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THE INCREDIBLE UNLIKELINESS OF BEING


‘Alice Roberts’s engagingly personal style connects you (she uses the second person pronoun advisedly) to your ancestors, to your own personal beginnings as a single cell and, in a most attractive way, to herself as an author of great charm. From your brain to your fingertips, you emerge from this book entertained and with a deeper understanding of yourself’


Richard Dawkins – Evolutionary biologist and author of The Selfish Gene


‘Witty, personal and above all informed by passion and deep knowledge, this is the story of you, not just from conception onwards but from the millions of years of evolution that have shaped the way we are today. It effortlessly fuses what we know about how you develop as an embryo with how our species came to be. Bones, genes, sex and evolution, all life is in these pages. Alice Roberts is our preeminent science story teller’


Adam Rutherford – Geneticist, broadcaster and author of Creation


‘A brilliant account of how a single cell transforms itself into a living, breathing, thinking person. The book exudes physicality, it is like having an intellectual massage of every muscle in your body – afterwards you are keenly aware of your body and feel like a different person’


Mark Miodownik – Materials scientist and broadcaster (The Genius of Invention)


‘The biggest gap in biology is that between DNA (which is just chemistry) and living creatures. Somewhere, the answer must reside in the embryo and in this book Alice Roberts has set out to find it. With wit and enthusiasm, she succeeds’
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BEGINNINGS



The mystery of conception and the history written in your body


 


‘Ex ovo Omnia’
(‘Everything comes from an egg’)


WILLIAM HARVEY (1651)


 


The way I look at the world, and my concept of myself in time and space, has been completely transformed by becoming a mother. I gave birth to my first baby in 2010, and at that precise moment, I had an incredible, almost mystical, feeling of being connected – connected with my own ancestors, and connected with my descendants. I felt more than an individual: I was a link in a chain of life. For me, it was a very female thing. I was giving birth to a daughter, just as I had come from my mother, and she from her mother, and back and back in time.


If you’re a man reading this, while you may not be able to give birth you could reflect in a similar way about your Y chromosome, which connects you to a lineage of male ancestors. Admittedly, it might not feel quite as epic, but then there’s nothing like childbirth to make a thought seem momentous.


As an expectant mum in a twenty-first-century developed country, I had the incredible opportunity to see each of my babies before they were born. I remember the soaring joy I felt, just twelve weeks into my pregnancy, when I saw my tiny daughter for the first time, floating in her own small pond of amniotic fluid. At that point, I didn’t even know she was a girl. It was wonderful to see her, but there was still a great gulf between that image on the screen and the experience of being pregnant.


I’m an anatomist – it’s my business to know the structure of the human body and how it develops – but however much I knew about the development of an embryo, it didn’t lessen that feeling that what was taking place inside me was utterly miraculous. Fertilisation is incredible in itself, and then the idea of a fertilised human egg, a single cell, transforming into something as complex as a complete human being is astonishing. By the time of my twelve-week scan, so much of the fetus had already been formed: it already had arms and legs, fingers and toes, guts and a beating heart. Already, it looked like a miniature baby. How did it get there, from just one cell at the moment of conception?


[image: ]


There’s so much unlikeliness in you being here, right now, reading this. There’s the unlikeliness of your parents meeting each other. There would have been so many points when their lives could have turned out differently, when each of them could have met someone else. Once they had hooked up, there’s the unlikeliness of that ONE egg meeting that ONE sperm which made you. But I think that this unsettling feeling of the unlikeliness of being goes even further.


The development of a fertilised egg, a single cell, into a whole human being seems to defy belief. It appears to be some kind of biological miracle. But it’s a miracle that doesn’t require you to believe in any supernatural or divine intervention; it’s a natural miracle, and over the last few centuries, scientists have unravelled many of the secrets of this incredible transformation (although there are certainly some secrets left to be discovered). At first glance, the development of a single egg into a whole person seems like such an impossible feat, such an unlikely occurrence, that we need to imagine some kind of supernatural guiding hand for this to happen, but when we understand the process in more detail, we can see how molecules, cells and tissues can build themselves into the organs of our bodies. It’s a fundamental process which unites us with every other animal on the planet.


When you think about your own beginning, it’s almost impossible to believe that you were once just a single cell: a fertilised egg, but you know that this is true. It may seem unlikely, but your very existence proves that it happened. You might also find it hard to believe that you could be descended from ancestors who, long ago, were also just single cells. But once you’ve come to terms with the undeniable fact that you yourself developed from a single cell during your embryonic development, perhaps it’s easier to believe that you, that we as a species, have evolved from such humble beginnings. Looking to your more recent (but still, admittedly, quite ancient) ancestry, you find ancestors who were worms. You can trace your ancestry, moving along your own particular lineage within the densely branching tree of life, and find ancestors who were fish, amphibians, reptiles, early mammals, early primates, apes – and then you. (And by the way, you’re still an ape, just a very special one.)


I’ve written this book not only to help you reconnect with your very own origin as a human – from the point at which one of your mother’s eggs was fertilised by one of your father’s sperm – but also to let you reconnect with your ancestors. This book will take you on a tour of your body, starting with your head and moving all the way down to your toes and out to your fingertips. In the first few chapters, we’ll focus on the earlier ancestors, like worms and fish, but we’ll gradually get to more recent tiers of your family tree. By the time we get to talk about your extremities we’ll be looking at the hands and feet of hominin ancestors and your closest living ape cousins.


The story of how a human body develops is (I hope to persuade you) the most fascinating narrative that science has to offer us. Each of us has been on this journey, from a single cell to a complex organism made up of hundreds of different types of cell, comprising something like 100 trillion cells in total. But each of us is also the product of evolution, and we’re far from being a work of perfection, as we shall discover. Millions of years of evolution have produced something which works, certainly, but which is constrained by its history and the way it’s constructed. The more I delve into the structure and the workings of the human body, the more I realise what a cobbled-together hodge-podge of bits and pieces this thing we each inhabit really is. It is brilliant, but it is also flawed. Our evolutionary history is woven into our embryological development and even our adult anatomy in surprising ways; many of our body’s flaws can only be understood in an evolutionary context. Having said that, our ancestors left us gifts as well as glitches, and there are traces of extremely ancient ancestors in our bodies, in the shape of the developing embryo, and embedded in our DNA.


This is an exciting time in evolutionary biology, if exciting times mean lots of new questions. We’re still trying to understand whether evolution proceeds gradually or takes leaps and bounds, and just how predictable evolution is. We’re still exploring just how much the form and function of our bodies has been shaped by nature and nurture: how much it is constrained by its evolutionary past and the genetic programme which guides its development, and how much it has been influenced by environment and natural selection.


In telling this story of ‘the making of us’, through evolution and embryology, we’ll explore our own anatomy and meet ancestors from our own evolutionary past as well as pioneering scientists who form the crew on this voyage of discovery. But the central character in the story really is YOU. It’s about your evolutionary heritage, and it’s about your own embryological development, when you grew and changed, parts of you folding like origami, until you were shaped like a human. It’s the closest we ever come, as humans, to a transformation as profound as that from a caterpillar into a butterfly. Each of us underwent this transmogrification, from a single egg to a flat disc, to a hollow tube, to a little creature with stumpy arms and legs, to something that looked recognisably human – in the space of just two months after conception.


This is the best creation story, because it is true. It’s also packed with quite bizarre revelations. In your DNA, there are traces of a common ancestor you shared with a fruit fly. At one point in your development, it looked like your embryo was about to grow gills. And the tools our ancestors began to make and use, millions of years ago, ended up changing their anatomy – helping to make your hands what they are today. This scientific story, pieced together from many different sources of evidence, is more extraordinary, more bizarre, more beautiful, than any creation myth we could have dreamt up.


A BRIEF HISTORY OF IDEAS


The origin of a new human, or in fact of any organism, was one of the great scientific mysteries until really quite recently. In the fourth century BC, Aristotle wrote On the Generation of Animals – the first scientific book about embryology. In it, he suggested that male semen activated female menstrual blood to create an embryo. Although that might seem like an odd proposition to us today, if you think about it, it’s based on very reasonable assumptions; it assumes a link between sex and pregnancy – and that much, of course, is true. Long before anyone would look down a microscope and see a human egg, his idea about menstrual blood made a lot of sense because menstruation ceases when a woman becomes pregnant.


For many scientists over the ensuing centuries, the fact that there were no known specific precursors of an embryo, beyond bodily fluids, was not necessarily a problem. Some animals were even believed to originate from inanimate materials, so that flies could be generated spontaneously from putrid meat, for example. Aristotle’s theory of development, which he called ‘epigenesis’, suggested that a complex human body could develop out of the mixing of simple fluids, of semen (and remember that he didn’t know about sperm, semen was just a homogenous, milky fluid as far as he was concerned) and menstrual blood. His was a theory that would go largely unchallenged for two millennia.


The ancient Greek ‘father of medicine’, Hippocrates, had suggested that conception required both a male and a female seed, but Aristotle’s idea – that male semen was the key ingredient in making a baby – became more influential. In the mid-seventeenth century, though, William Harvey obviously doubted this explanation, as he went about investigating the generation of animals through dissection, but although he was convinced that there must be a female ‘egg’, and even that it must originate in the ovary, he couldn’t find it.


We all know how conception happens now, and it seems blindingly obvious. But the tale of the discovery of the origins of a human life is a fascinating one, and it depended on being able to see what was happening – on a minute scale. The discovery depended on technology which would enhance the optical abilities of the human eye, allowing it to see far smaller objects than it could ever manage without extra sets of lenses. Simple magnifying glasses were around from at least the sixteenth century, but it’s not at all clear who invented the first microscope. Galileo is probably more famous for inventing the telescope, but he also invented something that he called an occhiolino (literally ‘little eye’ in Italian, but now meaning ‘wink’). By the early seventeenth century, Galileo’s ‘little eye’ had become known by the name we recognise: a microscope. Later that century, Robert Hooke used microscopy to study the hidden details of familiar objects – fleas, nettles and bee stings – publishing his findings in a beautiful book called Micrographia.


Meanwhile, on the other side of the North Sea, a Dutch draper called Antonie van Leeuwenhoek became obsessed with his hobby of making tiny glass lenses and using them to build microscopes. As he peered through the tiny lenses, he started to see all kinds of minute details and objects that no one had ever seen or recorded before. He saw Volvox algae, minute planktonic animals, flies laying eggs, human red blood cells and microscopic details of the spleen, muscle and bone.


And van Leeuwenhoek was also the first person to see a human sperm. Just imagine how amazing that would have been. It’s hard, because we know that sperm exist, but forget that for a minute; it’s 1677 and you’re van Leeuwenhoek, and you’re fascinated by the possibilities of the world of microscopy. You know that semen somehow helps to produce babies, so you get hold of some (I’ll leave those details to your imagination) and you look at a small drop of that milky fluid using your microscope. You stare down, astounded by the sight that greets your eyes. The whole field of view is buzzing with movement. You can make out individual, tadpole-like cells, thrashing their tails furiously. They seem to be micro-organisms, like the protists you’ve already discovered (and written letters to the Royal Society about). But these ‘animalcules’ came from a human.


What’s really astounding, though, with the benefit of hindsight, of course, is that neither Leeuwenhoek nor the scientists at the Royal Society in London, to whom he wrote describing his observations, immediately realised the importance of his observations: here was half of the secret of conception.


Another Dutchman wins the accolade of almost finding the human egg. He was a doctor called Regnier de Graaf, and in 1672 he published a treatise on female reproductive organs, including a description of the development of follicles inside the ovaries of rabbits. Those small balls of cells – present in human ovaries as well – would end up bearing his name: Graafian follicles. De Graaf also observed tiny spheres inside the Fallopian tubes after follicles had ruptured, and he deduced that the follicles – and the spheres – must contain eggs. But it wasn’t until 1827 that someone would identify the mammalian egg itself.


That someone was Karl Ernst von Baer. As his name suggests, von Baer’s ancestors were German, but he was born in Estonia, which, in 1792, was part of the Russian Empire. While a professor of zoology at Konigsberg University, von Baer studied embryology and in 1827 he discovered the mammalian ovum, nestled inside the Graafian follicle of the ovary.


Fantastic. These scientists seem to have cracked it: there’s an egg, and there’s a sperm. Together, they combine to make an embryo. Except, again, it’s only that easy with our perspective from the present, with all that we now know. Perhaps Aristotelian ideas were so firmly entrenched that it was impossible to believe in an equal contribution from sperm and egg of whatever it was that would lead to the creation of a new individual. And so the scientific community became split into two camps: the ovists and the spermists. The ovists saw sperm merely as a force to ‘awaken’ the egg. The spermists saw the egg as just a source of nutrition for the new life created by the sperm.


The identification of sperm and egg also meant that Aristotle’s idea of epigenesis, of complex new life somehow developing out of simple fluids, was pushed to one side. But this still left a similar conundrum to be solved. How could a complex organism develop from things as apparently simple as a sperm and an egg? For many scientists in the seventeenth and eighteenth centuries, the answer lay in the theory of preformationism. This theory suggested that the complexity already existed, in miniature, in the precursor of the embryo (in the egg or the sperm, depending on whether you were an ovist or a spermist). The most extreme version of this theory suggested that an entire, preformed person – a tiny ‘homunculus’ – was present inside the sperm. The Dutch lens-maker Nicholas Hartsoeker (who learnt his trade from Leeuwenhoek) drew such a homunculus, curled up tightly in the head of a sperm.
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Homunculus – after Hartsoeker





The French philosopher and priest Nicolas Malebranche pushed the idea of preformationism even further. In 1674, he proposed the theory of emboitement, suggesting that every individual started off ‘boxed up’ inside their mother’s egg. He wrote:




One sees in the germ of the bulb of a tulip the entire tulip. One also sees in the germ of a fresh egg … a chicken which is perhaps entirely formed.





He concluded that ‘all the bodies of men and of animals which have been born … have perhaps been produced as long ago as the creation of the world’. In other words, everyone who has ever lived (and will ever live) was already there, in miniature form, packed up inside Eve’s ovaries, like the most incredible set of Russian dolls. This theory of preformationism was also known back then as ‘evolution’, which was an apt term, as it means ‘to unfurl’ or ‘to unroll’. Today, of course, that word means something very different. To someone who believed that the world was only a few thousand years old, perhaps emboitement seemed truly feasible. This was also before cell theory would set a lower limit of size, so it was possible to imagine that such tiny, preformed beings could exist.


But this is not to suggest that those early embryologists all believed in such an extreme form of preformationism. Anyone who had looked down a microscope and seen an early embryo would have known that it did not look like a tiny, preformed individual – at least not for the first few weeks of life. Although some of the more extreme aspects of preformationism seem ridiculous to us today, that lot were certainly onto something, because at the core of their argument was the idea that a complex organism could not appear from something completely unorganised, completely homogeneous. And of course they were right; it was just going to take a bit more time before anyone discovered the molecule that carried the information needed to form a completely new body.


THE BEGINNING OF YOU


We now have a much better understanding of what happens to create a new human. Your genetic identity, as a new individual, was sealed at the moment one of your father’s sperm swam up into one of your mother’s oviducts of Fallopian tubes to meet an egg which was making its own way down towards the uterus.


Imagine that egg: it has burst free from its home in the ovary, carrying with it a crowd of smaller cells. It has entered the funnel-like opening of the oviduct that is fringed with finger-like fimbriae, and now it is moving along, helped by the oviduct’s lining of tiny, hair-like cilia which beat to create a current in the fluid inside the tube.


Now envisage one sperm, swimming hard, its tail thrashing furiously, up through the canal of the cervix, through the cavity of the uterus and into the oviduct (aka Fallopian tube). It’s probably taken a few days to get this far. This sperm reaches the egg first through a mixture of luck and prowess; in a single ejaculation, a few hundred million sperm will have been projected into the vagina, but although they’ve already travelled a long way from their testicular home, they still have far to go. Many will perish before they even make it out of the vagina into the narrow corridor through the neck or cervix of the uterus. If it’s the wrong time of the month, the sticky mucus in the cervix forms a barrier, preventing the sperm from progressing any further. Around the time of ovulation, though, the cervical mucus becomes more slippery and stringy. (This is an age-old way of predicting the days of optimum fertility within a woman’s monthly cycle. Cervical mucus changes from being thick and sticky to being stretchy and egg-white-like in consistency. The German word for this property is ‘spinnbarkeit’, which means ‘spinnability’.) As they travel through the cervix of the uterus, into the cavity within its body, more sperm will be left behind while others thrive in this environment and thrash their tails ever more wildly, swimming up, up and out into one of the oviducts. The egg sends out chemical signals to help the sperm choose the correct oviduct. The number of sperm that reach the egg itself is a tiny fraction of those that were ejaculated. Perhaps only one in a million sperm will make it this far. But the competition is still far from over.


Hundreds of sperm arrive at the egg at about the same time; the egg is surrounded by tiny sperm on all sides, but the egg only needs one of those sperm to make it through. Some will get through the cumulus oophorus – the halo of cells around the egg which have been left attached to it since the moment of ovulation when the egg burst free from the ovary. Once through those cells, the sperm arrive at the zona pellucida, a thick, gel-like layer surrounding the membrane of the egg. Now there’s no escape; the zona pellucida traps the sperm. The heads of the sperm get stuck to the gel: sugary proteins in the gel attach to protein receptors in the membrane of the sperm, like tiny keys fitting into locks. And those keys really do unlock something: they trigger the release of enzymes from the tip of the sperm, allowing one sperm to penetrate right through the zona and reach the cell membrane of the egg itself. Now the membrane of the sperm is touching that of the egg. The membranes fuse, and the two cells – the tiny sperm and the huge egg – are united as one.


This was the moment when you were conceived: this extraordinary but everyday occurrence, hidden away in a dark recess of your mother’s body. But it’s also pertinent to remember that this fertilised egg is not a person. It is just a cell. There’s no guarantee, at that point in time, that this cell will develop into a whole organism. It’s only with hindsight that you can say: this is where I started.


At the moment of contact, when the membranes of the sperm and egg fuse, three things happen. The sperm continues swimming into the egg, leaving its membrane behind: a mere shell, abandoned on the surface of the egg. Inside the egg, and lying close to its enveloping membrane, are tiny bags of chemicals. Now these tiny bags fuse with the egg’s membrane, emptying their contents into the space just underneath the zona pellucida and transforming the zona, making it set hard, to prevent any more sperm reaching and fusing with the egg. This is important: all the egg needs is one set of chromosomes to complement its own – 23 chromosomes to pair up with the 23 it already has. If any more sperm were to fertilise the egg, this would mean the arrival of extra sets of chromosomes, and the chances of developing into a viable embryo would be ruined.
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Sperm arriving at the egg





Lastly, as the sperm enters the egg, the maternal DNA undergoes a final stage of preparation before the maternal chromosomes can pair up with the male set.


As the sperm swims into the egg, its tail falls away and degenerates. On a minute scale, this is like launching a satellite into orbit. When the rocket reaches its destination, the launch vehicle separates from its payload – the satellite itself. Inside the egg, the payload is the head of the sperm, which contains a package of chromosomes and is the essential information needed by the egg if it is to become an embryo. This package of genetic material starts to swell as the chromosomes within it are unpacked. The double strand of DNA which forms each chromosome is then unzipped – and this is where the magic of DNA comes in. Tiny DNA building blocks (or nucleotides) attach to each half of the ‘zip’ until two new zips are formed. A similar doubling-up is going on inside the package of chromosomes belonging to the egg. Then both packages – one from the egg, one from the sperm, each bulging with a double set of chromosomes – push together and fuse. Thus the DNA from egg and sperm – from mother and father – is brought together for the first time.


There are now 46 pairs of chromosomes, already enough DNA for two cells. The double chromosomes line up in the middle of the egg, as if pairing up to dance. They assemble on a scaffold known as a spindle, made of incredibly thin tubes of protein. Then each double chromosome splits in two and the two chromosomes pull apart from each other, moving to opposite ends of the spindle-scaffold. At the same time, the membrane of the fertilised egg, where all this is taking place, is pinching in, until it becomes dumbbell shaped. Eventually it pinches off completely, cleaving in the middle, and two cells are born. It’s about 24 hours since the sperm first fused with the egg. At the end of your first day of life, you are two cells.
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Pairs of chromosomes pulling apart on the spindle, as the egg starts to divide





But there’s no resting now, because each cell is working hard. DNA is duplicated again and the cells divide. Three days later, you’re a ball of sixteen cells. You’re described perfectly and poetically by the technical term for what you’ve become: a morula, from the Latin for ‘little mulberry’. And while all this has been happening, you’ve been on the move. Swept along by waves of contractions in the muscle wall of the oviduct, and by tiny waving hairs called cilia on the inside of the Fallopian tube, you’ve almost reached the cavity of the uterus. You may be just a ball of cells at this point, but already the cells both on the outside and inside of the ball are destined for different fates. Your outer cells will help to form the placenta: your life-support mechanism while you’re in the womb; your inner cells will form the real you: the embryo.
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Morula





Just a week after fertilisation, as you drift into the uterus, a fluid-filled space appears inside the ball of cells. You’re no longer a morula; you’re now a blastocyst – a word from Ancient Greek which means ‘hollow bud’. The inner mass of cells isn’t spread evenly around the inside of the outer cell mass, it’s clumped at one end of the blastocyst. You’ve developed polarity. It may not seem like an important development, but this unequal distribution of cells means that the developing embryo now has an orientation. Regardless of which way up the blastocyst is floating in the fluid inside the oviduct, it now has its own internal orientation. The cells of the inner cell mass which face the new cavity will have a different fate from those towards the edge.


It’s time for your short journey of perhaps ten centimetres to end. You come to rest against the inner lining of the uterus and almost immediately your outer cells begin to invade that lining, which marks the beginning of the formation of a placenta.


There are so many opportunities for things to go wrong in embryology. The more complex an organism is, the more chances there are for its development to go awry. But in fact, right from the start of development, even before it starts to get particularly complicated, there are ample opportunities for fatal mistakes, and the resting place of the blastocyst is one of them. Your blastocyst may have settled safely, but it doesn’t always turn out that way. Blastocysts can get stuck in the oviduct, or, much more rarely, go the wrong way and end up in the mother’s body cavity, where they will still attempt to implant, wherever they lodge. This is what’s known as an ectopic (from the Greek for ‘out-placed’) pregnancy. Whereas the uterus is designed to enlarge with the growing embryo, other tissues are not so accommodating. An ectopic pregnancy can be a very dangerous error: a growing embryo stuck inside the oviduct is likely to cause blood vessels to rupture, and this can lead to disastrous internal bleeding. In the absence of surgical intervention, such a haemorrhage is likely to be fatal.
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The first week of development: from a two-cell embryo, to a morula, to a blastocyst, to implantation in the uterus





With the benefit of hindsight, we know that the blastocyst-you will have implanted safely in your mother’s uterine wall. As you enter the second week of development, the cells of the inner cell mass (which are still proliferating) resolve themselves into two layers: an upper layer (epiblast) and an under layer (hypoblast). This differentiation depends on the position of cells relative to the blastocyst cavity. Cells from the hypoblast spread out to line the inside of the original blastocyst cavity. From now on, this space is known as the yolk sac, even though it contains no yolk, because you’re a placental mammal with no need for an extra bag of nutrients. But right here, we’re discovering something really important about how embryological development makes a body. No organism is ‘designed’ by evolution from scratch. It’s all about tweaking and tinkering with what’s already there. This means that some aspects of your evolutionary heritage will be enshrined in your embryological development. The fact that, as a tiny embryo, you had a yolk sac, even a small, un-yolky one, reveals something about your ancestry and the links between embryology and evolution. You might be a placental mammal, but you had ancestors who laid eggs, complete with yolks, and there’s an echo of that ancestry in your embryonic development.


Something else happens in this second week of development: a brand-new space begins to appear within the outer layer of blastocyst cells. This space is the amniotic cavity. To begin with, it faces one side of the developing embryo, but this is the fluid-filled sac which will end up surrounding you, and in which you’ll float until you are born. Sandwiched between the two fluid-filled spaces – the amniotic cavity and the yolk sac – is a double-layered, roundish disc of epiblast and hypoblast. There’s still a long way to go before you start to look even vaguely human, but before you get there, you’ll look similar to the developing embryos of a whole host of other animals. During the fourth week after conception, a human embryo looks very much like a fish embryo at a similar stage of development. In the fifth week, when your limbs begin to sprout, you are pretty much indistinguishable from a chick embryo; a couple of weeks later, you still look very much like any other mammal embryo. You could almost be mistaken for a pig, dog or mouse embryo, although your head shape and the five digits on each hand and foot reveal that you’re a primate.


So, it’s not just the yolk sac that harks back to our evolutionary past. The embryo’s passing resemblances to ancient ancestors and other animals alive today led to one of the most ignominious theories in the history of embryology: recapitulation.


REMEMBERING PAST LIVES
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A drawing taken from Haeckel’s illustration showing similar stages of embryonic development in eight different animals





Looking at tiny embryos of different animals, it’s impossible to ignore the fact that there are some ‘echoes’ of evolution to be seen in the embryo. In a human embryo, there’s a stage when it has what look remarkably like the primordia of fish gills, and a stage at which its heart looks a lot like an embryonic fish heart. So is it really possible that human embryos are ‘remembering’ or ‘recapitulating’ their evolutionary past?


Working and writing in Germany, in the latter half of the nineteenth century, Ernst Haeckel was a pioneering biologist who discovered and named many new species, and he also threw himself into promoting Darwin’s ideas about evolution. He’s remembered, too, as the man who invented the theory of recapitulation – and got it so wrong – although he wasn’t the first scientist to come up with this idea.


Aristotle classified organisms according to degrees of complexity and perfection, and he believed that humans developed through similar stages as embryos, eventually reaching perfection – as a human, of course. But Aristotle was really only drawing an analogy between various stages of embryonic development and his classification of animals, ranked by complexity.


This linear classification of animals – all animals – was a hugely influential idea. The preformationists (who imagined a whole person curled up inside a sperm or an egg) saw the entire history of life on Earth as encapsulated at the moment of the creation of the world and simply unfurling since that time. Everything was pre-ordained, and every organism was connected in a great chain of life, a scala naturae. There was a sequence of increasing complexity and perfection, reaching its apogee, of course, in civilised Man.


In the late eighteenth and early nineteenth centuries, the biologists of the German school of Naturphilosophie rejected the idea that evolution proceeded in a pre-ordained way, but still believed that it was moving in a very specific direction: towards increasing complexity and consciousness. Once again, Man was the pinnacle. It was one of these Naturphilosophen who came up with the idea of recapitulation: the physician and embryologist, Johann Friedrich Meckel. His name is enshrined in two embryonic structures which all medical students learn about: Meckel’s cartilage (in the developing mandible) and Meckel’s diverticulum (a small out-pouching of the intestine). Meckel saw a deep connection between the great chain of life and the way in which an apparently simple embryo became more complex during its development. For Meckel, embryos really were experiencing a re-run of evolution, sped up and on a very small scale.


Not all of the Naturphilosophen were wedded to this idea of recapitulation. Karl Ernst von Baer, the discoverer of the mammalian ovum, studied chick embryos and spotted a few major problems with recapitulation: firstly, embryos never looked completely like the adults of any other animals. Secondly, structures didn’t necessarily appear ‘in order’ in the embryo, following the same sequence as the scala naturae. Thirdly, and most importantly, von Baer saw that embryonic development was actually about something very simple turning into something much more complex. As even ‘primitive’ animals like fish are actually very complex, recapitulation just didn’t make sense. But in his rejection of recapitulation, von Baer had hit upon a real, fundamental law of biological development: differentiation. In his chick embryos, he had seen with his own eyes how a complex organism developed from simple beginnings.


All of these developmental theories in the first half of the nineteenth century were constructed on a theoretical framework that was just about to be taken apart. That framework was biblical creationism, which carried with it the dogma of the immutability of species. What this meant was that the appearance of common structures in embryology and adult animals was a mark of a divine plan.


In 1859 Charles Darwin published On the Origin of Species by Means of Natural Selection, and the entire rich tapestry of biology was re-hung on a new frame. In fact, the central thesis of the Origin of Species had been launched on the world in the previous year, when a joint paper by Darwin and Alfred Russel Wallace had been presented to the Linnean Society of London. Rather oddly, with hindsight, this failed to make much of a splash, but the Origin made sure that the idea of evolution through natural selection was noticed. Earlier ideas about a sequence of immutable species on a scala naturae were now replaced with real sequences of species evolving over time in a branching tree of life (although the idea of linearity would die hard, and still clings on to this day).


In the Origin of Species Darwin wrote about the striking similarities between embryos of different animals, illustrating his point with an anecdote about the famous anatomist, Louis Agassiz, who ‘having forgotten to [label] the embryo of some vertebrate animal, he cannot now tell whether it be that of a mammal, bird, or reptile’. Darwin realised that the resemblances between embryos could provide important clues about evolutionary relationships between animals – clues that later became obscured by the appearance of specific adaptions in adult animals. In a creationist view of biology, the similarities between embryos (and adults) had represented an abstract connection between animals in the mind of a creator. Under the new evolutionary paradigm, those resemblances spoke of real, physical links between ancestors and descendants.


In Germany, Ernst Haeckel was a great proponent of Darwin’s theory of evolution and wrote his own popular books on biology, morphology and evolution. Despite von Baer’s objections, the theory of recapitulation was still going strong in the mid-nineteenth century, and Haeckel gave it an evolutionary bent. Haeckel believed that evolutionary change occurred through new modifications being added on at the end of embryological development. This meant that the embryological development of an organism would reflect the exact sequence of its evolutionary development. So a human embryo, for instance, might be expected to pass through stages when it looked like a fish, an amphibian and a reptile before it started to look more like a mammal. Haeckel summed up this idea as ‘ontogeny recapitulates phylogeny’ – in other words, embryological development recaps evolutionary history.


Haeckel’s recapitulation theory, known as his Biogenetic Law, became incredibly popular, and many biologists were won over by the resonance between ontogeny and phylogeny, explained so neatly by recapitulation. But the theory was due for a spectacular fall from grace. Around the turn of the twentieth century, the rise of experimental embryology and the appearance of a new science of inheritance called ‘genetics’ spelled the end for Haeckel’s theory. Embryologists started to examine the mechanics of development, moving around pieces of early amphibian embryos and watching what happened as a result. Genetics showed that new changes were not just tacked onto the end of embryological development: genes are present right from the moment of conception, and mutations could affect development at any point. The crucial ideas behind recapitulation, that extra features could only be added at the end of embryonic development, and that embryos passed through stages equivalent to adult ancestors, no longer stood up to scrutiny.


The dramatic collapse of recapitulation makes the subject a delicate one. Mentioning its name is almost like uttering some biological profanity. It’s now such a thoroughly disreputable theory that its only use seems to be as a cautionary tale. But there are parallels between embryological development and evolutionary history. Haeckel was wrong; animals don’t have the equivalent of their adult ancestors telescoped into their embryos. But von Baer (who had been largely forgotten about in all the furore), and Darwin too, had been right. Resemblances between embryos were there because of common ancestry.


Darwin and Alfred Russel Wallace both came up with the theory of evolution by natural selection by looking, in the main, at the variation in anatomy and physiology – and embryological development – of living animals. This is incredibly important, and something that is often overlooked by creationists, because it means that the theory does not depend on the fossil record nor on any scientific advances since the Victorian period. The most elegant explanation for the patterns we see in animals living today is that they are all related: they are all twigs on a huge, evolutionary tree of life. In the latter half of the nineteenth century it was clear to biologists and geologists that extinct animals, known in the form of fossils, were also part of this great tree. But since Darwin and Wallace’s paper in 1858 there have been many wonderful discoveries of extinct fossil organisms which provide links between groups of animals. We now have fossils of fish with limb-like fins, like Tiktaalik, as well as fossils of early amphibians like Acanthostega, which show us what the first limbs looked like. We have feathered dinosaurs which tell us about the origin of birds. We have fossil ancestors of whales, which still possess legs. We have fossils of reptiles which look like ancestors of mammals. We currently have knowledge of around twenty fossil hominin species: a six-million-year-old family tree of two-legged apes which includes our own ancestors.


As well as this bounty of fossil evidence, we can now examine the structure of any body in much greater detail than the Victorians could have dreamt of, using techniques like electron microscopy and immunohistochemistry, staining cells according to specific proteins they produce. And of course there have been great leaps forward in understanding the nature of inherited characteristics, with the discovery of DNA, the elucidation of the function of genes (a major area of research which still continues), and the reading of entire genomes (again, something which is really, if not embryonic, certainly in its infancy).


Embryology itself has been reinvigorated by advances in histology and genetics. Experiments in the second half of the twentieth century began to reveal how cells ‘decided’ what tissues they would develop into, or where they would end up in the body. The study of embryology was transformed after the discovery of DNA as the ‘code of life’ – now it wasn’t just about describing how an embryo formed over time, but finding out what genes drove the process. While von Baer was able to peer down his microscope and find resemblances in the early embryos of what would become very different animals – chicks, fish, humans – DNA sequencing uncovered a deeper vein of similarity, written into the genetic codes of animals.


The modern science of embryology reveals how the genetic code of an organism is translated into proteins which build a body. In order to reconstruct the tree of life, we can now use not only comparative anatomy but go deeper, using comparative embryology and comparative genomics. Family trees of species built from DNA sequences offer more insights into evolutionary history than those based on just anatomy. This new blending together of embryology, genetics and evolution (which has become known as ‘Evo-Devo’) has the power to answer important questions about embryological development and the evolutionary history of organisms. Today, a new generation of embryologists, whilst firmly rejecting Haeckel’s Biogenetic Law, is busy discovering even more links between ontogeny and phylogeny, between embryology and evolution.


It is through these similarities with other animals, in our adult anatomy, in our embryological development, in our genetic code, that we are able to understand our own place within the great tree of life – the arbor naturae. We are just a twig on that tree, rather than evolution’s ultimate destination (it doesn’t have one). Looking carefully at your anatomy, it will also become clear that you’re certainly not the ‘pinnacle of evolution’ that you might like to imagine you are. You’re far from a perfect creation, more like a rag-bag collection of bits and pieces, the result of millions of years of tinkering. But as far as natural selection is concerned, you’ll do, and that’s why you’re here today.


Embryology and evolution explain why your body is the way it is. The structure and function of your adult body is a product of your own embryological development and your evolutionary past. From head to toe, you are the living embodiment of that history.










HEADS AND BRAINS



From the origin of the vertebrate head to the phenomenal growth of the human brain


 


‘People often ask how I got interested in the brain; my rhetorical answer is: “How can anyone NOT be interested in it?” Everything you call “human nature” and consciousness arises from it’


VILAYANUR S. RAMACHANDRAN


 



THE FIRST HEAD


It’s a strange question, perhaps, but have you ever considered why you’ve got a head? It’s obviously not a uniquely human characteristic; most of the animals we’re familiar with have heads. Certainly, having a head seems to be a prerequisite if you’re any sort of vertebrate: a fish, amphibian, reptile, bird or mammal, that is. Lots of invertebrates have heads too, but some of them don’t. In order to answer the question ‘why do we have heads?’, it would be useful to know when our ancestors first developed this bit of anatomy.


I thought that I had been provided with an answer to this question in biology classes at school. I learned that vertebrates had evolved from much simpler organisms, similar to living sea squirts, which are close cousins of vertebrates. There is probably a zoologist somewhere who is terribly excited by sea squirts, but, especially in comparison with vertebrates, I don’t think it’s unfair to say that these animals are sedentary and boring. These almost inanimate creatures lurk on the bottom of the sea, with no intent, stuck to the ocean floor, sucking in seawater and filtering out small particles of food from it.


I got up close and personal with a sea squirt, in the interests of delving into some comparative anatomy, while filming with the BBC. I was just off the coast of a small, almost deserted island called Mnemba, east of Zanzibar; the sea was azure, incredibly clear, and we were there with snorkels and an underwater television camera. I jumped out of our boat into the ridiculously blue sea, with a mask and snorkel, and put my head under water. I had never snorkelled on a coral reef before and the sight that met my eyes left me gasping. I looked up and called out to the crew on the boat, ‘There are hundreds of fish down there!’ I think everyone else had experienced this sort of thing before, at least, they were far too nonchalant to catch my enthusiasm, but I wasn’t letting that dampen my first-time wonder.


Diving down about four metres to the reef itself, I searched for a sea squirt and eventually found one, bringing it ashore in a bucket. Examining the soft creature, about the size of a small potato (and only marginally more interesting), I found two openings in its rubbery flesh. These are somewhat delicately referred to as siphons, but in any other animal they’d be called the mouth and anus. Between these two openings, sea squirts have a very simple, U-shaped gut. The squirt sucks seawater in through its mouth (its buccal siphon), and particles of plankton get trapped in the mucus which lines its gut, while the rest of the water passes through to be expelled out of the other (atrial) siphon. A sea squirt doesn’t have any organs of special sense such as eyes, but it does sense the world around it in more subtle ways, with receptors scattered across the surface of its body that respond to light, touch and various chemicals. The life of a sea squirt does seem remarkably dull: it’s effectively just a gut. It does not crawl, swim, see or think. It just sits there, getting nutrition from seawater in a manner which can barely even be described as ‘eating’.




[image: ]


An adult sea squirt (left) and its tadpole larva (not to scale)





But there’s a phase in the sea squirt’s life when things are, briefly, more interesting. As a ‘tadpole larva’, the sea squirt swims. It’s a tiny, fish-like thing, swimming around, moving of its own volition. This larva has both a tail and a head, but it will soon lose both. When it grows up and settles down, just three days later, it becomes headless. In the mid-nineteenth century, a Russian embryologist called Alexander Kowalevsky (who was a student of Haeckel) noticed that the sea squirt larva was rather special: it had a strengthening rod of tissue (called a notochord) and a nerve tube in its tail. These features were already known to exist in vertebrate embryos, so although the adult sea squirt lost its notochord and nerve tube, its larva revealed it to be very closely related indeed to vertebrates. It looked like Kowalevsky had stumbled on a biological secret: it seemed that vertebrates might have evolved from a neotenous sea-squirt-like ancestor – a Peter Pan sea squirt that forgot to grow up and settle down, and instead remained a freely swimming ‘larva’ for its whole life. This was still the story written in textbooks in the 1980s, when I was studying biology in school.
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A family tree (with earliest ancestor at the bottom) showing how vertebrates could have evolved from a sea-squirt-like ancestor





Recent research has cast doubt on this sequence of events. It’s always an occupational hazard in science: what seems like a great theory today, based on available evidence, may be consigned to the dustbin of history tomorrow, when a new piece of evidence awkwardly refuses to be shoehorned into the existing paradigm. So, new research has suggested that, although ascidians like sea squirts are certainly related to us, they’re not very useful if we want to know what that ancestor of vertebrates looked like. Studies of both sea-squirt DNA and morphology (body shape) have revealed that these animals have actually become simplified over time. The common ancestor of ascidians and vertebrates was probably not a sedentary creature like the adult sea squirt (and that adult form must have evolved later), but an animal that swam freely throughout its entire life.


In fact, there are some animals which are closely related to both vertebrates and sea squirts, and spend their lives swimming: they’re called lancelets. They are small creatures which look remarkably like fish, but they are not fish – they don’t have spines (or skulls, for that matter). They are called lancelets (because they are pointed like lances), and are also known as amphioxus (from the Greek for ‘double-pointed’). Together, vertebrates, sea squirts and lancelets are classified as ‘chordates’ because they all possess a notochord. There are a few other defining characteristics of chordates, including a hollow nerve tube, gill slits and a tail. We should pause here for a moment’s reflection, because you may be thinking: ‘Hang on a minute! I’m a vertebrate, which means I’m also a chordate. But I don’t have gill slits and a tail! And I don’t even think I’ve got a hollow nerve tube or a notochord, either.’ The key to this conundrum is that, to be a chordate, you just had to have those features at some point in your life, and in this respect, you’re a bit like a sea squirt, which possesses these characteristics as a larva but loses them as it grows. As an embryo, you did indeed have a notochord (which forms a sort of ‘pre-spine’), a hollow nerve tube, a tail and gill slits. You are a chordate.
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A family tree (with earliest ancestor at the bottom) showing the evolution of vertebrates and sea squirts from a free-swimming, lancelet-like ancestor





Asserting our own chordate credentials means that we can see how we relate to all the other animals on this planet – both living and extinct. Chordates are just one of around 35 large groups, or ‘phyla’, within the animal kingdom. The classification of vertebrates, sea squirts and lancelets as chordates was proposed by none other than Ernst Haeckel, back in 1874. The origin of this group (our own phylum) extends far back in time to the geological period called the Cambrian, which started 542 million years ago. Before this time, life on Earth consisted almost entirely of single-celled organisms, but this period saw a huge proliferation and diversification of multicellular life, mostly living in the sea, in what has become known as the ‘Cambrian explosion’. Although there’s now clear fossil evidence of soft-bodied multicellular animals existing earlier than 542 million years ago, the first fossils of many major animal phyla, including chordates, of course, are found in Cambrian rocks.


At the very end of the twentieth century, palaeontologists prospecting among ancient rocks in the Yunnan province in southern China discovered more than 300 beautifully preserved fossils of a tiny, fish-like animal, which would be named Haikouella. The rocks, and therefore the fossils they contained, dated right back to the early Cambrian, 530 million years ago.


So imagine these small fish-like things, each about an inch long, swimming close to the bottom of a shallow sea and occasionally resting and settling on it. Imagine a whole shoal of them. When oxygen levels dip, they die in their droves and sink to the seabed, which is such fine mud that it is stirred up by the merest whisper of a current, gently burying the tiny bodies. Over time, the soft tissues of those not-quite-fish are transformed to mineral. The silky mud of the sea floor hardens into a fine-grained mudstone, preserving the anatomy of these animals in exquisite detail.


Even though each tiny fossil creature measures only a few centimetres long, it’s possible to discern the stripes of individual muscle blocks, a strengthening rod along its back called a notochord, the gut, frilly arches which would have supported gills, and even a minute brain. The mouth is fringed with twelve short tentacles. One fossil preserves something which looks intriguingly like an eye. It’s an odd little thing which looks a little like a worm, a little like a fish. In fact, it’s neither. What it looks most like is a lancelet. The anatomy of living lancelets is incredibly similar to the ghostly anatomy preserved in those 530-million-year-old Chinese rocks. Haikouella is the earliest example of a chordate that has been discovered, and it most definitely has a head. Whereas today’s lancelets are our distant cousins, Haikouella – or at least, something very much like it – may have been an ancient ancestor from which humans (and all other chordates) evolved. This means that heads (or at least our chordate version of heads) have been around for at least 530 million years.
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Chordate characteristics in (from top to bottom) Haikouella, a modern-day lancelet, and a human embryo towards the end of the third week of development





For the origins of this free-swimming lifestyle – which seems to be linked to possessing a head – we have to look wider and deeper into the evolutionary tree of life, and even further back in time. Swimming down into these murky depths, it can be difficult to see the answers. Textbooks are cautious about the origin of chordates and vertebrates and the picture has changed considerably in just the last decade or so. I have an edition of a textbook from 2001 which embarks on this question, saying ‘In this chapter, we will speculate concerning the invertebrate origins [of vertebrates]’.
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‘Martian’ cousins – a family tree showing how vertebrates turn out to be quite closely related to echinoderms





Of all the other groups of animals alive on Earth today, among the most closely related to us chordates are the spiny-skinned echinoderms, including sea urchins, starfish, brittle stars, sea lilies and sea cucumbers. Although variations have evolved, all of these animals are based originally on a ‘pentaradial’ body plan: a five-fold symmetry. It’s hard to imagine something less like a human, indeed less like a fish or even a lancelet, than a starfish. Richard Dawkins went as far as to call them ‘Martians’. They are very odd indeed compared with vertebrates, and even compared with other invertebrates too, which also tend to be bilaterally symmetrical, with a front and back, left and right side, in contrast to the weird radial symmetry of starfish. But there is a point at which starfish do resemble chordates – and that’s when they are tiny embryos. The early embryonic development of starfish is similar to that of chordates (including us), and starfish larvae – rather like those of sea squirts – are free-swimming creatures. Unlike their adult selves, starfish larvae are bilaterally symmetrical, with a head end and a tail end. This seems much more familiar. So, instead of evolving from a sea-squirt-like larva which ‘forgot to grow up’, could the earliest chordates have come from an ancestor that was something like the larva of a modern echinoderm?


For zoologists trying to solve this riddle of chordate origins, the big problem is that there’s such a large gap between chordates on the one hand and echinoderms on the other. There are enough anatomical, embryological and now genetic clues to show that these two groups are closely related, but what did their common ancestor look like? Was it more like an echinoderm or a chordate? Did starfish evolve from free-swimming ancestors, or did we evolve from something more sedentary, a sessile filter-feeder whose larvae forgot to grow up? Until quite recently, the idea of a ‘Peter Pan’ larva (this time, of something echinoderm-like rather than sea-squirt-like) was popular. But this is where genetics really has come to the rescue, because even if two animals look superficially quite different, you may be able to find genetic similarities running deep which speak of an evolutionary affinity: a common ancestor.


There’s another piece in this puzzle: a branch of the family tree that I have, somewhat disingenuously, omitted to mention until now. Those spiny-skinned sea urchins, starfish and sea lilies have some close relations called hemichordates (‘half-chordates’) or ‘acorn worms’. These solitary worms live in mud or under rocks in shallow waters, where they grow up to 2 metres in length, and they have a weird mix of chordate and invertebrate characteristics. Acorn worms apparently got their name from the shape of their proboscis, which looks more like a cartoon rocket to me. The whole worm, it has to be said, resembles nothing less than a gigantic sperm. (I’ve drawn a sperm next to it, just to drive the point home. There really is no point to this, beyond a superficial resemblance, but if I’d been in charge of naming acorn worms, they would have been called sperm worms, which is obviously far superior because it rhymes.)
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An acorn worm (on the left) and a human sperm (on the right, not to scale)





Ten years after Ernst Haeckel founded the phylum Chordata, in 1884, the English biologist William Bateson (famous for coining the term ‘genetics’) added the acorn worms to it. His rationale for doing this was that he thought he could see definitive chordate features in acorn worms. These weird creatures had stacks of gill slits like a lancelet, and they had a nerve cord along their backs which looked like it could be hollow in places. Bateson also believed that a short rod of tissue projecting into the acorn worm’s proboscis could be its notochord. Later biologists questioned this interpretation, and by the 1940s acorn worms had been kicked out of the chordate clan. Acorn worms themselves were blissfully unaware of their demotion. They continued living in their muddy burrows and minding their own businesses, and it seemed that humans had all but lost interest in them.


But in the last couple of decades, acorn worms have really come back on trend. The modern science which Bateson named has unlocked the secrets hidden in their DNA. Acorn worms are still not chordates, but as slightly more distant relatives they are even more useful, as they contain clues to the origin of our phylum.


The position of acorn worms in the family tree finally became clear when their DNA was sequenced: they are the sister group of the echinoderms. Looking at differences in the string of ‘letters’ (the four nucleotide bases) that make up DNA, biologists can work out the relationships between different animals, drawing up ‘family trees’ which are part of the great evolutionary tree of life. The differences in DNA reflect actual evolutionary relationships between animals. For instance, a vertebrate will be genetically more similar to a sea squirt than either of them is to an acorn worm because the vertebrate and the sea squirt share a much more recent common ancestor. Comparing DNA between animals might seem like a completely new science, but while it is nothing short of revolutionary, it is really an extension of what evolutionary biologists have always done – comparing and contrasting bits of different animals. It’s just that, instead of body parts, it is genes and base-pairs in the DNA sequence which are being compared. It’s comparative – molecular – anatomy.
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A family tree (with earliest ancestor at the bottom) showing how acorn worms are closely related to chordates – the common ancestor of both was probably a worm





DNA sequences help us to build family trees, but genetics can also shed light on whether a particular structure in one animal really is equivalent to – or ‘homologous with’ – a similar structure in another animal. Homology exists in different animals because of shared ancestry. Darwin recognised, for instance, that a human hand, a bat’s wing and a porpoise’s fin are homologous structures, all inherited from a common ancestor. But sometimes homologies can be hard to spot, and the best way of testing whether structures really are homologous is by looking at which genes are ‘turned on’ (in the jargon: ‘expressed’) when those structures are being formed in the embryo.


Similar genes are expressed on the inner surface of the developing gill slits in chordates and acorn worms: these gill slits really are homologous. But different genes are expressed in the chordate notochord and the structure which Bateson thought was the equivalent structure in acorn worms – they are not homologous. It also turns out that he was wrong about acorn worms possessing a hollow nerve cord; what they have instead is a diffuse epidermal ‘nerve net’ which lies just under the surface of their bodies. It was just a little part of this nerve net that Bateson mistook for a hollow nerve cord.


By putting all the clues together, from comparative anatomy, embryology, genetics and palaeontology, it seems that at last we have an answer to the question of when and why our ancestors first developed heads. The proboscis of our distant relative, the acorn worm, with its mouth tucked in just behind, barely qualifies as a head, but it seems that chordates (and echinoderms), rather than evolving from the larva of an altogether more sedentary adult sea creature, probably descended from a worm that learned to swim. (And, rather interestingly, this means that the radial symmetry of adult starfish was something which must have evolved later – they come from bilaterally symmetrical ancestors just as we do. We’ve hung on to ‘primitive’ bilateral symmetry while starfish came up with an eye-catching new design). The development of a head is linked to the development of swimming in our ancient ancestors. Having a head isn’t just about being mobile, because sea urchins and starfish certainly move. (There was a particularly impressive time-lapse sequence of sea stars in the BBC series Life, which is still available to view on YouTube.) But starfish – as shown beautifully in that time-lapse sequence – can move in any direction they like. Could you look at a starfish and honestly say which was its front end? The key to the question ‘Should this animal have a head?’ turns out to be: ‘Does this animal have a front?’. And the faster you move, the more head-like your front is likely to become. For a free-swimming animal, it helps to have your senses stacked up-front, in a head, where you first encounter novelty in your environment. Of course, it also helps if you have a brain, to process all that information coming in from your head-mounted sense organs.


ANCIENT AND EMBRYONIC BRAINS


In those 530-million-year-old rocks from the Yunnan province we see the earliest evidence of a chordate, the earliest evidence of a real head, and the earliest evidence of a brain. Like any respectable chordate, Haikouella has a hollow neural tube, and the front end of this tube is slightly thickened and divided into three segments. It’s not much to look at, perhaps, but this thick front end of the neural tube is Haikouella’s brain. Amazingly, your own brain – as large and complex as it is – started out in the same way: as a thickening of an embryonic neural tube.


Earlier in this book, we left you as a developing embryo, implanted in the wall of your mother’s womb. The inner cell mass of the mulberry-like morula had become a flat, two-layered disc, sandwiched between the yolk sac and the newly formed amniotic cavity. The upper layer of this disc is the epiblast, and the lower layer is the hypoblast.


Now, as you embark on the third week of your embryonic development, some very interesting events are about to take place. It’s time for an out-of-body experience. Imagine your embryo scaled up massively, and you are floating in the amniotic cavity, looking down at the surface of the epiblast, which is now shaped more like a 2D pear than a round disc. (And remember, this peculiar, alien-like flat object is you barely two weeks after conception.) This flattened pear shape already has a front (which is the wider part) and a back, a left and a right. Something strange is happening to the surface of the epiblast: you can see it buckling into a groove which runs down the midline of the embryo, like a geological fault. Epiblast cells are multiplying and moving towards this fault line and then disappearing down through it. They will push the hypoblast cells out of the way, forming a new layer in its place. They will also push out to form a new middle layer, sandwiched between the original epiblast and the new ‘under layer’.


VAGDesign Greek Opentype fonts - SET1
Open source TTF/OTF with Greek support
(C) 2006 Vangelis Makridakis - www.vagdesign.com / www.280676.com
vagdesign@gmail.com / vag@vagdesign.com 

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation, version 2 of the License.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License along
with this program; if not, write to the Free Software Foundation, Inc.,
51 Franklin Street, Fifth Floor, Boston, MA 02110-1301 USA.

As a special exception, if you create a document which uses this font,
and embed this font or unaltered portions of this font into the
document, this font does not by itself cause the resulting document
to be covered by the GNU General Public License. This exception does
not however invalidate any other reasons why the document might be
covered by the GNU General Public License.
exception statement from your version.



		    GNU GENERAL PUBLIC LICENSE
		       Version 2, June 1991

 Copyright (C) 1989, 1991 Free Software Foundation, Inc.,
 51 Franklin Street, Fifth Floor, Boston, MA 02110-1301 USA
 Everyone is permitted to copy and distribute verbatim copies
 of this license document, but changing it is not allowed.

			    Preamble

  The licenses for most software are designed to take away your
freedom to share and change it.  By contrast, the GNU General Public
License is intended to guarantee your freedom to share and change free
software--to make sure the software is free for all its users.  This
General Public License applies to most of the Free Software
Foundation's software and to any other program whose authors commit to
using it.  (Some other Free Software Foundation software is covered by
the GNU Lesser General Public License instead.)  You can apply it to
your programs, too.

  When we speak of free software, we are referring to freedom, not
price.  Our General Public Licenses are designed to make sure that you
have the freedom to distribute copies of free software (and charge for
this service if you wish), that you receive source code or can get it
if you want it, that you can change the software or use pieces of it
in new free programs; and that you know you can do these things.

  To protect your rights, we need to make restrictions that forbid
anyone to deny you these rights or to ask you to surrender the rights.
These restrictions translate to certain responsibilities for you if you
distribute copies of the software, or if you modify it.

  For example, if you distribute copies of such a program, whether
gratis or for a fee, you must give the recipients all the rights that
you have.  You must make sure that they, too, receive or can get the
source code.  And you must show them these terms so they know their
rights.

  We protect your rights with two steps: (1) copyright the software, and
(2) offer you this license which gives you legal permission to copy,
distribute and/or modify the software.

  Also, for each author's protection and ours, we want to make certain
that everyone understands that there is no warranty for this free
software.  If the software is modified by someone else and passed on, we
want its recipients to know that what they have is not the original, so
that any problems introduced by others will not reflect on the original
authors' reputations.

  Finally, any free program is threatened constantly by software
patents.  We wish to avoid the danger that redistributors of a free
program will individually obtain patent licenses, in effect making the
program proprietary.  To prevent this, we have made it clear that any
patent must be licensed for everyone's free use or not licensed at all.

  The precise terms and conditions for copying, distribution and
modification follow.

		    GNU GENERAL PUBLIC LICENSE
   TERMS AND CONDITIONS FOR COPYING, DISTRIBUTION AND MODIFICATION

  0. This License applies to any program or other work which contains
a notice placed by the copyright holder saying it may be distributed
under the terms of this General Public License.  The "Program", below,
refers to any such program or work, and a "work based on the Program"
means either the Program or any derivative work under copyright law:
that is to say, a work containing the Program or a portion of it,
either verbatim or with modifications and/or translated into another
language.  (Hereinafter, translation is included without limitation in
the term "modification".)  Each licensee is addressed as "you".

Activities other than copying, distribution and modification are not
covered by this License; they are outside its scope.  The act of
running the Program is not restricted, and the output from the Program
is covered only if its contents constitute a work based on the
Program (independent of having been made by running the Program).
Whether that is true depends on what the Program does.

  1. You may copy and distribute verbatim copies of the Program's
source code as you receive it, in any medium, provided that you
conspicuously and appropriately publish on each copy an appropriate
copyright notice and disclaimer of warranty; keep intact all the
notices that refer to this License and to the absence of any warranty;
and give any other recipients of the Program a copy of this License
along with the Program.

You may charge a fee for the physical act of transferring a copy, and
you may at your option offer warranty protection in exchange for a fee.

  2. You may modify your copy or copies of the Program or any portion
of it, thus forming a work based on the Program, and copy and
distribute such modifications or work under the terms of Section 1
above, provided that you also meet all of these conditions:

    a) You must cause the modified files to carry prominent notices
    stating that you changed the files and the date of any change.

    b) You must cause any work that you distribute or publish, that in
    whole or in part contains or is derived from the Program or any
    part thereof, to be licensed as a whole at no charge to all third
    parties under the terms of this License.

    c) If the modified program normally reads commands interactively
    when run, you must cause it, when started running for such
    interactive use in the most ordinary way, to print or display an
    announcement including an appropriate copyright notice and a
    notice that there is no warranty (or else, saying that you provide
    a warranty) and that users may redistribute the program under
    these conditions, and telling the user how to view a copy of this
    License.  (Exception: if the Program itself is interactive but
    does not normally print such an announcement, your work based on
    the Program is not required to print an announcement.)

These requirements apply to the modified work as a whole.  If
identifiable sections of that work are not derived from the Program,
and can be reasonably considered independent and separate works in
themselves, then this License, and its terms, do not apply to those
sections when you distribute them as separate works.  But when you
distribute the same sections as part of a whole which is a work based
on the Program, the distribution of the whole must be on the terms of
this License, whose permissions for other licensees extend to the
entire whole, and thus to each and every part regardless of who wrote it.

Thus, it is not the intent of this section to claim rights or contest
your rights to work written entirely by you; rather, the intent is to
exercise the right to control the distribution of derivative or
collective works based on the Program.

In addition, mere aggregation of another work not based on the Program
with the Program (or with a work based on the Program) on a volume of
a storage or distribution medium does not bring the other work under
the scope of this License.

  3. You may copy and distribute the Program (or a work based on it,
under Section 2) in object code or executable form under the terms of
Sections 1 and 2 above provided that you also do one of the following:

    a) Accompany it with the complete corresponding machine-readable
    source code, which must be distributed under the terms of Sections
    1 and 2 above on a medium customarily used for software interchange; or,

    b) Accompany it with a written offer, valid for at least three
    years, to give any third party, for a charge no more than your
    cost of physically performing source distribution, a complete
    machine-readable copy of the corresponding source code, to be
    distributed under the terms of Sections 1 and 2 above on a medium
    customarily used for software interchange; or,

    c) Accompany it with the information you received as to the offer
    to distribute corresponding source code.  (This alternative is
    allowed only for noncommercial distribution and only if you
    received the program in object code or executable form with such
    an offer, in accord with Subsection b above.)

The source code for a work means the preferred form of the work for
making modifications to it.  For an executable work, complete source
code means all the source code for all modules it contains, plus any
associated interface definition files, plus the scripts used to
control compilation and installation of the executable.  However, as a
special exception, the source code distributed need not include
anything that is normally distributed (in either source or binary
form) with the major components (compiler, kernel, and so on) of the
operating system on which the executable runs, unless that component
itself accompanies the executable.

If distribution of executable or object code is made by offering
access to copy from a designated place, then offering equivalent
access to copy the source code from the same place counts as
distribution of the source code, even though third parties are not
compelled to copy the source along with the object code.

  4. You may not copy, modify, sublicense, or distribute the Program
except as expressly provided under this License.  Any attempt
otherwise to copy, modify, sublicense or distribute the Program is
void, and will automatically terminate your rights under this License.
However, parties who have received copies, or rights, from you under
this License will not have their licenses terminated so long as such
parties remain in full compliance.

  5. You are not required to accept this License, since you have not
signed it.  However, nothing else grants you permission to modify or
distribute the Program or its derivative works.  These actions are
prohibited by law if you do not accept this License.  Therefore, by
modifying or distributing the Program (or any work based on the
Program), you indicate your acceptance of this License to do so, and
all its terms and conditions for copying, distributing or modifying
the Program or works based on it.

  6. Each time you redistribute the Program (or any work based on the
Program), the recipient automatically receives a license from the
original licensor to copy, distribute or modify the Program subject to
these terms and conditions.  You may not impose any further
restrictions on the recipients' exercise of the rights granted herein.
You are not responsible for enforcing compliance by third parties to
this License.

  7. If, as a consequence of a court judgment or allegation of patent
infringement or for any other reason (not limited to patent issues),
conditions are imposed on you (whether by court order, agreement or
otherwise) that contradict the conditions of this License, they do not
excuse you from the conditions of this License.  If you cannot
distribute so as to satisfy simultaneously your obligations under this
License and any other pertinent obligations, then as a consequence you
may not distribute the Program at all.  For example, if a patent
license would not permit royalty-free redistribution of the Program by
all those who receive copies directly or indirectly through you, then
the only way you could satisfy both it and this License would be to
refrain entirely from distribution of the Program.

If any portion of this section is held invalid or unenforceable under
any particular circumstance, the balance of the section is intended to
apply and the section as a whole is intended to apply in other
circumstances.

It is not the purpose of this section to induce you to infringe any
patents or other property right claims or to contest validity of any
such claims; this section has the sole purpose of protecting the
integrity of the free software distribution system, which is
implemented by public license practices.  Many people have made
generous contributions to the wide range of software distributed
through that system in reliance on consistent application of that
system; it is up to the author/donor to decide if he or she is willing
to distribute software through any other system and a licensee cannot
impose that choice.

This section is intended to make thoroughly clear what is believed to
be a consequence of the rest of this License.

  8. If the distribution and/or use of the Program is restricted in
certain countries either by patents or by copyrighted interfaces, the
original copyright holder who places the Program under this License
may add an explicit geographical distribution limitation excluding
those countries, so that distribution is permitted only in or among
countries not thus excluded.  In such case, this License incorporates
the limitation as if written in the body of this License.

  9. The Free Software Foundation may publish revised and/or new versions
of the General Public License from time to time.  Such new versions will
be similar in spirit to the present version, but may differ in detail to
address new problems or concerns.

Each version is given a distinguishing version number.  If the Program
specifies a version number of this License which applies to it and "any
later version", you have the option of following the terms and conditions
either of that version or of any later version published by the Free
Software Foundation.  If the Program does not specify a version number of
this License, you may choose any version ever published by the Free Software
Foundation.

  10. If you wish to incorporate parts of the Program into other free
programs whose distribution conditions are different, write to the author
to ask for permission.  For software which is copyrighted by the Free
Software Foundation, write to the Free Software Foundation; we sometimes
make exceptions for this.  Our decision will be guided by the two goals
of preserving the free status of all derivatives of our free software and
of promoting the sharing and reuse of software generally.

			    NO WARRANTY

  11. BECAUSE THE PROGRAM IS LICENSED FREE OF CHARGE, THERE IS NO WARRANTY
FOR THE PROGRAM, TO THE EXTENT PERMITTED BY APPLICABLE LAW.  EXCEPT WHEN
OTHERWISE STATED IN WRITING THE COPYRIGHT HOLDERS AND/OR OTHER PARTIES
PROVIDE THE PROGRAM "AS IS" WITHOUT WARRANTY OF ANY KIND, EITHER EXPRESSED
OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE.  THE ENTIRE RISK AS
TO THE QUALITY AND PERFORMANCE OF THE PROGRAM IS WITH YOU.  SHOULD THE
PROGRAM PROVE DEFECTIVE, YOU ASSUME THE COST OF ALL NECESSARY SERVICING,
REPAIR OR CORRECTION.

  12. IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN WRITING
WILL ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MAY MODIFY AND/OR
REDISTRIBUTE THE PROGRAM AS PERMITTED ABOVE, BE LIABLE TO YOU FOR DAMAGES,
INCLUDING ANY GENERAL, SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES ARISING
OUT OF THE USE OR INABILITY TO USE THE PROGRAM (INCLUDING BUT NOT LIMITED
TO LOSS OF DATA OR DATA BEING RENDERED INACCURATE OR LOSSES SUSTAINED BY
YOU OR THIRD PARTIES OR A FAILURE OF THE PROGRAM TO OPERATE WITH ANY OTHER
PROGRAMS), EVEN IF SUCH HOLDER OR OTHER PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

		     END OF TERMS AND CONDITIONS

	    How to Apply These Terms to Your New Programs

  If you develop a new program, and you want it to be of the greatest
possible use to the public, the best way to achieve this is to make it
free software which everyone can redistribute and change under these terms.

  To do so, attach the following notices to the program.  It is safest
to attach them to the start of each source file to most effectively
convey the exclusion of warranty; and each file should have at least
the "copyright" line and a pointer to where the full notice is found.
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