomes – that is, genotype is what matters, rather than phenotype.

This is of course the case, but even here there are complications – which again can be nicely illustrated by partulas. Bryan Clarke and his collaborators concluded on various grounds that the seven Moorean species really belong to two groups. P. taeniata belongs in one group and has just one other close relative on Moorea; P. suturalis belongs to the other group, with four other close relatives. Many kinds of hybridisation are possible between the different Moorean species, and with species from other Society Islands. Interestingly, however, successful matings are not always possible between species which, according to all other evidence, are very closely related. On the other hand, it sometimes transpires that species that do not seem to be very closely related, can mate together.

Taken all in all, then, it is perfectly reasonable to say that ‘genetic distance’ between populations is what causes them to be different species. Partula snails are so different genetically from European garden snails, and human beings are so different genetically from baboons, that there would be no chance whatever of a successful mating. But when the two genotypes are not quite so distinct as this, we cannot simply relate the difficulty of hybridisation to the overall difference. Very closely related species may be unable to hybridise simply because particular genes have created some ‘reproductive barrier’ between them. One single gene could throw a spanner in the works. Yet species that are more distantly related might be able to hybridise, provided the genetic differences are not of the particular kind that could create a barrier. It is the case, for example, that the genome of human beings is extremely similar to that of chimpanzees. But it is impossible to say on those grounds alone whether or not the two species could hybridise. It all depends on whether particular genes (as yet unidentified) have arisen to prevent the union.

So ‘species’ is a much more elusive and labile concept than Plato or the pre-Darwinian biologists believed. There are all shades of difference between creatures that are only slightly incompatible – or may be perfectly compatible but are kept apart by geography – and those between whom the differences seem absolute.

Overall, too, we see that it pays to belong to a distinct species, and not to be too promiscuous, because by belonging to a distinct species you maximise your chances of producing offspring that are reasonably well adapted to the prevailing conditions. Thus as we will see again in Chapter 5, animals (and plants) have in practice evolved mechanisms for (a) ensuring that they do not generally mate with creatures from other species but (b) ensuring, contrariwise, that they do mate with their own kind. Thus we must conclude that although the concept of species is fluid and flexible, animals (and plants) nevertheless take pains to ensure that their own particular species retains its ‘integrity’, and does not outbreed with other creatures except perhaps in extremis. By the same token, it is clear that although any given population has an innate tendency to change (by mutation and drift, and by natural selection) it also has a built-in conservatism. Any creature that actually exists must to some extent be on to a winning formula, and natural selection is as liable to operate to keep things the same, as to cause things to change.

However, once we have grasped the neodarwinian paradigm, and once we start applying it to real cases, we can play mental games for ever, and also envisage possible experiments to test ideas that would take millennia to carry out. The neodarwinian paradigm is, in short, very powerful indeed, and I am certain that it is here to stay. None the less, there have been some significant new footnotes in recent decades, which we should look at.

MODERN FOOTNOTES TO THE NEODARWINIAN PARADIGM

The first supremely important footnote to the paradigm concerns the level at which natural selection operates. Do individuals compete with individuals, as Darwin proposes? Does gene pool compete with gene pool, as some of his twentieth-century followers supposed? Or does gene do battle with gene? This issue has huge theoretical significance, which extends well beyond the bounds of biology, and I will discuss it at length in Chapter 4. The second footnote is worth discussing here. Is natural selection really the prime force of evolutionary change? Or are we simply the outcome and the victims of time and chance?

NATURAL SELECTION VERSUS TIME AND CHANCE

Darwin proposed the idea of ‘natural selection’, so doubts cast on its importance seem like attacks on its author. But although Darwin was the first advocate of natural selection, he has suffered as all great thinkers have done from the over-enthusiasm of some of his followers. Some, like Herbert Spencer, sought to extrapolate his ideas from biology into moral philosophy and politics. Thus emerged ‘social Darwinism’ – apparently the notion that society ought to be as ‘red in tooth and claw’ as Alfred, Lord Tennyson supposed nature to be, and that the weakest should go to the wall. The gentle and liberal Darwin, who railed against slavery in an age when it was still considered both proper and necessary, who stressed that the naked Tierra del Fuegans were ‘wretched’ only through circumstance, who sought to provide financial security for his village neighbours, and who wrestled and grieved throughout his middle years with the multifarious sicknesses of his many children, could hardly have approved.

Others, in other contexts, have sought to find a natural selective ‘reason’ for absolutely every quirk of nature. This reached a height in the middle years of this century, when one enthusiast suggested that the pinkness of flamingoes had evolved as camouflage, as they took off from their feeding grounds and flew across the evening sky. Presumably this protected them against low-flying lions. Darwin himself stressed that other factors besides natural selection must have helped to shape animals. He classed sexual selection as a separate mechanism, which we will discuss in Chapter 5. He also stressed the importance of chance.

However, the notion that chance operates virtually to the exclusion of natural selection has become something of a vogue these past few years. This idea takes various forms, which deserve various degrees of attention. All, I believe, enrich the neodarwinian paradigm, but none actually threatens it, as some biologists apparently believe.

First, and in general, various biologists have promulgated the notion that neutral changes in the gene pool are in the end of more significance than those brought about by natural selection. After all, new species would inevitably emerge if gene pools became isolated, even by the perfectly chance processes of mutation and drift. There is an important philosophical principle here. All scientists have to guard against proposing theories that are simply unnecessary. They have to ask the question, ‘Supposing the mechanism I propose is not operating, what difference would it make?’ More formally, it is incumbent upon all scientists to propose a ‘null hypothesis’, one which says – ‘The world would turn out much as we see it now, even if nothing much was going on except time and chance.’ The idea that ‘neutral’ changes could have brought about much of what we see in nature is salutary, as a ‘null hypothesis’. It would guard us against pink flamingoes, which seem to be pink simply because they eat pink plankton, and presumably would be blue if they ate blue plankton. But most biologists, while accepting that the null hypothesis of neutralism ought to be given as much scope as possible, find it impossible to conceive of a world that contains so many astonishingly well adapted creatures, unless natural selection was moulding them. As Hamlet said in a slightly different context, ‘There is a divinity that shapes our ends, rough-hew them how we will.’ For ‘divinity’ read ‘natural selection’, and you have it.

But even the most committed Darwinians must now agree that many of the major evolutionary events in the history of the world have indeed happened entirely by chance, that they are ‘contingent’, as the expression is, on extraneous and uncontrollable events. Thus nineteenth-century biologists liked to believe that dinosaurs had become extinct because they had ‘outgrown their strength’, or were too stupid, and that as soon as the perkier mammals got into their stride, they swept those dullards aside – through good old Darwinian competition.

But this does not accord with the facts. First, it should have been obvious at least by the late nineteenth century that (a) the dinosaurs in their many forms dominated the entire world for 140 million years – from c. 200 million years ago (mya) to around 60 mya; that (b) the mammals first appeared on Earth at about the same time as the dinosaurs – 200 mya; but (c) the mammals stayed small and boring for all the time the dinosaurs were around, presumably because they were comprehensively out-gunned. Modern studies suggest that the dinosaurs disappeared because of a massive climatic change around 65 mya, which may possibly have been precipitated, or at least exacerbated, by collision with a meteor, or perhaps by huge volcanic eruptions which, it now seems, created much of the surface of modern India.

Thus it seems clear that the mammals did not out-smart the plodding dinosaurs. They simply hung around until chance pushed the dinosaurs aside. But for that meteor (or volcano) mammals would still be tree-shrews, and human beings would not have evolved at all. It is now clear, too, that in the history of the world there have been at least five ‘mass extinctions’ that were at least as dramatic as the wipe-out of the dinosaurs, and that each one enabled quite new groups to seize the stage that hitherto had been fairly insignificant – and which presumably would have remained so. But again, whatever survived each mass extinction was subject, as ever, to the shaping force of natural selection. Natural selection must now be seen to operate on a shifting stage, and with precipitate changes of cast. But it operates none the less.

Yet we should make some adjustments to the pristine neodarwinian model. Notably, we should no longer look upon the gene pool simply as a bag of beads, to which some beads (genes) are added by mutation, and others thrown out. As already noted, the genomes of all creatures are far more restless than has been appreciated. A surprising number of genes move around the genome, sometimes causing mutations as they go, while they and others replicate and multiply within the genome. Gabriel Dover of Cambridge University calls these mechanisms ‘molecular drive’, and suggests that they collectively cause a huge amount of the change that we perceive as ‘evolutionary’. The genome is not so much a bag of beans, as a bag of snakes.

Yet I still do not feel (as some do) that such an observation represents a fundamental attack on the neodarwinian paradigm. The variants produced by molecular drive are surely subject to natural selection, just as are the variants produced by what we may now call ‘classical’ mutation. The source of variation does not seem to me (or to many other biologists) to affect the issue. To be sure, we should see natural selection operating on a moving stairway, rather than upon a static stage. But in the end, natural selection decides what lives and what dies, and the ones that live, as Darwin said, are those that are best adapted to the circumstance.

That, then, takes us to the limits of ‘classical’ genetics: genetics, that is, in which the genes themselves, Mendel’s ‘factors’, are conceived simply as abstractions – or as beads, threaded on chromosomes. Clearly, classical genetics is immensely powerful and, when combined with the evolutionary ideas of Darwin, provides a wonderfully unifying picture of the endless variety of life. But in genetics there is another, quite different line of inquiry to pursue: ‘What exactly are genes, and how do they work?’ This is the subject of the next chapter.

1 The original quote, from Ecclesiastes 9:11, says the precise opposite: ‘I returned, and saw under the sun, that the race is not to the swift, nor the battle to the strong’. As we will see in Chapter 3, this is relevant too – for chance has also played an enormous role in evolution.

2 Darwin, Adrian Desmond and James Moore, Warner Books, New York, 1992, p. 532.

3 Science and Philosophy, Derek Gjertson, Penguin Books, London, 1989, p. 37.

4 For a full treatment of this point, see Toward a New Philosophy of Biology, Ernst Mayr, Harvard University Press, Cambridge, Mass., 1988.

5 See I. Michael Lerner’s Heredity, Evolution, and Society, University of California, Berkeley, 1968.

6 In fact, this is not invariable. Modern studies are providing many examples of mitochondrial inheritance through the male line. In some groups, such as conifers, this is common.

7 There is room for confusion here, because the term ‘Neodarwinism’ is used by different philosophers in different contexts. In particular, Herbert Spencer and others in the decades after Origin of Species sought to apply ideas of natural selection to politics and ethics, and this application is sometimes called ‘Neodarwinism’. I do not believe that Darwin himself would have approved of this. But in any case, I am not using the term in any sense other than the one defined in the text.

8 (The seminal work is The Structure of Scientific Revolutions, published in 1962).

9 The second form of mimicry is Mullerian mimicry, in which different kinds of animals that are all noxious, such as different kinds of wasp, reinforce the message they give out to potential attackers by mimicking each other.

10 I say there are seven species of Partula on Moorea but in fact, since Professor Clarke began his studies in the 1960s, all seven Moorean species have been wiped out by a predatory snail of the genus Euglandina, which has been introduced to islands throughout the Pacific.
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