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  Prologue

  The Book That Ate BiologyOn the strange authority of a metaphor


In 1976 a young Oxford ethologist published a short, brilliantly written book that proposed to explain the whole of life from a single vantage point. The vantage point was the gene. Everything else — the cell, the tissue, the organ, the animal, the forest, the mind — was demoted to scenery. Organisms became containers. Bodies became machinery built by molecules for the molecules' own perpetuation. Behaviour became strategy, and strategy became arithmetic performed by something that could not add.


    The Selfish Gene became the best-selling science book of its century. It did not merely describe biology; it colonised the language in which biology could be discussed. Within a decade, its central image had escaped the discipline entirely. Economists borrowed it. Sociologists borrowed it. Journalists reached for it whenever a new correlation was announced. Ordinary people learned to say it's in my DNA about their taste in music, their temper, their capacity for love.


    That is an extraordinary achievement for any book. It is also the reason this one is necessary.


    Because a metaphor that successful stops being read as a metaphor. It becomes the furniture of thought — the thing you reason with rather than the thing you reason about. And when the furniture is defective, everything built upon it is out of true.


    What this volume argues


    The argument here is narrow and it is total. Narrow, because it does not concern Darwin. Darwin himself spent the last decade of his life working with physiologists, chasing the biological processes of inheritance, entertaining the transmission of bodily states to the germ cells. The quarrel is not with the great naturalist of the Origin. It is with the mid-twentieth-century gene-centred contraction of his work, and with the particular, hardened form that contraction took in 1976.


    Total, because the case does not rest on the accumulation of awkward exceptions. It rests on the observation that the selfish gene hypothesis was built on three specific factual assumptions, that those assumptions were never demonstrated, and that all three have since been shown to be false.


    
      The three pillars

      One. The germ line is sealed. Nothing that happens to the body can reach the cells that make the next generation. This is the Weismann Barrier.

      Two. Causation runs one way only, from DNA outward to protein and never back. This is the one-way reading of Crick's Central Dogma.

      Three. DNA copies itself. It is an autonomous replicator, a crystal that reproduces its own pattern, needing the cell only as a workshop. This is Schrödinger's aperiodic crystal, inherited whole into gene-centrism.

    


    Remove any one of these and the replicator/vehicle split becomes questionable. Remove all three and it becomes incoherent. There is no sealed replicator riding inside a disposable vehicle, because the thing called the replicator cannot replicate without the thing called the vehicle, and the vehicle demonstrably writes back into it.


    Denis and Raymond Noble put the point without ornament: the replicator is not independent of the organism, and therefore the selfish gene can no longer be regarded as a valid scientific hypothesis.


    Where the evidence comes from


    The chapters that follow draw on work that was not available in 1976, and in several cases on work that was available and was ignored.


    
      Barbara McClintock's transposable elements, published from the 1940s, Nobel Prize 1983.

      Conrad Waddington's genetic assimilation, demonstrated experimentally in 1942 and 1953.

      Lynn Margulis's endosymbiosis, rejected by roughly fifteen journals before publication in 1967.

      Denis Noble's cardiac models, which showed by 1960 that the heartbeat is a property of a system and not of a gene.

    


    And work that has arrived since: epigenetic inheritance across generations in plants, worms, flies and mammals; the collapse of the junk-DNA thesis under the weight of the regulatory genome; horizontal gene transfer running through the eukaryotic world, including our food crops; Michael Levin's demonstration that anatomical pattern is stored in bioelectric networks rather than in sequence; the flat failure of genome-wide association studies to deliver the determinism promised on their behalf.


    None of this is marginal. It occupies the pages of Nature, Science, PNAS, the Journal of Physiology, the Proceedings of the Royal Society. It is simply not what the popularisations say.


    
      The genome is a slave to the cell, not its master.

    


    A word on tone


    This book takes a side. It does so because the evidence took that side first, and because forty years of qualifying, softening and splitting the difference has produced a situation in which working scientists know the gene-centred account is inadequate while the textbooks and the popular literature continue to teach it as settled.


    The reader will not find here the ritual reassurance that the old framework survives intact with minor amendments. It does not survive intact. What survives is Darwin's insight that living forms have a history and that differential survival shapes that history — an insight far older, far larger, and far more robust than the gene-centred machinery bolted onto it in the twentieth century.


    What follows is the case for taking the bolts out.


    ✦




  Part One

  The Three Pillars

  A hypothesis is only as sound as the assumptions holding it up. These were three, and they were never tested.





  Chapter One

  Holywell Manor, 1976The question that was not answered


The book had only just appeared when Oxford staged a debate about it. The venue was the Graduate Centre at Balliol College, in the sixteenth-century manor house at its core. The event was arranged by Denis Noble, then already established as the physiologist who had built the first working mathematical model of a cardiac cell. On the panel with Dawkins sat two philosophers of the first rank: Anthony Kenny, whose subject was the metaphysics of mind, and Charles Taylor, who had written on the explanation of behaviour.


    Kenny asked the question that ought to have ended the matter there.


    If the gene is a text, he wanted to know, what reads it? If all one possessed of English were the alphabet, would one thereby understand Shakespeare?


    It is not a rhetorical flourish. It is the load-bearing question of the entire programme. A sequence of bases is inert. It means nothing, does nothing, specifies nothing, until something already alive and already organised interprets it. The interpreter is the cell. And if the interpreter is doing the work, the interpreter is not a passive vehicle carrying an active text. It is the other way round.


    Dawkins declined to engage. He was not a philosopher, he said. He was a scientist, and he was interested in truth.


    It is a reply he has returned to over the decades, most visibly in his 2012 Oxford exchange with Rowan Williams, again chaired by Kenny. As a debating move it is efficient. As an intellectual position it is untenable, because the thing being defended is itself a philosophical claim.


    Where the idea actually came from


    Dawkins did not invent gene-centrism. He gave it a voice of extraordinary carrying power, but the architecture was already standing.


    Julian Huxley's Evolution: The Modern Synthesis of 1942 supplied the general neo-Darwinian frame, and within a decade or two had become the standard schoolroom account of evolution. Then in 1966 George Williams published Adaptation and Natural Selection, and the specific machinery of selfish gene theory was laid out plainly. Williams drew a clean separation between a replicator and its vehicle — between what he called genic selection and organic adaptation. Selection acted on genes. The organism was stripped of any part in its own evolutionary fate.


    Dawkins himself has named Williams as the single largest influence on the writing of The Selfish Gene. The 1976 book is the popular flowering of the 1966 argument.


    
      The duality, stated

      Williams's formulation makes the organism a bystander to blind selection acting on its own genes. No adaptation created by the organism during its life may pass to the next generation. The prohibition is not derived from evidence; it is asserted as a principle.

      G. C. Williams, Adaptation and Natural Selection, Oxford University Press, 1966.
    


    A separation of the same shape as Descartes'


    Stephen Jay Gould, in the long final work of his life, distinguished this duality from Cartesian dualism — mechanistic rather than immaterial. The distinction is real but the family resemblance is unmistakable, and it carries the same defect.


    Descartes separated an organising soul from a mechanical body. Williams and Dawkins separated an organising molecule from a mechanical organism. In both cases a small privileged part is hived off as the seat of direction, and in both cases the separation raises the question of how the two halves communicate — a question neither system can answer.


    Descartes was at least candid about the ambition. In his treatise on the formation of the foetus he proposed that from full knowledge of the semen of a species, one could deduce by mathematics alone the entire form and configuration of the resulting body. Three and a half centuries later, the genome was announced in exactly those terms.


    
      There is no need for an organiser inside the organism.

    


    Why the question was allowed to stand unanswered


    The molecular biology of the preceding twenty years had produced a sense of ground so solid that philosophical objections looked like fussing. The double helix was known. The code had been cracked. The secret of life, it was widely said, had been laid open like a book; all that remained was to read the pages.


    In that atmosphere, three propositions were absorbed as though they were findings rather than assumptions:


    
      That the DNA is read-only, sealed off from the world outside.

      That the germ line carries genes and nothing else from the body that produced it.

      That DNA replicates on its own, as a crystal does, and therefore requires no living context to persist.

    


    None had an empirical foundation. Each was necessary for the gene-centred position to hold, and each was therefore adopted. The remainder of this Part takes them one at a time.


    ✦





  Chapter Two

  The First Pillar: Weismann's BarrierA wall asserted, never found


August Weismann's proposal, made in the 1880s, is the oldest of the three. The germ plasm — the lineage of cells that produces eggs and sperm — is set aside early in development and thereafter insulated from the body that carries it. Whatever befalls the soma stays in the soma. Information travels from germ line to body and never in the reverse direction.


    If true, this is decisive. It forbids at a stroke every form of inherited acquired characteristic. It makes the body a dead end. And it is precisely what the replicator/vehicle split requires, since a vehicle that could write back into its replicator would no longer be a vehicle in any interesting sense.


    The evidence Weismann offered


    There was none. Weismann said so.


    He wrote that the principle should be accepted because it was the only plausible explanation available — because, in effect, one must. He acknowledged that the process could not be observed in the necessary detail and that experimental proof was therefore out of reach. His response to that difficulty was to declare that once natural selection is established as the only principle requiring consideration, it follows necessarily that the facts are correctly explained by natural selection.


    That is not an argument. It is a decision, dressed as a deduction.


    
      Doubted from within

      Julian Huxley, whose 1942 synthesis is often taken as the barrier's charter, was not persuaded by it. He wrote that the distinction between soma and germ plasm is not always as sharp as Weismann supposed, and he was critical of Weismann's exclusive reliance on selection, observing that mutation alone had been shown incapable of producing directional change.

      John Maynard Smith, no critic of the Modern Synthesis, later remarked that it was not clear why Weismann had thought the claim was true at all.

      J. Huxley, Evolution: The Modern Synthesis, 1942, pp. 29ff. · J. Maynard Smith, Evolutionary Genetics, Oxford University Press, 1989.
    


    What physiologists know about barriers


    Physiology has a long acquaintance with barriers, and its habitual attitude toward them is scepticism. The blood-brain barrier is the standard case: real, important, and selectively permeable, with a permeability that changes with circumstance. Boundaries in living systems are almost never absolute partitions. They are functional filters, and filters can be tuned, saturated, and crossed.


    The germ line turns out to be no exception. It is not isolated from RNAs, DNAs, proteins, metabolites and vesicles moving out of the soma. If there is a barrier, it is a functional and selective process rather than a wall.


    Extracellular vesicles are the clearest of the crossings. Somatic cells release membrane-bound packets carrying RNA and protein; these circulate; they are taken up elsewhere, including by cells of the reproductive tract and the gametes themselves. The route Darwin groped toward in his theory of pangenesis — particles conveying the state of the body to the reproductive cells — has a modern physical correlate, and Denis Noble has argued at length that this makes Darwin's late thinking newly relevant rather than newly embarrassing.


    
      Physiologists are always sceptical about barriers. They tend to be mutable.

    


    What crosses, and what it does


    Small RNAs in sperm carry information about the father's diet, stress exposure and metabolic state, and transferring those RNAs into a naive zygote transfers the phenotype with them. Methylation marks at specific loci survive the reprogramming waves that were supposed to erase them. In the nematode Caenorhabditis elegans, gene-silencing states induced in one generation persist for dozens of generations afterward through small-RNA pathways with dedicated machinery to sustain them — not leakage, but a maintained inheritance system.


    Plants scarcely bother with a germ line in the animal sense at all. Their reproductive cells differentiate late, from somatic tissue that has spent the season registering drought, herbivory, pathogens and light. Environmentally acquired epigenetic states are routinely carried into seed.


    An animal-centred abstraction was elevated into a universal law of life. It was not even universal among animals.


    
      Pillar one

      Claim: the germ line is sealed off from the body and from the world.

      Status: fallen. The boundary is functional and selective, not absolute, and multiple well-characterised routes carry somatic information across it.

    


    ✦





  Chapter Three

  The Second Pillar: The Central DogmaWhat Crick said, and what was heard


Francis Crick set out the Central Dogma in 1958 and restated it in 1970. It is a claim about sequence information: once sequential information has passed into protein, it cannot get out again. Protein sequence cannot be back-translated into nucleic acid sequence. That is all it says, and as stated it has held up.


    What the twentieth century heard was something else entirely: that causation in biology runs one way, from DNA outward, and that the genome is therefore beyond the reach of the organism.


    This inflation did enormous work. It appeared to give the Weismann Barrier a molecular guarantee — the standard formula being that the barrier is buttressed by the Central Dogma. It licensed the description of the genome as sealed off from the outside world. And it made the replicator/vehicle asymmetry look like a consequence of chemistry rather than a philosophical preference.


    The gap between the two claims


    The distance between them is enormous, and it is easy to state.


    
      Crick's claim is about the direction of sequence transfer.

      The dogma as popularised is about the direction of control.

      These are not the same subject.

    


    A cell can be entirely incapable of writing protein sequence back into DNA while retaining complete authority over which stretches of DNA are transcribed, when, in what quantity, in what splice configuration, and in what three-dimensional neighbourhood. Control does not require sequence transfer. It requires access — and access is exactly what the cell has.


    The organism's grip on its own genome


    Consider what a cell routinely does to its DNA.


    
      	It methylates and demethylates cytosines, silencing and reopening loci in response to nutrients, hormones, temperature and injury.

      	It writes an alphabet of covalent marks onto histone tails, and reads them back with dedicated protein complexes.

      	It remodels chromatin, deciding which regions are physically available to the transcription machinery at all.

      	It folds chromosomes into topological domains, placing distant regulatory elements against promoters and separating others that must not meet.

      	It deploys thousands of non-coding RNAs that target, silence, stabilise and direct.

      	It cuts and rejoins its own DNA outright — the vertebrate immune system rearranges receptor loci somatically as a matter of course.

      	It mobilises transposable elements under stress, restructuring the chromosome in response to what the organism is experiencing.

    


    Every one of these is causation running from the organised whole down into the sequence. The one-way arrow was never a finding. It was a diagram.


    
      Reverse transcription, 1970

      The discovery of reverse transcriptase established that RNA sequence can be written back into DNA and integrated into the genome. Retroviruses do it; retrotransposons do it; roughly forty per cent of the human genome consists of the accumulated results. Crick's careful statement survived this, since protein was still not the source. The popular version did not survive it at all, yet continued to be taught.

      Baltimore, Nature 226 (1970); Temin & Mizutani, Nature 226 (1970).
    


    Why the inflation mattered


    Because once the genome is placed beyond the organism's reach, physiology becomes irrelevant to evolution. That was the practical consequence, and it lasted for decades. The discipline that studies how living systems actually regulate themselves was excluded from the theory of how living systems change over time — a division that would have astonished Darwin, an honorary member of the Physiological Society from its foundation in 1876.


    
      Cells use and control the genome. They do not wait for instructions from it.

    


    Prions supply a final, awkward footnote. Here is heritable information carried in protein conformation, transmitted from protein to protein, with no nucleic acid intermediate anywhere in the chain. Yeast prions function as genuine epigenetic elements, generating heritable phenotypes and passing them to daughter cells. The molecule that was demoted in 1963 as a mere product of DNA turns out to be capable of heredity on its own account.


    
      Pillar two

      Claim: causation runs one way, from DNA outward; the genome is unreachable by the organism.

      Status: fallen. Crick's actual thesis concerned sequence transfer and remains sound. The one-way causation reading is contradicted by every layer of regulatory biology discovered since.

    


    ✦





  Chapter Four

  The Third PillarThe molecule that cannot copy itself


The third assumption is the least discussed and the most fatal. It is the claim that DNA is a self-replicator — that it makes copies of itself, and that the cell is the setting in which this happens rather than the agent by which it happens.


    The idea has a distinguished origin. In 1943 Erwin Schrödinger delivered his Dublin lectures, published the following year as What Is Life? He predicted that the hereditary material would prove to be an aperiodic crystal: a molecular sequence, irregular enough to carry information, reproduced with crystalline fidelity. The prediction was brilliant and largely correct about structure. The word crystal was the trouble. Crystals grow by the accretion of like onto like. They need no machinery. If the gene were that kind of object, it really would be an autonomous replicator, and the vehicle really would be optional scaffolding.


    The arithmetic


    DNA polymerase, working alone on a template, misincorporates at a rate on the order of one error in ten thousand bases. That is the intrinsic chemical fidelity of base-pairing plus polymerase geometry.


    The human genome is roughly three thousand million base pairs.


    An error rate of one in ten thousand across three billion bases yields something on the order of three hundred thousand errors per genome duplication. No organism of that size could survive a single division. Only the smallest RNA viruses tolerate error rates in that neighbourhood, and they do so by being tiny, by producing enormous numbers of progeny, and by mutating so fast that they exist as swarms rather than as lineages — a fact the world observed at close range during recent pandemics.


    The realised fidelity of cellular DNA replication is approximately one error in ten billion.


    
      Six orders of magnitude do not come from the molecule. They come from the cell.

    


    What closes the gap


    An apparatus of extraordinary sophistication, entirely external to the sequence being copied:


    
      	Proofreading exonuclease activity within the polymerase, excising misincorporated bases before extension continues.

      	Mismatch repair, which scans the newly synthesised strand behind the fork, identifies the daughter strand, and corrects errors against the parental template.

      	Base excision and nucleotide excision repair, handling chemically damaged and bulky-adduct lesions.

      	Homologous recombination and non-homologous end joining, reconstructing double-strand breaks.

      	Replication checkpoints, which halt the cell cycle when damage is detected and refuse to proceed until it is resolved.

      	Origin licensing systems that ensure each region is copied exactly once per cycle.

    


    Every component of this is protein. Every component is deployed, maintained, positioned and regulated by the living cell. Remove the cell and DNA does not replicate badly — it does not replicate at all. It sits in solution and degrades.


    
      The structural point

      Accurate replication of DNA is a system property of the cell as a whole, not a property of DNA. Considered on its own, DNA is a very poor replicator indeed.

      D. Noble, "Neo-Darwinism, the Modern Synthesis and selfish genes: are they of use in physiology?", Journal of Physiology 589 (2011), 1007–1015.
    


    Why this collapses the duality


    The entire architecture depends on there being two separable things: an immortal replicator and a mortal vehicle, with the replicator possessing the property that defines it — the capacity to replicate — in its own right.


    It does not possess that property in its own right. The capacity to replicate is jointly held. It emerges from the sequence and the proofreading apparatus and the repair systems and the regulatory architecture that keeps them running — which is to say, from the organism.


    
      Vehicle and replicator are one thing.

      The separation was never observed.

      It was required, and so it was assumed.

    


    This is why Noble raised self-replication directly with Dawkins in their 2022 exchange at the HowTheLightGetsIn festival, and why he framed it as central: without an autonomous self-replicator, it is not clear what the selfish gene idea is supposed to mean. The conversation was cordial — Noble had sat on Dawkins's doctoral examination and the two had been colleagues for half a century — but the point was not conceded, and it was not answered.


    
      Pillar three

      Claim: DNA is a self-replicator, an aperiodic crystal reproducing its own pattern.

      Status: fallen. Intrinsic fidelity is one error in ten thousand; realised fidelity is one in ten billion. The difference is supplied entirely by cellular machinery. There is no self-replicator, and therefore no independent replicator to ride inside a vehicle.

    


    ✦





  Chapter Five

  A Hypothesis With No Independent TestThe circle at the centre


Set the three pillars aside for a moment and ask a simpler question. What observation, in principle, could show the selfish gene hypothesis to be false?


    The question is harder to answer than it should be, and the difficulty is structural rather than accidental.


    The definitional problem


    The central entity of the theory is characterised by what persists. A gene, in this usage, is not a stretch of DNA with a defined start and stop; Dawkins is explicit that his gene is a special construct tailored to evolutionary bookkeeping rather than to embryology. It is, functionally, whatever unit of heredity endures across generations at a rate worth counting.


    And how is success measured? By frequency in the gene pool. Genes can be counted, and their frequency is the measure of their success.


    Now put the two halves together. The entity is defined as that which persists. The test of the theory is whether that entity persists. There is no measurement of persistence available other than the frequency by which the entity was identified in the first place.


    
      It is whatever it is that makes the story definitively true.

    


    This is not a criticism of gene frequency as a tool. Population genetics is a powerful and legitimate formalism, and tracking allele frequencies through populations answers real questions. The criticism concerns the promotion of a bookkeeping convention into a causal claim about what evolution is.


    The reversal test


    Noble demonstrated the emptiness by a simple operation. He took the most famous passage in The Selfish Gene — the one in which genes are described as swarming in colonies inside lumbering machines, sealed from the world, having created us body and mind — and reversed the meaning of every clause.


    The reversed version says that the genes are trapped in colonies, locked inside intelligent beings, moulded by the outside world, communicating through complex processes from which function emerges; that we are the system permitting their code to be read; that their preservation depends on the joy we take in reproducing; and that we are the reason for their existence.


    Both passages are vivid. Both are internally coherent. Apart from the trivially true observation that the genes are in you and me, no experiment distinguishes between them.


    
      Conceded in 1982

      In The Extended Phenotype, Dawkins wrote that he doubted there was any experiment that could prove his claim. The admission is offered as a philosophical nicety about levels of description. It is better read as the identification of a problem.

      R. Dawkins, The Extended Phenotype, Freeman, 1982. · D. Noble, The Music of Life, Oxford University Press, 2006, p. 12.
    


    The pattern repeats


    Weismann had made precisely the same move ninety years earlier. Unable to observe the germ-line isolation he required, he declared that the principle must be accepted because no alternative was conceivable, and that once selection is granted as the sole operative principle, the facts follow. Certainty in the absence of a test, justified by the unavailability of any rival that had been permitted to develop.


    A theory that cannot be tested independently of its own central assumption is not thereby wrong. It is something more awkward: it is not doing the work that scientific theories are supposed to do. It organises language. It generates narrative. It produces a feeling of explanation that is very difficult to distinguish from the real thing.


    The 2016 edition


    The fortieth anniversary reprint appeared in 2016 with an extensive new epilogue and the 1976 text reproduced entire, unrevised.


    Dawkins acknowledged in that epilogue how much had happened in genomics, and how tempting it might be to think that a book with gene in the title would after forty years need drastic revision, if not discarding altogether. His answer was that the book's gene is used in a special sense, fitted to evolution rather than to embryology, and so the developments did not touch it.


    The defence is exact, and it is the whole difficulty in a sentence. The construct is insulated from genomic discovery by construction. Nothing found in a laboratory can reach it. That is not the resilience of a well-corroborated theory; it is the resilience of a definition.


    ✦





  Chapter Six

  The Metaphor That Was Never Only a MetaphorSelfishness, and what it did to a culture


The standard defence of the title is that selfish is a technical term. Physicists speak of spin and charm without anyone supposing that a quark is delighted or dizzy. Biologists, on this account, may speak of selfish genes with the same licence.


    The analogy fails, and it fails on a point about language rather than about biology.


    Spin and charm sit at such a distance from ordinary usage that no reader is at risk of eliding the technical and the everyday sense. Nobody leaves a physics lecture believing that particles are charming. The words are effectively arbitrary labels; the metaphorical residue is nil.


    Selfish is not arbitrary. It is one of the most heavily loaded words in the moral vocabulary. It names a disposition of the will, and it names it pejoratively. Applied to a molecule, it does not sit inertly. It leaks.


    The leak, documented


    The leak occurs within the book itself. Readers were told on the third page that we are born selfish. That is not a technical claim about allele frequencies. It is a claim about human nature, and it was received as one.


    They were also told that if we understand what our selfish genes are up to, we may have the chance to upset their designs — something no other species has ever aspired to.


    Consider what this last sentence requires. Physical processes are running. A human is to interfere with them. The capacity to interfere is granted to one species and no other, and no mechanism is offered for how the interference occurs. The immaterial soul, expelled from biology at the front door, has been readmitted at the back, and given exclusively to us.


    
      Life can be selfish. DNA cannot.

    


    Where meaning can properly be assigned


    A letter has significance within a word. A word has meaning within a sentence. A sentence acquires force within an argument. Meaning is a property of levels of organisation, and it can only be ascribed at a level where the ascription makes sense.


    Selfishness belongs at the level of organisms with interests. Human beings can be selfish or generous, and can be either while using the same genes. A person may use those same genes to compose music or to paint. A gene does not persist in a population because it is grasping; it may persist precisely because the organisms carrying it are capable of self-sacrifice for one another.


    The gene pool, in any case, is not a separate country where molecules pursue their interests. The gene pool is a population of living beings. The gene pool is us.


    What the metaphor became


    Ideas of this kind do not stay in journals. Gene-centrism migrated into economics, where it supplied a natural-scientific gloss for methodological individualism; into sociology and the emerging field of sociogenomics; into management theory; into political rhetoric; and into clinical medicine, where it shaped a generation of funding priorities.


    Most of all it entered ordinary speech. It's in our DNA is now said of corporate cultures and national characters and personal failings, and the phrase does real work: it forecloses. What is in the DNA is not up for discussion. The claim of inevitability is smuggled in beneath a claim of fact.


    
      The doctrinal shape

      The notion that genes are the source of selfish behaviour has become sufficiently embedded in the culture to function as a modern rendering of original sin: an inherited taint, present before choice, from which only a special act of enlightened will can deliver us.

      D. Noble & R. Noble, "Origins and Demise of Selfish Gene Theory", Theoretical Biology Forum 112 (2022).
    


    The comparison is not decoration. A doctrine with an inherited taint, a priesthood of interpreters, a body of texts held beyond revision, and a penalty for heresy has the structure of a religion. Careers were lost by those who questioned it. Findings that did not fit were ignored or shelved. That happened, and Part Two is the history of how.


    ✦




  Part Two

  How the Doctrine Hardened

  The Modern Synthesis began as an open document. Something closed it, and the closing has a history.





  Chapter Seven

  The Ghost in the GenomeAn old error in new material


Descartes needed something to account for direction. Bodies were mechanisms; mechanisms do not intend. So he installed a separate immaterial substance to supply agency and will, and left the rest of the animal kingdom as automata.


    The move is famous as a failure. It generates a problem it cannot solve — how an immaterial thing pushes a material one — and it puts the organising principle outside the system it organises.


    Gene-centrism performs the identical operation in a materialist idiom. It takes a small physical portion of the organism and appoints it the centre of organisation from which the whole develops. The rest is machinery. The privileged fragment is not immaterial, but it occupies the same structural position, and it inherits the same difficulty.


    Descartes on the foetus


    The continuity is not a rhetorical flourish. Descartes wrote in his treatise on the formation of the foetus that if one knew all the parts of the semen of a particular species — of man, for example — one could deduce from that alone, by entirely mathematical and certain arguments, the whole form and configuration of its members.


    Substitute genome for semen and you have the founding prospectus of the Human Genome Project as it was sold to governments and publics in the 1990s.


    
      Both are the same wish: that the whole be deducible from a privileged part.

    


    What a metaphor costs


    The book metaphor did enormous damage precisely because it was so serviceable. DNA as code. DNA as blueprint. DNA as instruction manual, as software, as the secret of life waiting to be read.


    But a code is a system of symbols standing for something else. DNA does not stand for anything. It is a physical tool that cells use to make and do things. When we write out a sequence in letters on a page we are producing a representation of DNA, and that representation is a code; the molecule itself is not.


    The distinction matters because code and blueprint both smuggle in an author and a reader located somewhere other than the material at hand. They point at a ghost. And once the ghost is installed, the actual agent — the living, organised, self-maintaining cell that decides which stretches to transcribe and when — disappears from view.


    Life is the special something. It has the agency to make and do things, and it uses DNA in the doing. A great deal of what life does, moreover, requires no DNA at all: the folding of proteins, the electrical dynamics of membranes, the mechanical tensions that shape tissues, the metabolic loops that run whether or not transcription is occurring.


    Dethroning the proteins


    Huxley, writing his 1963 introduction, drew attention to what he called the dethronement of the proteins. It had once been held that life was based on proteins; now, he wrote, we knew that DNA was the basis of life and its evolution, and that proteins, essential to its operation, owed their production to DNA's activity.


    The consequence went further than Huxley intended. Proteins are how organisms act. They are how we move, speak, feel and think. Demoting them to products left the organism without any means of doing anything — which is exactly the condition the gene-centred picture requires it to be in.


    
      DNA does not metabolise.

      DNA does not divide.

      DNA does not generate an electrical gradient.

      DNA does not build a tissue or close a wound.

      DNA does not reproduce itself outside a living cell.

    


    Everything traditionally credited to genes depends on an already functioning cellular environment capable of interpreting them. Kenny's question again, in another form: the alphabet is not the play.


    ✦





  Chapter Eight

  Huxley's Open SynthesisWhat the 1942 book actually said


There is an irony at the heart of this story that deserves to be stated plainly. The Modern Synthesis, as Julian Huxley set it out in 1942, was a far more open document than the doctrine that later flew its flag. Nearly six hundred pages of careful scholarship, and remarkably hospitable to precisely the mechanisms that the hardened version would go on to forbid.


    Seven anticipations


    Read the 1942 volume and its second-edition apparatus with the later orthodoxy in mind, and the disparity is startling.


    
      	Huxley criticised Weismann's exclusive reliance on natural selection, noting that mutation alone had been shown incapable of producing directional change.

      	He doubted the Weismann Barrier itself, observing that the distinction between soma and germ plasm is not always as sharp as Weismann supposed.

      	He anticipated punctuated equilibrium by thirty years, acknowledging that abrupt changes of large extent play a part in certain kinds of evolution in certain plants.

      	He acknowledged hybridisation as a route to species formation.

      	He accepted that mutation rate is increased by sudden environmental change — conceding, in a phrase, that the supply of variation is not independent of circumstance.

      	He anticipated McClintock and Shapiro in accepting chromosome rearrangement in response to environmental stress.

      	He anticipated the disappointment of genome-wide association studies, writing that every character depends on a very large number — possibly all — of the genes in the hereditary constitution, with only some exerting marked differential effects on visible appearance.

    


    That last is a statement of the polygenic, arguably omnigenic, structure of trait determination, arrived at in 1942 by inference. It is the finding that six decades of association studies would eventually confirm at enormous expense.


    
      The synthesis was not narrow. It was narrowed.

    


    Two doors Huxley closed


    Against this openness stand two closures, and they proved decisive.


    First, he did not follow up his own doubts about Weismann. He recorded them and moved on.


    Second, he sided with Wallace against Darwin on sexual and social selection. Purpose was to be rigorously excluded from evolutionary explanation. Any suggestion of direction, of choice, of organisms acting as agents in their own history, was ruled out in advance.


    The second closure is the more consequential, and it is worth being clear about how far it departs from Darwin. Darwin devoted an entire book to sexual selection, in which animals choose. Choice is agency. Wallace's insistence on selection alone, purged of preference and purpose, was a narrowing of Darwin, not an exposition of him.


    The 1963 turn


    The clue to what happened next is in Huxley's introduction to the second edition, written five years after Crick formulated the Central Dogma.


    Huxley described the Watson–Crick discovery as the most important scientific event of the age. The double helix, he wrote, made the nucleic acids self-reproducing and ensured that they could act as a code carrying an immense quantity of genetic information, together with occasional variations that also reproduce themselves.


    Three errors sit in that single passage, and each became load-bearing.


    
      The 1963 passage, unpacked

      That DNA is a code. It is a molecular tool, not a system of symbols representing something else.

      That DNA contains information in the sense of instructions. Meaning arises in interpretation, and the interpreter is the cell.

      That the structure makes DNA self-reproducing. The structure permits templated copying at an error rate no large genome could survive. Fidelity is manufactured by the cell.

    


    Three years after that introduction appeared, Williams published Adaptation and Natural Selection. Ten years after that, The Selfish Gene. The lineage is direct: an enthusiasm of 1963, formalised in 1966, popularised in 1976 and thereafter treated as established fact.


    Huxley could not have known in 1963 what would be discovered about proofreading and repair. Schrödinger could not have known it in 1943. The failure is not theirs. The failure belongs to a discipline that continued teaching the assumption for another half-century after the evidence against it had accumulated.


    ✦





  Chapter Nine

  The Man Who Was Written OutWaddington, and the experiment that was performed


Conrad Hal Waddington was an embryologist, a geneticist, a palaeontologist and a philosopher of science, and he did something in the 1940s and 1950s that no one else in the synthesis attempted. He tested the inheritance of an acquired character in the laboratory, and he obtained it.


    The heat-shock experiment


    In 1953 Waddington took wild-type Drosophila melanogaster and applied a heat shock of forty degrees to the pupae. A fraction of the emerging adults showed a crossveinless wing — a break in the posterior crossvein, resembling a known mutant phenotype though no mutation was involved. Waddington called such environmentally induced forms phenocopies.


    He then bred from the flies that had responded, applied the heat shock again, and repeated the cycle. The proportion showing the crossveinless wing rose with each generation.


    After a number of generations, flies from the selected line developed crossveinless wings with no heat shock at all. The acquired character had become constitutive. Waddington named the phenomenon genetic assimilation.


    The ether experiment


    He ran the same protocol with a different stimulus. Fly embryos exposed to ether vapour produce a bithorax phenotype — a homeotic transformation, a second thorax where the halteres should be. Selecting on responsiveness over roughly twenty generations again produced flies expressing bithorax without any ether.


    And in 1959 he answered the objection that his phenotypes were laboratory curiosities of no adaptive relevance. He exposed eggs to near-lethal sodium chloride — an osmotic stress a fly might actually meet — and selected on the size of the anal papillae, the organs regulating osmotic balance. The same result followed.


    
      Canalisation

      Waddington's interpretation rested on his concept of canalisation, set out in Nature in 1942. Developmental trajectories are buffered: they resist perturbation and return to a standard outcome. A sufficiently strong stimulus pushes development into an alternative channel. Selection then acts on the ease with which that alternative channel is entered, until the threshold falls low enough that ordinary conditions suffice.

      C. H. Waddington, "Canalization of development and the inheritance of acquired characters", Nature 150 (1942), 563–565; "Genetic assimilation of an acquired character", Evolution 7 (1953), 118–126; "Genetic assimilation of the bithorax phenotype", Evolution 10 (1956), 1–13.
    


    How the result was neutralised


    Huxley's 1963 treatment set the pattern. He credited Waddington with a notable contribution — the discovery that Lamarckian inheritance may be simulated by a purely neo-Darwinian mechanism.


    Simulated. The word does the whole job. Whatever Waddington had produced, it was to be understood as something else wearing a Lamarckian costume.


    But look at what was actually done. Waddington chose, generation by generation, which individuals would breed, on the basis of a character they had acquired through environmental exposure. That is the inheritance of an acquired characteristic obtained by selection among variants — and it is a laboratory model of exactly what animals do for themselves through mate choice and other forms of social selection. Nothing was simulated. The process was reproduced.


    Waddington himself did not press the point in 1957, and the reason is Chapter Ten. It took until the Gifford Lectures of 1971–72 for him to state plainly that his work had demonstrated a Lamarckian process.


    
      Waddington was excluded from the circle of the synthesis for his sin.

    


    The exclusion was thorough. Waddington had tried to bring Whitehead's organicism into evolutionary biology, and the attempt is now studied chiefly as an instructive failure. His epigenetic landscape survives as a teaching illustration, generally stripped of the theoretical commitments that produced it. His name is attached to the word epigenetics, which he coined, by a discipline that mostly no longer uses it in his sense.


    The results have been replicated. The threshold model has been refined. And the finding stands: an environmentally induced character can become a reliably inherited one within a few dozen generations. In 1953.


    ✦





  Chapter Ten

  Lysenko, Eugenics, and the Closing of the QuestionWhy the door was barred


Scientific questions are not always closed by evidence. Sometimes they are closed by history, and the closure outlives the circumstances that produced it. Two political catastrophes shaped the hardening of gene-centrism, and neither had anything to do with what was true.


    Lysenko


    From the 1930s the Soviet Union promoted Trofim Lysenko, whose Michurinist doctrine claimed the inheritance of acquired characteristics and promised agricultural transformation on that basis. The claims were extravagant and unfounded. Mendelian genetics was denounced as bourgeois. Soviet geneticists were dismissed, exiled and imprisoned; Nikolai Vavilov, one of the great plant scientists of the century, died in prison in 1943.


    Huxley recorded this in his own text, noting that Lamarckism had found favour only in the USSR, that Michurinism enjoyed official sanction, and that extravagant and ill-founded claims were advanced on its behalf while genetics advanced spectacularly everywhere else.


    The consequence for Western biology was immediate and lasting. Any suggestion that acquired characters might be inherited now carried a political odour. It was not merely wrong; it was the doctrine of a regime that had destroyed its own biological sciences and killed men for disagreeing.


    This is why Waddington did not call himself a Lamarckian in 1957. The word was radioactive. He waited fifteen years.


    
      Lysenko's fraud did not make transgenerational inheritance false. It made it unspeakable.

    


    The logic is worth naming, because it is still doing work. That a claim has been advanced dishonestly, by bad actors, for political ends, is evidence about those actors. It is not evidence about the claim. Whether epigenetic states cross generations is a question about chromatin, small RNAs and gametes, and it was answered in laboratories that had never heard of Michurin.


    Eugenics


    The other closure ran the opposite way. Many leading figures took eugenic improvement to be a natural consequence of the synthesis. Huxley wrote in 1963 that as immediate threats to human progress were overcome — overpopulation, atomic war, the overexploitation of resources — eugenic improvement would become an increasingly important goal for evolving man.


    This was published eighteen years after the liberation of the camps.


    The intellectual connection is straightforward. If organisms are vehicles built by genes, and if genes are the real and heritable substance while everything else is transient, then the way to improve a population is to manage its genes. Environment becomes noise. Development becomes execution. The organism, having no agency in its own construction, has no standing to be consulted.


    Contemporary supporters of the Modern Synthesis generally do not discuss how it led to eugenics in the 1930s and 1940s. Some of the synthesis's own originators were advocates, whatever was said afterward.


    
      The unfinished business

      The ethical difficulties did not end with the discrediting of eugenics. They recur in germ-line editing, in polygenic embryo scoring, and in the language of good and bad genes. Each of these presupposes that a genome can be evaluated in isolation from the organism and environment in which it will be expressed — the same assumption, in clinical dress.

      See R. Noble & C. H. Rodeck, "Ethical considerations of fetal therapy", Clinical Obstetrics and Gynaecology 22 (2008); K. Baverstock, "Polygenic scores: are they a public health hazard?", Progress in Biophysics and Molecular Biology 149 (2019).
    


    What the two closures produced together


    A field in which one whole class of mechanism could not be investigated without professional cost, and another was pursued with a fervour that outran its evidence.


    Between them they created the conditions in which Waddington's experiments could be reclassified as simulations, McClintock's mobile elements could be received as an oddity of maize, and Margulis's endosymbiosis could be rejected by fifteen journals in succession. Not because the data were weak. Because the shape of the claim was forbidden.


    It is not enough, as the Nobles put it, to ascribe truth to ideas under a carapace of science. Philosophical and political commitments shape what a discipline can consider, and the twentieth century supplies an unusually clear demonstration.


    ✦




  Part Three

  The Organism Returns

  Physiology never accepted that the body was a passenger. It has spent sixty years demonstrating otherwise.





  Chapter Eleven

  The Heart Has No Pacemaker GeneWhat a working model showed in 1960


Denis Noble published two papers in Nature in 1960 containing the first mathematical model of a cardiac cell. He was a graduate student. The model reproduced the pacemaker rhythm of the heart from the behaviour of ionic currents crossing the cell membrane, and it did so well enough that its descendants are still in use in drug development today.


    The finding that shaped the rest of his career was not that the model worked. It was what the model revealed about where the rhythm lives.


    The loop that beats


    There is no oscillator component in a cardiac pacemaker cell. There is no gene for rhythm, no clock protein setting the tempo. What exists is a set of ion channels — sodium, potassium, calcium — each with its own voltage dependence and its own kinetics, embedded in a membrane whose voltage they collectively determine.


    Each channel responds to the membrane potential. The membrane potential is produced by the currents through the channels. The loop is closed, and the rhythm is what the closed loop does.


    
      Remove any one channel and the rhythm changes or stops.

      Examine any one channel in isolation and you find no rhythm in it.

      The oscillation exists at the level of the system and nowhere below it.

    


    This is not a philosophical claim about emergence. It is a description of a set of differential equations that can be solved, and it is testable in the way that engineering claims are testable: build the model, run it, compare with the electrode.


    Where the causation enters the mathematics


    The point becomes precise when you ask what determines the solution of those equations.


    The equations describe the lower-level processes: the gating kinetics, the conductances, the driving forces. But differential equations do not determine anything on their own. They require initial conditions and boundary conditions, and those are set by the state of the cell and its surroundings — the ionic concentrations maintained by pumps, the geometry of the membrane, the mechanical loading, the neural and hormonal input, the metabolic supply.


    Downward causation, in Noble's formulation, is exactly this: the influence of initial and boundary conditions, established at higher levels of organisation, on the solutions of the equations representing the lower-level processes.


    
      A form of causation you can write down

      This is what distinguishes the argument from vitalism, and from the vaguer appeals to holism that gene-centrists were accustomed to dismissing. Downward causation here is not a mysterious extra force. It is a mathematically explicit feature of how multi-level systems are modelled, and it is unavoidable in any working model of a physiological process.

      D. Noble, "A theory of biological relativity: no privileged level of causation", Interface Focus 2 (2012), 55–64.
    


    Why a physiologist noticed first


    Because physiology is the discipline that studies function in intact organisms, and function is not visible at the molecular level. A physiologist looking at a heart sees a pump under continuous regulation, adjusting rate and force to demand, integrating signals from the autonomic nervous system, the circulating hormones, the mechanical state of the ventricle and the metabolic condition of the whole body.


    None of this can be read off a sequence. All of it is causal.


    The gene-centred settlement made physiology irrelevant to evolutionary theory, and physiology was the discipline best placed to see that the settlement was wrong. Noble spent decades saying so. The 2013 paper that stated the case most directly — that physiology is rocking the foundations of evolutionary biology — began life as the President's Lecture at the International Union of Physiological Sciences congress in Birmingham.


    
      The organism should never have been relegated to the role of mere carrier of its genes.

    


    The knockout that does nothing


    A final observation from the same tradition, and one that ought to have caused more alarm than it did.


    Delete a gene, in yeast or in mouse, and a surprisingly large fraction of the time nothing happens. The organism develops normally, functions normally, and would pass unremarked. Physiological regulatory networks are adept at managing even when major components are missing. They reroute; other pathways compensate; the system finds another way to the same functional outcome.


    This robustness is a triumph of biological engineering and a disaster for the gene-as-cause picture. If a gene's contribution can be silently absorbed by the network around it, then the gene is not the determinant of the trait. The network is. And the network is the organism.


    ✦





  Chapter Twelve

  Biological RelativityThere is no privileged level


Reductionism in biology is usually presented as a methodological preference — look at the smaller parts, they are easier to isolate. But gene-centrism made a stronger claim than that. It held that the molecular level is where the real causation happens, and that everything above it is description.


    The principle of biological relativity denies this. There is, a priori, no privileged scale at which biological function is determined.


    The analogy with physics, and its limits


    Noble draws the name from relativity in physics, and the parallel is instructive if it is not pressed too hard.


    Einstein's achievement was in part the removal of a privileged frame. There is no universal rest, no absolute simultaneity, no vantage point from which the true description is given while all others are approximations. Descriptions from different frames are related by transformations, and none is fundamental.


    Biological relativity makes the corresponding move about scale. The molecular description, the cellular description, the tissue description, the organismal description and the ecological description are not a hierarchy running from real to derivative. They are levels at which different processes are determined, related by constraints running in both directions.


    
      What the principle rules out

      It rules out the assumption that an organism is completely defined by its genome.

      It rules out the claim that higher-level biological processes must always be derivable from lower-level data and mechanisms.

      It does not rule out molecular explanation. It denies molecular explanation a monopoly.

    


    The change-of-variables argument


    There is a sharper version of this that deserves to be understood, because it removes the last refuge of the gene's-eye view.


    Defenders of gene-centrism often retreat to the position that it is merely a change of perspective — that describing evolution in terms of gene frequencies rather than organism fitness is a mathematically equivalent reformulation, and that no one is really claiming genes are agents.


    Grant this. It concedes the entire argument.


    If the gene's-eye view is a change of variables, then it carries no causal content that the organism-level description lacks. It is a bookkeeping convention, useful in some problems and useless in others. It cannot then be invoked to establish that organisms are vehicles, that the germ line is sealed, that selfishness is fundamental, or that development is execution. All of those are causal claims, and a reformulation cannot generate causal claims that its equivalent does not contain.


    
      Either the gene's-eye view is a perspective, in which case it proves nothing; or it is a causal claim, in which case it is false.

    


    Levels and their proper business


    The practical value of the principle is that it tells you where to look for an answer.


    
      	Ask why a channel opens at a particular voltage and the answer is molecular.

      	Ask why the heart speeds up during exercise and the answer is systemic, involving the autonomic nervous system and circulating catecholamines.

      	Ask why a bird migrates and the answer involves photoperiod, physiological state, learned route information and social context.

      	Ask why a lineage diverged and the answer involves populations, ecology, developmental bias and often symbiosis.

    


    Insisting that all of these are ultimately molecular does not make them molecular. It makes the answers unobtainable, because the relevant variables have been discarded before the question was asked.


    Where, then, are the boundaries? Noble and colleagues have argued that circular causality is required — that the causal loops close across levels — but that causation is not symmetric between them. Constraints from above and mechanisms from below are different in kind and do different work. The organism is not simply the sum of its molecules, nor is it a separate substance hovering above them. It is what the molecules constitute when they are organised in a particular self-maintaining way, and the organisation is itself causally efficacious.


    ✦





  Chapter Thirteen

  Downward CausationThe organism regulating its own genome


The reductionist chain is familiar enough to recite. Genes make proteins. Proteins make cells. Cells make tissues. Tissues make organs. Organs make organisms. Each arrow points upward, and the whole assembly is presented as an account of how bodies come to be.


    Noble notes drily that no one today seriously believes the diagram represents all causation in biology. Yet the diagram continues to organise the popular literature, the textbooks, and the funding priorities, because nothing has been put in its place.


    The chain in the other direction


    Run the same organism through a day and watch the arrows reverse.


    
      A social encounter is appraised.

      The hypothalamic–pituitary–adrenal axis activates.

      Cortisol enters the circulation.

      Glucocorticoid receptors translocate to the nucleus.

      Transcription of hundreds of genes is altered.

      Chromatin accessibility shifts at those loci.

      Some of those shifts persist.

    


    Nothing mysterious has occurred. Every step is well characterised, and the pathway is taught in undergraduate endocrinology. What is striking is only that it starts where the reductionist diagram says causation cannot start: with a whole organism in a social situation, appraising meaning.


    The same structure holds for exercise loading bone and muscle, for diet reshaping the metabolic and epigenetic landscape of the liver, for infection remodelling immune gene expression for years afterward, for mechanical tension patterning developing tissue, for light entering the eye and resetting the transcriptional oscillation of the circadian clock in every cell of the body.


    The developmental case


    The clearest demonstration is the one every embryo performs.


    A fertilised egg divides into cells that are, to a very good approximation, genetically identical. From that population come neurons, hepatocytes, cardiomyocytes, keratinocytes, lymphocytes, osteoblasts — cells so different in structure, chemistry and behaviour that a naive observer would take them for different kingdoms of life.


    The genome cannot account for this, because the genome does not differ. Whatever distinguishes a neuron from a liver cell is not in the sequence. It is in the history: in position, in the gradients the cell has experienced, in the tensions its neighbours exerted, in the voltages across its membrane, in the signals arriving from tissues that do not yet exist in final form.


    Development is not the execution of a program. It is a field of interactions in which local events produce global order and global order constrains local events.


    
      One genome, many organisms

      The point is made vividly by organisms that produce radically different bodies from identical genomes according to circumstance. Honeybee larvae become workers or queens depending on diet, with differences in size, lifespan, anatomy and behaviour. Locusts switch between solitary and gregarious forms so distinct they were long classified as separate species. Some reptiles determine sex by incubation temperature. Water fleas grow defensive helmets in the presence of predator scent.

      In each case the same sequence yields a different animal. The determining variable is not in the DNA.

    


    
      Instead of genomes creating organisms, organisms continually interpret, regulate and modify genomic activity.

    


    What this does to the vehicle


    Return to the replicator/vehicle split with this in hand.


    A vehicle is a thing that carries a passenger without altering it. If the vehicle continuously determines which parts of the passenger are active, in what combination, in what quantity and in what physical configuration; if it repairs the passenger, corrects its errors, restructures it under stress and is the sole reason it survives the journey at all — then the passenger is not a passenger.


    The terminology has the relationship exactly inverted, and it has had it inverted since 1966.


    ✦





  Chapter Fourteen

  The Four IllusionsNoble's audit of the language


In March 2021 the journal Biosemiotics published a target article by Denis Noble that audited the Modern Synthesis not for its data but for its vocabulary. The claim was that four misinterpretations of what molecular biology had shown became embedded in the language of the field, and that once embedded, they did the work of evidence.


    The article drew twenty commentaries. It is the most compact statement of the case, and it is worth taking in order.


    Illusion one · Natural selection


    Darwin introduced natural selection as a metaphor, drawn by explicit comparison with artificial selection, in which a breeder intends an outcome. Nature intends nothing. Differential survival is a passive filter: some variants persist, others do not.


    Yet the phrase is habitually deployed as though the filter were the active driver of evolution — as though selection did something, designed something, favoured something. It does not. It records.


    There are active drivers in evolution. Organisms are among them: they choose mates, construct niches, alter their own genomes under stress, acquire symbionts, and transmit acquired states. The illusion is not that selection occurs. It is that selection is the agent.


    Illusion two · The Weismann Barrier


    Treated as an established fact of molecular biology when it was an assertion of the 1880s, unsupported by its author, doubted by Huxley, and questioned by Maynard Smith. Chapter Two covered the ground; what belongs here is the observation that the barrier's survival owed nothing to evidence and everything to the appearance of molecular endorsement.


    Illusion three · The rejection of Darwin's gemmules


    This is the least familiar of the four and the most interesting.


    Darwin, needing a mechanism of inheritance, proposed pangenesis: small particles — gemmules — shed by the tissues of the body, circulating, gathering in the reproductive organs, and conveying the state of the soma into the next generation. His cousin Francis Galton tested the idea by transfusing blood between rabbits, found no transmission of characters, and pangenesis was written off as Darwin's embarrassing old age.


    Then consider what is now routine cell biology. Somatic cells package RNA and protein into membrane-bound extracellular vesicles — exosomes and microvesicles — and release them into the circulation. These are taken up by distant cells, including in the reproductive tract, and their cargo alters gene expression in the recipient. Sperm acquire small RNAs during epididymal transit from vesicles released by the surrounding epithelium, and those RNAs carry information about the father's diet and stress into the zygote.


    Particles shed by the body, circulating, reaching the reproductive cells, conveying the somatic state. Darwin was wrong about the details and wrong about blood. He was not wrong about the shape of the thing.


    
      Darwin's last decade

      Darwin spent the final ten years of his life working closely with physiologists — John Burdon-Sanderson, George Romanes — in pursuit of the biological processes underlying evolution. He was an honorary member of the Physiological Society from its founding in 1876. The exclusion of physiology from evolutionary theory was not Darwin's doing. It was done to him.

      D. Noble, "Modern physiology vindicates Darwin's dream", Experimental Physiology 107 (2022).
    


    Illusion four · The Central Dogma


    Crick's careful statement about sequence transfer, inflated into a claim about the direction of control, and then used to certify the Weismann Barrier. The two illusions propped each other up: the barrier was said to be buttressed by the dogma, and the dogma was said to explain the barrier. Neither supported the other, because neither said what it was taken to say.


    
      Four misreadings, mutually reinforcing, sustained for eighty years.

    


    What the audit implies


    The four illusions are not independent errors. They form a system, and the system has a function: it removes agency from the organism and places it in the sequence, where agency cannot exist.


    Take the illusions away and the picture reassembles differently. Selection becomes a filter rather than a designer. The germ line becomes permeable. Somatic states become heritable by specifiable routes. Causation becomes circular. And the organism, which the twentieth century demoted to a survival machine, becomes what it plainly is to anyone who has ever watched one: the thing that is doing the living.


    A multi-level account of biological organisation avoids all four, and it does so without any appeal to forces unknown to chemistry.


    ✦





  Chapter Fifteen

  A Library, Not an ArchitectWhat a genome is for


Metaphors are unavoidable in biology, and the question is never whether to use one but which. The blueprint has served for seventy years and has served badly. A blueprint specifies a finished structure in advance; construction follows instruction; deviation is error. Nothing about development works this way.


    The library is a better fit, and it repays being taken seriously rather than used decoratively.


    What the comparison gets right


    A library holds an enormous quantity of information, most of which is not being used at any given moment. Possession of the books determines nothing about which will be opened. The order of reading is not written in the books. The meaning extracted depends on who is reading, what they already know, and what they need.


    Every cell in a human body holds essentially the same genome. A neuron and a hepatocyte have the same volumes on the same shelves. What differs is the reading: which regions are open, which are condensed and silent, which enhancers are in physical contact with which promoters, which transcripts are stabilised and which degraded.


    
      The cell is the librarian.

      Development sets the reading schedule.

      The environment influences which chapters get attention.

      The organism decides how the collection is used.

    


    The problem of timing


    Think of a piano. Every key works. Music is not a property of the keys; it is a property of when they are struck, in what order, in what combination, with what force and for how long.


    Developmental biology is a study in timing. The same gene expressed at one stage produces a normal structure; expressed an hour early or a day late, it produces catastrophe. Hox genes are the standard illustration: a set of transcription factors whose expression boundaries along the body axis specify what shall be built where, and whose misexpression converts one body part into another.


    Where does the timing information reside? Not in the sequence of the Hox genes. In the network of interactions that positions their expression domains — morphogen gradients, feedback loops, mechanical constraints, prior developmental history. The score, not the notes.


    One gene, many proteins


    The library metaphor gains further support from alternative splicing, which severs the assumed correspondence between gene and product.


    A primary transcript is not a finished message. Its exons can be assembled in different combinations, and the choice of combination is made by spliceosomal machinery responding to cellular conditions. Roughly ninety-five per cent of human multi-exon genes are alternatively spliced. The same locus yields different proteins in different tissues, at different stages, under different conditions.


    
      The extreme case

      The Dscam gene of Drosophila, involved in neuronal wiring, can in principle generate tens of thousands of distinct protein isoforms through alternative splicing of mutually exclusive exon clusters — more isoforms than the fly has genes. The specificity of neuronal self-recognition depends on which isoform a given neuron expresses, and that is a cellular decision, not a genomic one.

    


    A blueprint with tens of thousands of possible readings of a single line is not a blueprint.


    
      Genes provide possibilities. Cells determine which possibilities become real.

    


    Where meaning lives


    Kenny's question returns for the last time in this Part, and the library answers it.


    A genome, considered by itself, has no meaning. It is a resource. Meaning is conferred in the act of interpretation, by an already-living system with a history, a structure, a metabolic state and a position in the world. Remove the interpreter and you do not have a text awaiting a reader; you have a polymer.


    This is why the genome is properly described as a servant of the cell rather than its master. It is not a demotion of genetics. It is an accurate statement of where in the system the deciding happens.


    ✦





  Chapter Sixteen

  Twenty Thousand Genesand the missing heritability


The strongest test of a scientific framework is a prediction that can fail publicly. Gene-centrism made two, at enormous expense, and both failed.


    The first prediction: the gene count


    Before the human sequence was completed, estimates of the number of human genes ran to a hundred thousand and beyond. The reasoning was straightforward given the assumptions. Complexity requires instructions. Humans are complex. Therefore humans need a great many genes.


    The draft sequence came in around thirty thousand. Successive refinements brought the figure down. Current analyses suggest as few as nineteen thousand protein-coding genes.


    A nematode with around a thousand cells has roughly twenty thousand. Arabidopsis, a small weed, has about twenty-seven thousand. Rice has more than either. The water flea Daphnia has around thirty-one thousand.


    
      Instruction count does not track complexity, because organisms are not built from instructions.

    


    The shortfall was absorbed rather than confronted. Alternative splicing, regulatory combinatorics and post-translational modification were invoked — all real, all important, and all of them relocating the determining information out of the sequence and into the system that reads it. The rescue conceded the point.


    The second prediction: heritability would be found


    Genome-wide association studies scan hundreds of thousands or millions of variants across large populations, looking for statistical association with a trait. The expectation was that for heritable traits, the variants responsible would be identified and would account for the heritability that twin and pedigree studies had measured.


    Take human height, the friendliest possible case: easy to measure, unambiguous, and reported by twin studies as roughly eighty per cent heritable in wealthy populations.


    Early well-powered association studies explained on the order of five per cent of the variation. Scaling up to hundreds of thousands of participants raised this to around twenty per cent. Using all common genotyped variants rather than only those reaching genome-wide significance recovered around forty-five per cent. A meta-analysis combining 281 studies eventually identified more than twelve thousand common variants associated with height, while showing that larger studies in populations of European ancestry would not yield materially more.


    Twelve thousand variants. For height.


    
      The gap, and what filled it

      The shortfall between pedigree heritability and variance explained by measured genotypes became known as the missing heritability problem. Proposed resolutions have included rare variants of larger effect, allelic heterogeneity at single loci, epistatic interaction, epigenetic transmission, the microbiome, and overestimation of heritability by twin designs. Each captures part of the gap. None closes it, and the candidates that have gained ground — interaction, context, non-genetic transmission — are precisely the factors the framework excluded.

      Yang et al., Nature Genetics 42 (2010); Wood et al., Nature Genetics 46 (2014); Yengo et al., Nature 610 (2022).
    


    What the results actually show


    A trait like height is polygenic to the point of being omnigenic: essentially the whole genome is involved, each locus contributing a vanishing increment, with the outcome determined by the interaction of that distributed variation with nutrition, disease exposure and developmental environment.


    Huxley wrote as much in 1942, reasoning from the breeding data available to him: every character depends on a very large number of genes, possibly all of them, with only some exerting marked differential effects.


    Eighty years and billions of dollars later, the sequencing confirmed the inference. What it did not deliver was the thing the framework had promised — a genetic architecture in which identifiable genes cause identifiable traits.


    The headline problem


    None of this has reached the popular register. Newspapers still announce the gene for intelligence, the gene for depression, the gene for obesity, the gene for aggression, and readers still absorb the implied determinism.


    Whether a gene is active at all depends on developmental stage, tissue type, hormonal state, nutrition, temperature, microbiome composition, immune activity, electrical gradients, mechanical forces and social circumstance. One gene performs different roles in different tissues. The same variant produces different outcomes in different contexts. Two people with identical genomes diverge physiologically across a lifetime.


    Genes establish possibilities. They do not issue destinies. And a framework that promised destinies, having failed to produce them, cannot claim the failure as a detail.


    ✦




  Part Four

  Inheritance Beyond DNA

  What the parent lived is carried forward. The mechanisms are known, and they are ordinary chemistry.





  Chapter Seventeen

  Above GeneticsThe machinery of regulation


Waddington coined epigenetics to name the study of how a genotype produces a phenotype — the causal processes of development. The word has narrowed since to mean the molecular systems that regulate gene activity without altering sequence. The narrowing lost something, but the systems it names are the ones that dismantled the second and third pillars.


    The layers


    DNA methylation. A methyl group is added to cytosine, typically at CpG dinucleotides. Dense methylation at a promoter generally silences the associated gene; the mark is copied to the daughter strand after replication by maintenance methyltransferases, making it heritable through cell division. It is written by one family of enzymes and actively erased by another.


    Histone modification. DNA is wound around histone octamers, and the protruding tails of those histones carry an extensive vocabulary of covalent marks — acetylation, methylation at various residues and in mono-, di- and tri- forms, phosphorylation, ubiquitination. Combinations correlate with active transcription, poised states and stable repression. There are writers, erasers, and reader proteins that recognise particular marks and recruit further machinery.


    Chromatin remodelling. ATP-dependent complexes slide, evict and exchange nucleosomes, determining what the transcription machinery can physically reach.


    Non-coding RNA. MicroRNAs suppress translation and destabilise transcripts. Long non-coding RNAs scaffold protein complexes and guide them to loci; the classic case is Xist, which coats one X chromosome in female mammals and silences it entirely. Small interfering RNAs and piRNAs direct sequence-specific silencing, including of transposable elements.


    Three-dimensional organisation. Chromosomes fold into topologically associating domains that determine which regulatory elements can contact which promoters.


    Physical and metabolic inputs. Mechanical tension in tissue, membrane voltage, and the availability of metabolites all feed into this system — methyl groups come from one-carbon metabolism, acetyl groups from acetyl-CoA, so the epigenetic state of a cell is coupled directly to what the organism has eaten.


    
      The genome is not read. It is played.

    


    Why this matters for the argument


    Two consequences follow, and both are structural rather than incidental.


    The first is that heritable biological information exists outside the sequence. A methylation pattern is transmitted through cell division. A chromatin state is propagated. A small-RNA population is passed to daughter cells and, as the next chapters show, to offspring. If inheritance includes these, then the gene is not the unit of inheritance; it is one unit among several.


    The second is that all of these systems are environmentally responsive by design. Nutrition, stress, toxin exposure, infection, temperature, exercise and social experience all reach into this machinery through well-characterised signalling pathways. They are not leaks in a sealed system. They are the system's normal input channels.


    
      The agouti mouse

      The clearest single demonstration remains one of the earliest. In the viable yellow agouti mouse, coat colour, obesity and diabetes susceptibility depend on the methylation state of a retrotransposon upstream of the agouti gene. Supplementing the mother's diet with methyl donors — folate, choline, betaine, vitamin B12 — shifts the offspring's coat colour distribution toward the brown, lean, healthy end, with no change whatever in the sequence.

      Genetically identical mice; different diets; different animals.

      Waterland & Jirtle, Molecular and Cellular Biology 23 (2003), 5293–5300.
    


    Memory throughout biology


    One further consequence deserves separate statement, because it reframes what an organism is.


    Memory was long treated as the property of nervous systems. It is not. The immune system remembers pathogens, and does so through clonal expansion and epigenetic reprogramming that persists for decades. Stem cells remember their lineage. Injured tissue remembers the injury in its altered matrix and its resident fibroblasts. Metabolic tissues remember periods of over- and under-nutrition. Trained immunity gives innate immune cells a form of recall that was thought impossible for them.


    And the genome itself carries a running record of its own regulatory history in the marks distributed along it.


    
      Life is organised memory.

      Not stored in one organ.

      Distributed through every level at once.

    


    ✦





  Chapter Eighteen

  The Winter That Lasted Three GenerationsTransgenerational inheritance in the field


Regulation within a lifetime is one thing. The claim that matters for evolutionary theory is that regulatory states cross into the next generation and the one after. That claim is now supported across plants, nematodes, insects and mammals, including humans.


    The Dutch Hunger Winter


    In the closing months of the Second World War, a German blockade combined with an exceptionally hard winter to produce famine in the western Netherlands. Rations fell to a few hundred calories a day. The famine had a defined beginning and a defined end with the liberation in May 1945, and the Netherlands kept excellent medical records.


    The result was one of the most informative natural experiments in human biology.


    Children conceived during the famine showed elevated rates of obesity, cardiovascular disease, altered lipid profiles and glucose intolerance in middle age. Those exposed in late gestation showed a different profile from those exposed early — timing mattered. Six decades later, researchers found that individuals exposed periconceptionally carried reduced methylation at the imprinted IGF2 locus compared with their unexposed same-sex siblings.


    A methylation difference, at a growth-regulating gene, persisting sixty years, attributable to what a mother could not eat during a specific window.


    
      The Överkalix cohorts

      In an isolated parish in northern Sweden, harvest records permit reconstruction of food availability year by year across the nineteenth century, and can be matched to individual life histories. Analyses reported associations between a paternal grandfather's food supply during his slow growth period before puberty and the mortality of his grandsons, with a distinct pattern for the paternal grandmother and granddaughters — sex-specific transmission down the male and female lines.

      Kaati, Bygren & Edvinsson, European Journal of Human Genetics 10 (2002); Pembrey et al., European Journal of Human Genetics 14 (2006).
    


    The worm


    The cleanest mechanistic case comes from Caenorhabditis elegans, where gene silencing induced by double-stranded RNA is inherited by descendants that were never exposed.


    The silencing persists for many generations. It is carried by small RNAs, amplified each generation by RNA-dependent RNA polymerase, and maintained by a dedicated Argonaute pathway operating in the germ line. Chromatin marks — H3K9 and H3K27 trimethylation — are laid down at the target loci and propagated alongside.


    What makes this decisive is that the machinery is dedicated. This is not information leaking past a barrier. It is an inheritance system with its own enzymes, its own amplification step and its own maintenance apparatus — a system built to carry acquired states forward, which selection has evidently favoured.


    Worms also inherit learned avoidance. Exposure to a pathogenic strain of Pseudomonas aeruginosa teaches an adult worm to avoid it, and that avoidance is transmitted to descendants for several generations by a small RNA produced by the bacterium and taken up through the germ line.


    Plants


    Plants do this as a matter of course. Lacking a sequestered germ line, they generate gametes from somatic tissue that has spent the season recording conditions. Stress-induced methylation changes and small-RNA populations are routinely carried into seed. Epigenetic recombinant inbred lines of Arabidopsis, identical in sequence but differing in methylation, show stable heritable differences in flowering time, root architecture and pathogen response across many generations.


    Priming is agricultural practice, not laboratory curiosity: a plant exposed to mild stress produces offspring better prepared for that stress.


    
      The organism does not merely transmit a sequence. It transmits a report on the world.

    


    What is being inherited


    Care is warranted about what these findings show, and the care runs in a specific direction.


    What is inherited is a regulatory state: a bias in gene expression, a shift in stress responsiveness, an altered metabolic set-point, a tuned sensitivity. What is not inherited is the parent's autobiography. No one has shown, and no one here claims, that episodic memories or acquired knowledge pass to descendants in humans.


    But the weaker claim is more than sufficient. The framework held that nothing acquired could be transmitted. It required a sealed germ line as a matter of principle. A single well-characterised route across that boundary refutes the principle, and there are now many.


    ✦





  Chapter Nineteen

  The Inherited Fear of a SmellDias and Ressler, 2013


Of all the transgenerational experiments, one is worth setting out in full, because its design closes the objections one by one and because its result is difficult to accommodate under any gene-centred account.


    Brian Dias and Kerry Ressler, working at Emory University, chose olfaction for a specific reason: the mouse olfactory system offers molecular specificity that few other sensory systems can match. A single odorant is detected by an identifiable receptor, encoded by an identifiable gene, whose neurons project to an identifiable target in the olfactory bulb.


    The design


    Male mice were conditioned before conception. The odour was acetophenone — described as smelling of cherry blossom — paired with a mild foot shock, until the animals startled at the smell alone. Acetophenone activates the receptor encoded by Olfr151.


    These males were then bred. Their offspring, the F1 generation, had never encountered the odour and had no contact with the conditioned father.


    What was found


    The F1 animals showed heightened startle to acetophenone. They did not show it to propanol, a control odour. Mice whose fathers had been conditioned to propanol showed the reciprocal pattern.


    The F2 generation — the grandchildren — showed the same specific sensitivity.


    The behavioural change was matched by anatomy. Offspring of acetophenone-conditioned fathers had more M71 neurons, which carry the Olfr151 receptor, and larger M71 glomeruli in the olfactory bulb. The brain had been built differently.


    Bisulphite sequencing of sperm from the conditioned fathers, and from their naive F1 sons, revealed CpG hypomethylation specifically at Olfr151. Reduced methylation is generally associated with increased expression, consistent with the additional receptor neurons.


    
      The controls

      Learning by observation? Ruled out: fathers were conditioned before conception and did not raise the offspring.

      Maternal transmission in utero or through care? Ruled out by cross-fostering.

      Any route other than the gametes? Ruled out by in vitro fertilisation, which reproduced the effect.

      General anxiety rather than specific transmission? Ruled out by the odour specificity and the matching anatomy.

      B. G. Dias & K. J. Ressler, "Parental olfactory experience influences behavior and neural structure in subsequent generations", Nature Neuroscience 17 (2014), 89–96.
    


    The follow-up


    The mechanism was pursued directly. RNA extracted from the sperm of conditioned males was injected into naive single-cell zygotes. The adults that developed from those embryos showed the increased sensitivity and the enlarged neuroanatomical representation for the odour their genetic father had never encountered.


    The carrier is sperm RNA. The transfer is sufficient on its own.


    
      A father's experience, written into his sperm, built his grandson's nose.

    


    The historical note


    Pavlov reported something structurally similar some ninety years before, working with food rather than fear: successive generations of mice required fewer training sessions before responding to a bell in the absence of food. The result was set aside as the century turned against the inheritance of experience.


    The reception of Dias and Ressler followed the familiar pattern — the finding was substantial, the mechanism was disputed, the effect sizes were debated. What was not in dispute was the behavioural and anatomical result, replicated with the controls that mattered.


    It concerns constitutional fearfulness, which bears directly on phobia, anxiety and post-traumatic stress. And it demonstrates in a single experiment what the Weismann Barrier was constructed to forbid: an acquired state, produced by experience, crossing into the germ line and shaping the bodies of descendants.


    ✦





  Chapter Twenty

  Lamarck RehabilitatedWhat he was right about


Jean-Baptiste Lamarck has served for a century as biology's designated cautionary tale — the man who thought giraffes stretched their necks and passed the stretch to their calves. The caricature is unjust to him and, more importantly, has functioned to make an entire class of mechanism unthinkable.


    What he actually proposed


    Lamarck's Philosophie Zoologique of 1809 was the first sustained theory of transmutation to be published, half a century before the Origin. It contained two principles. The first held that use strengthens and develops an organ while disuse weakens it. The second held that such changes, when acquired by both parents over time, are transmitted to offspring.


    He proposed no molecular mechanism, having no molecular science to draw on. He was wrong about the fluid he supposed to mediate the process. He was wrong about the inherent drive toward complexity.


    He was right about the shape of the relationship: that organisms interact dynamically with their circumstances, that those interactions alter the organism, and that something of the alteration may reach the next generation.


    
      Lamarck knew nothing of DNA.

      Nothing of chromatin.

      Nothing of methylation.

      Nothing of regulatory RNA.

      He was reasoning about a level at which he had no instruments.

    


    What the evidence now supports


    Not the transmission of exercised muscle to a child. What is supported is narrower in one sense and broader in another.


    Narrower, because the inherited item is a regulatory state rather than a structure. Broader, because the routes are numerous and the phenomenon is general: methylation differences at specific loci, small-RNA populations in gametes, chromatin states propagated through the germ line, transmitted metabolic and stress set-points, inherited immune priming, and Waddington's genetic assimilation, in which an environmentally induced form becomes constitutive within dozens of generations.


    Historians of science have noted that biology has rediscovered, in heavily modified form, themes Lamarck identified long before molecular genetics existed.


    
      Darwin was a Lamarckian. So was every biologist of his century.

    


    The last point is worth pressing. Darwin never denied the inheritance of acquired characters; he assumed it, and pangenesis was his mechanism for it. The exclusion of Lamarckian inheritance was Weismann's contribution, made after Darwin's death, on the basis of an argument Weismann conceded he could not test.


    Why the caricature persists


    Because it is useful. The giraffe story is memorable, absurd, and functions as a boundary marker: cross this line and you are with the man who thought necks stretch. Chapter Ten described how Lysenko's fraud made the boundary a political one as well.


    But the giraffe has nothing to do with what is now established. Nobody is proposing that stretching transmits. The proposal is that a nematode inherits a silencing state through a dedicated small-RNA pathway, that a mouse inherits odour sensitivity through sperm RNA, that a plant inherits drought priming through methylation, and that a human inherits an altered metabolic profile from a famine its grandmother survived.


    Each of these is a measured result with an identified molecular carrier. The label one attaches is a matter of taste. Whether the transmission occurs is not.


    
      Four dimensions

      Eva Jablonka and Marion Lamb proposed that inheritance in living systems runs in four dimensions rather than one: the genetic, the epigenetic, the behavioural — through learning, imitation and transmitted habit — and, in our species, the symbolic, through language and culture. Each carries information across generations. Each is subject to variation and differential persistence. A theory that recognises only the first is not a general theory of inheritance.

      E. Jablonka & M. J. Lamb, Evolution in Four Dimensions, MIT Press, 2005; revised edition 2014.
    


    Noble's summary of the state of the evidence is direct: acquired characteristics can be inherited, and in a growing number of cases that inheritance has been shown to be robust across many generations.


    ✦




  Part Five

  The Active Genome

  Not a passive archive suffering copying errors, but a system the cell reads, rewrites, and restructures under pressure.





  Chapter Twenty-One

  McClintock's Sensitive OrganForty years of not being heard


Barbara McClintock spent her working life on maize cytogenetics at Cold Spring Harbor, and in the 1940s she found something that should have altered the course of the field immediately. It took until 1983.


    The finding


    Working out the causes of the colour variegation in maize kernels, McClintock identified genetic elements that moved. They excised themselves from one chromosomal position and inserted at another. When an element landed in or near a gene, it altered that gene's expression — producing the spotted, streaked, sectored kernels that had puzzled maize geneticists for decades.


    She called them controlling elements. We call them transposons.


    Two features made the discovery intolerable to the orthodoxy taking shape around her. The genome was supposed to be a stable linear archive; hers moved. And the movement was not random with respect to circumstance: McClintock found that transposition was activated by stress — chromosome breakage, tissue damage, environmental insult.


    
      The genome is a highly sensitive organ of the cell.

    


    Her 1984 Nobel lecture, on the significance of the responses of the genome to challenge, laid out the interpretation plainly. Under conditions the cell registers as threatening, it restructures its own chromosomes. This is not damage. It is a response, mounted by the cell, using dedicated molecular machinery.


    The reception


    McClintock presented the work at Cold Spring Harbor in 1951. The response was silence and, in some quarters, ridicule. She stopped publishing on the subject in the mid-1950s, describing the reaction of her colleagues as puzzlement and hostility.


    Transposable elements were confirmed in bacteria in the 1960s and 1970s, and in due course found everywhere. The Nobel Prize came in 1983, unshared, thirty-plus years after the work.


    The delay is usually recounted as a story about an unconventional woman in an unwelcoming field, and it was that. It was also a story about a finding that could not be accommodated by the framework then hardening. A genome that restructures itself in response to what the organism is experiencing is not a sealed archive, and the sealed archive was required.


    The scale of it


    The elements McClintock found are not marginal. Roughly forty-five per cent of the human genome consists of transposable element sequence — LINEs, SINEs including the million-copy Alu family, endogenous retroviruses, DNA transposons. In maize, the fraction approaches eighty-five per cent.


    And the sequences are not inert ballast.


    
      	Transposon-derived sequences supply a large share of vertebrate regulatory elements — enhancers, promoters, transcription factor binding sites — and have been repeatedly co-opted into gene regulatory networks.

      	The RAG1 and RAG2 recombinases that generate antibody diversity derive from a domesticated transposon. Vertebrate adaptive immunity exists because a mobile element was captured and repurposed.

      	Syncytin, the protein that fuses cells to form the placental syncytiotrophoblast, derives from a retroviral envelope gene. Placental mammals depend on a captured virus.

      	Endogenous retroviral long terminal repeats drive expression programmes in early embryogenesis and in the immune system.

    


    
      Stress and mobilisation

      McClintock's central claim — that mobilisation responds to challenge — has been confirmed repeatedly. Heat stress, osmotic stress, pathogen attack, starvation, hybridisation and genome duplication all elevate transposon activity across bacteria, plants, fungi and animals. Silencing pathways that normally restrain these elements are relaxed under stress, producing a burst of genomic variation precisely when the existing configuration is failing.

    


    Consider what this does to the doctrine of random mutation. Not that mutation is directed toward a needed outcome — nothing here requires that. But the rate and the location and the timing of genomic change are under biological control, and that control is exercised by the organism in response to its circumstances.


    Variation is not a uniform drizzle of copying errors on which selection then works. Its supply is regulated. Huxley knew this in 1942, writing that mutation rate is increased by sudden environmental change. McClintock demonstrated the mechanism a decade later, and was not heard for thirty years.


    ✦





  Chapter Twenty-Two

  Natural Genetic EngineeringShapiro and the cell as agent


James Shapiro, a bacterial geneticist at Chicago, took McClintock's conclusion and generalised it. His 2011 book Evolution: A View from the 21st Century gathers the evidence that cells possess and deploy a toolkit for restructuring their own genomes, and that this toolkit is a major source of evolutionary novelty.


    He calls it natural genetic engineering. The phrase is deliberately provocative, and it is accurate.


    The toolkit


    Everything in it is a well-characterised biochemical system with identified enzymes and identified regulation.


    
      	Transposition and retrotransposition — moving sequence, duplicating it, disrupting and creating regulatory relationships.

      	Site-specific recombination — the V(D)J rearrangement of immunoglobulin loci; phase variation in bacteria; mating-type switching in yeast.

      	Somatic hypermutation — activation-induced cytidine deaminase targeting mutation to antibody variable regions at a million times the background rate, in a specific place, at a specific time, for a specific purpose.

      	Horizontal transfer — conjugation, transduction, natural transformation, integrons, integrative and conjugative elements.

      	Whole genome duplication and hybridisation — polyploidy, ubiquitous in plants and repeated in vertebrate ancestry.

      	Stress-induced mutagenesis — the SOS response, error-prone polymerases recruited under damage, elevated mutation in stationary phase.

      	Exon shuffling and gene fusion — assembling new proteins from existing functional modules.

      	CRISPR — a system whose native function is the acquisition of sequence from invading DNA and its incorporation into the host genome as heritable immunological memory.

    


    
      The immune system rewrites its own DNA before breakfast. That is not a copying error.

    


    The argument


    Shapiro's contention is not that these processes aim at particular adaptive outcomes. It is that the classical picture — blind copying errors, uniformly distributed, filtered afterward — describes a small and unrepresentative fraction of how genomes actually change.


    Real genomic change is frequently modular, moving functional units rather than single letters. It is frequently regulated, with rate and target under cellular control. It is frequently episodic, concentrated in periods of stress or reorganisation. It is frequently combinatorial, generating novelty by rearrangement rather than by point substitution.


    The gradualist assumption — small random changes accumulating steadily — is one mode among several, and not the dominant one.


    
      What the textbooks omit

      Shapiro and Noble examined what mainstream evolutionary teaching says about genome change, and found systematic omission: natural genetic engineering, symbiogenesis, horizontal transfer, hybridisation, whole-genome duplication and stress-induced mutagenesis are either absent from standard treatments or relegated to footnotes about special cases. The result is a closed picture presented to students as complete.

      J. A. Shapiro & D. Noble, "What prevents mainstream evolutionists teaching the whole truth about how genomes evolve?", Progress in Biophysics and Molecular Biology (2021).
    


    The word that causes trouble


    Critics object to engineering on the grounds that it implies foresight. The objection assumes that any language of purpose must smuggle in a designer.


    But purposive language is standard throughout biology and nobody objects elsewhere. The kidney regulates plasma osmolarity. The immune system defends against pathogens. The heart maintains perfusion. These are functional descriptions of goal-directed regulatory systems, and they are true. Living systems maintain themselves against perturbation, and describing what they are doing requires the vocabulary of ends.


    The gene-centred framework banned this vocabulary at the level of the organism while permitting it, incoherently, at the level of the molecule — where genes were allowed to be selfish, to have designs, to pursue their interests. Agency was removed from the only thing that plausibly has it and awarded to the only thing that plausibly does not.


    ✦





  Chapter Twenty-Three

  The End of JunkNinety-eight per cent of the genome, reconsidered


Roughly two per cent of human DNA encodes protein. Susumu Ohno gave the remainder a name in 1972: junk. The term stuck, entered textbooks, and became one of the most-cited illustrations of evolution's wastefulness — debris accumulated over deep time, tolerated because it costs little to carry.


    The label followed directly from the framework. If genes make proteins and proteins are what matter, then sequence that makes no protein is not doing anything.


    What was found in the junk


    As genomic technology improved, the non-coding regions turned out to be densely organised.


    
      	Enhancers — hundreds of thousands of them, acting over long distances to raise transcription of specific genes in specific cells at specific times.

      	Silencers, insulators and boundary elements — partitioning the genome into regulatory neighbourhoods.

      	Promoters and alternative promoters — over seventy thousand promoter regions mapped in a single project.

      	MicroRNAs — short transcripts each regulating hundreds of targets.

      	Long non-coding RNAs — scaffolding, guiding and localising protein complexes.

      	Circular RNAs, small nucleolar RNAs, piRNAs — further regulatory classes discovered since.

      	Telomeres and centromeres — structural necessities, repetitive and non-coding.

      	Origins of replication, scaffold attachment regions, replication timing domains.

    


    The ENCODE consortium reported in 2012 that biochemical activity of some kind could be assigned to around eighty per cent of the genome. The figure was contested at once, and the dispute over what counts as function is genuine and unresolved.


    
      The dispute, stated fairly

      ENCODE's critics argued that biochemical activity is not function — that transcription or protein binding can occur without any consequence for the organism. They pointed to the C-value enigma: an onion carries about five times more DNA than a human, and different onion species differ from one another. If bulk non-coding DNA were uniformly functional, that variation would be hard to explain.

      What is not in dispute is the direction of travel. The claim that the non-coding genome is inert wreckage has not survived. Genome size may vary for reasons of cell volume, nuclear architecture and replication timing rather than information content — which is itself a functional account, and not the one Ohno's term implied.

      ENCODE Project Consortium, Nature 489 (2012); Graur et al., Genome Biology and Evolution 5 (2013); Doolittle, PNAS 110 (2013); Eddy, Current Biology 22 (2012).
    


    Why the framework got it wrong


    Because it looked for the wrong kind of thing.


    If information means protein specification, then non-coding sequence carries no information, and the conclusion follows. If information includes when, where, how much, in what combination and in physical contact with what else, then the non-coding genome is where most of the information lives.


    The difference between a human and a mouse is not chiefly in the protein-coding sequence, which is highly conserved between them. It is in regulation: in the deployment of a similar toolkit according to a different schedule. The Evo-Devo revolution rests on exactly this finding — the same ancient developmental genes, differently controlled, producing a fin or a hand.


    
      The notes were catalogued. The score was thrown away as packaging.

    


    The pattern, again


    Junk DNA is the third instance in this book of the same failure mode. A framework generates an expectation. Observations that do not fit the expectation are classified as noise. The classification is taught as a finding. Investigation is discouraged, because who studies rubbish.


    Waddington's assimilation became a simulation. McClintock's elements became a maize curiosity. Ninety-eight per cent of the genome became junk.


    Each time, the reclassification protected the framework. Each time, it was wrong.


    ✦





  Chapter Twenty-Four

  The Folded Genome and the RNA MajorityWhere the information actually is


Two discoveries of the last three decades have done more damage to the linear-text conception of the genome than any argument. The first concerns geometry. The second concerns the molecule that was supposed to be a messenger and turned out to be a governing class.


    Geometry as information


    Two metres of DNA occupy a nucleus a few microns across. It is not crumpled. It is folded into a precise, dynamic, functionally consequential architecture.


    Chromosome conformation capture methods made this visible. What they revealed is a hierarchy: chromosome territories occupying distinct nuclear regions; compartments segregating active from inactive chromatin; topologically associating domains, hundreds of kilobases across, within which regulatory contacts are frequent and across which they are rare; and within these, specific enhancer–promoter loops.


    The consequence is that adjacency in sequence and adjacency in space are different things. An enhancer a million bases from its target gene may sit against that gene's promoter in three dimensions, while a gene ten kilobases away in sequence is in a different domain and never contacts it at all.


    
      When the folding goes wrong

      Disrupting a domain boundary — without altering a single coding base — can allow an enhancer to reach a gene it was previously walled off from, producing developmental malformation. Limb malformations in humans have been traced to exactly this: structural variants that reposition boundaries rather than changing genes. The pathology is architectural.

    


    Nuclear architecture is itself regulated. Cohesin and CTCF establish and maintain loops; the lamina tethers repressed regions to the nuclear periphery; phase-separated condensates concentrate transcriptional machinery at specific sites. All of it is dynamic, responsive to signalling, and reorganised during differentiation.


    
      Structure becomes information. Geometry becomes biology.

    


    The RNA majority


    The Central Dogma cast RNA as an intermediary: a working copy carrying instructions from the archive to the factory. That description now covers a small minority of cellular RNA.


    The great majority of the human genome is transcribed at some point in some cell type. Most of those transcripts never encode protein. They regulate.


    
      	MicroRNAs bind target messages and suppress translation or trigger degradation. A single microRNA can tune hundreds of genes; the human complement regulates a large fraction of the transcriptome.

      	Long non-coding RNAs serve as scaffolds assembling protein complexes, as guides delivering those complexes to particular loci, and as decoys sequestering regulators away from their targets. Xist silences an entire chromosome.

      	Small interfering RNAs and piRNAs direct sequence-specific silencing, and are the carriers of transgenerational inheritance in nematodes.

      	Enhancer RNAs are transcribed from enhancers themselves and participate in the looping that activates target genes.

      	Circular RNAs are stable, abundant, and act as sponges for microRNAs.

      	Riboswitches in messenger RNAs bind metabolites directly and change their own translation accordingly — the message reading the state of the cell and adjusting itself.

    


    RNA is also catalytic. The ribosome's peptidyl transferase centre is RNA; the spliceosome's chemistry is RNA. Protein synthesis and message processing, the two most basic operations of gene expression, are performed by RNA enzymes.


    What this does to the ordering


    The dogma's hierarchy placed DNA first, RNA as courier, protein as product. Every element of that ordering has been complicated.


    
      RNA regulates DNA accessibility.

      RNA can be written back into DNA.

      RNA catalyses the reactions that make protein.

      Protein determines which DNA is available to be transcribed.

      Protein conformation can itself be heritable.

    


    What exists is not a hierarchy but a network in which every class of molecule constrains every other, embedded in a spatial architecture that is itself regulated and itself informational.


    There is no privileged level. The principle stated in Chapter Twelve as a claim about scales holds equally as a claim about molecules.


    ✦





  Chapter Twenty-Five

  The Tree Becomes a WebHorizontal gene transfer


The tree of life is one of the most powerful images in science, and its power lies in a specific claim: that genetic material passes only vertically, from parent to offspring, so that lineages once separated never exchange again. Branches diverge. They do not rejoin.


    They rejoin constantly.


    Bacteria


    Among prokaryotes, horizontal transfer is not exceptional; it is a principal mode of genome evolution. Conjugation moves plasmids between cells, including between distantly related species. Transduction carries DNA by bacteriophage. Natural transformation allows competent cells to take up free DNA from the environment and recombine it into the chromosome. Integrons capture and express gene cassettes.


    The practical consequence is on every hospital ward. Antibiotic resistance spreads through bacterial populations by transfer far faster than it could arise by mutation, moving between species and genera on mobile elements that carry multiple resistance determinants together.


    Comparisons of bacterial genomes show that a substantial fraction of genes in a typical species were acquired horizontally. The core genome of a bacterial species may be a minority of the genes any individual carries; the rest belongs to an accessory pool circulating through the community.


    
      For most of life's history and most of life's diversity, the tree is the wrong picture.

    


    Eukaryotes


    Transfer into eukaryotic genomes was long assumed rare. Sequencing found otherwise.


    Bdelloid rotifers — microscopic freshwater animals that have reproduced without sex for tens of millions of years — carry a substantial complement of genes of bacterial, fungal and plant origin, concentrated in their telomeric regions, many of them transcribed. They appear to have compensated for the absence of sexual recombination by acquiring genes from their surroundings, taking up DNA after the desiccation and rehydration cycles their lifestyle involves.


    Aphids produce carotenoids, which animals are not supposed to be able to synthesise, using biosynthetic genes acquired from fungi. The pigments determine body colour, and body colour affects predation and parasitism.


    Insects and nematodes carry substantial fragments of the intracellular bacterium Wolbachia integrated into their chromosomes, in some cases nearly the entire bacterial genome.


    Ferns acquired a gene for a more efficient blue-light photoreceptor from hornworts, an acquisition implicated in their success in the shaded forest understory.


    
      The sweet potato

      The most disarming case is agricultural. Researchers screening the sweet potato genome for viral sequence found segments of Agrobacterium transfer DNA integrated into the plant's chromosomes, carrying open reading frames homologous to bacterial genes and actively expressed. One insertion was present in all 291 cultivated varieties examined and absent from close wild relatives.

      The mechanism is the one biotechnologists use to make transgenic crops. Nature performed the operation, and fixed it, thousands of years ago. A staple food eaten by hundreds of millions of people is a naturally occurring transgenic organism.

      Kyndt et al., "The genome of cultivated sweet potato contains Agrobacterium T-DNAs with expressed genes", PNAS 112 (2015), 5844–5849; Gladyshev, Meselson & Arkhipova, Science 320 (2008).
    


    What follows for the doctrine


    Two things, both structural.


    First, the boundaries of the organism become porous in yet another dimension. A genome is not a closed inheritance received intact from ancestors; it is a partly open collection that acquires material from the surrounding biosphere.


    Second, and more damaging, the arithmetic of gene-centrism assumes vertical descent. Kin selection, inclusive fitness, the whole apparatus of relatedness coefficients — all of it presupposes that shared genes indicate shared ancestry. Where genes move laterally, relatedness ceases to track genealogy, and the calculations lose their footing.


    The tree was always a simplification. What the sequencing showed is that for the bulk of life on Earth, it is the wrong topology altogether. Life exchanges. It always has.


    ✦





  Chapter Twenty-Six

  The Rejected PaperMargulis and the origin of the complex cell


In 1966 a junior faculty member at Boston University wrote a theoretical paper proposing that the organelles of complex cells were once free-living bacteria. She submitted it. It was rejected by about fifteen journals in succession.


    The Journal of Theoretical Biology published "On the Origin of Mitosing Cells" in March 1967 under the name Lynn Sagan. Requests for reprints began to arrive, more than eight hundred of them — a volume the Boston University biology department had never seen. The theory it advanced is now standard in every introductory textbook on Earth.


    The claim


    Mitochondria were once free-living aerobic bacteria, engulfed by or entering into partnership with an ancestral host cell, retained rather than digested, and gradually integrated. Chloroplasts have the same history, deriving from cyanobacteria. Margulis extended the argument to undulipodia, where it has fared less well.


    The evidence is now overwhelming. Mitochondria and chloroplasts retain their own circular genomes, of bacterial character. They have their own ribosomes, which are bacterial rather than eukaryotic in structure and sensitivity to antibiotics. They divide by fission, independently of the host cell cycle. They are bounded by a double membrane consistent with an engulfment origin. Their gene sequences place them phylogenetically among the alphaproteobacteria and cyanobacteria respectively.


    
      Every complex organism on Earth is a consortium.

    


    Why it mattered so much


    Because the transition to complex cellular life — the single most consequential event in the history of life after its origin — was not achieved by the gradual accumulation of point mutations.


    It was achieved by merger.


    Before mitochondria, life was overwhelmingly simple and small. After, the energy budget available per gene expanded by orders of magnitude, and with it the possibility of large genomes, large cells, and eventually multicellular organisms. Animals, plants, fungi and ourselves exist downstream of an act of incorporation.


    The foundational event of complex biology was cooperative, and it was instantaneous on evolutionary timescales.


    What Margulis said about neo-Darwinism


    She did not soften it. She held that natural selection eliminates and may maintain, but does not create — that the origin of evolutionary novelty required something else, and that symbiosis was the principal something else. She described herself as a Darwinist and not a neo-Darwinist, and predicted that history would judge neo-Darwinism a minor twentieth-century religious sect within the sprawling religious persuasion of Anglo-Saxon biology.


    The judgement was returned in kind. One grant application drew the response that her research was rubbish and that she should not bother applying again.


    She was elected to the National Academy of Sciences in 1983, received the National Medal of Science from President Clinton in 1999, and was awarded the Darwin–Wallace Medal by the Linnean Society in 2008.


    
      Symbiosis as a general mechanism

      The endosymbiotic events are the spectacular cases; the principle is general. Lichens are fungal–algal composites. Corals depend on photosynthetic dinoflagellates. Legumes host nitrogen-fixing rhizobia in purpose-built nodules. Some eighty per cent of land plants form mycorrhizal associations, and the fossil record suggests plants colonised land already partnered with fungi. Aphids depend on Buchnera for amino acids they cannot make; the bacterium's genome has eroded to the point where it can no longer live independently. Deep-sea tubeworms have no digestive tract at all, subsisting entirely on chemosynthetic bacteria housed in a specialised organ.

    


    The microbiome


    The same logic has come home. A human body carries microbial cells on the order of its own number, and vastly more microbial genes than human ones. These communities shape digestion, immune development, metabolism, vitamin synthesis, pathogen resistance and — through the gut–brain axis — neurological and behavioural function.


    They are acquired from the mother at birth, from milk, from food, from environment and from other people. They are transmitted, they vary, they matter to survival and reproduction — and they are not encoded in the human genome.


    Where, then, does the individual end? The question is not rhetorical. It is a live problem in evolutionary biology, and the framework that requires a discrete vehicle carrying a discrete replicator has no way of answering it.


    ✦




  Part Six

  Pattern, Field, and Form

  Where is the shape of an organism stored? Not, it turns out, in the sequence.





  Chapter Twenty-Seven

  The Two-Headed WormLevin, and pattern memory outside the genome


Michael Levin's laboratory at Tufts works on a question the gene-centred framework treats as already answered: what determines large-scale anatomical shape? The answer, on the standard account, is the genome. Levin's experiments show that a great deal of it is stored somewhere else, in the bioelectric state of cell networks — and that it can be rewritten without touching a base.


    The planarian experiment


    Planaria are flatworms of extraordinary regenerative capacity. Cut one into fragments and each fragment rebuilds the missing anatomy: a head at the anterior wound, a tail at the posterior. The result is normally a faithful copy of the standard worm.


    Levin's group interrupted the worms' bioelectric network. Gap junctions — the protein channels that function as electrical synapses between cells, coupling them into networks — were transiently blocked with octanol, a gap junction inhibitor, immediately after amputation.


    Trunk fragments regenerated with a head at both ends. Around a quarter of treated fragments became two-headed; the remainder appeared normal.


    That much is striking. What follows is the part that matters.


    
      The result

      Octanol clears the worms' tissues within twenty-four hours; the group verified this by HPLC.

      The two-headed worms, cut again in plain water with no drug present, regenerate as two-headed. And again. And again, indefinitely.

      The genome is unchanged. No mutation was fixed. The target morphology — the shape the tissue is building toward — has been permanently rewritten by a transient electrical perturbation.

      Oviedo et al., Developmental Biology 339 (2010); Durant et al., Biophysical Journal 112 (2017).
    


    The state is not a one-way door. A different transient modulation of the bioelectric circuit — using SCH28080, a proton pump blocker — resets the worms to a single-headed target morphology. The pattern is addressable in both directions.


    And the normal-appearing worms from the treated batch are not normal. They carry the altered pattern latently: recut them and the two-headed form reappears. The information is present in animals that look entirely ordinary.


    Where the shape is stored


    Membrane voltage varies across cells and tissues, and those variations are not incidental byproducts of ion flux. They form spatial patterns — voltage prepatterns — that appear before the gene expression and structural differentiation they specify.


    The canonical demonstration is in the frog. During Xenopus eye development, a demarcated region of hyperpolarised cells appears before Pax6, the master eye regulator, is expressed. Impose that same voltage pattern artificially on gut endoderm — tissue with no developmental business growing an eye — and complete ectopic eyes form, with lens, retina and optic nerve.


    The voltage map is an instruction set. Cells read their position in it and run the corresponding genetic programme. The genes are downstream.


    
      The information is in the network, not in the cells.

    


    Cross-species heads


    Modulating gap junctional connectivity in one planarian species can cause regenerating fragments to produce head shapes and brain morphologies characteristic of other planarian species, separated by many millions of years.


    The genome was not altered. The alternative anatomies were already available as attractor states in the bioelectric circuit, reachable by changing the connectivity of the network.


    This suggests something that gradualist accounts of morphological evolution do not readily accommodate: that a range of body plans may be latent in a given genome as alternative stable states of its patterning system, and that evolutionary change in form may sometimes be a matter of shifting which attractor the system settles into.


    Constructed organisms


    The final line of work makes the point by construction. Skin cells taken from frog embryos, dissociated from the body and allowed to reassemble, self-organise into small motile organisms — xenobots — that swim, navigate, cooperate, heal after injury, and gather loose cells into piles that develop into further xenobots. Their genome is entirely ordinary frog. Nothing was edited.


    The same has since been done with adult human tracheal cells, producing self-assembling motile constructs that traverse and appear to encourage repair in wounded neuron sheets.


    Cells removed from the context that normally instructs them do not become inert. They find a different coherent form to build. The genome does not specify one outcome; it specifies a competent agent, and what that agent constructs depends on the physiological and electrical context it finds itself in.


    ✦





  Chapter Twenty-Eight

  The Coherent OrganismMae-Wan Ho and the liquid crystalline body


Mae-Wan Ho's The Rainbow and the Worm: The Physics of Organisms asks a question that molecular biology set aside: what kind of physical system is a living organism? Not what is it made of, but what is its thermodynamic and dynamic character.


    The observation that started it


    Ho and her colleagues examined living organisms — fruit fly larvae, nematodes, brine shrimp — under an interference colour polarising microscope, an instrument that reveals molecular order through birefringence.


    Living, undisturbed animals displayed intense, coherent interference colours across the entire body. Muscle, connective tissue, gut, nerve — all revealed aligned, ordered molecular arrangements, phase-coupled across the whole organism.


    The colours are exquisitely sensitive to vitality. They dim on anaesthesia. They vanish at death, before any gross structural change.


    Ho's interpretation: the organism is a liquid crystalline continuum. Its collagen matrix, membranes, cytoskeleton and structured cellular water form a coherent, aligned, dynamically ordered whole — ordered enough to display crystalline optical properties, fluid enough to change continuously.


    
      The organism is not a bag of reactions. It is an ordered medium.

    


    Coherence and energy


    Ho built on Herbert Fröhlich's proposal that biological systems, being pumped far from equilibrium by metabolic energy, could sustain large-scale coherent excitations — that biological order is dynamic, maintained by energy flow, rather than static.


    She developed this into an account of the organism as a system of coupled cycles storing energy across the full range of space and time scales, from the picosecond to the lifetime. Energy entering the system is not simply dissipated; it is captured into cyclic processes, made available for work, and passed between scales.


    Two consequences follow. Living systems can perform work at close to maximum efficiency with minimal dissipation, because energy stored in coherent modes is not degraded to heat. And the organism achieves something Ho considered its defining characteristic: quantum coherence at the macroscopic scale, allowing instantaneous, whole-system coordination without a controller.


    
      The connective tissue continuum

      Ho drew attention to the collagen network as a system-wide communication medium. Collagen is highly ordered, associated with structured water along its fibres, and piezoelectric — converting mechanical stress into electrical signal and back. It runs continuously through the body, connecting every tissue.

      This gives the body a fast, distributed signalling channel independent of nerves and independent of the bloodstream, carrying mechanical and electrical information through the connective tissue continuum itself.

      M.-W. Ho, The Rainbow and the Worm: The Physics of Organisms, World Scientific, 1993; 3rd edition 2008.
    


    What it means for the gene


    On this account the organism is not assembled from parts and then coordinated. It is coherent first. Its unity is a physical property of an ordered, energetically pumped medium, present before and independent of any instruction issued from a nucleus.


    Coordination without a controller is exactly what the gene-centred picture cannot supply, and exactly what an organism displays. A cell responding to a signal does not consult a central authority. The response propagates through a medium already organised to conduct it.


    Ho's emphasis on organismal integration anticipated themes now standard in systems biology, and her insistence that the physics of living systems is a distinct subject — not reducible to the chemistry of their components — sits alongside Noble's biological relativity as a statement of the same conviction from a different discipline.


    The organism is the unit. Not because holism is philosophically attractive, but because coherence is a measurable physical property and the organism has it.


    ✦





  Chapter Twenty-Nine

  Life at the Quantum EdgeCoherence in warm, wet biology


It was long assumed that quantum effects could play no functional role in living systems. Cells are warm, wet and noisy; decoherence should destroy any delicate quantum state in femtoseconds. Biology was to be understood as classical chemistry.


    That assumption has not held.


    Photosynthesis


    The efficiency of energy transfer in photosynthetic light-harvesting is remarkable: an absorbed photon's excitation reaches the reaction centre with very little loss, despite a complex of pigments through which many routes are possible.


    In 2007 a group at Berkeley, using two-dimensional electronic spectroscopy on the Fenna–Matthews–Olson complex of green sulphur bacteria, observed long-lived oscillatory signals indicating quantum coherence between pigment excitations — persisting for hundreds of femtoseconds at cryogenic temperature, and subsequently observed at physiological temperature.


    The interpretation that captured attention was that the excitation samples multiple pathways coherently rather than hopping randomly, allowing the system to find the efficient route. The precise mechanism has been debated intensively since, with vibrational contributions recognised as significant. What is not in dispute is that quantum-mechanical descriptions are required to account for what the complex does.


    Magnetoreception


    Migratory birds navigate by the Earth's magnetic field, which is far too weak to move a molecule mechanically. The leading account is the radical pair mechanism.


    Cryptochrome proteins in the retina absorb blue light and generate a pair of radicals with correlated electron spins. The spin state oscillates between singlet and triplet configurations, and the rate of that interconversion is sensitive to the external magnetic field. Different spin states yield different chemical products, so the field is converted into a chemical signal.


    The European robin is the classic subject. Its compass is light-dependent, responds to inclination rather than polarity, and is disrupted by weak radiofrequency fields at precisely the frequencies that would perturb the spin dynamics. Cryptochrome from migratory birds has been shown in vitro to be magnetically sensitive.


    
      Other candidates

      Enzyme catalysis: hydrogen tunnelling contributes measurably to reaction rates in a range of enzymes, with kinetic isotope effects far exceeding classical predictions. Olfaction: the proposal that receptors detect molecular vibration by inelastic electron tunnelling, alongside molecular shape, remains under active investigation. Vision: the primary photoisomerisation of retinal is one of the fastest and most efficient photochemical events known.

    


    Why this bears on the argument


    Not because quantum mechanics rescues any particular alternative to gene-centrism. It bears on the argument in a more basic way.


    The gene-centred picture assumes that the relevant physics of life is settled — that living systems are chemical machines whose behaviour follows from molecular structure, and that the only remaining question is which molecules. On that assumption, information means sequence, and everything else is implementation detail.


    Quantum biology shows that the physics is not settled. Living systems exploit dynamics that had been ruled out on general grounds, and they exploit them functionally — not as curiosities, but in photosynthesis, navigation and catalysis, processes on which entire kingdoms depend.


    
      A framework built on the assumption that the physics was finished was built too early.

    


    Coherence, tunnelling and spin dynamics are properties of organised systems in particular states. They are destroyed by disorder and sustained by structure. If they matter to biology, then the physical organisation of the living system — Ho's coherent medium, Levin's electrical networks, the geometry of the folded genome — carries functional information of a kind no sequence can encode.


    ✦





  Chapter Thirty

  The Question of FormSheldrake, and the problem no one has solved


Rupert Sheldrake trained as a plant physiologist at Cambridge, took a double first, held a fellowship at Clare College, and worked for years on auxin transport and crop physiology in India. In 1981 he published A New Science of Life, and the editor of Nature asked in print whether it was a book for burning.


    Setting aside for the moment what Sheldrake proposed, it is worth being clear about the problem he was addressing, because the problem is real and it is unsolved.


    The problem


    How does a developing organism arrive at a specific three-dimensional form?


    The standard answer is that the genome specifies proteins, proteins generate gradients and interactions, and form emerges. But notice what this does not explain. It does not explain how a system knows when it has arrived. It does not explain how an amputated limb regenerates to exactly the right size and shape and then stops. It does not explain how a fragment of an embryo, deprived of most of its material, can produce a complete and correctly proportioned smaller organism. It does not explain how a planarian fragment knows what a whole worm is.


    These are the classical problems of morphogenesis, and Hans Driesch raised them in the 1890s when he separated the first two cells of a sea urchin embryo and obtained two complete larvae rather than two halves. He concluded that something non-mechanical was directing development. His answer — entelechy — was not accepted. His question was never answered; it was set aside.


    
      Levin's target morphologies are Driesch's question asked again, with electrodes.

    


    What Sheldrake proposed


    The hypothesis of formative causation holds that developing systems are organised by morphic fields: spatial structures that carry the form toward which the system develops and to which it returns after disturbance.


    The fields, on this account, are not fixed laws but habits. They are established by what has happened before, and they are reinforced each time a system of that kind takes that form. Morphic resonance is the proposed mechanism of transmission: similar systems influence subsequent similar systems across time, so that forms and patterns of behaviour become progressively easier to establish the more often they have occurred.


    Applied across biology, the hypothesis makes specific predictions. Crystals of a newly synthesised compound should crystallise more readily worldwide after the first successful crystallisation. Animals learning a novel task should learn it faster in later cohorts, including in laboratories with no connection to the first. Forms that have occurred many times should be more stable and more strongly canalised than novel ones.


    These are testable, and Sheldrake has proposed and conducted tests of them across four decades. The hypothesis is not accepted within mainstream biology; it has not accumulated the body of confirming evidence that the other lines of work in this book have. What it has done, persistently, is keep a question open that the discipline preferred closed.


    The convergence


    What is striking, four decades on, is how much of the surrounding landscape has moved toward the territory Sheldrake was pointing at, by routes entirely independent of him.


    
      Levin demonstrates a stored target morphology, held outside the genome, editable without mutation, and stable across regenerations.

      Ho describes a coherent field-like medium spanning the whole organism.

      Waddington's landscape, with its canalised valleys, is a field concept in all but name.

      Epigenetic inheritance establishes that biological memory crosses generations by physical means.

    


    None of this vindicates morphic resonance, and none of it is offered as doing so. What it does establish is that the questions Sheldrake insisted on — where is form stored, how is it remembered, what makes a system return to it after disturbance — are now front-line questions in developmental biology rather than the eccentricity they were called in 1981.


    
      The Driesch inheritance

      The line runs from Driesch's divided sea urchin through Alexander Gurwitsch's morphogenetic fields of the 1920s, Paul Weiss's field concepts, Waddington's epigenetic landscape, and on to the attractor language of modern dynamical systems biology. Every generation has needed a term for the thing toward which development tends. Every generation has been uncomfortable with the term it chose.

    


    The discomfort is instructive. It arises because a target implies something that the mechanistic vocabulary has no room for — a state the system is approaching, which is not yet actual, and which nonetheless constrains what happens now. Yet dynamical systems theory handles precisely this, without mysticism, in the language of attractors and basins.


    Levin's two-headed worms are attractor states. Waddington's valleys are basins. The organism is a system with a phase space, and its development is a trajectory through that space toward a stable configuration. What the genome supplies is the parameters. What determines the outcome is the dynamics.


    ✦





  Chapter Thirty-One

  Order for FreeSelf-organisation and the limits of selection


Selection is a filter. It removes. It preserves. The question Stuart Kauffman pressed for four decades is where the things being filtered come from — and specifically, whether the order we observe in living systems could have been produced by selection acting on random variation alone.


    His answer is that a great deal of biological order arises spontaneously from the dynamics of complex systems, and that selection then works on order it did not create.


    Order without instruction


    Physics supplies the simple cases readily. A convection cell in a heated fluid organises into hexagonal rolls. An oscillating chemical reaction produces travelling spirals. A snowflake generates six-fold symmetry from local rules. None of these has a blueprint.


    Biology supplies harder ones. A lipid bilayer assembles because of the geometry of its molecules in water. Microtubules and actin filaments polymerise into structures whose form follows from subunit shape. Proteins fold into specific conformations dictated by their own physics. Slime mould amoebae aggregate into a multicellular slug and then a fruiting body, with no leader and no plan. Reaction–diffusion dynamics of the kind Turing described in 1952 generate the stripes, spots and digit spacings seen across the animal kingdom from a handful of interacting chemicals.


    
      Selection cannot preserve what was never generated.

    


    Networks and their attractors


    Kauffman's technical contribution came from studying randomly wired Boolean networks — abstractions of gene regulatory systems, in which each element switches on or off according to inputs from others.


    Such networks might be expected to behave chaotically. Many do. But in a particular regime — when connectivity is low and the switching rules are biased in certain ways — they settle spontaneously into a small number of stable cycles, out of a state space of astronomical size.


    The number of these attractors scales roughly with the square root of the number of elements. Kauffman noted that this order-of-magnitude relationship was approximately what one saw comparing genome sizes with cell type counts across organisms.


    The interpretation: cell types are attractors of the gene regulatory network. Differentiation is the settling of a dynamical system into one of its stable states. The restriction of possibility is not imposed by selection; it is a property of the network architecture, and it is available for free.


    
      The origin of life

      Kauffman's autocatalytic set theory addresses the hardest case. In a sufficiently diverse mixture of molecules that catalyse each other's formation, a phase transition occurs above a threshold of diversity: a self-sustaining reaction network closes on itself, collectively catalysing its own reproduction.

      On this account, life begins not with a replicating molecule but with a self-maintaining network — a system whose components are mutually necessary and none of which is prior. This is the death of the replicator-first account at the very origin, and it is consistent with everything in Chapter Four about DNA's inability to copy itself.

      S. A. Kauffman, The Origins of Order, Oxford University Press, 1993; At Home in the Universe, Oxford University Press, 1995.
    


    Constraint and the shape of the possible


    The complementary insight comes from structural biology and Evo-Devo: not every form is available for selection to choose among.


    Development is channelled. Some variants are easy to produce and appear repeatedly across independent lineages; others are effectively unreachable, requiring reorganisations that development cannot execute. This is why convergent evolution is so common — the camera eye evolved independently many times, and the same limb proportions and the same shell spirals recur across unrelated groups. It is also why certain conceivable forms never appear at all.


    Gould and Lewontin made the corresponding negative argument in 1979, warning against the habit of treating every feature as an optimised adaptation and inventing a selective story for it. Many features are byproducts of the architecture — spandrels, the spaces necessarily created between arches, which were then decorated but were not built to be decorated.


    The generative side of biology — what variation is produced, in what distribution, with what biases — is not a minor supplement to the selective side. It does much of the explanatory work. Selection chooses among what development offers, and what development offers is not random.


    ✦




  Part Seven

  What Stands in Its Place

  Demolition is the easy half. This is the account that the evidence supports.





  Chapter Thirty-Two

  The World the Organism BuildsNiche construction


Standard evolutionary theory has one arrow: the environment poses problems and organisms are shaped to meet them. Selection pressures are external, and adaptation is a response.


    Niche construction theory adds the return arrow. Organisms substantially modify the environments that select them, and those modifications persist, accumulate, and are passed to descendants as a legacy that shapes what selection they will face.


    The examples are everywhere


    Earthworms are the founding case, and Darwin devoted his last book to them. They process soil through their bodies, alter its structure, chemistry, drainage and microbial composition, and have been doing so for so long that terrestrial ecosystems are substantially their construction. Earthworm physiology remains adapted to freshwater conditions; rather than evolving kidneys suited to soil, they altered the soil to suit the kidneys they had.


    Beavers fell trees, dam streams, flood valleys and create wetlands that persist for generations and transform the selective environment for every species present, including subsequent beavers.


    Ants and termites build climate-controlled structures with regulated humidity, temperature and gas exchange. Termite mounds farm fungus in dedicated gardens. The colony constructs the conditions of its own existence.


    Plants build soil. Their litter, root exudates and mycorrhizal partners create the medium in which the next generation grows, and forests generate their own local humidity and rainfall.


    Cyanobacteria performed the largest act of niche construction in the planet's history. Oxygenic photosynthesis, beginning some two and a half billion years ago, converted a reducing atmosphere into an oxidising one — poisoning most of the existing biosphere and creating the conditions for aerobic metabolism, the eukaryotic cell, and everything that followed.


    
      The atmosphere you are breathing is a waste product that reshaped the terms of life.

    


    The human case


    Our own species is the extreme instance, and the interaction with genetics is documented.


    Dairying is the clearest example. Adult humans, like other mammals, ancestrally lose the ability to digest lactose after weaning. Populations that domesticated cattle and drank milk developed lactase persistence, and did so independently in Europe and in East Africa through different mutations. The cultural practice came first; the genetic change followed it. Culture became a selection pressure.


    The same pattern appears in starch digestion and amylase gene copy number tracking agricultural diets, in alcohol dehydrogenase variants tracking fermentation, in malaria resistance alleles tracking the standing water created by agriculture, and in skin pigmentation tracking latitude and dietary vitamin D.


    Cooking is the deepest case. Externalising a substantial part of digestion permitted a reduction in gut size and an increase in brain size, and the archaeological record places controlled fire deep in the ancestry of our genus.


    
      Ecological inheritance

      Niche construction theory introduces a second inheritance channel alongside the genetic one. Offspring inherit not only genes but a modified world: the burrow, the soil, the nest, the atmosphere, the dam, the accumulated products of ancestral activity. This ecological inheritance is transmitted, it varies, and it affects fitness — which is to say it satisfies the conditions for an evolutionary process in its own right.

      F. J. Odling-Smee, K. N. Laland & M. W. Feldman, Niche Construction: The Neglected Process in Evolution, Princeton University Press, 2003.
    


    Why it cannot be absorbed as a detail


    Because it makes the environment endogenous. In the standard model, selection pressure is an input, given from outside the system being modelled. In niche construction, the organism is causally implicated in the pressures acting on it, and the system is a feedback loop rather than a response function.


    The gene-centred reply has been to fold this into the extended phenotype — the dam is part of the beaver's phenotype, the phenotype is built by genes, therefore the genes are still in charge. But the reply concedes the substance. Once effects on the world are admitted as evolutionarily consequential, and once those effects outlast the organism and are inherited by unrelated organisms as well as descendants, the neat mapping from replicator to vehicle to effect has been abandoned in everything but name.


    ✦





  Chapter Thirty-Three

  The Major TransitionsHow complexity is actually made


Take the history of life and ask not what died but what was built. A pattern appears immediately, and it is not the pattern the selfish gene predicts.


    
      Replicating molecules became populations enclosed in compartments.

      Independent replicators became chromosomes.

      RNA doing everything became a division of labour between DNA, RNA and protein.

      Free-living bacteria became organelles within a host cell.

      Single cells became multicellular organisms.

      Solitary organisms became colonies, castes, and societies.

      Individual minds became cultures with cumulative transmitted knowledge.

    


    Every one of these transitions has the same structure. Entities that could previously reproduce independently became parts of a larger whole that reproduces as a unit. Autonomy was surrendered. Function was divided. A new level of individuality came into existence.


    The pattern of increase


    This is not a story of competition producing complexity. Competition removes. Complexity is built by integration — by previously separate things becoming coordinated parts of something larger, and by the division of labour that follows.


    Multicellularity is the case closest to hand. A human body contains something on the order of thirty trillion cells. Almost all of them have permanently forgone reproduction, ceding it to the germ line and committing themselves to muscle, nerve, bone, blood, gut. From the perspective of a somatic cell, this is total sacrifice: it will leave no descendants at all.


    Multicellularity has arisen independently more than twenty times across the tree of life. It is not a rare accident requiring special explanation. It is what cells do repeatedly, given the opportunity.


    
      The history of life is a history of increasing integration.

    


    Cooperation and the argument that was had


    The gene-centred framework treated cooperation as the problem requiring explanation, and produced an apparatus to explain it away: kin selection, inclusive fitness, reciprocal altruism, calculations of relatedness. Apparent altruism was to be revealed as selfishness operating at a lower level.


    The apparatus is not worthless. Relatedness matters, and the mathematics of kin selection captures real phenomena.


    But it inverts the explanatory burden. Cooperation is not a puzzling exception to a competitive baseline. It is the mechanism by which every level of biological organisation above the molecule was constructed. The cell is a cooperative. The organism is a cooperative of cells. The colony is a cooperative of organisms. The ecosystem is a network of interdependence.


    In 2010 Martin Nowak, Corina Tarnita and Edward O. Wilson published a paper in Nature arguing that inclusive fitness theory was neither necessary nor sufficient to explain the evolution of eusociality, and that standard natural selection acting on colonies would serve better. More than one hundred and thirty researchers signed a rebuttal. The vehemence of the response is itself informative about how much rested on the framework.


    Levels of selection


    Multilevel selection theory takes the transitions at face value. Selection operates wherever there are entities that vary, reproduce differentially, and transmit their characteristics — and after a major transition, the new higher-level entity satisfies all three conditions.


    
      	Genes vary and are transmitted differentially.

      	Cells within a body vary and compete — which is what cancer is, and why the body maintains elaborate machinery to suppress it.

      	Organisms vary and reproduce differentially.

      	Colonies vary and found new colonies differentially.

      	Groups with different transmitted practices persist differentially.

    


    Selection at one level can oppose selection at another. Cancer is lower-level selection defeating the organism. Immune surveillance and apoptosis are the organism's suppression of lower-level selection. The stability of every complex living thing depends on this suppression being maintained.


    The gene-centred insistence on a single level made this unsayable. It is the central dynamic of biological organisation.


    ✦





  Chapter Thirty-Four

  The Web and the Living EarthCapra, Lovelock, and the systems view


Fritjof Capra's The Web of Life and its successors gather the systems tradition — from Bertalanffy's general systems theory through cybernetics, Prigogine's dissipative structures and Maturana and Varela's autopoiesis — into a general account of living organisation.


    The core proposition is that life is organised as networks, and that the pattern of organisation is what matters rather than the material realised in it.


    What the systems view holds


    
      	Organisms are processes rather than objects. A body is a pattern maintained through continuous material turnover; almost none of your substance is what it was a decade ago.

      	Relationships are primary. What a component is depends on its place in the network; a molecule in a metabolic cycle is defined by what it does there.

      	Properties emerge from interaction and are not present in the parts.

      	Living systems are open, exchanging matter and energy continuously while maintaining organisation — they are far from equilibrium by necessity.

      	They are self-producing. Maturana and Varela's autopoiesis names a network that continuously regenerates the components that constitute it and the boundary that defines it.

      	Cognition, on this account, is coextensive with life. Any system that discriminates its environment and responds so as to maintain itself is, in the technical sense, cognitive.

    


    
      Life is not a thing that happens to be organised. Life is the organising.

    


    Gaia


    James Lovelock, working on instruments for detecting life on Mars, arrived at the question from an unusual direction: what would make a planet look alive from a distance? His answer was atmospheric disequilibrium. A dead planet's atmosphere settles toward chemical equilibrium. Earth's does not — oxygen and methane coexist in quantities that should react away, and are maintained.


    With Lynn Margulis he developed this into the Gaia hypothesis: that the biota, together with the atmosphere, oceans and surface rocks, constitute a self-regulating system that maintains conditions suitable for life.


    The regulated variables are specific and measurable.


    
      	Atmospheric oxygen has been held within a narrow band for hundreds of millions of years, despite an output that could have driven it far higher or lower.

      	Ocean salinity has remained roughly constant despite continuous riverine input of salt.

      	Surface temperature has stayed within the liquid-water range for some four billion years, while solar output rose by around thirty per cent.

      	Atmospheric carbon dioxide is regulated by silicate weathering, which is accelerated by plants and soil biota and is itself temperature-dependent — a negative feedback with life in the loop.

    


    
      Daisyworld

      The initial objection to Gaia was that planetary self-regulation would require foresight, which evolution cannot supply. Lovelock and Andrew Watson answered with a model: a planet populated by dark and light daisies, each simply growing best at its own preferred temperature. Dark daisies warm the planet by absorbing light; light daisies cool it by reflecting. As solar output rises, the population shifts, and planetary temperature is held stable across a wide range of input — with no foresight, no cooperation, and no selection above the level of the individual daisy.

      Regulation emerges from feedback. It does not need to be intended.

    


    What it means for the unit of evolution


    Gaia poses the question this book has circled from the start: what is the unit?


    The gene-centred answer is that the unit is small, discrete and clearly bounded. Everything above it is an aggregate. But the boundaries do not hold. The organism includes its microbiome. The species includes its constructed niche. The ecosystem is a network of obligate interdependence in which many members cannot survive alone. And the biosphere regulates the chemical conditions on which every member depends.


    Life makes the conditions for life. That is a causal loop of planetary extent, and it exists whether or not a theory has room for it.


    ✦





  Chapter Thirty-Five

  The Extended Evolutionary SynthesisThe alternative on the table


In October 2014 Nature ran a point-counterpoint under the title "Does evolutionary theory need a rethink?" Kevin Laland and seven co-authors answered yes, urgently. Their opponents answered that all is well. The disagreement was not about facts; both sides accepted the same findings. It was about which processes should be considered fundamental.


    That is precisely the disagreement worth having, and it is a sign of a framework in difficulty when its practitioners cannot agree on what its core processes are.


    The structure of the proposal


    The following year Laland and colleagues set out the Extended Evolutionary Synthesis formally in the Proceedings of the Royal Society B, stating its assumptions and its predictions so that it could be evaluated as a research programme rather than a mood.


    Its core additions:


    
      	Developmental bias. Development does not deliver variation uniformly in all directions. It channels, and the channelling shapes evolutionary trajectories.

      	Phenotypic plasticity. Environmentally induced variation can precede and direct genetic change — plasticity first, genetic accommodation afterward.

      	Niche construction. Organisms modify their selective environments, and those modifications are inherited.

      	Extra-genetic inheritance. Epigenetic, behavioural, ecological and symbolic transmission carry information across generations.

      	Reciprocal causation. Causation runs both ways between organism and environment, and between levels of organisation.

    


    Two shifts of emphasis underlie these. Causation becomes reciprocal rather than one-directional. And the origin of variation becomes an explanatory problem in its own right, rather than an assumption of uniform randomness on which selection then operates.


    
      The question is no longer only what survived. It is what was generated, and how, and why in that distribution.

    


    The Royal Society meeting


    In November 2016 the Royal Society hosted a scientific discussion meeting, "New Trends in Evolutionary Biology: biological, philosophical and social science perspectives", organised in part by Gerd Müller and attended by the principals on both sides.


    Accounts of the meeting agree on the shape of it. The new evidence was presented and not seriously contested. The dispute concerned interpretation: whether epigenetics, plasticity, niche construction and developmental bias constitute a reorientation of evolutionary theory or a set of interesting special cases that the existing framework accommodates.


    One of the organisers later described the outcome as schism and synthesis. Both terms were earned.


    
      West-Eberhard's inversion

      Mary Jane West-Eberhard's Developmental Plasticity and Evolution makes the sharpest version of the case. Her proposal reverses the standard sequence: a novel environment induces a novel phenotype through existing plasticity; the phenotype is expressed in many individuals at once, not in a single mutant; selection then acts on the regulation of that response, stabilising it through genetic accommodation.

      Genes, on this account, are followers rather than leaders. The phenotype comes first and the genetic change catches up. This is Waddington's genetic assimilation, generalised into a theory of evolutionary novelty.

      M. J. West-Eberhard, Developmental Plasticity and Evolution, Oxford University Press, 2003; Laland et al., Nature 514 (2014) and Proc. R. Soc. B 282 (2015).
    


    Where this book stands relative to it


    The Extended Evolutionary Synthesis is the most developed alternative currently on offer, and everything in it is supported by the evidence assembled here.


    It is also, in one respect, more conciliatory than the evidence warrants. It presents itself as an extension — adding processes to a core that remains intact. On the argument of Part One, the gene-centred core does not remain intact, because its three foundational assumptions have gone. What survives is Darwin's original insight, which never depended on them.


    Denis Noble, James Shapiro and the researchers associated with the Third Way of Evolution have pressed this harder, arguing for reconstruction rather than extension. Noble's assessment is that the central assumptions of the Modern Synthesis have been disproved, and that the twenty-first century should expect a synthesis that reintegrates physiology with evolutionary biology.


    Evolution itself, he adds, must have evolved. The mechanisms by which living systems generate and transmit variation are themselves products of evolutionary history — which is why they are so sophisticated, so regulated, and so unlike random copying error.


    ✦





  Chapter Thirty-Six

  Medicine After the Selfish GeneWhat the framework cost at the bedside


Frameworks in biology are not confined to seminar rooms. They set research priorities, direct funding, and shape what clinicians are taught to look for. The gene-centred settlement made specific promises about human health, and the record of those promises is now long enough to assess.


    What was promised


    The prospectus for the Human Genome Project was expansive. Francis Collins wrote of previously unimaginable insights leading to the common good, a new understanding of genetic contributions to disease, and rational strategies for minimising or preventing disease phenotypes altogether.


    The reasoning was consistent with the framework. If organisms are built by genes, disease is genetic malfunction, and reading the sequence should reveal both cause and remedy.


    What arrived


    The sequence, delivered ahead of schedule and under budget — a genuine technical triumph whose tools transformed molecular biology.


    And, for single-gene disorders, real clinical benefit. Cystic fibrosis, sickle cell disease, Huntington's disease and the haemophilias are conditions where the genetic model applies because it is true of them, and where gene-directed therapies now exist and work.


    These are a small fraction of the disease burden. The conditions filling hospitals in ageing populations — cardiovascular disease, type 2 diabetes, most cancers, dementia, chronic respiratory and autoimmune disease, depression — are multifactorial. Their genetics is diffuse, distributed across thousands of loci of tiny effect, heavily dependent on environment, development and lifetime exposure.


    The programme did not fail because the sequencing was inaccurate. It fell short because the causal model was wrong about where the causation lives.


    
      Correlation with a locus is not identification of a cause.

    


    Polygenic scores


    The current commercial expression of the framework is the polygenic risk score: a weighted sum of thousands of small-effect variants, offered as a prediction of individual risk and increasingly marketed for embryo selection.


    The difficulties are structural. The scores derive from population association studies and predict poorly for individuals. They transfer badly across ancestries, having been developed overwhelmingly in populations of European descent. They capture correlations that include social and environmental confounding rather than biological mechanism. They ignore interaction between variants and between variant and environment. And they say nothing about the modifiable factors that dominate outcomes in most of these conditions.


    Applied to embryo selection, they raise the further problem that variants are pleiotropic and selection is balancing. A variant disadvantageous in one context confers advantage in another — the sickle-cell heterozygote resistant to malaria being the textbook case. Editing or selecting against such variants with incomplete knowledge is a high-risk strategy across generations, and it is likely to remain so, because the trans-generational consequences cannot be evaluated in advance.


    
      Cancer

      Cancer research is the clearest case of the framework's cost. Half a century of the somatic mutation theory — cancer as a disease of accumulated genetic damage in a lineage of cells — produced enormous mutational catalogues and a modest number of targeted therapies, most of which meet resistance within months as tumours evolve around them.

      Alternative frameworks emphasise tissue organisation, disrupted morphogenetic fields, altered bioelectric signalling, metabolic reprogramming and the tumour microenvironment. Levin's group has shown that bioelectric manipulation can induce tumour-like structures without any oncogene, and can suppress tumours induced by known oncogenes. If tissue-level organisation is causal in cancer, then fifty years of looking exclusively at the sequence looked in the wrong place.

    


    Where health actually comes from


    The determinants of population health are, in rough order of magnitude, the ones the framework treated as noise: nutrition, early-life development, infection, air quality, housing, occupational exposure, chronic stress, social connection, sleep and physical activity. The developmental origins of health and disease literature has established that conditions in utero and in infancy set physiological trajectories that persist for a lifetime — and that some of these are transmitted onward.


    These are not soft factors standing outside real biology. They are the pathways by which the organism's circumstances become its physiology, and they operate through the epigenetic, metabolic and regulatory machinery described throughout this book.


    An account in which the body is a vehicle built by sealed genes cannot see them. An account in which the organism is an open, regulated, historically shaped system can see nothing else.


    ✦





  Chapter Thirty-Seven

  The Return of AgencyWhat the organism is


The deepest consequence of the gene-centred settlement was not any particular factual error. It was the removal of agency from biology — the decision that organisms do not act, but are acted through.


    Wallace's insistence on purging purpose, Huxley's exclusion of direction, Williams's stripping of the organism, Dawkins's survival machines: the same operation performed four times, each time leaving the living thing with less to do.


    And it produced an incoherence at the centre. Agency was expelled from the organism and then, needing somewhere to go, assigned to molecules. Genes were permitted to be selfish, to have designs, to pursue strategies, to compete. The only entity in the system with anything resembling interests was declared to have none, and the property was awarded to the one thing that cannot possibly possess it.


    What agency requires


    Nothing supernatural. It requires a system that maintains itself against perturbation, that discriminates among states of the world, that has something at stake in the outcome, and whose behaviour is explicable in terms of that stake.


    By that standard, agency is present throughout the living world and is measurable.


    
      A bacterium swims up a nutrient gradient and away from a toxin.

      An immune cell distinguishes self from non-self and commits to a response.

      A regenerating limb builds toward a target and stops when it arrives.

      A cell in an embryo reads its position and chooses a fate.

      A plant reallocates root growth toward water.

      An animal chooses a mate.

    


    None of this requires consciousness, and none of it requires design from outside. It requires a self-maintaining system with a boundary and a stake. Every organism is one.


    Choice and stochasticity


    The standard objection is that agency in a physical system is impossible: either behaviour is determined, in which case there is no choosing, or it is random, in which case there is no chooser.


    The dichotomy is false, and the reason is instructive. Living systems are saturated with stochasticity — molecular noise in transcription, in signalling, in ion channel gating — and they do not merely tolerate it. They harness it.


    Noise generates a range of possible states. Higher-level constraints — the organisation of the network, the boundary conditions imposed by the tissue, the physiological state of the organism — select among them. The outcome is neither predetermined nor random. It is constrained variation resolved by the system's own organisation. That is what choosing looks like when written down in physical terms.


    
      Agency in the evolutionary process

      Once agency is readmitted, its evolutionary consequences follow. Organisms choose mates, and so become selective agents in each other's evolution — Darwin's sexual selection, excluded by Wallace and by Huxley after him. They choose habitats, and thereby choose which pressures they face. They construct niches. They acquire symbionts. They restructure their own genomes under stress. They transmit acquired states.

      Waddington's experiment is exactly this in miniature: a chooser selecting among variants on the basis of an acquired character, generation after generation, until the character became constitutive. He supplied the choosing. In the wild, organisms supply it themselves.

    


    What replaces the survival machine


    Not a soul, and not a ghost. Something plainer.


    An organism is a self-maintaining, self-producing, historically shaped system, open to its environment at every level, which uses a genome among many other resources to build and repair itself, which regulates that genome continuously, which modifies the world it lives in, which transmits to its descendants a great deal more than a sequence, and which has, in the only sense the word can bear in a material world, something at stake.


    
      We are not lumbering robots. We are the living thing, and the genes are ours.

    


    ✦




  Part Eight

  The Older Lineage

  None of this is new. There has always been a second tradition, and it has always been pushed aside at the moment it became inconvenient.





  Chapter Thirty-Eight

  Goethe and the Science of Living FormA different question about plants


Johann Wolfgang von Goethe is remembered as a poet, and the remembering has done a disservice to a working naturalist. He published on comparative anatomy, on optics, on geology and on botany, and his 1790 Metamorphosis of Plants founded a method he called morphology — a word he coined.


    The method is worth recovering because it asks a different question from the mechanistic one, and because the question it asks is now back at the centre of developmental biology.


    Two questions about a form


    A mechanical explanation asks what parts produce an effect. Identify the components, establish their interactions, and the behaviour of the whole should follow.


    A morphological explanation asks what developmental process generates this form — and, crucially, what transformations connect this form to others.


    
      How does one form become another?

      What variations are possible, and what are not?

      What pattern connects organisms that look unrelated?

    


    These are questions about the space of possible forms and the routes through it. They are not answered by an inventory of parts.


    The leaf


    Goethe's central botanical claim was that the diverse organs of a flowering plant — cotyledon, foliage leaf, sepal, petal, stamen, carpel — are transformations of a single underlying organ, successively modified as the plant develops. What appears as a catalogue of distinct structures is a sequence of expressions of one dynamic process.


    He extended the intuition to an Urpflanze, an archetypal plant: not a physical ancestor but the generative pattern of which all actual plants are realisations.


    The claim was mocked as poetry. It is now molecular fact.


    
      The ABC model

      Floral organ identity in Arabidopsis and elsewhere is specified by overlapping domains of a small number of MADS-box transcription factors. Knock out the relevant classes and the floral organs revert — petals and stamens develop as leaves. The flower is, developmentally and demonstrably, a modified shoot bearing modified leaves.

      Goethe reasoned to this from careful observation of growing plants, two hundred years before anyone could sequence a transcription factor. The archetype he was groping toward is what we now call a conserved developmental module.

    


    Why it was set aside


    Goethe's approach was absorbed into Romantic Naturphilosophie, which produced genuine excesses, and the whole tendency was discredited together. What survived into the mechanistic century was the part that could be counted; what was discarded was the part concerned with transformation, possibility and the relations between forms.


    Georges Cuvier supplies the parallel case from the opposite camp. Cuvier rejected the transmutation theories of his day, but his principle of the correlation of parts — that an organism is an integrated functional whole in which each structure presupposes the others, so that a single bone constrains the entire animal — is an organicist claim of the first order. He read whole extinct animals from fragments, and he was right often enough to found palaeontology.


    The organism as an integrated system, in which the whole constrains the parts, is not a twentieth-century systems-theory novelty. It was the working assumption of comparative anatomy before genetics existed.


    
      Mechanics explains components. Morphology explores organisation. Only one of them was funded.

    


    ✦





  Chapter Thirty-Nine

  D'Arcy Thompson and the Physics of FormOn Growth and Form, 1917


D'Arcy Wentworth Thompson published On Growth and Form in 1917, a thousand pages arguing that biological shape is substantially a consequence of physical forces acting on growing material, and that a great deal of what had been credited to inheritance and selection was the ordinary behaviour of matter under constraint.


    The argument


    Thompson's method was to compare biological forms with the forms that physics generates independently of biology.


    
      	Cells and soap bubbles adopt the same configurations at their junctions, because both minimise surface energy. The geometry of a cell aggregate follows from surface tension.

      	Radiolarian skeletons reproduce the packing geometries of foams and the surfaces of minimal energy.

      	The logarithmic spiral of a nautilus shell, a ram's horn and a sunflower head follows from growth that adds material at a constant rate at one margin — a geometric consequence, not a specification.

      	Bone trabeculae align with the lines of principal stress, as an engineer would place them; the pattern is generated by the loading, not read from a plan.

      	Branching in trees, lungs, blood vessels and rivers follows the same transport optimisation across living and non-living systems alike.

    


    
      The shape was not specified. It was the shape that material takes under those conditions.

    


    The transformations


    His most famous chapter took the outlines of related species — fish, crustacean carapaces, primate skulls — drew each on a Cartesian grid, and showed that one could be converted into another by a smooth deformation of the grid itself.


    The implication is far-reaching. The differences between related forms are not accumulations of independent local modifications. They are global transformations of a single coordinate system — changes in growth rates along axes, applied to the whole organism at once.


    This is a claim about the structure of variation, and it predicts that morphological change should be constrained, correlated and channelled rather than free in every direction.


    
      Vindicated by mechanism

      Thompson had no mechanism, and the Modern Synthesis treated his work as elegant description rather than explanation. The mechanisms have since arrived.

      Turing's reaction–diffusion mathematics of 1952 shows how two interacting chemicals with different diffusion rates spontaneously generate stripes, spots and periodic spacing — and such systems have since been identified controlling digit number, hair follicle spacing, and the ridges of the mammalian palate. Differential growth rates account for the transformations of Thompson's grids. Mechanical forces are now understood as instructive signals in development, with cells sensing and responding to tension. Physics is doing exactly the work Thompson said it was doing.

    


    Turing's paper, incidentally, is titled "The chemical basis of morphogenesis" and was published in 1952 — the year after McClintock presented her transposons and a year before Waddington's assimilation paper. The alternative tradition was extremely productive precisely at the moment the gene-centred settlement was closing around it.


    What it means for the framework


    If a large share of biological form follows from physics and geometry, then the genome is not specifying that form. It is setting parameters — growth rates, adhesion strengths, diffusion constants, the timing of a boundary — within a physical process that generates the shape.


    That is a fundamentally different relationship from the one the blueprint metaphor implies. The genome does not contain the organism in miniature. It tunes a self-organising process whose outcomes are constrained by the physics of the material.


    ✦





  Chapter Forty

  The Theoretical Biology ClubCambridge, 1932–1938


Between 1932 and 1938 a small group met regularly at Cambridge to pursue what its members called a third way in biology — neither mechanism nor vitalism, but organicism. They failed to secure institutional support, dispersed, and are now a footnote. The chapter is worth recovering because of who was in the room.


    The membership


    
      Joseph Needham, biochemist and embryologist, later the historian of Chinese science.

      Dorothy Needham, pioneer of muscle biochemistry.

      Joseph Henry Woodger, who applied mathematical logic to the formalisation of biological organisation.

      John Desmond Bernal, X-ray crystallographer, who trained the generation that solved the structure of proteins.

      Dorothy Wrinch, mathematician, a former student of Russell.

      Conrad Hal Waddington, embryologist and geneticist.

    


    These were not marginal figures. Bernal's laboratory produced the crystallography on which molecular biology was built; Rosalind Franklin worked under him. Needham became one of the great scholars of the century. And Waddington is the man of Chapter Nine, who demonstrated the inheritance of an acquired character in the laboratory and had the result reclassified as a simulation.


    What they were trying to do


    Their shared conviction was that biology needed a theoretical framework of its own — that the vitalists were wrong to posit a special substance, and the mechanists were wrong to suppose that decomposition into parts would suffice.


    The programme they launched has been described as mathematico-physico-chemical morphology: an attempt to bring the physics of D'Arcy Thompson, the chemistry of the Spemann organiser, and a formal logic of biological relations into a single account of how organisation produces form.


    They were inspired by the theoretical revolutions in physics, by On Growth and Form, and above all by Whitehead's organic philosophy — Science and the Modern World of 1925 and Process and Reality of 1929.


    
      What became of it

      Cambridge declined to support the programme. The group dispersed by the end of the decade. Waddington lost his Cambridge position and rebuilt his career in Edinburgh, where he established a unit on animal breeding and genetics and continued the work — producing canalisation, genetic assimilation and the term epigenetics, all three of them organicist concepts developed outside the institution that had refused the programme.

      Molecular biology, which arrived a decade later with a reductionist prospectus, received the funding that organicism had been denied.

      E. L. Peterson, The Life Organic: The Theoretical Biology Club and the Roots of Epigenetics, University of Pittsburgh Press, 2016; P. Abir-Am, Social Studies of Science 12 (1982) and 25 (1987).
    


    The counterfactual


    It is worth pausing on what did not happen.


    Had the Cambridge programme been funded in 1935, the discipline that emerged would have had a formal theory of biological organisation in place before the double helix arrived. The structure of DNA would have entered a framework already equipped to ask how a molecule is interpreted by an organised system, rather than a framework with an empty throne waiting to be filled.


    Instead the sequence arrived first, into a discipline with no theory of organisation, and was made to serve as one.


    
      Waddington's exclusion was not personal. It was the exclusion of a programme.

    


    The Club failed at the moment it mattered, and everything it was reaching for — multi-level causation, developmental fields, canalisation, the formal study of organisation, epigenetics in its original and larger sense — has had to be rediscovered piecemeal over the following eighty years by researchers who mostly did not know the earlier attempt had been made.


    ✦





  Chapter Forty-One

  Whitehead and the Philosophy of OrganismBecoming over being


The transformation under way in biology is not only a change of evidence. It is a change in what kind of thing an organism is taken to be, and that is a philosophical question whether or not biologists choose to treat it as one.


    Alfred North Whitehead, mathematician turned metaphysician, built a system in which the primary constituents of reality are not enduring substances but events: occasions of becoming, each constituted by its relations to what came before. Things, on this account, are stable patterns in a flow of process rather than substances that happen to change.


    Applied to biology, the reorientation is immediate.


    The organism as process


    A living body is not an object that persists. It is a pattern maintained through continuous material replacement.


    
      Cells are replaced.

      Proteins are degraded and resynthesised, most within days.

      Every atom of the body is exchanged over a period of years.

      Metabolism does not pause.

    


    Almost nothing of your material substance was present a decade ago, and you are nonetheless continuous with the person who existed then. What persists is not the matter. It is the organisation, and the organisation persists by continuously reconstituting itself.


    An organism is therefore not something that exists. It is something that continuously becomes — which is exactly Whitehead's point, arrived at independently by every physiologist who has measured a turnover rate.


    Context creates identity


    Organicism holds that the parts exist because of the whole, not merely the reverse.


    A cardiac myocyte is a cardiac myocyte because it participates in a heart. Remove it and culture it, and it loses the identity within days — dedifferentiating, changing its expression profile, ceasing to be the thing it was. A neuron is a neuron in virtue of its position in a nervous system. Identity at the lower level is conferred from above.


    This is not mysticism. It is the same claim as Chapter Twelve's, in a philosophical register: causation runs both ways, and what a component is depends on the organisation it belongs to.


    
      Autopoiesis

      Humberto Maturana and Francisco Varela gave the idea its sharpest technical form. An autopoietic system is a network of processes that continuously produces the components which constitute the network, and which produces the boundary that specifies it as a unity.

      The definition is circular by design, and the circularity is the point. There is no first component and no external organiser. The system makes the parts that make the system. This is precisely what Chapter Four established about DNA replication, and precisely what Kauffman's autocatalytic sets describe at the origin of life.

      H. Maturana & F. Varela, Autopoiesis and Cognition, Reidel, 1980; The Tree of Knowledge, Shambhala, 1987.
    


    Emergence, stated carefully


    Emergence is invoked so loosely that it has become a way of not explaining things. It deserves a precise statement.


    An emergent property is one that belongs to a system in virtue of the organisation of its components, is not a property of any component taken alone, and is causally efficacious — it makes a difference to what happens.


    Temperature is emergent from molecular motion and does real work. The cardiac rhythm of Chapter Eleven is emergent from ionic currents and determines when each channel opens. Cell type is emergent from a regulatory network and determines which genes are accessible.


    Nothing extra has been added to the physics. What has been added is the recognition that organisation is a physical fact about a system, and that facts about organisation have consequences.


    
      Life is not a thing that happens to be organised. Life is the organising.

    


    The philosophical objection to gene-centrism, then, is not that it is materialist. It is that it is a poor materialism — one that recognises only substances and their properties, and has no category for organisation, and therefore has to smuggle the missing agency back in as a metaphor about molecules.


    ✦




  Part Nine

  Mind in the Living World

  If agency is real at the level of the organism, then cognition did not begin with brains. The evidence says it did not.





  Chapter Forty-Two

  Basal CognitionOn having no head


When did intelligence begin? The conventional answer places it late: nervous systems evolved, grew complex, and cognition appeared as their achievement. Everything before that was chemistry.


    The research programme now known as basal cognition proposes the opposite ordering. The capacities that cognitive science studies — sensing, discriminating, remembering, anticipating, deciding, learning — are not the late invention of neurons. They are what living systems have always had to do, and neurons are a specialised, accelerated implementation of something much older.


    The functional definition


    The definition that does the work is deliberately modest. A system is cognitive if sensory inputs trigger actions in a specific way, so as to satisfy a viability constraint.


    Unpack it. There must be something at stake — the system must be able to fail. There must be discrimination — different inputs must produce different responses. And the responses must be organised toward continued existence.


    Any self-maintaining organism satisfies this. It is the same condition that Chapter Thirty-Seven identified as the condition for agency, and the identity is not coincidental: agency and cognition are two descriptions of the same capacity.


    What a single cell does


    A bacterium performing chemotaxis is not following a gradient by passive drift. It is running a temporal comparison: sampling receptor occupancy now against a memory of occupancy moments ago, and biasing its tumbling frequency accordingly. It has a memory with a defined decay constant, an adaptation mechanism that resets its baseline so it remains sensitive across five orders of magnitude of concentration, and a decision rule.


    Every cell in your body is doing comparable work continuously.


    
      Where am I, and what is next to me?

      Should I divide, migrate, differentiate, or die?

      Which of these signals takes priority?

      Which regions of my genome should be open?

      Is this neighbour behaving normally?

    


    These are decisions in the operational sense: multiple inputs integrated, alternatives weighed against internal state, one course committed to. The machinery is molecular, and the function is cognitive.


    
      Learning without neurons

      Habituation — the decreasing response to a repeated harmless stimulus, one of the most basic forms of learning — has been demonstrated in organisms with no nervous system at all. The giant ciliate Stentor coeruleus habituates to mechanical stimulation and shows a sequential hierarchy of avoidance behaviours. Slime moulds habituate to bitter but harmless substances, and retain the habituation for weeks through dormancy.

      Whatever memory is being used here, it is not synaptic. Cellular molecular storage is doing the work.

      F. Baluška & M. Levin, "On having no head: cognition throughout biological systems", Frontiers in Psychology 7 (2016), 902; Rajan et al. (2023); Boisseau, Vogel & Dussutour, Proc. R. Soc. B 283 (2016).
    


    The immune system as a mind


    The clearest large-scale case of distributed cognition in a body that is not the brain.


    The immune system discriminates self from non-self, a classification problem over an effectively unbounded space of molecular patterns. It generates its own hypothesis space by somatic recombination, tests candidate receptors against antigen, selects the successful ones, refines them by targeted hypermutation, and stores the result as memory that can persist for a lifetime. It regulates its own activity to prevent overreaction, and failures of that regulation are autoimmune disease.


    Recognition, hypothesis generation, selection, refinement, memory, and self-regulation — performed by a population of migrating cells with no central controller and no nervous tissue.


    If this were happening in a brain it would be described without hesitation as learning.


    
      Cognition is not what brains do. It is what living systems do, and brains do it faster.

    


    ✦





  Chapter Forty-Three

  The Slime Mould Solves the ProblemComputation without a computer


Physarum polycephalum is a single cell. It has many nuclei and no walls between them, so it can spread across a substrate as a network of pulsating protoplasmic tubes. It has no neurons, no brain, and no central anything. It has become one of the most instructive organisms in biology.


    The maze


    Toshiyuki Nakagaki's group grew a plasmodium across a maze so that it filled every corridor, then placed food at two points. The organism withdrew from the dead ends and retained a single thick tube connecting the two sources by the shortest available route.


    It solved a shortest-path problem. It did so by having no representation of the maze, no search algorithm and no memory of the layout — simply by a rule in which tubes carrying more flow thicken and tubes carrying less atrophy. The computation is performed by the physics of the body.


    The rail network


    The experiment that made the point unforgettable came in 2010. Researchers arranged oat flakes on a substrate in the geometric pattern of cities around Tokyo, introduced the slime mould at the position of Tokyo itself, and added light — which Physarum avoids — to represent mountains and water.


    The network it produced over about a day was comparable to the actual Tokyo rail system in total length, in transport efficiency and in fault tolerance — the three properties human engineers had traded off against each other over decades of planning.


    The team then extracted the rules and wrote them as a mathematical model for designing adaptive transport networks.


    
      The other competencies

      Anticipation. Subjected to unfavourable conditions at regular intervals, Physarum begins slowing in advance of the next episode, and continues to show the anticipatory slowdown when the stimulus is withheld. It has extracted a periodicity and is predicting.

      Habituation, and its transfer. Plasmodia habituated to a bitter but harmless barrier will cross it readily. Fuse a habituated individual with a naive one — slime moulds fuse routinely — and the naive individual acquires the habituation. Learning transmitted by cell fusion.

      Multi-attribute decisions. Offered food sources differing in quality and in risk, it makes trade-offs, and its choices violate the independence assumptions of rational choice theory in some of the same ways human choices do.

      Nakagaki, Yamada & Tóth, Nature 407 (2000); Tero et al., "Rules for biologically inspired adaptive network design", Science 327 (2010), 439–442; Saigusa et al., Physical Review Letters 100 (2008); Vogel & Dussutour, Proc. R. Soc. B 283 (2016).
    


    What it demonstrates


    Not that a slime mould is clever in the way a person is. Something more useful: that problem-solving is a property of certain kinds of physical organisation, and that the organisation does not have to be neural.


    The relevant architecture is a distributed network with local rules, feedback between flow and structure, and a body that changes shape as it computes. There is no separation between the processor and the thing processed. The organism thinks by rearranging itself.


    This is exactly the architecture Levin found controlling anatomy in Chapter Twenty-Seven — a cell network settling into an attractor, no controller, information held in the pattern of connectivity. The same principle appears wherever one looks: in the immune system, in developing tissue, in ant colonies, in the nervous system itself.


    
      Intelligence is not a substance one has. It is a shape a system takes.

    


    ✦





  Chapter Forty-Four

  Roots, Signals, and the Wood Wide WebPlants as agents


Plants are the extreme test of the framework, because nothing about them fits the survival-machine picture and because they were, until recently, the organisms most confidently denied any behaviour at all.


    What a root does


    A root tip is not extending blindly. It integrates gradients of water, nitrate, phosphate, oxygen and pH; senses gravity through statolith sedimentation; senses touch, and grows around obstacles; senses the volatile and chemical signatures of neighbouring roots and distinguishes kin from strangers; and allocates growth accordingly.


    Plants distinguish self from non-self. A root encountering another root of the same individual will not compete with it; encountering an unrelated root, it proliferates aggressively. They alter root architecture depending on whether a neighbour is a sibling.


    Plants signal electrically. Action potentials propagate through the phloem at rates of centimetres per second, carrying wound information from a damaged leaf to undamaged ones, which mount defensive responses before they are touched. Glutamate receptor-like proteins are involved — homologues of the receptors that carry excitatory signalling in animal nervous systems.


    
      Attacked plants release volatiles that prime the defences of their neighbours.

      Some release volatiles that recruit the specific predators of the specific insect eating them.

      Damaged plants distinguish the vibration of a chewing caterpillar from wind and from birdsong, and respond only to the first.

      Climbing plants locate a support before contacting it, and grow toward it.

      Parasitic dodder samples multiple potential hosts and commits to the most nutritious.

    


    
      Habituation in Mimosa

      Mimosa pudica folds its leaves when disturbed. Monica Gagliano's group dropped potted plants repeatedly from a height sufficient to trigger the response but harmless. The plants stopped folding — and continued to respond normally to a genuinely different stimulus, showing that the change was not fatigue. The habituation persisted for weeks, and persisted longer in plants grown in low-light conditions, where the cost of keeping leaves folded is higher.

      Discrimination, retention, and a response sensitive to the cost of the behaviour.

      Gagliano et al., "Experience teaches plants to learn faster and forget slower", Oecologia 175 (2014), 63–72.
    


    The network below


    Mycorrhizal fungi connect plants of the same and different species into networks. Carbon, nitrogen, phosphorus and water move through these networks between individuals. Larger established trees transfer resources to shaded seedlings. Defence signals propagate through fungal connections from attacked plants to unattacked neighbours, which upregulate their defences in advance.


    Around eighty per cent of land plants form these associations, and the fossil record indicates that plants colonised land already partnered with fungi. Terrestrial vegetation has never existed as a collection of separate individuals; it has always been a connected system.


    The details of these networks remain under active investigation, and the extent and directionality of transfer is genuinely contested. What is not contested is that the connections exist, that material moves through them, and that the individual plant is not the boundary of the functional unit.


    
      A forest is not a collection of trees. It is a connected metabolism.

    


    None of this requires plants to be conscious, and no claim of that kind is made here. It requires that they sense, discriminate, remember, communicate, and act on their circumstances — and every one of those is now a measured phenomenon with an identified mechanism.


    ✦





  Chapter Forty-Five

  From Cell to MindContinuity, and the scaling of selves


If cognition runs through biology from the single cell upward, then human consciousness is not an anomaly requiring a separate account. It is the far end of a continuum — the most elaborate expression of something present, in simpler form, wherever there is a self-maintaining system with something at stake.


    This does not solve the problem of subjective experience. Nothing here explains why there is something it is like to be a person. What it does is remove the assumption that made the problem intractable: the assumption that mind appeared suddenly, in one lineage, atop a biology that was previously mindless mechanism.


    Scaling up


    The developmental route from cell to mind is a series of the same operation performed at successive levels.


    
      	A cell maintains a boundary, senses its surroundings, and pursues its own persistence.

      	Cells couple through gap junctions and chemical signalling into networks with shared states — the bioelectric networks of Chapter Twenty-Seven, in which the goal being pursued belongs to the tissue and not to any cell.

      	Tissues integrate into organs with regulated set-points.

      	Organs integrate into an organism whose homeostasis is defended at the level of the whole.

      	Nervous systems arise as a specialisation of the cellular signalling already present — using the same ion channels, the same neurotransmitters, the same electrical excitability found in bacteria, plants and single-celled organisms, but optimised for speed.

      	Organisms integrate into societies with collective behaviour that no member computes alone.

    


    At each level the same thing happens: components with their own local goals are bound into a larger system that has goals of its own, and the larger system's goals constrain the components. Levin describes this as the scaling of the cognitive light cone — the enlargement of the spatial and temporal horizon over which a system can pursue an outcome.


    
      A single cell works over microns and minutes. A person works over continents and decades. The architecture is the same; the horizon is different.

    


    The neurotransmitters were already there


    The continuity is not a philosophical preference. It is written into the molecular inventory.


    Serotonin, dopamine, acetylcholine, GABA and glutamate all predate nervous systems and are found in bacteria, plants and protists, where they function in signalling and coordination. Voltage-gated ion channels evolved in single-celled organisms. Electrical excitability is a general property of membranes.


    Neurons did not invent the machinery of mind. They inherited a signalling toolkit that cells had been using for billions of years, wrapped it in a long process, myelinated it, and ran it faster.


    
      Why this bears on the argument

      The gene-centred framework required organisms to be passive. Once agency is readmitted at the level of the organism — and Chapter Thirty-Seven argued that it must be — the question of where agency begins becomes urgent, and the answer turns out to be: very early, and everywhere.

      An evolutionary theory in which organisms choose, construct, learn and remember is a different theory from one in which they are conveyances. It has different explanatory resources, it makes different predictions about the direction of evolutionary change, and it locates the causes of that change in the living things themselves.

    


    The living universe


    There is a further step that some in this tradition take and others decline, and honesty requires marking it as a step rather than a conclusion.


    If cognition is a matter of organisation rather than substance; if it appears wherever a system maintains itself against dissolution; and if it scales continuously from the cell to the society — then mind is not a rare product of one branch of the tree. It is a general feature of a certain kind of organised process, and the universe that produced it is one in which such organisation is possible everywhere.


    Whether that constitutes a claim about the cosmos or only about biology is a question this book does not need to settle. What it does need to record is that the question is now being asked from within experimental laboratories, by researchers publishing in Nature and Science, rather than from outside them.


    That is a measure of how far the ground has moved.


    ✦




  Part Ten

  The Science That Follows

  What research looks like when the organism is put back at the centre.





  Chapter Forty-Six

  The Same Genes, EverywhereEvo-devo and the toolkit


The discovery that reorganised developmental biology in the 1980s was not that animals differ genetically. It was that they hardly differ at all.


    The homeobox


    Working on the homeotic mutants of Drosophila — flies with legs where antennae should be, or a doubled thorax — researchers found that the responsible genes shared a conserved sequence of about 180 base pairs, encoding a DNA-binding domain. They called it the homeobox.


    Then they looked for it elsewhere, and found it in frogs, in mice, in humans. Not merely present, but arranged in the same clusters, in the same order along the chromosome, and expressed in the same order along the body axis from head to tail.


    The last common ancestor of a fly and a human lived something over five hundred million years ago. The gene cluster that lays out its body axis is still laying out ours, in the same sequence.


    
      Interchangeable parts

      The mouse Pax6 gene, expressed ectopically in Drosophila, induces the formation of eyes on the fly's legs and wings. Fly eyes — compound eyes, built to an entirely different design from a mouse eye, with different optics, different photoreceptors and different development.

      The mammalian gene tells the fly tissue to make an eye. The fly tissue makes the only kind of eye it knows how to make. The instruction and the execution are separable, and they lie in different places.

      Halder, Callaerts & Gehring, Science 267 (1995), 1788–1792.
    


    What this does to the gene-for framework


    If the same small toolkit of regulatory genes builds a fly, a fish, a bird and a person, then those genes cannot be what makes the difference between them.


    The difference is in regulation: in where the toolkit genes are switched on, when, for how long, at what level, and in what combination. Enhancers — the non-coding sequence that Chapter Twenty-Three found in the junk — are where morphological evolution largely happens. A change in an enhancer alters the expression domain of a conserved gene in one tissue without disturbing its function everywhere else, which is precisely what large morphological change requires and what coding mutation cannot easily deliver.


    
      Stickleback populations lose their pelvic spines through changes in an enhancer of Pitx1, not in the gene.

      Darwin's finches differ in beak shape through the expression levels and timing of BMP4 and calmodulin.

      Snakes lose limbs through degradation of a limb enhancer of Sonic hedgehog.

      Butterfly wing patterns diversify through the regulatory deployment of a handful of conserved genes.

    


    Constraint and the reuse of solutions


    Deep homology explains something the adaptationist account struggled with: why the same solutions keep appearing in unrelated lineages.


    Eyes evolved independently many times, but the same regulatory gene sits at the top of the network in every case. Appendages of radically different construction — a fly leg, a fish fin, a mouse limb — are built by overlapping regulatory circuitry. Segmentation, heart formation and the anterior–posterior axis all use ancient conserved modules.


    Convergence is not selection independently discovering the same optimum. It is development repeatedly reaching for the same available module, because the modules constrain what is buildable.


    
      Selection proposes nothing. Development proposes, and selection disposes.

    


    Which returns the argument to where Part Six left it. What variation exists is not a uniform cloud of possibilities. It is a structured space, shaped by the architecture of developmental networks, the physics of growing tissue, and the modules inherited from half a billion years ago. Explaining evolution requires explaining that structure, and the gene-centred framework has nothing to say about it.


    ✦





  Chapter Forty-Seven

  Where Does the Individual End?The holobiont


Every argument in this book converges on one question, and it is time to ask it directly. The gene-centred framework requires a discrete vehicle carrying a discrete replicator. Both halves of that requirement have dissolved. What, then, is the unit?


    The numbers


    A human body carries bacterial cells on the order of its own cell count, and microbial genes outnumbering human genes by a factor of a hundred or more. The gut community alone comprises hundreds of species and a metabolic capacity the human genome does not encode.


    These are not passengers.


    
      	They digest polysaccharides that human enzymes cannot break down, and supply short-chain fatty acids that feed the colonic epithelium.

      	They synthesise vitamins — K, and several of the B group.

      	They are required for normal immune development: germ-free animals have malformed gut-associated lymphoid tissue and dysregulated T cell populations, and the defects are corrected by colonisation within a developmental window.

      	They exclude pathogens by occupancy and by direct antagonism.

      	They metabolise drugs, altering pharmacological effect between individuals.

      	They influence the nervous system. Germ-free animals show altered stress reactivity, altered anxiety-like behaviour and altered neurotransmitter levels, and transferring a microbiota between animals can transfer aspects of behavioural phenotype with it.

    


    
      An organism deprived of its microbes is not a purer version of itself. It is a sick one.

    


    Transmission


    The decisive point for evolutionary theory is that these communities are inherited.


    Vertically, from mother to infant — through the birth canal, through skin contact, through milk, which contains oligosaccharides the infant cannot digest and which exist to feed specific bacterial taxa. Horizontally, from family, from food, from environment. In insects, dedicated organs and behaviours ensure transmission; some aphids house Buchnera in specialised bacteriocytes and pass them directly to the eggs.


    Inheritance, variation, and consequences for survival and reproduction. The three conditions for an evolutionary process are satisfied by a system that is not in the host genome at all.


    
      The holobiont

      The term names the host together with its associated microbial communities as the biological unit, and the hologenome names the combined genetic complement. On this view, selection acts on the holobiont; adaptation may be achieved by acquiring or shifting microbial partners as readily as by altering host sequence; and it is far faster to change one's bacteria than one's genome.

      The framework remains contested, chiefly over whether the associations are stable enough across generations for the holobiont to function as a unit of selection in the strict sense. What is not contested is the physiological interdependence, or that the host genome is an incomplete description of the organism.

    


    The boundaries, counted


    Assemble what this volume has established about where an organism stops.


    
      Its genome contains sequence acquired horizontally from unrelated lineages.

      Its cells contain organelles descended from captured bacteria, with their own genomes.

      Its physiology depends on microbial partners it did not inherit genetically.

      Its germ line receives material from its own soma.

      It inherits a modified environment built by its ancestors.

      It exists within a biosphere that regulates the chemistry it requires.

    


    Every boundary the framework needed to be sharp turns out to be a permeable and negotiated interface.


    This is not a paradox to be resolved by finding the true boundary. It is a finding about what living systems are: nested, overlapping, mutually constituting processes, in which the useful unit depends on the question being asked. Chapter Twelve stated the principle for levels of causation. It holds equally for individuality.


    ✦





  Chapter Forty-Eight

  What a Post-Genomic Biology Looks LikeThe research programme


A framework is not defeated by criticism. It is replaced by a programme that generates better work. This chapter sets out what that programme looks like, because the alternative is already operating and its results are already in the journals.


    Questions that become askable


    The most immediate consequence of dropping gene-centrism is that a set of questions stops being unaskable.


    
      	Where is anatomical pattern stored, and how is it addressed? Levin's programme. Bioelectric target morphologies, editable without mutation, with direct application to regeneration and to cancer.

      	What determines the distribution of variation? Developmental bias, network architecture, physical constraint, the modularity of the toolkit. Not a footnote to selection but a determinant of evolutionary direction.

      	How do organisms regulate their own genomes under stress? Shapiro's programme. Transposon mobilisation, stress-induced mutagenesis, targeted hypermutation, the regulation of the mutation supply itself.

      	What crosses the germ line, and what does it do? Sperm small RNAs, extracellular vesicles, surviving methylation, the mechanics of reprogramming escape.

      	What is the unit for a given question? Holobiont, organism, colony, ecosystem — chosen by the problem rather than fixed by doctrine.

      	How does the organism's activity shape its own selective environment? Niche construction, with its second inheritance channel.

    


    Methods that follow


    The methodological shift is from cataloguing components to modelling organisation.


    Multi-scale modelling, in which the initial and boundary conditions supplied by higher levels are treated as causes rather than context — the Physiome tradition that grew out of Noble's cardiac work, and which now produces models used in drug safety assessment because they predict what sequence data cannot.


    Dynamical systems analysis, in which cell types are attractors, differentiation is a trajectory, and the object of study is the landscape rather than the gene list. Waddington's picture, sixty years on, with the mathematics attached.


    Longitudinal and developmental designs, because if trajectories matter then cross-sectional snapshots cannot capture the causal structure. The developmental origins literature demonstrates what these designs find that others miss.


    Ecological and organismal experiment, restored to the centre rather than treated as natural history to be reduced later.


    
      What it changes at the bench

      Regenerative medicine reframed as the problem of communicating with a tissue's own patterning system rather than micromanaging cell fate one gene at a time. Oncology reframed to include tissue organisation and bioelectric state alongside mutational catalogue. Psychiatry and chronic disease reframed around developmental trajectory, exposure and regulation rather than variant discovery. Agriculture reframed around the plant–soil–microbiome system rather than the crop genome in isolation.

      Each of these is an active research area with published results. None of them is speculative.

    


    What is kept


    It is worth being explicit, because a book this critical invites the charge of throwing everything out.


    Molecular genetics is kept entirely. Sequencing, gene editing, transcriptomics, structural biology — all of it remains indispensable, and none of the arguments here touches its validity. What changes is the interpretation of what the sequence is: a resource used by an organised system rather than a program executed by a passive one.


    Population genetics is kept as a formalism. Allele frequencies change in populations and the mathematics describing this is sound. What is dropped is the inference from a bookkeeping convention to a claim about where causation lives.


    Natural selection is kept. Differential survival and reproduction shape lineages. What is dropped is the treatment of selection as the sole creative principle, and the exclusion of everything that generates the variation on which it acts.


    
      Nothing true is being discarded. What is being discarded is a set of assumptions that were never true.

    


    The shape of the thing


    A biology in which the organism is the primary subject: an open, layered, self-maintaining, historically shaped, agential system that uses a genome among many other resources; that regulates that genome continuously; that inherits far more than a sequence; that constructs the world it is selected in; that is composed of and composed into other such systems at every scale; and that has, throughout, the properties of sensing, remembering and deciding that the twentieth century reserved for brains and then denied to everything.


    That is not a smaller science than the one it replaces. It is a considerably larger one, and it has the advantage of describing the things that are actually alive.


    ✦





  Epilogue

  The Dance and the TuneWhat is left standing


It is worth being exact, at the end, about what has been claimed and what has not.


    Nothing in this book denies that organisms have ancestors. Nothing denies that inherited variation exists, that some variants leave more descendants than others, or that this process has shaped the living world across four billion years. Darwin's insight stands. It stands better without the twentieth-century additions than with them, because it never required them.


    What has been denied is a specific and much narrower doctrine: that the gene is the unit of selection and the seat of causation; that organisms are vehicles built by genes for the genes' perpetuation; that the germ line is sealed against the life of the body; that causation runs one way from sequence outward; and that DNA is an autonomous replicator that the cell merely houses.


    Each of these was assumed rather than demonstrated. Each has been contradicted by evidence gathered in ordinary laboratories by ordinary methods.


    The record


    
      Three pillars, three collapses

      The Weismann Barrier. Asserted without evidence by its author, doubted by Huxley, questioned by Maynard Smith, and crossed by extracellular vesicles, sperm small RNAs, surviving methylation marks and dedicated germ-line inheritance pathways in every kingdom examined.

      One-way causation. An inflation of Crick's careful claim about sequence transfer into a claim about control, contradicted by every layer of regulatory biology discovered since — methylation, chromatin, non-coding RNA, three-dimensional architecture, somatic recombination, stress-induced transposition.

      Self-replication. Intrinsic fidelity of one error in ten thousand; realised fidelity of one in ten billion. Six orders of magnitude supplied entirely by cellular machinery. There is no self-replicator, and so no replicator independent of its supposed vehicle.

    


    The pattern


    One thing recurs through this history often enough to be worth naming.


    Each time an observation arrived that the framework could not hold, the observation was reclassified rather than the framework revised.


    
      Waddington's assimilation became a simulation.

      McClintock's mobile elements became a curiosity of maize.

      Margulis's endosymbiosis was rejected by fifteen journals.

      Ninety-eight per cent of the genome became junk.

      Physiology became irrelevant to evolution.

      Lamarckian transmission became unspeakable.

    


    None of these reclassifications was made on evidence. Each was made because the alternative was to revise a framework that had become, in Margulis's phrase, something closer to a sect than a science.


    Careers were lost. Findings were shelved. Cancer and infectious disease research were shaped for decades by a causal model that could not see tissue organisation. That is a real cost, borne by real people, and it should be stated rather than smoothed over.


    What comes next


    The materials for a better account already exist, distributed across disciplines that the twentieth century kept apart.


    From physiology: multi-level causation and the principle that no level is privileged. From developmental biology: bias, plasticity, canalisation, genetic accommodation, and the deep conserved toolkit that builds every animal. From molecular genetics: the epigenetic layers, the regulatory genome, the active restructuring of chromosomes. From microbiology: horizontal transfer, symbiosis, the holobiont. From bioelectricity: pattern memory held outside sequence and addressable. From ecology: niche construction and planetary regulation. From complexity theory: self-organisation, attractors, order that selection did not have to build. From the basal cognition programme: sensing, memory and decision running through biology from the single cell upward.


    And from the older lineage that was pushed aside — Goethe's morphology, D'Arcy Thompson's physics of form, the Cambridge Theoretical Biology Club, Whitehead's philosophy of organism — the theoretical vocabulary that the twentieth century declined to fund and then had to reinvent.


    Assembled, these describe a living world that is open, layered, historical, cooperative and agential — and that is a great deal more interesting than the one it replaces.


    
      Genes are used by the system, dancing to the organism's tune, and not the other way around.

    


    The image is Noble's, and it is exact. There is a tune. There is a dance. The mistake of the twentieth century was to hear only the instrument and conclude that the instrument was playing itself.


    The age of the gene is giving way to the age of the living system. It is not a loss. Genetics is not diminished by being placed within biology; it is finally located. What is restored is the thing that was there all along, doing the living, keeping itself in being, and reading its own library according to need.


    The organism awakes, and can make decisions. It can even write a book called The Selfish Gene.


    ✦ ✦ ✦




A Note on Sources


    This volume was developed from the manuscript Beyond the Gene: The Case for a Holistic Biology, reorganised around the argument set out by Denis and Raymond Noble in "Origins and Demise of Selfish Gene Theory". Where the manuscript summarised a finding, the primary literature has been consulted and the specifics restored. Principal sources follow.


    The central argument

    Noble, D. & Noble, R. "Origins and Demise of Selfish Gene Theory." Theoretical Biology Forum 112 (2022), 29–43.

    Noble, D. "The Illusions of the Modern Synthesis." Biosemiotics 14 (2021), 5–24, with twenty commentaries and Noble's response in the same volume.

    Noble, D. "Physiology is rocking the foundations of evolutionary biology." Experimental Physiology 98 (2013), 1235–1243.

    Noble, D. "A theory of biological relativity: no privileged level of causation." Interface Focus 2 (2012), 55–64.

    Noble, D. "Neo-Darwinism, the Modern Synthesis and selfish genes: are they of use in physiology?" Journal of Physiology 589 (2011), 1007–1015.

    Noble, D. "Modern physiology vindicates Darwin's dream." Experimental Physiology 107 (2022).

    Noble, D. The Music of Life (2006) and Dance to the Tune of Life (2016), Oxford University Press.

    Shapiro, J. A. & Noble, D. "What prevents mainstream evolutionists teaching the whole truth about how genomes evolve?" Progress in Biophysics and Molecular Biology (2021).


    The texts under examination

    Dawkins, R. The Selfish Gene. Oxford University Press, 1976; 40th anniversary edition with epilogue, 2016.

    Dawkins, R. The Extended Phenotype. Freeman, 1982.

    Williams, G. C. Adaptation and Natural Selection. Oxford University Press, 1966.

    Huxley, J. Evolution: The Modern Synthesis. 1942; MIT Press reprint with the 1963 introduction and commentary by Pigliucci and Müller, 2018.

    Crick, F. H. C. "On protein synthesis." Symposia of the Society for Experimental Biology 12 (1958), 138–163.

    Schrödinger, E. What Is Life? Cambridge University Press, 1944.

    Gould, S. J. The Structure of Evolutionary Theory. Harvard University Press, 2002.


    Development, assimilation, plasticity

    Waddington, C. H. "Canalization of development and the inheritance of acquired characters." Nature 150 (1942), 563–565.

    Waddington, C. H. "Genetic assimilation of an acquired character." Evolution 7 (1953), 118–126; "Genetic assimilation of the bithorax phenotype." Evolution 10 (1956), 1–13.

    West-Eberhard, M. J. Developmental Plasticity and Evolution. Oxford University Press, 2003.


    Epigenetics and inheritance

    Jablonka, E. & Lamb, M. J. Evolution in Four Dimensions. MIT Press, 2005; revised 2014.

    Dias, B. G. & Ressler, K. J. "Parental olfactory experience influences behavior and neural structure in subsequent generations." Nature Neuroscience 17 (2014), 89–96.

    Waterland, R. A. & Jirtle, R. L. "Transposable elements: targets for early nutritional effects on epigenetic gene regulation." Molecular and Cellular Biology 23 (2003), 5293–5300.

    Heijmans, B. T. et al. "Persistent epigenetic differences associated with prenatal exposure to famine in humans." PNAS 105 (2008), 17046–17049.

    Pembrey, M. E. et al. "Sex-specific, male-line transgenerational responses in humans." European Journal of Human Genetics 14 (2006), 159–166.


    The active genome

    McClintock, B. "The significance of responses of the genome to challenge." Science 226 (1984), 792–801.

    Shapiro, J. A. Evolution: A View from the 21st Century. FT Press, 2011.

    ENCODE Project Consortium. "An integrated encyclopedia of DNA elements in the human genome." Nature 489 (2012), 57–74.

    Graur, D. et al. "On the immortality of television sets: 'function' in the human genome." Genome Biology and Evolution 5 (2013), 578–590.

    Kyndt, T. et al. "The genome of cultivated sweet potato contains Agrobacterium T-DNAs with expressed genes." PNAS 112 (2015), 5844–5849.

    Gladyshev, E. A., Meselson, M. & Arkhipova, I. R. "Massive horizontal gene transfer in bdelloid rotifers." Science 320 (2008), 1210–1213.

    Sagan, L. [Margulis]. "On the origin of mitosing cells." Journal of Theoretical Biology 14 (1967), 225–274.


    Pattern, coherence, self-organisation

    Oviedo, N. J. et al. "Long-range neural and gap junction protein-mediated cues control polarity during planarian regeneration." Developmental Biology 339 (2010), 188–199.

    Durant, F. et al. "Long-term, stochastic editing of regenerative anatomy via targeting endogenous bioelectric gradients." Biophysical Journal 112 (2017), 2231–2243.

    Pai, V. P. et al. "Transmembrane voltage potential controls embryonic eye patterning in Xenopus laevis." Development 139 (2012), 313–323.

    Ho, M.-W. The Rainbow and the Worm: The Physics of Organisms. World Scientific, 1993; 3rd edition 2008.

    Engel, G. S. et al. "Evidence for wavelike energy transfer through quantum coherence in photosynthetic systems." Nature 446 (2007), 782–786.

    Kauffman, S. A. The Origins of Order. Oxford University Press, 1993.

    Sheldrake, R. A New Science of Life. Blond & Briggs, 1981; revised as Morphic Resonance, Park Street Press, 2009.


    The alternative synthesis

    Laland, K. N. et al. "Does evolutionary theory need a rethink?" Nature 514 (2014), 161–164.

    Laland, K. N. et al. "The extended evolutionary synthesis: its structure, assumptions and predictions." Proceedings of the Royal Society B 282 (2015), 20151019.

    Odling-Smee, F. J., Laland, K. N. & Feldman, M. W. Niche Construction: The Neglected Process in Evolution. Princeton University Press, 2003.

    Müller, G. B. "Why an extended evolutionary synthesis is necessary." Interface Focus 7 (2017), 20170015.

    Capra, F. The Web of Life. Anchor Books, 1996; with Luisi, P. L., The Systems View of Life, Cambridge University Press, 2014.

    Gould, S. J. & Lewontin, R. C. "The spandrels of San Marco and the Panglossian paradigm." Proceedings of the Royal Society B 205 (1979), 581–598.

    Nowak, M. A., Tarnita, C. E. & Wilson, E. O. "The evolution of eusociality." Nature 466 (2010), 1057–1062.


    The organicist lineage

    Goethe, J. W. von. Versuch die Metamorphose der Pflanzen zu erklären. 1790; translated as The Metamorphosis of Plants, MIT Press, 2009.

    Thompson, D'A. W. On Growth and Form. Cambridge University Press, 1917; revised 1942.

    Turing, A. M. "The chemical basis of morphogenesis." Philosophical Transactions of the Royal Society B 237 (1952), 37–72.

    Whitehead, A. N. Science and the Modern World (1925) and Process and Reality (1929).

    Peterson, E. L. The Life Organic: The Theoretical Biology Club and the Roots of Epigenetics. University of Pittsburgh Press, 2016.

    Abir-Am, P. G. "The biotheoretical gathering, trans-disciplinary authority and the incipient legitimation of molecular biology in the 1930s." History of Science 25 (1987), 1–70.

    Maturana, H. & Varela, F. Autopoiesis and Cognition. Reidel, 1980.

    Gilbert, S. F. & Sarkar, S. "Embracing complexity: organicism for the twenty-first century." Developmental Dynamics 219 (2000), 1–9.


    Basal cognition and biological intelligence

    Baluška, F. & Levin, M. "On having no head: cognition throughout biological systems." Frontiers in Psychology 7 (2016), 902.

    Lyon, P. et al., eds. "Basal cognition: conceptual tools and the view from the single cell." Philosophical Transactions of the Royal Society B 376 (2021), theme issue.

    Nakagaki, T., Yamada, H. & Tóth, Á. "Maze-solving by an amoeboid organism." Nature 407 (2000), 470.

    Tero, A. et al. "Rules for biologically inspired adaptive network design." Science 327 (2010), 439–442.

    Saigusa, T. et al. "Amoebae anticipate periodic events." Physical Review Letters 100 (2008), 018101.

    Boisseau, R. P., Vogel, D. & Dussutour, A. "Habituation in non-neural organisms." Proceedings of the Royal Society B 283 (2016), 20160446.

    Vogel, D. & Dussutour, A. "Direct transfer of learned behaviour via cell fusion in non-neural organisms." Proceedings of the Royal Society B 283 (2016), 20162382.

    Gagliano, M. et al. "Experience teaches plants to learn faster and forget slower." Oecologia 175 (2014), 63–72.


    Evo-devo and the holobiont

    Halder, G., Callaerts, P. & Gehring, W. J. "Induction of ectopic eyes by targeted expression of the eyeless gene in Drosophila." Science 267 (1995), 1788–1792.

    Carroll, S. B. Endless Forms Most Beautiful. W. W. Norton, 2005.

    Shubin, N., Tabin, C. & Carroll, S. "Deep homology and the origins of evolutionary novelty." Nature 457 (2009), 818–823.

    Gilbert, S. F., Sapp, J. & Tauber, A. I. "A symbiotic view of life: we have never been individuals." Quarterly Review of Biology 87 (2012), 325–341.


    Genomics and medicine

    Ezkurdia, I. et al. "Multiple evidence strands suggest that there may be as few as 19,000 human protein-coding genes." Human Molecular Genetics 23 (2014), 5866–5878.

    Yengo, L. et al. "A saturated map of common genetic variants associated with human height." Nature 610 (2022), 704–712.

    Baverstock, K. "Polygenic scores: are they a public health hazard?" Progress in Biophysics and Molecular Biology 149 (2019), 4–8.

    Paneth, N. & Sten, H. V. "Human molecular genetics has not yet contributed to measurable public health advances." Perspectives in Biology and Medicine 61 (2018), 537–549.




☯

    Dawkin's Folly
and the Failure of the Selfish Gene Hypothesis

    Terry Evans

    White Lotus Society Publications
Golden Flower Abbey · Albuquerque, New Mexico

    Set in Cormorant Garamond and Josefin Sans



OEBPS/images/cover.jpg
DAWKI’S FOLLY

Bt
Terry Evans
White Lotus Society Publications









