
Intelligent life on a planet comes of age when it first works out the reason 

for its own existence. If superior creatures from space ever visit earth, 

the first question they will ask, in order to assess the level of our 

civilization, is: 'Have they discovered evolution yet?' Living organisms had 

existed on earth, without ever knowing why, for over three thousand 

million years before the truth finally dawned on one of them. His name 

was Charles Darwin. To be fair, others had had inklings of the truth, but 

it was Darwin who first put together a coherent and tenable account of 

why we exist. Darwin made it possible for us to give a sensible answer to 

the curious child whose question heads this chapter. We no longer have 

to resort to superstition when faced with the deep problems: Is there a 

meaning to life.' What are we for? What is man? After posing the last of 

these questions, the eminent zoologist G. G. Simpson put it thus: 'The 

point I want to make now is that all attempts to answer that question 

before 1859 are worthless and that we will be better off if we ignore them 

completely.' 

Today the theory of evolution is about as much open to doubt as the 

theory that the earth goes round the sun, but the full implications of 

Darwin's revolution have yet to be widely realized. Zoology is still a 

minority subject in universities, and even those who choose to study it 

often make their decision without appreciating its profound philosophical 

significance. Philosophy and the subjects known as 'humanities' are still 

taught almost as if Darwin had never lived. No doubt this will change in 

time. In any case, this book is not intended as a general advocacy of 

Darwinism. Instead, it will explore the consequences of the evolution 

theory for a particular issue. My purpose is to examine the biology of 

selfishness and altruism. 

Apart from its academic interest, the human importance of this subject is 

obvious. It touches every aspect of our social lives, our loving and hating, 

fighting and cooperating, giving and stealing, our greed and our 

generosity. These are claims that could have been made for Lorenz's On 

Aggression, Ardrey's The Social Contract, and Eibl-Eihesfeldt's Love and 

Hate. The trouble with these books is that their authors got it totally and 

utterly wrong. They got it wrong because they misunderstood how 

evolution works. They made the erroneous assumption that the 

important thing in evolution is the good of the species (or the group) 

rather than the good of the individual (or the gene). It is ironic that 

Ashley Montagu should criticize Lorenz as a 'direct descendant of the 

"nature red in tooth and claw" thinkers of the nineteenth century ...'. As I 

understand Lorenz's view of evolution, he would be very much at one 

with Montagu in rejecting the implications of Tennyson's famous phrase. 

Unlike both of them, I think 'nature red in tooth and claw' sums up our 

modern understanding of natural selection admirably. 

The feeling that members of one's own species deserve special moral 

consideration as compared with members of other species is old and 

deep. Killing people outside war is the most seriously regarded crime 

ordinarily committed. The only thing more strongly forbidden by our 

culture is eating people (even if they are already dead). We enjoy eating 



members of other species, however. Many of us shrink from judicial 

execution of even the most horrible human criminals, while we cheerfully 

countenance the shooting without trial of fairly mild animal pests. Indeed 

we kill members of other harmless species as a means of recreation and 

amusement. A human foetus, with no more human feeling than an 

amoeba, enjoys a reverence and legal protection far in excess of those 

granted to an adult chimpanzee. Yet the chimp feels and thinks andaccording 

to recent experimental evidence-may even be capable of 

learning a form of human language. The foetus belongs to our own 

species, and is instantly accorded special privileges and rights because of 

it. Whether the ethic of 'speciesism', to use Richard Ryder's term, can be 

put on a logical footing any more sound than that of 'racism', I do not 

know. What I do know is that it has no proper basis in evolutionary 

biology. 

Darwin's 'survival of the fittest' is really a special case of a more general 

law of survival of the stable. The universe is populated by stable things. 

A stable thing is a collection of atoms that is permanent enough or 

common enough to deserve a name. It may be a unique collection of 

atoms, such as the Matterhorn, that lasts long enough to be worth 

naming. Or it may be a class of entities, such as rain drops, that come 

into existence at a sufficiently high rate to deserve a collective name, 

even if any one of them is short-lived. The things that we see around us, 

and which we think of as needing explanation-rocks, galaxies, ocean 

waves-are all, to a greater or lesser extent, stable patterns of atoms. Soap 

bubbles tend to be spherical because this is a stable configuration for 

thin films filled with gas. In a spacecraft, water is also stable in spherical 

globules, but on earth, where there is gravity, the stable surface for 

standing water is flat and horizontal. Salt crystals tend to be cubes 

because this is a stable way of packing sodium and chloride ions 

together. In the sun the simplest atoms of all, hydrogen atoms, are fusing 

to form helium atoms, because in the conditions that prevail there the 

helium configuration is more stable. Other even more complex atoms are 

being formed in stars all over the universe, ever since soon after the 'big 

bang' which, according to the prevailing theory, initiated the universe. 

This is originally where the elements on our world came from. 

Sometimes when atoms meet they link up together in chemical reaction 

to form molecules, which may be more or less stable. Such molecules 

can be very large. A crystal such as a diamond can be regarded as a 

single molecule, a proverbially stable one in this case, but also a very 

simple one since its internal atomic structure is endlessly repeated. In 

modern living organisms there are other large molecules which are highly 

complex, and their complexity shows itself on several levels. The 

haemoglobin of our blood is a typical protein molecule. It is built up from 

chains of smaller molecules, amino acids, each containing a few dozen 

atoms arranged in a precise pattern. In the haemoglobin molecule there 

are 574 amino acid molecules. These are arranged in four chains, which 

twist around each other to form a globular three-dimensional structure 

of bewildering complexity. A model of a haemoglobin molecule looks 

rather like a dense thornbush. But unlike a real thornbush it is not a 



haphazard approximate pattern but a definite invariant structure, 

identically repeated, with not a twig nor a twist out of place, over six 

thousand million million million times in an average human body. The 

precise thornbush shape of a protein molecule such as haemoglobin is 

stable in the sense that two chains consisting of the same sequences of 

amino acids will tend, like two springs, to come to rest in exactly the 

same three-dimensional coiled pattern. Haemoglobin thornbushes are 

springing into their 'preferred' shape in your body at a rate of about four 

hundred million million per second, and others are being destroyed at 

the same rate. 

Haemoglobin is a modern molecule, used to illustrate the principle that 

atoms tend to fall into stable patterns. The point that is relevant here is 

that, before the coming of life on earth, some rudimentary evolution of 

molecules could have occurred by ordinary processes of physics and 

chemistry. There is no need to think of design or purpose or directedness. 

If a group of atoms in the presence of energy falls into a stable pattern it 

will tend to stay that way. The earliest form of natural selection was 

simply a selection of stable forms and a rejection of unstable ones. There 

is no mystery about this. It had to happen by definition. 

From this, of course, it does not follow that you can explain the existence 

of entities as complex as man by exactly the same principles on their 

own. It is no good taking the right number of atoms and shaking them 

together with some external energy till they happen to fall into the right 

pattern, and out drops Adam! You may make a molecule consisting of a 

few dozen atoms like that, but a man consists of over a thousand million 

million million million atoms. To try to make a man, you would have to 

work at your biochemical cocktail-shaker for a period so long that the 

entire age of the universe would seem like an eye-blink, and even then 

you would not succeed. This is where Darwin's theory, in its most 

general form, comes to the rescue. Darwin's theory takes over from where 

the story of the slow building up of molecules leaves off. 

The account of the origin of life that I shall give is necessarily speculative; 

by definition, nobody was around to see what happened. There are a 

number of rival theories, but they all have certain features in common. 

The simplified account I shall give is probably not too far from the truth. 

We do not know what chemical raw materials were abundant on earth 

before the coming of life, but among the plausible possibilities are water, 

carbon dioxide, methane, and ammonia: all simple compounds known to 

be present on at least some of the other planets in our solar system. 

Chemists have tried to imitate the chemical conditions of the young earth. 

They have put these simple substances in a flask and supplied a source 

of energy such as ultraviolet light or electric sparks-artificial simulation 

of primordial lightning. After a few weeks of this, something interesting is 

usually found inside the flask: a weak brown soup containing a large 

number of molecules more complex than the ones originally put in. In 

particular, amino acids have been found-the building blocks of proteins, 

one of the two great classes of biological molecules. Before these 

experiments were done, naturally-occurring amino acids would have 



been thought of as diagnostic of the presence of life. If they had been 

detected on, say Mars, life on that planet would have seemed a near 

certainty. Now, however, their existence need imply only the presence of 

a few simple gases in the atmosphere and some volcanoes, sunlight, or 

thundery weather. More recently, laboratory simulations of the chemical 

conditions of earth before the coming of life have yielded organic 

substances called purines and pyrimidines. These are building blocks of 

the genetic molecule, DNA itself 

Processes analogous to these must have given rise to the 'primeval soup' 

which biologists and chemists believe constituted the seas some three to 

four thousand million years ago. The organic substances became locally 

concentrated, perhaps in drying scum round the shores, or in tiny 

suspended droplets. Under the further influence of energy such as 

ultraviolet light from the sun, they combined into larger molecules. 

Nowadays large organic molecules would not last long enough to be 

noticed: they would be quickly absorbed and broken down by bacteria or 

other living creatures. But bacteria and the rest of us are late-comers, 

and in those days large organic molecules could drift unmolested 

through the thickening broth. 

At some point a particularly remarkable molecule was formed by 

accident. We will call it the Replicator. It may not necessarily have been 

the biggest or the most complex molecule around, but it had the 

extraordinary property of being able to create copies of itself This may 

seem a very unlikely sort of accident to happen. So it was. It was 

exceedingly improbable. In the lifetime of a man, things that are that 

improbable can be treated for practical purposes as impossible. That is 

why you will never win a big prize on the football pools. But in our 

human estimates of what is probable and what is not, we are not used to 

dealing in hundreds of millions of years. If you filled in pools coupons 

every week for a hundred million years you would very likely win several 

jackpots. 

Actually a molecule that makes copies of itself is not as difficult to 

imagine as it seems at first, and it only had to arise once. Think of the 

replicator as a mould or template. Imagine it as a large molecule 

consisting of a complex chain of various sorts of building block molecules. 

The small building blocks were abundantly available in the soup 

surrounding the replicator. Now suppose that each building block has an 

affinity for its own kind. Then whenever a building block from out in the 

soup lands up next to a part of the replicator for which it has an affinity, 

it will tend to stick there. The building blocks that attach themselves in 

this way will automatically be arranged in a sequence that mimics that of 

the replicator itself. It is easy then to think of them joining up to form a 

stable chain just as in the formation of the original replicator. This 

process could continue as a progressive stacking up, layer upon layer. 

This is how crystals are formed. On the other hand, the two chains might 

split apart, in which case we have two replicators, each of which can go 

on to make further copies. 

A more complex possibility is that each building block has affinity not for 

its own kind, but reciprocally for one particular other kind. 



Then the replicator would act as a template not for an identical copy, but 

for a kind of 'negative', which would in its turn re-make an exact copy of 

the original positive. For our purposes it does not matter whether the 

original replication process was positive-negative or positive-positive, 

though it is worth remarking that the modem equivalents of the first 

replicator, the DNA molecules, use positive-negative replication. What 

does matter is that suddenly a new kind of 'stability' came into the world. 

Previously it is probable that no particular kind of complex molecule was 

very abundant in the soup, because each was dependent on building 

blocks happening to fall by luck into a particular stable configuration. As 

soon as the replicator was born it must have spread its copies rapidly 

throughout the seas, until the smaller building block molecules became 

a scarce resource, and other larger molecules were formed more and 

more rarely. 

So we seem to arrive at a large population of identical replicas. But now 

we must mention an important property of any copying process: it is not 

perfect. Mistakes will happen. I hope there are no misprints in this book, 

but if you look carefully you may find one or two. They will probably not 

seriously distort the meaning of the sentences, because they will be 'first 

generation' errors. But imagine the days before printing, when books 

such as the Gospels were copied by hand. All scribes, however careful, 

are bound to make a few errors, and some are not above a little wilful 

'improvement'. If they all copied from a single master original, meaning 

would not be greatly perverted. But let copies be made from other copies, 

which in their turn were made from other copies, and errors will start to 

become cumulative and serious. We tend to regard erratic copying as a 

bad thing, and in the case of human documents it is hard to think of 

examples where errors can be described as improvements. I suppose the 

scholars of the Septuagint could at least be said to have started 

something big when they mistranslated the Hebrew word for 'young 

woman' into the Greek word for 'virgin', coming up with the prophecy: 

'Behold a virgin shall conceive and bear a son .. .' Anyway, as we shall 

see, erratic copying in biological replicators can in a real sense give rise 

to improvement, and it was essential for the progressive evolution of life 

that some errors were made. We do not know how accurately the original 

replicator molecules made their copies. Their modem descendants, the 

DNA molecules, are astonishingly faithful compared with the most highfidelity 

human copying process, but even they occasionally make 

mistakes, and it is ultimately these mistakes that make evolution 

possible. Probably the original replicators were far more erratic, but in 

any case we may be sure that mistakes were made, and these mistakes 

were cumulative. 

As mis-copyings were made and propagated, the primeval soup became 

filled by a population not of identical replicas, but of several varieties of 

replicating molecules, all 'descended' from the same ancestor. Would 

some varieties have been more numerous than others? Almost certainly 

yes. Some varieties would have been inherently more stable than others. 

Certain molecules, once formed, would be less likely than others to break 

up again. These types would become relatively numerous in the soup, 



not only as a direct logical consequence of their 'longevity', but also 

because they would have a long time available for making copies of 

themselves. Replicators of high longevity would therefore tend to become 

more numerous and, other things being equal, there would have been an 

'evolutionary trend' towards greater longevity in the population of 

molecules. 

But other things were probably not equal, and another property of a 

replicator variety that must have had even more importance in spreading 

it through the population was speed of replication or 'fecundity'. If 

replicator molecules of type A make copies of themselves on average once 

a week while those of type B make copies of themselves once an hour, it 

is not difficult to see that pretty soon type A molecules are going to be far 

outnumbered, even if they 'live' much longer than B molecules. There 

would therefore probably have been an 'evolutionary trend' towards 

higher 'fecundity' of molecules in the soup. A third characteristic of 

replicator molecules which would have been positively selected is 

accuracy of replication. If molecules of type X and type Y last the same 

length of time and replicate at the same rate, but A makes a mistake on 

average every tenth replication while Y makes a mistake only every 

hundredth replication, Y will obviously become more numerous. The A 

contingent in the population loses not only the errant 'children' 

themselves, but also all their descendants, actual or potential. 

If you already know something about evolution, you may find something 

slightly paradoxical about the last point. Can we reconcile the idea that 

copying errors are an essential prerequisite for evolution to occur, with 

the statement that natural selection favours high copying-fidelity? The 

answer is that although evolution may seem, in some vague sense, a 

'good thing', especially since we are the product of it, nothing actually 

'wants' to evolve. Evolution is something that happens, willy-nilly, in 

spite of all the efforts of the replicators (and nowadays of the genes) to 

prevent it happening. Jacques Monod made this point very well in his 

Herbert Spencer lecture, after wryly remarking: 'Another curious aspect 

of the theory of evolution is that everybody thinks he understands it!' 

To return to the primeval soup, it must have become populated by stable 

varieties of molecule; stable in that either the individual molecules lasted 

a long time, or they replicated rapidly, or they replicated accurately. 

Evolutionary trends toward these three kinds of stability took place in 

the following sense: if you had sampled the soup at two different times, 

the later sample would have contained a higher proportion of varieties 

with high longevity/fecundity/copying-fidelity. This is essentially what a 

biologist means by evolution when he is speaking of living creatures, and 

the mechanism is the same-natural selection. 

Should we then call the original replicator molecules 'living'? Who cares? 

I might say to you 'Darwin was the greatest man who has ever lived', and 

you might say 'No, Newton was', but I hope we would not prolong the 

argument. The point is that no conclusion of substance would be affected 

whichever way our argument was resolved. The facts of the lives and 

achievements of Newton and Darwin remain totally unchanged whether 

we label them 'great' or not. Similarly, the story of the replicator 



molecules probably happened something like the way I am telling it, 

regardless of whether we choose to call them 'Iiving'. Human suffering 

has been caused because too many of us cannot grasp that words are 

only tools for our use, and that the mere presence in the dictionary of a 

word like 'living' does not mean it necessarily has to refer to something 

definite in the real world. Whether we call the early replicators living or 

not, they were the ancestors of life; they were our founding fathers. 

The next important link in the argument, one that Darwin himself laid 

stress on (although he was talking about animals and plants, not 

molecules) is competition. The primeval soup was not capable of 

supporting an infinite number of replicator molecules. For one thing, the 

earth's size is finite, but other limiting factors must also have been 

important. In our picture of the replicator acting as a template or mould, 

we supposed it to be bathed in a soup rich in the small building block 

molecules necessary to make copies. But when the replicators became 

numerous, building blocks must have been used up at such a rate that 

they became a scarce and precious resource. Different varieties or strains 

of replicator must have competed for them. We have considered the 

factors that would have increased the numbers of favoured kinds of 

replicator. We can now see that less-favoured varieties must actually 

have become less numerous because of competition, and ultimately 

many of their lines must have gone extinct. There was a struggle for 

existence among replicator varieties. They did not know they were 

struggling, or worry about it; the struggle was conducted without any 

hard feelings, indeed without feelings of any kind. But they were 

struggling, in the sense that any mis-copying that resulted in a new 

higher level of stability, or a new way of reducing the stability of rivals, 

was automatically preserved and multiplied. The process of improvement 

was cumulative. Ways of increasing stability and of decreasing rivals' 

stability became more elaborate and more efficient. Some of them may 

even have 'discovered' how to break up molecules of rival varieties 

chemically, and to use the building blocks so released for making their 

own copies. These proto-carnivores simultaneously obtained food and 

removed competing rivals. Other replicators perhaps discovered how to 

protect themselves, either chemically, or by building a physical wall of 

protein around themselves. This may have been how the first living cells 

appeared. Replicators began not merely to exist, but to construct for 

themselves containers, vehicles for their continued existence. The 

replicators that survived were the ones that built survival machines for 

themselves to live in. The first survival machines probably consisted of 

nothing more than a protective coat. But making a living got steadily 

harder as new rivals arose with better and more effective survival 

machines. Survival machines got bigger and more elaborate, and the 

process was cumulative and progressive. 

Was there to be any end to the gradual improvement in the techniques 

and artifices used by the replicators to ensure their own continuation in 

the world? There would be plenty of time for improvement. What weird 

engines of self-preservation would the millennia bring forth? Four 

thousand million years on, what was to be the fate of the ancient 



replicators? They did not die out, for they are past masters of the survival 

arts. But do not look for them floating loose in the sea; they gave up that 

cavalier freedom long ago. Now they swarm in huge colonies, safe inside 

gigantic lumbering robots, sealed off from the outside world, 

communicating with it by tortuous indirect routes, manipulating it by 

remote control. They are in you and in me; they created us, body and 

mind; and their preservation is the ultimate rationale for our existence. 

They have come a long way, those replicators. Now they go by the name 

of genes, and we are their survival machines. 

3. Immortal coils. 

We are survival machines, but 'we' does not mean just people. It 

embraces all animals, plants, bacteria, and viruses. The total number of 

survival machines on earth is very difficult to count and even the total 

number of species is unknown. Taking just insects alone, the number of 

living species has been estimated at around three million, and the 

number of individual insects may be a million million million. 

Different sorts of survival machine appear very varied on the outside and 

in their internal organs. An octopus is nothing like a mouse, and both 

are quite different from an oak tree. Yet in their fundamental chemistry 

they are rather uniform, and, in particular, the replicators that they bear, 

the genes, are basically the same kind of molecule in all of us-from 

bacteria to elephants. We are all survival machines for the same kind of 

replicator-molecules called DNA-but there are many different ways of 

making a living in the world, and the replicators have built a vast range 

of machines to exploit them. A monkey is a machine that preserves genes 

up trees, a fish is a machine that preserves genes in the water; there is 

even a small worm that preserves genes in German beer mats. DNA 

works in mysterious ways. 

For simplicity I have given the impression that modern genes, made of 

DNA, are much the same as the first replicators in the primeval soup. It 

does not matter for the argument, but this may not really be true. The 

original replicators may have been a related kind of molecule to DNA, or 

they may have been totally different. In the latter case we might say that 

their survival machines must have been seized at a later stage by DNA. If 

so, the original replicators were utterly destroyed, for no trace of them 

remains in modern survival machines. Along these lines, A. G. Cairns- 

Smith has made the intriguing suggestion that our ancestors, the first 

replicators, may have been not organic molecules at all, but inorganic 

crystals- minerals, little bits of clay. Usurper or not, DNA is in 

undisputed charge today, unless, as I tentatively suggest in Chapter 11, 

a new seizure of power is now just beginning. 

A DNA molecule is a long chain of building blocks, small molecules called 

nucleotides. Just as protein molecules are chains of amino acids, so DNA 

molecules are chains of nucleotides. A DNA molecule is too small to be 

seen, but its exact shape has been ingeniously worked out by indirect 

means. It consists of a pair of nucleotide chains twisted together in an 

elegant spiral; the 'double helix'; the 'immortal coil'. The nucleotide 

building blocks come in only four different kinds, whose names may be 

shortened to A, T, C, and G. These are the same in all animals and 



plants. What differs is the order in which they are strung together. A G 

building block from a man is identical in every particular to a G building 

block from a snail. But the sequence of building blocks in a man is not 

only different from that in a snail. It is also different-though less so-from 

the sequence in every other man (except in the special case of identical 

twins). 

Our DNA lives inside our bodies. It is not concentrated in a particular 

part of the body, but is distributed among the cells. There are about a 

thousand million million cells making up an average human body, and, 

with some exceptions which we can ignore, every one of those cells 

contains a complete copy of that body's DNA. This DNA can be regarded 

as a set of instructions for how to make a body, written in the A, T, C, G 

alphabet of the nucleotides. It is as though, in every room of a gigantic 

building, there was a book-case containing the architect's plans for the 

entire building. The 'book-case' in a cell is called the nucleus. The 

architect's plans run to 46 volumes in man-the number is different in 

other species. The 'volumes' are called chromosomes. They are visible 

under a microscope as long threads, and the genes are strung out along 

them in order. It is not easy, indeed it may not even be meaningful, to 

decide where one gene ends and the next one begins. Fortunately, as this 

chapter will show, this does not matter for our purposes. 

I shall make use of the metaphor of the architect's plans, freely mixing 

the language of the metaphor with the language of the real thing. 

'Volume' will be used interchangeably with chromosome. 'Page' will 

provisionally be used interchangeably with gene, although the division 

between genes is less clear-cut than the division between the pages of a 

book. This metaphor will take us quite a long way. 

When it finally breaks down I shall introduce other metaphors. 

Incidentally, there is of course no 'architect'. The DNA instructions have 

been assembled by natural selection. 

DNA molecules do two important things. Firstly they replicate, that is to 

say they make copies of themselves. This has gone on nonstop ever since 

the beginning of life, and the DNA molecules are now very good at it 

indeed. As an adult, you consist of a thousand million million cells, but 

when you were first conceived you were just a single cell, endowed with 

one master copy of the architect's plans. This cell divided into two, and 

each of the two cells received its own copy of the plans. Successive 

divisions took the number of cells up to 4, 8, 16, 32, and so on into the 

billions. At every division the DNA plans were faithfully copied, with 

scarcely any mistakes. 

It is one thing to speak of the duplication of DNA. But if the DNA is really 

a set of plans for building a body, how are the plans put into practice? 

How are they translated into the fabric of the body? This brings me to the 

second important thing DNA does. It indirectly supervises the 

manufacture of a different kind of molecule-protein. The haemoglobin 

which was mentioned in the last chapter is just one example of the 

enormous range of protein molecules. The coded message of the DNA, 

written in the four-letter nucleotide alphabet, is translated in a simple 

mechanical way into another alphabet. This is the alphabet of amino 



acids which spells out protein molecules. 

Making proteins may seem a far cry from making a body, but it is the 

first small step in that direction. Proteins not only constitute much of the 

physical fabric of the body; they also exert sensitive control over all the 

chemical processes inside the cell, selectively turning them on and off at 

precise times and in precise places. Exactly how this eventually leads to 

the development of a baby is a story which it will take decades, perhaps 

centuries, for embryologists to work out. But it is a fact that it does. 

Genes do indirectly control the manufacture of bodies, and the influence 

is strictly one way: acquired characteristics are not inherited. No matter 

how much knowledge and wisdom you acquire during your life, not one 

jot will be passed on to your children by genetic means. Each new 

generation starts from scratch. A body is the genes' way of preserving the 

genes unaltered. 

The evolutionary importance of the fact that genes control embryonic 

development is this: it means that genes are at least partly responsible 

for their own survival in the future, because their survival depends on 

the efficiency of the bodies in which they live and which they helped to 

build. Once upon a time, natural selection consisted of the differential 

survival of replicators floating free in the primeval soup. Now, natural 

selection favours replicators that are good at building survival machines, 

genes that are skilled in the art of controlling embryonic development. In 

this, the replicators are no more conscious or purposeful than they ever 

were. The same old processes of automatic selection between rival 

molecules by reason of their longevity, fecundity, and copying-fidelity, 

still go on as blindly and as inevitably as they did in the far-off days. 

Genes have no foresight. They do not plan ahead. Genes just are, some 

genes more so than others, and that is all there is to it. But the qualities 

that determine a gene's longevity and fecundity are not so simple as they 

were. Not by a long way. 

In recent years-the last six hundred million or so-the replicators have 

achieved notable triumphs of survival-machine technology such as the 

muscle, the heart, and the eye (evolved several times independently). 

Before that, they radically altered fundamental features of their way of 

life as replicators, which must be understood if we are to proceed with 

the argument. 

The first thing to grasp about a modern replicator is that it is highly 

gregarious. A survival machine is a vehicle containing not just one gene 

but many thousands. The manufacture of a body is a cooperative venture 

of such intricacy that it is almost impossible to disentangle the 

contribution of one gene from that of another. A given gene will have 

many different effects on quite different parts of the body. A given part of 

the body will be influenced by many genes, and the effect of any one gene 

depends on interaction with many others. Some genes act as master 

genes controlling the operation of a cluster of other genes. In terms of the 

analogy, any given page of the plans makes reference to many different 

parts of the building; and each page makes sense only in terms of crossreferences 

to numerous other pages. 



This intricate inter-dependence of genes may make you wonder why we 

use the word 'gene' at all. Why not use a collective noun like 'gene 

complex'? The answer is that for many purposes that is indeed quite a 

good idea. But if we look at things in another way, it does make sense too 

to think of the gene complex as being divided up into discrete replicators 

or genes. This arises because of the phenomenon of sex. Sexual 

reproduction has the effect of mixing and shuffling genes. This means 

that any one individual body is just a temporary vehicle for a short-lived 

combination of genes. The combination of genes that is any one 

individual may be short-lived, but the genes themselves are potentially 

very long-lived. Their paths constantly cross and recross down the 

generations. One gene maybe regarded as a unit that survives through a 

large number of successive individual bodies. This is the central 

argument that will be developed in this chapter. It is an argument that 

some of my most respected colleagues obstinately refuse to agree with, so 

you must forgive me if I seem to labour it! First I must briefly explain the 

facts of sex. 

I said that the plans for building a human body are spelt out in 46 

volumes. In fact this was an over-simplification. The truth is rather 

bizarre. The 46 chromosomes consist of 23 pairs of chromosomes. We 

might say that, filed away in the nucleus of every cell, are two alternative 

sets of 23 volumes of plans. Call them Volume 1a and 1b, Volume 2a and 

Volume 2b etc., down to Volume 23a and Volume 23b. Of course the 

identifying numbers I use for volumes and, later, pages, are purely 

arbitrary. 

We receive each chromosome intact from one of our two parents, in 

whose testis or ovary it was assembled. Volumes 1a, 2a, 3a, ... came, say, 

from the father. Volumes 1b, 2b, 3b,... came from the mother. It is very 

difficult in practice, but in theory you could look with a microscope at 

the 46 chromosomes in any one of your cells, and pick out the 23 that 

came from your father and the 23 that came from your mother. 

The paired chromosomes do not spend all their lives physically in contact 

with each other, or even near each other. In what sense then are they 

'paired'? In the sense that each volume coming originally from the father 

can be regarded, page for page, as a direct alternative to one particular 

volume coming originally from the mother. For instance, Page 6 of 

Volume 13a and Page 6 of Volume 13b might both be 'about' eye colour; 

perhaps one says 'blue' while the other says 'brown'. 

Sometimes the two alternative pages are identical, but in other cases, as 

in our example of eye colour, they differ. If they make contradictory 

'recommendations', what does the body do? The answer varies. 

Sometimes one reading prevails over the other. In the eye colour example 

just given, the person would actually have brown eyes: the instructions 

for making blue eyes would be ignored in the building of the body, 

though this does not stop them being passed on to future generations. A 

gene that is ignored in this way is called recessive. The opposite of a 

recessive gene is a dominant gene. The gene for brown eyes is dominant 

to the gene for blue eyes. A person has blue eyes only if both copies of 

the relevant page are unanimous in recommending blue eyes. More 



usually when two alternative genes are not identical, the result is some 

kind of compromise-the body is built to an intermediate design or 

something completely different. 

When two genes, like the brown eye and the blue eye gene, are rivals for 

the same slot on a chromosome, they are called alleles of each other. For 

our purposes, the word allele is synonymous with rival. Imagine the 

volumes of architects' plans as being loose-leaf binders, whose pages can 

be detached and interchanged. Every Volume 13 must have a Page 6, but 

there are several possible Page 6s which could go in the binder between 

Page 5 and Page 7. One version says 'blue eyes', another possible version 

says 'brown eyes'; there may be yet other versions in the population at 

large which spell out other colours like green. Perhaps there are half a 

dozen alternative alleles sitting in the Page 6 position on the 13 th 

chromosomes scattered around the population as a whole. Any given 

person only has two Volume 13 chromosomes. Therefore he can have a 

maximum of two alleles in the Page 6 slot. He may, like a blue-eyed 

person, have two copies of the same allele, or he may have any two 

alleles chosen from the half dozen alternatives available in the population 

at large. 

You cannot, of course, literally go and choose your genes from a pool of 

genes available to the whole population. At any given time all the genes 

are tied up inside individual survival machines. Our genes are doled out 

to us at conception, and there is nothing we can do about this. 

Nevertheless, there is a sense in which, in the long term, the genes of the 

population in general can be regarded as a gene pool. This phrase is in 

fact a technical term used by geneticists. The gene pool is a worthwhile 

abstraction because sex mixes genes up, albeit in a carefully organized 

way. In particular, something like the detaching and interchanging of 

pages and wads of pages from loose-leaf binders really does go on, as we 

shall presently see. 

I have described the normal division of a cell into two new cells, each one 

receiving a complete copy of all 46 chromosomes. This normal cell 

division is called mitosis. But there is another kind of cell division called 

meiosis. This occurs only in the production of the sex cells; the sperms 

or eggs. Sperms and eggs are unique among our cells in that, instead of 

containing 46 chromosomes, they contain only 23. This is, of course, 

exactly half of 46-convenient when they fuse in sexual fertilization to 

make a new individual! Meiosis is a special kind of cell division, taking 

place only in testicles and ovaries, in which a cell with the full double set 

of 46 chromosomes divides to form sex cells with the single set of 23 (all 

the time using the human numbers for illustration). 

A sperm, with its 23 chromosomes, is made by the meiotic division of one 

of the ordinary 46-chromosome cells in the testicle. Which 23 are put 

into any given sperm cell? It is clearly important that a sperm should not 

get just any old 23 chromosomes: it mustn't end up with two copies of 

Volume 13 and none of Volume 17. It would theoretically be possible for 

an individual to endow one of his sperms with chromosomes which came, 

say, entirely from his mother; that is Volume 1b, 2b, 3b,..., 23b. In this 

unlikely event, a child conceived by the sperm would inherit half her 



genes from her paternal grandmother, and none from her paternal 

grandfather. But in fact this kind of gross, whole-chromosome 

distribution does not happen. The truth is rather more complex. 

Remember that the volumes (chromosomes) are to be thought of as looseleaf 

binders. What happens is that, during the manufacture of the sperm, 

single pages, or rather multi-page chunks, are detached and swapped 

with the corresponding chunks from the alternative volume. So, one 

particular sperm cell might make up its Volume 1 by taking the first 65 

pages from Volume 1a, and pages 66 to the end from Volume 1b. This 

sperm cell's other 22 volumes would be made up in a similar way. 

Therefore every sperm cell made by an individual is unique, even though 

all his sperms assembled their 23 chromosomes from bits of the same set 

of 46 chromosomes. Eggs are made in a similar way in ovaries, and they 

too are all unique. 

The real-life mechanics of this mixing are fairly well understood. During 

the manufacture of a sperm (or egg), bits of each paternal chromosome 

physically detach themselves and change places with exactly 

corresponding bits of maternal chromosome. (Remember that we are 

talking about chromosomes that came originally from the parents of the 

individual making the sperm, i.e., from the paternal grandparents of the 

child who is eventually conceived by the sperm). The process of swapping 

bits of chromosome is called crossing over. It is very important for the 

whole argument of this book. It means that if you got out your 

microscope and looked at the chromosomes in one of your own sperms 

(or eggs if you are female) it would be a waste of time trying to identify 

chromosomes that originally came from your father and chromosomes 

that originally came from your mother. (This is in marked contrast to the 

case of ordinary body cells (see page 25). Any one chromosome in a 

sperm would be a patchwork, a mosaic of maternal genes and paternal 

genes. 

The metaphor of the page for the gene starts to break down here. In a 

loose-leaf binder a whole page may be inserted, removed or exchanged, 

but not a fraction of a page. But the gene complex is just a long string of 

nucleotide letters, not divided into discrete pages in an obvious way at all. 

To be sure, there are special symbols for end of PROTEIN CHAIN 

MESSAGE and START OF PROTEIN CHAIN MESSAGE written in the 

same four-letter alphabet as the protein messages themselves. In 

between these two punctuation marks are the coded instructions for 

making one protein. If we wish, we can define a single gene as a 

sequence of nucleotide letters lying between a start and an end symbol, 

and coding for one protein chain. The word cistron has been used for a 

unit defined in this way, and some people use the word gene 

interchangeably with cistron. But crossing-over does not respect 

boundaries between cistrons. Splits may occur within cistrons as well as 

between them. It is as though the architect's plans were written out, not 

on discrete pages, but on 46 rolls of ticker tape. Cistrons are not of fixed 

length. The only way to tell where one cistron ends and the next begins 

would be to read the symbols on the tape, looking for end of message and 

start of message symbols. Crossing-over is represented by taking 



matching paternal and maternal tapes, and cutting and exchanging 

matching portions, regardless of what is written on them. 

In the title of this book the word gene means not a single cistron but 

something more subtle. My definition will not be to everyone's taste, but 

there is no universally agreed definition of a gene. Even if there were, 

there is nothing sacred about definitions. We can define a word how we 

like for our own purposes, provided we do so clearly and unambiguously. 

The definition I want to use comes from G. C. Williams. A gene is defined 

as any portion of chromosomal material that potentially lasts for enough 

generations to serve as a unit of natural selection. In the words of the 

previous chapter, a gene is a replicator with high copying-fidelity. 

Copying-fidelity is another way of saying longevity-in-the-form-of-copies 

and I shall abbreviate this simply to longevity. The definition will take 

some justifying. 

On any definition, a gene has to be a portion of a chromosome. The 

question is, how big a portion-how much of the ticker tape? Imagine any 

sequence of adjacent code-letters on the tape. Call the sequence a genetic 

unit. It might be a sequence of only ten letters within one cistron; it 

might be a sequence of eight cistrons; it might start and end in midcistron. 

It will overlap with other genetic units. It will include smaller 

units, and it will form part of larger units. No matter how long or short it 

genetic unit. It is just a length of chromosome, not physically 

differentiated from the rest of the chromosome in any way. 

Now comes the important point. The shorter a genetic unit is, the longerin 

generations-it is likely to live. In particular, the less likely it is to be 

split by any one crossing-over. Suppose a whole chromosome is, on 

average, likely to undergo one cross-over every time a sperm or egg is 

made by meiotic division, and this cross-over can happen anywhere 

along its length. If we consider a very large genetic unit, say half the 

length of the chromosome, there is a 50 per cent chance that the unit 

will be split at each meiosis. If the genetic unit we are considering is only 

1 per cent of the length of the chromosome, we can assume that it has 

only a 1 per cent chance of being split in any one meiotic division. This 

means that the unit can expect to survive for a large number of 

generations in the individual's descendants. A single cistron is likely to 

be much less than 1 per cent of the length of a chromosome. Even a 

group of several neighbouring cistrons can expect to live many 

generations before being broken up by crossing over. 

The average life-expectancy of a genetic unit can conveniently be 

expressed in generations, which can in turn be translated into years. If 

we take a whole chromosome as our presumptive genetic unit, its life 

story lasts for only one generation. Suppose it is your chromosome 

number 8a, inherited from your father. It was created inside one of your 

father's testicles, shortly before you were conceived. It had never existed 

before in the whole history of the world. It was created by the meiotic 

shuffling process, forged by the coming together of pieces of chromosome 

from your paternal grandmother and your paternal grandfather. It was 

placed inside one particular sperm, and it was unique. The sperm was 

one of several millions, a vast armada of tiny vessels, and together they 



sailed into your mother. This particular sperm (unless you are a nonidentical 

twin) was the only one of the flotilla which found harbour in one 

of your mother's eggs-that is why you exist. The genetic unit we are 

considering, your chromosome number 8a, set about replicating itself 

along with all the rest of your genetic material. Now it exists, in duplicate 

form, all over your body. But when you in your turn come to have 

children, this chromosome will be destroyed when you manufacture eggs 

(or sperms). Bits of it will be interchanged with bits of your maternal 

chromosome number 8b. In any one sex cell, a new chromosome number 

8 will be created, perhaps 'better' than the old one, perhaps 'worse', but, 

barring a rather improbable coincidence, definitely different, definitely 

unique. The life-span of a chromosome is one generation. 

senile; it is no more likely to die when it is a million years old than when 

it is only a hundred. It leaps from body to body down the generations, 

manipulating body after body in its own way and for its own ends, 

abandoning a succession of mortal bodies before they sink in senility and 

death. 

The genes are the immortals, or rather, they are defined as genetic 

entities that come close to deserving the title. We, the individual survival 

machines in the world, can expect to live a few more decades. But the 

genes in the world have an expectation of life that must be measured not 

in decades but in thousands and millions of years. 

In sexually reproducing species, the individual is too large and too 

temporary a genetic unit to qualify as a significant unit of natural 

selection. The group of individuals is an even larger unit. Genetically 

speaking, individuals and groups are like clouds in the sky or duststorms 

in the desert. They are temporary aggregations or federations. 

They are not stable through evolutionary time. Populations may last a 

long while, but they are constantly blending with other populations and 

so losing their identity. They are also subject to evolutionary change from 

within. A population is not a discrete enough entity to be a unit of 

natural selection, not stable and unitary enough to be 'selected' in 

preference to another population. 

An individual body seems discrete enough while it lasts, but alas, how 
long is that? Each individual is unique. You cannot get evolution by 

selecting between entities when there is only one copy of each entity! 

Sexual reproduction is not replication. Just as a population is 

contaminated by other populations, so an individual's posterity is 

contaminated by that of his sexual partner. Your children are only half 

you, your grandchildren only a quarter you. In a few generations the 

most you can hope for is a large number of descendants, each of whom 

bears only a tiny portion of you-a few genes-even if a few do bear your 

surname as well. 

Individuals are not stable things, they are fleeting. Chromosomes too are 

shuffled into oblivion, like hands of cards soon after they are dealt. But 

the cards themselves survive the shuffling. The cards are the genes. The 

genes are not destroyed by crossing-over, they merely change partners 

and march on. Of course they march on. That is their business. They are 



the replicators and we are their survival machines. When we have served 

our purpose we are cast aside. But genes are denizens of geological time: 

genes are forever. 

Genes, like diamonds, are forever, but not quite in the same way as 

diamonds. It is an individual diamond crystal that lasts, as an unaltered 

pattern of atoms. DNA molecules don't have that kind of permanence. 

The life of any one physical DNA molecule is quite short-perhaps a 

matter of months, certainly not more than one lifetime. But a DNA 

molecule could theoretically live on in the form of copies of itself for a 

hundred million years. Moreover, just like the ancient replicators in the 

primeval soup, copies of a particular gene may be distributed all over the 

world. The difference is that the modern versions are all neatly packaged 

inside the bodies of survival machines. 

What I am doing is emphasizing the potential near-immortality of a gene, 

in the form of copies, as its defining property. To define a gene as a single 

cistron is good for some purposes, but for the purposes of evolutionary 

theory it needs to be enlarged. The extent of the enlargement is 

determined by the purpose of the definition. We want to find the practical 

unit of natural selection. To do this we begin by identifying the properties 

that a successful unit of natural selection must have. In the terms of the 

last chapter, these are longevity, fecundity, and copying-fidelity. We then 

simply define a 'gene' as the largest entity which, at least potentially, has 

these properties. The gene is a long-lived replicator, existing in the form 

of many duplicate copies. It is not infinitely long-lived. Even a diamond is 

not literally everlasting, and even a cistron can be cut in two by crossingover. 

The gene is defined as a piece of chromosome which is sufficiently 

short for it to last, potentially, for long enough for it to function as a 

significant unit of natural selection. 

We have already asked what are the most general attributes of a 'good' 

gene, and we decided that 'selfishness' was one of them. But another 

general quality that successful genes will have is a tendency to postpone 

the death of their survival machines at least until after reproduction. No 

doubt some of your cousins and great-uncles died in childhood, but not 

a single one of your ancestors did. Ancestors just don't die young! 

A gene that makes it possessors die is called a lethal gene. A semi-lethal 

gene has some debilitating effect, such that it makes death from other 

causes more probable. Any gene exerts its maximum effect on bodies at 

some particular stage of life, and lethals and semilethals are not 

exceptions. Most genes exert their influence during foetal life, others 

during childhood, other during young adulthood, others in middle age, 

and yet others in old age. (Reflect that a caterpillar and the butterfly it 

turns into have exactly the same set of genes.) Obviously lethal genes will 

tend to be removed from the gene pool. But equally obviously a lateacting 

lethal will be more stable in the gene pool than an early-acting 

lethal. A gene that is lethal in an older body may still be successful in the 

gene pool, provided its lethal effect does not show itself until after the 

body has had time to do at least some reproducing. For instance, a gene 

that made old bodies develop cancer could be passed on to numerous 

offspring because the individuals would reproduce before they got cancer. 



On the other hand, a gene that made young adult bodies develop cancer 

would not be passed on to very many offspring, and a gene that made 

young children develop fatal cancer would not be passed on to any 

offspring at all. According to this theory then, senile decay is simply a byproduct 

of the accumulation in the gene pool of late-acting lethal and 

semi-lethal genes, which have been allowed to slip through the net of 

natural selection simply because they are late-acting. 

The aspect that Medawar himself emphasizes is that selection will favour 

genes that have the effect of postponing the operation of other, lethal 

genes, and it will also favour genes that have the effect of hastening the 

effect of good genes. It may be that a great deal of evolution consists of 

genetically-controlled changes in the time of onset of gene activity. 

It is important to notice that this theory does not need to make any prior 

assumptions about reproduction occurring only at certain ages. Taking 

as a starting assumption that all individuals were equally likely to have a 

child at any age, the Medawar theory would quickly predict the 

accumulation in the gene pool of late-acting deleterious genes, and the 

tendency to reproduce less in old age would follow as a secondary 

consequence. 

As an aside, one of the good features of this theory is that it leads us to 

some rather interesting speculations. For instance it follows from it that 

if we wanted to increase the human life span, there are two general ways 

in which we could do it. Firstly, we could ban reproduction before a 

certain age, say forty. After some centuries of this the minimum age limit 

would be raised to fifty, and so on. It is conceivable that human longevity 

could be pushed up to several centuries by this means. I cannot imagine 

that anyone would seriously want to institute such a policy. 

Secondly we could try to 'fool' genes into thinking that the body they are 

sitting in is younger than it really is. In practice this would mean 

identifying changes in the internal chemical environment of a body that 

take place during ageing. Any of these could be the 'cues' that 'turn on' 

late-acting lethal genes. By simulating the superficial chemical properties 

of a young body it might be possible to prevent the turning on of lateacting 

deleterious genes. The interesting point is that chemical signals of 

old age need not in any normal sense be deleterious in themselves. For 

instance, suppose that it incidentally happens to be a fact that a 

substance S is more concentrated in the bodies of old individuals than of 

young individuals. S in itself might be quite harmless, perhaps some 

substance in the food which accumulates in the body over time. But 

automatically, any gene that just happened to exert a deleterious effect 

in the presence of S, but which otherwise had a good effect, would be 

positively selected in the gene pool, and would in effect be a gene 'for' 

dying of old age. The cure would simply be to remove S from the body. 

What is revolutionary about this idea is that S itself is only a 'label' for 

old age. Any doctor who noticed that high concentrations of S tended to 

lead to death, would probably think of S as a kind of poison, and would 

rack his brains to find a direct causal link between S and bodily 

malfunctioning. But in the case of our hypothetical example, he might be 

wasting his time! 



There might also be a substance Y a 'label' for youth in the sense that it 

was more concentrated in young bodies than in old ones. Once again, 

genes might be selected that would have good effects in the presence of Y 

but which would be deleterious in its absence. Without having any way 

of knowing what S or Y are-there could be many such substances-we can 

simply make the general prediction that the more you can simulate or 

mimic the properties of a young body in an old one, however superficial 

these properties may seem, the longer should that old body live. 

In mammals, sex is determined genetically as follows. All eggs are 

capable of developing into either a male or a female. It is the sperms that 

carry the sex-determining chromosomes. Half the sperms produced by a 

man are female-producing, or X-sperms, and half are male-producing, or 

Y-sperms. The two sorts of sperms look alike. They differ with respect to 

one chromosome only. A gene for making a father have nothing but 

daughters could achieve its object by making him manufacture nothing 

but X-sperms. A gene for making a mother have nothing but daughters 

could work by making her secrete a selective spermicide, or by making 

her abort male embryos. What we seek is something equivalent to an 

evolutionarily stable strategy (ESS), although here, even more than in the 

chapter on aggression, strategy is just a figure of speech. An individual 

cannot literally choose the sex of his children. But genes for tending to 

have children of one sex or the other are possible. If we suppose that 

such genes, favouring unequal sex ratios, exist, are any of them likely to 

become more numerous in the gene pool than their rival alleles, which 

favour an equal sex ratio? 


