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Introduction



We are living through a revolution in human understanding. For as long as our species has been capable of complex thought, people have wondered where we come from, why we behave as we do, how our bodies work in sickness and in health, and why we all seem so similar and yet display such diverse and wonderful individuality. Philosophy and psychology, biology, medicine and anthropology, even religion, have all attempted to supply answers, and not without some success. But until very recently, we have been missing a fundamental piece of the puzzle, with significance for every aspect of human existence. A knowledge of our genetic code.


Genetics is a young science. It is little more than 50 years since Crick and Watson discovered the “secret of life” – the structure of the DNA molecule in which organisms’ cellular instructions are written. The first, incomplete, draft of the human genome was published only in 2001. Yet this infant branch of knowledge is already changing the way we understand life on Earth, and genetic technology is transforming the way we live.


Genetics has shed fresh light on our history, proving the fact of evolution, and allowing us to trace how the first humans emerged from Africa to populate the world. It has brought us new forensic tools that can convict the guilty and exonerate the innocent. And it is explaining how our individuality is forged through nature and nurture. We are also entering a new era of genetic medicine, which promises treatments tailored to patients’ genetic profiles, spare part tissue grown from stem cells, gene therapy to correct harmful mutations, and tests that highlight inherited health risks that might then be reduced.


These incredible opportunities also stir ethical concerns. Issues such as genetic engineering, cloning, genetic discrimination and designer babies often suggest that DNA stands not for deoxyribonucleic acid, but for controversy.


We are, of course, much more than the sum of our genes. We are rapidly learning that other parts of the genome, such as the segments once derided as “junk DNA”, are also important, perhaps more so. And as we grasp more about genetics, we are enhancing our understanding of other factors that count too – our lifestyles, our environments, our interactions with other people.


Without genetics, however, we would look at life with one eye. We are lucky enough to live at a time when humanity can finally watch with two.





01 The theory of evolution



Charles Darwin: ‘There is grandeur in this view of life … that … from so simple a beginning endless forms most beautiful and most wonderful have been, and are being, evolved.’


‘Nothing in biology’, wrote the geneticist Theodosius Dobzhansky, ‘makes sense except in the light of evolution.’ It is a truth that applies particularly strongly to its author’s specialist field. Though Charles Darwin had no concept of genes or chromosomes, those concepts and all the others that will be described in this book have their ultimate origins in the genius of his insights into life on Earth.


Darwin’s theory of natural selection holds that while individual organisms inherit characteristics from their parents, they do so with small and unpredictable alterations. Those changes that promote survival and breeding will multiply through a population over time, whereas those that have negative effects will gradually disappear.


As is often the case with truly great ideas, evolution by natural selection has a beautiful simplicity that, once grasped, immediately becomes compelling. When the biologist Thomas Henry Huxley first heard the hypothesis presented, he remarked: ‘How extremely stupid not to have thought of that!’ Once a sceptic, he became evolution’s most vociferous champion, earning the nickname ‘Darwin’s bulldog’.








Darwin’s bulldog


T.H. Huxley won his nickname, ‘Darwin’s bulldog’, during the 1860 meeting of the British Association for the Advancement of Science, when he defended Darwin’s theory against the argument from design advocated by Samuel Wilberforce, the Bishop of Oxford. Though no verbatim account exists, Wilberforce began to mock his rival, asking whether he claimed descent from an ape through his mother or father. Huxley is said to have replied: ‘I would rather be descended from an ape than from a cultivated man who used his gifts of culture and eloquence in the service of prejudice and falsehood.’









The argument from design For centuries before Darwin, natural philosophers had sought to explain the extraordinary variety of life on Earth. The traditional solution, of course, was supernatural: life, in all its diversity, was created by a god, and the traits that fit a particular organism to an ecological niche were a function of the creator’s grand plan.


This ‘argument from design’ dates back at least to the Roman orator Cicero, but it is most commonly associated with William Paley, an English clergyman. In an 1802 treatise, he likened the intricacy of life to a watch found on a heath, the very existence of which presupposes the existence of a watchmaker. It rapidly became scientific orthodoxy – even Darwin was much taken with it early in his career.


As was already clear to the philosopher David Hume in the 18th century, however, the argument from design begs the question: who designed the designer? The absence of an obvious naturalistic explanation for a phenomenon is a poor reason to look no further. Those who make it, from Paley to today’s rebranded ‘intelligent design’ creationists, are essentially saying: ‘I don’t understand, so God must have done it.’ As a way of thinking, it is no substitute for science.








Only a theory


Creationists like to dismiss evolution as ‘only a theory’, as if this gives their alternative scientific parity. This reflects their overwhelming misunderstanding of science, which does not use the term ‘theory’ in its common sense of a hunch. Rather, it means a hypothesis that is confirmed by all available data. Evolution more than meets this definition – it is supported by evidence from genetics, palaeontology, anatomy, zoology, botany, geology, embryology and many other fields. If the theory were wrong, almost everything we know about biology would have to be reassessed. It is like the theory of gravity – not an idea we can take or leave, but the best explanation currently available for an observed set of facts.









Acquired characteristics While Paley was invoking the watchmaker, Jean-Baptiste Lamarck took a more intellectually curious approach to the problem. Organisms, he suggested, were descended one from another, with differences emerging by means of subtle modifications in each generation. His was the first theory of evolution.


Lamarck’s evolutionary driver was the inheritance of acquired characteristics: anatomical changes caused by the environment would be passed on to offspring. The son of a blacksmith would inherit the strong muscles his father built up in the forge. Giraffes stretch their necks to reach higher branches, elongating the necks of subsequent generations of calves.


The theory is often lampooned today, not least because of its revival in the 1930s by Stalin’s favourite biologist, Trofim Lysenko. His insistence that wheat could be trained to resist cold snaps caused millions of deaths from famine in the Soviet Union. Lamarck’s ideas are sometimes even described as heresy. Yet though he was wrong about the details of evolution, his broader thinking was astute. He correctly ascertained that biological characteristics are inherited – a perception of vast importance. He was mistaken only about the means.


On the Origin of Species The real means were soon elucidated by Darwin. In the early 1830s, he had sailed aboard the marine survey ship HMS Beagle, as naturalist and ‘gentleman companion’ to its captain Robert FitzRoy, on a voyage that enabled Darwin to make detailed observations of the flora and fauna of South America. He found particular inspiration in the Galapagos Islands, west of Ecuador, each of which was home to subtly different species of finch. Their similarities and differences led him to consider whether these species might be related, and had become adapted over time to the environment of each island.


In this, Darwin’s assessment differed little from Lamarck’s. What set his hypothesis apart was its mechanism. The economist Robert Malthus (1766–1834) had described how populations that increase in size would compete for resources, and Darwin now applied this principle to biology. Chance variations that helped an organism to compete for food and mates would help it to survive, and to pass those traits to its offspring. Variations with negative effects, however, would die out over time as their carriers lost out to others better adapted to their surroundings. Changes were not caused by the environment, but selected by it.


The implications of this natural selection were brutal. It worked towards no goal or purpose, and gave no special consideration to human life. What mattered, in Herbert Spencer’s famous phrase, was ‘the survival of the fittest’.


Darwin first sketched out his ideas as early as 1842, but he did not publish for another 17 years, fearing the derision that had been heaped upon treatises such as Vestiges of the Natural History of Creation, an 1844 pamphlet which argued that species can morph into new ones. In 1858, however, two years after starting to write up his theory, he received a letter from Alfred Russel Wallace, a younger naturalist who had developed similar notions. After presenting jointly with Wallace to the Linnean Society of London, Darwin rushed On the Origin of Species into print in 1859.


‘The theory of evolution by cumulative natural selection is the only theory we know of that is in principle capable of explaining the existence of organised complexity.’


Richard Dawkins


Clerical naturalists, including Darwin’s old tutors Adam Sedgwick and John Stevens Henslow, were outraged by the new theory. Another critic was Robert FitzRoy, who considered himself betrayed by an old friend, who had abused his kindness to promote views akin to atheism. But Darwin’s theory found favour with a younger generation of intellectuals, who recognized both the theory’s importance and its utility in undermining a scientific establishment that was still under heavy church influence.


The theory has been updated since 1859, not least by Darwin himself: in The Descent of Man (1871), he described how mating preferences can drive evolution as well as the environment, adding sexual selection to the scientific lexicon. But the central principle that all species are interrelated, and emerge one from another by way of random changes that are passed on if helpful to survival or breeding, has become the glue that holds biology together. It is also the foundation stone of genetics.


the condensed idea


Natural selection forms new species






	timeline






	1802

	William Paley (1743–1805) uses ‘watchmaker analogy’ to make the argument from design; Jean-Baptiste Lamarck (1744–1829) sets out theory of inheritance of acquired characteristics






	1842

	Charles Darwin (1809–82) sketches out evolution by natural selection in letter to Charles Lyell






	1858

	Theory of natural selection presented to Royal Society by Darwin and Alfred Russel Wallace (1823–1913)






	1859

	Charles Darwin publishes On the Origin of Species











02 The laws of inheritance



William Castle: ‘What will doubtless rank as one of the great discoveries in biology, and in the study of heredity perhaps the greatest, was made by Gregor Mendel, an Austrian monk, in the garden of his cloister, some forty years ago.’


For all Charles Darwin’s brilliance, his theory still lacked something critical at its core: it had no way of accounting for the individual variations that were supposed to be passed on from one generation to the next. Darwin himself favoured ‘pangenesis’, the idea that the characteristics of each parent merge in the offspring, but he was as wrong in this as was Lamarck about acquired characteristics. If only he had read a paper by a contemporary, a Moravian monk by the name of Gregor Mendel.


In 1856, the same year in which Darwin started work on On the Origin of Species, Mendel began a remarkable series of experiments in the garden of the Augustinian monastery of St Thomas in Brünn, now Brno in the Czech Republic. Over the next seven years, he was to breed more than 29,000 pea plants, with results that would make him known – when the rest of the world finally took notice – as the founder of modern genetics.


Mendel’s experiments Botanists had long known that certain plants ‘breed true’ – that is, characteristics such as height or colour are reliably transmitted to the next generation. Mendel exploited this in his experiments on variation, by taking seven true-breeding pea traits, or phenotypes, and cross-breeding the plants that bore them to create hybrids. Pea strains that always produced round seeds, for example, were crossed with strains with wrinkled seeds; purple flowers with white; tall stems with short. In the next generation, known to geneticists as F1, only one of the traits would remain – the progeny always had round seeds, purple flowers or tall stems. Parental characteristics did not blend, as pangenesis suggested, but one characteristic invariably seemed to dominate.




First experiment
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Second experiment: uses offspring of first experiment
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Next, Mendel took each hybrid and used it to fertilize itself. In this F2 generation, the trait that seemed to have been erased suddenly came back. Around 75 per cent of the peas had round seeds, with the remaining 25 per cent coming out wrinkled. In all seven of his samples, this same ratio of 3:1 emerged. His results fit the pattern so well, indeed, that some later scientists have suspected fraud. The principles he discovered are now too well attested for that, but it is quite possible that Mendel realized the implications of this ratio early on, and stopped experimenting just when the numbers added up nicely.








Mendelian Inheritance in Man


The Online Mendelian Inheritance in Man database includes more than 12,000 human genes that are thought to be passed on according to Mendel’s laws, with dominant and recessive alleles. Of these, at the time of writing 387 variable genes have been sequenced and linked to a specific phenotype, including diseases such as Tay–Sachs or Huntington’s, and more neutral traits such as eye colour. Several thousand other phenotypes are known to follow a Mendelian inheritance pattern, but the parts of the genome responsible have yet to be identified or mapped. About 1 per cent of births are affected by Mendelian disorders, which result from variation in a single gene.









What was happening, Mendel recognized, was that these phenotypes were being transmitted by paired ‘factors’ – we would now call them genes – some of which are dominant and others recessive. The parent plants bred true because they carried two dominant genes for round seeds or two recessive genes for wrinkled – in the language of genetics, they are homozygous. When they were crossed, the progeny were heterozygous – they inherited one gene of each kind. The dominant gene won out, and all the seeds were round.


In the F2 generation, there were three possibilities. A quarter, on average, would have two round-seed genes, and thus round seeds. Half would have one gene of each sort, producing round seeds because that gene was dominant. And another quarter would inherit two wrinkled-seed genes, producing wrinkled seeds: such recessive genes can generate a phenotype only when no dominant gene is present.


Mendel’s laws Mendel used these results to draw up two general laws of inheritance (to avoid confusion, I will use the language of modern genetics here and not his own). His first principle, the law of segregation, holds that genes come in alternative varieties known as alleles, which influence phenotypes such as seed shape (or eye colour in people). Two alleles governing each phenotypic trait are inherited, one from each parent. If different alleles are inherited, one is dominant and expressed, while the other is recessive and silent.








Complex dominance


Not all traits that are governed by single genes follow quite the inheritance pattern that Mendel discovered. Some genes are incompletely dominant, meaning that when an organism is heterozygous, with one copy of each allele, the resulting phenotype is intermediate. Carnations with two alleles encoding red colour are red; those with two white alleles are white; and those with one of each are pink. Genes can also be co-dominant, meaning that heterozygotes express both traits. Human blood groups work like this: while the O allele is recessive, the A and B alleles are co-dominant. So both the A and B alleles are dominant to O, but a person who inherits one A and one B will have type AB blood.









His second principle was the law of independent assortment: the inheritance pattern of one trait does not influence the inheritance pattern of another. The genes that encode seed shape, for example, are separate from the ones that encode seed colour and will not affect it. Each Mendelian trait will be passed on in 3:1 ratios, according to the dominance pattern of the genes involved.


Neither of Mendel’s laws is quite correct. Some phenotypes are linked and often inherited together – as are blue eyes and blond hair among Icelanders – and not all traits follow the simple patterns of dominance found in the monk’s peas. But they were a good first effort. Genes found on different chromosomes are indeed inherited separately in line with the second law, and there are plenty of diseases that fit with the first. These are known as Mendelian disorders – conditions such as Huntington’s disease, which always occurs in people who have one copy of a dominant mutated gene; or cystic fibrosis, caused by a recessive mutation that is dangerous only when two copies are inherited, one from each parent.


‘Mendelism supplied the missing parts of the structure erected by Darwin.’


Ronald Fisher


Rejection, ignorance and rediscovery Mendel read his paper on inheritance to the Natural History Society of Brünn in 1865, and it was published the following year. But if Darwin’s opus was a sensation, Mendel’s was barely read, and those who did read it missed its significance. It appeared, indeed, in a volume in which Darwin annotated both the preceding and following articles, but he left the work that was ultimately to underpin his theory unmarked. In 1868, Mendel was elected abbot and his research ceased, though he remained certain of its significance. Shortly before his death in 1884 he is said to have remarked: ‘My scientific work has brought me a great deal of satisfaction, and I am convinced that it will be appreciated before long by the whole world.’


He was right. In the 20th century, Hugo de Vries, Carl Correns and Erich von Tschermak each developed similar theories of inheritance to Mendel’s, and acknowledged the monk’s priority. A new science was born.


the condensed idea


Genes can be dominant or recessive






	timeline






	1856

	Gregor Mendel (1822–84) begins breeding experiments with pea plants






	1865

	Mendel presents laws of inheritance to Natural History Society of Brünn






	1900

	Rediscovery of Mendel’s ideas by Hugo de Vries, Carl Correns and Erich vonTschermak










03 Genes and chromosomes



C.H. Waddington: ‘Morgan’s theory of the chromosome represents a great leap of imagination comparable with Galileo or Newton.’


When T.H. Morgan (1866–1945) began experimenting with fruit flies in 1908, he accepted neither Darwin nor Mendel. Although he was satisfied that some form of biological evolution had taken place, he doubted natural selection and Mendelian heredity as the means. His results, however, were to convince him that both theories were in fact correct, and revealed the cellular architecture that allows traits to be conveyed from one generation to the next.


Morgan proved not only that phenotypes are inherited in the fashion that Mendel proposed, but also that the units of heredity reside on chromosomes. These structures in the cell’s nucleus, of which humans have 23 pairs, had first been discovered in the 1840s, but their function remained uncertain. In 1902, biologist Theodor Boveri and geneticist Walter Sutton independently proposed that chromosomes might hold the material of inheritance, to great controversy. Though Morgan was among the sceptics, his fruit flies put the argument to rest. He provided the physical evidence that cemented the Mendelian revolution.


The field of study that it threw open now had a name. Mendel had called the codes for heritable traits ‘factors’, but in 1889, before his role in rediscovering the monk’s work, Hugo de Vries had used ‘pangen’ to describe ‘the smallest particle [representing] one hereditary characteristic’. In 1909, Wilhelm Johannsen produced a more elegant contraction – the gene – along with the term ‘genotype’ to signify an organism’s genetic makeup, and ‘phenotype’ to signify the features that genes produce. William Bateson, an English biologist, rolled all this together into a new science: genetics.


The threads of life Chromosomes, we now know, are threads composed of chromatin – a combination of DNA and protein – that sit in the cell’s nucleus and hold the vast majority of its genetic information (a little lies elsewhere, in mitochondria and chloroplasts). They are usually depicted as sticks that are pinched in the middle, but they actually take on this form only during cell division. For most of the time, they are long, loose strings, like fabric necklaces. Genes are like patches of colour woven into the design.


The number of chromosomes differs from organism to organism, and they almost invariably come in pairs: individuals inherit one copy from their mother and one from their father. Only in reproductive cells called gametes – in animals, the eggs and sperm – is just a single set present. Ordinary paired chromosomes are known as autosomes, of which humans have 22 pairs, and most animals also have sex chromosomes that can differ between males and females. In humans, people who inherit two X chromosomes are female, while those who have one X and one Y are male.








Chromosomal disorders


Inherited diseases are not always caused by mutations in specific genes; they can also be caused by chromosomal abnormalities, or aneuploidies. One example is Down’s syndrome, caused when people inherit three copies of chromosome 21 instead of the usual two. This extra chromosome causes learning disabilities, a characteristic physical appearance and an increased risk of heart disorders and early-onset dementia.


Aneuploidies of other chromosomes are almost invariably fatal before birth. They are often responsible for miscarriage and infertility, and it is becoming possible to screen in-vitro fertilization (IVF) embryos for these faults to improve couples’ chances of a successful pregnancy.









In the 1880s, the advent of dyes that can stain chromatin allowed the embryologist and cytologist Edouard van Beneden to observe that each cell’s maternal and paternal chromosomes remain separate throughout cell division, a discovery that led Boveri and Sutton to suggest a role in Mendelian inheritance. If genes were held on discrete chromosomes that came from each parent, that could explain how recessive traits could be preserved to re-emerge in later generations.


The fly Boveri and Sutton were proved right by one of their biggest critics – Morgan. His instrument was the humble fruit fly, Drosophila melanogaster – the Latin name means ‘black-bellied dew-lover’. Females can lay 800 eggs a day, and its fast reproductive cycle, which can produce a new generation every two weeks, allowed Morgan’s lab to cross-breed millions of the insects to examine patterns of inheritance.


In humans, sex is determined by the X and Y chromosomes – females are XX and males XY. Eggs always contain an X, while sperm can bear an X or a Y. As the X chromosome affects the sex of fruit flies in similar fashion, Morgan realized that his results could be explained if the mutant gene that turned eyes white was recessive, and was carried on the X chromosome.


Drosophila usually has red eyes, but in 1910 Morgan found a single white-eyed male. When he mated the mutant with an ordinary red-eyed female, their progeny (the F1 generation) were all red-eyed. These flies were then mated with one another, to produce the F2 generation in which Mendel’s recessive traits reappeared. The white-eyed phenotype came back – but only in about half of the males, and in none of the females. This result seemed to be linked to sex.


‘Morgan’s findings about genes and their location on chromosomes helped transform biology into an experimental science.’


Eric Kandel


In the F1 generation, all the flies were red-eyed as they inherited an X chromosome from a red-eyed female, and thus had a dominant red-eyed gene. The females were all carriers of the recessive gene, but it was not expressed. None of the males had it at all.


First experiment


[image: ]


In the F2 generation, all the females were red-eyed as they received an X chromosome with a dominant gene from a red-eyed father – even if their mothers were carriers and passed on a mutant X, they would not develop white eyes as the trait is recessive. Among the F2 males, however, the half that received a mutant X from their mothers were white-eyed: they had no second X chromosome to cancel out the effects of the recessive gene.


Second experiment: uses offspring of first experiment


[image: ]


Morgan had hit on a critical principle. Many human diseases, such as haemophilia and Duchenne muscular dystrophy, follow this sex-linked pattern of inheritance: the rogue genes responsible lie on the X chromosome, hence the diseases are developed almost exclusively by males.


Genetic linkage As Morgan studied Drosophila still further, his team found dozens more traits that seemed to be carried on chromosomes. Sex-linked mutations were the simplest to spot, but it soon became possible to map genes to the autosomes, too. Genes that lie on the same chromosome tend to be inherited together. By studying how often certain fly traits are co-inherited, Morgan’s ‘drosophilists’ were able to show that certain genes lie on the same chromosome, and even to calculate their relative distance from one another. The closer the genes, the more likely they are to be passed on together. This concept, called genetic linkage, is still a key tool for finding genes that cause disease.








Humans and other animals


Humans have 23 pairs of chromosomes – the 22 autosomes, plus the sex chromosomes X andY. Until 1955, however, it was widely agreed that we had 24 pairs, in common with our closest animal relatives, the chimpanzees and other great apes. This was overturned when Albert Levan and Joe-Hin Tjio used new microscopy techniques to reveal 23 pairs. Closer examination of the human chromosome 2 shows that it was formed by the fusion of two smaller chromosomes that still exist in chimpanzees. This merger was one of the evolutionary events that made us human.









Morgan had been wrong about Mendel, wrong about Boveri and Sutton, and indeed wrong about Darwin. But he was not pig-headed in his wrongness. Instead, he used experimental data to overcome it and develop a fundamental idea. His conversion is a perfect illustration of one of science’s great strengths. Unlike in politics, when the facts change in science it’s OK to change your mind.


the condensed idea


Genes are carried on chromosomes






	timeline






	1840s

	Discovery of chromosomes






	1902

	Theodor Boveri (1862–1915) and William Sutton (1877–1916) suggest chromosomes could carry genetic material






	1910

	T.H. Morgan (1866–1945) proves chromosomal basis of inheritance










04 The genetics of evolution



Ernst Mayr: ‘New gene pools are generated in every generation, and evolution takes place because the successful individuals produced by these gene pools give rise to the next generation.’


Mendelian genetics is today accepted as the mechanism by which Darwinian evolution occurs. Yet at the time of its rediscovery, Mendel’s theory was widely considered incompatible with Darwin’s. Attempts to reconcile the two great ideas of 19th-century biology were to become a dominant theme of early 20th-century genetics, sketching out principles that remain accepted in their essentials today. The resolution is known as the modern evolutionary synthesis.


Many of the biologists who first championed Mendel’s ideas thought that his portrait of discrete genes seemed to rule out the gradual evolution proposed by natural selection. Mendelian inheritance did not appear to generate enough reliably heritable variations for slow selective processes to generate new species. Instead, the ‘mutationists’ or ‘saltationists’ suggested that sudden major mutations might move evolution forward in jumps.


A rival school, the biometricians, agreed with Darwin that there was wide and continuous variation between individuals, but drew from this that Mendel must be mistaken. Inherited traits, they felt, could not explain such variety if genetic information was carried by self-contained units, which could emerge intact after being hidden for a generation. There appeared to be too many differences between organisms within the same species, let alone between separate ones, for discrete genes to explain them all.


T.H. Morgan’s discoveries about chromosomes started to explain how Darwin and Mendel might work together. His flies showed that mutations do not generate species by themselves, but rather increase the diversity of a population, providing a pool of individuals with different genes on which natural selection can act. This led a new generation of geneticists to realize that the two theories might be successfully combined. For the evidence, they turned to new tools, mastering mathematics and taking their research out into the field.








The X-Men


The superheroes of the X-Men comics and films are supposed to have acquired their remarkable powers, such as Magneto’s control over magnetic fields and Storm’s ability to change the weather, through spontaneous genetic mutations. This is entertaining stuff but scientific nonsense – and not just because these powers are implausible. The narrative follows the heresy of saltationism – the notion that evolution takes sudden leaps forward when individuals acquire massive mutations that allow them to do new things. Population genetics killed this misconception in the early 20th century: evolution actually happens by way of slight mutations, which can cause rapid change as they are selected by the environment.









Population genetics The key to understanding how natural selection could work by Mendelian means was to move beyond the level of individual organisms and genes. This required two important insights. First, the English geneticist Ronald Fisher grasped that most phenotypic traits are not governed by a single gene in the neat fashion of Mendel’s peas, but are instead influenced by a combination of different genes. He used new statistical methods to prove that this sort of inheritance could account for the wide variation between individuals measured by the biometricians, without invalidating Mendel’s laws.


The population geneticists also realized that the emergence of mutations that produce new genetic variants or alleles is only the start of the evolutionary process. What matters more is how these alleles become distributed through entire populations. Very large mutations, of the sort considered crucial by the saltationists, are unlikely to spread: when not in themselves lethal, they tend to be so significant that they create individuals that are out of step with their environments. Such variants are less likely to survive and breed. Slight mutations that turn out to be advantageous, however, will gradually take over the gene pool, as those who carry them have more descendants.


The peppered moth The most celebrated example is the peppered moth. Before the Industrial Revolution in England, these insects were uniformly white-bodied and mottled, an adaptive colour scheme that camouflaged them against the lichen that covered tree trunks. Over the course of the 19th century, however, pollution from the mills of Manchester and other industrial centres blackened the local woods with soot and killed off lichen.


The peppered moth has a variant that is dark-coloured, owing to a mutation in the gene that produces the pigment melanin. These were very rare in the early 19th century, accounting for an estimated 0.01 per cent of the population: it was a prime example of a major mutation that reduced fitness, as black moths stood out and were quickly eaten by birds. By 1848, however, 2 per cent of moths in the Manchester region were black, and by 1895 the figure stood at 95 per cent. The changed environment, in which soot-covered trees now predominated, had given the dark allele an adaptive advantage.


The English geneticist J.B.S. Haldane calculated that the dark allele’s almost total takeover of the moth population required black insects to be just 1.5 times more likely to survive and breed because of their colour. Mathematics has since shown that very small genetic changes of this sort can mushroom in frequency remarkably quickly, even if they have only slightly adaptive effects. Natural selection is a powerful engine, fuelled by genetics.


Genetic drift Natural selection is not the only method by which evolution occurs. Genes can also drift. As Mendel’s law of segregation says, individuals have two copies of each gene, and pass one on to their offspring at random. In a large population, each allele will be passed on to subsequent generations in the frequency at which it was initially present, provided no selective pressures are at work. The randomness of this process, though, means that strange things can happen when populations are small. Chance variations in inheritance can cause one genetic variant to become more common than another, without any natural selection at all.


Imagine a bird species has two alleles for beak length, one long and one short, and that all the parents in a colony have one copy of each. In a big population, each allele will have a frequency of roughly 50 per cent in the next generation, because of the large numbers involved. Now imagine there are just two breeding pairs, again with one copy of each allele. The most likely outcome is still a 50–50 split, but the small numbers can’t guarantee it. One allele might predominate in the offspring for no reason other than chance. Biologists call this the ‘founder effect’ – the gene pool of any new colony is shaped by the random genotypes that happen to be carried by its founders.








Speciation


One of the triumphs of the evolutionary synthesis was to provide understanding of how new species are formed. There are four main mechanisms by which this can take place, but they all rely on the partial or complete separation of two population groups, often by a geographical barrier such as a river or mountain range, so that they can no longer interbreed. Once these groups become isolated, genetic drift means they will become less and less similar over time, even if no selective pressures are involved. When these populations come back into contact with one another, they have often diverged so much that they cannot interbreed – they have turned into separate species.









This concept of genetic drift added another means by which Mendelian inheritance could account for variation within and between species, without recourse to sudden mutational leaps. Even in cases where natural selection did not appear to be happening, science had a second way in which evolution could be explained by genetics. The evidence that Mendelism and Darwinism were compatible was starting to stack up.


the condensed idea


Genetics drives evolution






	timeline






	1859

	Darwin publishes On the Origin of Species







	1865

	Mendel identifies laws of inheritance






	1910

	Morgan’s chromosome experiments suggest the two theories are compatible






	1924

	J.B.S. Haldane (1892–1964) publishes work on peppered moths






	1930

	Ronald Fisher (1890–1962) publishes The Genetical Theory of Natural Selection







	1942

	Julian Huxley (1887–1975) publishes Evolution:The Modern Synthesis











05 Mutation



Hermann Muller: ‘Mutation is indeed capable of being influenced “artificially” … it does not stand as an unreachable God playing its pranks upon us from some impregnable citadel in the germ plasm.’


The modern synthesis showed that large mutations are not the transforming force of evolution. Yet without genetic alterations of some sort, evolution could not happen. Natural selection and drift might be the processes that cause particular alleles to proliferate, but these alleles must somehow differ from other variants in the first place. The genetic code has to be copied faithfully from generation to generation for characteristics to be reliably inherited, but not too faithfully. The minor copying errors – small mutations – provide the raw material of evolution, the sparks that light its fire. They are then fanned into a blaze by natural selection; they slowly smoulder by drift; or they fail to catch light and die out.


T.H. Morgan’s experiments with Drosophila struck gold because of a random mutation: the fly with white eyes. His team had increased the possibility of spotting such a chance event by breeding millions upon millions of the insects, but spontaneous mutations are so rare that vast numbers of specimens were needed to find them. Relying on chance, and time, made research exceptionally laborious. A means of kick-starting evolution by inducing mutations, however, was soon to transform the power of Drosophila research.


The breakthrough came from one of Morgan’s students – a Jewish New Yorker named Hermann Muller. A brilliant theorist, Muller’s ideas had proved vital to explaining the drosophilists’ chromosomal work, but as he had not conducted the experiments himself he received little credit in the group’s publications. Upset by his treatment – he was a cantankerous and difficult man to work with, though biographers have also suggested he was a victim of anti-Semitism – Muller fell out with his teacher and moved to Texas to start working on his own.








Muller and Stalin


An ardent communist, Muller moved to work in the Soviet Union in 1935, where he developed a socialist approach to eugenics. Selective breeding, he argued, might be used in social engineering, to produce a new generation more inclined to live in accordance with the teachings of Marx and Lenin. Stalin, however, was unimpressed: under the influence of Trofim Lysenko, he declared genetics based on Mendel and Darwin to be bourgeois science, and began persecuting its practitioners.


Muller’s collaborator, Nikolai Vavilov, was arrested and later died in the gulag (Soviet labour camp). Muller fled before he met with the same fate.









X-rays Muller was fascinated by mutation, and also by Ernest Rutherford’s recent achievement of splitting the atom. Like atoms, genes had been widely considered irreducible and immutable. If atomic form could actually be changed, might it be possible, he wondered, to alter genes artificially too? And might radiation be a potential agent of that change? In 1923, he began to expose fruit flies to radium and X-rays, to test his hypothesis.


The first experiments yielded little. While the X-rays seemed to be causing mutations, proof was elusive because they also had the unfortunate side-effect of sterilizing the insects, making it impossible to study what happened to their offspring. In November 1926, however, Muller finally got his radiation doses right. When he exposed male flies to X-rays and then mated them with virgin females, they bore mutant offspring at unprecedented frequencies. Within a few weeks, he had generated more than 100 mutants – half as many as all the spontaneous ones that had been identified in the previous 15 years.


Some of the mutations were lethal, but many were not, and these were passed on reliably to later generations, as Mendel had predicted. Muller noted breakages in the flies’ chromosomes, and his correct interpretation was that as radiation strikes them, it causes random alterations in their genetic structure.


Often, the changes that result are so damaging that they cause immediate death, or they are so maladaptive that they rapidly disappear from the gene pool. But occasionally, the outcome is a small ‘point mutation’ in an individual gene, leading to slight phenotypic variation of the sort that can spread through a population by natural selection or drift. Radiation can do this artificially, and quickly, in the laboratory. In the wild, the same thing is accomplished by random copying errors, or by exposure to environmental mutagens such as ultraviolet light or certain chemicals.


Genetic manipulation Muller immediately grasped the significance of his discovery. Science now had a tool for causing a mass of mutations in laboratory organisms, which greatly improved the speed and efficiency with which genetics could be studied. It was now a properly researchable subject. But the advance also suggested that if mutations could be induced, they could be manipulated too.


It meant that evolution could be artificially accelerated, by exposing organisms to radiation, and then breeding selectively from any mutants that had acquired desirable traits. When Muller spelled this out in a series of public speeches in the late 1920s, he became the first celebrity of genetics. He was the first to imagine the potential of genetic modification, long before the first genetically modified (GM) crop was ripped up by Greenpeace.
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