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PREFACE


The book you are about to read had its genesis in 2018 when my partner Madeleine Beekman and I independently received the same enquiring email from Professor Raghavendra Gadagkar. Among many other distinguished roles, Raghavendra is a permanent non-residential Fellow of the famous Wissenschaftskolleg zu Berlin—the Institute for Advanced Study in Berlin. Would we be interested in applying for residential fellowships?


Of course we would! What academic wouldn’t? Ten months in a beautiful apartment in a nineteenth-century mansion in the leafy Grunewald district on the outskirts of Berlin. Thirty-seven residential fellows from every discipline, all eager to share their ideas. A weekly seminar. A fantastic library service that would ferry books from any library in Berlin, and beyond if necessary. Librarians only too happy to do literature searches. Lunch provided. Too good to be true really. Why was Raghavendra asking little old me?


I’m not sure what the answer to that question is, but I’m so glad and grateful that he did, for Madeleine and I applied for, and both were eventually awarded, fellowships. This closed some awkward conversations at the Beekman/Oldroyd dinner table about what we would do should one of us get a fellowship while the other was unsuccessful.


We arrived at Tegel airport on a beautiful August afternoon in 2020. After an intensive German course, the year whammed into gear, and we Fellows set to work on our projects. Some of us had never written a book before, and especially not a popular book. A book club was quickly formed; not of the usual reading kind, but of the writing kind. We were a small club. Historian Shamil Jeppie from the University of Cape Town planned to write a book about the books that were written and transcribed in Timbuktu in the sixteenth century. In breaks between discovering the oldest stars in the universe and caring for two young boys, Anna Frebel, an astrophysicist from MIT, was writing a selfhelp book for female academics in STEM. Madeleine was to work on a book with the ambitious plot line ‘How evolution works’. We were often joined by Hakan Ceylan, now of the Mayo Clinic, who designs microrobots to swim about in our blood and fix stuff. I’m not sure if Hakan was actually writing a book, but he is one of those extraordinarily enthusiastic people who wants to be involved in everything. We were guided and coached by the academic director of the institute, Daniel Schönpflug, an old hand at turning history into popular books. Current project? Napoleon’s scars. They each tell a story, you see.


For our entire time at Wiko (the popular name of the institute) the book club met regularly to discuss ideas, read each other’s drafts, play devil’s advocate. Thank you Shamil, Hakan, Anna, Madeleine and especially Daniel for your significant roles in the writing of this book. Thank you also to the Director of Wiko, Barbara Stollberg-Rilinger, for running such a delightful and inspiring place, and to all the staff who made our stays so comfortable and stimulating. And to my fellow Fellows, too numerous to mention by name.


While at Wiko I co-guest edited a special issue of the Philosophical Transactions of the Royal Society of London with the title: ‘How does epigenetics influence the course of evolution?’ (2021, Volume 376) with my Sydney colleague Alyson Ashe and plant epigeneticist Vincent Colot from the University of Paris. Organising the special issue was a rare instance of strategic nous on my part, because I could tap into Alyson’s and Vincent’s contacts and knowledge to invite articles from many of the world’s leading thinkers on epigenetics and evolution. The special issue articles and the mindsets of my co-editors have profoundly influenced the ideas in this book. Thank you, Alyson and Vincent, and all the people who contributed articles to the special issue. Alyson and Vincent also provided helpful comments on chapters 2, 4 and 5.


At Wiko there were several biologists who weren’t in the book club, but who nonetheless read draft chapters and provided comments and ideas. I’m indebted to Angela Creager (Princeton), Michael Cant (University of Exeter) and Toni Gossmann (Bielefeld University). I even had a session with the sociologist Fellows about sex and gender. You may notice the legacy of that warm (but rarely heated) afternoon in chapter 7. That’s the sort of thing one can only experience at Wiko. Thank you Jaeeun, Ève, Michel and Sophie.


David Haig of Harvard University spent a short sabbatical at our lab in Sydney in 2017. Though I often can’t keep up with David’s racing mind, he has helped me enormously to think more lucidly about epigenetics and evolution ever since. On behalf of evolutionary biologists everywhere, thank you David for your insights that led to the kinship theory of genomic imprinting. You’ve changed the world.


The following people have read individual chapters within their area of expertise and provided comments: Nathan Lo (University of Sydney), Neil Gemmell (University of Otago), Clare Holleley (CSIRO Canberra), Richard Shine (Macquarie University), Lee Ann Rawlings (University of NSW), Michael Goodisman (Georgia Tech), Laurent Loison (CNRS Paris), Bernard Crespi (Simon Fraser University) and Christina Richards (University of Tübingen). Thank you for all your help and suggestions. I apologise for any errors that remain, and anyone I’ve forgotten to mention.


Illustrating a book like this is a challenge and needs someone who is both gifted artist and biologically trained. I was lucky enough to work with Rhiarn while teaching at Sydney. When setting up the third year Animal Behaviour and Evolutionary Genetics classes, Rhiarn would often draw a cartoon or other inspiration for the students (and me?) on the blackboard. I loved them, and I love what she has done here. I’m sure you will too.


John Mapps from Melbourne University Press edited the final manuscript and prepared the notes. Thank you, John, for your suggestions and meticulous eye for detail.


Finally, a big shout out to my Sydney colleague and former running buddy Simon Ho. Simon has read every word of this book. It is shorter, pithier and better for his editorial input. Thanks for everything Simon. You are a rare person.


Ben Oldroyd


Bingil Bay, 2023





PROLOGUE


Like evolution, this book isn’t linear. Rather, it builds several arguments simultaneously over several chapters. This brief Prologue is intended as a guide to the structure of the book, which may be helpful if you are the kind of person who likes knowing where you are going to be driven and what the fare will be, before you get in the car. If you prefer magical mystery tours, then by all means, go straight to chapter 1.


This book is about the role of epigenetics in evolution. Epigenetics (‘above’ genetics) describes anything that is heritable between cell divisions that is not coded in DNA sequences. If it is your belief that evolutionary change can only come about via permanent changes to DNA sequences, I wrote this book for you, in the hope that it will lead you towards a broader view of how evolution works. If, on the other hand, you already think that there is more to evolution than the selection or random fluctuation of genes floating around in populations, then that’s great too. I hope this book will sharpen your understanding, and/or that the dozens of examples I’ve dug up will strengthen your viewpoint.


The book starts with a description of my understanding of the history of evolutionary thought, and how and why we ended up with a situation in which so many (most?) biologists hold a very DNA-sequence view of how evolution works. Because some context is necessary, chapter 2 describes the mechanisms that underlie gene expression and development. Although a liver cell and a neurone have identical genotypes, they give rise to daughter cells of different phenotypes (physical forms). Liver cells beget liver cells, not neurones, and so organ differentiation is an example of epigenetic inheritance because it shows that factors that transcend DNA sequences are transferred across cell divisions. Can these factors, or others, be transferred across generations?


As you will see, epigenetic settings can indeed be transferred across generations, and this is known as transgenerational epigenetic inheritance. However, in most animals there are formidable barriers to transgenerational epigenetic inheritance, and it is therefore rare. We will explore the important exceptions in chapter 4. In plants, the barriers to intergenerational epigenetic inheritance are not as strong as they are in animals, and we’ll see that some plant ‘epialleles’ are stable across generations and are sufficiently phenotypically important that they help drive population subdivision and adaptation (chapter 5).


Transgenerational epigenetic inheritance has lots of appeal as a driver of evolution. Wouldn’t it be handy if information on how best to deal with a difficult pathogen or adversary could be passed on to the kids? Of course, cultural transmission of information between generations can be viewed as a form of epigenetic inheritance, and no doubt cultural transmission of information like tool making or milk drinking by adults has led to evolutionary change in humans and some other animals. There are also instances where plant defences to insect attack or drought or predator avoidance in fish are thought to have been passed to subsequent generations. But I will argue that these exceptions are beside the point, or at least they are beside the main argument of this book, which I might as well state right now:


You don’t need transgenerational epigenetic inheritance for epigenetics to have a substantial effect on evolution.


Rather, I will champion so-called phenotype-first evolution, especially in chapter 3. This idea goes back to Conrad Waddington in the 1950s and has been taken up several times since, though it’s never really gone mainstream. Briefly, a population under stress will to some extent change phenotypically to meet the challenge, not by genetic change but by changes in gene expression. Cold conditions may lead to shaggy coats, drought to small, stunted plants. If the environmental change goes on for long enough, genetic change will follow to shore up the change in gene expression. In this way, epigenetic change (a change in gene expression) leads evolutionary change. Without the initial epigenetic response, the population may die out, and evolutionary change can’t proceed. In this sense then, evolution is more ‘directed’ than is generally appreciated.


Epigenetic processes contribute directly to speciation by reducing the viability of hybrids. For example, mules are sterile and ligers (crosses between lions and tigers) are nearly so. Epigenetic effects contribute to the low quality or fertility of interspecific hybrids. In part this is because some mammalian genes are subject to genomic imprinting. The process of imprinting identifies a particular gene copy as coming from the mother or the father. The details of why this process evolves are presented in chapter 6, but the take-home message is that in mice, for example, there are about 100 genes in which one parent’s copy is expressed and the other parent’s copy is silenced. Obviously, genes that do the imprinting (marking of a gene so the parent of origin can be identified in offspring) and the genes that they imprint must work seamlessly together so that the imprinted gene ‘knows’ to switch off or on in the offspring. If the imprinting and the imprinted genes do not interphase seamlessly, then offspring will have aberrant gene expression. Problems can arise in hybrids between closely related species when an imprinting gene of one species is required to imprint an imprinted gene of another species. In mice, hybrids between species show massive under- or over-growth because of improper imprinting (chapter 9). Therefore, an epigenetic process reinforces speciation and drives evolution via hybrid infertility.


Several epigenetic processes cause mutations in DNA. In this way, epigenetic processes contribute indirectly to evolution by generating new mutants upon which natural selection can act (chapter 8).


The rest of the book is about more species-specific things, such as where epigenetic processes generate phenotypes that are characteristic of species. For example, what are the defining characteristics of social insects? Probably, caste dimorphism springs to your mind; reproductive queens are far larger and far more reproductive than non-reproductive workers. Yet workers and queens arise from genetically identical eggs. Therefore, the defining feature of an important branch of life is determined by an epigenetic process that changes development in response to larval diet.


Epigenetic processes are thought to be central to some of the things that exercise the minds of we humans a lot, such as cancer, ageing, mental health, sex and gender. I have therefore written chapters on these matters, not because they add greatly to my argument, but because I thought you would be interested. Is it true that maternal starvation has effects that last for more than one generation? As you will see, I conclude that some of the hype about epigenetic inheritance in humans is not yet justified by the data. On the other hand, epigenetic patterns are correlated with ageing, and cancer stage, and are therefore of great clinical interest. But at the moment I would say that we are at a fair distance from treatments that will alter our epigenetic states for the better.


Before you jump into the book, I’d like to clarify that evolution can be viewed at the macro or micro level. When I discuss ‘evolution’ I mean both. Micro-evolution refers to processes within a species and includes things like the development of pesticide resistance in insects, or colour morphs in fish that are selected in response to predation. Micro-evolution is characterised as a relatively simple change in genetic architecture based on a small number of genes. It may be reversible, at least in the short term, but changes can become fixed in subpopulations and they can contribute to speciation. At the other extreme, macroevolution refers to evolutionary change above the species level and is based on changes to many genes. Macro-evolution includes great leaps like the gain or loss of flight. I’m aware that some readers will hold the view that only macro-evolution counts as real evolution. This view may be muddied by the fact that creationists tend to allow that micro-evolution exists but macro-evolution does not. According to creationists, all the big-picture stuff is God’s responsibility. The reality is that there is a continuum between macro- and micro-evolution.


By the time you get to the end of the book I hope that you will have a different or reinforced view of how evolution works, which incorporates a sizable dose of epigenetics.





1


WHAT IS EVOLUTION?


I’M ASSUMING THAT because you are reading this you are interested in evolution and that you most likely have a well-informed view of what evolution is about. Nevertheless, I think it important that I tell you my account of evolution, just in case we have different things in our heads and get off to a bad start. There are lots of different ways to think about evolution—it’s a vast subject with strong specialisations whose practitioners don’t talk to each other that much. This means that while almost every biologist sees the living world through the lens of evolution, they can have different perspectives about it. A palaeontologist who unearths fossils of Cambrian trilobites for a living has a very different job to a behavioural ecologist who spends their days trying to understand the conflicts and alliances in an extended mongoose family. Both would correctly claim to be evolutionary biologists, but they have different skill sets and ways of writing and thinking. It’s therefore entirely possible that my concept of evolution is a bit different to yours.
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All evolutionary biologists recognise that all living things have a common ancestor that lived about 3.8 billion years ago. Living things are not immutable. Species change over time. Some species go extinct. Some come into existence; evolution drives both diversity and stasis. The key insight of a single origin of life on this planet has enormous explanatory and predictive power. For instance, a medical researcher can do experiments on rats, say, safe in the knowledge that the outcomes will have some relevance for human beings because our two species are genetically close (the last common ancestor was about 80 million years ago). If a closer model to humans is needed, it might be better to use macaques (last common ancestor 25 million years ago). But for basic understanding of human gene expression,* yeast (separated from us by a billion years of evolution) provides a great model that is easy to grow and manipulate, and is unlikely to bring us into tedious contact with an ethics committee.


NATURAL SELECTION


The concept of evolution is separate from the concept of natural selection, though natural selection causes evolutionary change. Evolution through natural selection was one of Charles Darwin’s and Alfred Wallace’s major insights and has three precepts:


1. Members of a species are variable.


2. Variability means that some individuals leave more offspring than others.


3. Parents and offspring resemble one another (i.e. the variability is to some extent heritable).


The precepts of natural selection are uncontroversial, and a moment’s reflection will show that their interaction is very likely to lead to phenotypic change at the population level, especially in variable environments. A nice example of natural selection in action is provided by the enzyme malate dehydrogenase. This enzyme plays key roles in important cellular processes like amino acid synthesis. In organisms as diverse as limpets, large-mouth bass and honey bees there are three minor variants of the malate dehydrogenase protein that have important effects on its thermal stability. One form becomes unstable at high temperature but does its job better than the stable forms at low temperatures. Natural selection balances a tradeoff over which enzyme variant is better. In cold climates, the wobbly forms do better because they retain enzyme activity at low temperatures. In hot climates, the two more stable forms are preferred because too much wobbliness can lead to the enzyme falling apart. The outcome of these two competing selection pressures is gradients in gene variant frequency that correlate with temperature.1 You may be thinking, ‘But a change in gene variant frequency isn’t evolution’. Population geneticists like me see this as a clear case of evolutionary change. While evolutionary change need not be adaptive, in this case it clearly is because the variant of malate dehydrogenase that you have dictates the range of temperatures you can tolerate.
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Many processes that contribute to evolutionary change result from some kind of genomic upheaval, rather than being the immediate result of natural selection on existing variation. The duplication of a developmental or sex-determining gene, or a successful hybridisation event between species, are examples of what I mean by a genomic upheaval. Such an event can potentially initiate a period of rapid change and biological innovation. Further, it is increasingly clear that there are mechanisms that generate genomic upheaval. These mechanisms go far beyond the regular rearrangement and exchange of genetic material between parents that follows from sex and fertilisation. They include cellular processes that actively move bits of the genome around and generate new genes. The mechanisms are not ‘designed’ to cause evolutionary change, even though they can do so. Rather, they are a consequence of the fact that genomes are typically infested with transposable elements. These ancient genomic sequences are actively suppressed in cells, but when they are accidentally released they cause havoc, inserting themselves in existing genes rendering them silent, moving bits of DNA around, or duplicating whole chromosomal regions.2


SPECIAL CASES OF NATURAL SELECTION


Some aspects of the biological world are difficult to explain by natural selection alone. Many organisms have traits that seem to diminish rather than enhance their bearer’s fitness. First, some animals’ (typically male) ornaments and behaviour are a significant encumbrance. Fighting, and other competitions among males, detract from the time that could be spent foraging, resting, mating, or simply staying out of harm’s way. Excessive or gaudy body ornaments can demonstrably increase risk of predation or impose significant metabolic costs. Second, animals often behave altruistically, especially towards relatives. Worker ants do not personally reproduce but instead help their mother, the queen, to do so, thereby helping to raise sisters.


With characteristic intellectual honesty, Charles Darwin flagged both of these problems in The origin of species.3 He recognised that these widespread phenomena could not be readily explained by his three precepts. Today we understand that these difficulties are explainable by two special forms of natural selection: sexual selection and kin selection.



Sexual selection



In his 1871 book The descent of man and selection in relation to sex, Darwin argued that the costs of male aggression and exuberant ornamentation can be adequately compensated if males bearing these traits have more offspring.4 For instance, I was once entranced by a tour guide in Botswana who referred to a herd of about 50 male springbok standing forlornly under a straggly box-thorn tree as ‘the losers’. The name was apt. Male and female springbok separate into herds by sex. Some herds are exclusively male, some comprise adult females, their young and one adult male. This male mates with all the fertile females in his herd, but he spends most of his day chasing off other males, and making sure that the females don’t wander off.5 These regulatory and reproductive activities leave little time for eating and sleeping. The stress takes its toll, and the resident male is typically usurped by another male within a few weeks or months. Nonetheless, this unfair and wasteful ‘harem’ system is stable over evolutionary time because the reproductive payoff to the resident males is so large that they can afford the grinding costs. This means that genes that make males fight for the privilege of having a harem can spread and be maintained.




WHAT IS A GENE?


The word ‘gene’ has a diversity of meanings. Some philosophers of biology struggle with this fact. This is understandable. Ask a microbial geneticist what a gene is and they will likely have a very DNA-focused definition—something like ‘A gene is a DNA sequence that begins with a transcription start site and ends with a transcription termination signal’. A molecular biologist who works on mice or humans will have a similar definition to a microbial geneticist, but will probably make mention of introns, exons and regulatory regions. A classical geneticist may describe a gene by a phenotypic character, like red eyes, with no mention of DNA at all. A theoretical geneticist might say a gene is a locus that affects fitness, with no knowledge of, or interest in, what the locus is or what it does. And a behavioural ecologist may talk of a ‘gene for altruism’ or ‘maternal care’ and use the theory of games to see how such tendencies might spread or go extinct in a population.


When you write it down like this, the word ‘gene’ does seem to be a bit of a muddle. But for practising biologists it’s a non-issue in my view. Like Humpty Dumpty who declared ‘when I use a word... it means just what I choose it to mean’, biologists use the word ‘gene’ to mean whatever we want it to mean. Context shows what we mean, and we can leap from one level to another without pause.


So, I will use the word ‘gene’ flexibly in this book, while trying to make it clear what I mean from the context.





There are dozens of books on sexual selection in all its glorious variety and I won’t attempt to precis these books here.6 However, as I will argue in chapter 4, it seems to me to be very likely that males of some species compete with each other not so much by beauty contests, displays of melodious singing, aesthetically pleasing dancing or aggression, or by producing more competitive sperm—the foci of these books—but by epigenetically influencing the reproductive behaviour of their offspring. More later.


Kin selection


Ever wonder how sterility could evolve? In ants, bees and wasps there are thousands of species with sterile workers. In these species only the queen lays eggs, while the workers toil away and never reproduce. How could natural selection—which relies on higher-than-average rates of reproduction by the bearers of a trait—work for traits present that are only in sterile workers? How, indeed could sterility itself evolve? Sterility is the exact opposite of increased reproduction that might cause the trait to spread.


Although Darwin came close to an explanation, positing that natural selection might be able to act at the level of a colony rather than at an individual, he didn’t know about genes so he could not come up with the idea of kin selection in full. As it turns out, the full mathematical exposition of kin selection theory is so fiendishly difficult that it wasn’t fully realised until the 1960s when British theoretician Bill Hamilton showed that a gene that promotes altruistic behaviour, like curtailing reproduction in oneself, can still spread in a population if the sterility of the individual bearing the gene greatly enhances the reproductive success of relatives that have a good chance of also carrying the same gene.7 Hamilton’s ‘rule’ can be succinctly described by the famous inequality b × r >c: the benefit to the recipient, b, multiplied by relatedness, r, must exceed the cost, c, to the altruist the probability that the actor and the recipient will share a gene. In this context, British theoretician JBS Haldane had earlier quipped that he would ‘gladly lay down his life for three brothers or nine cousins but not for two brothers or eight cousins’. Hamilton’s rule shows why. If two brothers or eight cousins are saved at the cost of one’s own life, there is no net benefit. This is because brothers are related by half (i.e. they share 50 per cent of their genes by descent from one or other parent). Thus two units of brotherly life has a benefit of one unit of personal life after we discount for relatedness. This brother benefit does not exceed the loss of one’s own life. However, the saving of three brothers leads to a net benefit of 0.5 units of life, even if you yourself are dead. By now you’ve probably figured out that the relatedness of cousins is 1/8, so you would need more than eight of them to be saved to bother wasting one’s own life.
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THE EVIDENCE FOR EVOLUTION


The evidence for evolution is compelling and in many ways there is much stronger evidence for evolution than some aspects of physics: star formation, space-time continuum, curved universes and the like. But evolution and cosmology have something in common that makes them science and not nonsense. (Substitute ‘non-science’ if you prefer.) Both evolution and cosmology make testable predictions. What is a testable prediction? If I predict that there is a green elephant outside your door, this is a testable prediction because you can go outside and check on the veracity of my claim. But if I claim that someone’s unhappiness stems from a trauma that occurred when they were five, then this is not a testable prediction because we can’t run an experiment in the past. While the unhappiness hypothesis is much more likely to be true than the green elephant hypothesis, it cannot be proven true or false for a particular individual. However, if I said something like ‘child abuse tends to produce unhappy adults’, I could then test the prediction at a population level and be confident of the finding.


In the next few pages I lay out what I think are the most compelling arguments for the truth of evolution. These are by no means all the arguments, which are broadly discussed in two great books (among many others) on the matter: Jerry Coyne’s Why evolution is true and Neil Shubin’s Your inner fish. Remember that the hypotheses we are testing here are that:


1. All (current) life on earth is descended from a common ancestor that lived about 3.8 billion years ago.


2. Evolution proceeded by occasional upheavals such as major mutations, gene duplications, hybridisations, symbiotic associations and horizontal gene transfers across species, meaning that we predict at least some major changes in body plans and genomic complexity over geological time.


3. Despite the occasional upheavals we also expect stasis. Some things haven’t changed much because there has not yet been a way for them to change, no need for change, or there hasn’t been enough time yet to get rid of something that was useful once but is no longer.



The obvious similarities



When you are next outdoors, especially if you happen to be in a zoo or botanic garden, a glance around will reveal an obvious truth. Animal and plant species are not independent creations and can be readily sorted into groups that share obvious similarities. For example, a lot of familiar animals are tetrapods; they have four limbs. Tetrapods include humans, birds, amphibians, crocodiles, newts and lizards. Besides the evident fourness, tetrapods have other shared features including possessing a backbone. The structure of the limbs is similar across all tetrapods. Consider your own arm (give it a feel). The upper arm is formed around a single bone, the humerus. The lower arm has two bones, the ulna and the radius. Having two bones down there makes it easier to rotate the lower arm while keeping the top half steady. The ulna and the radius connect to the bones of the hand (carpals) and these connect to four fingers and one thumb. Every tetrapod has a variation on this layout: one bone, two bones, a bunch of carpal bones, and five digits. If a cooperative dog or cat is handy you can verify this for yourself in a different kind of tetrapod.


Tetrapods that don’t follow this limb layout exactly are just variations on the basic scheme. Often, carpals and digits are fused, elongated or pressed into new purposes. But an anatomist can always find the evidence of the original pattern. Maybe you noticed that your dog has four claws on the ground, not five. This is because four (not five) of the bones of the metacarpus are greatly elongated in canids, and so one of the claws (the ‘dew’ claw) mostly hangs uselessly in the air. (Indeed, the claw is often absent, surgically removed, or worn away, and only the pad remains.) This kind of evolutionary innovation, changing a bone with one function into another, is common. But certain lines cannot be crossed. For example, I can guarantee that you will never encounter an angel, fairy or centaur. Six-limbed ‘tetrapod’ species can’t exist and never will. At the same time, I see no intrinsic reason why a unicorn couldn’t exist. In fact, it could be argued that they do in the sea: think of narwhals.
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The shared features of the tetrapods point to a common ancestor that gave rise to all extant tetrapods. The ancestor was a fish-like creature, possibly something like Tiktaalik, that lived 375 million years ago. This animal dragged itself around on mud flats, in what is now Canada, on bony fins, two at the front and two at the rear, upon which it could support its own weight. Fossils suggest that it had evolved something like a wrist, and had bony rays within the fin that are reminiscent of digits.8


Phylogenetic inertia


A corollary of the way groups of species have shared characteristics is that they often retain features of their group that are no longer useful. A human example shows this nicely: body hair. We don’t have much and so it’s pretty useless as a sunscreen or for keeping warm. But what little of our body hair still remains retains some ancestral features. At the bottom of each hair follicle is a pili muscle that connects the bottom of the hair to the skin. When we are cold, scared or roused by stirring music, for example, all those pili muscles contract, giving us goosebumps.9 Goosebumps are an example of a vestigial reflex, an automatic response that is no longer functional. When was it useful? If you are a small hairy ape, the advantage of puffing up your hair when cold is obvious. But it might also be useful when you are scared. Puffy hair makes you look bigger or perhaps more frightening than you really are.


Biogeography


Although humans have been busy homogenising the distribution of animals and plants for millennia, it is still obvious that the distribution of biota isn’t uniform. There are no native kangaroos outside Australia and New Guinea, and those two islands lack native cats. Yet tigers recently roamed in places like Borneo and the Philippines that are just across the Sunda Trench from Papua and are still hanging on in Sumatra, a little further away. Why is the distribution of the marsupials so different from that of cats?


Biogeography was one of the main inspirations for Darwin’s theory of evolution. He affirmed that some groups of animals and plants are entirely absent from whole continents. This isn’t because the environments of each continent are so unique that they can only support qualitatively different biota. The savannas of Africa, South America and Australia are pretty similar. Yet there are no native equines roaming central Australia and no kangaroos in the cerrado of Brazil. Nonetheless, the huge populations of feral donkeys (from north Africa) present in central Australia today show that the environment there is very suitable for these animals.


Darwin reasoned that a good explanation for the native ranges of many animals and plants is that they evolved on the continent(s) on which they are now found, and never got off. Typically, species that evolved in Oceania were not able to escape to colonise new lands, whereas for others on more connected continents it was easier for species to get about. Further, the older and more mobile a lineage is, the more likely it is to have spread. That is why we find related big cats (genus Panthera) from South Africa to Brazil but not in Australia or Hawaii. About 7.5 million years ago the common ancestor of lions, tigers, leopards and jaguars arose in central Asia and dispersed west into India, the Middle East, Europe and Africa, diverging into leopards and lions along the way. What were to become tigers remained in Asia. Another lineage went north and east across the Bering Strait into North America, finally establishing what would become the jaguars of South and Central America.10


The universal genetic code


With very minor changes, all lifeforms on our planet use the same genetic code, the instructions that specify the sequence of amino acids that must be strung together to make each and every protein. The RNA code is based on the same four nucleotide bases—adenine, guanine, cytosine and uracil—across all life. Each combination of three bases specifies which of twenty amino acids should be added to a protein chain, or specifies the start or end of a protein. The code is arbitrary, in the same way that the symbol ‘A’ specifies the ‘ah’ sound in most European languages. If we had two genetic codes bumping around on our planet (e.g. one based on silicon and not carbon chains, or one that used different triplets, or some other number of bases to specify particular amino acids), then that would suggest two independent origins of life. But we don’t see that. Instead, the genetic code used by amoebae and kangaroos is the same, or nearly so.11 This strongly suggests that a version of the genetic code that exists today specified the proteins to be built in the early lifeforms from which today’s kangaroos and amoebae evolved.


Genes are conserved in their sequence, order and function


Chimpanzees and humans have 99 per cent sequence similarity in protein-coding genes,12 and about half of a banana’s genes have similar versions in humans. The fact that demonstrably similar DNA sequences can be detected across the tree of life again points to shared ancestry. And it is not only the DNA sequence of individual genes that is shared. It is also the order of genes on the chromosome and their coordinated functions that are often conserved.


Animals come in three kinds: the non-symmetrical sponges, the radially symmetrical phyla like starfish and sea anemones, and the bilaterally symmetrical bilaterians. For at least part of their life cycle, all bilaterians are bilaterally symmetrical: they have a top, a bottom, an anterior and posterior end, and two similar sides. Bilaterians include worms, snails, crustaceans, insects, frogs, fish, lizards, birds, mammals etc. At their simplest, bilaterians are a tube with a mouth at one end and an anus at the other. This simplicity is exemplified by nematode worms, but all bilaterians, including you, are embellishments of the tube-like structure.


[image: image]


One of the most compelling examples of shared genes reflecting shared ancestry and shared function is the Hox genes. The Hox genes are a group of transcription factors (genes that regulate the expression of other genes) whose gene products help organise the development of animals. It is the Hox genes that establish whether an animal develops radial or bilateral symmetry.13 What is wonderful about Hox genes is that in insects and mammals their order on the chromosome parallels where they are expressed in the developing embryo (head end or tail end). The order of genes in the Hox cluster is approximately the same in a fly and a mouse. In vertebrates, the timing of switching on of Hox genes coordinates the growth of structures at the right time in development (e.g. limbs come after torsos). Much of the variability in the size and shape of bilaterians relates to the timing of expression of Hox genes. Expressed for a long time? The associated body segment grows larger. Rapid succession of Hox gene expression causes a shorter animal to develop. If a molecular biologist plays with the sequence of expression of Hox genes they can cause a leg to grow on the head of a fly where an antenna should be.
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We have a good idea of how Hox gene clusters duplicated and modified during the evolution of bilateral animals, and thereby embellished the ancestral tube. The ancestor of bilaterians probably had a single Hox cluster of seven genes. The cluster has expanded to fourteen genes in mammals via duplications of individual genes and groups of genes.14 Hence longer, more complicated bilaterians.


Many species evolve non-adaptive traits as a result of evolutionary accidents


Evolution mostly proceeds by small steps, each involving minor adjustments to proteins. These adjustments can spread in a population if they confer some advantage. Though this mechanism generally works well enough, it can also result in bizarrely inefficient structures and behaviour. If the underlying body upon which natural selection has to act is only barely fit for purpose, then there is only so much evolutionary improvement that natural selection can achieve.


I could go on for hundreds of pages of examples of where evolution has produced an inconceivably stupid solution to a practical problem. My favourite example is a small and nondescript fish, the Amazon molly (Poecilia formosa).15 The name does not reflect its distribution, which is the lower Rio Grande in Texas and Mexico, but its sexuality. Amazon mollies are an all-female species named after the society of warrior women from ancient Greek mythology. As legend has it, Amazons would steal males from neighbouring towns, solely to acquire their sperm. After they had finished with them, the men were discarded along with any boy children that resulted from the matings. So it is with their namesake fish. Amazon mollies must mate with males of another species to initiate embryogenesis but then discard the male’s genome. For this reason, there are no male Amazon mollies.
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Amazon mollies arose from a natural hybridisation between an Atlantic molly (P. mexicana) mother and male of a related species similar to today’s sailfin molly (P. latipinna). The date of that mating is unclear, but I’ll be brave and say it was 280 000 years ago.16 A hybrid between two species has a problem: who to mate with? Matings between a hybrid and one of its parent species produce messy combinations of chromosomes after fertilisation and are typically sterile. End of new species. This problem was solved by the ancestor of all Amazon mollies when she mated with a member of her parent’s species and kicked the male genome out of the egg immediately after fertilisation. To this day, Amazon mollies faithfully reproduce one set of chromosomes from the ancestral Atlantic molly and one from the sailfin-like molly, with no genetic input by the males with which they mate. Yet they still need sperm to trigger cell divisions in the egg.


This situation is ludicrous. The sperm-donating males gain nothing lasting from the arrangement because their sperm is only used to get embryogenesis started. Amazon molly females have to go to all the bother of mating, and gain none of the benefits of sex, such as genetically diverse offspring. Sometimes Amazon mollies keep the males of the sperm-donating species so busy that they drive the donor species (usually the sailfin molly) to local extinction, followed immediately by local extinction of the Amazons who can’t find males to mate with any more.


Amazon mollies are in a clear example of a fitness valley—a hole from which natural selection cannot dig them out. An outside observer can see several obvious ways for Amazons to climb out of the valley. One would be for the Amazons to dispense with mating and find some other way of initiating embryogenesis. Another would be to duplicate their chromosomes and go back to reproducing sexually. But they haven’t, and probably won’t because the evolutionary paths to my proposed solutions are all but impossible to traverse in practice. The most likely endgame for Amazons is extinction. Because Amazons reproduce clonally, one can predict that mutations will build up to such an extent that the species is no longer viable. But their predicted extinction could take tens of thousands more years. In the meantime, Amazons are in no danger of being outcompeted by sailfin mollies because Amazon mollies produce two reproductive females for every one produced by a sailfin molly. In contrast the sailfins produce 50 per cent males, a proportion of which are borrowed by Amazons.


So how does a fish with a funny sex life provide support for the hypothesis of evolution? To me, the take-home message is that they show how biological ‘innovations’ happen from time to time through various ‘mistakes’. Mistakes include things like hybridisations, chromosome losses, or loss or duplication of a critical gene like a Hox gene or a sex-determining gene. Mostly mistakes are lethal or uncompetitive, but because they occur at a low but monotonous rate they can sometimes be accompanied by something else that lets the mistake propagate for a while. Natural selection can then act to ameliorate the initial error and produce something that works well enough to be competitive. Sometimes the result is brilliant. Bread wheat, Triticum aestivum, for example, is an ancient hybrid between three wheat species: Triticum urartu, a relative of Aegilops speltoides and Triticum tauschii.17 All three genomes coexist, doubled, in the genome of modern wheat. Such duplication provides a smorgasbord of opportunity for natural selection. If any one gene can do a job, there are another two that can be modified for new purposes.


The fossil record


One of Darwin’s many epiphanies occurred during the young Charles’s world tour on the Beagle when he read the first volume of Charles Lyell’s Principles of Geology.* Lyell’s book demonstrated, without doubt, that the world constantly changes both physically (by earthquakes, volcanoes, glaciers, coastal erosion etc.) and climatically.18 By way of example, the frontispiece of Principles shows the temple of Serapis, built by the Romans in Pozzuoli, Italy, becoming besieged by sea. Today the site, though not the structure, is 30 metres below sea level. You can find evidence that it was completely inundated during the last 2000 years: the bore holes of marine worms.


Lyell also showed that the world once had a warmer climate: ‘We often find, in such situations [Russia], the remains of extinct species of quadrupeds, such as the elephant, rhinoceros, hippopotamus, hyæna, and tiger, which belong to genera now confined to warmer regions’ (p. 96). Lyell also noticed that rocks and sediments of different ages bear fossils of different kinds. Young strata carry species that are similar to present-day animals. Old strata contain species that no longer exist. For instance, Jurassic rocks (200–145 million years old) can carry dinosaur fossils but no ape fossils.


Fossils provide a multitude of testable predictions of evolutionary theory, and here is one: we will never find a fossil human in the same rock as a fossil dinosaur. I was intrigued then, when driving from Fort Worth to Big Bend National Park in Texas, to encounter a billboard near the town of Glen Rose claiming evidence of human and dinosaur footprints in the same creek bed. According to the billboard, their business could rent you a submersible box with a glass bottom to observe the footprints, and thereby falsify evolution for yourself. Unfortunately, I didn’t have time to stop and do this, but I did do a little sleuthing after my camping trip. The dinosaur footprints are indeed real, but the alleged ‘human’ ones are also of dinosaur origin, plus some fakes, crudely chipped in the stream bed in the 1930s. Thus, Lyell’s principle that a particular rock stratum can only contain fossils of animals that lived at the same time remains unchallenged—though I keep an open mind, as I hope you do too.


A (VERY) BRIEF HISTORY OF EVOLUTIONARY THOUGHT


As we will see later in this book, there is a fair bit of discussion around the role of epigenetics in evolution.* To understand these contemporary debates, we need to see how they arose. So, a historical path is the one we shall take, from Aristotle to the present day. This is not intended as a comprehensive survey of the history of evolution as a discipline. Rather, I try to highlight those aspects of this history that impact today’s debates about epigenetics and evolution. Hopefully, this brief diversion into history will show that many of the current arguments over the role of epigenetics in evolution revolve around misunderstandings about what other people said or wrote 50 or even 100 years ago, rather than actual issues of fact.




WHAT IS EPIGENETICS?


Epigenetics is the study of changes in phenotype (physical form) arising from changes in gene expression rather than changes in DNA sequence. Epigenetic processes are central to the development of complex organisms because they cause particular genes to be turned on and off in particular tissues. Epigenetic processes are inherited across cell divisions and are difficult to reverse. So, for example, liver cells give rise to new liver cells and not to neurones.


There are three major epigenetic mechanisms: the methylation of DNA, the acetylation and methylation of histone proteins (the proteins around which DNA is wrapped) and the transfer of small regulatory RNAs across cell divisions and across cells. All three mechanisms regulate gene expression.


Mostly, epigenetic information is stripped out during early embryogenesis, and re-established as the embryo develops. This makes sense because the cells of the early embryo need to have complete totipotency so that they can develop into any cell type. But we are now learning that all three known epigenetic mechanisms can be transferred between generations. When they do, they can transfer heritable information from parent to offspring that is not dependent on DNA sequence.


New ways of thinking about epigenetics are changing our understanding of evolution—the subject of this book.





Aristotle


While he was not the first naturalist by any means, Aristotle was quite possibly the first scientific naturalist.19 He and his students spent many years observing and recording biological and other natural phenomena on the island of Lesbos, particularly in the lagoon abutting the town of Pyrrha. They attempted to classify living and non-living things into groups with shared characteristics. The classification criteria they came up with were insightful: With/Without blood; 0, 2, 4, 6, many legs, plus a special category for tentacles; Rational/Sensitive/Vegetative/Lacking souls; Wet/Dry skin; Hot/Cold blood; Present/Absent scales.


You can get quite a long way with such a scheme. A plum tree has no blood, no legs, a vegetative soul (whatever that is) and is cold and dry. It shares these characteristics with all other plants. A wasp has no proper blood but has six legs, is sensitive, cold, and has a dry skin. In these characteristics it is similar to other insects (except, as I would have pointed out to Mr A., had I been around, wasps have no legs as larvae). A person has blood, two legs and is hot and wet. But a sparrow also has these characteristics. Souls to the rescue, a bird’s soul isn’t rational.


Based on these combinations of criteria (I calculate that there are 384 different combinations) you can come up with a scale of nature (Scala naturae) which reassuringly puts humans at the top and stones at the bottom.


Aristotelians were fascinated by the margins. Is a sponge an animal or a plant? Where do we put those eight-legged spiders? Is a shark that gives birth to live young a fish or something different? How do we deal with petrified wood? Importantly, Aristotelians would have no truck with anything metaphysical. While their less philosophical neighbours declared that the petrified forest in the western part of Lesbos was caused by a thunderbolt from Zeus, the followers of Aristotle sought more prosaic explanations. Nonetheless, their views were by no means evolutionary in the modern sense. They did not believe in a common origin of life, nor did they believe that species change over time. But they correctly perceived that living things share common features and that these could be used to classify them.


The Great Chain of Being


As the centuries rolled by, the Scala naturae morphed into the Great Chain of Being. This scheme attempted to put living and inanimate things into a hierarchy of (Platonic) perfection. At the top is God, beneath which are impossible quadrupeds (six-limbed angels), then us, animals, plants and lastly stones. This fantastic scheme held considerable sway in Christendom for hundreds of years, and still had influence with seventeenth-century biologists. Its key message is that things can’t change. There is a natural order. The idea that a human and an ape could have a common ancestor is a flagrant breach of the GCB and regarded as absurd.
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Carl Linnaeus


Carl Linnaeus (1707–78) was a Swedish biologist who transformed taxonomy by his invention of binomial nomenclature. This scheme, still in use today, makes use of the fact that things come in obvious groups. Linnaeus developed a hierarchy consisting of Kingdoms (Plants, Animals, Minerals), Class, Order, Genus, Species. Although Linnaeus’s scheme was heavily influenced by the Great Chain of Being, it was revolutionary in that it reflected our modern understanding of evolution, by giving names to groups of organisms that we now recognise as having a common ancestor.* Linnaeus’s Systema Naturæ (get it?) was first published in 1735, with updates over the next thirty years. In it he began the heroic task of naming every living thing according to the new scheme, a project that continues to this day.


Transmutation of species


Transmutation is the idea that species can change, a radical departure from the Great Chain of Being and the ideas of Linnaeus. Georges Buffon (1707–88) was a French polymath who made exceptional contributions in mathematics, materials science and biology and started the Museum of Natural History in Paris. His major legacy for evolutionary biologists is what has become known as Buffon’s Law. This idea is that different regions of the world have different species distributions. Buffon sought to explain these distributions by the possibility that organisms radiate from centres of creation, both ‘degenerating’ and ‘improving’ and giving rise to different ‘varieties’. This was hot stuff in the mid-1700s when anything that contradicted the immutability of species was regarded with deep suspicion by powerful theologians. While Buffon never came out and said that new species could develop from old, his line between ‘species’ and ‘varieties’ was blurry.


By the end of the 1700s, the idea of transformisme, ‘transmutation’—the possibility of change in biological species—was gaining momentum. Jean-Baptiste Lamarck (1744–1829), a protégé of Buffon, was a proponent.20 Lamarck was a taxonomist who specialised in invertebrates. His observations on the living and fossil molluscs of the Paris region eventually led him to reject the immutability of species and embrace transmutation. The proposed mechanism underlying this claim, delivered at a lecture in 1800 in the Jardin des Plantes, was that environmental factors like temperature, food and modes of life, when compounded over many generations, moved a species ‘forward’ in ways that enhanced its ability to thrive in its environment. He believed that the efforts of individual animals to do things (cling to branches, burrow through mud, fly a little bit further) could be passed to offspring via their ‘fluids’. This was a species-wide tendency, and happened over great periods of time. He did not believe, as is often attributed, that if an individual animal does something repeatedly throughout life that it will pass this ability to offspring. The blacksmith family’s muscles have to be re-earned every generation.


Clearly, Lamarck’s thesis was not too far from our modern understanding of the evolutionary process; it only lacks the epiphany of natural selection. Lamarck recognised change (both in the global environment and in species senses), the tendency towards increasing biological complexity, and the role of immense periods of time, in shaping biota. Yet, unfairly, Lamarck is mostly remembered for the notion of the ‘inheritance of acquired characteristics’. Indeed, the whole idea of inheritance of acquired characteristics is frequently derided as ‘Lamarckism’.


Lamarckism is often regarded as the antithesis of Darwinism because it lacks the key ingredient of natural selection. More importantly, the inheritance of acquired characteristics has become the whipping boy of evolutionary biology because it contradicts three influential theories that came later:


1. Weismann’s germline–soma barrier.21


2. The ‘Modern Synthesis’ when the idea of natural selection was melded with Mendelian genetics and population genetics in the 1920s.22


3. The ‘Central Dogma’ of molecular genetics of the 1970s.23


More on all of these in a moment.


The widespread antipathy towards Lamarck and the inheritance of acquired characteristics has been a major distraction for the emerging field of evolutionary epigenetics. In some circles it is simply not acceptable to discuss even the possibility of the intergenerational transfer of non-genetic information.24


Charles Darwin and Alfred Wallace


I put these two together because they were contemporaries who independently came up with the idea of natural selection, built on preexisting ideas of transmutation, and explained the relationship between geography and the distribution of biota. Both gentlemen went on remarkable biological expeditions to South America in their early twenties where they made extensive collections and observations of animals and plants. Both became extremely ill, and nearly didn’t survive their journeys. Both wrote swashbuckling memoirs of their adventures that became best sellers, though Wallace’s popular memoir was about his time in Malaya, not South America.25

OEBPS/images/f0001.jpg
all evolutionary biologists!

We’re






OEBPS/images/f0006.jpg
Cnidarian species— radial symmetry across Bilaterians— symmetrical only into
central axis unique halves





OEBPS/images/f0008.jpg
Tonly need your sperm,
but won't use any of

ou
So no child support!





OEBPS/images/copy.jpg





OEBPS/images/title.jpg
BEYOND
DNA

HOW EPIGENETICS IS TRANSFORMING
OUR UNDERSTANDING OF EVOLUTION

BENJAMIN OLDROYD

g MELBOURNE
UNIVERSITY

PRESS





OEBPS/images/f0009.jpg
®
2
@-=—=—====@053
<

Realm of
Becoming

[ J
Non Being

God

Angels

Humanity

Animals






OEBPS/images/f0005.jpg





OEBPS/images/f0003.jpg
WD ‘Bill’ Hamilton (1936-2000) and JBS Haldane (1892-1964)





OEBPS/images/cover.jpg
HOW EPIGENETICS IS TRANSFORMING
OUR UNDERSTANDING OF EVOLUTION

BEYOND
DNA

' BENJAMI/ LDROYD






OEBPS/images/f0007.jpg
Fruit Fly Larvae

lab Dfd Scr  Antp Ubx_ abdA B

The order of the Hox genes on the chromosome reflects the order
of where they are expressed in the larvae





OEBPS/images/f0004.jpg
Human Bat Whale Turtle





OEBPS/images/copy1.jpg
A catalogue record for this
book is available from the
ARY National Library of Australia

LIBRAR






OEBPS/images/f0002.jpg
Variability

v

ol S
Iy

N’ W yEawy

Differential survival Offspring resemble parents





