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  The procedure had been planned painstakingly for months, yet the operation, as it reached the crucial stage, was not going well.1

  After many hours on their feet performing intricate vascular brain surgery, the team was tiring fast. A small severed artery pumped a thin stream of blood onto one of the surgeon’s glasses

  before it was sealed off. Some other blood vessels were leaking steadily, and it was not clear what caused the bleeding and where exactly it originated. Clamping a number of suspect veins and

  arteries didn’t work, the area of the back of the exposed brain just kept filling up with fresh blood and obscuring everything, making it hard to distinguish the grey shiny brain tissue from

  the vessels.




  ‘The blood pressure’s dropping,’ said the chief anaesthetist.




  ‘Not good’, thought Dr Keith Goh, the head surgeon, grimly. Then: ‘Let’s give the rest of the blood transfusion now and get some more units up here. We’ll try more

  compression and stitches and reseal the dura and see if it holds. I don’t think we have any other choice.’




  Twenty-nine years earlier and several thousand miles away, two baby girls, identical twins, had been conceived as the result of a series of chance events. At just the right day of the month, one

  of their father’s many billion sperm containing a half-set of 23 chromosomes met and fertilised one of their mother’s 400 eggs containing another half-set of 23 chromosomes. A few days

  later a single fertilised egg, still containing no more than a handful of cells, suddenly split, and produced two genetically identical embryos. The two baby clones developed for nine months side

  by side.




  The twins were born on a cold day in January in the troubled years just before the revolution in Firouzabad in southwest Iran. At first they hardly saw their parents, who were

  poor farmers with nine other kids to feed and look after. Because of complications the twins stayed in hospital, and because of their parents’ financial problems they were adopted by a kindly

  doctor.




  The two girls did everything together, eating, playing, sleeping, and never left each other’s side. Despite their identical genes and environment, there were obvious differences between

  them. Ladan liked animals, whereas Laleh preferred computer games, which Ladan, who preferred to pray, couldn’t stand. When they were older, both started to enjoy shopping, particularly for

  cosmetics. Ladan was left-handed and Laleh right-handed. They did well at school, though they often whispered answers to each other in exams. They wanted to continue to study together, but Ladan

  hoped to be a lawyer in Tehran and Laleh a journalist in Shiraz. Eventually Ladan won the argument and they both studied law in Tehran. When asked, they would both agree that Ladan was the

  talkative extrovert and Laleh was more introverted.




  How could the differences in personality of these two girls be explained? They were genetic clones with exactly the same DNA structure and every one of the 100 trillion cells of their body

  contained the same 25,000 genes.2 They had been attended to, and initially fed, by the same mother, and later brought up by the same adopted father.

  They had spent every day of their lives together, gone to the same school and university; they had the same friends and the same diet. They also had a special and unique bond: they were literally

  inseparable. They were Siamese twins conjoined at the head.




  As the twins got older, their desire for independence grew, and they spent six years trying to convince doctors to perform surgery to separate them. All the experienced

  doctors they consulted declined, because of the very high probability of death in such a complex operation. The twins shared the major vein (the sagittal sinus) running behind the brain which acts

  as the main reservoir of blood. In 2003 they finally convinced Dr Goh, a senior neurosurgeon from Singapore, to operate on them despite the apparent risks. He had performed previous successful

  operations on younger twins and optimistically put the risk of death at closer to fifty-fifty.




  The operation started on a humid morning in July in Singapore with a confirmatory MRI scan. It lasted 52 hours and involved 28 surgeons from four countries, as well as hundreds of support staff.

  The operation itself cost millions of dollars – they had to use a specially designed operating table resembling a double dental chair – and Iranian TV crews gave regular updates.




  After hesitating at a crucial stage when the operation was nearly aborted, the team finally managed to separate the heads. But the brains were more closely fused than they expected from the

  scans; bleeding from the shared complex network of blood vessels could not be controlled. Neither of the twins regained consciousness, and despite the best efforts of the team, they died soon

  after. A note written by them and posted on the hospital website the day of the operation read: ‘We have been praying every day for our operation . . . We hope the operation will finally

  bring us to the end of this difficult path, and we may begin our new and wonderful lives as two separate persons.’ The twins got their wish. They were finally separated in death – they

  were buried in individual tombs – yet still lie side by side.




  Conjoined twins are thankfully extremely rare (1 in 2 million births), but the story of Ladan and Laleh illustrates a key point. Most of us share very similar genes and environments to our

  siblings and parents, yet our personalities, tastes, physical appearance and health turn out to be entirely different. If our genes and environment are the same, how can there be

  any room for differences between us? And, if so, how do these differences arise?




  In 2009 I undertook the role of scientific consultant for a BBC two-part series called The Secret Life of Twins. The first programme was straightforward to plan, as it presented case

  studies on how uncannily similar some identical twins are, even those that have been separated at birth. There was a great example of two Chinese girls, Mia and Alexandra, separated as infants and

  adopted by two families in Sacramento, California and the fjords of Norway respectively. Each family was unaware of the other twin’s existence.




  On the occasion of the filming of our documentary, Mia and Alexandra, aged six, were reunited. Although they lacked a common language they became instant friends. From the time they first

  skipped out of the car and waved to each other it was clear they had seemingly identical habits and mannerisms. Their brief time together, and the traumatic reseparation that followed, didn’t

  leave a dry eye in the house.




  I explained to the producers of the programme that, although fascinating to the public, the example of these twins was less stimulating for scientists, as it had been well documented in the past

  that identical twins raised apart develop many parallels and striking similarities. The producers challenged me to come up with something more novel and provocative for the second programme. I

  suggested that they look at the complete opposite scenario to Mia and Alexandra: namely, identical twins raised together who end up very different. Scientists have plausible explanations for

  identical twins like Mia and Alexandra turning out very much alike, as we now know that most traits and characteristics are at least partly influenced by our genes. But we have

  no idea why people who share the same genes and similar environments can and do turn out to be very different (or discordant, to use the scientific term).




  The case histories we eventually chose ranged from autism, obesity, anorexia and skin ageing to homosexuality. Although discussed only briefly, these few cases had a major impact. They shattered

  our comfortable perceptions of determinism and individuality. Rather than looking at these pairs as rare oddities, I realised that these human stories had changed my views and offered the key to

  unlocking a wider understanding of ourselves and reaching an alternative view of genetic ‘determinism’.




  The example of Ladan and Laleh – with identical genes and environments yet very different personalities – shows us the limits of our understanding. This book explores this new way of

  looking at genes. It forces us to reconsider key questions of who we are and why, and how we explain our behaviour, characteristics and diseases. Armed with this new science 3 we may even have to rewrite some of the Darwinian principles that have dominated scientific thinking for so long. With these new ideas we can begin to understand the

  fundamental question of what makes us all so alike and yet so different.
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  Was Darwin wrong?




  Until three years ago I was one of the many scientists who took the gene-centric view of the universe for granted. I had spent the last 17 years producing hundreds of twin

  studies trying to convince a sceptical public and scientific world that virtually every trait and disease had a major genetic influence. My colleagues and I around the world were largely successful

  in this, and the prospect of finding the genes underlying most diseases looked increasingly certain. But I had a nagging doubt that we were missing something.




  Scientific dogma has long stated that genes are fixed entities and cannot be changed. Once we have inherited them, they can’t be affected by our environment and remain with us until we die

  or pass them on – unchanged – to the next generation. While we can influence our lives by choosing our friends, spouses, lifestyles, or training our memory, our genes are always

  immutable. Genes are viewed as central to how the body and cells develop and work, our ‘blueprint’, ‘the code of life’ – or so it was thought.




  By studying twins we found that for just about every disease we looked at, identical twins (who share the same genes) both developed the disease more often than non-identical (fraternal) twins

  (who share only half their genes). The degree of sharing is called a correlation, and by a bit of simple maths comparing these correlations we can produce a measure of the genetic fraction called

  heritability.




  For example, if you were measuring the heritability of weight you might compare the weights of 50 identical twin pairs with 50 non-identical twin pairs by adding up the

  similarities in one group with the similarities in the other. If the average similarity in identical twins is 90 per cent and in non-identicals is 60 per cent, the heritability is found by doubling

  the difference between them, i.e. 30 × 2. So we would say that weight in this example is 60 per cent heritable. Calculating the heritability of diseases is slightly more complicated but the

  principle is the same. This is simply the proportion of differences between people explained by genes.




  Diseases like rheumatoid arthritis have heritabilities of 60–70 per cent, so appear to be strongly genetic. Yet when we looked at identical women twins with the disease, 85 per cent of the

  women never developed their sister’s disease – even though they had the same genes and very similar lifestyles.1 I found this same

  pattern was true for most diseases studied: there was rarely more than a 50 per cent chance of both twins getting the same disease, and usually the figure was much lower. This was a worry: I

  realised that my traditional view of genetics and the dominant role of genes might have to change.




  Just over ten years ago researchers found that the diets of pregnant mothers could alter the behaviour of genes in their children and that these changes could last a lifetime and then be passed

  on in turn to their children. The genes were literally being switched on or off by a new mechanism we call epigenetics – meaning in Greek ‘around the gene’. Contrary to

  traditional genetic dogma, these changes could be transferred to the next generation. In this case the mothers just happened to be rats, but recent similar findings in humans have created a

  revolution in our thinking.




  Darwin’s theory of natural selection and evolution, published 150 years ago, was based on a number of simple but broad concepts that have since been frequently refined

  and sometimes misquoted.2 His theory was the result of a more general diffuse set of ideas than commonly appreciated, based on the laws of

  reproduction, inheritance, variability between individuals, and a struggle for survival. The slow process of natural selection will occur in a world in which organisms can reproduce themselves, and

  there are differences (variation) between individuals. When these individuals reproduce they pass on characteristics of the parents, and these inherited characteristics affect the offspring’s

  success in survival and reproduction. A key factor in the process of natural selection is that it is blind and driven by random variations. Darwin himself knew nothing of genes, Mendel’s laws

  of inheritance or DNA, all of which would only become attached to the theory of evolution in the next century.




  The gene-centric view is in fact a relatively new phenomenon, firmed up by the coming together of a number of discoveries in the early twentieth century.3 These included finding that genes are segments of DNA that code for proteins, the chemicals that drive all the body’s reactions, made up of a number of amino acids put

  together in the cell. They also found that these genes come in pairs, each called alleles, which are lined up along 23 paired chromosomes (strands like pipe-cleaners) in each cell in the body. One

  pair of alleles is inherited from the father and one from the mother. These pairs conveniently split apart when sperm or egg cells are made, so that each contains only one half of the 46

  chromosomes, and therefore when they fuse to make a fetus the number of chromosomes and genes stays the same. The splitting and fusing also involves randomly shuffling the (unchanged)

  parents’ genes, so that no two eggs or sperm contain the same combinations of genes.




  James Watson and Francis Crick in 1953 worked out that DNA was a double helix made up of four interlocking chemical bases (abbreviated as T,A,G,C), which zips and unzips

  – a process that explains why the copies of DNA and genes are so reliable. It was found that these bases lined up opposite each other in a complementary way, which was always the same. This

  led to the discovery of a smaller molecule called RNA, which translates the DNA code to make the proteins (and so the enzymes) that drive the cell. It was also discovered that genes could, in rare

  cases, spontaneously ‘mutate’, causing diseases and traits like dwarfism, and this random event was believed to be one source of the natural variation that could be inherited.




  The gene was the key. All these insights and the molecular biology and discoveries that followed tended to focus on the pivotal role of the gene as being the primary driver, causing its effects

  via the proteins. No one asked whether the environment would be influencing genes or proteins, or whether proteins might influence genes in the opposite direction. The fact that Darwin included a

  role for acquired inheritance in his theory of evolution is often overlooked.




  However, Darwin’s big idea was that the main force of evolution was by random selection of the fittest elements of each generation, working over millennia. This (so-called ‘survival

  of the fittest’) theory perfectly explains our genetic similarity to other species. Whereas all humans share all of their approximately 25,000 genes (the current estimated number is close to

  23,000, but this number is constantly being readjusted) with each other, they do vary in which variants of each of the genes are shared, so that whereas siblings share the same basic genes, they

  will have on average only 50 per cent of the variable bits in common. In all first-degree relatives (siblings and parents) some gene variants will be shared identically, others not at all. Our

  closeness in evolutionary time to our shared ancestors is exactly mirrored by our similarities in DNA. So we humans share 99 per cent of the same DNA sequence as chimpanzees,

  from whom we split 6 million years ago, 90 per cent with mice (100 million years), and even 31 per cent with yeast (1.5 billion years). This close genetic relationship with chimpanzees is an

  uncomfortable fact that creationists have great trouble explaining away, other than by invoking God’s playful nature – an effort to confuse us.




  In 2000 Bill Clinton and Tony Blair proudly unveiled to the world one of the great advances for mankind: the sequencing of the 3 billion base pairs that make up the DNA in every cell of a single

  human. Within all this DNA, the sequence of all the genes was suddenly laid bare. Now, we thought, we had the tools to unlock how humans and animals worked. At the time it was billed as ‘the

  opening of the book of life’. All sorts of scientific and medical breakthroughs were predicted to follow.




  The twentieth century may have been the century of the gene, but genetics has made astonishing advances in the twenty-first century. While the sequencing of the 3 billion bases of genetic code

  of the first human cost over $2,000,000,000 dollars and involved thousands of scientists working for over ten years, it can now be done for $2,000 and falling – a million-fold discount in ten

  years. This revolutionary technology has had many other spinoffs.




  The Spector genes




  Curious to discover what the new technology could tell me about my own genetic health risks and family roots, I wanted to learn at first hand what the Internet could offer

  without seeing a specialist. I had heard of a couple of companies promising personalised genomics tests – Decode, based in Iceland, and 23andMe, in the US. Being a sceptical type of person I

  applied to both companies independently so that I could compare them. After paying a few hundred dollars for an ancestry and health check I received in the post a tube to spit

  into for several minutes from one company, and from the other a wooden stick to rub on the inside of my cheek.4




  The companies extracted my DNA from the cells of my saliva or cheek tissue and then measured nearly 1 million genetic markers (called SNPs and pronounced ‘snips’) on each sample.

  They would then match them up with reports from published studies (some of which I had co-authored) that link these markers with diseases, personal traits and your ancestral origins.




  Two weeks later the results arrived back via the Internet. They came with plenty of dire warnings about the consequences of knowing the results. Could they change my life? I had heard of

  journalists trembling when they opened the results, fearing the worst. What about me? Would I be doomed to cancer or Alzheimer’s? After some mild apprehension, in the end it wasn’t so

  bad, and the results were generally well explained with lots of warnings.




  Consulting the findings from 23andMe, I decided to look at my ancestry first. This showed that I was 30 per cent North European, 60 per cent South European and unexpectedly 10 per cent Asian.

  This was reassuring, as results were similar between the companies. I get a good suntan, but I still can’t explain where the recent Asian genes came from, although I knew it was from my

  mother’s side of the family, who is supposedly white Australian.




  I then checked the disease results and was relieved to see that out of the 20 or so diseases listed, my risk for most of them was low. I did however have a worrying increased risk for diabetes,

  glaucoma (high pressure) of the eye and bladder cancer. My risk was supposedly low for obesity, Alzheimer’s, Parkinson’s or heart disease. This came as some relief,

  as my father had died young of heart disease. I next looked at the personal traits and found I had an increased likelihood of having curly hair, brown eyes and not being bald, all of which were

  – so far – true.




  I compared the results with those from the other company, Decode, which used very similar genetic methods but a different prediction algorithm. About half of the tests didn’t agree well on

  my risk. For the diseases, they only agreed on an increased risk for adult-onset diabetes, which my grandmother had suffered from. For the personal non-disease traits, according to the Decode

  results I was 85 per cent likely to have blue eyes. This was a shock, as mine are very dark brown and I’m dark-skinned – so this was one of the few predictions I could show were

  wrong.




  With my scepticism heightened, I looked more carefully at the diabetes results that showed me to be at high risk. In fact, my lifetime risk only increased from an average 15 per cent to 19 per

  cent – so this extra 4 per cent was unlikely to be life-changing. But the sheer range of other results produced from this single DNA test is impressive. I was found to be at twofold risk of

  overreacting to blood-thinning drugs like warfarin, but not to a range of other common drugs. This might be useful if I were one day to need this drug, say after getting a blood clot in my leg or

  lung after sitting for too long on a plane. The results also reassured me that while I was, like most Europeans, able to digest milk and not intolerant to the protein lactose, I had a greater than

  average chance of being a heroin addict. More worrying than my potential drug habit was me being diagnosed as a carrier of a rare disease I’d never heard of: Canavan’s disease, which

  could affect my children.




  As part of the screening test, the 23andMe company included 20 so-called ‘monogenic’ diseases caused by a mutation in a single gene. There are several thousand of these so-called

  Mendelian diseases, named after the monk Gregor Mendel, including diseases like sickle-cell or cystic fibrosis. Although most are incredibly rare, they often lead to serious

  mental, visual, lung or nerve problems and early death. These illnesses make up only 2 per cent of all genetic diseases and are very predictable, which is why they have been portrayed as poster

  boys for the way all the other 98 per cent of genes and diseases behave. Often a tiny change (mutation) in one single chemical base of a gene or pair of genes could lead to a faulty protein being

  produced, resulting in the disease.




  So I found out I was the proud carrier of this rare and lethal genetic brain syndrome called Canavan’s disease, caused by producing an abnormal chemical, aspartate, in the brain. As a

  carrier I have the mutation only on one of the two copies (alleles) of my genome – the other normal gene means that the enzyme is still being produced normally. It could however be lethal for

  my children if my wife also was a carrier and had the same mutation on one copy of her genes. Fortunately, although carriers are fairly common (1 in 40) in East European Jews (my father was Jewish,

  so probably to blame as the likely carrier), the chances of both partners having it are slim (1 in 40 × 1 in 40 = 1 in 1,600), and very much less if one partner is not Jewish. Thousands of

  other rare genetic diseases act in this way, which is called recessive inheritance.




  This real story of personal genetics highlights the successes and limitations of the modern revolution in genetics and personalised medicine. The fact that, only ten years after the first

  mapping of DNA, any member of the public can now easily access one million genetic tests for a few hundred dollars is pretty incredible. New advances continue at a dizzying pace. Companies like

  23andMe are now offering direct to the public for less than $1,500 even more detailed tests using sequencing technology, which can pick up millions of very rare gene variants by

  only looking at the 1 per cent of your total DNA (your genome) that contains genes. These regions are called your exomes.




  Extraordinarily, most doctors and health professionals (unlike the general public, or at least many cab-drivers that I meet) are unaware of these rapid advances and the availability of genetic

  data. In regular seminars I give to junior doctors, only one in twenty knows how many genes there are in the body – most overestimate by a factor of at least 1,000 and assume there are

  millions rather than thousands. It just shows how easy it is for the overworked medical professional to be left behind by scientific progress. This gene technology has practical implications and

  has been great for screening for rare diseases, targeting expensive cancer drugs to most receptive patients and predicting the exact safe dosage of blood-thinning drugs like warfarin.5 But it also has much to tell us about evolution and where we come from.




  We now know exactly when we split from other primates (6 million years ago) and from Neanderthals (half a million years) and that we are much more similar genetically to our Neanderthal cousins

  than we care to admit – as we can often observe on any Friday night in big cities. We know that South American Indians migrated from Asia across Siberia 5–15 thousand years ago and that

  Europeans branched off from Asian Indians, who were one of the first modern human groups to leave Africa. So this more precise knowledge of our DNA has altered our understanding of human

  history.6




  What about helping us understand diseases? Just in the last few years there have been over a thousand genes discovered that have a role in over 100 common diseases. The early discoveries showed

  large effects (explaining over 25 per cent of the possible genetic influence) of certain unexpected genes for a few diseases like macular degeneration – the commonest

  cause of blindness7 – or for that important public health and personal distress problem – male pattern baldness, which my team helped

  discover.8 Having a high risk of both of these ‘diseases’ can now be predicted with reasonable accuracy from DNA testing. There have

  been many scientific breakthroughs in just a few years.9




  However, despite the extensive list of successes, a few signs were emerging that the paradigm was wrong. Most of the gene discoveries for common diseases turned out to be interesting in terms of

  biology, but the more we discovered the less useful each new gene became in accounting for the disease, since each gene is of tiny individual effect. For example, the 30 or so genes discovered for

  obesity, even when combined, account for only 2 per cent of the disease.10




  This was frustrating to all of us working in the field, as it meant that each common disease was controlled not by one gene but by hundreds or even thousands of genes. This would require teams

  from many countries to combine forces and perform studies of tens, and sometimes hundreds of thousands, of subjects in order to find these tiny effects. Another consequence was that for common

  diseases (unlike rare monogenic diseases) these gene tests were pretty useless for prediction, as I found out from my Internet results.




  Another widely held belief that bit the dust was that only the part of DNA containing the genes was important. The remaining 98 per cent of our DNA was thought to be worthless, containing

  remnants of old unused genes and boring repeat areas. Yet these non-gene regions are also faithfully copied and inherited, so presumably they once had some use in evolutionary history. The fact

  that genes and their regions are not all-powerful was highlighted when the estimate for the number of genes we are supposed to possess dropped fourfold from 100,000 to less than

  25,000 – pretty much the same number as a worm. For the scientists who believed that genes represented the Book of Life it seemed unlikely that worms and humans were reading the same

  best-sellers. Even the least sophisticated human we can think of is clearly more complex than a worm.




  So our complexity and our many differences cannot now be attributed solely to our genes. The big genetic difference between us and worms is that although we have very similar numbers of genes

  and gene regions, we have masses of what was until recently and quite mistakenly described as ‘junk DNA’ – what we now call non-coding (or intronic regions), as opposed to the

  exonic regions mentioned earlier.




  The traditional paradigm of one gene equals one protein and so one disease has also been exposed as actually a rare phenomenon. The same gene can produce hundreds of different proteins via

  rearrangements (called splicing) due to this ‘junk’ and to other chemical signals in the cell. So the same gene can produce very different proteins in different environments and

  therefore different diseases.




  The missing 95 per cent




  Another gene mystery was how, if every cell in our body was derived from replication of the same fertilised egg and had the same identical DNA, did the original cells manage to

  differentiate into 200 different cell types as diverse as skin, liver cells and brain cells, each with a completely different function? Until now scientists have ignored this awkward problem, as

  they did not have the tools to investigate it. Recent discoveries are changing this. The secret could lie in the junk or non-coding DNA carried along in the genes, but this appears to be identical

  (just like the gene regions) in all DNA throughout every cell in the body. So something else must be going on that makes cells different – something that can’t be

  driven by the genes themselves. This ability to signal genes to perform different functions and make different tissues has to be coming from the cell itself.




  More and more, as we acquire the molecular tools to look more closely, we see greater levels of complexity. Eye colour was until recently thought to be genetically simple, a reliable guide to

  whether your dad was the milkman; it was believed to be controlled by only three genes. As part of an international research project, my team has shown that it is influenced by at least 20 and

  possibly hundreds of genes.11 I have also met a few rare identical twin pairs with different coloured eyes to each other – a phenomenon that

  was said to be impossible.




  While the hundreds of recent gene discoveries have given us great insights into new disease mechanisms and possible drug targets, the common genes found to date usually account only for less

  than 5 per cent of the genetic influence. Exactly where the missing 95 per cent comes from is a mystery that is perplexing the field. Most scientists agree that we simply aren’t yet smart

  enough to realise what we don’t know.




  Meanwhile newspapers and the media continue to happily pump out more and more stories proclaiming ‘The gene for fat / depression / strokes / homosexuality / anorexia found’, assuming

  a determinism that makes most of us feel instinctively uncomfortable when we think about it. Throughout this book, I will refer to some of these simplistic deterministic ideas and slogans to

  challenge these outdated newspaper headlines and introduce some more modern concepts.




  Generally resistant to the genetics revolution have been another group of scientists: the epidemiologists, those who study the environmental causes of disease, as opposed to genetic

  epidemiologists like me, who study its genetic causes. Until the last ten years they were the most powerful research group studying disease causes, and attracted most of the

  funds and glory. The different views of the two groups on the relative importance of genes versus environment accentuated the ‘Nature versus Nurture’ debate.




  The traditional epidemiologists had also made bold claims, such as that 80 per cent of common disease and 30 per cent of cancer in a population is preventable by changing diet, exercise, and

  controlling smoking and alcohol consumption.12 In fact, apart from successfully reducing cigarette smoking, which accounts for 30 per cent of

  cancer deaths, most public health preventions for common diseases have failed. Despite this failure and the costs to society,13 there has been a

  scarcity of new insights and ideas in the last 30 years. In particular, little thought has been devoted to explaining exactly how different environments exert their effect and how they can interact

  with genes.




  As a junior doctor in the East End of London in the 1980s I was struck by the number of wheelchair-bound patients I saw suffering from the crippling and deforming joint disease rheumatoid

  arthritis. They had usually developed this in middle age in the 1950s and 1960s. Nowadays the rate of new cases of the disease has halved and cases are much milder, and in my clinics nowadays I

  virtually never see anyone in a wheelchair. Doctors like me often take the credit and claim that greater skill, insight, earlier diagnosis, scans and better treatments are the reasons for the

  change.




  Ironically, the reality is that the changes had already started before the new technologies and all the new powerful drugs came into use. Yet the reasons for this change remain unknown. Recent

  changes in asthma, allergies, short-sightedness, heart disease, diabetes, schizophrenia, autism and many cancers also remain largely unexplained by known environmental factors. All the usual suspects – alcohol, coffee, tea, sunshine, exercise, diet – get huge media coverage, but usually have tiny individual effects on any disease. In fact, if you

  put all of the known measurable environmental risk factors together (apart from smoking or age), they can predict or explain less than a twentieth of most diseases. The rest remain a complete

  mystery.




  I have always been interested in solving puzzles: at 14 my career guidance test told me I should be a detective or a psychiatrist (I ruled out being a priest, which sounded less glamorous). The

  first research paper I published while a medical student showed that consumption of coffee or soya was linked to cancer of the pancreas. I now realise this was almost certainly wrong, and not a

  cause of the cancer, but the paper did get me hooked on research. Since then epidemiologists have slowly run out of new factors to study, and to further complicate matters it turns out that many of

  their prime suspects were actually heavily influenced by genes, so not ‘purely’ environmental at all. We now know that whether you eat garlic or take regular exercise, drink milk or

  smoke cigarettes is influenced by your genes regardless of your environment. There are few if any examples of environmental factors without a genetic component, and conversely genes don’t

  work alone and are usually dependent on the cells they live in and their environments. So in a world where hundreds of genes are working together to influence a trait or disease, the old

  distinction between nature and nurture is simply no longer relevant.




  To understand which traits are predominantly genetic and which acquired, scientists have, since the 1920s, turned to the simple model of twins. This is a unique ‘natural’ experiment:

  the key is to compare the similarities or differences between the pairs. There are two main types of twin: monozygotic (MZ), meaning one-egg, or identical, who share 100 per cent of their genes; and dizygotic (DZ), two-egg, non-identical or fraternal twins, who share on average 50 per cent of their genes and are the same as all ordinary siblings in that respect. In

  contrast, both sets of twins share very similar environments, so if the factors you are testing (such as height) are similar in both types of twin, a trait can’t be very genetic. But if

  identical twins are more similar than fraternal twins – and given that the other, non-genetic, factors are equally similar – then a trait must be partly genetically controlled. The

  standard twin study assumes that the family environment is the same for both twins and that the general environment they are exposed to is very similar – which it usually is.




  But just how important is the environment, and how do you test it independently? An ideal but cruel experiment would be to obtain two identical clones born at the same time, separate them at

  birth and give them different environments, and then see what happens. While we are still some way from deliberately creating human clones (and aren’t yet allowed to), nature has created its

  very own unique experiment for us to observe. There are now globally around 11 million natural identical-twins experiments to choose from. From these, a few rare sets have been studied in great

  detail. They are especially unique as they were separated soon after birth to single mothers by overzealous adoption agencies, particularly in the US and Sweden in the 1940s and 50s, and raised in

  different families for ‘their benefit’. The largest collection of these reared-apart twins features in the Minnesota Twin Study.




  Identically different Jims




  The tale of the Jim twins is one of the iconic stories that changed perceptions of the Nature versus Nurture debate in the 1980s and helped launch the

  Minnesota Twin Study.14 In Southern Ohio in 1979 a 39-year-old called Jim Lewis tracked down his long-lost identical twin brother, who was living

  locally. They had been separated after their unmarried mother gave them up for adoption as month-old infants in 1940.




  On reuniting, the twins discovered that they shared the same first name and an astonishing list of other similarities. They had such a close physical resemblance they both described it as

  ‘like looking into a mirror’. They were, 38 years after they last met, exactly the same height and weight. They had both married and divorced a Linda, and then married a Betty, and had

  a childhood dog called Toy. They called their first sons James Alan Lewis and James Allen Springer. They both drank Miller Lite, liked beach holidays in Bas-Grille Florida, smoked Salem cigarettes,

  suffered from migraines and were chronic nail biters. They also crossed their legs in the same way, hung keys from their belts and had IQ scores one point apart. At school they had both liked maths

  and hated spelling. They had carpentry as a hobby, had been part-time sheriffs and drove the same model and colour Chevy.




  Sounds spooky? It certainly gives the impression of inevitable determinism, in which environment and upbringing didn’t count. Just think of the complex but identical genetic mechanisms

  that occurred to make them buy the same toothpaste. Going by this example, it doesn’t seem to matter what kind of parents you had, and whether you were raised in a hovel or the Hyatt: your

  genes remain totally dominant. The press loved this story and the two Jims became overnight celebrities and even appeared in Time magazine. They were physically so strikingly similar and

  had so many amazing quirks in common that one of the researchers was quoted as saying: ‘this would swing the pendulum even further away from radical environmentalism.’ But could this example possibly have been a combination of coincidence and hype?




  They did have some small differences which we now know were downplayed at the time. One had married a third time – the knowledge of which was probably a worry for the other twin’s

  wife. They had different hairstyles – one Jim had a Beatles haircut while the other had long sideburns and a Robert De Niro look. One preferred written communication and the other preferred

  talking. Other differences would have emerged in the 15,000 questions they answered.




  There are a number of reasons their similarities could have been exaggerated. The first is that the environment and peer groups they shared are likely to have been very similar: suburban Ohio is

  not San Francisco or London in terms of a varied social and cultural mix. Most guys there at some time drank Miller Lite and smoked Salems, did carpentry and had bought a Chevrolet.




  The second factor is selective reporting. We all have thousands of personality traits and likes and dislikes that characterise us as individuals. On average we are likely to share many with

  unrelated strangers from the same country – say our favourite music, food, blend of coffee, newspapers, football teams or TV shows. Some strangers will by chance share more of these. So by

  picking the most striking pair, and focusing on the similarities while ignoring the traits that they don’t share, the similarities are easily exaggerated.




  Producers of daytime TV shows are often desperate for twins who say they have psychic powers, and I receive regular requests for help. When we did an actual survey, 66 per cent of our identical

  twins said they had no psychic powers whatsoever. These ‘media boring’ twins unsurprisingly never get onto TV, to scupper the idea that most twins are telepathic. Psychologists and

  advertisers observe that people make subconscious choices. For example, they tend to select mates with similar names to themselves, to name their children and dogs in non-random

  ways, or to pick products that in some way remind them of themselves.15




  A final factor in distorting the characteristics of the identical Jims is that once a twin pair has been told they are interesting or similar, they tend to subconsciously exaggerate their

  similarities and downplay their differences. Although the scientific papers that reported the findings did also mention subtle differences between them, the public and popular impression absorbed

  via the media was of an uncanny, nearly supernatural resemblance due to the power of genes, leaving little if any room for any other factors.16




  A new Darwinism?




  This book will show why the similarities between the two Jims are the exception and not the rule. To do so we have to look at genes in an entirely new way, and challenge some of

  the long-held traditional assumptions about our relationship with our genes.




  Assumption One is that our genes single-handedly define the essence of human beings: that they are our ‘human blueprint’ or ‘book of life’ and are the only mechanism of

  inheritance. In order to fully understand this point we need to reconsider our entire gene-centric view of life. Assumption Two, following on from the central role of the gene, is that genes and

  heritable genetic destiny cannot be changed or modified. And therefore Assumption Three is that an environmental event can’t produce a long-lasting influence on your genes throughout the

  cells of your body. Assumption Four is that you cannot inherit the effects of your ancestor’s environments – in other words that you cannot inherit acquired

  characteristics. So the traditional view has always been that, to give one example, the smoking habits of your biological father, if you were adopted, and never met him, could not possibly

  influence your own health. The new science tells us something very different.




  In short, we need to look again at our entire conception of genetic inheritance and question each assumption that has been handed down to us. To do so we will first hark back to a time before

  Darwin, to consider some alternatives to Darwinism.
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  THE GENE MYTH
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  Toads, giraffes and fraud




   




   




   




   




  Genes and environment or nature and nurture cannot, as currently portrayed, explain why our genetically identical cells are so different, or the greater-than-expected

  differences between relatives or twins, or the countless examples of rapidly changing patterns of disease. This brings us to an eighteenth-century scientist called Lamarck and his ideas of

  ‘soft inheritance’, which we now call epigenetics. Epigenetics could be the missing third element, alongside nature and nurture.




  Jean-Baptiste-Pierre-Antoine de Monet, Chevalier de Lamarck, was born in 1744 near Amiens in northern France. Lamarck was a man of many talents. He started first as a soldier in the war against

  Prussia, then studied medicine, fossils, then finally botany. He worked in difficult conditions at the time of the Great Terror following the French Revolution, when many of his colleagues had been

  guillotined for saying things that were not politically acceptable. He published his major works during the Napoleonic wars, and 50 years before Darwin he developed an elaborate theory of

  evolution.1




  Lamarck was the first to properly study invertebrate animals, and he was an early champion of the controversial idea that something other than divine intervention was responsible for

  generational changes in plants and animals. His main theory, formulated in 1809 (the year Darwin was born),2 was that there was a combination of two

  evolutionary forces. The first was the vague power of complexity, or ‘le pouvoir de la vie’: simple organisms spontaneously emerge and then slowly evolve to

  become more complex. The second was force of circumstance, ‘l’influence des circonstances’: animal species had adapted rapidly to their surroundings, and formed habits

  that exercised and improved (or lost) certain characteristics, such as eyes, tails, colours and muscles. But not only did they seem to be able to adapt to their environment, they also passed some

  of the newly acquired characteristics on to their offspring. This process has since been called the inheritance of acquired characteristics or ‘soft inheritance’.




  Like Darwin after him, Lamarck did not use the term gene – the concept was unknown to him and his contemporaries – so he could not explain how these characteristics were passed on.

  His most quoted example from the many he used is that of giraffes. The tall trees that giraffes ate from, he argued, made them stretch their necks, and the continuous stretching released fluids

  that made each generation have slightly longer necks. Until recently he and his giraffe neck theory were the butt of many jokes. His observation that plants adapted to different types of soil that

  they were planted in was more acceptable to his peers – although these possible ‘epigenetic’ effects on plants were seen as too far removed from ‘divinely created’

  humans to be taken seriously.




  Lamarck’s theory of evolution was heavily criticised in France by his peers and was soon forgotten. Unlike Darwin, who after a long struggle with creationists ended up triumphantly buried

  in a prestigious plot in Westminster Abbey, Lamarck finished his life blind and penniless, dumped into an unmarked limepit somewhere in northern France.3

  Even after his death, his French colleagues continued to demean and ridicule him, notably in the so-called ‘eulogy’ given by his rival George Cuvier in Paris a few years later. History likes winners and losers, and many a schoolchild since then has learned of the foolish Lamarckian theories, trumped by the brilliant and logical Charles Darwin.

  But the reality was not so simple. Darwin was actually an admirer of Lamarck, and his works contain several references to the notion that inheritance of acquired characteristics might be an

  alternative or parallel method of evolution, albeit more minor. But at the time most of the scientific world was more interested in our descent from apes and did not listen.




  Nazis, communists and Indian ink




  The work of the unfortunate Chevalier de Lamarck was not the only precursor of modern epigenetics. Paul Kammerer was a Viennese musician turned biologist who in the 1920s had a

  fascination with amphibians and with Lamarck’s ideas. He was a busy man who like many men of his day performed experiments in diverse areas. His own – and from today’s perspective

  rather eccentric – theories of life were often quoted by Freud and others. Kammerer claimed (without formal proof) that he had skilfully manipulated and bred cave-dwelling salamanders (olms)

  with no eyes to be able to see. He raised salamanders in very different breeding environments and apparently altered their offspring’s breeding patterns.




  He was most famous for claiming to have made midwife toads breed in the water as opposed to on land, just by raising water temperatures. The midwife toad gets its name because the male carries

  the fertilised eggs around on its hind legs. He also reported that his new generation of toads were now exhibiting black nuptial pads on their feet with tiny spines to stop them slipping during

  mating in water, just like their distant ancestors.




  Kammerer drew big audiences for his international speaking tours, which made him good money. The New York Times in 1923 hailed him as the new Darwin, having proven

  Lamarck’s ideas of inherited acquired characteristics.4 He even had a celebrity mistress, Alma Mahler, the newly widowed spouse of the late Gustav

  Mahler. Alma Mahler was the femme fatale of her time, who while picking her way through famous musicians and artists, also worked as Kammerer’s assistant. She complained about his sloppy

  record-keeping and over-eagerness for positive results. Kammerer soon became known in Vienna as the ‘Wizard of Lizards’, as much for his wild social life and strong socialist and

  pacifist views as for his science. He had also irritated some Americans both from his hyped success in the media and because when he visited America during Prohibition he predicted piously that

  future generations would benefit from the alcohol-free environment of their parents.




  But Kammerer’s fame was not to last. Scandal hit when in 1926 the journal Nature published a letter stating that the famous toad experiment had been faked. G. K. Noble, Curator of

  Reptiles at the American Museum of Natural History, had visited his old lab in Vienna unannounced when Kammerer was still on his money-making world lecture tour and inspected the famous specimen of

  the preserved but long-dead toad. The black pads, Noble claimed, had a far more mundane explanation: ‘it had simply been injected there with Indian ink’.5 Six weeks later Kammerer shot himself in the forest of Schneeberg, leaving a suicide note with a somewhat ambiguous content. ‘Who besides myself had any interest in

  perpetrating such falsifications can only be very dimly suspected,’ he wrote. This note was also, strangely, published in Science – an unorthodox posthumous way of improving

  your CV.6




  Interest in Kammerer’s experiments revived 40 years later in 1971 with the publication of a book on the incident by the Hungarian author Arthur Koestler. In The

  Case of the Midwife Toad he suggested that the toad experiments might have been doctored by an early Nazi sympathiser (a so-called Hakenkreuzer, swastika-lover) at the University of Vienna

  where political activism was rife.7 Koestler also pointed out that the dodgy toad had been exhibited earlier in 1923 in Cambridge to known sceptics who

  had examined the specimens and hadn’t spotted the crude ink injections and claimed to have seen the spines. This suggested that the ink could have been added later.




  In 2009 a Chilean biologist, Alexander Vargas, reignited the debate by elevating the vilified Kammerer to the status of the real father of epigenetics and Lamarckian biology. He examined

  Kammerer’s lab books and breeding experiments, and concluded that many of his findings that were ridiculed in the past could now be supported by modern science and our understanding of

  so-called imprinted genes.8 Not everyone agreed. A subsequent editorial and some detective work in an American biology journal in 2010 showed evidence

  that he had a track record prior to the toad incident.9 He had previously tried to artificially touch up an image of a salamander’s spots while

  submitting an article for the same journal. They damned him a second time as a fraud and a bad example to others. However, they also admitted that even today, up to 25 per cent of scientific images

  submitted to journals have some degree of ‘enhancement’. So whether the Wizard of Lizards was just a confident fraudster or a genius who was the first to show Lamarckian inheritance, as

  well as a victim of jealous Americans and Nazi saboteurs, will never be known for sure.




  Two years later in 1928 another remarkable, if unpleasant, scientific character emerged from Stalin’s Russia. Trofim Lysenko may have unwittingly cost Russia the Cold War 50 years later.

  He was a Ukrainian self-taught biologist of peasant stock who embraced neo-Lamarckism. Like Stalin, he disliked the Western- and then Fascist Germany-dominated world of

  traditional genetics run by elite intellectuals.10 Their ideas of genetic determinism, eugenics and the power of heredity ran against socialist ideals,

  which rejected inherited privilege.




  Lysenko first came to Stalin’s notice by performing an amazing farm experiment. This happened during the new collectivisation policy of changing small family-run farms into state

  cooperatives. Local Soviet methods to improve agricultural output were given top priority as part of the new five-year plan. Lysenko took one large farm’s entire seed supply (without their

  approval), wetted the seeds and buried them in sacks in the frozen ground to ‘prime’ them for the next year’s harvest, so that they and their progeny would be tougher and produce

  more wheat. The results were spectacular and more experiments were started immediately, slightly altering the conditions of the priming, or vernalisation, as it was known. Stalin loved the

  simplicity of his approach, and its PR spinoffs, as all peasants could now become barefoot scientists as well as farmers.




  With no need to rely on the infrastructure provided by universities, and on complex and expensive lengthy plant-breeding experiments, Lysenko offered immediate solutions to Stalin and rapidly

  gained power and influence, becoming head of Soviet biology. He entertained visits from prominent US and European scientists eager to understand his vernalisation methods. But there was a dark

  side. Anyone who challenged his unorthodox methods or results, or openly supported Mendel or Darwin, was viewed as a traitor to the revolution and either shot or sent on permanent sabbatical to the

  Gulags. In 1948 genetics was officially banned; it was called a ‘bourgeois pseudoscience’ until 1964.




  There was, however, one little problem with the Lysenko alternative of Lamarckism. It was all one big lie. None of his experiments ever succeeded. No crop yields increased,

  no trees grew. Failures were covered up, although the rolling programme continued to obscure the truth. Millions of Russian peasants died of starvation, and because of the long-term lack of

  scientists and plant-breeding innovations, postwar Soviet Russia embarrassingly ended up dependent on America for its food imports. The USA had meanwhile successfully bred maize hybrids using

  traditional Mendelian genetics and were now tripling their yields. The collapse of the Soviet empire was not due to its failures in arms or technology, but ultimately to failures in agricultural

  genetics and biology.




  But the man who, in retrospect, can be regarded as the real father of modern epigenetics was Conrad Waddington, an Englishman born in India in 1905, who was way ahead of his time. He too started

  in science with a strange interest in amphibians and how they developed – though he wisely stayed clear of toads. He moved on to study genes and heredity in fruit flies. He was, just before

  the Second World War, the first to suggest and use the term epigenetics, derived from the Greek prefix epi-, above or around, and genetics. He was fascinated in early development of the fetus and

  interested in the mystery of how cells can start so simply and then develop specialised functions, yet all have the same genetic material.




  Before the structure of DNA was discovered, Waddington believed that tiny changes (mutations) around our genes could lead to differences in the way that cells and whole animals develop and could

  in theory be passed down generations. As a Fellow of the Royal Society, he was one of the most eminent pre-molecular developmental biologists of his time and his work suggested that some of what

  Lamarck had said might just be correct.11 Unfortunately, following the stir caused by the elucidation of DNA structure and the

  molecular biology of genes, his work was overshadowed and forgotten for many years.




  How do plants know when to flower?




  Looked at from today’s perspective, how does Waddington’s or indeed Lamarck’s theory hold up?12




  While Lamarck made some very interesting and relevant observations, he should perhaps have steered clear of talking about both giraffes and lettuce in the same breath. Plants and animals differ

  in quite a few ways. One difference is that plant cells are pluripotent (multipurpose): they can all change to another form if needed and become specialised. In this way small cuttings can sprout a

  whole new plant – unlike someone attempting to plant a human finger. This means that they must have ways of modifying the genetic information from the identical DNA contained in each cell to

  provide the message to make a specialised daughter cell. Epigenetic mechanisms were supposed to play a part in this, but after the cells divide, these new signals were believed to be wiped clean

  again, so that the cell could remain pluripotent. This would mean that cells had no remnants of interfering messages – for example trying to make cells become leaves or roots. The idea that

  all memories of how a cell had diversified were completely wiped clean as the pollen (sperm) and the egg (called gametes) were formed to make a new generation has been central to the traditional

  view of genetics. We now know this isn’t exactly true. The wiping process isn’t perfect.




  Over ten years ago a group in Norwich discovered a natural case of epigenetic changes in plants. Remember this means a heritable effect that is not due to changes in DNA structure. A ‘mutant’ version of the common toadflax plant, a pretty yellow wildflower growing in hedgerows, results in flowers with radial petals (five), rather than the normal

  two.13 What was unusual was that although the DNA structure was the same in both plants, the ‘mutation’ could still be passed on. Normally a

  mutation is a change in the actual DNA – which was not the case here. The researchers found this change was due to something called ‘methylation’, which is a key part of

  epigenetics in animals as well as plants, and one that we will return to later. In the mutant plant, a key gene (called Lcyc) is extensively methylated and in the normal plant it is not.




  What methylation means is that at certain sites (usually cytosine bases) of the gene’s DNA, small chemical methyl groups (Me) floating around the cell attach themselves to it, rather like

  sticking an olive on a cucumber with a cocktail stick. This has the effect of stopping the gene producing a protein. We call this inactivating it or ‘switching off’,

  and we know that in most cases methylation stops a gene from working, or ‘being expressed’, while reversing the process (un-methylating) usually switches the gene back on. By being

  turned on we mean that it is expressed and more protein is produced. While this process, unlike a mutation, is reversible, it can also last a long time.
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  The Norwich team found that most subsequent generations of toadflax plants had the same radial petal pattern, and carried the same deactivated gene due to methylation. This showed that the

  information couldn’t have been wiped and reset as previously believed. This was the first clear modern evidence that natural epigenetics occurs and can be passed on across generations. Others

  were soon to follow.




  How do plants know when to flower? It seems a simple question, but until recently we had no idea of the answer. The arabidopsis plant (thale cress) alters the timing of its flowering by

  epigenetics.14 In response to prolonged cold (as in winter), the Flowering Locus C gene which normally prevents flowering is methylated and deactivated,

  allowing this variety to flower in the spring. The trait is then passed on to the next generation, even if there is no cold winter. Ironically this experiment showed that the vernalisation

  mechanism favoured – and faked – by Lysenko was actually a real biological phenomenon.15 If he had actually tried to do proper experiments,

  and politics and science hadn’t clashed, he might have produced valid results.




  Fleas, body armour and butterflies




  Plants are one thing, but animals are obviously more relevant to us. Although we share around 40 per cent of our genes with the banana, we share more genes and genetic

  mechanisms with other animals. So can genes also be modified in animals, and can they indeed be passed on to the next generation as Kammerer described for the foot pads of

  toads?




  The water flea (Daphnia) is a tiny aquatic species that as adults have a variety of defences against predators. These include helmets and spiny tails. Some fleas have both, some have one, and

  some cool fleas none at all. What is strange is that these fleas have identical DNA – like identical twins.16 Place a young flea in water with no

  trace or odours of predators and they will develop no defences. But if you put its genetic clone in another tank with old traces of a nasty fish, it will develop a spine and helmet. Put the babies

  of these two in opposite environments, and they will be armed according to the environment of the mum rather than their current aquarium. Just as intriguing is the fact that this effect lasts a few

  generations and fades.




  Caterpillars and butterflies look and behave very differently but they have exactly the same DNA structure. Their cells have developed differently, and these differences must therefore be

  epigenetic. Butterflies have also been found to show very different mating tendencies if the temperature on the day they were born varies by just a few degrees. Female squinting bush brown

  butterflies who developed as caterpillars in cooler temperatures (17°C) were more likely to have flashy wings and be chasing males than their genetically identical twins brought up at 27°C,

  who behaved more demurely.17




  We don’t normally give much thought to the billions of chickens bred each year, unless it’s to how we like them cooked. But they can be very useful for research. Chickens make ideal

  adoption experiments, as their eggs can be nurtured and hatched and the chick reared with no contact from either parent or social workers. In one experiment parent chickens from the same genetic stock were raised in one of two scenarios: one was a comfortable private clinic-style environment of 12 hours of daylight then 12 hours of night (called a predictable

  light rhythm) in which they could eat in a relaxed way. The other was a Guantanamo Bay-style scenario where they had sadistic unpredictable light rhythms which, as they only eat in daylight, meant

  they had unpredictable eating opportunities that could be halted at any moment.




  The researchers then looked at the eating patterns of the offspring of both groups when they were now all raised uniformly in the comfortable regular daylight and eating lifestyle. Those chicks

  from parents raised in the Guantanamo Bay-style who had never met either of their parents had a more efficient and aggressive eating behaviour than their genetically identical but parentally

  privileged coop mates, who were more relaxed and preferred to look around for more tasty worms who often got away. The efficient policy worked and the Guantanamo chickens got fatter. The

  researchers saw epigenetic changes in the offspring and suggested these had affected immune and hormonal genes such as oestrogen.18 This suggested how

  epigenetics could provide survival advantages. Environmental stresses could prime future generations to be able to cope better in the same situations – a brilliantly effective form of

  short-term evolution.




  So what about animals that are more similar to us than butterflies and chickens? Mammals like mice share around 90 per cent of their genes with us, including most of the known

  disease genes. A remarkable experiment by Randy Jirtle at Duke University19 has shown that simply by slightly altering the diet of a certain type of

  pregnant mouse (called Agouti mice) you can change their offspring from chubby blondes to skinny brunettes; and moreover that this effect of grandma mouse’s diet can be passed on for three or more generations until it fades. The Agouti gene normally produces a yellow fur pigment, but if it is switched off by methylation-inducing chemicals in food, it

  produces a brown pigment. This reversible inherited change, which does not alter the DNA structure, is the essence of epigenetics.




  Until recently it was thought that these epigenetic findings were just in a few rare or exceptional genes – so-called imprinted genes – which are much more common in mice than man.

  Remember we inherit two copies (alleles) of every gene: one from each parent. In most animals a major battle goes on between the genes of the usually absent father and those of the mother. The

  father’s genes are trying to increase the size of the fetus – so that it has a greater chance of survival – at the expense of the mother,20 who is trying to conserve her resources and live long enough to have more children. In mice, the mother usually wins: in several hundred genes she manages to permanently

  suppress the father’s copy of the gene by this imprinting mechanism and so keep the fetus a manageable size. Humans have around 50 of these imprinted genes, which form the battleground of

  parental gene warfare and have a major role in the size and development of the fetus. While these 50 genes are important,21 we know now that the rest of

  our 25,000 genes can also be influenced epigenetically.




  Soft inheritance: nature vs nurture revisited




  These recent exciting findings in animals have confirmed work and ideas dating back to Lamarck, suggesting there is more to the inheritance of genes than just the painfully slow

  process of Darwinian evolution and natural selection. Soft inheritance is the parallel faster route by which we human beings adapt to our surroundings, and also explains many of the emerging ideas

  of how we are moulded into individuals.




  But before we get into the extraordinary implications of this new understanding of soft inheritance, it is worth considering how our attitudes to traditional inheritance have altered over the

  last 50 years.




  ‘Happiness gene discovered’ leads the headline from the UK Daily Telegraph in May 2011.22 ‘Those with two sets of the gene

  – one from each parent – are almost twice as likely to say they are satisfied with life, compared to those who lack a copy’. We are now becoming blasé hearing about these

  stories over our daily cornflakes or muesli: the media have to sex them up to grab our attention. Nearly every disease or behaviour studied has shown some influence of our genes – and most

  human studies involve twins. Many of these twin studies have totally changed our perceptions of diseases. These include ‘boring’ wear-and-tear diseases of old people such as arthritis

  of the knees, back pain, cataracts of the eyes,23
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