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Preface

The rise of the present enthusiasms for biologiadditerminist accounts of the human condition tiate
the late 1960s. They were not initiated by any sigesdvance in biological science, or powerful new
theory, but harked back instead to an earlier tiadbpf eugenic thinking which, still strong espaty

in the USA during the 1930s, had been eclipseddaiven into intellectual and political disrepute in
the aftermath of the war against Nazi Germany schcially inspired Holocaust. A series of
UNESCO-sponsored statements by geneticists, ardlugigts and social scientists, which followed
the end of that war, spelled out what became theawsus view for the next quarter-century, that the
roots of human inequality lay not so much in thequaness of our genes as in the unequal distributio
of wealth and power between nations, races andedg$he question of gender inequality was never
raised by these consensual groups).

The 1960s, that decade of hope for humanity, savggles for social justice across the globe; the ri
of great movements of national, black and then wosiéeration, catalysed, especially in the
industrialized countries, by students. In respoaset were, to these movements came the reassertio
of old but hitherto submerged claims: that on ageralack and working-class intelligence was
genetically inferior to that of whites and the ni@ldlass, and that patriarchal domination was an
inevitable consequence of genetic and hormonatmiffces between men and women. Initially such
claims drew on no new research, but instead wawowedolder traditions in biological and
psychological thinking. It was not until the mid7I®, with the emergence of a new and more
grandiose set of theories, described as

sociobiology, that the biologically determinist wigoint became more theoretically coherent. Its
position could be encapsulated in the soundbitagghithe selfish gene’, a view | characterizeis th
book as 'ultra-Darwinism'.

Such assertions were energetically contested by miatogists and social scientists, especially ¢hos
of us who had aligned ourselves with what in thosee optimistic days was described as the radical
science movement. The grounds for our oppositioreweth scientific and political. Ultra-Darwinism
and sociobiological theorizing, especially as aggblio human societies, rested on shaky empirical
evidence, flawed premises and unexamined ideolbgreauppositions concerning so-called universal
aspects of ‘human nature'. Furthermore, such detistrolaims were immediately marshalled in
support of neoFascist and New Right political mogata across the USA, Britain and continental
Europe. It was in this context that the sociologigary Rose and | edited a series of booK$1¢

Political Economy of Science and The Radicalisatib6cienceén the mid- 1970s, anflgainst



Biological Determinism and Towards a Liberatory Bgy in the early 1980s), and in the mid-1980s
the geneticist Dick Lewontin, psychologist Leo Kamand | wrote Not in Our Genes, intended as a
comprehensive attempt to analyse and contest betlié€ology and scientific claims of biological
determinism.

These of course were far from the only rebuttalwlat became something of a battle of the books.
But in the last decade, especially in the contéxiramatic advances in the sciences of both gemés a
brains, the stream of ultra-Darwinist and biolo@iicdeterminist claims has become a torrent. Rhet
Human Genome Project, the major international eftomap and then sequence all human genes, and
then the Decade of the Brain (more than halfwagugh in the USA as | write, barely started in
Europe) have not merely offered the possibilityastly increasing our knowledge of aspects of human
biology, but have also held out the promise oftfertand further technological power to manipulate
both genes and minds in the interests both of iddat health and of greater social tranquillity.
Techniques of intervention barely imaginable a decago, or at best the stuff of science fictiorwno
rate stock market quota-

ions and turn academic researchers into entrepri@haullionaires.

To judge from headlines in daily newspapers, ottittes of academic papers in major scientific
journals, the issues of a decade ago have bedsdséftilgar sociobiology may be out, but what | @av
called neurogenetic determinism is strongly entnedc There are genes available to account for every
aspect of our lives, from personal success toenistl despair: genes for health and illness, géres
criminality, violence and ‘abnormal’ sexual ori¢igia -- even for ‘compulsive shopping'. And genes
too to explain, as ever, the social inequalitieg thvide our lives along lines of class, gendacegr,
ethnicity . . . And where there are genes, geragtit pharmacological engineering hold out hopes for
salvation that social engineering and politics halvandoned.

The challenge to the opponents of biological deirgism is that, while we may have been effective in
our critique of its reductionist claims, we haviédd to offer a coherent alternative framework with
which to interpret living processes. We may replith some justification, that we have been too busy
attempting to rebut the determinists, but soondater it becomes necessary for us to fight firdhwi
fire, to try to spell out more coherently our casting biological case.ifelinesoriginated as an

attempt to meet that challenge. Shortly after ngwvjmus bookThe Making of Memorhad appeared,
my then editor at Penguin, Ravi Mirchandani, sutggethat the time was ripe for a book on the
philosophy of biology, not from the perspectiveagirofessional philosopher but from that of someone
who, like myself, is both an experimental biologisth an ongoing laboratory commitment, and
someone concerned with both the theory and saaalifhg of my science. John Brockman, my agent,
as indeed he is of several of those whose positistiengly criticize in this book (but then Johmays
acting as impresario to scientific debates), heklepe my early structural ideas for the book.

| have tried to achieve a number of goals: figicanvey what it means to 'think like a biologadibut
the nature of living processes; second, to andlgsie the strengths and the limitations of the
reductionist tradition which dominates much of bp}; and third,



to offer a perspective on biology which transcegelsetic reductionism, by placing the organism,
rather than the gene, at the centre of life -- ihibe perspective that | cilbmeodynamicTo arrive at
these goals, | have had to try to understand #terical roots of current biological thought, ardwl
upon those powerful alternative traditions in bggiavhich have refused to be swept along by thaultr
Darwinist tide into accepting that living processas be reduced to mere assemblages of molecules
driven by the selfish urges of the genes to malgesoof themselves. These traditions argue instead
the need for a more holistic, integrative biologge which understands and enjoys complexity and
recognizes the need for epistemological diversitgur explorations of the nature and meaning ef lif
Their voices can still be heard above the ultraviaist din.

Furthermore, in order to stress the positive cagelthave wished to make, in places | have hato

it against the opposite view as presented in gsorically strongest form. To do so, | have had to
choose appropriate foils. The two authors who ssreed me best in this respect are the sociob#tlogi
Richard Dawkins, whose several books speak withglesultra-Darwinist voice, and the philosopher
Daniel Dennett, whosParwin's Dangerous ldeaarries ultraDarwinism to the furthest reaches.
Among practising biologists -- those who spendgaificant part of every working day thinking about
and designing experiments, persuading some resbadshto fund them and then actually carrying
them out in the laboratory -- there is an audiblengpling about why 'we' should give the claims of
either Dawkins or Dennett serious consideratioresehare, after all, people who either no longer do
science or never did it; they are not part of 'digtourse of careful experimentation and allied
theoretical claim. Yet this professional complaoften made by colleagues | deeply respect, misses
the point. Dawkins, Dennett and their camp-follosyexrs best-selling authors in the public
understanding of science lists, frame the publlzatie We can see their influence on the writers and
readers of Sunday newspapers, and on politiciati:mavelists alike. Culturally, they are too impaoitta
for practising biologists to ignore them. Hereiticize many of their arguments robustly; but ithe
arguments, together with the metaphysical assumptiehind the

arguments and their implications for both biology @ulture, that concern me, not the individual®wh
put them forward. The stakes are high: how do wejust as biologists but as denizens of the late
twentieth century, culturally understand nature?

One further point of clarification is necessaryattacking ultraDarwinism in this way | want to neak

it absolutely clear that | have no intention of aemg from a materialist view of life, nor of ghg any
ground at all to anti-Darwinian fundamentalistgationists or New Age mystics of any shape or hue.
view the world from a strongly materialist perspeet- one, however, which stresses both ontoldgica
unity and epistemological diversity -- a positioal$o tried to spell out ithe Making of Memory5o

far as possibld,ifelines like the memory book but unlikéot in Our Geness a within-biology
discussion. That is, | largely refrain from disangsthe ideology, social origins or social conseqes

of ultra-Darwinism and reductionism. However, itwa not have been either possible or proper to
leave these issues entirely unaddressed, and ltheg¢o summarize them in the penultimate chapter
‘The Poverty of ReductionisnThis itself is built around an analysis | firstlfished as a
"Commentary™ article ilNaturein 1995 as 'The rise of neurogenetic determiniamegxtended

version of which appeared later that year in tlowsd issue of the new journabundings

In writing this book, | have incurred a large numbgintellectual debts. Dick Levins and Dick
Lewontin, in their book of essayi$ie Dialectical Biologistand more recently Levins and Yrjo Haila,
in Nature and Humanityhelped provide the theoretical framework whidoims my text. So too from



rather different perspectives have Brian Goodwhito( the Leopard Changed Its Spasd Mae-Wan
Ho (The Worm and the Rainbdw have learned from all these books and thdin@s, and also from
Stuart Kauffman chaos-theory approach to biolégy;lome in the Universand Hilary Roséove,
Power and KnowledgaBrian Goodwin also kindly made available to me pine-publication
manuscript of his and Gerry Webskarm and Transformatigrthough he will not, I know, be happy
with my dismissal in Chapter 2 of natural kindsiaology.

Apart from myNaturearticle, some of the ideas and themes of

he book have been tested at seminars and discugsiops over the period of writing, notably at a
Nobel Forum symposium at the Karolinska Institumé&tockholm in January 1996, the 1996
SpoletoScienza and Edinburgh International Sciémstivals, and Open University summer schools.
Chairing the Open University courtaving Processesluring the gestation of the book between 1993
and 1995 also helped sharpen some of my thougttarguments. | am grateful for the hospitality of
Aant Elzinger's Department of Science Theory, athiversity of Goteborg, during October and
November 1995 while drafting several of the chaptemust also thank colleagues, visitors and
students in the Brain and Behaviour Research GandpBiology Department at the Open University
for their indulgence at times when, over the pasipte of years, my thoughts have strayed from the
immediate experimental tasks in hand to the monege issues covered here.

Discussions spread over two continents and mamng yeigh Enrico Alleva, Kostya Anokhin, Giorgio
Bignami, Ruth Hubbard, Dick Levins, Dick LewontiRadmila (Buca) Mileusnic, Luciano Terrenato
and Ethel Tobach are also reflected in many oftigeaments that follow. Several people have read and
commented on earlier drafts of the whole book dndividual chapters, and | am particularly gratefu
to Rusiko Burchuladze, Brian Goodwin, Ruth Hubb&Harles Jencks, Hilary Rose, Jonathan
Silvertown, Miroslav Simic, Lars Terenius and Patl\Vand to several anonymous reviewers, for
correcting errors, helping strengthen argumentspantiihg me right in places where | had gone off th
rails. That great biochemist and scholar N. W.[{Birie read the manuscript and made detailed reove
to-cover comments -- perhaps his last intelledntakrventions before he died in March 1997, aged 89
and still working in his lab virtually till the dagf his death. | shall greatly miss his crusty wisdand
advice. John Woodruff, dedicated subeditor, wegbhd the call of duty in clarifying obscurities in

my prose -- and hence in my thinking. A speciahit&a too, to Renate Prince for providing
architectural and historical advice and source rredtehich enabled me to deal with Dennett's
arguments about spandrels and adaptationism int@h@pAs throughout the past thirty-five years, my
huge debt to the

continued dialectic of discussion (to say nothifigpee) with Hilary Rose remains irreducible to
figures or even words.

None of the above-mentioned people should necésbarassumed to agree with every argument in
the book -- and, of course, | am solely respondiiiesuch errors as remain.

London, February 1997
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I
Biology, Freedom, Determinism

Man first of all exists, encounters himself, surgpsn the world -- and defines himself afterwards
he will be what he makes of himself. Thus ther® isuman nature . . . Man simply is. He is what he
wills . . . One will never be able to explain oretsion by reference to a given and specific human
nature -- in other words there is no determinisnamis free, man is freedom

Jean-Paul Sartr&xistentialism and Humanish

We are survival machines -- robot vehicles bliqgiggrammed to preserve the selfish molecules
known as genes

Richard DawkinsThe Selfish Gene
LIFE ITSELF
A new baby stares gravely up at her mother anehigre face curls into an unmistakable smile.

Spring, and the sticky yellow and green horse-chediuds slowly unfurl. Courting birds flit between
the trees.

Summer, and clouds of small black midges surrownadsuwve walk the moors.
Autumn, and amid the fallen leaves of the beechdrxominiature forest of mushrooms sprouts.
An African plain: termite mounds rise skywards,abhted by hundreds of scurrying thousands.

A coral reef: myriads of brightly striped and patied fish dart in

and out of crevices; shoals weave and turn, eatitiidual effortlessly part of the choreographedtyni
of the greater whole.

A drop of pondwater: single-celled, almost transpacreatures ooze; occasionally one meets and
engulfs another.

All alive. All making their individual and colleate ways in the world, cooperating, competing,
avoiding, living with, living off, interdependerll the present-day products of some four billiays
of evolution, of the continued working-out of theegt natural experiments that the physical and
chemical conditions of planet Earth have made ptessgperhaps inevitable. For every organism, a
lifeline -- its own unique trajectory in time anpage, from birth to death.



The sheer scale, diversity and volume of life ontlEaurpasses the imagination. Take a square metre
of European or North American forest and slicetlod top 15 centimetres of soil, and you will find,
among numerous other life forms, as many as 6anilliiny worms -- nematodes -- perhaps zoo
different species. It is possible that there armany as 10,000 species of bacterium in a singlegf
soil, yet only 3,000 have so far been identified aamed by microbiologists. Conservative estimates
put the number of different species on Earth anildon; no one knows for sure and some have
claimed that there are at least 30 million. Of &hesly a few per cent -- 2 million at most -- hdeen
studied, identified, named. Indeed, almost alldgatal research has been based on a few hundred
different life forms at most. The smallest indepemity living organisms are no more than 0.2
micrometres -- one-fifth of a millionth of a metrein diameter; the largest living animal, the blue
whale, can grow to more than 30 metres and mayhm2if tonnes -- heavier than any known extinct
dinosaur. Bacteria live for 20 minutes or so beftikéding into two; near where | live in Yorkshire

an elderly oak tree which was noted in William @enqueror's Domesday Boakarly a thousand
years ago. And some Californian redwoods far aptsthales and oak trees, reaching nearly 100
metres in height and at least 2,500 years of age.

What a world to be living in, to marvel at, to epja all its multifarious variety. 'O brave new vayr
that has such creatures in't,' to paraphrase theiiahrd Prospero's daughter Miranda in

The Tempes®nd her voice echoes the feelings of poets, pesrand writers throughout recorded
history.

But to study, to interpret, to understand, to expéad to predict? These are the tasks of myth-nsake
magicians and, above all today, of scientists,@blists. | am of this last category. We seektoot
lose the visions provided by writers and artistg,tb add to them new visions which come from the
ways of knowing that biology, the science of libpens up. These ways can show beauty also below
the surface of things: in the scanning electrorrosicope's view of the eye of a bluebottle as msch a
in the flowering of a camellia; in the biochemioaéchanisms that generate usable energy in the
minuscule sausage-shaped mitochondria that inkablt of our body cells, as much as in the flowing
muscles of the athlete who exploits these mechanism

How are we to understand these multitudes of osgasii these orders-of-magnitude differences in
space and time encompassed by the common defimitiiving forms? Humans are like, yet unlike,
any other species on Earth. We have had to leaaddpt to, domesticate, subordinate, protect
ourselves from or exist harmoniously with a goqgaoligportion of the other creatures with which we
share our planet. And in doing so, to make theaiesit them. Every society that anthropologistehav
studied has developed its own theories and legenascount for life and our place within it, to
interpret the great transitions that characterimeexistence; the creation of new life at birth &sd
termination at death. In most societies' creatigths) a deity imposes order upon the confused mass
of struggling life. Although our own society is Baception, we now phrase things differently,
claiming to have transcended myth and replacedtit secure knowledge. For the last three hundred
years, Western societies have built on and tramgzbtheir own creation myths by meansaoikntia

the organized investigation of the universe, mauksible within the rules and by the experimental
methods of natural science, and with the aid ofgréwV instruments designed to extend the human
senses of touch, smell, taste, sight and sound.



THE POWER OF BIOLOGY

The power of Western science as it has developedtbe past three centuries derived in the first
instance from its capacity to explain, and latenfrits power to control, aspects of the non-living
world in the province of physics and chemistry. Yosuibsequently were the methods and theories that
had been shaped by the success of these oldecssirmned towards the study of living processes.
The several sciences that today comprise biologg baen barely six generations in the making, and
have been transformed beyond measure even withiownylifetime. Despite our ignorance of the
overwhelming majority of life forms which exist &arth today (indeed, most biochemical and genetic
generalizations are still derived from just thregamisms: the rat, the fruit fly and the common lgug
Escherichia coli, and our inability to do more than offer informggkculations about the processes
that have given rise to them over the past 4 billiears, we biologists are beginning to lay claims
universal knowledge, of what life is, how it emetgad how it works. In all life forms, in all livgn
processes, we argue, certain general principleg beltain mechanisms, certain forms of chemistry,
exist in common. Some have even gone further, aggthiat what they deduce to be true of life on
Earth is but a special case of a phenomenon sersaiMthat its rules must apply to all living forms
anywhere in the universe.

The successes of science have been based not koomobservation and contemplation, but on active
intervention in the phenomena for which explanaiamre being sought. When addressed to purely
chemical and physical processes, such intervensieltm present significant problems of ethics, of
challenges to the very right of the researchentervene. But there is no doubt that intervention i
living processes confronts us all -- not just resleers, but also the society which has come tortpe
upon the results of their research -- with morldrdmas. We cannot escape the fact that intervestion
biology, and above all physiology, is a sciencdtlon violence, on 'murdering to dissect', and that
hitherto there has been no alternative means obdéeing the intimate molecular and cellular events
that,

at least on one level of description, constituieitself. The reductive philosophy that has prosed
seductive to biologists yet so hazardous in itsseqnences seems an almost inevitable productsof thi
interventionist and necessarily violent methodology

More than most sciences today, biology impingesatly on how we live. Like chemistry and physics,
its technologies transform our personal, social rtdral environments via pharmacology, genetic
engineering and agribusiness. Biology also malkamel as to who we are, about the forces that shape
the deepest aspects of our personalities, andahaut our purposes here on Earth. The claims of the
science have become so strong as to seem no lamgatter for debate: they are now the natural way
to view the living world. Indeed, today we even tise name given to the scienb&logy, to replace

its field of study -- life itself and the processesich sustain it; the science has usurped itsestibo
'‘biological' becomes the antonym not for 'sociatagjibut for ‘social??

FREEDOM AND DETERMINISM

Hence the epigraphs to this chapter. These twoetidsally opposed views on the nature of human
nature, of the relationship between our thoughtsaations on the one hand and our chemical
constitution -- DNA's way of making more DNA -- time other, represent the extremes between which
| have tried to steer this book. The first, a windhetorical paean to the dignity of universatstan



(I suspect the gendering is not irrelevant) wrifiest after the liberation of France from Nazi
occupation, is from the existentialist philosopbean-Paul Sartre. The second, with all the bragé st
of a cheeky adolescent cocking a snook at evenythis elders hold dear, is from Richard Dawkins,
the St John the Baptist of sociobiology, and wadted in the comfort of an Oxford college in thedmi
1970s. Each has been fashionable in its time hawetis no doubt which better reflects the spirihe
past two decades.

Each of course is more an exercise in politicayateering than a sustainable philosophical position
How does Sartre's freedom deal

with the inexorability of human decline, the ravagé cancer, the destructive onset of Alzheimer's
disease? And how does Dawkins' gene's-eye vieheolvbrld account for the horrors of the Nazi
concentration camps or the heroes and heroindgedfrench resistance? Of course, neither viewpoint
sprang fully formed from its author's pen; each &daoing lineage in religious, philosophical and
scientific debate. And | am not so naive as torassilat my argument with regard to both positions
will be the last word on the subject. Howeversitiorth stating my thesis right from the beginning.
Humans are not empty organisms, free spirits caim&d only by the limits of our imaginations or,
more prosaically, by the social and economic detgnts within which we live, think and act. Nor are
we reducible to 'nothing but’ machines for theiogion of our DNA. We are, rather, the products of
the constant dialectic between 'the biological’ ‘#@mel social' through which humans have evolved,
history has been made and we as individuals havelalged (and note already in this sentence my
elision of the science of biology with the subjetits study, human life).

To argue otherwise is fundamentally to misundestae nature of living processes which it is the
purpose of biological science to identify and iptet. Furthermore, our difficulty in thinking ouray
beyond such antitheses, often expressed as alfalsgtomy between nature and nurture, itself derive
from the social, philosophical and religious franoekvwithin which modern science has developed
since its origins, contemporaneous with the biftbapitalism, in seventeenth-century north-western
Europe. But it is as a biologist by training aratle, rather than as a philosopher or historiarciehse,
that | shall argue that the naive -- even vulgaeductionism and determinism which often masquerad
as representative of how biology perceives thedvarimistaken. It is not that we are the isolated,
autonomous units of Sartre's imagination; rather feedom is inherent in the living processes that
constitute us.

The science we do, the theories we prefer, antettenologies we use and create as part of that
science can never be divorced from the social ebiienvhich they are created, the purposes of those
who fund the science, and the world-views withirnichlwe seek and find appropriate answers to the
greatwhat, whyandhow questions that

frame our understanding of life's purposes. Sdaady, with modern biology, whose multifarious
answers to these questions are imbued with saathpalitical significance. The prevailing fashiaor f
giving genetic explanations to account for manyaf all aspects of the human social conditionenr
the social inequalities of race, gender and classdividual propensities such as sexual orientatio
use of drugs or alcohol, or the failures of the btass or psychologically distressed to survive
effectively in modern society -- is the ideologytwélogical determinism, typified by the



extrapolations of evolutionary theory that compnsach of what has become known as sociobiology.
(This is the assemblage of theories and asserioost humans and society which claims that it is
evolutionary theory rather than sociology, econ@wicpsychology that can best explain how and why
we live as we do.) It is not possible to write @baguch as this without referring to these claimd a
their politics, and | shall certainly question thiegitimacy. But this is not my main task. It ether to
offer an alternative vision of living systems, aion which recognizes the power and role of genes
without subscribing to genetic determinism, andalihiecaptures an understanding of living organisms
and their trajectories through time and spaceiag kgt the centre of biology. It is these trajesithat

| call lifelines Far from being determined, or needing to invak@ea non-material concept of free will
to help us escape the determinist trap, it is énrtiiture of living systems to be radically indetieate,

to continually construct their -- our -- own futaralbeit in circumstances not of our own choosing.

THE COMPLEXITY OF BIOLOGY

Science is assumed to be about both explainingeedticting. There is commonly supposed to be a
hierarchy of the sciences, from physics throughmukty, biology and the human sciences. In this
scheme physics is seen as the most fundamentat sttences. There are several reasons for this.
Partly, physics is believed to deal with the mastayal principles by which nature is organizedboith
provides explanations of natural phenomena andgiseoutcomes, from the

falling of an apple to an eclipse of the Moon. Rartore, the 'laws' of physics apply to biologyt ibu
there are 'laws' of biology they do not apply to#iging systems. Physics is thus a 'hard’ science,
whose principles can be expressed mathematicaltysa it is supposed to be the model to which all
other sciences should aspire. By contrast, theasand human sciences are seen as the 'softestidgec
they are the least capable of precise mathematigakssion, and because they do not neatly fit the
definition of what 'science' is about set out ie finst sentence of this paragraph. Indeed, itbean
argued that the 'predictive’ tag is put there grdgito privilege simple sciences like physics and
chemistry, which were the first of the modern scemto develop, against those, like the social
sciences and many areas of biology, which (asheitome clear in what follows) are multiply
determined, and do not even set out to prediogrei1.1 ).

For many, scientists and lay public alike, the dmelnical convention none the less seems obvious,
natural. Early in the twentieth century there watetermined effort by physicists and philosophers t
insist on a unity of the sciences in which, in doerse, physics would triumph. Orthodox philosophy
is still mainly a philosophy of physics premisedtba reductionist view that the task of science is
ultimately to collapse biology into chemistry arttemistry into physics, deriving a limited number of
universal laws which will explain the entire uniser The physicist Steven Weinberg has argued this
reductionist case with elegance and passion ibdu&Dreams of a Final Theory He takes care to
point out that many biologists will not concedelsueductionism, recounting his own disagreements
with the evolutionary biologist Ernst MayrBut Weinberg's view remains popular. ‘There is/amie
science, physics: everything else is social wakhalecular biologist James Watson has put it with
characteristic robustnessAnd many biologists, whose own experimental progrees should perhaps
help them know better, accede willingfy.

Yet there is nothing inevitable about such a hdraal view. It is a historically determined contien
which reflects the particular traditions of the wa which Western science has developed from its



origins in the seventeenth century. Physics dedlsrelatively simple, reproducible phenomena which
can be measured with exquis-

social psychological
psychological {mentalistic)
physiclogical (systems)
physiclogical (units)
anatomical/biochemical
chemical

physical

Figure 1.1 The traditional hierarchy of the sciencs.

ite precision, and finds it hard to deal with coexaly. Biologists' questions about the world aré no
easily answerable in the reduced, mathematiciznguage of physics, and they are said to suffen fro
a sense of inferiority, of '‘physics envy' (whichynperhaps be why these days many molecular
biologists try to behave as if thaye physicists!). But we should not be afraid to cutselves loose
from the reductionist claims that there is only epéstemology, one way to study and understand the
world; one science, whose name is physics. Noty#ivieg is capable of being captured in a
mathematical formula. Some properties of livingtegss are not quantifiable, and attempts to put
numbers on them produce only mystification (asjristance, with attempts to score intelligence or
aggression, or calculate how many bits of infororat- memories -- the brain can store). Biology
needs to be able to declare its independence fpomosis attempts to mathematicize it. To see why,
here's a fable:

FIVE WAYS OF LOOKING AT FROGS

Once upon a time, five biologists were having aidy a pool, when they noticed a frog, which had
been sitting on the edge, suddenly jump into theem@Figure 1.2 ). A discussion began between
them: why did the frog jump?
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Figure 1.2 Frog, snake and pond.

Says the first biologist, a physiologist, 'It'slheguite straightforward. The frog jumecausehe
muscles in its legs contract; in turn these cohtbacause of impulses in the motor nerves arriaing
the muscles from the frog's brain; these impulsggnate in the brain because previous impulses,
arriving at the brain from the frog's retina, haignalled the presence of a predatory snake.’

This is a simple ‘within-level' causal chafinst the retinal image of the snakbgnthe signals to the
brain;thenthe impulses down the nerves from the brienthe muscle contraction -- one event
following the other, all in a few thousandths afexond ( Figure 1.3 ). Working out the detailsuwafts
causal sequences is the task of physiology.

Figure 1.3What causes the frog to jump?

'‘But this is a very limited explanation,’ says seeond, who is an ethologist, and studies animal
behaviour. 'The physiologist has missed the paimd, has told usowthe frog jumped but nathyit
jumped. The reasonhy is becaus# sees the snake amdorder toavoid it. The contraction of the
frog's muscles is but one aspect of a complex sm@nd must be understood in terms of the goals of
that process -- in this case, to escape being .eBtenultimate goal of avoiding the snake is esaktut
understanding the action.’

Such goal-directed explanations, which are knowtela®nomi¢ have given more trouble to
philosophers than almost anything else in bioldggy are sometimes regarded as bad form, yet they
make more everyday sense than most other explasatibhey insist that an organism, a piece of



behaviour or of physiology, can be understood entitin an environmental context which includes
both its physical surroundings and other living;ially interacting neighbours. (Indeed, when the
organism is a member of that very peculiar spe¢élesjo sapiensthen further complexities, those of
personal and collective history, come strongly ipfimy.) This type of explanation is a 'top-downéon
(it is sometimes calledl@listic explanation, a dangerously ambiguous word, whigall avoid). But
notice that, unlike the physiologist's explanatibis not causal in the sense of describing a taalp
chain of events in which first one thing, the nefivi@g, and then another, the muscle contraction,
happen one after the other in time. The jump it precedes achieving the

goal towards which it is directed. Thus when anibetaviourists -- ethologists -- talk of causesyth
do so quite differently from physiologists.

'Neither the physiologist's nor the ethologist’plarations are adequate,’ says the third biologisb,
studies development. 'For the developmentalistotitg reason that the frog can jump at albbécause
during its development, from single fertilized ebgough tadpole to mature animal, its nerves, brain
and muscles have become "wired up" in such a watystich sequences of activity are inevitable -- or
at least, the most probable given any set of atadonditions.’

The process of wiring is an aspeciobotogenythe development of the organism from conception t
adulthood, and is addressed by genetics and dewveltal biology. Unlike the first two explanations,
the ontogenetic approach introduces a histori@mheht into the account: the individual historyloé t
frog becomes the key to understanding its preseimiour. Ontogeny is often seen as a dialogue --
even a dichotomy -- between nature (genetics) amntire (environment). There have even been
attempts to mathematicize this split, and to ask hmuch is contributed by genes and how much by
environment. As will become clear in later chapténss is a spurious dichotomy and | shall endeavou
to transcend it.

None of these three explanations is very satisfa¢toounters the fourth biologist, an evolutioni$he
frog jumps because during its evolutionary histibswas adaptive for its ancestors to do so at et s
of a snake; those ancestors that failed so to de eeten, and hence their progeny failed to be
selected.’

This type of explanation presents problems of defijust what is meant by terms like ‘adaptive' and
'selected’, problems which have been raised masplshin the polemical debate over sociobiology,
and which | shall examine rather critically in lathapters. One might contrast the developmentalist
and the evolutionist by regarding the first, like pphysiologist, as askifgwand the second, like the
ethologist, as askinghy-type questions. The evolutionary explanation cerebithe historical --
though now with regard to an entire species rathem one individual -- with the goal-directed.
Perhaps because of this, some sociobiologists d@hgii@ isthe fundamentally

causal question, and dismiss other causal claimseasly ‘functional'.

The fifth biologist, a molecular biologist, smileweetly. "You have all missed the point. The frog
jumpsbecausef the biochemical properties of its muscles. Whescles are composed largely of two
interdigitated filamentous proteins, called actial anyosin, and they contract because the protein



filaments slide past one another. This behaviodhefactin and myosin is dependent on the amirm aci
composition of the two proteins, and hence on chahproperties, and hence on physical properties.’
This is areductionistprogramme, and is the way in which biochemist& se@escribe living
phenomena.

But note again that this is not a causal chaitlénsense in which the physiologist uses the phhasse.
not a question dirst one thing happening (the actin and myosin slidiagss each othethen

another (the contraction). If the word ‘cause'ssduat all here, it must mean something quite rdiffe
from how it is used in physiology. The confusiomabthe several ways in which ‘cause’ is used has
bedevilled scientific thinking since the days oishotle. Perhaps we would see things more cleérly i
we restricted our use of the word to clear tempseglences in which first one and then anotherteven
occurs. Each of these events -- the image on tlggsfretina, the processing in the brain, the
transmission down a motor nerve and the muscleactdn itself -- can b&anslatedinto the
language of biochemistry. And of course it is pblesio describe this biochemical sequence in
temporal terms too, in which one set of biochempracesses (the molecular events in the nerve),
produces another (the sliding actin and myosimfdats). At issue, then, is the relationship between
the two temporal sequences, that of the physidl@gid that of the biochemist. In later chaptersalls
explain why | use the term ‘translation’ to desehlow the description of the phenomenon of muscle
contraction in the language of (at the level ofygpblogy may be replaced by a series of presumed
identity statements in the languages of biochegistremistry, and so on.

IT ALL DEPENDS . ..

Biologists need all these five types of explanatioand probably others besides. There is no one
correct type; it all depends on our purposes imngsthe question about the jumping frog in thetfirs
case. Indeed, it turns out that 'it all dependa’nsajor feature both of living processes and of
biologists' attempts to explain them. The reasom$iing the question will determine the most usefu
type of answer. It is in the nature of biologidahking that all types of answer are -- or oughib¢o--
part of how we try to understand the world. Biolagguires this sort of epistemological pluralisnio--
dignify our fuzzy way of thinking with a more foringhilosophical imprimatur. To focus on any
subset of explanations is to provide only a padiaty; to try to understand completely even the
simplest of living processes requires that we waitk all five types simultaneously. None the ldbg,
way in which the sciences of biology have developedns that excessive deference is paid to the
more reductionist type of explanation, as if it @ some way more fundamental, more 'really’
scientific, or as if at some future time it will&av make the others redundant. Biochemists and
molecular biologists, and indeed the fund-giver®whpport our research -- government, industry,
charities -- are trained to think and argue in Wgy. It has become not second, but first naturei$o

BIOLOGY IN TIME

The concept of time, and the idea of a directiohimfe’'s arrow', are central to biology. For maiyat
most aspects of the phenomena which physics stutiiies's arrow' is reversible: processes can be
driven in both forward and backward directions. Pheperties of matter and the 'laws' defining
interactions are generally assumed to be uniforspacte and time, even though our own human
understanding of those laws is itself historicalétermined. Time, history, becomes relevant to ighys
and chemistry only in the context of



cosmology. For much of biology such simplicity does apply. Although the properties of living
systems and processes are of course entirely orcwgth the principles of physics and chemistry, a
full understanding of them lies beyond the regtiesithat characterize those sciences' objectidy s
Living processes are complex, often irreproducii@eause historically contingent, and are hence also
practically irreversible. The arrow of time runsane direction only: the direction studied by the
developmental and evolutionary biologists in thegffable.

For biologists, humans are not the product of gdeceation by an all-wise and all-powerful delbyt
the more or less accidental product of evolutioriarges working over almost unimaginable aeons of
time. Evolutionary biology has to write a historfflife that has persisted for some four billion yea
Most of us (scientists as well, in our day-to-dags away from lab and computer) find it hard tmkh
beyond a few generations: our own, our parentsoamnahildren’s lifetimes, a century or so, is abou
all we can manage. Yet the time-scale about whiethave to think is surpassed only by that of the
cosmologists with their universe of times and dises measured in billions of years and millions of
light years -- and light travels, we should nogit; at some 300,000 kilometresexond

Evolution over time is a central biological thertiee past is the key to the present. Life as we now
know it results from the combinations of chance aedessity that comprise evolutionary processes.
Necessity, given by the physical and chemical piig=eof the universe; and chance, contingency, by
the radical indeterminacy of living processes whichill be one of the purposes of this book to
explore. That is, the indeterminacy is not meretgadter of ignorance, or lack of adequate technglog
it is inherent in the nature of life itself. Indeeke great population geneticist Theodosius Dohzkwy
asserted that 'nothing in biology makes sense ¢xcéipe light of evolution'. However, | wish to go
several steps further. Nothing in biology makessesxcept in the light of history, by which | mean
simultaneously the history of life on Earth -- avdn, Dobzhansky's concern -and the history of the
individual organism -- its development, from contoep to death. But | have a third step to take as
well. We cannot

understand why biologists at the end of the twémtientury think as they -- we -- do about the retu
of life and living processes without understandimghistory of our own subject, biology. For us too,
the past is the key to the present.

BIOLOGY IN SPACE

The second deep theme with which biologists are@wored is that of structure. The three dimensions
of space must be added to the one of time. Organiswe forms which change but also persist
throughout their life's trajectory, despite thetfdoat every molecule in their body has been regalac
thousands of times over during their lifetime. Hisviorm achieved and maintained? What are living
organisms made of? How do their parts interactad@has the fable of the jumping frog suggests, are
above all the provinces of present-day biochemitiy molecular biology. Perhaps because these parts
of biology developed historically later than chetmjisand physics, the reductive methods of analysis
and forms of explanation that characterize biockémnand molecular biology and with which we feel
most comfortable have been those derived from amst oongenial to these more senior sciences.
Physics and chemistry, as essentially analyticiplines, aim to disassemble the universe into its
component parts, determine their composition aerdtity the 'laws' (preferably given mathematical



expression) that govern their interactions. This im@ant that, following in their footsteps, much of
biology has hitherto been essentially analyticapgiest when taking things apart, reducing them to
their components and deducing the workings of thela/from the functionings of these fragments.
Yet cells, organisms, are more than simple listsheimicals. Their three-dimensional structure8, sti
less their lifelines, cannot simply be read ofinfrthe one-dimensional strand of DNA. Today the task
of a biology of structure has become to understavd to reassemble the components, to explain both
form and its transformation and persistence thrdugh.

HOMEODYNAMICS

One of the dominating motifs in biological thinkimgs provided by the physiologist Claude Bernard
in Paris in the 1850s. Bernard, who among manyratiseoveries carried out some of the earliest
systematic studies on what were later to becomevkras enzymes and hormones, saw living systems
as explicable by neither vitalism (the belief ttiedre existed some special 'life force' beyond¢aeh

of chemistry or physics) nor mechanism. He regasdelility as a major organizing physiological
principle, and emphasized the constancy of whatdseribed as thailieu intérieur-- the 'internal
environment' -- of multicellular organisms, thentlency to work to regulate this environment imter
of temperature, acidity, ionic composition and axH. This capacity he saw as providing a stable
context in which the individual cells of the bodyncfunction with a minimum of disruptive turmoil.
Seventy years later the American physiologist Walt@nnon generalized Bernard's concept by
introducing the term homeosta8is the tendency of a regulated system to mairitadif close to

some fixed point, like the temperature of a roomtaaled by a central heating system and a
thermostat. No modern textbook account of physickdgr psychological mechanisms fails to locate
itself within this homeostatic metaphor. But thetapdor of homeostasis constrains our view of living
systems. Lifelines are not purely homeostatic: theye a beginning at conception, and an end ahdeat
Organisms, and indeed ecosystems, develop, matdrage. The set points of homeostatic theory are
not themselves constant during this trajectorydmainge over time. The organism switches its own
thermostat. Organisms are active players in their fate, not simply the playthings of the godsunat

or the inevitable workings-out of replicator-driveatural selection. To understand lifelines, thenef

we need to replace homeostasis with a richer canttegt ofhomeodynamics

AUTOPOIESIS

To summarize: to put the organism and its lifeliaek at the core of biology, to counter the geagés-
view of the world that has come to dominate muatnesu popular and even technical philosophical
writing on biology over the past two decades, meapkacing the static, reductive, DNA-centred view
of living systems that currently pervades biologtbanking with an emphasis on the dynamics of.life
We need instead to be concerned with process,thétparadox of development by which any
organism has simultaneously to be and to becomg&hes a newborn infant must be capable of
sucking at the breast while at the same time deusjothe competence to chew and digest solid food,
and with the continuous interchange between organend their environments. These processes of
development transcend the crude dichotomies of@aind nurture, gene and environment,
determinism and freedom. Instead we must speahkeddiiblectic of specificity and plasticity during
development’ the dialectic through which the living organismmstucts itself. The central property of
all life is the capacity and necessity to build,m&in and preserve itself, a process known as



autopoiesis. This is why it is in the very natufdife and living processes themselves that wdivasg
organisms and specifically as humans, are freetagiot free in the Sartreian sense of the first
epigraph at the head of this chapter, but fre@enalder, Marxist sense of the freedom of necesdéfy
humans, more than any other life form on Earth, enalk own history.

BIOLOGY AS HISTORY

How biologists interpret the world is not itselfproblematic, despite the emphases that I, justiaim
as those of whom | am critical, choose to put onceryainties about 'how things are'. The biological
story | am telling -- and its critique of other 8&3 -- is ot some timeless and universalistic ¢ine
told, like all stories, from a

viewpoint, a perspective shaped by my own backgt@sa particular sort of biologist, a biochemist
with a major interest in how the brain works. Ahgsiconstructed at a particular time in the
development of the biological sciences, a timeutfehand rapid changes in technique and accretions o
facts and observations about the living world bleafels from the molecular to the global.

Just as individuals and species carry the weighisibry on their shoulders, so too do the sciences
Biology -- not the phenomena of life, but theiresttific study -- is itself historically constructetihe
very fact that it developed in the shadow of physieith physics' goals of mathematical rigour and
idealized predictive capacity, has deeply influehbmlogical thinking today. One consequence has
been the power of technological metaphor in biojagyereby living systems become analogized to
machines (hearts as pumps, colons and bladdeesvage systems, brains as computers, immune
systems as military organizations . . .) -- thugersing a much older tradition in many cultures in
which the physical world too was regarded aswiete alive. It is a fun thought experiment to cdesi
what might have happened had this tradition beentaiaed, and biology had developed as a modern
science before physics did. Would we have triecbtostruct machines along biological principles and
endeavoured to explain their properties by involbiaogical analogies -- transport systems perhaps
depending on legs and joints rather than wheelseras early attempts at flying-machines mimicked
the action of birds' wings? Such attempts failedgbod structural reasons, and technologies based
biological principles have been successful onlthmlast few years, with the advent of parallel
distributed computer architectures based direailpmalogies with the organization of the brafn.
Such historical considerations should help us tocha simplified view of late-twentieth-century
biology as a tale of straightforward triumph in winithe dark, error-ridden past is conquered wigh th
help of the bright shining light of truth.

So | begin by asking how we know what we know: wikdhe philosophical and social foundation
upon which science -- and biology in particulacan claim to base its 'truths' about the world we
study? How much do today's favoured biological arptions depend on

the prevailing historical social and ideologicahwte, and how much on the availability of partaul
technologies (microscope, ultracentrifuge, radimpes)? All science depends on an interaction
between observation, experiment and theory. Howeo@bserve in biology? What constitutes an
experiment? How far are our observations and expgaris constrained by our theoretical mind-set?
Can we begin to think outside and beyond our owtohical frame, and make the leap towards a more



integrative biology? And, above all, what will sugh understanding mean for our vision of ourselves
as humans and our relationship to the myriad ditieg forms with which we share our planet?

NOTES
1. lam indebted to Mary Midglefhe Ethical Primatdor this quotation.

2. Like so many other aspects of the argumentsisrbook, this point has been brought home to me
by Hilary Rose in her bookove, Power and KnowledgAs far as possible in this book I will t¢
about life, living processes and living systemg eestrict the use of the word biology to its
proper limits, the study of these processes anes\s

Steven Weinberddreams of a Final Theory
Ernst Mayr;Towards a New Philosophy of Biology
An aside by Watson during his debate with mb@tCheltenham Book Festival, 1994.

For one conspicuous example see e.g. Lewis &ktolthe Triumph of the Embryo

S A

Goal-directed explanations used to be callleskegical in that they implied an almost conscious
sense of purpose. The more modern term teleonoasamroduced by the evolutionary biologist
Ernst Mayr in an effort to make such explanatiomsarphilosophically respectable, on the
grounds that goal-direction ofighsort could be given an evolutionary justificatiwithout having

to invoke conscious purpose.

8. Walter Cannorifhe Wisdom of the Body
9. Susan Oyamdhe Ontogeny of Information

10. Steven Rosd&he Making of Memory

2
Observing and Intervening

Life following life through creatures you disse¥fu lose it in the moment you detect

Alexander Popéyloral EssaysEpistle |
DOING SCIENCE

Doing science, finding out how the world works,reseobvious, unproblematic. We observe, collect
facts, intervene, experiment, make hypothesesestdhem, design powerful instruments to act as can
openers for those bits of the world not amenablaaaipulation by unaided human capability. We
publish our findings, and others use them to biwifther scientific knowledge, or to design
technologies which profoundly alter the way we li®ing this may be difficult, hard work, requiring
heroic effort or inspired genius or collaborativayltidisciplinary teams. But there is surely nowang

with the method or the results it produces. Ing¢hteshnoscientific decades, everyone, except fewa



troubled sociologists, philosophers, fundamentlstromantic New Agers, takes it for granted. Such
nay-sayers may stand outside the world's tent maitty in, but we have constructed it out of good
man-made waterproof fabric, and inside it is wanmd dry. Or is this not just a trifle smug?

Most 'working scientists’, as we like to call ouves (even though by the time we reach my presgat a
we are mainly managers of others' laboratory d@syiraising grants, writing papers and attending
conferences rather than struggling with the inablet problems of

making experiments ‘'work’), are not troubled by -- indeed are scarcely awér- all this
philosophical babble of metatheory. Our job is éb@n with our trade, in physics, chemistry, biglog
or whatever, and try to tell it like it really isto get to 'the truth' about the world. So in tthgpter |
want to ask how it is that we know what we think km@w about the world -- or more modestly, the
world of living organisms and processes.

OBSERVING

It all begins with observation, with looking at thverld around us. Observation is easy, obvioust Isn
it? Well, it all depends. I'm at a party in a cregddoom, trying to hold a conversation face to fadé
someone I've just been introduced to. | ignorebiddeel of voices all around us, straining to heaatwh
my new acquaintance is saying. Suddenly, from adtws room, among all the sounds | have been
shutting out, | hear my own name being spoken,vemd around to try to find where the voice has
come from. Psychologists call this the 'cocktaitypaffect’. We are constantly being bombarded with
sensory stimulation from the world around us: sa,styhts, feels, smells. Most of this bombardment,
for most of the time, doesn't get past our percdgtiters. And we even ignore most of the small
fraction that does. Yet the fact that one can redpo the sound of one's own name spoken
unexpectedly in the midst of the hubbub says tiatet must be some continuous monitoring process
going on in the brain, observing and classifying ithcoming data beneath the level of conscious
awareness.

It is October, and | am walking in the beech wowatith a Russian friend. Idly, | scan the tans, golds
and purples of the fallen leaves. My friend Kosyalso focused on the leaves, but less idly. Hesda
forward, bends down and plucks from the variegatedvn background an equally brown and to me
hitherto invisible mushroom -- a perfect boletusfdct, until | met Kostya | wouldn't have knowrath
it was edible, or indeed what to look for. Edibledi hunting, pursued avidly by Russians, is a
relatively rare sport in England. But

once he has pointed out the boletus to me | sodomim as a hunter, spotting my prey where
previously | would have seen only the myriad falleaves.

No one, not even a newborn baby, observes neutnafigcent of preconceptions about the world
outside. The baby scans and seeks a nipple ancewrience rapidly learns to improve the primitive
searching style already wired into its nervousesysas a reflex at birth; an adult party-goer or
mushroom-hunter hears their name called againstleoivsound, or finds the boletus against the
almost identical background of the leaves. We omatj throughout our lives, to learn how to observe
and what to select, what to define as object admund and what is field or background.



For years this interplay of observation and expegehas been a hunting ground for perceptual
psychologists. They have long played with imagegwtheir subjects are required to distinguish from
their backgrounds, with ambiguous drawings whiatillade between alternative interpretations, and
seemingly feasible objects which on close inspedtimn out to be impossible ( Figure 2.1). The
fascination that our perceptions of such paraddxigares have for psychologists

(@) (b) Figure 2.1 Ambig'uous figaes: (@) Randortsdw spotEed dog? (b) Faces or vase?

lies in the conclusions that those perceptions npalssible about the extent to which the world we
observe is constrained -- some would say constituetiey the architecture of our brains/minds.
Autopoiesis -- self-construction -- is a major argang principle of living systems. The issue of
construction versus observation also lies at tlatlod the paradox of science: that it claims t@abke

to provide us with something approximating to @gtraccount of the material world, yet it can do so
only while viewing that world through prisms progi by the experience and expectations of its
practitioners. This paradox has provided usefutmeéemployment for philosophers and sociologists of
science, some of whose work | shall turn to latahis chapter, but for now | want to pursue the
guestion of observation a little further.

Science begins with systematic observation, amgit¢o find regularities in the world around us, to
predict future events on the basis of past expegieBuppose | am interested in how animals behave,



and how that behaviour changes as they grow fréamay to adulthood. | may be watching a family
group of marmosets, a pride of lions, a nest aftiag blue tits and their parents. | want to redood/
any of these spend their time during a day, a waekonth, a year. But | can't watch them
continuously over the entire period, even if | werenount video cameras and record every aspect of
their activity. There would simply be too much daianalyse. That great Argentinian writer Jorge
Luis Borges understood the problem well. One ofshisrt stories centres on a character, Funes,awith
total memory for everything that happens in hig.pBise problem is that he cannot forget, and the
events of any day take the whole of the next dag¢all; and Borges revels, as was his wont, in the
logical paradox that this implie$.

So my first decision is that | must sample the beha. But for how long? Five minutes in every hour
one hour a day, one day a week? Do | watch alhttals in the group | am studying, or try to focus
on just one? My decisions will depend partly on tdpzestions | am asking about the behaviour, and
partly on the resources -- time, recording and asimg power, or whatever -- at my disposal. Perhaps
| decide to make a video recording of the behavajuhe newborn

twins in a family of marmosets, parents and thafants, by sampling ten minutes of their behaviour
three times a day during the first few weeks &fterbabies are born. The twins interact with each
other, with their parents, they suckle and clihgytbegin to spend longer periods away from their
parents. My video records patterns of continuoabgnging activity. But to make sense of it | ne2d t
classify, to distinguish the different types ofiaity | observe. In every ten-minute sample, howcmu
time does any infant spend suckling, asleep, op#nent, off the parent, exploring, rolling on the
ground with its twin . . .?Such a classificatiorbehaviours and their distribution in time is cdlbn
ethogram and to construct one requires active work orptime of the observer. It is necessary to
decide which are the important distinctions to maéi®veen different aspects of the continual recdrd
behaviour. Is scratching important, or is it omyeresting when one animal scratches or grooms
another? Which of the interactions between thedwunts as play -- or is this not a meaningful
category at all? If, during the first weeks of Jiteere is an increase in the proportion of theetim
recorded spent playing, is this a 'real’ changes tran artefact resulting from the fact that #msount
of time the infant spends asleep decreases, suthierecorded activities simply expand to fill tine
sample time? The problem of separating object fiietd, of determining which is the 'correct’
interpretation of the ambiguous figure, is not coed to the psychologist's abstractions but is the
everyday stuff from which science has to be buidb®e all, which is object and which is field depgnd
on the question one is asking. Ethologists oftéer t® what they call the ‘four whys': questions
originally posed by one of the founders of thegaibline, Niko Tinbergen. Consider the question yWh
do birds sit on eggs?" The type of answer you wlapends on where you put the emphasis in the
guestion.

Why do birds sit on eggs? -- that is, how do ttempgnize that eggs differ from stones?

Why do birds sit on eggs? -- that is, why do thesspond to an egg in this rather than in any other

way?

Why do birds sit on eggs? -- that is, birds asogpep to, say, mammals.
And finally, Why do birds sit on eggs? -- thatwd)at is the function of this type of behaviour for
the bird?



Until one is sure which of these possible questmresis asking, no meaningful observation and no
scientific inference is possible. So, underlying abservation that we make of the world, even the
most trivial -- hearing a word, seeing a browniséiseion the ground -- are the questions we wish to
have answered (Is that my name | heard spoketitsian edible mushroom?). And inevitably behind
these questions lie other questions -- metaquestidihy do we want to know the answer? What are
the criteria by which we are prepared to agreettimtjuestion has been answered properly? And what
type of answer would we find satisfying? The fétttwithin the theoretical framework that surrounds
our observation or experiment we take these mestigues for granted does not mean that they are
straightforward, or that they do not present gprtefound problems. Yet they underpin everything we
do. Most of us spend our days living and workingpuildings, of whose foundations we remain
contentedly unaware, even though these are -alliyer fundamental. Improperly constructed, the
edifice collapses.

INTERVENING

So far | have considered only the question of alisgrevents and processes going on in the world,
without attempting to intervene in them. But mostdarn natural sciences -- other than, perhaps,
cosmology -- are about more than just passivelgiisg and recording. They attempt to understand
the world by actively intervening in it, by firsbutrolling it and then experimenting on it. There a
several reasons for this. The first is that theeslgnamic complexity of the world makes it hard to
understand. Everything is moving, in constant flamxg unpredictable events disturb the regular patte
of our observations. The marmoset family is mowng of the focus of

the video recorder, or reacting dramatically touhasual sight of a snake just at the time we want
sample the family's routine activities. Our tidip@jram is about to be upset. To extract meaning, we
have to simplify, to try to keep the family in theture and the snake out of it. Perhaps this means
confining the group in a cage, regulating tempeeatsystematizing day length, providing food at
regular times, and so on.

But also, as we begin to make predictions on tlsesha our observations, it becomes necessarsto te
them. We can wait until some spontaneous eventigge\a 'natural’ test, for the snake to appedsof i
own accord, or we can intervene to place it théeetane and manner of our choosing. This turns
observing into experimenting. How much of the depeient of the twins' behaviour depends on their
mutual interactions? Test by removing one of thedvand rearing it separately by hand. How much
does the sex of the infants matter -- do males giigrently with each other than the way two feesal

or a mixed-sex pair would? Test by swapping théneas. How much does the interaction of the
mother with the infant depend on some charactergtour -- a secreted chemical pheromone? Test by
filling the atmosphere with some novel odour --ageéum oil, for instance; or try temporarily blockin

the nostrils of mother or infant with wax.

Experimenting demands that we first simplify andtcol the phenomena we are trying to understand,
and then intervene in them by changing variablsgesyatically, holding all other things constanteTh
secret of the success of modern science lies idekielopment of this experimental, interventionist
method, generally assumed to have been inventida iseventeenth century and given theoretical
justification in the writings of Francis Bacch.



The Baconian strategy is inherently interventiariistieed, its overenthusiastic application is said
have resulted in Bacon's own death from a chiltiamted after he got out of his carriage in thetkiep
of winter to carry out an experiment with snow aseans of preserving meat. It is also inherently
reductive, because it works by attempting to isofedm the flux of the everyday world just the one
aspect, the phenomenon, that we wish to studytrerdchanging

one at a time the conditions we believe may aitetitwe change two or more variables
simultaneously, we can never be certain whichimmanily responsible for any effect we observe as a
consequence. So it is necessary to decide whithrésaof the experimental situation we are going to
vary and which we are going to hold constant. Ifthiak that, for example, the size of the pen in
which we have confined the marmosets is importaatneed to vary it; if not, it becomes part of the
constant frame within which another feature camlodified.

But of course in the real world outside the cordinéthe laboratory lots of things are changing
simultaneously. Variables and parameters becomnseckesy to separate out. Effective experiments
demand the atrtificial controls imposed by the rédeanethodology of the experimenter, but we must
never forget that as a consequence they providesttonly a very simplified model, perhaps even a
false one, of what happens in the blooming, buzaitgractive confusion of life at large, wherents
rather rarely happen one at a time and snakeweérterinconveniently.

The textbook example of this comes from precisedytype of controlled environment that | described
a couple of paragraphs back -- taking a monkeyngotmt of the wild and confining it in an enclosure
in order to observe its interactions better. Barcthie late 1920s, the anatomist Solly Zuckerman
reported strong dominance hierarchies and higldeaféaggression' and fighting among the large but
confined hamadryas baboon colony at London Zoodaveloped an influential theory of social
behaviour based on these studies. Each baboomdte, véeemed to live in perpetual fear lest anothe
animal stronger than itself will inhibit its actil@s'. Violence was a constantly occurring event,
guarrelling frequent and widespread, and any n@igiurbance of the precarious equilibrium caused
the social order to collapse into ‘an anarchic neapable of orgies of wholesale carnafeater
researchers observing baboon colonies in muchrlerggosures or in the wild failed to find similar
levels of fighting. Instead, the groups seemedixally peaceful and stable. It became obvious € an
with hindsight it seems scarcely surprising -- tia behaviour of Zuckerman's baboon group had been
dramatically

modified by restricting the space within whichnmtembers had to coexist.

The constraints of Zuckerman's reductive approachtfansformed the situation he wished to study
and fundamentally misled him, even though his olz@ns within that constrained situation were
presumably perfectly accurate. Reductive methodohas served the simpler sciences of physics and
chemistry well for three hundred years, and itilsthe method of choice for most of the experiran
work biologists do -- including my own. But it mag failing us in our attempts to solve the more
complex problems presented by the living world withich the biological sciences must now wrestle.

Take my own research as an example of a reduatitezyentionist strategy at work. | am interested i
memory -- or at least in what happens in the brndien memories are made. My experimental ‘'model’



is the young chick. I take pairs of chicks, putnth@to small, high-sided aluminium pens, 20 by 25
centimetres in area, and offer them little brigbadis to peck at. They will usually peck at the bead
within a few seconds. Some do so once, while soek pepeatedly. Some grab hold of the bead with
their beaks and let go only reluctantly. Some pwkply, seemingly angrily. One or two back away
with shrill cries of distress. A few may be busytwother things -- dozing gently, pecking at their
companion's eyes or at the side of the pen, onprgeheir wing feathers -- and refuse to be dcted.
From this variety of behaviours | pick just onentéo examine and record: whether, once the chisk ha
clearly seen and paid attention to the bright keeaduple of centimetres in front of it, it will geat it
within the twenty seconds | allow. It is this muaduced region of an ethogram that | take as my
starting-point.

Such ‘pecking responses' are among the most igsissible ‘'observations’ to make for someone
interested in animal behaviour. Yet notice whaavdrdone in order to make these seemingly
straightforward observations. First, | have reducgdfield of study by arbitrarily simplifying its
context, confining the chick in a more or less gngtvironment, devoid of any significant cues which
might interest or distract it. Then | have introdd@ specific complexity

into the environment by putting a second chick ithvhe first one. My reason for doing so is that
chicks prefer to be with their companions: theyvgliewer signs of distress, and hence are moreylikel
to pay attention to the bead than if they are tedlaSo to avoid one problem in my experimental
design | have introduced another potential confuset only have | picked the two companions at
random, but | choose to ignore any of the subsdqguotractions between them, as | am interested in
only one thing -- whether or not the chick | amdstng pecks the bead in the time | allow it. This
constrained, highly artificial situation will forthe terrain for any subsequent experimental
intervention | choose to make -- and | am immediyatedanger of falling into Zuckerman's trap. If |
am to avoid it, | must be very clear indeed abbattype of data | wish to extract from my experimen

But | am already in another sort of trouble. Thioka moment about the words | have used on the
previous page to describe the different ways incvitihe chick approaches and pecks at the bead:
'reluctantly’, ‘angrily’, 'distress'. All these wierseem to have clear-cut meanings when we usetthem
describe how we ourselves behave. But by what dghtthey be applied to a chick's behaviour? The
chick can't tell me whether it 'really’ feels liteat; over the many years in which | have observed
chicks, | arrogate to myself the right to categeriand indeed to anthropomorphize, their behaviour
this way. But whatever the word | might use to diéschow the chick pecks at the bead, in making my
observation about that feature of the behaviouctvimterests me, | have ignored everything except
the one measure: did the chick peck? Becausetlgquaamtify or measure 'objectively’ the varidusds
of peck that the chick may make, all I can do isvear the simple yes/no question of whether a peck
has occurred within a given time.

My observation may thus be objective, in the s¢hatanyone else observing the chick at the same
time as me will record the same event, and indeeauld be captured by an automatic recording
device with no human interference at all -- alldudd have to do is put inside each bead a litthsse
that responds to the pressure of the peck. Yet theanmy objective observation and measurement



is at the same time subjective, for it does denaasdrt of skill on my part. Odd though it may appea

it turns out that not everyone can train chickpedorm this simple task. | have occasionally had
students in the lab for whom the birds simply wpe'tform well -- they find disturbing something
about the way a student approaches them. And thetjectivity in a more fundamental sense too. In
designing my experiment, | have chosen to obsamde@cord what seems to me to be important in
relation to my real interest: memory.

How so? Consider the next part of my experimenis Time, instead of simply offering the chick a dry
bead to peck, I first dip the bead in a bitteritagstiquid. The chick will peck it once, shake fitsad
vigorously, wipe its beak on the floor of the pemnd then refuse to peck at a similar but dry bead
offered anything up to several days later. Thibhéscrucial experimental intervention | am makintpi
the life and activities of the chick, and it is thesis for everything that follows, for | attributes

refusal to peck at the bead to the chick havimgearory' of the bitter taste of beads of this paléc
size, shape and colour -- indeedgfinethe refusal in these ternts.

METAPHORS, ANALOGIES AND HOMOLOGIES

By defining an observation about an activity on plaet of an animal as a particular exemplar of a
general phenomenon, 'memory' (a bitter memoryisdase!), | have given myself a lever with which
to move at least part of the world. | can then gdmask what happens in the brain of the chickmihe
'learns' that the bead tastes bitter, or whepmémbers' the taste when later offered a similad lhe
peck. And by subsuming these very specific bitsadfaviour on the part of the chick within such
categories as learning, remembering and memonypllyi that the processes | am studying are in some
way related to those which we also call learniegyembering and memory in frogs or snakes, rats or
snails -- or humans.

Note also, though, that such methods, which ard tesavestigate these internal processes witten th
chick's brain, are inherently not merely intervenist, but violently so. | have had to kill the cki

to observe the changes in its brain. My subjectudly is at the same time the object of my (terthina
intervention. This is of course one of the paradafethe reductive methodology in biology. It is a
paradox we may deplore, but we cannot avoid iteéfarke committed to the belief that the information
we shall acquire, the theories we may build, frarmhsa process can tell us something of value about
the world. How we define 'value' distinguishesititerventionist approach of this type of biologgrr
the cruelty of badger-baiting or the idle curiogifypulling the wings off flies. It demands moral
judgements, made by the researcher and also tspthety that sanctions the research. In my case, if
am right, what | discover about the cellular pr@essof memory iallus domesticuwill apply also
to Homo sapiensopening up the prospect not merely of knowledgfealso of potential therapeutic
intervention for sufferers from the losses of meymarffered by those who contract brain diseasels suc
as Alzheimer's. | shall be able to make a genedlstatement about memory, based on the following
logical sequence:
1. Chicks which avoid pecking a bright bead dfi@ving pecked it once and found it bitter are
showing memory for the association between the appee of the bead and its taste.
2. This behaviour is reflected in certain necgsaad specific changes in the brain of the chickl, a
| can study those changes.
3.  Human brains resemble chick brains in certand&mental ways.
4. Therefore, when humans show memory, similangba are going on in their brains.



5. And therefore what | learn about how to inteevén the processes of chick memory can be
applied to human memory too.

The validity of this syllogism depends crucially te third of these propositiorfsThere are three
ways in which 'resemblance’ can occur, and evergtievolves around which of the three applies in
this case. Is the process | am studying in chigst begarded as a metaphor for human memory,
analogous to it or homologous to it? Biology udétheee terms, but they are quite distinct in megn
and significance.

In ametaphomwe liken some process or phenomenon observedeimiomain to a seemingly parallel
process or phenomenon in a quite

different domain. For instance, during the 1930slamost universal biochemical process was
discovered whereby the energy released duringxlition of glucose and other foodstuffs was
trapped and held in available form within the tsllusing it to synthesize another molecule, called
ATP (adenosine triphosphate). ATP became descebede 'energy currency' of the cell, and the
storage and flow of energy via ATP and related mdks was likened by one of its discoverers, Albert
Lehninger, to the workings of a bank. ATP was te¥sccurrent account; other molecules (such as
creatine phosphate) served as the 'deposit acc@denges, in the form of glucose, were paid into the
account; work done by the cell, in synthesizing@rg or in muscular contraction or whatever,
required withdrawals of ATP currency from the bahke power of the social baggage that comes
along with such a metaphor should not be underastiah for it shapes the ways in which experiments
and hypotheses are designed. More recently, thetyaf metaphors for DNA and its genetic
functions have grown almost out of hand -- it haerblikened to a codebook, a blueprint, a recigk an
a telephone directory, to name but four of the npoosaic comparisons (I shall leave for later cbept
the more grandiose references to the human genstine &8ook of Life' and the 'Holy Grail').
Metaphors are not meant to imply identity of pr@cesfunction, but rather they serve to cast an
unexpected but helpful light on the phenomenonisséudying. None the less, as | shall argue in
Chapter 6, their seductive charm is highly danggrou

Like most such terms, analogy and homology havdipielimeanings. In the context in which | am
using them herggnalogyimplies a superficial resemblance between two phema, perhaps in terms
of the function of a particular structure. Thusréhare ways in which it makes sense to consider the
blood circulating in animals as having functionsisar to -- analogous to -- those of the sap iaaip
and as a more mechanical analogy, the heart ceegheded as a pump. Such analogies can be quite
precise. After all, hearts can be replaced byiaifpumps, and the mathematics that describes the
heart's action in driving blood through the circafst system is the same as that used to descrbe th
functioning of a water pump in a car engine.

But analogies can also mislead -- is it a help leindrance to regard the random access memory
(RAM) in my computer as analogous to memory in kior humans? Again, this issue will return to
haunt later chapters.

By contrasthomologyimplies a deeper identity, derived from an assunmdmon evolutionary
origin. This assumption of a shared history imptiesmmmon mechanisms. It is in this sense that the



bones of the front feet of a horse may be regaagdtbmologous to those in the human hand, and, |
want to argue, that chick memory is homologousuimé&n memory.

Is it legitimate to argue for homology between wihappens when a chick pecks a bitter bead and what
happens when you or | try to remember a telephonagoer? That is, do those aspects | have extracted
from the continuous processes by which the chitdratts with its environment really represent some
unitary feature of the material world, one that rbaydistinguished from any other? | claim that they

do, but my right so to claim is not self-evidenhelissue goes beyond the fact that | have to argue
convincingly that these two superficially very @ifént-seeming activities are both exemplars of eemo
general phenomenon. There is a fundamental issstala here.

Can | extract, from the continuous process by whhehchick or | experience and interact with our
environment, a discrete entity called 'memory'sThises a question which goes to the heart nbt jus
of the scientific method but of philosophical tri@atis running back many thousands of years. In
general there are two ways of looking at what gwes) the world around us. In the more familiar,
which derives from the cultural heritage of theaemtChristian and GraecoRoman traditions within
which modern science is done, the world is compadesblable entities -- electrons, or atoms, or
molecules, or organisms, or tables and chairs ielwhossess discrete properties, such as mematy, an
interact with one another according to definableslalin the second, less familiar view, the world is
one of continuous process, out of which transiniities occasionally crystallize. We are dealing
again with distinctions between object and surrodogeground and background. This latter way of
conceptualizing the world is perhaps more akindon-Western philosophical traditions,

such as those of India and China. But for moshefgast hundred years, theorists have had to cmme t
terms with such a world-view, for instance wherythternate between treating light as a stream of
particles and as a wave, or when their mathematicabolism demands that they speak of magnetic or
gravitationalfields As | shall argue, many of the problems in thddgaal sciences derive from the
cultural difficulty we have in perceiving a world ftelds and processes rather than of objects and
properties.

NATURAL KINDS

The object-centred view of the world was given gédlphical form by the Greeks. For Aristotle, the
world is composed of observable phenomena, unaerhyhich it is possible to define a particular
essential set of properties, matural kinds On the surface, this view of the world (which gtatle
derived from his predecessor Plato) resembles anglse's. It is full of objects: tables and chaieds
and dogs. Each forms a separate category, evegliteach can take many different forms. Tables can
be large or small, can be made of plastic or n@talood, and can stand on one central leg or skvera
peripheral ones. Dogs can be Saint Bernards orlpsod dachshunds. But below the surface, the
Platonic world takes on a different reality: ungiery) all tables is the essential ideal table, uradler
dogs the essential ideal dog. The tasks of philmgapd of science are then to identify and define
these essences underlying surface reality, andeh&mdividing the world of things and processes int
its 'natural’ units, a procedure described asilvgmature at its joints'.

Within the world of human artefacts it may not meaasonable to try to seek the essence of, say, a
table or chair. We can define them by purpose:ar ¢h to sit on, a table is to bear objects wehvis
access while sitting on a chair. Numbers of legiur, even shape or size within limits, can all be



modified without affecting these essential functio8uch a view of the world may even be possible
when one is studying inanimate phenomena suchrastspelectrons or chemical elements. | don't
want to get into an argument over this;

astronomers, physicists and chemists must spedkdorselves on such topics. My concern is with
living systems’

Are there 'natural kinds' and clearly defined jsiat which to carve nature in the living world?fibst

sight the answer would seem obvious. Every reafiigrese words is an individual, a person, a member
of the human species. So is there an essence arhtymvhich enables us to clearly define what
constitutes a human individual? Most of us haveliffcculty in recognizing adult, or even infant
fellow-humans. So it would seem that the answénasthere is an essence, even something we can
define as a 'universal human nature’', masked thibugay be by the preoccupation of some among
biologists (see Chapter 7) to privilege differenoesr similarities.

But think of the difficulties faced by moral philgshers, Catholics or embryologists wrestling witha t
problem of defining where human life begins, atethpoint the fertilized ovum or embryo must be
allowed to have those 'rights' which are (or astieshould be) inalienable for humans. Or of definin
death for a person on a life-support machine. ©telims of human evolutionary history, of reaching
agreement on which of the various fossilized huaracestors that have been discovered over the past
century can properly be regarded as human. Thesféicat, whereas in pre-Darwinian days species
were regarded as immutable natural kinds, eacpribatuct of divine creation and for ever distinct,
modern biology has great difficulty with the contepspecies and its boundaries in space and time.
Even the most straightforward definition, as cdnsitig a group of individuals capable of fertile
mating, is thrown into disarray by some of the ambes in current gene technology, which offers
bizarre crosses such as the shoat, the engineispdng of sheep and goats.

If we cannot take a species as an example of aat&ind, how about subdivisions within the
category? Much of the history of two centuries od3térn anthropology has been about the attempt to
identify 'scientifically’ acceptable divisions angphuman populations, divisions which could be
classified as 'races'. In pre-scientific days tlseremed little trouble with the term; English ldtire,
social and political writing is full of referencésthe Scottish, Irish or Welsh race, in which tien

'race’ is seen as encompassing certain cultural

and historical inheritances which shape an indigidysychology and personality. In this typologica
way of thinking, races appear as Platonic naturalk Nineteenth-century evolutionary theory and
anthropology seemed to offer a more biological ©&si such distinctions. Races could be categorized
on the basis of skin colour, or on skeletal or k&ulicture, and could even be arranged in a
hierarchical order from the 'more’ to the 'lessleed.®

The sorry history of this scientific racism, a bigt made possible only through the enthusiastic
collaboration of many psychologists, geneticists anthropologists, has been told many timiesd

there is no need to retell it here. As will becactearer in later chapters, modern population gegeti
makes the concept of 'race’ in the human contexbdpcally meaningless, although still socially
explosive !® The definition of race is essentially a social aein a reference to Blacks or Jews. While



there are differences in gene frequencies (thdifferences in the proportions in which particular
genetic variants occur) between population grotifese do not map onto the social criteria used to
define race’ For instance, Polish Jews resemble genetically tibéow Polish nationals, non-Jews,
more closely than they do Jews from Spain. Gerguémecies in Black Americans differ from those in
Black South Africans. And for that matter, genejtrencies differ between people in North and South
Wales, yet no one would think of classifying those populations as two different races. This
typological thinking has not disappeared: it chsgazes, of course, the poisonous propaganda wHtrac
political groups, and has not entirely vanishednfigopular scientific writing*?

If species and races have at best fuzzy boundamigst worst are empty categories, how about
individual organisms? Aren't |, writing this chaptand you, reading it, units with clear bounda?ies
But where do our boundaries lie? We can cut ous maihair without feeling that we are losing pairt
ourselves as individuals. We can contemplate haailigb amputated, or losing sight or hearing @r th
power of speech. Each of these disasters maygerar smaller measure reduce us as individuats, bu
we still retain our sense of unity, however dimivéd -- the amputated limb is no longer part of(us.
Oliver Sacks has written fascinatingly about therdissing and

bizarre consequences of certain sorts of brain daraa a result of which parts of one's body are no
longer perceived as 'self but rather as alienabj& )

And these days we practically take for granted mguparts of the external world inserted into us:
ceramic teeth, titanium hips, battery-driven heartpigs' kidneys -- even other people's 'spartspar

We assume that such insertions will in some seosedo be part of us, assimilated into our sense of
our specific, unitary nature. Of course, thesedssare not straightforward: consider the moral seea
generated by the use of genetic engineering teabeigzhereby 'human' genes are inserted into mice or
bacteria in order to generate either 'models' tonén diseases or ‘factories’ which can synthesize
commercially or clinically desirable products.

Even disregarding such intrusions or deletionsptirelerline between the organism and its
environment -- the definition of what actually cohges you or | as an entity -- is still no simple
matter. Most of us will have experienced at soometor another the intense joy of losing our seffise o
boundaries completely during sex. And for a pregmarman the differentiation -- or lack of it --
between self and the foetus she carries is protbagd complex. But even these examples apart, look
more closely at any human body. We are built odisstues arranged into organs, each tissue a rhass o
individual cells, each cell an assemblage of mdeWe may expect to live for seventy, eighty,
ninety years or more. During that time every aelbur body (with the exception of the nerve cells -
neurons -- in our brain) will have died and begrlaeed many hundreds or thousands of times. And
every one of the giant macromolecules -- the pnsteiucleic acids and lipids -- of which the cells
(including neurons) are constructed will have biedoriously synthesized, and persisted for a few
hours, days or months, only to be broken down agaghreplaced by a successor molecule, a more or
less exact copy. Our bodies are in continuous filothing about us as organisms is permanent.
Wherever our sense of unity and individuality imep and time comes from, it cannot be from the
persistence of the molecules or cells that commnisebodies. Our sense of self is generated fdn eac
us through the identity provided by our lifelinedbes not



derive simply from the persistence of moleculesadis, or even bodily structures, which are tramsie
but by our life processes, which continue dynanydhkroughout our existence. This is a processyunit
rather than aobjectunity. ** Once more, this is why we are defined as indivisibg our history at
least as much as by our molecular constituents.

Nor are our boundaries impermeable. Our guts hataudreds of millions of micro-organisms
(predominantly the ubiquitous. coli bacterium) living symbiotically or parasiticallyithe us. Many

more minuscule living creatures inhabit the surfaiceur body, skin and hair. Some we are conscious
of, often unpleasantly so; others not. We don'tmadly regard them as contributing to our sense of
individuality, yet deprived entirely of these othieing forms which share our personal space wih u
we would scarcely be able to survive. What may #aeem at one level of magnification, and for much
of the time, a clear-cut division between any indlial and the outside world which forms his or her
environment ceases to be so the moment we lookrclBisimans are more coherent than a colony of
corals, but the definition of where we begin or @ndither space or time is fuzzy, not sharp.

So, if not among species, races or organisms, wdarave find natural kinds in living systems? How
about down among the molecules? | referred aboteetonacromolecules of which our bodies are
composed. Take proteins, for example: moleculestoocied from linked chains of smaller sub-units,
the amino acids, of which there are some twentiamgs. Each protein consists of a unique sequehce o
several hundred amino acids. This sequence is k@whe primary structure of the protein. But the
chain is coiled up in helical and pleated pattewwm)nd back on itself into a configuration which is

held into shape by complex arrays of electrochenfiicaes (these patterns and arrays are knowneas th
secondary and tertiary structures). Within thidoglar mass are trapped other, smaller molecules and
ions -- hydrogen ions derived from water, and nseitatluding calcium, magnesium and iron ( Figure
2.2). Deprive the protein chain of these smati@sior molecules, or shift the acidity or alkalyrf

the solution in which it is dissolved too far framautrality, and the globular structure
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Figure 2.2.The structure of protein: (a) primary, (b) secongland (c) tertiary. R is an abbreviation
for the rest of the amino acid molecule.

collapses, often irreversibly -- this is what hapgpehen milk curdles, for instance. Furthermore,
proteins in living cells do not exist in isolatiofhey are linked with other proteins into highedar
(quaternary structures, or embedded in lipid membranes,ghitlif bound to RNA or DNA. So how do
we define the protein? By its primary sequence

or its tertiary structure in space? Do we inclulli¢he ions and molecules it collects around itfaee
and within its crevices? What constitutes the Pliatessence of the protein -- or is there no sémsib
way we can ask this question?

Perhaps we can distinguish the protein by its fonatather than by its structure. Such a functional
definition runs into other problems, though, fotutns out that organisms often contain severahwaar
forms of the primary structure of any particulaotein {soformg, which appear to be functionally
equivalent as far as the organism is concerneddies it seem that all the amino acids in a protein
chain are functionally necessary, for it is gergnabssible to lop off or add amino acids to thaioh



without apparently affecting the part the protdimyp in the economy of the cell. However, some
regions of the molecule are essential to its famctand are interfered with only at peril. For arste,
the substitution of just one of the 146 amino aad$hep-chain of haemoglobin -- a valine for a
glutamate at one particular position in the chairesults in a change of properties of the moledhie
'sickling’ of the red blood cells in which the hamgiobin is contained, with a consequent risk toliflee
of the person who carries the variant form of trenule. So a functional definition of any parteul
protein would produce only a partial overlap witktauctural definition.

It seems that the more molecular biologists andh®mists discover about macromolecules, the less
certain the picture becomes. For instance, onemghgss of proteins is the enzymes, molecules that
serve as very specific chemical catalysts insidecil and enable high-precision transformations of
other molecules to be executed. It used to be\mli¢hat all enzymes were proteins, and older
textbooks offer this protein nature as one of thinthg characteristics of enzymes. A few years iago
was discovered that certain types of RNA molecoldd also function as enzymes, and they were
promptly christenedibozymesThe definition of what constitutes an enzyme dow longer be made
on the basis of structure, and now rested on fanclone.

Thus, while it is possible to offer a general digiom of a protein as a molecule composed of a long
chain of amino acids linked in a particular wayy a@ecision as to whether a particular protein is

defined according to primary sequence, tertianycstire or function, or about which of its ionic and
molecular encrustations to include in the defimifioan only be operational, depending on the p@gos
for which we need to make the definition. A protsimo more a clear-cut natural kind than is an
organism or a species. And the same is true footier macromolecules of which the cell is
composed, polysaccharides and lipids. As we sbkallisis true even for that mythopoeic molecule
DNA, nowadays regarded as first among macromoleegaals, having displaced proteins from their
biochemical primacy -- even though their very nategves from the Greek for 'first things'.

Thus, even though they give the superficial appearaf carving nature at the joints, definitions --
'‘essences' -- in biology are always operationakrahan absolute. Even at their best, they arzyfak
the boundaries. At their worst, like the definitoof ‘race’, they may serve only to obfuscate yévemd
to differences that vanish or become unsustainablgoser inspection. 'Good' definitions are good
because they are adequate for the purpose we ititendfor, as they help us classify and order the
world we observe. But we would be wrong to imagima definitions have primacy over the
observations upon which they are based, that treeinasome way revealing a Platonic essence that
exists prior to and independently of the observatiwhich call them into existence and the purposes
for which we wish to use them. In a world whichurederstood in terms of process rather than object,
the joints into which we carve nature depend onultimate purposes, just as do those into which
human carnivores may carve slices of roast medh#otable, or an artist a tree into a wooden
sculpture. Certainly they have to bear some radatigp with the material world: we cannot alter
butchery styles entirely at will, observe phantoo@ye imaginary objects or force them into
configurations entirely of our own volition. But vid® have choices, and these choices depend on an
interplay between the nature of the world we ane\@hg, our understanding of what type of answer to
the questions we will accept, and the reasons wdhgne asking them. In the next chapter | consider
how and why we make such choices, and the exteheofvalidity.
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See Bruno Latou§cience in Actiorfor a dissection of the meaning of being a sdient
manager.

Jorge Luis Borges, 'Funes the memorious'.
For discussion of Bacon, see Charles WebBler Great Instauration

Claire Russell and W. M. S. Russ¥liplence, Monkeys and Matihe quotes are from p. 41, and
the account of the later research is from p. 43avd#: For his own account, see Solly
Zuckerman, The Social Life of Monkeys and Apes

I've written about how | use this model to statemory elsewhere (ihhe Making of Memojy
and | don't want to tread that ground again; thppse of the example here is different.

It is precisely this which one wing of the aaimights movement disputes, claiming that what |
argue is homology is at best metaphor.

My friend and colleague Brian Goodwin takesepton to this section of my argument. He
points out that natural kinds do not have to becstenchanging entities. They can be defined by
generative mechanisms, and their invariant progedre thus only relatively invariant -- for a
more detailed argument, see Gerry Webster and B@dwin,Form and Transformatian

Carleton S. Coorihe Origin of Races
See e.g. Stephen Jay Gould, The Mismeasureanf M

That not all biologists understand this --reseme, such as Steve Jones, who ought to know
better -- is a continuing source of public confastm the matter; see, for example, the muddle
Jones gets into on the matter in his coffee-tabtékbin the Blood, and contrast it with Richard

Lewontin's account Human Diversity.

See the discussion of the definitions of ac&ose, Lewontin and Kamin Mot in Our Genes
For a discussion of the re-emergence of racdgy, see e.g. Marek Kohimhe Race Gallery
Oliver SacksThe Man who Mistook His Wife for a Hat

Again, this is a normalizing statement. Unjitsenses of self can be lost in diseases such as
schizophrenia, or discarded by the psychotherapeugrventions that seem to generate the type
of learned behaviour described as multiple or disdive personalities -- see lan Hacking,
Rewriting the Sou.

Knowing What We Know

No scientist is admired for failing in the attenptsolve problems that lie beyond his competenbe. T
most he can hope for is the kindly contempt eabnethe Utopian politician. If politics is the art the
possible, research is surely the art of the sollbd¢h are immensely practical-minded affairs.



Peter MedawaiThe Art of the Soluble
INDUCING AND DEDUCING

The purpose of observing and experimenting is toved&knowledge of the material world and its
workings; to enable us as individuals, and socsta whole, to understand, to predict and in some
measure to control that world, to mould it to ourgoses. This action imperative was there in modern
science from its beginnings, and is far removechftbe contemplative reflection on nature and fate
which had characterized earlier forms of scholarskrancis Bacon showed that he clearly understood
the potential of the new science when he descreypdriments as being of two kinds: those that
brought light, and those that brought fruit.

For Bacon, the way in which the experimental methanyided reliable knowledge of the world was
straightforward. You collected facts. You made beasvation, or performed an operation on the world
and noted the consequences. If the same obseratmperation was repeatedly followed by the same
consequences, you could reliably draw the conalutiat this indeed reflected the way the

world was organized. If you throw a switch on thalvand the light in the room comes on, it may just
be accident or coincidence. If you do the samecarsktime and the light comes again, you may well
suspect that the two are causally related. A tlardurth and a fifth time, and you may be pretises
you are right. This is the Baconian methodnafuction and for nigh on three hundred years after he
formulated it, it was the way in which most scistgibelieved they worked. But it has a fatal flale.
matter how often you throw the switch and the lightnes on, you cannot be certain, in the absolute
sense that philosophers demand, that the sameuhiifgappen the next time you do it. The fact that
so far as | know -- every human who has ever livasl eventually died, and that | am human, makes
me pretty sure that | shall die too. But maybe harang. Could | not just be the exception? Perhaps
death is not amevitablecorollary of life.

Charles Darwin, who claimed that he was no philbsopwas none the less quite clear that he at least
did not do science in this way. As the great obsersystematizer and collector pointed out, faaetgeh

no meaning in themselves until they are collectati@esentetbr or againstsome hypothesis. The
philosopher Karl Popper articulated this altermatnew of science in a form that many found
irresistible -- at least for a tim&Science proceeds not mduction Popper argued, but by deduction.
Scientists make hypotheses about how the world syadnsider the implications of their hypotheses
and design experiments to test them. A hypothegjhtrbe that the light comes on whenever you
throw the wall switch because the switch activatégam of infrared radiation which triggers some
sensor at the light bulb. However, no matter hoterof/ou verify that the light comes on whenever you
throw the switch, this won't help you get to thehrof the matter. You could test the hypothesis by
showing that the throw of the switch did indeedute an infrared pulse, and that there was a®ens
at the light bulb that was sensitive to it. Buteweis wouldn't prove that the hypothesis was atrre
What you need to do is to design a crucial expartmeone which deliberately sets out to tryfdésify

the hypothesis -- for instance by putting a heaeyainscreen between the switch and the bulb tdkbloc
out any



possible radiation. If the bulb still comes on whyexn throw the switch, it can't be doing so by anéd
radiation, as the screen would block it, so yoyrdilgesis is shown to be false, and you need to make
another one -- perhaps that throwing the switchpietas a circuit of hidden wires connected to the
bulb. If, on the other hand, the bulb doesn't lightwhen the screen is in place, your hypothesis is
strengthened and lives to fight another day. Nbeddss, for Popper all hypotheses are provisional,
good only for as long as they can withstand attertgpobverthrow them. And the best hypotheses are
those for which one can most readily design fallsgytests -crucial experiments.

Popper's thesis, originally formulated in the 193@&ss rapidly adopted by many philosophers of
science, but it was only when his views were exygdito us by one of our own -- the immunologist
Peter Medawar, whose words form the epigraph sodhapter -- that most researchers realized that we
had never really worked as Baconians. We were,@blyhypothesis-makers. So enthusiastically
were Popper's ideas taken up that during the 18@@4980s grant applications to Research Councils
in Britain tended to be turned down if they faitledstate that the purpose of the proposed reseash

to 'test the hypothesis that . . .". Mere Bacoifeat+collection was no longer sufficient. (In theuder
1990s, even hypothesis-testing is no longer theckiggrion; instead we have to show 'relevance’ to
'wealth creation? ) Popper became to all intents and purposes tlyepbilosopher of whom natural
scientists in the anglophone world had ever hddedwas certainly the only one in modern times to
have been made a Fellow of the Royal Society, addath in 1993 resulted in an obituary and a
stream of correspondenceNiature science's journal of record. None the less,dbigbtful that many

of Naturés readers recognized the mortal blow that Popperstruck against our deeply held
conviction that we were engaged in discoveringttimh’ -- or at least 'truths' -- about how therlo
works. After Popper, absolute truths no longertexismerely provisional hypotheses, constantly unde
threat from new challenges.

There is a double irony here. In the first placeme of the central theories in science, notablyaha
evolution by natural selection, are

by Popper's criterion unscientific because theyafalsifiable. As must be the case for all essdliti
historical theories, it is not possible to desigreaperiment which (to use the Popperian term)
disconfirms Darwin. To adapt a metaphor used bplt&ie Jay Gould in his superb bodlonderful

Life, * to test evolutionary theory in a Popperian maryeerwould need to wind the tape of history
back and replay it time and again under a variétifterent circumstances -an achievement possible
only in certain model test-tube experiments. Yebmdogist would for a moment consider abandoning
the theory on the mere say-so of a philosopherp@olater modified his falsifiability criterion take
account of this problem, but by the time he didhgpothesis-making and falsifiability had become the
chapterand-verse taught to fledgling scientistscimools and universities, at least in Britain.

POPPER VERSUS PARADIGMS

The second and greater irony is that, just whearabscientists emerged into the bright Popperian
light -- when Popper had become part of the comssmse of science, his model of how science
proceeds came under attack from his own peers aplulagophers, historians and sociologists of
science. The first assault was led by the histoflammas Kuhn. His argument, based on the history of
physics, was that for most of the time scientistn'éa doing anything as grand as making and testing
hypotheses. We are simply solving puzzles set eybrk of earlier researchers, within an overarghin
theory about the way our bit of the world works avidch we are not concerned to challenge.



Kuhn called the work we do 'normal science' andamararching theories 'paradignisThe example

he gave was Newtonian physics. From time to timggarch produces anomalous results -- ones which
cannot easily be accommodated within the acceestmgm. The paradigm then has to be shored up
with all sorts of supplementary hypotheses, soith@comes more and more cumbersome. None the
less, paradigms can always be saved -- aftehallitotions of

the planets can be predicted quite well using teeGppernican, Ptolemaic system in which the Earth
rather than the Sun is the centre of our immediateerse. Sooner or later, Kuhn argued, a new
paradigm would emerge which transformed the wortdvy shaking up all the old puzzles and setting
them into a new framework. Thus the Copernican \oétihe world replaced the Ptolemaic in the
seventeenth century, and became part of the Neavtamorld-view which persisted until the beginning
of the twentieth, when Einsteinian relativity offera newer and more attractive paradigm with which
to replace Newton. Kuhn called episodes in whicé paradigm replaces another 'scientific
revolutions'. His view was attractive to historiarsl sociologists of science, but it had a resom#orc
natural scientists too. Most of us who read Kuhm samediately that for much of our working lives
we were doing work which was too humble to be cafigpothesis-making or falsifying. We were, for
most of the time, solving puzzles -- doing 'nors@knce’. Few of us have the privilege of particiga
in a Kuhnian paradigm-breaking revolution.

Kuhn, like the majority of philosophers of scientagk physics as his own 'paradigm case'. Biology
offers fewer examples of either grand paradigmsapadigm-breaking experiments, presumably
because we deal with much more varied and compiergmena than are found in physics. Our
paradigms tend to be rather smaller in scale, noaad, less universalistic. There is no equivalant
biology to Newton's laws of motion. At least theeeemed not to be until the 1990s, when efforts have
been made to elevate so-called 'universal Darwirtisia Kuhnian paradigm into which all phenomena
of life must be shoehornédshoehorning', by the way, is another metaphocwhhave borrowed

from Gould). A sub-paradigm within universal Darvgim is the DNA theory of the gene and
replication. Thus, in the afterglow of Kuhn's bdbk historian of science Robert Olby retold what he
called 'the path to the double helix' as an accotirgplacing a previous, protein-based theoryfef |
with the new DNA-based paradigfhl shall return to a critical discussion of botlesk paradigms in
later chapters.

Breaking and remaking paradigms meets considerabistance, for in many respects the scientific
community -- myself included -- is

rather conservative. Old paradigms, one might sayer die; only their protagonists fade from view.
For instance, on a less grandiose scale thanvigfadr evolution, the belief that memories arerstb

in the brain in the form of changes in the progsrof nerve cells and in the connections betweem th
is the paradigm within which my own research is aetl within which | am largely content. Like other
paradigms, it is hard to disprove. One alternavesrgetically proposed by the botanist turned New
Age philosopher Rupert Sheldrake, is what he @Galisphic resonance'. His idea is that memories --
human and non-human -- are not stored in the lattzéii, but are somehow present in a universal
‘ether’, so that once something has happened scenewhthe world, it becomes easier for it to happe
again somewhere elseHis books and public appearances attracted a gealdof non-scientific



enthusiasm for this seemingly bizarre proposaimsch so that the then editorature the world's
premier scientific journal, was moved to suggeat Bheldrake's was a book fit for burning.

| was sufficiently troubled by this suggestion thatcautiously suggested to Sheldrake that hel aled

a joint experiment, based on the behaviour of mgksh to test his idea. We agreed the design of the
experiment and made two rival predictions as tout€ome, and decided that when it was done we
would write up the results as a joint research pap@hin my paradigm, the predicted outcome of the
experiment would be that the behaviour of successatches of chicks would not change, despite
previous hatches having had a novel experiencéjmwiitis, there should be a change, as later hatches
would acquire a memory of the experience of théezdratches by virtue of some incorporeal
'morphic resonance'. When we ran the experimemslproved right -- to my satisfaction and to that
of other researchers in the field. Sheldrake, h@newvas able to convince himself that, viewed in a
particular way, the data supported his hypothefsmsarphic resonance. We couldn't agree on how to
write the joint paper, and instead published tvierahtive accounts side by siéhis just goes to
show how little facts 'speak for themselves'. Welalg tenaciously to our views of the world; rath
than accept an interpretation which destroys otagigm, we wrap the paradigm

in supplementary hypotheses. The history of atterngpprove or disprove extrasensory perception and
related phenomena shows many similar episodes.

WHERE DO PARADIGMS COME FROM?

The most interesting consequence of Kuhn's wonkiglver -- and this probably despite his original
intentions -- was that attempts to understand #tera of scientific knowledge were wrested from the
hands of abstract philosophers, and opened ugetgrtwing number of sociologists concerned with
what has become known as the sociology of scierktifowledge. They could, and did, ask the
guestion Kuhn apparently never thought of askingene do our paradigms come from? Kuhn himself,
who spent most of his time from the publicationfbe Structure of Scientific Revolutiansl962 till

his death in 1996 studying the history of physseems to have taken it for granted that paradigms
emerged as a result of an accumulation of the@algiioblems within a particular science. But if
paradigms are not absolutely determined by 'this'fat science, then our reasons for preferringtone
another must include factors outside science -agatligion, social expectations or ideology. Tthes
claim that science produces 'truth’ about the wisrfdrced even further on the defensive. Factate
merely at the disposal of provisional hypothesesctmunt for them, but the whole way in which we
view and interpret them can now be re-patterneglsitoy shaking the paradigm-kaleidoscope. The
consequences were startling. Within the philosagtscience itself, even Popper's erstwhile pupils
abandoned his view of hypothesis-making. For samh@t mattered became simply whether any
particular 'research programme' was productiveadrifecome sterile or degenerdtEor others there
was no longer any such thing as scientific methduit worked, worked?”

Kuhn had thus dug a tunnel below the seemingly egipable fortifications of natural science. This
allowed the return of a quite different view of widaove science forward, deriving from the writings
of Marx and Engels a century previously, but maddieit



in a famous international meeting on the historgaénce held in London in 1931.At that meeting,

an unanticipated delegation arrived from the stilitively young Soviet Union, headed by the
powerful Marxist politician and theoretician NikoBukharin (later purged and shot by Stalin). The
key paper was entitled 'The social and economitsrobNewtonPrincipia’, and was delivered by

Boris Hessen. In it he argued that, far from beirvgork of pure scientific scholarship isolated frtm
social conditions of the time, Newton's experimetitsories and the framework in which they were set
-- their paradigms therefore, in Kuhnian languagead been shaped by the new economic demands of
England's rising merchant classes. The merchaetedeaccurate navigational tools for the ships
which carried the imports and exports on whichltitristrial Revolution would be built; first Galileo
and then Newton, provided these through the newharecs and cosmology their work created.
Hessen went on to trace the subsequent histohegbhysical sciences through the nineteenth century
linking them to both the economic needs and thelatgcal commitments of emergent capitalism.

Here, then, was a quite different way to think alibe growth of science. It gave impetus to a bofst
Marxist scholarship in the 1930s, subsequentlyetsulomerged in the aftermath of Stalin's brutal and
bloody imposition of a dogmatic and sterile orthoglon Soviet science, and the Cold War of the late
1940s and 1950%? Knowingly or not, Kuhn reopened this line of arsi$yin the West. Sociologists of
science, and the critical 'social responsibilitysoience' movement of the late 1960s and early<,970
began to look at the relationship between domisamntific paradigms -- or at least theories and
metaphors -- and ideas about economics and society.

The sources of our paradigms in the biologicalrem@s seem particularly sensitive to such social,
economic and cultural inputs. As | pointed outha tast chapter, much scientific argument and
hypothesis-making proceeds through the use of ggaod metaphor. This is especially true in
biology, perhaps because the subject matter obgpyois so difficult, perhaps because of our defegen
to physics and technology. Whatever the reasorgftea use metaphors derived from simpler
sciences, which we believe we understand better,

to conceptualize our subject -- that is, to créatparadigms. | have already introduced three such
metaphors: the heart as a pump, brain memory aputemmemory, and ATP as the cell's banking
system. The first two are derived from human adsfahe third from a key feature of the organati
of industrial societies. As | have already hintibx, temptation to rely on mechanical and industrial
metaphors for living processes goes back to tlestoamation in scientific thinking that came wittet
Newtonian revolution of the seventeenth centusglitof course intimately connected with the both
modern capitalism and industrialization. Beforet tivae, the metaphor trade tended to be in the
opposite direction: the physical worlds of our oserth and the cosmological universe were described
in language usually reserved for living organisassyhen inanimate forces (the wind, rivers, and so
forth) were ascribed intentions and goafsThe significance of this reversal cannot be overeged,
for with it came the birth of the reductionist metlology which has so influenced biological thinking
in the subsequent three centuries.

Metaphors help us think about our subject -- baytimay also be a hindrance, for they also constrain
the way we think** In the biochemical literature from the 1930s thyloto the end of the 1950s, cells
were pictured as small factories, with ‘powerhougegochondria) and energy currency systems
(ATP), whose central function was maintaining aabakd energy budget. From the 1950s on, a subtle
change in metaphor is discernible, and by the 188@sgy budgets had been relegated to a minor
league. Dominant now were concepts of control gees and information flow within the cell, whose



functions were seen no longer in terms of crudegndut of sophisticated management. DNA and
RNA, and to a lesser extent proteins, became gubtgmether as ‘informational macromolecules’,
which is how you will find them in many standarathemistry and molecular biology textbooks of the
present day. | shall explore the implications @ tihetaphor more fully in Chapter 5.

The coincidence in time of this switch with the eba in how society as a whole has come to view the
central issues of its economy is too striking tegaver. We are told that we are an 'informatigh-ri
society', and that our bodily processes too ar&ainconcerned

with the management, reproduction and transmissiamformation. Brains, once perceived as
functioning on hydraulic principles, and later aephone exchanges, are now supercomputers, another
part of biology's information superhighway.

Such metaphors are more than merely easy wayske cmanplex phenomena comprehensible.
Sociobiological analysis in the hands of E. O. &fileind others employs identical mathematical
models to those used by a particular school of nasis¢ economists based in Chicago (and the
compliment is returned by economists who have etkatnew discipline called 'evolutionary
economics')'® Monetarism is more than merely a theory of ecomsmihich was contentious in the
1970s, became a cornerstone of Thatcherism andaResmmcs in the 1980s and now, surrounded by
the wreckage of the economies it has destroyddtgely discredited. More than that, it depends
centrally on a reductionist view of society whiatincides precisely with the sociobiological apptoac
to both human and non-human animal behaviun the 1990s the metaphors are changing again:
chaos theory is now applied to predicting StockHaxge fluctuations as well as to population
dynamics in complex ecosystems.

Because of the deference paid to biology overésaocial sciences, such paradigm-coincidences had
and continue to have a social utility, in ways whishall explore in more detail in later chaptéist
instance, the re-expression of old theories abifigrences in IQ between blacks and whites in the
USA, or of 'the inevitability of patriarchy', haeeincided with the backlash in the 1970s and early
1980s against the black and women's liberation mewis.'® Science, we have learned, is not
'neutral’. Its objectivity is only skin-deep, ag tparadigm on which our theory-building and
observations are based is shaped at least in paurtown social expectations and philosophy.
Feminist biologists, philosophers and historiansaxnce in particular have been quick to point out
how far the science we do and the paradigms witlmich we work -- the very ways in which we see
and interpret the world around us -- are shapetth&ygender expectations of science as still an
overwhelmingly masculine activity. The clearest-ewsamples come from the field of animal
behaviour, where feminist sociologists and histwsiaf science have been able

to document how men researchers on animal behaolmarve and record what they regard as the
significant behaviours of the animal groups thexgtquite differently from the way that women (let
alone feminist) researchers dd.

PERFORMANCE VERSUS TRUTH



This opening up to question of the very statuscardific knowledge has led in the 1980s and 1980s
fierce battles within both the philosophy and stomy of science, between opposing camps. On the
one side there are 'relativists', who argue (I §fgjyhat there are many ways of describing theldo
and that modern science, itself a cultural consthas no superior claim to ‘truth’. On the othée s

the 'realists’ maintain that the scientific metlcad provide some approximation to true knowledge of
the material world. These battles have led to asaag 'political incorrectness' and of 'assaults on
reason’ which go far beyond my concerns Hérewish to consider just one aspect of the delihee:
relativists' charge that science tells but oneystonong many possible about the world. Defenders of
traditional views of science respond that, aftersaience and technology work: for example,
aeroplanes, designed according to the most riggroasiples of physics and engineering, don't fall
out of the sky. But that a piece of science ornebdbgy works does not imply that the theory on wvahic

it is based is necessarily true. Melanesians apfigneavigate their canoes and make accurate |#adfa
on islands many travelling days distant by regaydiie sea as moving past them while their boats and
the stars by which they navigate remain station@oyne physicists at least have no problem with this
Thus Stephen Hawking, in debate with mathematiBager Penrose, whom he attacks as a Platonist,
states bluntly enougf®

| take the positivist viewpoint that a physicaldhgis just a mathematical model and that it is
meaningless to ask whether it corresponds to yedlit that one can ask is that its predictionsiddo
be in agreement with observation.

A few years ago | was approached by Art Janovidbeder of a form of psychotherapy known as
Primal Screaming. Janov was convinced of the uglioh the theory on which his therapeutic method,
a form of 'rebirthing', was based, and was furtteervinced that depressed clients who underwent his
therapy should show biochemical and immunologibaingies which indicated that they were
improving. Could | test this idea? | agreed to maleasurements on blood samples taken from the
clients both before and up to a year after theytwiaough their screaming therapy. One of the
measures | chose was of the quantity of receptdecntes for the neurotransmittérserotonin present
on the surface membranes of a particular classootcells (platelets). These are the receptorshwhi
are the target for the class of drugs known axgeéeserotonin re-uptake inhibitors (SSRIs); Pooza
one of the best-known examples.

As Janov had hoped, it turned out that before fherdie quantity of these particular receptorsign h
clients' platelets was considerably below normathifv six months of therapy, clients' depressiod ha
lifted, and the biochemical and immunological measu was making approached the average for
'normal’ non-depressed people of the same ageeandanov was (and | believe still is, for he has
cited this finding in books he has subsequentlyten?> ) convinced that this proved his therapeutic
theory to be valid. But while there is a weak clatien between the biochemical measures | was
making and standard psychiatric rating scales émrekssion, there is no way of knowing whether (a)
his clients would have recovered even without thgrar more importantly, (b) whether the therapy
Janov offers works because his theory about ibigect, or because he is a charismatic figure whose
clients recover because they believe that theygeillbetter if they scream appropriately. Indeed, |
obtained similar biochemical results when, a cowplgears later, | did a similar study with depesss
clients going through other, less dramatic formpsyfchotherapy, so | suspect that in such cases the
therapist matters more than the therapeutic thédmhe therapies thus meet the criterion that they
'‘work’, inasmuch as clients going through them shehavioural and biochemical changes in
accordance with prediction.



However, these changes apparently occur irrespeotithe therapeutic theories on which the
treatments are based.

A second example. According to official US figurap,to 10 per cent of all American children --
mainly boys aged between 8 and 14 -- are curréxilyg diagnosed as suffering from a condition
known as ADHD -- attention deficit hyperactivitysdrder. The criteria for making this diagnosis
centre on the child's school performance. ADHDdrelh are said to be inattentive and a nuisance in
class, unable to sit still or accept the authasftyheir teacher -- and sometimes of their paredtee
such a diagnosis has been made, the recommendédérs is to give the child a psychotropic drug,
an amphetamine-type substance called ritalin, wisitfelieved to act upon neurotransmitters in the
brain.?® Although in a small number of the cases in whighdrug is used there may be some unusual
level of activity of the neurotransmitter or iteptors in the brain, for most children this ishoot
unknown and unlikely -- and in any event, the béhaal significance for a person who has levels of
neurotransmitter which differ from the averagetfo population is simply unknown.

Neither the diagnosis, nor the treatment withintak recognized to any significant degree outsiae
USA, although as | write ( 1996) determined effants being made by a few psychiatrists and parents
to bring it to the UK, with considerable attendpablicity. There is no doubt that ritalin sedatests
children and makes them more tractable at schootleed, ADHD seems to be a disorder that remits
at weekends and school holidays, at which timeslthg often appears unnecessary. So ritalin also
‘works' -- that is, it makes the children takingatsier for their teachers and parents to handietHg
theory on which it is based -- that the problemviich it is being prescribed lies 'inside’ theldki

brain, rather than in aspects of his relations Wwithparents, the ability of his teachers, the eizthe

class in which he is being taught, or the socialti@nships within which he is growing up -- is ast
certainly wholly fallacious for the vast majority eases in which the drug is being used.

TECHNOLOGY

There is yet another factor to take into accoumtsfining the powers and limits of science --
technology. The conventional distinction betweenttho is that science provides knowledge of the
world while technology offers the power to manigeld. | am unhappy with this distinction for seater
reasons which need not concern us unduly, as tieeyad relevant to my purpose here. All | need say
is that the distinction is artificial -- perhapsno@cted with the traditional British valuation cfad-

work over hand-work. From my perspective, one pgssscience is another's technology. The Apple
Mac on which | key in these words is to me a pieiceechnology; | use it without caring how its
mouse and hard disk work. Yet the efficient andltte-free functioning of my computer depends on
the science of the mathematicians, computer ssisrdnd engineers who designed and built it or
developed programs for it. Equally, the chick meymassearch | publish is science for me, but
technology for someone who wishes to use the chietsaviour as a means of testing a new memory-
altering drug. In many areas of modern moleculaldgly the distinction is even less clear, and we& no
have the term 'technoscience'.

The simple observations which | described at the sf Chapter 2 required little more than my own
unaided senses, a watch, and notepad and penailittadly, | introduced the possibility of a bit of
automation -- a video camera, a sensor in the Ismde computing power to work out the time



budgets of an ethogram. But if | had taken you amlg step further down my experimental path, you
would have met some very big machines indeed: ifegéis capable of generating a force half a
million times as strong as gravity; electron micmses powerful enough to enlarge your thumbnail to
5 kilometres across; gene synthesizers which c&ridigether defined sequences of nucleotide bases
into simulacra of natural DNA with the insouciarafean experienced knitter . . . and backing them al
up, a powerful industry of instrument manufactund chemical companies producing, for a price,
anything and everything my laboratory might require

Without such instrumentation and industrial supggstems, no modern biology lab could survive. It
is not that the questions we ask about the livimg@sses we study are merely not answerable without
the technology, they are literally unthinkable. &efthe development of effective lenses, and then
optical microscopes, in the seventeenth centugyeitistence of the overwhelming majority of the
living world -- the bacteria and other single-cdl@rganisms which constitute so much of the planet'
biomass -- was wholly unsuspected. Antony van Lesheek's drawings ( Figure 3.1 ) of the
‘animalicules' his
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Figure 3.1 Antony van Leeuwenhoek's single-cellednimalcules'.

microscope revealed in a drop of pondwater, putditiin the 1670s, revolutionized biology to an even
greater degree than Galileo achieved for cosmoldggn he turned his matching device, the telescope,
to the heavens and observed the moons of Jupitgit.tlen, known living forms were pretty much
limited to those with which the author of the BawfkGenesis had populated Noah's Ark.

The fact that even those living forms that werevin@rior to the

The microscope thus opened up a new world, notlgnefdreeliving 'animalicules' but also of the
cellular and subcellular structures within theues of plants and animals. None the less, therstace
limits to the magnifying power of even the besbpfical microscopes. Until the advent of the electr



microscope in the early 1950s, the internal camestits of cells such as mitochondria were
unobservable and hence unknown. It was impossithlergo build theories about the partition of
cellular functions which such subcellular partiaheght embody, or to develop the science and
technology of the centrifuge which might enable tmeeparate these structures from the fluid -- the
cell'scytoplasm- in which they float.

Technology -- by which in this sense | mean avédatstrumentation and methods -- both solves
certain problems and suggests others. But justeasage constrains the marmosets or chicks, so does
technology also constrain the way we view the woFkke electron microscopy as an example. In
order to prepare living tissues to be viewed thlosigch a microscope, it is necessary first totfigm

in a solution which pickles the cellular constittgerThe next step is to embed the small fixed pagce
tissue in a resin such as Araldite, and stainti &ichemical which binds selectively to certaitiutar
components (lipids, perhaps, or proteins, or ea¥y specific types of protein) and which can be enad
opaque to the electrons with which the sampleiwitlue course be bombarded. Finally, it is necgssar
to cut very thin slices of the sample, perhaps noenthan a thousandth of a millimetre thick, place
these slices on a copper grid, and insert theigrada vacuum tube, ready to be pounded with
electrons. A picture of a cell produced by suchacess is shown in Figure 3.3.

Figure 3.3 illustrates very well the extent to whane has to learn to see the patterns of differing
shades of grey as 'representing’ cells, their nuoitgochondria, membranes and so on. To the novice
these patterns make little sense. The apprengotreh microscopist is taught just how and what to
see, what to regard as 'real' and what as 'artefdlse unwanted consequences of one or moreeof th
procedures used to prepare the living tissue. Tieisew observer is initiated into the conventional
wisdom developed by half a century of biologicalrkvim the artificial world of electron microscopy.

Figure 3.3Electron micrograph of a liver cell from a'young'(dh Scale bar 1 x 18 (or 1 micron,
um).

Other techniques, such as video recording undéfeaaht form of microscopy, called phase-contrast,
show living animal cells to be three-dimensionghamic structures, in constant interaction withrthe
environment and filled with complex internal paeg such as mitochondria which are themselves not
static but in continuous movement. Their componargsnot the black and grey, one- and two-



dimensional, static patterns seen in Figure 3.3.it¥e these fixed patterns of the electron micegdn
that, as a result of the technology, form the bfasisirawings of cells in biology textbooks, and
provide the conventional 'mind-picture’ of celleevor experienced
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Figure 3.4Rosalind Franklin's X-ray diffraction pattern offdNA crystal

biologists. So powerful is the technology thatetbmes very hard to move beyond it, to think iedhr
let alone four dimensions.

This problem is certainly not confined to 'visualy cells microscopically’® Consider, for instance,
Figures 3.4 and 3.5, and, if you know no biology tb guess their meaning. Each is a pattern afkola
and grey smudges on a whitish or paler grey backgto(This is not a consequence of the need to
reproduce coloured images in black and white; Hreyindeed the patterns biologists have to learn to
interpret.) Figure 3.4 is a diffraction patterntahed by directing a beam of X-rays through a fceiye
aligned crystal and allowing the scattered beaftta photographic plate. And not just any old
crystal, either: you are looking at the patternatiosl Franklin obtained when she was studying DNA,
and from which she was able to deduce its doubig-kucture -- the observation so brilliantly
exploited by James Watsoncre and Francis Crick. Ho&s the pattern reveal the structure? Well, it is
all to do with the number of spots and their spaeiif you observe them with the eye of love anel t
benefit of experience.
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Figure 3.5Proteins separated on a gel. Each of the firsaf8ders' separates a different starting group
of proteins. The sixth contains molecular weightkaes. K = 1000 and refers to molecular weight

Figure 3.5 shows the result of an analysis of jmetpresent in particular brain cells. In the arely
protein solutions were placed on a slab of a ¢el-$iubstance, and an electric current was passed
through the slab. This caused the proteins to ivernidown through the gel at a rate dependent ein th
individual electrical properties and molecular wegy After a few hours the current was switched off
and the gel bathed in a solution which stainedtioéeins. Each 'rung' of the ladder-like patterns
visible in Figure 3.5 represents a different grofiproteins, which can then be cut out of the gel a
studied in isolation. From the gel, the initiatethanterpret the molecular weights and relative
concentrations of different proteins, how fast theg being synthesized in the cell, and many other
features as well. The technology is relatively demput without it the world it reveals would notigt

to the researcher. Indeed, it does not even

exist in this form in the cell at all; to produdehe proteins have been subjected to procedurehwh
destroy and degrade them (they have first to beigitated, and boiled in detergent solutions);
whatever their status as natural kinds' withindéks from which they have been derived, by thestim
we come to observe and study them by this techydlogy are no longer what they were.

These are examples of the sciences made possildelylogy, the technologies made possible by
science. The world-view we biological researcheesi® is derived from the intimate interaction of
technology and science with the eye of craft exqgpee, shaped by the theoretical expectations
according to which we operate. It is a world whichsents challenges which go deeper than Popperian
hypothesismaking, Kuhnian paradigms, and truthagepmerformance arguments by which those



studying the epistemology of science attempt toarthkir own sense of what we do. Wresting reliable
knowledge from the world we biologists study isttaes novelist Arthur Koestler once described it, an
Act of Creation?’

The shapes, patterns and structures we see thavuglectron microscope are artificial. They have
been created by the complex of procedures througbivihe living material has been transmuted.
Much of what modern science does, the problemswitich it concerns itself, is thus divorced by
technology from the immediately observable wonhdiged is literally created -- the product of human
labour.?® In the 1970s, anthropologist and sociologist Bruatour spent a period living with the
strange tribe of biochemists working in the prastig Salk Institute in California. The tribe heditd
was locked into a 'race' with a rival laboratorydtscover the structure and biological activityaof
peptide hormone. Latour recorded the way in whitehresearchers talked about how they created
knowledge from the machinery of discovery withinigfhthey were immersed; how yesterday the
molecule had one structure, today -- as a reswtraw measurement -- it had another. Since | read
Latour, | have become much more aware of how wigists speak of the objects of their (our) study;
not as if yesterday wioughtone thing, and today waowbetter, but rather as if the change were in
the 'real’ world outside us; yesterday this wookokta particular form, while

today it takes another. Not ‘we now know that tregeeeight different forms of the metabolic
glutamate receptor, whereas last year we knew lgfsaven’, but 'therare now eight different
metabolic glutamate receptors'. We speak as witrdd inside our heads had primacy over the natural
world outside, even if we indignantly reject suctharge when it is laid against G3.

SO HOW DO WE KNOW WHAT WE KNOW?

Given all that | have said, what justification ¢daere be for claiming that it is possible to obtain
reliable knowledge of the living world, and thabloigists can achieve such knowledge? There is no
noncircular way to answer that question, so letaglenowledge the circularity and begin with some
biological assertions made from within an evoluionperspective. It is by making these assertions
that | wish to retain my claim to be able to dramnclusions about the nature of the living world ethi
while not immune to the critique of sociologistsptiilosophers, none the less approximates to hew th
world really is.

The evolutionary lineage which led to humans hanloharacterized by the development of more
flexible organisms with bigger and more powerfudihs, able to adapt to widely differing conditions
and respond to rapidly changing circumstances.. &8s $. Haldane pointed out, no other animal can
run ten kilometres, swim two, and then climb a;ttegould add, let alone sit down and write abalt i
As will become clear in later chapters, this is tha only way to succeed evolutionarily, nor
necessarily the best, but it is the way which,lenavailable evidence, led to humans. Human surviva
as a species is not based on our ability to owdrpredatory carnivore or even a potential preyplio
into a ball protected by spines or a hard carapgaadeform potential enemies that we are dangeowus
distasteful by bright coloration, to camouflage appearance or to hide in burrows, coming out
cautiously only after dark. To survive and succeespite our incapacity to do these things, we d an
our immediate evolutionary forebears -- have haclpabove all on our brains.



And what our brains permit us to do above all ikdge foresight -- to think ahead, to predict the
consequences of our actions and those of otheumi@dngs. If those predictions were mistaken, we
would not live for long. That is, human survivalb@eds on our being able, as a species, to make
relatively reliable hypotheses about the world arbus and to act appropriately upon those
hypotheses. Among other things, therefore, humembypothesis-makers (and were so, long before
Popper pointed it out). Certainly, these hypotheaed the observations upon which they are based,
are actively constructed rather than passivelyivede But if the mental world we construct in tinay
did not correspond reasonably accurately to thetivayvorld outside 'really’ is, we could not sueziv
A hypothesis that the vehicle we see rapidly apgtivey us as we cross the road is an optical illusio
or is made of pink marshmallow is unlikely to erestive longevity of the hypothesis-maker.

Such hypothesis-making may be seen as the stgrtimgfor science. It has been claimed that in this
sense all animals 'do’ science, in that most speath brains and nervous systems a little more
complex (in terms of numbers of cells and of thenaxtions between them) than flatworms can learn
and generalize from experien¢®But science of course is much more than this:gotially organized
hypothesismaking. That is, to be scientific, hygstts must be shared, tested and eventually agreed
among a community, a sharing and testing that dghés the chance that they are the idiosyncratic
consequences of a particularly unusual brain akwor

This sharing is both the strength of science and/éakness. Without it, nothing would be possible.
Hypotheses that a chick or a marmoset makes angketieralizations that it draws from them die with
the animal's own death. Even for most relativetgéabrained animals, each individual, in each
generation, must hypothesize for itself, and eadividual in the next generation must start agaiif a
nothing had ever been learned. Even if it watchesety, one chick cannot benefit from another's
experience of the bitter bead and therefore refugeck: it has to taste the bead for itself. Hosvev
social animals with large brains, such as monkess,learn from the experience of others, and there
have even been claims of cultural

transmission across generations. An example ofted derives from a study of a particular troo@in
semi-wild colony of macaque monkeys in Japan inl®®0s. The monkeys were given dirty sweet
potatoes as food; one began to wash the dirt efptitatoes in a stream (it subsequently generalized
and washed corn too). Over the next six years dhat@-washing habit was said to have spread to more
than half the troop, with parents teaching thefisming. ! The simple interpretation found in most
textbooks, that this represents a form of soceinmg and cultural transmission, has however been
thrown into doubt by more recent research whichdmasvn that such ‘washing' behaviour is probably
associated with thirst and acquired spontaneotfslithout the need to be ‘taugiit But even if the
findings were uncontroversial, nothing that ocdarthe non-human animal world matches the
cumulative nature of hypothesis-making that conttg human science. We are able to build on the
tested and seemingly validated hypotheses not yneféhose currently alive, but of all previous
generations. This capacity must have been immealgwstiengthened once an oral cultural tradition
was superseded by a written one, enabling recdrdash hypotheses and tests to be preserved.

However, humans are more than just scientific hygsis-makers. We live in communities shaped by
many other cultural and economic forces, forcestiprovide strong guidance as to how we should
view the world around us and our fellow-humansBiitain in the 1990s, where the gap between rich
and poor is greater than it has been for a geweratid is still increasing, the directors of thevlye
privatized utilities and the people they have sdcked rendered unemployed see the world from very



different perspectives. In a society in which thigra strong division of labour and power betweeamm
and women in every field of work from science tddleare, their viewpoints on the world will also
differ. A white racist football fan is unlikely tmake the same hypotheses about the world as tble bla
player he abuses.

For many fields of scientific hypothesis-makinggdk rather crudely drawn distinctions may be
irrelevant. They may not affect cosmology -- altgb@ person's religious perspective is certainly
likely to. They may not affect physics or chemistralthough they may well affect

one's attitude to nuclear power or ozone depleBom biology is different. Not only is the livingard
much more complex and less predictable than th@nmate world studied by physicists and chemists,
but biology, as | continue to emphasize, lays céaimbe in a position to tell us, as humans, who we
are, where we came from, where we are going, hownus live and relate to our fellow living
creatures. It does what religion used to do. Indasavill become clearer in later chapters, biolbgyg
explicitly taken on this role ever since Darwin.igts powerful stuff, and so it should not surpriseto
find that ideological preconceptions are becomirmgerapparent, and shaping our hypotheses more
decisively. Above all, hypotheses are about thatgoat which to carve nature. (Is this phenomenon o
process | am observing an example of aggressiaof,memory, or of play? Or at another level, of a
protein, an enzyme, or whatever?) They depend atrstductive but misleading trio of metaphor,
analogy and homology. If we use metaphor as ifitexanalogy or homology -- the brasma

computer, DNAis a code -- or if we use analogy as if it were hargwl-- for instance by claiming that
two animals biting and clawing at each other algb@g in a way homologous to human ‘aggression’
-- then we delude ourselves.

The metaphors and analogies we find attractivéaaen with cultural values and expectations that
come from outside our science. They inevitablye@fbur experience as directors of companies or as
sacked workers, as men executives or women chikekgaas white racists or black footballers. That i
they are not and cannot be free from ideology. €waso deny this -- and there are many among
biology's leading ideologues who claim to have pdrthemselves of such vices, able to go about their
work by holding a perfectly reflecting mirror up t@ture -- are at best unselfreflective. Even more
inexcusably, they are wilfully and woefully ignotaof the hard work done by philosophers and
sociologists in developing an understanding ofrtaeire of science and the knowledge it creates.

Despite this doubt at the very core of the scienéhdeavour, we are not in a position to assett th
‘anything goes'. Although the observations we nadiaut the world are theory -- and ideology-laden
before we start, and the joints into which we caratire are provided

less by griori definitions than by operational need, they mu#itrabke a reasonably good fit with the
world, or we could not proceed. Our hypotheses ddail. Science-fiction writers, but not scientists
are permitted to create life by harnessing the paiéghtning and passing it through assembled
fragments of corpse. The monster is Mary Shellegation, not Dr Frankenstein's. And, as again will
become clear later, however great their budgetgeangineers will not be able to turn humans into
angels, nor cryogenicists restore the memoriesepast owner of a severed and deep-frozen head.

TAKING STOCK



Where has this Cook's Tour through several decaidesense debate about the nature of scientific
knowledge got us? | began the previous chapterebygribing what seemed at first to be
straightforward observations about animal behavibhe moment these observations were analysed in
greater depth, however, even the simplest stateafenit the natural world seemed to be built on
foundations of shifting sand. Philosophical anda@ogical critics have succeeded in diminishing
many of science's claims that it provides the matHzy which truth about the material world can be
obtained. The phenomena we describe and purpertiain appear to be constructed according to
hypotheses derived from our own fallible sensebural traditions, social expectations and limited
technological powers. And yet, science and teclgyoseem to do more than just work. They offer us
more than mere power to manipulate the universa; dhaims to provide reliable knowledge are surely
better grounded than those of cults and religibngintain that we can and indeed must accept the
strength of the philosophical and sociologicaligués and that we can yet save our science's ctaims
(constrained) reliability. Culture-bound and shapgdechnology our hypotheses may be, yet they are
constantly confronted by a reality test. We caramger maintain that the Earth is flat, the Moon is
made of green cheese, or that 1Q tests measurefsadebiologically determined feature of an
individual. Science has shown us better. Indeddamswered otherwise | could

scarcely continue to work as an experimental sigiesita naive realist, as it might be describeon®
the less, | insist that my claims for science acgarthan merely special pleading by someone who
would lose both their job and their life's work wer otherwise.

At any one time, the science we do, the questiaask about the world, the hypotheses we frame and
the answers we find satisfying, depend on a consttarplay of factors. They include what is
sometimes called the internal logic of the subjethat is, the cumulative state of knowledge drdbe
about the particular problem or question as culyamtderstood by the community of researchers
interested in it--in short, their paradigms. Bugttalso include the current state of technologwas

no good asking a question which demanded knowiegthino acid sequence of a protein in the 1940s,
before any protein had ever been sequenced,estdldefore there were machines which could perform
the operation routinely and rapidly. It is no gasking a question which permits an error of leas th

per cent if the equipment one is using is theaaditi@and practically incapable of better than phus

minus 10 per cent. Getting these two both righthat Medawar called the art of the soluble.

But what neither Kuhn nor Medawar allow, and onchiphilosophers, sociologists and social critics
of science insist, is the external framing of auject. This includes the economic and politicgido
which drives society to fund some types of researahnot others, and more subtly it includes the
cultural and social forces which shape our metaphmmnstrain our analogies and provide the
foundations for our theories and hypothesis-makiinig.these forces that have helped drive forward
biology's currently dominant reductionist modelofhking, and which a more comprehensive science
must now transcend.
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The Triumph of Reductionism?

.. .we are assured that the all-wise Creator has olegthe most exact proportions, of number,
weight and measure, in the make of all things;niwst likely way therefore, to get any insight itite
nature of those parts of the creation, which conthimour observation, must in all reason be to
number, weigh and measui®tephen Haled/egetable Staticks

THE CRITIQUE OF REDUCTIONISM

The time has come to get to grips with the issuedfictionism in biology. The term itself is a soair
of much polemic. To some, it is an unqualified lveard, representing a way of emptying life of its
manifold rich meanings, of turning individual pemnsbexperience into chemistry and physics, mere
mechanisms. This search for other meanings lidseateart of New Age philosophy's rejection of
reductionism -- a rejection abetted by a few eXdgsts, well exemplified by Rupert Sheldrake and
his theories of 'morphic resonance' -- indeednltbank of no one who better fits Dawkins' epithet
‘holistier than thou'. For others, however, théquie is systematic and based upon a coherent
philosophical and political analysis which sees aradscience as the inheritor of nineteenth-century
mechanical materialism, itself tightly linked ideglcally to a particular phase of the developmént o
industrial capitalism. This is the case that |, besin and Kamin argued iNot in Our GenesOther
forms of the critique are advanced by feminist gdolphers of science for



whom reductionism typifies the limited rationaliythe peculiarly masculine, cognitive, objectifgin
approach to the world taken by modern science, #gtboncomitant refusal to respect the validity of
subjective experiencéIn similar vein, some ecologists criticize redontsm because it appears to
deny the interconnectedness of phenomena. Bedafiadls to understand the unity of life, of the &ar
as living Gaia, it is as a result dangerously kaklither by advertence or inadvertence, to destrey
planet? There is, of course, substance to such critiquetsthey are not of prime concern to me here.
In this chapter | want first to consider both wiegluctionism has been and continues to be a powerful
scientific method, and therefore attractive to maiojogists, and also why it is ultimately unalie t
answer many of the most fundamental questionswatilch biology is concerned.

POPPER VERSUS PERUTZ

Despite the vigorous tradition of non-reductiveugbt in biology, a tradition whose lineaments will
become clearer in the pages that follow, it rem#iescase that, especially among the more
molecularly oriented of biologists, a muscular eatdmg of reductionism is expected. Many are
reductionists in the sense of the character in deis play who had spoken prose all his life withou
realizing it; it is just the way we are taught mttings and think about them. But there are otivrs
explicitly rejoice in the term, rather than merahyplicitly working within its framework?® Consider
the following episode, dating from 1986, which séistone of the issues | need to confront.

The scene is the elegant lecture theatre of Losd®ayal Society, crammed to overflowing. Many
distinguished scientists who had turned up caswaly minutes before the proceedings were due to
commence found themselves suffering the indigniityeang packed into an overflow room to watch
the event by video. Karl Popper, the thinking stgis favourite philosopher, was about to give the
first Medawar Lecture. The lecture was named fqdeo's lifelong friend

and interpreter to the scientific community, Pétiedawar, who, crippled by the series of strokes tha
were shortly to kill him, sat wheelchair-bound e tfront row.

Experimental scientists -- at least in the Anglo«®atradition -- don't have much time for philosgph
and its practitioners; we tend to assume that wieatio is obvious and unproblematic, simply holding
up to nature as perfect a mirror as can be coristtyand reading the reflection therein. Indeed,
younger researchers sometimes speak contemptuafusly 'philosopause’ as the age at which their
predecessors stopped doing 'serious’' work and lbgaing aloud instead. Popper, however, for
reasons | have already mentioned, was always ttepérn to this rule, and most of his Royal Society
audience knew and admired him mainly through taarsth defence of science against those he -- and
they -- perceived to be its ideological enemiedikérother philosophers -- and even less like the
sociologists of science, viewed with suspicion kgny-- Popper was regarded as the scientiststfrien
But the audience probably guessed from the titleagdper's lecture that defending science was not to
be his major theme. Far from it: he was going teehthe temerity to challenge one of the core thesori
of science, that which goes under the name of Daswi.

The key feature of Darwinism as it is conventiopalhderstood is that it is the external world, the
environment, which is constantly setting organistmallenges to their survival. If they meet the
challenge, they survive and breed, and their prpgeosper; if they fail, their line diminishes and
eventually ceases. It was at this rather passineeag of natural selection that Popper's criticigas
aimed. He argued instead for what he called 'a®@&amvinism', which conceives of the living organism



as helping to determine its own fate by itself drajing and modifying its environment to meet its
own needs’ Staunch evolutionary biologists present at hitulecwere not impressed, although this
seemingly esoteric distinction is actually by noame anti-Darwinian, whatever some of the great
Charles's defenders may claim. Indeed, it is furetdal to our concept of living processes in general
and in particular to what we as humans are and airadlestiny might be. However, 'active
Darwinism' turned out

to be not the only challenge Popper threw at hisiggts that evening.

As the allotted hour drew to a close, and the lectbegan to ramble into severe time trouble, he wa
forced to discard his text and summarize his takedmessage via the headings on a handwritten
overhead transparency, headed 'Eight reasons wloglgicannot be reduced to physics'. Reason
number four turned out to be 'because biochemestmynot be reduced to chemistry'. His conclusion
must have been galling to Medawar, who had fredqgengjued that reductionism is not even second
but first nature to scientist3So it was not surprising that, as Popper clossdatk and the chair,
President of the Royal Society George Porter (sihee elevated, according to bizarre mock-feudal
British custom, to the ranks of the peerage), aséieduestions, a hand shot up from among those
standing at the back of the hall. 'l don't underdtahy you claim that biochemistry is irreducibde t
chemistry.' Popper, then in his eighties, was qietaf, and failed to hear the question until Psteod
up, walked across to him and bellowed into his ‘&r:Max Perutz wants to know why you think
biochemistry can't be reduced to chemistry." Pop@er never known for his modesty. He stood back,
smiled sweetly and said simply: 'Ah yes; | was sggal by that at first. But if you go away and thin
about it for an evening, you will see that | amhtig

Perutz, himself a Nobel prize-winner for the elatidn of the structure of the oxygen-carrying blood
protein haemoglobin, was not amused. His life'skwafter all, had been to demonstrate the relevance
of chemistry to biology, and he was scarcely usdakeing brushed off like this, even by a man whose
arrogance was legendary. A few weeks later he giubdi a response to Popper's cldiffor Perutz,

one of the best examples of the fit between cheynéstd biochemistry is provided by the way in

which the molecular structure of haemoglobin vabesveen, say, low-altitude, desert-living mammals
such as camels, and their cousins the llamas Wikielat high altitudes in the Andes, where thesir
much thinner and the demands on the oxygen-cargapgcity of the blood therefore differ. The
molecular structure of camel and llama haemoglabin each case subtly modified, the better téhiit
conditions in which its owners live. Even

different strains of deer mouse adapted to livdif&erent altitudes show genetic differences in the
oxygen-carrying capacity of their haemoglobiiVas this not clear evidence that physiology and
biochemistry not merely depend on, but are redadib| the chemistry of the organism's component
molecules? Perutz's example matches that giveridwe®s Weinberg, the opening chapters of whose
Dreams of a Final Theorypursue the example of why chalk is white dowrh®atomic level in just
this manner.

Game, set and match to Perutz? | think hBut the point of my telling this story is not sitppo
record the verbal games of a scientific elite erridther robust style of point-scoring among the
philosopherknights of science. Rather, it is to destrate how the reductionism that characterizes th



more molecularly oriented biologists is taken foarged, and to start the process of unpicking asyn
meanings. Indeed, | have already used the terrmum@ber of different ways, without necessarily
bothering to stop and clarify which version | hawvenind. It is high time | was a little more systatic.

REDUCTIONISM AS METHODOLOGY

First, and perhaps foremost, there is reductiorisra methodology, as discussed in Chapter 2. The
living world is characterized by complexity, byluoy a multitude of interacting processes. We find
easier to understand the phenomena we wish to gtugycan hold them relatively isolated from the
rest of the world and alter potential variables aha time: if we can put the marmosets or thekshic
into cages, if we can isolate the protein and sitgdgnzymic interactions free from interferencéhwi
the myriad of other small and large molecules slatound it in living cells. The reasons for dosw
are clear. It is hard to make sense of what yoemesf several features of a system are changing
simultaneously. Reductionist methodology simplifi@sd enables one to generate seemingly linear
chains of cause and effect.

If | raise the temperature of an enzyme solutiorohg degree, or alter the acidity of the solution
slightly, the catalytic reaction speeds

up. | can show what is happening on a simple geagghsummarize it in a relatively straightforward
equation. Partly because of the way that Westeemse has developed, to 'capture' a phenomenon
mathematically is regarded as one of the suprematgfec achievements: nature tamed and controlled
by logic and symbol. But if | make both change®-acidity and temperature -- simultaneously, the
two effects are not necessarily additive. Odd thibggin to happen. Instead of speeding up, the
reaction might even slow down because the comloinati increased temperature and acidity makes
the delicate protein structure of the enzyme uistdihe equations become complex, or even
impossible to formulate. | shall have lost contsbthe situation, and no longer have the power to
predict outcomes. Indeed, until recently the veathlamatics has not been available to build models
for what might be happening when several variahles at the same time.

So it is no surprise that reductionist methodolbgg been so powerful and so attractive over the las
three hundred years. It has given us unrivallegims into the mechanics of the universe, because i
often seems to work, at least for relatively simgfstems. We can isolate chicks into pens or engyme
into test-tubes and study their reactions. Andeoyoreriments are productive, our findings replicable
Within limits, our experiments are successful, predictions about the world are confirmed. This is
why as researchers we get so much pleasure frayargleeductive experiments which give clear-cut
conclusions, and why as a teacher | spend muclydime helping my students design such
experiments. And, historically, writers and poetsovopposed the reduction and mathematization of
the universe, the Blakes, or Goethes, the nindtemstury 'nature philosophers' with their romantic
pleas for a non-reductionist alternative, the gujzher Bergson with his vision of a non-physidal li
force, or their twentieth-century avatars like Sineke, have simply been unable to come up with an
effective alternative experimental programme.

There is, as will become apparent in later chaptersalternative, almost underground non-reducgioni
tradition in biology which stretches back to preriaian days, to the writings of the French biokigi
Georges Cuvier and Etienne Geoffroy Saint-Hilainepugh



the Bergson-influenced developmental biologist Hariesch at the turn of the present century. It had
powerful exponents in the 1930s in the form of @@nbridge-based Theoretical Biology Club, whose
key figures were Joseph Needham (an embryologistdobe became the West's leading expert on the
history of Chinese science) and Joseph Wood@eut their voices were and still are drowned out by
an almost universal reductionist consensus whisists that, whatever the theoretical critique,
reductionism works -- or at least, until now it leeen made to seem to work. Such simplicity is
beguiling.

But living systems are not simple: they involve mamteracting variables. Parameters are not fixed;
properties are non-linear. And the living worlchighly non-uniform. Reductionist methodology is
helpful in chemistry, say, because (so far as k) the chemical world is the same everywhere. In
the living world, the exception is nearly always thile. So if one is not careful, the simplifying
constraints that the methodology offers soon ceabe helpful supports to theory, and instead b&com
straitjackets. The Zuckerman trap (see pp. 28-@jitaws if we are not careful to remember that what
happens in the test-tube may be the same, the ib@pdsor bear no relationship at all to what hepp

in the living cell, still less the living organisim its environment. It all depends. And under most
circumstances, and until recently, there has beemay of telling -except to try it. This is why,\iag
persuaded my students of the desirability and elegaf reductionist experimental designs, | need to
remember, however disagreeable it may seem, tattienism is not enough when | come to try to
interpret my own experiments.

New approaches, it is true, are beginning to magessible to spring the trap of reductionist
methodology. Powerful computers and new mathemdgcaniques can deal with multiple variables
simultaneously. It is at last becoming somewhaieeas model what might be happening if the
enzyme is in the cell rather than the testtube tarnest the predictions from these models by
experiment. Of course, testing models is a bittdsting Popper's hypotheses -- they are only aog g
if you can design an experiment based upon thernhwiniakes falsifiable predictions. Many models
(especially in psychology) remain vacuous becaleg tannot be meaningfully

tested in this way. And at best they are only aglges the data and postulates one feeds in. GIGO --
garbage in, garbage out -- remains a fact of thepcder modeller's life. None the less, the modgllin

of multivariate systems which can never be appreddne variable at a time, such as weather systems,
neural processing or three-dimensional proteircires, is becoming increasingly sophisticated and
successful. The modellers of such systems rejoaicemplexity, and these days take the highly
fashionable chaos theory as their route to suc@éssapproach is typified by what has become known
as the Santa Fe school, and its prophet is thedteal biologist Stuart Kauffman, whose recentlboo
At Home in the Universsets out the programme and its claims to be alfandle any problem from
the fluctuations of heartbeats on the verge ofaattattack to stock market crash¥sn due course

such approaches may permit complexity to comeitatown. But clear-cut experiments that give
unambiguous results, the sort that move effortyeissd the pages dflature or Scienceand if you are
lucky can win you a trip to Stockholm, are for fbeeseeable future going to rely on reductionist
methodology, even if they do avoid turning methat itheory or even ideology.

THEORY REDUCTION



Theory reduction is a term from the philosophieii¢on. One of the aims of science, accordingsto it
traditional philosophy, is to simplify, to try tordsrace a maximal description of the world withie th
minimum possible number of laws and variables. Aistory of science contains a number of examples
of what were originally believed to be differentgsiomena, and were only later discovered to be
identical. The classic case is that of the Morrang Evening Stars, regarded as distinct in ancient
cosmologies, now understood to be a single entigyplanet Venus, which depending on its motion
and position relative to the Earth sometimes apearise’ early in the evening, sometimes toiset

the morning. The Morning and Evening Stars are buik reduced to one object, Venus. Deeper
examples come from the development of physics.stiences of heat and light

were once regarded as distinct; today both heatigintdare seen as forms of electromagnetic ramthati
The separate theories within which each was trezdgd been reduced to a single unified account.

Such unifications cheer physicists up enormouslyhé extent that they sometimes seem obsessed by a
reductive drive to simplicity. A major present-dagncern is the possibility of developing theories

which will embrace all the forces in the universiong and weak interactions between subatomic
particles, electromagnetic radiation, and so orcalted Grand Unified Theories or Theories of
Everything, sometimes known by their acronyms ag&bahd TOEs. (Nice to see biology getting a
look-in at this most abstract of physical levelsnly by virtue of acronyms!) Whether the physical
universe can indeed be embraced within such aesthgbry | have no idea, and while | recognize the
goal of simplicity as part of the driving force lath theoretical physicists, | have to confess tiadt

turns them on isn't necessarily what turns on bogist like myself -- but then | also prefer Beetba

to Brahms.

The obsession with simplicity and theory reducti@eomes more of a concern to me when it is
applied to biology. Some unifications have been ansely powerful, particularly at the interface
between biochemistry and chemistry. Stephen Halbstanist (today we would call him a plant
physiologist) heavily influenced by Newton, gaveedegant theoretical rationale to his reductionist
research objectives in the introduction to hissitagextVegetable Statickpublished in 1727, from
which the epigraph to this chapter comes. But erpantally he was premature. It was not until the
end of the eighteenth century that Antoine Lavoigias able to make the huge conceptual leap which
made possible the recognition that the body's Ihgrof the sugar glucose to produce carbon dioxide
and water, with the concomitant production of méilhle energy, was in chemical terms the equivalent
of oxidation. This understanding -- that living pesses depended not on some mysterious life force
but on chemical reactions which followed the saalesras those of chemistry and could be studied in
isolation -- led directly to the great reductiortisimphs of the nineteenth and early twentiethtwan

the elucidation of the basic chemistry of life. Mdhan mere metaphor, homology or

analogy, Lavoisier's description of the burningylfcose was an exact description. Perutz must have
been very conscious of this when he reacted sagirdo Popper's cavalier dismissal.

Yet there are dangers inherent in such theory temucrhe unification achieved by Lavoisier, and th
subsequent demonstration by Friedrich Wéhler inBitB2at an archetypal organic substance, urea,
could be synthesized chemically, led to a fullycatated philosophy of mechanical materialism among
physiologists. In 1845 four rising German and Fheplbysiologists, Hermann von Helmholtz, Karl



Ludwig, Emil du Bois-Reymond and Ernst Briicke, ssvarfamous mutual oath to prove that all bodily
processes could be accounted for in physical aethtal terms. Their followers went further,
declaring 'Man is what he eats.' The Dutch physjigskaJacob Moleschott put the position most
strongly, claiming that 'the brain secretes thosdjke the kidney secretes urine’, and that 'geisias
matter of phosphorus?

But the body's utilization of glucose is, as | shajue below, not 'just' chemistry. And, even igng

this nineteenth-century version of sound-bite smeesuch attempts at theory reduction can lead one
into serious errors. For example, textbooks omthwsophy of science offer the reduction of 'geae’
'DNA' as a parallel case to the identity of the Mog and Evening Stars. But the example is quite
inappropriate: 'Morning Star = Evening Star' saggpdy that, as a result of confusion, two different
names were once given to what later turned ouétthé same object -- like calling a particular aadim
either a cat or a moggy. However, as will beconearcin Chapter 7, 'gene’ does not equal 'DNA' in an
simple way. 'Gene' and 'DNA' are not (just) two earfor the same object. And it is at this point tha
theory reduction begins to tip over into its mucbrenproblematic, full-blown philosophical form.

PHILOSOPHICAL REDUCTIONISM

To underscore the force of philosophical reductonilet me return to Figure 1.1, the hierarchy of
levels in science, on p. 9. The fully

fledged philosophical reductionist view of this agrid is that because science is unitary, and becaus
physics is the most fundamental of the sciences) #m ultimate TOE will be able to reduce chemical
theory to a special case of physics, biochemistighemistry, physiology to biochemistry, psychology
to physiology, and ultimately sociology to psyctgte- and hence to physics. In its essence, this ha
been the theoretical claim of molecular biologynirds origins in the 1930s. Perutz's limited cldon
the collapsing of the biochemistry into the cheryisf haemoglobin is a statement of this position,
albeit a relatively modest and specific one. Watserew that 'there is only one science, physics;
everything else is social work' is a characterslycstrong version. Linus Pauling sharpened tlagtl
when he advocated 'orthomolecular psychiatry'\wayaof resolving mental anguish -- it is all a reatt
of getting the right molecules to the right place¢he body. More formal, though no less triumphant,
E. O. Wilson:

The transition from purely phenomenological to famntal theory in sociology must await a full
neuronal explanation of the human brain . . . Cogmiwill be translated into circuitry . . . Having
cannibalized psychology, the new neurobiology wviglld an enduring set of first principles for
sociology.*®

But what does this conventional diagram of leveldly mean? If you look at a University Calendar,
you will see that the faculty is divided betweempaements or schools which are called Psychology,
Physiology, Biochemistry, or whatever. Undergradaatudy modular courses which have the same
neat labels. University libraries contain journatsich specialize in each of these subjects, aisdrére
to find a physiologist reading a biochemistry jaalrstill less one devoted to chemistry or physics.
Although there are general science journals, Niaéurein the UK orSciencdan the USA, which report
research carried out in many different fields, etrenmost broadly cultured scientist is likely ®dble
to understand only one or two of the dozens o€lagiwhich appear in their weekly issues.



So what? To go back to Plato, does the divisiowéen biochemistry and physiology carve nature at
its joints? Or have the two disciplines simply egegf historically because different groups of scsst
have

chosen to view the world in rather different wagstablishing different languages, different craesf
evidence and proof, and different fields of enquirto say nothing of obtaining academic power and
prestigeen routeby creating new professorial fiefdoms? There aréamly some who would argue
along these lines. Even the official history oftBim's Biochemical Society -- the oldest such dgdie
the world -- describes the struggles for poweledgling biochemists sought to liberate themselves
from the clutches of the physiology or chemistrpal&ments in which they worked and to establish
'bio-chemistry' as a legitimate discipline in itgroright, with independent departments, teaching
programmes and professorshifisit is not without irony that in the 1960s the Hiemists, by then
strongly entrenched, fought a similar battle agaims recognition of molecular biology, which was
once caustically described by nucleic-acid biocts¢rwin Chargaff as ‘practicing biochemistry
without a licence™®

But biochemistry and physiology are not simply whfferent university departments whose faculty
members may meet in the tearoom, rather as thelytraigo gossip with a literary critic or geographer
Although they speak different languages, use difiemstruments and read different journals, the
phenomena they are studying are the same. ltifsaghe university departments correspondinght®
levels in Figure 1.1 were stacked on top of ondleerdan a multi-storey building. So what do the
different 'levels' represent?

Like many such terms, and like reductionism itstlé way the word 'level' is used in science and
philosophy-speak is quite ambiguous. Among its ipl@étmeanings you can find it used to describe
simply scale or size, as when people refer to igrlltilar organisms (measured in metres), organs
(measured in centimetres), systems of cells (méltres), cells (micrometres, or millionths of a regtr

and cell membranes (hanometres, or billionthsrok#re). It can refer to different body and brain
regions (spine, hind brain, mid-brain, forebralhkxan refer to evolution grhylogenythe assumed
pathway that leads from single-celled organismsu@h invertebrates, vertebrates, mammals, primates
and humans. And it can refer to developmengrdogenywhich begins with genes and ends with
complex behaviours. It has a quite different meguham computer modellers

of living processes (algorithmic as opposed to an@ntation levels); that does not concern me Here a
all. And finally, to the meanings that do concere:itihose to which the formal philosophical terms
epistemology and ontology apply. Roughly speaképgstemologyefers to how we study and
understand the worl@ntologyto our beliefs about how the world 'really’ is. &e the levels of the
pyramid epistemological? In other words, are theyd simply as a consequence of how we choose to
work in our different university departments? O Hrey ontological, each level corresponding to a
different and distinct organization of matter?

Let's go back to something else in Chapter 1:uhgjng frog (p. 10). | offered there five types of
explanation of the jump, of which the last was hraight reductionist one: the frog jumps because
particular muscles in its legs contract sharply #imis contraction occurs because of the biochdmica
properties of the muscles. Physiology studies tmgraction of the muscles, and biochemistry the



molecular processes that occur during this contmacthe muscular twitch reported by the
physiologist is described by the biochemist in tehthe actin and myosin fragments which comprise
the muscle proteins, and whose composition enalwas to slide past one another, shortening the
muscle ( Figure 4.1).

The biochemistry of this process is pretty well erstiood, down to some of the minutest molecular
details. It involves not just the two major protgibut minor ones too, plus ions such as calciuegh an
magnesium and the ubiquitous 'energy currency' AlPwhy can't we just replace the physiologist's
statement about muscle contraction with a statedamit actin, myosin, and so on, thus eliminating
the need for physiology at all? Of course, theeecaiite a few biochemists who would raise a cheer a
this prospect. But they should beware, becauseiphysiologist can thus be eliminated, why car't w
go on to replace all this talk about actin and nty@sth statements about the amino acid sequerifces o
the two proteins, swapping biochemistry for chemgigust as Perutz was claiming? And doesn't it
follow that such chemical chat is much more appedely cast in terms of the quantum states of the
electrons within the molecules? Admittedly, sudtaiement would grow increasingly cumbersome

| Wl
Figure 4.1 Muscle, and its actin and myosin 'sliding filameénts

as we descended the levels in the pyramid, but eddasurely get there in the end. We would
successively have eliminated physiology, biochemihd chemistry in favour of physics. All those
university departments could be knocked down, kertaover by the physicists, and undergraduates
would only have one subject to study. We would le#l an our way to the TOE, and the levels of the



pyramid would be entirely an accident of the higtofl how we study the world; that is, they would be
epistemological.

Faced with this consequence, even the most cheeduttionists begin to jib. Thus Richard Dawkins,
in his defence of reductionism against earlieiasims by myself and others, writes:

| do not of course subscribe to this ridiculousddebnd | question the good faith of Resal. in

implying that any serious scientist does. The bealigibuted to ‘reductionists is exactly equivalen

the following: 'A bus drives fast, because the pagsrs sitting inside it are all fast runners.'l.shall
make a distinction between two strategies of redaoidt explanation, to be called 'step-by-step’
reductionism and 'precipice reductionism'. Preepeductionists probably do not exist in the warfd
real scientists, but they have to be mentionedusecthey are frequently set up as straw men. Step-b
step reductionism is the policy adopted in pradbigall scientists with a sincere wish to underdtan
what is going on*®

But this analogy studiously misses the point. Takebattributed to reductionists about buses is
nothing to do with the passengers the bus is aagryt is that reductionists wish to explain whg th

bus drives fast in terms of its mechanical propsrtihe fact that the engine is turning over fastigis
burning a lot of fuel, and that this in turn is dodghe molecular properties of the petrol or diesel

the oxygen with which they interact, which in tusrdue to the quantum properties of the atoms of
which these molecules are composed. While thisésperfectly appropriate way of describing how it
is that the bus drives fast, thvay question relates to the complex framework of puahd private
transport, schedules, road congestion, driversskilhd so on within which the mechanics of the bus
engine are embedded, and these answers to theoquestnot be collapsed into either step-by-step or
precipice reductionism.

Furthermore, Dawkins' precipice is a slippery planavhich to stand. He may wish to descend only a
little way down the cliff. Yet having launched hietover the edge, it is extremely hard to see hew
can avoid being dashed against the rocks at thierbot like the thought of him strolling along the
smooth turf of animal behaviour until he arrivested precipice and then leaping over, carefully
donning his hang-gliding wings in advance to avdedcending more than a few metres to the genetic
level below. But Watson's '‘only atoms' will pulidhdown, willy-nilly.

In his recent booBarwin's Dangerous Ided’ the philosopher Daniel Dennett accepts Dawkins'
position but, being Dennett, characteristicallygoses his own alternative terminology. He is irofav
of reductionism, but najreedy reductionismAgain, he seems to believe that he can bungep-pffn
the cliff edge, but that the elastic will pull hup safely short of the hungry, snapping physidisirks
waiting for him at the bottom. | am sorry, but &t the rhetorical vigour that they expend, | deee
how either the sociobiologist or the philosopher saspend the laws of gravity and remain in mid-air
half way down any precipice. What principle allothem to decide the level at which elimination
ceases? Watson's blunt acceptance that there Igratoms is the only logical position -- indeed,emh
he enunciated it in a debate at London’'s Instfiteontemporary Arts in 1985, the chair, physiosgi
and Nobel prize-winner Andrew Huxley remonstratedtty: 'Surely Jim, you'll allow cells?"No,’
Watson replied, ‘only atom$® But then Watson almost certainly sees himself agriba sharks rather
than those about to be munched. If they pursudittésof argument, Dawkins and Dennett are both
doomed to destruction; they merely have the riglthoose between death on the rocks and dinner for
sharks.



Leave aside for the moment the fact that such tezhs; even if theoretically possible, are currgntl
beyond the wildest dreams of physics, which cagabsolve the problems of three simultaneously
interacting particles, nor, | am told, predict gfreperties of water from knowledge of the quantum
states of the oxygen and hydrogen atoms that cemjrilnstead, let us try to get clear what regrect
elimination is about. Are we trying to describeaausalrelationship

-- that the biochemistry is causatlgsponsibldor the physiological event? If so, this is a vdifferent
use of the word cause from the way in which we radlyremploy it to describe the relationship in time
between cause and effect -- one event necessadlgecifically following from another.

In the common-sense understanding of cause pragetfiect, the proximal cause of the muscle twitch
is provided by the physiological description of uges travelling from the frog's brain down the anot
nerves to its muscles. The sliding of the actin mrysin filaments does nptecedethe muscle
contraction; in an important sense it is the musol&raction -- or at least part of it. It only ¢oses
matters to use the word ‘cause’ to describe btegmporal cause-and-effect sequence and also this
special relationship between the physiological twedbiochemical descriptions of the processes. We
are really making not a causal butidentity statement here. (I am not suggesting that we réwver
Aristotle's terminology of material, formal, effeait and final causes, rather that it would be luélHof
restrict the term ‘cause’ to temporally definedhimtlevel relationships.)

The most straightforward way of describing thetiefeship between the physiological and biochemical
statements about the muscle twitch would be ta teféhem as if one were simply dealing with two
different languages, and translating between théra.can say 'cat' in English afghtto in Italian,

and you will be talking about the same four-legdady purring object. No one assumes that the task
of a translator is to eliminagattoin favour of cat -- or vice versa -- that onelwd two languages is

the 'real’ way to talk about the @tto object and the other is used only because we dein't
understand the real nature of the beast. Why wanthen simply say that the sliding actin and miyosi
filaments are the biochemist's way of talking abehat the physiologist calls a muscle twitch?

Where does this leave the physiologist with regarthe temporal relations of cause and effect in
which the muscle twitch is preceded by a signaleitang down the motor nerve? Biochemists can also
describe in exquisite detail the processes thatgehen such a signal (an action potential) passes
down a nerve fibre. The potential depends
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Figure 4.2 The neuromuscular junctiofa) electron micrograph and (b) diagram
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on the lipid and protein structure of the nervé gembrane, the differential distribution across th
membrane of the ions of potassium and sodium, biguitous ATP, and so on. At the junction
between nerve and muscle (§yapsg defined in considerable anatomical detail, treeetiny
membrane-bound packageggicle3 containing transmitter molecules which can beaséd when the
action potential arrives at the synapse, diffugesecto the muscle, and there begin the biochemical
cascade that ultimately results in the actin andsimyfilaments sliding past one another. The preces
is summed up in Figure 4.2.

Notice that the description that | have given & biochemical mechanisms now enables me to

nerve — tic —» membrane — &  muslce
PHYSIOLOGY action potential transmiision depolarization rwitch
1| l (N 1] N
sodium/potassium release of acetylcholine actin/myosin
BIOCHEMISTRY flux across  ——® Neurotransmitter - — binds to receptor —»  sliding
membrane acetylcholine molecule: opening

of ion channels



produce a temporal cause-and-effect sequence chémaical language too. So | can match the two
sequences, described in the two languages of dhgs®e and biochemese, as in Figure 4.3. But isn't
an identity statement of this sort exactly whatuettbnist philosophy is demanding? Despite all my
talk of translation, haven't | simply made the @fiative step? The world is an ontological unitygdan
the apparent epistemological diversity is triviédell, no; but then | assume you would expect me to
say that. So let me spell out why | want to indistt the first of those statements -- the claim for
ontological unity -- is valid, even though the sede- the denial of the significance of epistematay
diversity -- remains false.

Figure 4.3 A muscle 'twitch' in two languages.

LEVELS REVISITED

In order for reductionism to be valid, we havetfimmake a further assumption, and second to enor
several other central features of the example.atlaktional assumption is the premise built intoufeg
1.1 that the different 'levels' of the pyramid ezelly arranged hierarchically, so that the loweytare
the more ‘fundamental’ they are. Because physiatoggsitioned above biochemistry, it, not
biochemistry, is the one that should be eliminaéed, so on ultimately down to physics, which is the
ground floor of our multi-storey university sciengeck. What are the grounds for providing this
ordering, for defining ‘fundamental’ in this way?

Two arguments are sometimes given. The first istti@lower levels represent more generally
applicable principles. For instance, the findingsas') of atomic physics are believed to apply
throughout the entire universe, while those of pblggy relate, so far as is known, only to the salec
case of living systems here on Earth (though presiyrthey would apply elsewhere too, given the
right conditions). The second is that the higheelge represent more complex states of matter tian t
lower. Matter takes on a more organized form irsl than in the water through which the fish swims.
From these two premises it is said to follow thditijle all physical facts, principles and laws apgly
the living systems that the physiologists studg, rverse is not true. Physiological principlesrare
applicable to stones or planets.

There is a counter-argument. The inanimate worttl ws 'laws' of physics and chemistry is only
knowable, the laws only articulated, because okttistence of matter organized in the degree of
complexity that is found in human brains and seeseiWithout the social and cerebral activities of
scientists, the science of physics simply wouldxrist. Perhaps Figure 1.1 should cease to be daawn
a pyramid at all, but instead should loop backtself, like a doughnut, with sociology and psyclgylo
forming the basement of the building. But evenéf aiscard the pyramid with its levels and implied
directionality, there are deeper problems with oioility.

The first arises out of a refinement of the discussbout the translation between physiology,
biochemistry and chemistry. To return to the cddb@jumping frog: the biochemistry of the muscle
twitch, the synaptic transmission or the actioreptiil, do not occur in the isolation of a testeub
Muscle fibres, synapses and nerves are all ana#bstitictures, each with specific locations witttia
frog. The translation from physiology to biochemysand chemistry is incomplete without reference to



this anatomy, which means that the biochemisttyefaction potential occurs in a different placd an
at a different time from that of muscle contractidhe relationships between these different mobecul
processes are organized in space and time in agnaiich is not implicit in their chemistry. As Ign
ago as the 1930s, it was shown that actin and myimses can be reconstituted as filaments infa tes
tube -- one of the first known examples of the-seffanizing properties of proteins, described m th
chapters that follow. In the presence of ATP thdy/shorten just as they would during muscular
contraction. But they do not therebgcomea contracting muscle fibre. This requires a set of
irreducible organizing relations, implicit in théysiology of the process but absent from either the
biochemistry or chemistry, which define tlumctionsof the muscle. This, | believe, was what Popper
meant by the slogan that so outraged Perutz.

It is also, | suppose, what might be conveyed leywikll-known phrase that ‘the whole is more than th
sum of its parts', and | might be happy with it hiael slogan not become surrounded by a sort ofimyst
aura. But what can be asserted, without retreatitoghand-waving or New Age sloganeering, is that
the key feature distinguishing a lower ‘level' ko pyramid from those above it is that at eachlleve
new interactions and relationships appear betweegdmponent parts -- relationships which cannot
be inferred simply by taking the system to pieé@sthermore, the claim makes an additional
important assertion. Philosophical reductionismliegothat, whatever higher-order properties emerge
and however they do so, they are always somehowandacy to lower-order ones. The lower the order,
the greater the primacy. Parts come before whules.whatever the case may be for the properties of
physical and

chemical systems, the nature of evolutionary aneld@mental processes in biology means that there
is no such necessary primacy. Wholes, emerging,iménemselves constrain or demand the
appearance of parts. Arthur Koestler, arguing et870s foBeyond Reductionisrf described each
'level' as having a Janus-like relationship todtreers. To that immediately below it, it was unytéor,

as he named it, a hol8h), while to that above it, it was an assemblageonfiponents. The ontological
unity of the universe then consists not of a pychafilevels, but of a nested hierarchy of holoms] a
might be drawn as in Figure 4.4.

Let me put it less abstractly. Our younger son Bdms youth once tried to get the sewing machine t
work, and when he failed he began to take it apatrly to discover the source of his problem. When
came to reassemble it, he found some parts inedglideft over. He couldn't see where they fitted i
so he left them in a neat heap by the side. Theg g@are, he said, not needed. His problem



Figure 4.4 Nested holons, as envisaged by Arthur lestler.

was that of the typical reductionist trying to asbée physiology from biochemistry. Unless you know
the function of the parts in the system, you camiterstand what they are for or how they fit togeth
have a similar problem with car engines, even thdughow what the engine is supposed to do, just as
Ben knew what the sewing machine was for.

But to give a group of Martian visitors the bitsaotar engine or sewing machine and ask them to
assemble it without any knowledge of its functigrparpose would be to present them with an
impossible conundrum. Neither machine is explicabtbout the knowledge that in our society clothes
and curtains are stitched together out of fabnd, that we Earthlings move from one locale to aeoth
by means of individual person-carriers operatinthiwwitransportation systems involving not merely
internal combustion engines, but also roads andogpiptely spaced networks of petrol stations,
startingpoints and destinations. That is, to untdasany piece of machinery you need to know not
merely its composition but its role in the larggstem of which it is a part. This is why the jumgpin
frog requires not merely the within-level, tempéralausal type of explanation and the reductionist
actin-and-myosin type explanation, but also the-down' or system-level explanation. If you don't
know that the frog has just seen a snake andirgtnot to become its dinner, you understand only a
fraction of what is going on. A living organism cet exist independently from its environment, with
its constant interchange of energy and informatibreats and promises. Living systems are by
definition open ones. Our multi-storey science klscpart of a university. Without language, higtor
and geography departments, science would be mdasing

Our world may be -- is, | would claim -- an ontoicg unity, but to understand it we need the
epistemological diversity that the different levefeexplanation offer. And if you still aren't caneed,
and believe you can hang-glide off Dawkins' presgpvithout coming to harm, why bother reading the



words, paragraphs and chapters of which this beakmposed? All you need to do is examine the
individual letters on the page, call in an anabjtichemist to give you the formula of the printénls,
and a microscopist to describe

the fibre structures of which the paper is compo3éds is why reductionism, once it ceases to be
merely methodological, when experimenters cangbsut hang on to the edge of the precipice by their
fingernails, so rapidly tumbles into ideology.

NOTES
1. Lynda BirkeFeminism, Animals and Science
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3. They include, to name but a few, sociobiolagich as E. O. Wilson, molecular biologists such
as Francis Crick and James Watson, neurosciestistsas Jean-Pierre Changeux, and
theoretician-polemicists such as Richard Dawkins.

4. From Popper's 1st Medawar Lecture, delivereth® Royal Society in 1986. As yet it is
unpublished, though an audio cassette is avaifadne the Society's library; publication from
Popper's notes is planned.
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5
Genes and Organisms

.. .once 'information’ has passed into the proteiraitiimot get out agairFrancis Crick, ™On protein
synthesis™

GENES AND GENETICS

The trajectory of any organism through time andcepaits personal lifeline -- is unique. Although
each individual resembles all others of the sameeiep, and resembles more closely still its parents
and siblings, no two are exactly the same -- thase know them well enough can tell even identical
human twins apart. What confers these similaritiesse identities and differences, on the spacetime
trajectories of life? Such core questions have noeupied biologists for more than a century. They
are the objects of study of two different biolodideciplines, genetics and developmental biology,
which began by asking rather similar questions abdminature of life, but at a key point in their
history became damagingly separated one from tiher.othis has resulted in conceptual confusions
which have persisted well into the present-dayoétagh-tech molecular biology. To appreciate the
consequences of these confusions, we have to gartache history of genetic and developmental
thinking. Biology's own history is centrally engalgeithin these current disputes. The past, as t&n of
is the key to the present, and the current dispwiisn biology can be properly understood only by
reference to the history of the study of living geeses.

While questions about the origins and developméhviog crea-

tures had concerned biologists long before the teimtogy' itself was introduced, in 1802, the Isasi
our current understanding is the work of Gregor tgnwho began his famous experiments on the
colour and shape of successive generations ofgesis $n the garden of his abbey in Brno, in what is
now the Czech Republic, publishing them in 1865 ndeonly showed that these two features (yellow
versus green; round versus wrinkled) were transthitietween generations independently of each
other, but he introduced what was, for the expentalebiology of the period, a quite novel approach.
Unlike his predecessors, though contemporaneousiyathers such as the polymath eugenicist
Francis Galton in England, Mendel did more tham giescribe his findings qualitatively: kkeunted



He observed that, depending on the nature of trenpal plants which he crossed, the features green
and yellow, wrinkled and round, appeared in sudgeggenerations in simple and reproducible ratios.

He started from what became known as ‘pure lifggeas, which had been kept separate and bred true
for generations. He then crossed two lines. Fdant®, if he fertilized a green-pea plant with goll

from a yellow-pea plant, all the offspring had g&llpeas. However, if he now crossed these offspring
among themselves, some of the plants that resbtisslyellow peas, and some bore green peas. Thus
inheritance was discrete -- the yellow and greemait mingle to produce some intermediate colour.
Furthermore, the capacity to produce green peasotdsst in the original green -- yellow cross, it

was merely masked. And finally, the second genamalways produced green and yellow peas in an
almost precise ratio, one green to three yellowaiWas true of the colours of the peas was also tru

of the other characteristics, such as round vessinkled, that he studied.

It was as if each observable feature of the peat péach of its surface propertiescbaracters was
represented within the plant by some unobservadntiecke or (in modern terms) store of information,
on the basis of which the colour and shape of tlitceeeding generation of pea seeds was determined;
indeed, these mysterious factors became knovdei@sminantsEach offspring of a mating received a
pair of determinants, one from each parent. If oémbers of a pair were,

say, green (that is, if the pair wlasmozygous the offspring would be green; if both were yal]dhen
the offspring would be yellow. But if the inheriamwas one green, one yellow determinant (thét is,
the pair wadheterozygous then the offspring was yellow. The yellow deteramt was dominant over
the green, and the green was said toelbessiveThe famous three-to-one ratio follows very simply
from these assumptions. If the determinants anesepted as Y and G, and each plant of the original
pure lines has two copies of its determinant (YYG&), and the first cross, which is yellow, inherit
one determinant from each of its parents, therugtrbe YG. If two YG plants are now crossed, the
possible combinations in the offspring are one edchyY and GG, and two YGs. And as Y is
dominant, all plants with a Y determinant have g@lpeas and only the GG plant will have green
peas. Three to one -- simple ( Figure 5.1).
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Figure 5.1 Mendel's ratios for yellbw and green pea



Sexual reproduction in plants or animals diffensdamentally from the asexual reproduction or
budding off which is the main (though not the onkgy of reproduction in bacteria and other

single-celled organisms. In asexual reproductienttto daughter cells produced by the budding have
only one parent, and can therefore receive onlytgme of determinant; the mixing of determinants

that happens in sexual reproduction is impossibéeighter cells are all identical to their parenisce
clones therefore. It turns out, incidentally, that selxuaxing has certain genetic and evolutionary
benefits quite apart from the pleasure it provitdhessexual partners, which is presumably why
asexually reproducing organisms like bacteria, imomu it is difficult to detect anything observably

akin to human pleasure, occasionally go in for baiitsex (called in their case conjugation) in wahic
genetic material is transferred from one, regafdethese purposes as male, to another, regarded as
female. On the other hand, as any gardener knoassy plants have an a.c./ d.c. approach to the whole
reproductive business.

Like all good experimenters, Mendel was luck¥he characters he studied seemed discrete: trere w
no intermediate state between being wrinkled ondoyellow or green. By contrast, the characteas th
interested Galton -- human features such as hesgktrength of hand-grip, or head circumference or
intelligence -- were not discrete but varied cambiasly across a broad range. Furthermore, the
offspring of people of disparate heights, rathantfollowing either one or other parent in a Meratel
manner, tended to occupy some middle territory betwthe two. Such continuously varying
characteristics seemed, in Galton's studies, todblean observation which haunted Darwin, and
which, as will become clearer in Chapter 7, reslilbeendless problems for his model of natural
selection as the motor of evolution. This isn't pslifference between plants and animals. Onereas
why Mendel's work was ignored for some forty yeaes that when the doyen of contemporary
European botanists, Karl Wilhelm von N&ageli, withamn Mendel corresponded, suggested he repeat
his studies with a different plant species, theeeixpents failed to show clear-cut transmissiorogafi
Nageli himself was sceptical about Mendel's thepteit the real sticking-point is that the ratiogyo
appear in particular instances.

Mendel's results were independently rediscoverd®00 by researchers in Tubingen, Vienna and
Amsterdant who between them

founded the modern science of what became knoWlowiog another early Mendelian enthusiast,
William Bateson, in Cambridge, genetics Mendel's ratios ceased to be a special propégas
when they were shown to describe the transmisdidisorete characters in many other species. The
study of family trees running back through threenamre generations of humans (so-capedigree$
showed that, in our species too, certain cleafeatures such as eye colour or the ability toook's
tongue were inherited in proportions that coulditied to Mendelian ratios.

New terms appeared: the individual hidden deternmigaf surface characters becagemes and the
total of an individual's genes formed gisnotype The specific copies of any given gene possesged b
an individual (for instance, the Y and G determisan peas) were termedieles The surface
characters themselves comprised the individpakshotypelt is important to recognize that none of
these terms was very precisely defined, and alfnost their introduction they meant different things
to different researchers, varying from the spedéetures of any individual of a species to some



Platonically idealized 'species-type' to whichaaitually existing members of the species moresy le
approximated. Indeed, more recently the term '‘ggredhas tended to be dropped because it carries on
its shoulders precisely such Platonic baggageettags the sum of an individual's genes is more
usually referred to as itenomeAn element of Platonism was there from the begmnthough, and
remains today in some quarters. Genes were 'esseinaal impenetrable units which might even be
seen as counterparts of the atoms of the earlytigtbrcentury physicists: the ultimate, indivisible

units on which outward forms depended; the unmaweders, unchanged changers, within each
organism.

'Phenotype’ is similarly ambiguous, and is useter to any or all observable or measurable featur

of an organism, from the presence of a particulayme to hair colour or body feature, or even agie
of characteristic behaviour such as the gait ofiker. In his bookThe Extended Phenotye

Dawkins even goes so far as to describe aspethe @xternal environment of an organism as part of
its phenotype -- for instance, he sees the danmathativer constructs as part of that

beaver's phenotype. This idiosyncratic extensiamefterm simply makes the problem of terminology
even harder, for the dam is the product not ofittevity of a single individual, but of the colleat
labours of many beavers. It also harbours a mdkitf insect species which enjoy the special featur
its environment provides. If the dam is a phenogypis the phenotype of a community, not of an
individual, and its relationship to any individisaienes, genotype or genome is thus distinctlyoiesnu
-- an issue to which | shall return in Chapter 8.

Following their rediscovery, Mendel's ratios wesedbminate thinking in the infant science of gergeti
for several decades, just as they still form tlaetisty-point for most school biology texts. Howewe
distinction between Mendelian discontinuous vasiatind Galtonian continuous variation remained
problematic through the 1910s and 1920Ehe Galtonian tradition was carried forward bytGals

pupil, protégé and successor, Karl Pearson, in aonBearson was a formidable mathematician, and
because the complex data derived from the chasetraits) that he measured failed to yield neat
either/or, green/yellow divisions, he set aboutalieping many of the statistical methods still ire us
today to analyse complex data (indeed, the higaigenetics and of statistics have been inteddck
ever since). The resolution of the conflict betwdéndelians and Galtonians came to depend on the
recognition that continuous variation in featureshsas height could be interpreted as a consequence
of the interaction of many genes, each with a sefédict on the final outcome.

But as time wore on, the number of observed diverge from simple Mendelian ratios steadily
increased. An early finding was that some chara@ex expressed only in one sex. Colour-blindness
or haemophilia, for instance, occur only in maldthough both are capable of being inherited thihoug
the female line. Haemophilia is notorious in a fampedigree, traceable from Queen Victoria, among
the intermarrying royal families of Europe and cirating in the son and heir of the Romanov czars of
Russia, executed following the Bolshevik Revolutidri917. Such characters are said taéde

linked Other divergences from the ratios are less s$ttfmgvard, and the models developed to account
for them became more and more com-

plex. However complicated and varied the obsenrehptypes, the modellers were still determined to
explain them on the basis of the interaction ofititivisible causal particles they conceived gedoes



be. If the ratios didn't work, other factors had&obscuring the proper functioning of the gepes,
as the Devil can interfere with God's purposes.gSeavere said to qgartially dominant or to show
incomplete penetrance

Indeed, once these possibilities are admittedetlsevirtually no distribution of phenotypes fouind

the population to which a genetic model cannotitbedt In the traditional Popperian sense, such
genetic models, which may become as complex asvttels within wheels' invoked by pre-
Copernican astronomy to account for the motiorhefglanets, are strictly unfalsifiable. Given enoug
assumptions, any model can be ‘fixed. The easewtiibh this can be done was brought home to me a
few years ago in the course of a conversation aitleminent behavioural geneticist. We were
discussing the genetics of schizophrenia, anddrdesd some recent evidence that the incidencheeof t
diagnosis in Britain is much higher in the childarblack/ white relationships than in either oé th
parental populations, the indigenous whites oflhek immigrants from the Caribbean. No simple
genetic model could fit this data, and one obviotsrpretation is that the schizophrenia diagnsses
consequence of the strains of growing up as tHd ofia mixed relationship in a racist societytolbk
the geneticist scarcely a moment to generate theative genetic model -- assortative mating. That
you have already to be mad to consider mating avplerson of a different colour!

By the 1920s, a number of genetically transmittisg@akes had been identified in humans (described as
'inborn errors of metabolism' as early as 19091y af the founders of the field, the medical doctor
Archibald Garrod). Some at least -- notably blogbrlers such as sickle-cell anaemia -- appeared to
be inherited in Mendelian or quasi-Mendelian fashBy this time the eugenics movement, which
Galton had founded, was arguing that everythingmffeeblemindedness to sexual promiscuity and
criminality were also heritable in this way -- irttgining now not merely genetics with statisticaf b

both with psychometry and eugenié&hus began the long journey

which led, through the sterilization acts and amtirigration legislation in the USA, to the Nazi tlea
camps and beyond. This history, which has beerurged many painful time$ forms part of the
tortured public legacy of modern genetics and caentrely be transcended, for it still colours
reductionist thinking in biology. This legacy malgmetics, along with nuclear physics, perhaps the
two areas of science of greatest general publicexon but it is not my intention to pursue thatntlee
further here. Instead | want to focus again onasaf lifelines, of the trajectories of individuafstime
and space.

DEVELOPMENT

While the Mendelian rediscoverers were busy defjriire phenotypic features they observed as the
products of hypothesized genes, other biologiste Waoking at organisms from quite a different
perspective. How, they asked, does the union ofaegigsperm ultimately produce an organism which
may consist of a hundred trillion ( 1014) suchgdilifferentiated into tissues and organs, pregisel
located in space in relationship to one another?

The problem was first tackled by observation. Aticgh microscope, and an animal whose fertilized
eggs could readily be observed during developmesga urchins and amphibia such as frogs became
the favoured objects of study -- were all that wexpuired. The fertilized cells could be seen tadi#v
within about an hour; one cell became two, two beeéour, four became eight . . . This differs
fundamentally from the division that occurs atifeadtion, in which the fertilized offspring cell



receives different sets of Mendelian determinantgemes, one allele from each parent. Instead, each
daughter cell resulting from cell divisiomitosig receives an exact copy of the genes presert in it
parent, as in asexual reproduction.

Within about eight hours the dividing cells havenfed a hollow ball, oblastulg one cell thick and
containing about a thousand cells in all ( Figu2)5Then the cell ball begins to change shapd,ias
were being pushed in at one point until the indetareaches the
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Figure 5.2The early stages of cell dIVISIO‘I?Z from egg to hiésand gastrula.

inside of the opposite wall of cells. This is cdlggastrulation As division proceeds, the gastrula twists
and turns, and develops further indentations, regimecome pinched off entirely to form independent
structures. After a surprisingly small number df devisions (after all, it takes only twenty diviss

for a single cell to multiply to over a million)ealcell mass is recognizable as a miniature vesidhe
adult -- or in the case of the frog, of its tadpstage of life®

Microscopic examination of dividing cells reveaksaimething more, even with the limited methods
available by the end of the nineteenth centuryaAsikaryotic cell (one with a nucleus) prepares to
divide, previously invisible thread-like structuresgin to coalesce and appear within its nucleus.
These structures can take up the dyes that th@saigpists were then using, and therefore appeared
coloured; in recognition of this property, they wealledchromosomegIn prokaryotes like bacteria,
which have no nuclei, the chromosomes appear ioytteplasm.) The chromosomes of any organism
have characteristic shapes, and in the microsd¢melvok like small twisted ribbons, each bearing a
specific pattern of horizontal stripes or bandsitdike an irregular ladder. In each cell (exctp sex
cells orgametes- eggs and sperm) chromosomes exist in matchiesl pa& mitosis (division)
proceeds, each chromosome appears to doublemakiiig a copy of itself. The copies begin to
separate, moving to different parts of the nucl@b nucleus itself then becomes pinched in the
middle

and splits in two, and finally so does the ente#, so where there was one, there are now two
daughters, each bearing a full set of the chromesarhtheir parent. The sequence is shown in Figure
5.3.

This precise internal cellular dance of the chromness, and the rhythm of cell division unrollingan
seamless sequence, was and still is fascinatingderve, but it operates according to rules whieh t
early embryologists found hard to fathom. Indebdytsaw the process as encapsulating everything
that distinguishes life from non-life. For someg tinly explanation was that the developing embryo



was imbued by aélan vital a life force irreducible to mere mechanism. Tesmbowever, this
conclusion was unacceptable: they were observoanglex piece of living clockwork, which if it

could be taken to pieces would reveal its worksidéver philosophy one adopted, the dividing ball

of cells was splendidly accessible to experimem@hipulation. What would happen, for instance, if
one removed a portion of the dividing cell ballcot it neatly in half? The results confused reseans

for decades, for the conclusion seemed to bd tteglends': depends on the organism; depends on how
many divisions the ball of cells has made priothi cut; depends from where in the ball one removes
the sample.

Thus in the 1880s, one of the founders of develaopabdiology, Wilhelm Roux, killed (with a hot
needle) one of the two daughter cells resultingnftbe first division of a frog's egg. The resutt, i
accord with his mechanistic beliefs, was that twiging cell gave rise to only half an embryo.
Embryological development was thus the mechanicfdlding of determinate stages, with irreversible
differentiation of function between each cell. Byntrast, his pupil Hans Driesch announced in 1891
that if he performed the same experiment with geatn eggs at the two- or four-cell stage, he
obtained perfectly formed adults, but each justioalé or one-quarter the normal size. For Drieguh t
seemed a complete refutation of the mechanistie vidife -- after all, if a machine is taken aptre
individual pieces can never be turned into two orercomplete functioning machines of the original
type. As a result he espoused a modern versioiadism (‘entelechy'), a power which inhabits all
living cells and ensures their harmonious functign?




Figure 5.3 A cell, its nucleus and chromosomes irlt division. Drawn from a photograph of cells
from the tip of a root of a crocus.

Driesch's mystic formulations, oddly analogousisday to Sheldrake's in ours, were in turn cowaer
by another of Roux's followers, Jacques Loeb, venaterpreted the experiments to demonstrate that
indeed the outcome all depends. Under certainmistances each half of the severed cell ball will
grow into a small but perfectly formed adult. Undérers, one portion will develop perfectly and the
second will not be viable. Under still others, anperfect organism develops, lacking some vital
function or body part. The results could be systeraed as follows: depending on the organism, at
early stages in the cell division process eachstdliretains all the determinants -- the inforioator

the genes, call them what you will -- to make atireroffspring; at later stages some regions of the
developing ball of cells retain this capacity bttiers do not; later still the capacity is entirlggt, and
the developmental fate of each region of the cllib fixed and cannot be modulated. (At leass thi
true of animals. In plants such a fate is not itadle: in appropriate circumstances even a tiny

sliver of adult carrot plant can be induced to ginot@ a new, fully formed carrot -- a clone of the
original, therefore.)

Loeb went on to formulate his own grand theory,clitie called’he Mechanistic Conception of Life

in a book -- or rather a manifesto -- published®12. In it he claimed that organisms are machines.
Behaviour, even of the most complex kind, can lo&dém down into a series of mechanicapisms
tendencies to move towards or away from the lighin response to gravity, or whatever. Furthermore
simple biochemical mechanisms could account foh stapisms. If Driesch was the Sheldrake of his
day, Loeb was certainly the Dawkins. Consider shésement from Dawking®

A bat is a machine, whose internal electronicssareired up that its wing muscles cause it to home
on insects, as an unconscious guided missile hon@san aeroplane.

Loeb could not have put it better, though his me@te metaphors were limited by the power of 1912
technology. Even if such formulations now seem $istip, their organizing, ideological power was
enormous. Loeb worked at the Rockefeller Instifatav university) in New York, and his thinking
helped shape the Rockefeller's programme of fundimgolecular biology which dominated the field
from the 1920s to the 19503.



To resolve these paradoxes, later generations bfyaogists embarked on more complex
experiments. Parts of the developing embryo weesplanted to other regions. And again, the results
depended on the exact conditions. Thus in 1924 Saesnann and Hilde Mangold grafted a piece of
tissue from a region of the newt gastrula to theosjte side of another embryo, and observed a whole
second embryo developing in the region of the gfidfe graft had changed the fate of the cells atoun
it, inducingthe formation of the second embryo; they calledgtaft theorganizer (In 1935, not long
after Mangold's tragic accidental death, Spemamamaarded a Nobel prize.) But nothing is simple in
developmental biology. Sometimes the fate of asptant is determined by the environment into which
it has been transplanted; sometimes it carriesnts fate with

it. Transplant a group of cells from the regioraateveloping insect destined to become a leg, and
insert it into the head region. Depending on the @ighe embryo, and hence on the number of
divisions it has undergone since fertilization, ttensplanted tissue may be incorporated into the
developing head, or it may develop into an add#lideg projecting anomalously from the head.

Mendel had imagined that each organism contaired veere, a bag of separate determinants, and that
during development different determinants were atidped to different regions. But what happens
during mitosis turns out to be different: each cetleives an identical set of determinants or gdnes

the early stages of development, therefore, anlyaohewborn cells can divide and produce an entire
organism; it is said to betipotent Later, however, although all the genes aremtdsent in all the

cells, which genes are activexpresseds the term used) depends on the developmentalyisf the
particular cell: that is, on how many times thd teé that leads to it has divided, and whereabaut

the developing embryo the cell is located. Thusegetpression depends on both time and space.

GENES AND CHROMOSOMES

Genes, meanwhile, remained abstract, invisibleroigtants. Mendel's laws of transmission and the
independent segregation of genes were confirmeca@hded during the 1920s and 1930s when
Thomas Hunt Morgan and his team, first in Columbiew York, and later at Caltech, found a suitable
animal model for their study -- the ubiquitous aadidly breeding insect commonly known as the fruit
fly or vinegar fly,Drosophila melanogasteiThese are the tiny black specks which colletaige
numbers on any piece of ripe or rotting fridtosophilabreed very rapidly, and among any large
population of them Morgan found some which seemmgual -- for instance, they had red rather than
white eyes, or a different pattern of veins onrtisengs. These unusual characters are, he showed,
transmitted in a Mendelian manner. Furthermoreptioportion of unusual characters in the fly
population could be greatly increased by

stressing it in some way -- for instance by expgsire flies to not-quite toxic concentrations of
particular chemicals, or to radiation such as Xsrayhe strange features of the flies that reselt ar
mutations and could be studied in both the mutated indiaigland their offspring.

Morgan had begun his research life not as a Mesalgieneticist, but as an embryologist, and therothe
reason whybrosophilawere interesting to him was that their cells corgd unusually large and

readily visible chromosome¥: He could examine the structure and appearandeafttromosomes
during cell division and compare them in the mudated the normal (or 'wild-type’, as they camedo b



known) populations. This enabled him to take the key step in the history of genetics. The abstrac
determinants called genes, it turned out, had aipalylocation in the cell. Genes were on
chromosomes, and were thus distributed to daugktkr during mitosis by the division of the
chromosomes between them. During sex, the ferdileggy received its genes, half from each parent, in
the form of the single set of chromosomes that @achided. Furthermore, careful observation of the
chromosomes in the wild-type and mutated flies sstggl that each chromosome carries a specific set
of genes, lying in a precise order along it. Theddag pattern of the chromosome made it possible to
begin the task anapping-- of identifying the exact position that a pauter Mendelian gene

occupied. A new research field, ®ftogenetics- the cellular and microscopic study of gendsad

been created.

SIMILARITIES AND DIFFERENCES

The term 'gene’ now had two different meaningsth@mone hand it was still an abstract entity, the
determinant of a particular phenotypic charactarth@ other, it had a clear location, a 'map refest

and could be shown to be physically transmittedhficells to their offspring during both division and
sex. And, as the international centre of gravitgehetics research had shifted to Morgan's lalh, it
expertise in both development and genetics, tHevald have been the prospect of a synthesis between
the two. It was not to be,

and the reasons for the failure are significanpdrt, they lay in the overriding differences ie th
biological questions that the two disciplines was&ing. But also, genetics now seemed simple by
comparison with developmental biology. Indeed, ¢hgas a strongly held view that one could and
should bypass the sheer messiness of living ongengntirely, and their complex biochemistry, and
focus instead on the mathematical niceties of bngetios, with their clear-cut experimental résul
Organisms became merely probes with which to ingat genes.

The major concern of developmental biology remaihedapparently inexorable programme that led
from a single fertilized egg to the fully formedganism, the amazing sequences of cell division and
migration, the partitioning out of an originallymoagenous cell mass into defined structures, tissues
limbs. How is it that what seem at first sight ®\ery similar cell masses, going through seemingly
similar transformations, end up in the one casdyrimg a mouse and in the other a human? The
similarity is so great that it led the Darwiniantanyologist Ernst Haeckel to claim that ‘'ontogeny
recapitulates phylogeny', in the belief that a harfweetus in its pre-natal trajectory from fertildizegg

to fully competent infant also traverses all thelationary steps that had led via fish, amphibiad a
reptile-like precursors thlomo sapiens™

Why do the daughters of a cell from one part ofdiveding embryonic cell mass end up as liver, and
from another as brain or bones, with their veryedént pattern of proteins and characteristic skape
How is it that all individual humans end up so agthingly similar, so that nearly all of us as asul

are between 1 and 2 metres tall, with two armstaadegs, and hands and feet carrying precisely fiv
digits at their ends? Why do we have one heartvoiiungs, and a single brain divided into two
almost identical hemispheres? Such questions makalapmental biology the science of the rules that
produce regularitiesimilarities between organisms. For developmental biology, g@ne seen not so
much as isolated units but as part of a harmordalsctic of interaction with the environment by
which fertilized cells become mature adults throaghajectory



described aentogeny And, as will become clear in due course, the tairgs on this trajectory are
only in part genetic.

By contrast, genetics was and is concerned notsiitilarities but withdifferencesWhy is one
Drosophilared-eyed, the other white-eyed? Why do peoplediff height, and why do some have in
their blood cells a haemoglobin molecule which seemable to bind and carry oxygen as efficiently
as it does in others? Thesly questions are to be answered in terms, ultimatélhe modern
descendants of Mendelian determinants, the getes. fbr genetics, genes are discrete units which
lead in linear fashion, almost independently of anether and the environment in which they are
expressed, to red or white eyes, for example, aptmal or sickle-cell haemoglobin. Ontogeny is of
interest only in so far as genetic differences maygluce abnormalities in development, such as the
human pedigrees in which children are born withfgigered rather than five-fingered hands.
Otherwise, the geneticists' organisms are emptiyref and internal content; there are only genes and
phenotypes. They have no trajectory, no lifelifiggol want to see a good example of such empty
organisms, turn to Chapter 3 of Richard DawKir Blind Watchmakewhere he presents his
computer game of how evolution may have workedethas model organisms he calls ‘biomorpHs'.
Each biomorph springs fully formed from its predssm®. It has no development, no need to be
subjected to the real constraints of growth, obgety. Of course, we are not (I trust) intendethke
such models too seriously, and my contrast betwleemterests of geneticists and developmental
biologists is put in this stark form, which maskermsubtle contrasts, because | contend that the
difference in thinking between the two disciplineseal and has helped shape scientific history.

WHY GENES AREN'T 'FOR" ANYTHING

The step that took genetics beyond Morgan's logatf@enes to chromosomes also brought it into
conjunction with biochemistry for the first time.The organisms of choice were no lonBeosophila

but even simpler organisms, initially the moildurospora crassaesponsible for the crust which
forms on the surface of stale, damp bread, andtladecommon gut bugscherichia coli Mutations in
these organisms were even easier to induce ang ttad in fruit flies, but now the consequencesewer
no longer to be sought in phenotypic characterk sgaed or white eyes. Instead, they were metaboli
These organisms can be grown in covered saucediasd(&etri dishes) filled with inert gels to which
necessary food materials -- sugars, amino acigdatever -- have been added. Whereas wild-type
organisms can exist on very simple mixtures, som&nis cannot, but have to be fed with additional
amino acids or other substancese{abolites The wild-types can apparently synthesize such
molecules from the chemicals provided to them tbetmutants can't. It turned out that what such
mutants lack is specific enzymes which play a @uale in the pathways that lead to the missing
metabolites. Each specific mutation leads to theeabe of a specific enzyme. So now a new and
further definition of a gene became possible, aad fermulated at Stanford in the 1930s by George
Beadle and Edward Tatum on the basis of their exygats withNeurosporaOne gene, they argued,
equals, or produces, one enzyme, and they won allpolze for the experiments that led to the
formulation of this equation. And, in an odd way;, mhany researchers biochemistry now ceased to be
a subject in its own right, but instead became exéurther tool -- a technology -- with which to
study genes.



Genes themselves had taken a further step awayifeamg hidden entities, unmoved movers. They
could now not only be mapped on chromosomes, Botadcribed specific biochemical functions.
They no longer determined characters, but insteaal yet-to-beunderstood manner, were responsible
for the production of enzymes -- perhaps even wamymes themselves. This put a wholly new
complexion on the meaning of a gene 'for' a chara€onsider eye colour, for instance. The coldur o
the human iris depends on the presence in theafgharticular pigments. In the absence of pigment
the eye is blue, and increasing quantities of tgmpnts provide shades which range from green to
brown. Let us take for granted those developmentadesses that lead to the formation of the eye,

and within the eye the iris, and consider onlyglggnents themselves. Even if we ignore the
biochemical steps whereby the necessary precuistie synthetic pathway are produced, the direct
pathway that leads to the synthesis of the eye @msninvolves many different enzymes. Hence, on the
Beadle -- Tatum one gene, one enzyme principle yrganes must also be required (in fact, as we
shall see, it is a great deal more complicated &vamn this).

So to biochemists, if not geneticists, there isamger any gene 'for' eye colour. Instead theee is
difference in the biochemical pathways that lealdrtawn and to blue eyes, for in the latter one
particular enzyme, which catalyses a chemical foarmsationen routeto the synthesis of the pigment,
is lacking. So in blue-eyed people, the gene far plarticular enzyme is either missing or non-
functional for some reason. A gene 'for' blue ey@s has to be reinterpreted as meaning 'one or more
genesn whose absendbe metabolic pathway that leads to pigmented tresinates at the blue-eye
stage'. Similarly, the reason for the differenceofour between Mendel's yellow and green pedsais t
the yellow ones have an extra enzyme in the matapathway that leads to the breakdown of the
green pigment chlorophyll. But this is of coursstjane of the many enzymes involvad routefrom

the complex chlorophyll molecule to its end-produtd say nothing of the sequence of enzyme-
catalysed reactions by which it is synthesizedenfirst place. This rephrasing yet again expdses t
distinction between a developmental and a genppecaach. For the developmental biologist, what is
of interest is the orchestrated biochemical rol#t keads to pigmented eyes. The mutation or absenc
of particular genes may help reveal that route {aradtechnology in the sense that | define it in
Chapter 3), but it is not of interest in itself; e not dealing with one gene, one eye. But the
geneticist is still interested in the differencéviimen brown and blue eyes, yellow and green peaks, a
is still prepared to use the -- misleading to #& of the world and sometimes to geneticists tlebras

-- shorthand of genes 'for' such colour differences

Of course, all biologists know that this is truegddhat the phrase 'genes for' is merely a conaénie
shorthand. Dawkins, ifihe Extended Phenotypexplicitly makes the same point, before going

on to discount it as irrelevant provided the sysbahavess if such 'genes for' existed. That is, his
genes are purely theoretical constructs, combinatod properties which may or may not be embedded
in specific enzymes or lengths of DNA, but whicim ¢e used to play mathematical modelling games.

You may think this doesn't matter, that to complaimerely pernickety pedantry on my part, but |
assure you it is not. It matters a great deal. HKihmof genes as individual units which determige e
colour may not matter too much, but how about wihety become 'gay genes' or 'schizophrenia genes'
or ‘aggression genes'? Sloppy terminology abeppglthinking. And it has implications for gene



technology, too. As more is learned about the hugesrome, so early simplicities, such as the
existence of a single gene responsible 'for' aquéatr disease, retreat. Many ostensibly 'singleege
disorders' are now known to result from differeahg mutations in different people. All may show a
similar clinical picture -- for instance an inabylto utilize cholesterol adequately, and henceet@gh
levels of this substance in the circulating bloathwonsequently an enhanced risk of coronary heart
disease. But the gene mutation, and hence the enmatfunction, that results in the disorder may be
very different in each case. This also means tlalatig which is effective in ameliorating the corafit

in one person may be simply ineffective in anothewxhom the cholesterol accumulation is the
consequence of a different biochemistry. The ingpians for the utility of DNA testing are spelledto
by Ruth Hubbard and Richard Lewontifi:

... the patterns of transmission are unpredietabd seem to depend on various other factorsidye t
social, economic, psychological or biologic. Theiow that heath or illness can be predicted on the
basis of DNA patterns becomes highly questiondfde .each condition, extensive, population-based
research would be needed in order to establisbxistence and extent of correlations between dpecif
DNA patterns and overt manifestations over timeth@armore the correlations are likely to have amly
degree of statistical validity, not absolute vaiidi

GENES BECOME DNA

We now come to the part of the story whose unrangelks regarded, with justice, as one of the great
scientific triumphs of the century: the identificat of the genetic material itself and the eludimiaof
what exactly is meant, in biochemical terms, byBleadle -- Tatum formulation of one gene, one
enzyme.

Genes, as physical entities, lie on chromosoméseimucleus. So it made sense to see what
chromosomes are made of. This was not difficuleyltould be shown to be largely composed of a
particular class of protein (called histone), botigttly to a seemingly inert long chain molecuwéa
type which had originally been isolated in 1868wy chemist Friedrich Miescher in TUbingen from
pus collected from discarded surgical bandagessdhier called the materialiclein and later showed
it to be highly enriched in other, less unsavouyrses of cell nuclei, such as salmon sperm. Nuclei
was shown to exist in two forms, as deoxyribonucssid (DNA) and ribonucleic acid (RNA); and,
after an initial confusion in which it was believédtht the one was present in animal cells and tiner o
in plant cells, it was realized that both were ensally present in all cells. The DNA is almostiety
confined to the nucleus (though some is presemtiiochondria); RNA is in both the nucleus and the
cytoplasm that surrounds it.

Much was already known about proteins, but ratitée Bbout nucleic acids, and the consensus view
during the 1930s and 1940s was that the activetibossts of the chromosomes would turn out to be
the proteins. A number of experiments seem witli$ight to have pointed conclusively in the
opposite direction, but such was the power of ttoégin paradignt’ that they were largely ignored or
misinterpreted.

When the breakthrough came, it was from neithect@mical nor genetic research, but from an
entirely unexpected quarter. In the early 1950se3aWatson, an ambitious and bumptious young
American post-doc on a visiting fellowship to Camdge, and a brilliant but somewhat dilettante ex-
wartime engineer and physicist, Francis



Crick, were attempting, with limited success, teritify the threedimensional structure of DNA by
means of the then relatively new and arduous teci@si based on crystallographic analysis.
lllumination arrived in the form of X-ray diffraain pictures, taken by Rosalind Franklin in London (
Figure 3.4 on p. 62) and provided to the Cambrjolgje without Franklin's knowledge. The pictures
were the technology Watson and Crick requireditiey immediately provided the clue to the now
famous double-helix structure of DNA, and to thet that its componemtucleotidegsub-units) --
adenine, guanine, cytosine and thymine -- coultb§iether only within particular configurations whi
pointed unmistakably to how chromosome duplicatind copying could occur. The structure is now
universally familiar, but worth showing once moexd ( Figure 5.4 ).

Figure 5.4 Watson and Crick's drawing of the DNA double helix

As Watson and Crick saw, and as implied in themmdasNaturepaper, if the two strands of DNA

were to unwind, each could provide the templatevbith its matching strand could be copied, without
error. Hence identical sets of DNA strands -- chweames -- could be synthesized during mitosis and
distributed to the daughter cells. They concludedst'®

It has not escaped our notice that the specificngawe have postulated immediately suggests a
possible copying mechanism for the genetic material

So the 'gene’ had once more been transmuted.ltt now be considered as being constructed of DNA.
But what made a length of DNA a gene? By this tBeadle and Tatum's formulation of one gene, one
enzyme had been slightly broadened. Enzymes ateipsdmainly), but not all proteins are enzymes.
Some, like the microtubular protein tubulin, forne tstructural skeleton of cells; others, like cgdia

in connective tissue, fill the spaces between csli others, like haemoglobin in blood, fulfiltal but
non-enzymic metabolic functions. So it would betdreto speak of one gene, one protein. Or, even



more precisely, as proteins can be built of severaho-acid chains (polypeptides) cross-linked or
otherwise bound together, one gene, one polypephidn.

A brilliant decade of theory and experiment -- lii@ogist Gunther Stent has called it the classace

of molecular genetict -- seemed to provide many of the answers. By tlie1860s a startlingly

simple picture had emerged, and genetics and bioistry had combined into the new science of
molecular biology. DNA is composed of four nucleetbases (abbreviated to A, C, G and T), there are
20 erent naturally occurring amino acids. The ptigsiGeorge Gamow treated the problem as one of
code-breaking. If it took two bases to code forheamino acid, there could only be 16 (4 x 4) pdssib
combinations, which was too few. If three, thereavé x 4 x 4 or 64 possible combinations, which
was too many, but would serve if the code weremddat (more than one triplet combination for any
one amino acid) and also if some triplet combimetiof bases had other ‘'meanings’ for the code, such
as signalling 'start here' or 'stop here'. Soaved, as elegant experiments succeeded in redtng t
DNA code, and matching triplet sequences to speaifiino acids.

And a further, vital complexity. There are, as namtd above, two forms of nucleic acid in cellseOn

is DNA, the other the closely related but singkgher than double-stranded RNA. In eukaryotes DNA
is present in the cell nucleus, where it compriseschromosomes. RNA is present in both the nucleus
and the cytoplasm. It transpires that proteinsaateally synthesized in the cytoplasm, and the icapy
procedure for DNA during protein synthesis consiétrst the partial unwinding of the DNA double
helix, then the copying

of a single strand of RNA. The RNA then moves oatf the nucleus into the cytoplasm, where it
provides the template for the synthesis of pariicplotein chains.

So, a gene was now a length of DNA, a region dirammosome which can be copied into RNA which
in turn codes for -- that is, provides a template-f the stringing together of the sequence oiami
acids that makes a protein. Furthermore, this ggmhs a one-way street. A sequence of amino acids
in a protein cannot serve as a template for théhegis of RNA and thence DNA. Crick, whose sense
of themot justehas remained with him in the more than forty yesamse the double helix was first
presented to the world, has called this the 'CeBingma’ of molecular biology, a one-way flow of
information:%°

DNA — RNA — protein
... once 'information’ has passed into the pnateiannot get out again

This formulation, as will become clear in Chapteis7as central to ultra-Darwinian theory as itos
molecular biology. And to continue the linguistiiciormation-theory metaphor within which genetic
theory was now to be formulated, the directed sssithof RNA on DNA was termedanscription

and the synthesis of protein on the RNA wasslation DNA had become the master-molecule, and
the nucleus in which it was located had assumeubitisarchal role in relationship to the rest of th
cell.?* It is hard to know which had more impact on theife directions of biology -- the
determination of the role of DNA in protein syntlse®r the organizing power of the metaphor within
which it was framed.



The fact that the development of computer technglagth its demands on information theory, has
occurred contemporaneously with the growth of makcbiology has not merely provided the
physical technology, in instrumentation and compgpower, without which the dramatic advances of
the decades since the 1960s would not have besibfmdt has also given the organizing metaphors
within which the data are analysed and the theaneated. Crick may have originated the metaphor,
but it has taken Dawkins to draw

it to its logical conclusion. Consider for examglee euphoria of this accountTine Blind
Watchmakein which he considers a willow tree in seed owtsits window??

It is raining DNA . . . It is raining instructiormut there; it's raining treegrowing, fluff-spreaglin
algorithms. That is not a metaphor, it is the ptairth. It couldn't be any plainer if it were raigi
floppy discs.

This is fine writing, great fun to read, so muchtisat it has found its way into anthologies of atifec
prose. But it is misleading in almost every respgou might ignore the trivial fact, irritating &
biochemist like myself but airily dismissed in th@agraph containing this extract by the grand
theorist, that the seeds contain a great deal thareDNA: there are proteins and polysaccharides an
a multitude of other small molecules without whible DNA would be inert. But you cannot ignore the
blunt statement that 'this is not a metaphor'iticris precisely and at best what it is. It centaisn't

'the plain truth’. Nor is it a statement of homglay analogy. It is a manifesto.

In his more recent bodRiver out of EdenDawkins is more explicit still. Living organismsay be
regarded as analogue devices, he argues, butal@gae machines that are us are constructed and
directed by DNA, which is essentially digital. Timformation content of the genome can be expressed
in terms of bits and bytes. And what is life butepression of the working-out of the genome (sr, a
we shall see in Chapter 7, the genome's way oicedplg itself)?

Life is just bytes and bytes and bytes of digitébimation.?®

Mendel has been solved, and turned into chemistiy ipformation theory. Right?/rong Dawkins
may regard himself as nothing but a digital PC, laisccomplex lifeline in space and time as the read
out from a one-dimensional string of A's and Cd &'s and T's, but things are a bit more compldcate
than this, both for him and for any other livingganism.

RUSSIAN DOLLS

Periods of great unifying simplicity in science &eqquently followed by times in which simplicity
dissolves once more into complexity. So it has deemolecular biology since the 1960s. The
problems begin with a simple conundrum: the amofiliNA in the chromosomes of any organism
turns out to be far, far greater than can be adealior by a simple calculation based on numbers of
proteins and a triplet code. As the average prasgoerhaps 300 amino acids long, it requires gtken

of DNA of 900 nucleotide bases to code for it. Aasgdhumans are estimated to express perhaps
100,000 different proteins in the varying tissuethe body and throughout their lifeline, then the
human genome should consist of some go million Ofd8es (or rather, base pairs, to describe the fact



that each base has its match in the other chaimedDNA double helix), distributed, like strings of
beads in a necklace, among the 23 human chromos&uies fact the armies of molecular biologists
engaged in the vast task of sequencing the humaonge are faced not with a mere go million, but
with 3 billion base pairs -- a more than thirtydaxcess. What is all this extra DNA about?

Part of the answer was known pretty early onnlb'gjood just having a set of genes for proteins and
expecting that this is all that is required to dwh organism. As we have seen, not all proteias ar
being synthesized at all times in all cells. Indeding development, as cells in the developing
embryo lose totipotency and become specializedesgegnes must be, so to say, switched off, and
others switched on, depending on the fate of thiecpéar cell. Nerve cells, but not liver cells,atkto
be able to synthesize neurotransmitter moleculesrelmust therefore also be a set of instructions t
the genes to switch them on or off at appropriates. If, as digital theory and the Central Dogma
insist, these instructions must ultimately comerfrine DNA itself, then there must also be another
class of genes present, not coding for proteingbtilng as on or off switches. Such switch genes
(operonsandrepressor¥ were first identified in bacteria in the 1960sJacques Monod and Francgois
Jacob working

in Paris. Variants of them function in all organgsrmprokaryotes and eukaryotes, single and
multicellular organisms, so some of the extra DNAc¢counted for by these regulatory functions (the
molecular mechanisms by which they work need notem us here).

But even when these additional functions are adealdor, well over 90 per cent of the DNA of the
human genome has no known function. Much of thisAldnsists of repeating sequences of bases,
and hence has been called repetitive DNA; moregarby, molecular biologists refer to it
disparagingly as 'junk’, or, for reasons which Wwécome apparent in Chapter 8, 'selfish’ -- a thwenl|
believe to Crick, who himself evoked it as a datgbe echo of Dawkins' 'selfish gene'. (Note that
Crick's DNA's selfishness is demonstrated by tleetfzat it doesn't do anything for the cell or the
organism in which it is embedded; it simply alloiglf to be copied. Dawkins' selfish genes, on the
other hand, are selfish because they specificallyhe successful reproduction of the organism that
contains them, and hence promote their own repdicatlt is this selfish DNA that the international
teams of highly skilled sequencers employed withexHuman Genome Project are painstakingly
working through at a cost originally estimated akHar a base -- a task that Watson once notdgious
dismissed as fit only for trained monkeys.

If this were the only problem, simple-minded ‘genBNA' theory might not be in too much trouble.

But there is more, much more. First, as the mapamysequencing tasks have proceeded it has
become very clear that the DNA beads-on-a-chromessinmng view of genes is too simple. Individual
proteins turn out not to be coded for by a simletimuous strand of triplet bases. Instead, théngpd
regions of the DNA are interspersed with vast sadtrepetitive, non-coding regions which have been
given the name introns. Nor are the coding regarenged sequentially, so that all that would be
necessary to read them would be to "airbrush loeitritervening regions. Instead, different parta of
protein may be coded for by segments of DNA disteld across long regions of the chromosome, and
have to be brought together by complex cellularimreary -- a process known aglicing

But once splicing is possible, it also becomes iptes$o arrange



the spliced sequences in a variety of ways whiemat automatically to be read off from the
originating DNA. Many proteins are the productsoth alternative splicing arrangements. Many
more are synthesized on DNA in one form and subm#guprocessed further in the cell, having
components added or removed -- a process knovengamtinuation of the computer and linguistic
metaphors, asditing And, as you may be expecting, there are alteraa&tiliting processes. The result
is that, far from being able to speak of one gene, protein, both genes and proteins are disaatied)
Genes can be assembled from alternative pieceddf@ rearranged so that their codes are read
differently ( Figure 5.5 ). And proteins take onltiple forms as a result of cellular processesrgglo
way downstream from DNA itself. The term 'genethia original Mendelian sense, or in the Beadle --
Tatum sense, no longer means quite the same as 4DAd on a chromosome'.

And even now we aren't quite finished. Aeons befbeenew molecular biology arrived on the scene,
back in the days of cytogenetics in the 1930s, &arbcClintock was studying the genetics of maize -
- not as theoretically fashionable as Mord@ansophilg but of
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Figure 5.5Introns (I), exons (E) and alternative splicinghedssenger RNA.

a good deal more immediate practical significammcié agriculture of the US Midwest's corn belt.
Unlike Mendel, McClintock was no maverick outsideshe was only the third woman ever to be
elected to the US National Academy of Science 9#4) and went on to become President of the
Genetics Society of America in 1945, but what stemfified as occurring in her maize chromosomes
was so far outside the conventional wisdom of itime that it was ignored or suppressed for as leng a
Mendel's ratios. In the end, McClintock was moneuinate than Mendel, for she lived long enough to
see her findings rehabilitated within the new fraraek of complexity in the 1980s, and she herself,
following a widely acclaimed biograph3? was finally awarded a Nobel prize in 1983.



McClintock's original observations, and the reasehg they were rejected for so long by orthodox
genetics, have been hotly debated; be that asyit wizat she actually observed is now accepted as
having transformed the static concept of the gentbraehad hitherto dominated genetic thinking. |
have already described the characteristic appea@ahromosomes, as twisted ribbon-like structures
with irregular but precise patterns of bands rugraoross them. Although during sexual reproduction
matching sections of each pair of chromosomes xamamge, thus enhancing the genetic shuffling that
occurs with sex, the patterns that result, and whndicate the location of any particular gene gltre
chromosome, were thought to be stable. McClintdok&ing destabilized the genes. It appeared that,
although stability was the general case, geneslaisab 'jump’, relocating themselves at differetetss

in the chromosome map. Amply confirmed by the maliecbiologists in the post-Central Dogma
climate which was beginning to emerge in the 19R08ping genes became no longer at best a special
case in maize, but part of what increasingly hdsetperceived as a fluid rather than a stable genom
Far from being isolated in the cell nucleus, magiatly issuing orders by which the rest of thd ¢l
commanded, genes, of which the phenotypic expnresigi® in lengths of DNA distributed along
chromosomes, are in constant dynamic exchangetiathcellular environment. The gene as a unit
determinant of a character remains a convenientglean abstraction, suitable for armchair theorists
and computer

modellers with digital mind-sets. The gene as divaparticipant in the cellular orchestra in any
individual's lifeline is a very different propositi. | have summarized the differences (some of lwhic
will become clearer in the chapters that followiveen the abstract genes of the theoreticianstivith
real-life genes of the biochemist and moleculaldgist in Table 5.11.

Table 5.1 Theoreticians' genes versus biologists2ges
Theoretician Biologists

Gene as a term applied to varying

Gene as a theoretical entity sequences of DNA

Genes seen as unitary and Genome fluid: DNA strands subject
indivisible, rather as atoms were to alternative reading frames,
before the days of nuclear physics splicing and editing processes
Gene expression contingent on
Beanbag models of gene expression cellular regulation at levels from

the genomic to the organismic
Relationship between genotype and
phenotype sometimes linear and
one-to-one, but this is a special case

Assumption of linear one-to-one
relationship between genotype and

phenotype of a more frequent norm of reaction
'Preformationist' assumption of

‘empty organism'’ that ignores The ontogeny of information
developmental trajectories

Genetic primacy: deviations are Some phenotypic conditions
‘phenocopies’ or modelled by mimicked by genetic conditions,
incomplete penetrance or partial e.g. schizophrenia, breast cancer,

dominance Alzheimer's (‘genocopies’)



GENES AND CELLS

So what part in the symphony does DNA play? Thaactucleic acid macromolecule is really rather
boring. Step into San Francisco's hands-on scienusgum, a vast aircraft hangar of a place called th
Exploratorium, and amid the cacophony of soundfiasthing lights that fill the space you will find a
small undistinguished display, a beaker half falhalear, thick liquid with a glass rod dippedairit.

The liquid is a concentrated solution of urea cioig dissolved DNA. Pull the rod slowly out, and a
whitish thread trails behind it into the surfacelod solution. This is a pure DNA fibre, and yoe ar
mimicking the procedures by which Miescher originalurified it, for it is surprisingly stable and

inert. Few proteins could withstand the chemicatdlizing required to isolate DNA. Of course, if
DNA weren't so stable, the plot of Jurassic Parkildide even more improbable than it already is.
DNA molecules really can survive for long periodsjch longer than proteins can; but the claims that
they can be extracted from fossil material or itsembedded in amber have been recently discounted.

What brings DNA to life, what gives it meaningtle cellular environment in which it is embedded.
Watson and Crick's great insight that, becausbestructure of DNA, if the two strands of the dieub
helix were unwound then each could provide the tatepn which a second matching strand could be
built, gives the impression that such a processsisnple bit of chemistry. Genetic theorists wittid
biochemical understanding have been profoundlyedibly the metaphors that Crick provided in
describing DNA (and RNA) as 'self-replicating’ nmlées or replicators, as if they could do it all by
themselves. But they aren't, and they can't. R&juhic isn't an inevitable chemical mechanism. You
may leave DNA or RNA for as long as you like ireatttube and they will remain inert; they certainly
won't make copies of themselves. To perform thejiogy is it not sufficient for the cell to have
available the necessary precursor molecules, titeofcA's and C's and G's and T's, each requiring
their own painstaking synthesis from even simplgasgances. In

addition, particular enzymes are required to unwiredtwo DNA strands, and others to insert the new
nucleotides in place and zip them up again. Andathele process requires energy, the expenditure of
some of the cell's ubiquitous ATP. While chemigalteesizers designed by human instrument-makers
can now provide the technology to build definedfiaial DNA sequences at the behest of the
biotechnologist, the cellular processes involvemlfar from trivial.

So, of course, are the steps that result in ththegis of particular proteins based on the DNA. The
histones surrounding the relevant region or regadriee double helix must be unwrapped, the DNA
strands must be separated, enzymes must tranfiteibgense’ strand into its matched length of RNA,
and individual RNA lengths must be spliced, edded further manipulated in the cell nucleus. Even
then, there are further controls. To leave theeushnd be inserted into the copying machinerlgen t
cell cytoplasm, the RNA message must pass thrcughuclear membrane, for which it requires a
biochemical 'exit permit’, provided by the membranateins. In eukaryotic cells, this ribosomal
machinery itself consists of a giant assemblagribfunits together containing more than 80 differen
proteins, and RNA sequences containing more th&d0&ucleotide bases. Without it, without the
complex biochemical environment the cell providgsnes' in the DNA sense of the term, simply can't
function.



To appreciate the significance of this, considensas, which consist almost entirely of DNA (or in
some cases RNA) surrounded by a protein coat, apabde of being stored indefinitely as elegant
crystalline solids ( Figure 5.6 ). What brings this to life is the property provided by its prioi of
being able to penetrate the membrane of a victiiraod release its own DNA, which parasitizes the
cellular replicative machinery of its hapless hdste host cell is thus forced to copy and trandlage
viral DNA as if it were its own, filling itself wht newborn virus particles until it bursts. The ngwl
hatched viruses are thus released into the envigahmhere each, once brought into contact with a
fresh prey cell, can repeat the sequence. Virugesfeen described as the most basic of living fgrm
'naked replicators'. The question of whether threyoa are not 'alive' depends on how you defireg lif
and may be a matter of mere semantics;

Figure 5.6 A single virus -- a nucleic acid head surrounded Ipyotein jacket and tail.

that they cannot replicate except within a cellahhis clearly alivé® is certain. Naked and alone, they
are powerless to act.

This is why an individual's lifeline requires mdhan the mere mixing of parental DNAs at the
moment of fertilization. Sperm, to be sure, are saimat like viruses, in that they provide only DNA.
But an egg contains more than just the maternaptemment of DNA to match that provided by the
paternal sperm. It has in addition all the cell@pparatus required to bring both sets of the DNA
together and persuade the otherwise inert fibrggatptheir part in the cellular orchestra. Amohg t
major contributions from the maternal cytoplasmrar®chondria which generate the necessary
energy supply for the orchestra to start up, anthvim addition carry an independent set of DNA
molecules, quite separate from those in the nucleghsse evolutionary significance will become
apparent in Chapter 8. This asymmetry betweenibesex cells, egg and sperm,

at the very moment of conception is of profoundedlepmental and evolutionary significance.

From this moment of conception on, the maternadlizel machinery is responsible for directing the
activation of particular genes (DNA sequences) latte the synthesis of specific proteins. These
proteins in turn include some whose function iad¢bas switches -- regulators to turn on, and & du
course turn off, other DNA sequences. A continunugde of synthetic activity begins in which DNA



sequences are uncovered, transcribed into RNAgpsed, spliced, edited and translated into pragteins
which then provide feedback control to the DNA h@grs switching off their own synthesis, perhaps
switching on the synthesis of other proteins byowecing other DNA sequences or influencing the
splicing and editing steps. This exquisitely tinaad subtly orchestrated cellular symphony culmiate
in due course in the synthesis of the proteinslibgin the process of replicating and segregakiag t
chromosomes once more, enabling the cell to diarkthe cycle to recommence. This is why
Dawkins' claim that his garden willow tree is signpphining DNA' is so biochemically wide of the
mark.

In the digital information metaphor, these celluta@chanisms play no part in the creation of this
symphony. They are as dumb as the mechanism byhahtassette player converts the trace on a
magnetic tape into a Beethoven violin concerto blilas Davis jazz track. All that the tape head and
the speakers do is to follow the instructions gilsgrihe tape. They can influence the quality and
fidelity of the sound that is emitted, but they Wa@arry information. The symphony remains in the
DNA. But this is not how cells work. Unlike the saste player, they don't merely play their 'tape’ a
constant speed and hang the consequences. Theicirtbe tape as to which bits to play and when to
play them, and they also edit the output. And afrse, also quite unlike the cassette player, they
continually reconstruct themselves throughout #leaycle and the lifetime of the organism which
they comprise. In so far as the information metaphwoalid at all, it can be expressed only in the
dynamic interaction -- the dialectic, therefor&between the DNA and the cellular system in whidh it
embedded. Cells make their own lifelines.

GENES, ENVIRONMENTS AND NORMS OF REACTION

Thus in both the Mendelian and the biochemical sgngenes are only partially determinate entities
within genomes. They are not independent beadsnatldace. This is why it has become a modern
convention to speak instead of the genome as fHdv, when and to what extent any gene is
expressed -- that is, how its sequence is tramsiate a functioning protein -- depends on sigrias
the cell in which it is embedded. As this celltseif at any one time in receipt of and respondiing
signals, not just from a single gene but from mathers which are simultaneously switched on or off,
the expression of any single gene is influencedhat is happening in the whole of the rest of the
genome.

So when we talk glibly about the development obeganism being 'a product of the interaction of
genes and environment', the phrase masks as muicteasals. Neither gene nor environment, as we
have seen, is an unproblematic term. First, a ‘genan abstract determinant is quite differentftbe
complex processing mechanisms that put togethguaheular DNA sequences that define the
primary sequences of proteins. Nor, of coursepasteins merely defined as their primary sequences.
As already discussed in the context of natural «imdChapter 2, they have complex secondary and
tertiary structures which depend not just on theiino-acid sequence but on their environment, en th
presence of water, ions and sometimes other sneddlaules, and on acidity or alkalinity. The path
from primary structure to fully fledged protein dogot contain as many regulatory steps as that from
DNA to protein, but it does involve orders of coexty which move us yet further from the one gene,
one protein heuristic. And as proteins themsehezoine assembled into higher-order structures within
the cell, still more constraints come into play.



The school textbooks which start with Mendel arglrtios have it wrong. Without Mendel, genetics
would never have got off to such a flying and sewhyi straightforward start, and he deserves to be

honoured for his experiments. But the founders ftéld, by choosing experimental systems which
seem to give clear-cut answers, often also prodaagppearance of simplicity which is ultimately
misleading. The famous and paradigmatic Mendehains are the results of rather special cases, the
phenotypic expressions of enzyme pathways rattiker ilnfluenced by environmental circumstance,
perhaps just because they reflect relatively trif@atures of that phenotype. By contrast, the
expression of most genes is modified at severaldelt is affected by which other genes are preisen
the genome of the particular organism, by the t@@llenvironment, by the extracellular environment
and, in the case of multicellular organisms, bygheironment outside the organism.

An example. Gene technology is now so advancedttlapossible to generate virtually at will
(‘construct' is the somewhat odd term the gen&icise) organisms -- mice for instance -- into Wwhic
particular genes have been inserted, or from wthielg have been deleted. Of course, many such
constructed mutations are lethal, and the embiyatsctarry them are either spontaneously aborted or
can survive for only a few days or weeks. Thesestrons births -- such as the so-called oncomouse,
which carries a mutation that results in the anidealeloping a cancer -- have for obvious reasoes be
the source of much legal and ethical heart-seagcldnt the point | wish to make here is a different
one. In quite a number of cases where genes cdalimoteins which are supposed to have vital
functions within the cellular economy have beeretis (so-called 'knock-out mutants’), the absence
both of the gene and of the protein whose synthestles for seem to make little observable
difference to the life of the animal. It has, asytisay, an apparently normal phenotype.

Does this mean that the original view, that thegiroconcerned played a vital role in the cellular
economy, was false? Not at all. It is a demonstnaitistead of the power of developmetalsticity,

the capacity of a living system to adapt to expergeand environmental contingencies, and to
compensate for deficiencies. This capacity is audeteby the functional redundancy present in all
organisms. Redundancy assists stability; it melaatsthere may be many alternative routes thatehe c
and the organism can adopt during development

which can lead to an essentially identical end-pdmthe presence of a particular gene and prptein
one route is adopted, and in their absence ansthaken. Once again, there is no necessary |pegar
between gene and organism. It is interesting theth sedundancy is now recognized by engineers as a
feature of good design in human technology too.

But such plasticity is of course not infinite: taare sharp limits to the tolerance of any gere any
phenotype -- to environmental change. Outside theses, the response is to curl up and die. But
within them, the expression of any gene may benddfin terms of its norm of reaction to the
environment -- a term originally introduced by fhapulation geneticist Theodosius Dobzhansky in the
1950s, and rather out of fashion with today's tis¢é®rin the beanbag thinking that follows the
Mendelian tradition, for any one gene there is arlg phenotypic outcome. By contrast, in
Dobzhansky's concept abrm of reactionthe phenotypic expression of any gene may vaey av

wide range, depending on the environment in whichlbeing expressed. And remember, that



environment includes the products of all the otjees in the organism's genome, as well as external
factors impinging upon it.

Recognizing that there is no linear relationshimeen gene and phenotype, E.O. Wilson, the founder
of sociobiology, speaks of 'genetic tendenciedispositions' or ‘inclinations', and prefers as a
metaphor the thought that 'genes hold culture leash'*® The metaphor simultaneously privileges the
gene as once more an unmoved mover, while bowitigetmevitable of non-linearity. It is far more
appropriate to recognize, as Dobzhansky did, ttaeg and environments are dialectically
interdependent throughout any individual's lifejitteat the argument for primacy is a reversionrto a
almost pre-scientific doctrine of preformationisrhigh we can surely now transcend. Our science
should be adult enough to rejoice in complexity.

NOTES

1. Some people would say too lucky; his publiststbs have been subjected to statistical re-
evaluation, and on this basis seem too good toue¢ It is as if he knew what he wanted to find,
and encouraged the data to reveal it. Repetitibhgsexperiment are unlikely to yield such
unambiguous results.
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6
Lifelines

Life is the expression of a particular dynamic diuum which obtains in a polyphasic system
Frederick Gowland Hopkins, 'The dynamic side otchemistry'
ORGANISMS IN FOUR DIMENSIONS

At the heart of modern biology lies the issue @f tlature of individual living units -- organisms.
Notwithstanding the cautionary words of Chaptenalee ambiguities latent in our sense of the
borderlines between ourselves and the externabdwfant most of the time we all have a sense of our
own existence as a coherent whole, and we recogo@ecoherence and unity in others -- and not just
of our own species. Dog and frog, worm and amoebach has a recognizable existence as an
individual organism. So does an oak tree and agolaki though our picture may get a little hazy when
it comes to considering the spreading clumps dibcps in the lawn or the mushrooms beneath the
tree.

Organisms differ dramatically in scale, from blukales to bacteria, but every one, large or small,
exists as a three-dimensional object occupyindiaetk volume within its environment, and each
possesses recognizable structures, internal feadunek organization. But these three dimensions of
space cannot provide a full description of an oiganfor it extends in time as well as in spacendty
begin by budding off from a pre-existing singletedlorganism, like a yeast



cell. Or it may grow and develop: oaks from acomsnans, dogs and frogs from the fertile
combination of egg and sperm. Some organisms sesemially fully developed -- mature -- at the
instant of their formation, as with the newly buddeast. Some develop incrementally over time,
growing throughout their life, as do many treehdéds$, such as ourselves, grow for a period, anthrea

a seemingly stable mature stage before ageing @gidriing to decay. Yet others go through a seffies o
radical transformations in which entire body-plamns reconstructed, as when eggs become caterpillars
become chrysalises become butterflies. As withespse with time, living forms range through many
orders of magnitude, from the bacteria whose tigtevben divisions may be only twenty minutes to

the thousand-year-old giant redwoods of California.

The time dimension can never be ignored. Life g&siot in three but in four dimensions --
persistence which depends above all on the maintenaf order: order within the cell, order withiret
organism, order in the relationship of the organisrthe world outside it. It is the meaning and
mechanism of this persistence, the generation amdtemance of both short- and long-range order,
which form the theme of the present chapter. Neiloegenes and genomes contain the future of the
organism, in some preformative modern version efttbmunculi van Leeuwenhoek thought he saw in
the sperm, nor are they to be regarded, as in maodetaphors, as architects' blueprints or inforomati
theorists' code-bearers. They are no more andssahan an essential part of the toolkit with apd b
which organisms construct their own futures.

CELLS, ORGANISMS, ENVIRONMENTS

Neither cells nor organisms can be consideredoiiation from their own external environments. All
cells are surrounded by membranes, constructedmplex arrays of lipid and protein molecules,
which act as both barrier and interface with theldvoutside them. Across this semipermeable barrier
there is a constant traffic with the cell's surrdimgs. To survive, let alone to act upon the exdern
world or

to replicate, requires the continual expenditurergdrgy, energy derived from food in the form a-pr
existing molecules such as sugars or fats, ogreen plants, by photosynthetic processes whigh rel
on carbon dioxide and water. All these moleculestrbe carried into the cell across its membrang, an
waste metabolites ejected through it into the emvitent. But the membrane has to be selective: while
letting in desirable substances, it has to da akhmn to keep out those which could be harmful.

For single-celled organisms, the environment ofcileis obviously also that of the organism, the
ever-fluctuating external world, inherently patc®pme parts of that world may be antithetical to
survival -- too hot, too dry, too acid. Some mayrioh in food sources, others poor. Supplies of
potential food may vary: in one area glucose magthendant, in another a different sugar. Faced with
such patchiness, many single-celled organismsatansteps to seek out more favourable conditions,
especially if they are in a watery environment. Bibfre content to go with the flow. The membranes
of many species are equipped with chemosensordimegéibem to detect gradients of concentration of
sugar solutions, and tails (flagella) or oars &ignabling them to swim or row up the gradient to
regions richer in foodstuff. Similarly, they may weoaway from regions which are too acid or too hot.



But their power to choose a favourable environnehinited by the range of environments accessible,
and survival will also depend on the ability of thrganism to adapt to less than optimal condititins.
one food supply is absent but another potentialceois available, single-celled organisms may rieed
produce the enzymes necessary to digest whatilsalea This is indeed what Monod and Jacob found
in their experiments which identified the operoacteria which did not normally possess the enzymes
required to metabolize the sugar lactose would®gite them if their food supply was restrictedyonl
to lactose. This doesn't require an organism tenh¥rom scratch the DNA that could be used toatire
the synthesis of a novel enzyme -- that would by@be the capability of a single cell within its

lifetime. The bacteria already contain the DNA stes necessary to produce a lactase enzyme, but
in normal circumstances these are switched off,

and are turned on only by signals triggered withacell by its sensing the lactose-rich, glucoserp
environment across its membrane. It is the orgamisimteraction with its environment, thereforeath
determines which of its available genes are todtigeaat any one time.

For a multicellular organism, such interactionsassn cells and environments are more complex.
Individual cells no longer have to work in isolatjeexposed to the Great Outdoors. Rather, each is
surrounded by its own microenvironment, externdghtcell but internal to the organism. It is the
organism as a whole that has to respond to théipats of its environment so as to optimize its-lif
chances. The cells within are buffered from thelenlexternal excesses, bathed in an extracellular
fluid whose temperature and composition remain ootably constant, as near-optimal as possible for
the cells it surrounds, wafting them food and oxygad washing away their unwanted excretions.
Such cosseted creatures no longer have to be atlgsia the look-out for uncertain food supplies,
their genes in a state of readiness to make thelswom glucose to lactose, so they have no need t
maintain a DNA repertoire that will enable thermtake such a switch. The demands on them are
simpler and more predictable.

There is a price to pay for the simple life. Theiudual cells lose their autonomy within the gexat
unity of the organism: they surrender their capaftit independent and unrestrained replication, and
their totipotency. They become specialized, ag lorebrain, leaf or root. In the course of this
specialization, as ontogeny proceeds, particulaABBlquences are switched on or off in defined
temporal sequences. It is no longer only a cagearfeeding through the cell cycle to division, bfit
establishing cells with an appropriate structun@pe and pattern of enzymes to function as paat of
particular organ. To ensure harmony at a multitadlcather than a cellular level, each cell halsao
able to respond to the presence of its neighbawd@signals from distant parts of the organism
arriving at its membrane surface with as much seitgias, within the cell, DNA sequences can
respond to protein signals. The external membraheslividual cells within multicellular organisms
are packed with specialized

receptors which can respond to circulating signallecules (such as hormones), and are punctuated
with convoluted channels which permit the entrgpit of designated substances only. The cellular
lifeline has become subordinated to that of thenigm.

Like 'gene’, the term 'environment' is thus compled manylayered. For individual gene-sized
sequences of DNA, the environment is constitutethbyrest of the genome and the cellular machinery



in which it is embedded; for the cell, it is theffleved milieu in which it floats; for the organisihjs

the external physical, living and social worlds. i¢¢hfeatures of the external world constitute 'the
environment' differ from species to species; ewweganism thus has an environment tailored to its
needs. As | shall argue in later chapters, orgamevolve to fit their environments, and environnsent
evolve to fit the organisms that inhabit them. M@isonment is constant over time. Even for the
individual gene, the genomic background againsthvitiis expressed changes during the cell cycle as
other genes are switched on and off. Outside thamwsm, change is virtually the only constancy.
Stasis is death.

There are two lessons to be drawn from such desmrgp The first is that the boundaries between
organism and environment are not fixed. Organismasanstantly absorbing parts of their environment
into themselves as food, and are constantly mauifyheir surroundings by working on them, by
excreting waste products, or by modifying the wadduit their needs, from birds' nests to beaver
dams and termite mounds. Organisms -- any orgam@gen the seemingly simplest -- and the
environment -- all relevant aspects of it -- inemptrate. Abstracting an organism from its
environment, ignoring this dialectic of interperion, is a reductionist step which methodology may
demand but which will always mislead. The secosddea is that organisms are not passive responders
to their environments. They actively choose to geatmem, and work to that end. The great metaphor
of what Popper rightly called 'passive’ Darwinisratural selection, implies that organisms are the
mere playthings of fate, sandwiched as it were betwtheir genetic endowment and an environment
over which they have no control, which is constasétting their genes and gene products challenges
which they can either

pass or fail. Organisms, however, are far fromipasghey -- not just we humans, but all otherryi
forms as well -- are active players in their owtufes.

BEING AND BECOMING

The first phases of the life cycle are those ofeliggment -- ontogeny. From the moment of
fertilization, cells grow, divide and hence muliipDaughter cells begin to align themselves with
respect to one another, to migrate to specificoregwvithin the developing embryo. Within each cell,
particular genes are switched on, and othersrmfhtricate sequences, as originally totipoteniscel
become specialized and the mature form of the agaanrolls from its undifferentiated state.
Development poses a particular problem for livingamisms, one which is quite distinct from that
which we humans face in constructing artefacts.dittan the assembly line on which a car is built.
Raw materials -- sheet metal, plastic, glass --ecomat one end. Engine blocks are cast, panels are
beaten and fixed in place, and almost before oes eywehicle is assembled, checked and released,
ready to be driven off. But it is only at the venyd that a fully formed, functional car appears.dde
imagines that at its halfway stage of assemblyctrewill function in miniature, so to speak, aliebe
driven at half-speed, or to carry two instead afrfpassengers.

Living organisms are quite different. From verylgan in their development they have to be capable
simultaneously of a quasiindependent existencepagdowing further towards maturity. Moreover,
the attributes that enable them at any one momoemgintain their existence are not always merely
'miniature’ forms of those they will need in adoltkd. This is obviously true for some life formsogs'
eggs become tadpoles become frogs; butterflies leggome caterpillars and chrysalises before
butterflies emerge. Each stage requires a radaasformation of body plan, yet during each



transformation the functions necessary to life niagspreserved. But it is also true in quite subtg's
for organisms which seem to show linear developaidrdjectories without such radical breaks. When

a newborn baby suckles at its mother's breassubkling reflex is not simply an undeveloped forim o
the chewing technique that will be needed wherchilel switches to solid food; quite different ndura
and mechanical processes are involved. Life demahal its forms the ability simultaneously be

and tobecome

Dichotomously genetical thinking wishes always #otion -- first splitting 'nature’ from 'nurtureind
then adding them together again. So both beingoandming are regarded as the products of the
additive effects of genes -- nature -- and 'envirent’ -- nurture. By now it should be clear that |
regard this dichotomy as spurious. The unrollingcpsses of development are best understood in
terms of a different dichotomy, that betwesgecificityandplasticity. One can consider these terms as
an extension of Dobzhansky's concept of norm afti@a, which | introduced at the end of the
previous chapter. Many ontogenetic processes tvedy unmodifiable by experience. For example,
we humans, like some but not all other mammalsbare with our eyes open, already able to focus
them reasonably well and to see and perceive calshapes and movements. This means that the
pattern of connections by which the light-sensitiedls of the retina of the eye connect to therbrai
through the optic nerve must already be well esthbtl. During the first few years of life, both sye
and brain grow, though not in proportion to eadieotBecause of this growth, the actual physical
chain of connections between retinal cells andnbmaurons -- the synaptic junctions between them --
cannot remain the same. As both eyes and brain gnolnature, the connections must be broken and
reformed many times, yet the overall pattern ofrtiationship between eye and brain must be
maintained if vision is not to be impaired. Thatasany one moment eye and brain must both be
adapted to current needs and must also be in toess of changing to meet future ones -- both to be
and to become. Furthermore, for vision to continaamally -- that is, for functional specificity toe
retained -- this process must be relatively impmrgito experience, to environmental contingency. Bu
not entirely so. It is possible for the patterrcohnections to be modified, at least during certaitical
periods of development. For instance, rearing icagmvironments of horizontal or vertical stripes,

with only one eye open, lastingly changes the padtef synaptic connectivity.(Such experiments

also enabled methods to be developed to correstishal defects in humans born with a squint, who
would otherwise lack effective binocular visionhig, then, is the measure of plasticity -- the nofm
reaction -- which can be imposed upon developmepeatificity. But both specificity and plasticity

are embedded properties of the organism; botlguflike, are completely made possible by the genes,
and completely made possible by the environmergydannot be partitioned.

INSTRUCTION, SELECTION, CONSTRUCTION

Two contrasting metaphors have been used to desttrbprocess by which multicellular organisms
are constructed, both deriving from the languagafofmation theory and both applied originally to
the immune system's capacity to respond to thetefédy infinite variety of challenges the
environment might throw at ilnstructionandselection Confronted with invasion by a foreign
organism or toxic substance (antiger), the immune system rapidly synthesizes seemitagjiyr-
made proteins -antibodies-- which can stick to the surface of the invadoed or bind to the antigen,



thus rendering it harmless. How is this done? Imensystems have no way of predicting in advance
which molecules might confront them, certainly tia myriad of industrial chemicals which now
pollute our environment, and which did not existidg human evolution. Yet the system is capable of
making antibodies to counter a seemingly indefipil@rge number of wholly novel substances.

Back in the 1960s, there seemed to be two alteabssibilities. On the one hand, the antibody-
producing cells might simply be utilizing generalrpose mechanisms capable of making antibodies of
any required shape. The arrival of an antigen wagtdas an instruction to the cell as to the studipe

the protein required to stick to and hence immpeithe instructor. Alternatively, there might exist
among the population of potential antibody-prodgaiells a wide variety of types already roughly
tailored, one or more of which would be likely

to fit at least approximately any potential antigéhe arrival of the antigen would trigger a massiv
expansion of production of the cells producingdhébody that best fitted it, and where appropriate
the final adjustments to the antibody protein tkenthe fit more perfect. This is the selectionistoil.
The difference is between instruction as bespaka&itag and selection as off-the-peg purchasing.

Despite an initial prejudice in favour of instruwtias apparently the more obvious of the two
mechanisms, the evidence soon proved convincihglythe immune mechanism works by selection.
Gerald Edelman, who shared a 1972 Nobel prizeifomimunological research, subsequently
expanded the selection theory into a general modetcount for ontogenetic processes, applying it
particularly to the development and 'wiring' of tir@in. He has called the mechanism 'neural
Darwinism'.® | don't like the term (nor does Francis Crick, wias called it disparagingly 'neural
Edelmanism*), as the process Edelman describes is neitheologous nor adequately analogous to
Darwinian natural selection. Neural Darwinism isealuctively misleading metaphor, but the concept
embedded within it is non-trivial and importantgi@sp. Although the issues it raises are most
significant for the human nervous system, the tsohdst complex structure (perhaps the most
complex in the living world -- or even, as someéauggested, in the entire universe), the prinsipfe
neural Edelmanism apply to development more gelyeral

To appreciate the problem, consider the adult huipnaim. Its 1.5-kilogram mass contains up to a
hundred billion neurons and ten times as many stipgocells, known as glia, surrounding them. This
cell mass is highly structured. It is divided im@merous functionally specialized regions, andeaiche
region the cells are arranged in a highly ordeatepn. Thus the surface of the brain is formeé by
highly convoluted thin 'skin’, about 4 millimetrésck -- the cerebral cortex (grey matter). Theteor

is packed with neurons arranged like a layer caksx 'strata’; the pattern is readily observablside
view through an optical microscope if the cells appropriately stained. Less well observable is the
fact that, as viewed from the cortex's upper sexfétre cells are also organized into an array of
functionally distinct columns. Closer examinatidmeurons reveals

that they also show a number of distinct shapsgmbling pyramids, stars, baskets, and so on (é&igu
6.1). As if this were not enough, each neuroroimected to others, some its neighbours, somentlista
from it, by fine fibres that radiate out from thelldody. Some of the fibres (dendrites) collect
incoming signals, and at least one of them (thenpikansmits the information carried by these digna
onwards to the other neurons, making contact vaigr dendrites by way of junctions called synapses.



Any one neuron may carry up to a hundred thouséftiiese synaptic connections. Some of the
connections are internal to the brain, enablingoesito communicate with their colleagues. Others -
such as the great cable of axons that runs froreyba@lown the optic nerve, first to a region deep
inside the brain called the lateral geniculate, faooh there to the 'visual' regions of the cortegarry
inputs from the external world. Still other nervadts lead out from the brain, connecting via theda
cord with the body's musculature and internal osgan

This enormously complex structure must be genenaitiiin nine months of the moment of
fertilization, so as to be largely functional b ttime of birth. Of course, there's a lot of postah
development still to go. Many of the glial cellgarot yet in place at birth. And, even more impatrta
for the functioning of the brain, synapses aré spiarse at birth. During the next few years of
development, no fewer than 30,000 synapses a seddrmk created under each square centimetre of
cortex, until the full complement of a hundrediimih (10*% are present and functioning. To put that
number into perspective, it is about 20,000 timesenthan the entire human population of the planet.

But even to get to the stage of the brain at bgtjuires the creation of about a million cells anr
day in day out, throughout the entire gestatiomogler- a formidable enough challenge if the brain
were simply growing smoothly, like a steadily irtiitey balloon. But it isn't. The first observablestis
taken when the embryo is no more than eighteen aldyand 1.5 millimetres long, when the hollow
ball of cells that constitutes the gastrula develagroove along its surface, thickened and erdaate
the forward end, which will in due course beconmelihain. As development proceeds the groove
deepens and
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Figure 6.1 (a) A cross-section through the cortex of the hutwam. Each black dot is a single
neuron. (b) Some of the many varieties of shapeswbns, each specialized for a different function

its walls rise higher, move towards one anotherghcand seal over; the groove has becomedheal
tube By twenty-five days, when the embryo is aboutibimmetres in length, the tube begins to sink
below the surface of the embryo. Its central cawitlyy become the central canal of the spinal card a
form the fluid-filled spaces within the brain iteéhe ventricles). The head end of the tube betgins
swell, and to show the beginnings of the three mdipsions of fore, midand hind-brain ( Figure §.2

In the next few months of embryonic developmergcprsor cells to all the billions of neurons and gl
which will ultimately constitute

Figure 6.2 The development of the human brain: (a) 3-week yonlb) 7-week embryo, (c) 4-month
foetus, (d) newborn infant.

the brain begin to separate from the neural tube.grecursor cells are thus not formed in the
developing brain at the sites at which they willl@ip as mature neurons and glia, but in the vicimiit
the neural tube and ventricles. They are then requo migrate from their places of origin to their
ultimate locations, distances which may be terth@fisands of times their own length -- equivalent t
a human navigating a distance of 20 kilometres. ldowhey find their way? Does each cell know
where it is going, and what it is to become befbegrives at its final destination? Is it equippeith a
route map, or is it, as in the instructional moafethe immune system, a generalpurpose cell whach ¢
take on any appropriate form or function, dependingts final address within the brain?

To many of these vital questions there are stiltomplete answers; as | pointed out in the previous
chapter, the great expansion of genetic knowledgedent decades has yet to be matched by a
comparable increase in the understanding of dewsdop. But several mechanisms are known to play a



part. In the developing brain it is the glial celsit begin the migratory pattern. As they moveyawa
from their sites of origin and towards what willdoene the cortex, they spin out long tails, up which
the neurons can in due course climb. As Edelmaroéimets have shown, the cell membranes of both
neurons and glia contain a particular class ofgingtcalleccell adhesion moleculd€AMS). In the
developing tissue the CAM molecules work rathee kikampons: they stick out from the surface of the
membrane and cling to the matching CAM on a neadhly The neurons are thus able to clutch the glia
and ratchet themselves along their tails ( Figude) 6As a further trick, the migrating cells alay

down a sort of slime trail of molecules relatedite CAMs --substrate adhesion molecul&AMS) --
which provide additional guidance for the cellddaling along behind.

But what provides the map references for such leelhoute marches? Both distant and local signals
must be involved. One way of signalling directisrio have already in place some target cell ongiss
towards which the migration can be directed. Suppbs target is constantly secreting a signalling
molecule, which then diffuses away from it. Thislwreate a concentration gradient, highest at the
target
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Figure 6.3 A migrating neuron climbs up a glial cell fibre (oack).

and progressively weaker at increasing distan€déise Imigrating cell can sense the signalling
molecule and move towards it, rather as bactenaseam towards sources of food, then it will
eventually arrive at the target. In the 1950s Réwai Montalcini identified one such signalling (or
trophic) molecule, which she called nerve growth factgrthe time she was awarded her Nobel prize
for the discovery, in 1988,it had been recognized as but one of a growinglyashsuch molecules (
Figure 6.4).

Trophic factors can provide the long-range guidamich enables the growing axons of motor nerves
to reach out and find their target muscles, oratk@ns from the retinal neurons which form the optic
nerve to track their way to their first staging pagthin the brain, the lateral geniculate. Howewae
migrating cells or growing axons also need to kieegiep with one another -- each has to know w#o it
neighbours are. The diffusion of a local gradieoteaule, together

Figure 6.4 The outgrowth of nerve fibres from a secondary giandcluster of neurons) treated with
nerve growth factor.

with the presence of some types of chemosensdreoaxon surface, could enable each to determine
whether it has neighbours to its right and left mchaintain step with them ( Figure 6.8 T-he entire
troop of axons would then arrive in formation & thteral geniculate and make appropriate synaptic
connections, thus creating in the geniculate a malbeit a topographically transformed one --had t
retina, rather like the relationship between thadan Underground or New York subway system and
the maps of them on display at stations. Indeetbthin holds many such maps, multiple maps for
each of its input sensory systems and output nsystems, maps whose topology must be preserved
during development.

The process just described would be compatible antinstructionist model. Each axon is kept on
course by instructions from its environment, bdi trophic factor diffusing from the target regimmd
the relationships with its nearest neighbours timgat to its final site. There is some evidenkatta



considerable part of the nervous system's develnpoaa be accounted for in such a motiel.
However, Edelman drew attention to another vitatdee of develop-
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Figure 6.5Local and distant guidance of migrating axons @f diptic nerve. a and b are local
recognition signals keeping the axons in step

ment. During embryonic development there is a gastproduction of cells: many more neurons are
born than subsequently survive. Since more axanseat their destination than there are targdscel

to receive them, they must, argues Edelman, confpetargets. Those that do not find them wither
away and die. The argument actually goes furthés:not only neurons and their axons which are
overproduced, but the synapses too. There is aampedance of synaptic production, a veritable
efflorescence. But if synapses cannot make theogpipte functional connections with the dendrites o
the neurons they approach, they too become prumag and disappear. In this model of development,
because there is competition for scarce resourdegphic factor, target cell, synaptic space eréhis
also selection. And now we have only to imagine thia in some way the ‘fittest’ of the neuronsl an
synapses that win out in the competition, and weaat Edelman’s 'neural Darwinism'.

Selection in this sense can account for local btdmstant processes. Long-range order, the magrati
of cells and the growth of axons over

long distances, would seem to require somethingemahe execution of some internal programmes of
both individual cells and the collectivity of celisting in concert. Even though synapses from anly
particular neuron may end up making successful ections with its target cell, if the others had not
been present during the long period of growth argtation it is doubtful whether a single nerve axon
would have been able even to reach the targetstitveval of one depends on the presence of the
many. Overproduction and subsequent pruning ofareuand synapses may at one level of
magnification look like competition and selectiamgwed on the larger scale, they appear as
cooperative processes.



As a comparable example, it takes only one sperf@artitize an ovum. In the vulgarly macho language
that one has come to expect from some popularnsréieout biology, combining ultra-Darwinist
rhetoric with sexual prurience, this 'fittest' sessful sperm is often interpreted as being then'arnrof

a competition amongst the many hundreds of millioren ejaculate’. In fertilization, the head of the
sperm cell -- containing the nucleus -- fuses whhegg. Yet introduce just this single ‘fittepgsn

into the vagina and the chance of it survivinggach and fertilize the ovum are minuscule; a high
sperm count improves fertility, helping more spetmsurvive their passage through the vagina, even
though only one will ultimately enter the ovum azamplete the fertilization. The single ‘fittestesm
must in fact cooperate rather than compete withréleif fertilization is to occur at all. (Furtimeore, it

is increasingly apparent that the ovum is not nyetfe¢ passive recipient of the victorious spernt, bu
plays an active part in the process. Fusion reguire sperm's enzymes to be activated by secretions
from the female reproductive tract, and sometini&s lay the protrusion from the egg's surface of

small membranous ‘fingers' that draw the spermtimaegg’®)

Instructive and selective mechanisms are thus patyof the picture of development. The

maintenance of stability requires the entire enderabcells to cooperate, to act collectively. Inan-
trivial way, each depends on the others in thetimmeand preservation of the dynamic pattern of
connections which maps the world onto the sensansrghe sense organs onto the brain, and then, via
the brain

and the musculature, imposes new patterns on the weyond. This is why | want to argue that we
need to transcend both instructionist and seleistiometaphors. Development is essentially a
constructivist process! the developing organism, in its being and its beiog, in its specificity and
its plasticity, constructs its own future.

CHANCE AND DETERMINISM

Even the constructivist model of development disedsabove implies a degree of determinism, albeit
in this case a richer concept than that of theiomédsional gene. But we need to go beyond this in
emphasizing the role of chance, of contingencwglldévels of analysis of living systems. Consitex
micro-level of the individual cell and its subcddlucomponents. Biochemists deal of course not with
individual cells or with individual copies of thamolecules, but with aggregates of millions, and on
this scale properties become fairly predictable. \Bhat is predictable for the mass does not agply t
the individual. The role of mitochondria, for insta, in carrying out an exquisitely controlled serof
reactions by which the products of glucose breakdawe oxidized and ATP is synthesized from ADP,
have been minutely studied, and the reactionsraoe/k to depend on precise fluxes of hydrogen ions
across the mitochondrial membrane. Yet if one awmrsian individual mitochondrion at the normal pH
(the degree of acidity or alkalinity) of the cetliere are likely to be only a matter of thirty orfsee
hydrogen ions available within it -a number so $niedt fluctuations due to thermal noise make it
quite impossible to calculate the distributiongha ions precisely. Chance at this level affedts al
cellular processes, including, as has long beargrezed, the random mutations in DNA structure
induced by cosmic radiation or other mutagenic tgen

Similar considerations apply to the role of chaimcdevelopment. Lewontin has pointed out that even

in Drosophilg which is supposedly bilaterally symmetrical, agsult of random developmental events
the number of bristles on a leg on one side obtiay may not match the number on the opposing leg.
And what is true for the role of



contingency in the developmentBfosophilais certainly true for humans. For instance, ideiti

twins share identical DNA, yet from the moment ohception and cell division the relative locations
of the two embryos to the placenta and to the enment of the uterus affect their development in
chance ways. Developmental divergence increaséseweéry cell division, and after birth with every
random experience of each twin. If contingencyue=d in the factors shaping the development of any
individual organism, still more does it apply wh&a come to consider the role of chance and random
events in evolutionary processes, as will beconpauesgmt in the chapters that follow. Chaos theosy ha
made much play of the butterfly effect in modellthg weather, though an old saying put the case
much more simply when it described how, for the tadra nail, the shoe, the horse, the messenger and
ultimately the battle is lost. It is just this comdtion of predictability and unpredictability that
distinguishes living systems and processes fronmiheh simpler events that form the terrain of the
sciences of physics and chemistry.

HOMEOSTASIS AND HOMEODYNAMICS

Claude Bernard's slogan -- the constancy of thermiat milieu, the internal environment of
multicellular organisms -- has become one of th@raéorganizing themes of physiology. The
inevitable fluctuations in the world outside thgamism, of temperature, for example, or of avadabl
foodstuffs, are damped, compensated for, so aetepre this constancy. Increases in external
temperature provoke sweating, and decreases nesaktricting bloodflow to the surface skin, sa@s
maintain the internal temperature more or lesstemst (in humans and other mammals) around 37-
5°C. Food deprivation, which lowers blood glucaseels, mobilizes the sugar stored in the form of
glycogen in the liver, or stimulates the breakda#fat. It also results in changes in the behavafur
the organism: hunger induces food-seeking behawmailt of us. So too with many other features of
the internal environment, from the pH of the cledlpt just on the alkaline side at 7.4, to the badan
between sodium and

potassium ions or the ratio of ATP to ADP (adenesliphosphate) within the body's cells.

The level at which any of these variables is maneid is called itset point It is the stability of the set
point that is implied in the term homeostasis, artidbductory physiology textbooks treat at some
length the mechanisms that maintain such stabilitye metaphor which is used to illustrate it is
frequently that of the thermostat in a house'sraéhteating system. The thermostat's temperature
control is set such that if the temperature fadlty its set point, the heating system comes ortlzad
temperature rises; as it increases above the s#t ie system is switched off. The result is ihgbu
were actually to record the temperature in the rooater thermostatic control, it would not be
precisely constant, but would oscillate slowly arduts set point. How fast and how far the oscolas
occur depends on the sensitivity of the thermastdtthe efficiency of the heating system: if the
thermostat is not particularly sensitive the oatitins may be uncomfortably large; if it is too Si&ne

it will switch on and off so rapidly that the hesgisystem may break down. Stability is best aclieve
not by attempting to keep the temperature perfexhstant, but by designing for optimal frequency
and size of the oscillations around the set pdihe type of oscillations that such thermostatic
homeostasis imply are shown in Figure 6.6(a) .



That is as far as the biological metaphor is uguaken, but let's pursue it a little further. Iragtice,

even for rooms whose temperature is controlled bgrdaral heating system, this description of regula
oscillations around a fixed set point is inadequillest domestic heating systems are programmed not
to provide an even temperature day and night,doudr at a lower temperature or switch off entiraly
night, and indeed, if no one is home during the tlaylo so during the middle period of the day as
well. So the actual pattern of temperature vanmatiorooms controlled by such a thermostat is more
likely to be as shown in Figure 6.6(b) ; that sshow a diurnal rhythmicity. Thus there is a super
rhythm imposed upon the homeostatic oscillatioks, the coiled filament of a tungsten lamp. More
sophisticated thermostats can be programmed ovea-skay cycle, recognizing that many of us have
different patterns of residence
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Figure 6.6(a) Homeostatic and homeodynamic oscillationsdiaynal rhythmicity; (c) life-cycle
rhythmicity.

and temperature needs at weekends and on weeKdweyre. are longer-term fluctuations too, if the
system is shut off in summer or during holidaysdAmewed over a lifetime, one might want the mean
temperature greater during a time when there daats or elderly people in the house (if they can
afford the fuel bills) than when it is inhabited &gults in their middle years. A lifetime's view of
thermostatic settings might therefore look someglhike Figure 6.6(c) .

So, viewed on a longer time-scale, even a roomtbstat does not display homeostasis in the sense of
'staying the same’, but

incorporates a range of cycles and 'hypercyclesnébstasis is replaced by homeodynamics. What is
true for this simple mechanical metaphor is truart@ven more dramatic extent in living organisms.
Seeing them as merely homeostatic is to deny tifelimés, to fall into the empty-organism trap that
the gene's-eye view of the world demands. The@atgparound which the moment-by-moment
fluctuations in an individual's biochemistry osai#t on the microscale themselves change during the
trajectory of a lifetime. Our body temperatureyagig hormone levels and neurotransmitter levels
maintain diurnal rhythms. Some 52 per cent of thim&n population aged between about 13 and 50
experience monthly hormonal cycles which signiftbaaffect their patterns of life. The remaining 48
per cent may also show comparable changes, thdtlgdrto researchers have scarcely bothered to
look. Other monthly and annual cycles are onlyetsdymly understood, from the rising sap of spring
to the autumnal melancholy which may even resuseimsonal affective disorder ('SAD') for some of
us in the gloom of high-latitude winter. And evengividual reading this book, just as is its authsr
part of the way along the longest individual trégeg of all, which takes each of us from single
fertilized cell, through the 1014 cells which conge our adult existence, and ultimately to death.

Lifelines are thus inherently homeodynantfcThe present instant of our, or any organism's itife

simply inexplicable biologically if considered mbras a frozen moment of time, the mere sum, dt tha
moment, of the differential expression of a hundrexisand genes. Each of our presents is shaped by
and can only be understood by our pasts, our paksaomque, developmental history as an organism.
Not for the first time in this book, and not foetlast, | repeat my adaptation of Dobzhansky's fe&amo
statement: 'nothing in biology makes sense excettid light of history'.

Even the moment-to-moment stability of the organismaintained not statically but dynamically. It
would be an easy mistake to make to assume teatylifles mean a period of growth -- say from
conception to adulthood in humans -- then a lorrgpdeof relative stasis, and then finally a decline

into old age and death. Even Shakespeare, witbelvisn ages of Man, knew it was more complex than
that.

Long before molecular biology was dreamt of, bioulsts had revealed what became known as 'the
dynamic state of body constituents'. Each celheadult body has its own life cycle, from birth at
mitosis to death and replacement within a few deggks or months. The exceptions are the neurons
of the brain, which make up a nondividing cell plapion and which are not replaced when they die;



most therefore last us a lifetime. By contrast,rfgehaemoglobincontaining cells of the bloodstream
live a mere 120 days before dying and being replace

The life and death of any cell proceeds on its seuwelatively independently of the life and dedth o
the molecules of which it is composed. The comphaxcromolecules, the proteins, nucleic acids,
polysaccharides and lipids within each cell hafedycles of their own, continually being broken
down and replaced by other, more or less identiels. The average lifetime of a protein molecule i
the body of a mammal is around a fortnight. In dalehuman, proteins constitute some 10 per cent of
body weight, so some 24 grams of protein are blefogen down and a fresh 24 grams synthesized
every hour of every day -- half a gram, or morenthaillion billion molecules of protein a minute,
throughout our adult life. Why this ceaseless flu¥Ry not build bodies like houses: constructed pnce
altered, maintained and repaired as necessarpasidally unchanging until finally demolished?

METABOLIC WEBS AND THE PRESERVATION OF ORDER

The answer is simple: just as a room thermostatdesoscillations in order to preserve stability,
living systems need to be dynamic if they are twise, able to adjust themselves to the fluctuation
which, even in the best-buffered internal milieheit cooperative existence as part of the greatity u

of the organism demands. Frederick Gowland Hoplkiderstood this well when he composed the
definition of life which forms the epigraph to thakapter, and which informed the way biochemistry
was taught to generations of Cambridge undergraduatyself included. Hopkins, one of the founders

of modern biochemistry, and the discoverer of vitepamong many other achievements, was a
chemist by training, yet would never for a momeatédnconsidered that biochemistry could simply be
reduced to chemistry. The school he founded ifiteedecades of this century was wedded to the
concept of dynamic biochemistry, and it is to ihisducible dynamism as the generator of stablerord
that we must now turn in order to understand hawjry constructed itself through the processes of
development, the organism is able to preservaitggrity and act upon the external world. These are
the phenomena of autopoiesis.

Biochemistry began in reductionist mode. Its preots, the nineteenth -- and early-twentieth-century
organic and physiological chemists, took to thenesethe task of analysis, of decomposing cells and
organisms into their constituent molecules, smadl large. Here was life -- nothing more than organi
chemistry. Chemically synthesized urea was idehticthat excreted by the body; the mysterious
‘protoplasm’ and indeterminate 'colloids’ whicheveupposed to constitute the stuff of life could be
turned into purified and crystallized proteinsdine course these, and nucleic acids too, would be
synthesized chemically.

So what breathes life into these complicated bubnger mysterious chemicals? First, they are
constantly undergoing many complex reactions oftegis and degradation, reactions whose precision
is beyond the scope of mere human chemists. Fuantirer these reactions are taking place not as
chemists would make them happen, by the use aigteagents, acidity or alkalinity and extremes of
temperature, but in the tranquillity of cells whaseernal pH never varies greatly from neutralapd
whose temperature remains constant within a degrse. The agents that catalyse such reactions are
enzymes, and much of twentieth-century biochemesgarch has been concerned with purifying the
thousands of individual enzymes each cell containd,studying in isolation the chemistry of the
reactions they bring about. Each enzyme works partcular molecule (known as gsibstrat¢ and



converts it to one or more products. Theoreticahzyme reactions are all reversible, and if they a
studied in isolation in a test-tube, eventuallyeguilibrium develops

between the concentrations of substrates and ptsdLize speed with which the enzyme works can be
influenced by its environment -- the presence ofipalar ions which may activate or inhibit it, the
temperature, pH and so on -- but the final balgrwet, the equilibrium between substrates and
products, is unaffected. Such an enzymecatalysedioa may be written as

k,
A+B=C+D

k2 1)

which represents the conversion by a reaction la$teunces A and B into substances C and D. The
equation is reversible, which means that dependmtihe conditions it can proceed forwards, from lef
to right, or backwards. Which direction it proce@uslepends on the so-called rate constants for the
forward and backward reactions, shown in the eqoatsk ; andk ». (If, like me, you hate equations
and find these algebraic representations hardlmxfpdon't worry -- we'll be out of them beforenig,
and all you need to follow the argument is the gaindea, not the details.)

The second crucial aspect of living systems is, #na&n when catalysed by an enzyme, many reactions
-- for example those involved in the synthesisroft@ns or nucleic acids -- require an input ofrgge
Thus cells need energy to sustain themselves exfengthey begin to act upon their surroundings.
Muscles contract, nerve cells send messages, endagils produce hormones, and so on. The
original source of such energy for virtually allihg organisms is the Sun. Green plants trap timesSu
light energy by way of photosynthesis and use d@diovert atmospheric carbon dioxide and water into
sugars through a complex series of reactions whigly has provided joy and frustration alternately
several generations of biochemists, but which 18 peetty well understood. Other life forms can then
in turn burn the sugars made by the plants, vieri@s of controlled enzyme-catalysed reactions, in
order to release the energy trapped in the sugkeames in a form they can use. Pivotal to thispss

is ATP, introduced in Chapter 2 as the 'energyenay' of the cell. ATP is synthesized as glucosk an
other sugars are burned, and broken down agai¥®) to release the energy for both self-
maintenance and action.

The reductionist approach to the chemical dynawiidée was therefore to disassemble cells intarthe
constituent molecules, and follow each individuatyame reaction through which they are transformed
in terms of both its chemistry and its energefidsus the enzymes which catalyse the breakdown of
glucose and release its energy are coupled tosotiteich use the energy to synthesize ATP from its
precursor (ADP); this breaking-down is calletabolism Reciprocally, synthetic reactions, such as
those which build proteins from their constituemti@o acids, require ATP, breaking it down to ADP

in the process; this snabolism( Figure 6.7 ). By the 1930s, when these mechanisegan to be
deciphered, chemistry had spent a hundred andykddys -- since the days of Lavoisier -- dealinthwi
the energetics of such reactions, studied withenfthmework of the science of thermodynamics.
Thermodynamics is concerned with equilibria, tmalfibalance points between energy-yielding and



energyproviding reactions, and the mathematicsptaydics of such equilibria were well understood.
Simplistically, the net effect of all the energytiaing and energy-generating reactions shouldnag t
the
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Figure 6.7 The catabolism/anabolism cycle'

cell is in thermodynamic and catalytic balance, sinould equate to the life-process itself. Indeed,
during the 1920s and 1930s, physiologists and leimists spent much time devising complex
accounting experiments, measuring the calorificeaf the food intake and the excreted waste and
energy output of living organisms -- from plantshtomans -- kept in closed metabolic chambers, to
prove that this was the case. Healthy organismseae¥getically speaking, in balance.

While this is of course true (if it were otherwislee implication would be that life was violatingyk
physical principles), if we are to interpret thergaexity of the processes occurring within living
systems, then we have to take them out of theseclanetabolic cages. And it is just at this pdiat t
the reductionist approach, brilliant at the analysiindividual reactions, begins to come apart.
Equilibrium mathematics, whether for chemical reat or thermodynamics, deals with closed
systems. For the experiments or the formalisme@®maths to work, they have to start with a given
guantity of initial components and a given inpueagrgy in the form of heat or whatever. They are
then sealed off from the rest of the universe dlodvad to run to completion, until the reactionyba
stopped or come to some balance point which caraloellated based on the rates of forward and
backward conversion in equations like (1) abovd.IBing systems are not sealed off in this wayyth
are open, as we have seen, and in constant inteyetvaith their environment. Raw materials --
glucose, oxygen, other small molecules and ion®rehe cell, while waste molecules and other
exports leave. Life is characterized not by théstalance of completed reactions, but by dynamic
equilibrium. This is the first component of HopKidgfinition, in which stability results from the
constant flux of components and their reactiorisaffic in and out of the cell. Formulations like
equation (1) describe test-tube isolates, notlifeaphenomena.



The thousands of chemical reactions taking plae@maimoment within the cell constitute a complex
interacting web. Having studied each individualhg logical approach of the reductionist is torafie

to build them up into sequential chains, recogmzhmat the products of one enzyme-catalysed reactio
will immediately serve as the substrates for another example, when glucose is broken down,

ultimately to be oxidized to carbon dioxide and evathe initial eight reaction steps, each catalyse
an individual enzyme, result in the 6-carbon glecomlecule being converted into two 3-carbon
molecules of pyruvic acid, with the simultaneousthgsis of a number of ATP molecules. One can
write such a reaction sequence abstractly as theecsion of a mythical substance W to a final paidu
Z by way of three enzymes and two intermediates:

. I | {8) 100
W =X =Y = Z

W —ase X—ase Y —ase

1 (2)

Each reaction has a characteristic set of ratetaotss given here in arbitrary units for the ford/ar
direction in the equation. The overall rate at vahicis produced will be governed by the sloweghef
reactions in the chain -- the so-callade-limiting reaction -- in this case the enzyme W-ase. Intpec
it often turns out that the ratelimiting step isaf the first in the sequence -- obviously advgatais
so far as the cellular economy is concerned. Batuition, because the rates of enzyme reactians ar
greatly affected by factors such as acidity anddomcentration, the enzyme W-ase can serve as an
effective control point for the entire sequencep@se, for instance, that the final reaction in the
sequence, catalysed by Y-ase, produces not mefaly Zlso hydrogen ions {H which increase the
acidity of the solution, and that the increasinigli#g slows down W-ase. The result will be that the
end-product of the reaction, Z, regulates the oates own production by feedbaakhibition of W-ase.
The reaction sequence is thus a self-regulating one

[ | |
W Jf Xs=2Y=s=Z+H
L - 1)

| should now confess that | have drawn this exapglteost verbatim, from the first book | ever wrote
The Chemistry of Lifé® and it has appeared, without major qualificatiarevery edition from the first
in 1966 to the most recent in 1991. And it is, edgbly, far too simple, framed by a reductionisid®
of thought which 1 still only partially transcenidis too simple because, of course, just as wighin
living cell as opposed to a test-tube one cannsitratt an individual

enzyme reaction from the metabolic dance of theemdés, so one cannot abstract any single reaction
pathway. Year after year, ever since | first quedifas a baby biochemist, one leading producer of
biochemicals has issued a chart describing thebnoktgpathways known to occur within a ‘typical’
mammalian cell -- which probably means a liver.calist a small subset of these pathways is shown
schematically in Fig 6.8. Even this is grossly eu@plified, because it is almost impossible to show



reactions which occur within the four dimensionspace and time within which the cell exists by
means of a two-dimensional representation. Whatpties is that many of the substances represented
by the mythic W's, X's, Y's and Z's of equationsai2d (3) participate not in one but in many
interacting pathways, and the factors which malperfce the rate of any individual enzyme reaction
then multiply dramatically.

The implications of such interconnections are gsitiking. Think of a piece of weaving, made up of
threads of different colours. The weaving has gepatwhich resides not in any of the individual
threads which constitute the warp and weft of #i®it, but in the product of their interactions.
Furthermore, although the threads are individugllje weak, woven together they have considerable
strength. And perhaps even more relevant, neitireepattern nor the strength depends on any one
'master thread'. Remove any individual thread aedoattern, strength and stability of the fabre ar
only marginally affected. It is like this with tmeetabolic web within every cell: once it reaches a
sufficient degree of complexity, it becomes strostgble and capable of resisting change; the gtabil
no longer resides in the individual components gieymes, their substrates and products, but in the
web itself. The more interconnections, the gretiterstability and the less the dependence on aay on
individual component (a property called 'gracefechdation’ by computer modellers).

The formal mathematical proof, due originally te tiochemical geneticist Henry Kacs€énwho
referred to the process as 'molecular democracggyond the scope of this chapter; the analogy mus
suffice. As Kacser emphasizes:

There are therefore not simply two classes, ‘ctimgband 'non-controlling' enzymes, but cont®l i
shared amongst all the enzymes . . . Descriptions
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Figure 6.8 The network of intermediary metabolism. The chiaotnss about 700 small molecules
interacting; each dot is a metabolite, each lineeaction pathway

of enzymes as 'Pacemakers' or 'Rate-limiters'lfailsgoduces [sic] a classificatory concept whee
are dealing with a continuum of values.

Mea culpa! But the metabolic web has a further athge over one made of mere fabric. Unlike living
systems, human artefacts such as fabric cannotesage for the loss of any individual thread. The
cellular web, however, has a degree of flexibMittyich permits it to reorganize itself in response t
injury or damage. Self-organization and self-repadr its essential autopoletic properties. These
properties of stability and self-organization, whigtuart Kauffman has described as ‘order for,ff2e’
are the key to appreciating the fundamental irréality of living cells. Their metabolic organizain

is not merely the sum of their parts, and canngiriedicted simply by summing every enzyme reaction
and substrate concentration that we can measureisfo understand them, we have to consider the

functioning of the entire ensemble.

But stability and self-organization also explainwthe equilibrium achieved by the cell is indeed a
dynamic and not a static one. The essence of dhdist of the whole is that the individual
components are in constant flux. Freeze them inatehist immobility, and, like a skater on thireic
who needs to keep moving to avoid falling throutle, cellular edifice would collapse into those
individual components that we biochemists havestolong lovingly studied in dissected and
impoverished isolation. Just as stability is achtby a central heating system's thermostat not by



endeavouring to maintain an absolutely constanp&sature, but instead by accommodating
oscillations around a fluctuating set point, soitothe cell. Studies of the dynamics of cell
metabolism, pioneered over many years by Benno iHddsidelberg, have shown that levels of many
metabolites and metabolic sequences display rhytbsgillations, from the breakdown of glucose by
glycolysis to the reproductive cycle of DNA syntisesnitosis and cell division. Recently, new
imaging technigues have shown too that intracelimessages, carried by the ubiquitous signals
provided by the calcium ion, are also propagatedases pulsing through living cells ( Figure 6.9).
the open system of the cell, with a flow of enepggsing through it and continual deviations from
thermodynamic equilibrium, choreography is il.
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Figure 6.9Spiral C&* wave propagated in an oocyte

STRUCTURE AND SELF-ORGANIZATION

Confine an appropriate number of substrates anghees, together with necessary energy sources,
within a semipermeable membrane like that of tHe @ed with a fair range of tolerance it is
predictable that stable metabolic webs will emgtgell leave to Chapter 9 theories of how such
systems may have evolved). But cells are not sirbplys containing semi-random mixes. Even gutted
and dehydrated and pinned down on an electron-sgopst's grid, they reveal rich internal strucsure
Each (eukaryotic) cell has a nucleus, many mitodhanphotosynthesizing chloroplasts (if it is fram
green plant), numerous small vesicles, and compdtworks of internal membranes studded with tiny
particles forming elegant rosette-like patternsible in the electron micrograph shown in Figui@ 3.
(page 61).

-167-
It is possible to use techniques of centrifugafaiscussed in Chapter 3) to separate these indilidu

substructures of the cell, and it turns out thahd@as a specialized biochemistry. Chromosomes, and
most of the cell's DNA, are in the nucleus. Thesttes which stud the internal membranes of the cell



are the ribosomes on which proteins are synthesiss mitochondria contain the enzymes
responsible for the final oxidation steps in gluecatabolism and the synthesis of ATP. Some of the
small vesicles (callelysosomesare packed with enzymes which, if released ineorest of the cell,
would quickly prove lethal, for they can cause mahthe macromolecules which make up the cell's
structure to degrade into their components. Thesehes function as intracellular scavengers,
mopping up unwanted molecules -- but they can at$@s a sort of cellular suicide pill.

Thus any individual cell has a complex internalafetomponents. Each of these components
represents a separate compartment within whichvelg segregated sets of reactions can occur.
Communication between these compartments, in time 66 exchanging substances and signals, takes
place through selective membranes, which act akegapers. This, for instance, is how the 3-carbon
acids which are the products of the first stagglotose breakdown enter mitochondria across their
membranes, to be oxidized in a highly ordered secpief reactions catalysed by enzymes embedded
in the internal membranes of the mitochondria. Af@ produced during this oxidation, together with
the carbon dioxide which is the final oxidation gwet, leave the mitochondria again, the ATP totdo i
business within the cell, the carbon dioxide tekpelled across the external cell membrane. Sitpjlar
signalling molecules and ions such as calcium ghtenucleus through its membrane, carrying
information determining which particular sectioddDINA are to be transcribed into RNA; the
transcribed and edited RNA exits the nucleus, aagrits message in turn to the ribosomes in thie cel
cytoplasm. Small inorganic ions play a key reguland signalling role in these trans-membrane
processes.

Homeodynamic order within the cell is thus maintégimot merely through the self-stabilizing
properties of metabolic webs, but through intestalctural constraints set by semipermeabile lipid
membranes

in which are embedded proteins that recognize agdlate the entry and exit of key metabolites. This
regulation and recognition is itself modulated bys such as calcium, and transient modifications to
the structure of the proteins themselves (for mstaby transferring the phosphate of ATP ontoafne
the constituent amino acids of the protein chain).

And indeed, these inorganic constituents of thke ted calcium, magnesium, sodium, potassium and
phosphate, play a crucial role in maintaining titerinal environment, which is vital not merely in
controlling the activity of enzymes, whose speedeafction is affected (as discussed earlier in this
chapter) by pH and ion concentration, but in genarkeeping all the cell's proteins in their three
dimensional, tertiary structure (as described wagkbn Chapter 2). Changing their immediate
microenvironment changes the ways in which praté@ins fold and curve around themselves, their
shapes in space, and hence also their functiéa the functioning cell, as a unit, constrains the
properties of its individual components. The whades primacy over its parts. This inherent dynamism
of the cell is belied by the apparently rigid aneké structures that are created by the brutalizing
techniques of electron microscopy. There are howeahniques which enable one to observe in some
detail what is going on inside living rather thaokped cells,*® and the picture which then emerges is
as dramatically different as a video record of ®c&ildren at play is to a family photo album. ffam
being static and immobile, the internal componentse cell are in constant motion. The nuclei spin
gently; mitochondria move gracefully through théopfasm, occasionally budding off daughters;
streams of small particles are in constant mignathdl is motion -- the traffic and interaction of
dynamic order.



How are these internal structures created? Arenttti@n and composition of each specified down to
the last detail by instructions from the genesgrerthey selected by the environment, or are thiye
the multicellular organisms they compose -- thelteof autopoiesis? The answer, like the other
answers this chapter has given, is that all threegsses are at play. Without the genes, of cotirse,
particular amino acid chains that constitute thetgins could

not be synthesized. How the chains fold is, as esighd in the last paragraph, affected by their
microenvironments. But this folding has structwahstraints, and represents the creation of
higherlevel orders, given by secondary and tertiagnd even quaternary -- structures, than thése o
the amino acid sequences of which they are compds$edfolding patterns and resultant shapes are
not simply implicit in or predictable from the seces: they depend on the environments as well.

Many of the particles visible within the living telre complexes of numerous proteins wrapped around
each other to form giant multi-enzyme assembliég fost striking of these are the ribosomes. As
mentioned in the last chapter, ribosomes contairertit@n 80 different proteins, along with RNA
sequences. The proteins have been isolated, plafid some of them sequenced. But here's the
interesting thing. If one takes the individual gios that constitute the ribosome, and mixes them
together in a test-tube in the right environmeatalditions, they spontaneously assemble themselves
into ribosomes once more. This property of seleaddy is the key to understanding how cells are
able to build themselves. It arises as a resuli@physical forces acting on the specific proteinthe
assembly, driving them to bind together in wayschtgonform to ‘'least-energy' configurations (the
maths and thermodynamics are complicated and amtiafly understood, and need not concern us
here). Ribosomes are but one example of such sgdiring properties. | have already referred, in
Chapter 4, to the way in which actin and myosie, tlejor muscle proteins, can assemble themselves
into contractile filaments. Cells retain their sbdyy virtue of an internal 'skeleton’ composedru f
tubules fnicrotubule¥ whose principal constituent is the protein tubuMicrotubules too will
spontaneously assemble from a tubulin solutionigemi/the ionic composition is correct ( Figure 6.10
), and indeed in living cells they can be showbeaaindergoing periodic oscillations between their
assembled (polymerized) and disassembled formslaBiynthe ubiquitous lipid and protein
membranes, in So many ways vital to both the orgid the preservation of cells, will form
spontaneously, like oil films on water, without theed for specific genetic instructions
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Figure 6.10(a) Electron micrograph of a microtubule and itegiammatic reconstruction. (b)
Repolymerized tubulin forming microtubule-like stures. Scale barm.

-- an intrinsic molecular property which turns ¢toitoe at least as important for the origin of dfedo
the famous replicating molecules of DNA and RNAntselves.

Lifelines, then, are not embedded in genes: thestence implies homeodynamics. Their four
dimensions are autopoietically constructed thraighinterplay of physical forces, the intrinsic
chemistry of lipids and proteins, the self-orgamizand stabilizing properties of complex metabolic
webs, and the specificity of genes which permitglaesticity of ontogeny. The organism is both the
weaver and the pattern it weaves, the choreograpitethe dance that is danced. That is the
fundamental message of this chapter, and thereforany ways of this entire book. And it provides
the framework within which I turn now to considBetmechanisms of evolution.

NOTES
1. For an interesting example of the debate symioosition arouses, see Brian Goodwin and
Richard Dawkins, ""What is an organism?".

2. C. B. Blakemore and R. C. van Sluyters, "'Reakof the physiological effects of monocular

deprivation in kittens . . .".

3. Edelman has written a trilogy of books deveigpihis theory and expanding it into a general
mechanism which accounts for everything from ontgge® memory and consciousness. The
three,Neural Darwinism( 1987),Topobiology( 1988) andrhe Remembered Pres¢rit989),
have also been abridged into a more popular whdygh it is still tough to read because of his
peculiarly convoluted styldBright Air, Brilliant Fire ( 1992).

4. Francis H. C. Crick, "'Neural Edelmanism™.
5. Rita Levi MontalciniJn Praise of Imperfectian

6. Lewis Wolpert provided the general model fos tlype of pattern-forming development many
years ago, with what he called the "French flagletit. This was subsequently refined by Brian
Goodwin (see his 1963 bodlemporal Organisation in Celiswho pointed out that rather than a
continuous gradient, one that pulsed over time igexi/better three-dimensional control. On the
specific issues of axonal growth and patterninguised here see Dale PurWdsural Activity



10.
11.

12.
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14.

15.
16.
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and the Growth of the Brajmnd Josef P. Rauschecker and Peter Marler (ea)inting and
Cortical Plasticity

Semir ZekiA Vision of the Brain

PurvesNeural Activity and the Growtb of the Brain

R. L. Smith (ed.)5perm Competition and the Evolution of Animal Maystems
Bonnie Spaniehm/partial Science

The term 'constructivist' has a variety of megs. Closest to mine in this context is that
introduced originally by the evolutionary and deyhental psychologist Jean Piaget with his
concept of genetic epistemology; see e.g. his Bebaand Evolution.

I don't know whether 'homeodynamics' is a tehave invented, or whether it has a prior history
in biological thinking. Lynn Margulis discusses t@me concept but uses instead the term
'homeorrhesis’, referring to regulation around anging set point; see Margulis and Oona West,
Gaia and the Colonisation of Mar$he neuroendocrinologist Bruce McEwen uses tha te
‘allostasis’ in a similar context.

Steven Rosd@he Chemistry of Life

Henry Kacser and J. A. Burns, ""Molecular deraoy: Who shares the controls?™; the passage
quoted is from p. 1151.

Stuart Kauffmarmt Home in the Universe

Benno Hess and Alexander Mikhailov, "Selfaorigation in living cells™; Albert Goldbeter,
Biochemical Oscillations and Cellular Rhytt.

Daniel L. Minor Jr and Peter S. Kim, "Contelependent secondary structure formation . . .".

Such as, for instance, video-phase contragbstopy in tissue culture.

Universal Darwinism?

Nothing in biology makes sense except in the bfjetvolution

Theodosius Dobzhansky

DARWINIAN JUSTIFICATIONS

Some fields of creativity and scholarship live aj@@n the shadow of their own past. It is hard, for
instance, for novelists to write or artists to paor for the rest of us to read or view their woskthout
being consciously aware of how previous exploraiohthe written and visual worlds precede and



even overshadow all current work. Natural sciesadifferent. It looks forward, not back, and takes
casually and for granted the achievements of itestors. The shelflife of a research paper in
molecular biology is rarely greater than a couglgears; a ‘classic' experiment may be as littlévas

or even ten years old. Past that age, papers aia bb@come of interest only to historians. Even the
names of earlier generations of researchers agetten unless they have been eponymized into & piec
of equipment (Warburg manometer), a technique (&isglution), a mechanism (Krebs cycle) or a
unit (volt). Mendel's ratios may be the startingrapdor teaching genetics, but they are hardly
themselves the focus of current research or debate.

One of the few exceptions to this rule, at leasbagrbiologists, is Charles Darwin. He, and the "iem
which his name has become attached, crop up starggthese days that it has even become possible
for philosophers to speak of something called ‘ersal

Darwinism'. The intellectual ferment that surroutiaks varying interpretations of Darwinism is as
fecund of newspaper articles, polemical tractswaeighty philosophical tomes as it was in the desade
after the first appearance dhe Origin of Species 1859. The situation could not be more markedly
different now from that during the long decadethatbeginning of the twentieth century, when
Darwinism was in eclipse.

In the years following its first appearance, Dangimn was seen variously as justifying imperialism,
racism, capitalism and patriarchy; as symbolizimgdeath of God and religion; as demystifying
humanity; as merely the projection of the sociglestations of a Victorian gentleman onto the non-
human living world; as providing a universal meakanfor evolution so simple that Darwin's disciple
and prophet T. H. Huxley remarked when presentdia iviHow stupid not to have thought of that.'

Today, journalists refer to boardroom struggles @keéover battles for companies as 'Darwinian’.
Fundamentalists, Christian, Islamic and Jewish|ighitlearned tracts invested with as many of the
trappings of scientificity as they can muster, roliaig that evolution cannot account for life on Bast
the human spirit, and attack both Darwin and hileweers as doing the work of the Devil. Equally
passionate Darwinian protagonists offer a 'toughei®d’ ultraDarwinism as a universal mechanism to
explain all phenomena of life. Philosophers follthem; the philosophy department at the London
School of Economics offers a popular series of DaiSeminars, while Daniel Dennett writes a book
entitledDarwin's Dangerous Idea which Darwinian mechanisms are described asigérsal acid’
which eats away at everything it touchemdeed, he proposes that Darwinian mechanismicaggl
like viruses, but in all manner of unlikely hodtobel prize-winning immunologist Gerald Edelman
interprets the brain processes concerned with epEs, memory and consciousness as representing
'neural Darwinism'. Philosopher of science Davidl idiaims that scientific theories themselves win o
lose the struggle for acceptance according to Daanimechanisms. One reads of "'Darwinian
""""""""" Darwinian economics™. Richard
Dawkins,

characteristically, caps the lot with his claimtthaman culture itself operates on Darwinian ppies,
the units of transmission being not genes, but ‘egnNor are the historians inactive. While prapari
this chapter in Goteborg, in Sweden, | was hand&@lapage thesis exclusively concerned with

discussing not Darwin himself, but controversie®aghistorians of science as to how to interpret



Darwin. Truly, if evolutionary success is to be m@@d not in the perpetuation of one's genes but in
the perpetuation of one's name, Charles D is byentistandards a star performer. (He didn't do so
badly in the former category either, siring seviitldcen who survived to adulthood and produced an
ever-increasing swarm of later descendants -- ek sterile cousin Francis Galton, whose eugenic
dreams failed in personal practice.)

In this and the following chapter | want to looksaime of the debates within biology which have
surrounded both evolution and natural selectiompidés own theory of evolution's mechanism. | shall
try to show how, just as with the term 'gene’,dimeple-minded propositions that these days often go
under the name of 'neoDarwinism’, but which | weller to asultra-Darwinism are either partial or
mistaken. | shall also suggest that it may be toney to rescue Darwin from some of his over-
solicitous modern friends, if we are to do justicbut no more than justice -- to the part he aisd h
ideas have played in the history of biology anduin understanding of living processes. To set the
issues into context however, it is necessary tanbegt with Darwin himself, but with his precursofs
shall then turn to Darwin's own propositions, amel three main problems -- of the origins and
persistence of variation, of adaptation and of gien -- that he left to his followers to resolvdeave
to the chapter that follows consideration of al&res to ultraDarwinism.

THE GREAT CHAIN OF BEING

Before Darwin, the interpretation of life on Eawhs trapped within a mode of thinking imposed by
biblical traditions. Common observation

shows that the living world is divided into differtetypes of animals and plants, and that these
differences were maintained across generationsislioate and give birth to lion cubs, sheep mate and
give birth to lambs. Cubs and lambs in due course gnto lions and sheep and mate in their turrt. Bu
lions do not mate with sheep, they eat them; at bethe paradisiac vision of the Bible, they ntija
down peacefully with each other. Even if such sam@nimal types as horses and donkeys can mate,
the result is a sterile cross, in this case a n&ilailarly with plants: nasturtium seeds turn into
nasturtiums, hazel nuts into hazel trees. Thus ggiehor species was believed to be qualitatively
distinct and to breed true -- a Platonic naturatikihat is. According to biblical myth, life on iEa
began during the seven days of Genesis, when Ginddanally created the progenitor pair of each
species. These proliferated until the days of No#hod, when breeding pairs of all the world'sces
boarded the Ark and were thus spared to beginrbeeps of repopulating the Earth once the
floodwaters had subsided.

The eighteenth century in Europe was the perigi@Enlightenment, of the great systematizers and
classifiers. The French worked on their viastyclopédieAway in Uppsala in Sweden, the botanist
Carl von Linné (known as Linnaeus) began the tdskassifying all living species. A species was
defined as a distinct group of creatures resemldireganother in form and capable of fertile mating.
Clearly, some species more closely resemble onthanthan they do other species, so they can be
grouped together as, say primates (which includmgiinzees and gorillas) or ungulates (which
include sheep and cows). But both primates andlategishare with many other species the property
of giving birth to live young (mammals), and wittillsnore species the property of having a backbone
(vertebrates). And so on. Related organisms coelldssembled into nested groups, species within
genera within families within orders within classeshin phyla within, finally, the great kingdoms$ o
animals, plants and fungi (bacteria only got clegilater). But all species, however closely



interrelated, were regarded as immutable. Theypeasisted from the beginning and would continue
until the end of time. Furthermore, all could beaaged upon some absolute scale of perfection,

a Great Chain of Being, beginning with the lowliastl ending with that acme of God's creation,
Humankind (Man) himself.

EVOLUTION

Enlightenment stability was not to last, howevdna@ge was in the air, with the quickening pacénef t
Industrial Revolution. Human intervention, it wdsar, could transform the appearance of species,
domesticating and producing new varieties of sheatble and dogs, although within a species even th
most bizarrely differing varieties -- great danad dachshunds, for instance -- are capable ofderti
mating, however awkward the mechanics may proveetm practice. This was also the period of
intense interest in geology, not least becausts aélevance to the extractive industries of coal a
iron. As geologists explored the surface of thetftand studied the strange objects that minersghitou
forth from its depths, they began to discover fgssithe petrified remains of mysterious organisns
the same time both like and unlike those currealilye on Earth. Their existence in defined rocltstr
enabled them to be assigned dates, stretchingrbaol millions of years. Perhaps species were not
stable at all. Some living forms which had existethe past did so no longer. But could they have
been ancestors of present forms, into which thelygnadually been transformed? This might account
for all the family similarities which Linnaean ctafication had systematized.

Evolution simply means change over time (in facshares a common etymological origin with the
term 'development’), and by the beginning of thetd@enth century the arguments that species had
indeed evolved -- that is, changed over time -- thiadl species currently alive were related, both to
fossil ancestors and to one another, were relgte@nmonplace, at least among the freethinking
intelligentsia. Erasmus Darwin, Charles's grandfgth wealthy country doctor, amateur poet and
botanist, argued thus. And so, above all, did @wgsFbased naturalist and philosopher Jean-Baptiste
Lamarck. Lamarck went further, seeking to offerechmanism by which evolutionary change might
conceivably occur. He found it in

terms of individual life experience. Each creatstré/es to survive, and to do so must endeavour to
improve its capacities and skills. Thus, in his éaim example, an early ancestor of the giraffe,
endowed with only a relatively short neck, couldinagined as stretching up to reach the leaveseof t
trees on which it fed and thus lengthening its néadnly imperceptibly. This imperceptible
lengthening would then be transmitted to the g&'afprogeny, and over the generations giraffes with
ever longer necks would apper.

Lamarck's mechanism has been the butt of cruekjblgeDarwin's advocates for more than a century
now, despite periodic attempts by more flexibly d&d biologists to revive or even test it. Where it
collapses is in the repeated failure to find repodole evidence that characters acquired during an
organism's lifetime can thus be perpetuated, exoeg#rtain rather ambiguous and highly constrained
testtube experiments. As the child of fairly ortbedlewish parents, | was circumcised at birth, fisst
all other Jewish and Muslim males have been foegdions. But the fact that for some four thousand
years and two hundred generations my male ancdsadrbeen circumcised did not (as far as | know!)



have any effect on the length of my foreskin. Sexdmples are commonly cited to disprove Lamarck,
though since an eight-day-old Jewish boy doesattikstrive to have his foreskin removed it isn't
exactly what Lamarck had in mind. His model doegine some positive effort on the part of the
animal. None the less, it is the failure of Lamasuokthat lies behind Crick's formulation of his @ah
Dogma: '‘once "information” has passed into theginat cannot get out again'.

NATURAL SELECTION

Charles Darwin did not invent or even demonstratdugion, although he inferred that it must have
occurred? His achievement -- and its simultaneous discobgritis contemporary, Alfred Russel
Wallace” -- was to provide a more plausible account of leewlution might take place than that

offered half a century previously by Lamarck. BBtarwin and Wallace were above all great observers
of the

living world, and their observations were enhaniceithe course of their travels to lands previously
unknown to most Europeans. Wallace earned a lisatgfying the wealthy Victorian bourgeoisie's
passion for collecting, by trapping tropical biatsd butterflies which could be stuffed or preseraed
sent home to fill the collectors' mahoganyand-gtagsnets. Darwin's five-year voyage on the survey
shipThe Beagleas naturalist and companion to the captain, Rébh&Roy, took him to the rich

forests of South America, the Galapagos, and thads of the South Pacific. He finally settled down
near London to spend the next half-lifetime coroesjing with plant and animal breeders to learn what
they could tell him of the methods and resultsheirtartificial selection procedures.

What Darwin learned from the breeders was thdtaytmated two animals, the offspring, though
similar, were not identical. If one animal in dditshowed a character the breeders were looking fo
and they selected that animal to mate with anathewing a similar character, there was a chande tha
the selected character would not only be more comim¢he next generation, but that with appropriate
further selection it could even be enhanced. liireatvorked as the artificial breeders did, and over
many generations giraffes with longer than averaggks mated only with other long-necks, might not
nature do for giraffes what breeders did for sdaraed pouter pigeons?

The final clue as to mechanism, at least for Dangiisupposed to have been provided by his reading
of the influential essay on human population byglmmmy Reverend Thomas Malthus, which
originally appeared in 1798 and in many editiores¢lafter, culminating in the sixth in 1826.
According to Darwin's notes, he first read thistiedi and recognized its significance in 1838.
Malthus's essay was essentially a moral proposifibe human population, he pointed out, has the
capacity to increase in geometrical proportion.gtiwevery couple rears four children into adultipo
in the second generation the four become sixteethei third the sixteen become sixty-four, andso o
On the other hand, historical records showed tiaetforts of human agricultural labour to increase
the production of food could do so only in arithioak proportion (two become four

become six become eight . . .). So the availabifitiood would fall inexorably behind the number of
mouths needing to be fed, and there would be asbrahd increasingly desperate struggle for
existence. Malthus saw this as pointing to theitable failure of welfare measures, Poor Law retief
charitable attempts to alleviate the lot of therp@dich would merely encourage their intemperate



breeding practices (the current backlash agairedtdve mums' in both Britain and the USA has
distinct Malthusian undertones). But for Darwimpibvided the missing line in his syllogism, theeor
of his famous theory:

Like breeds like, with variations.

Some of these varieties are more favourablth@doreeder, or to nature) than others.

All creatures produce more offspring than aamvise to breed in their turn.

The more favoured varieties are more likelguovive long enough to breed.

Hence there will be more of the favoured varietthe next generation.

Thus species will tend to evolve over time.

QAN E

This process is natural selection as Darwin deedrib As a syllogism it has a compelling logicaliif
1, 2 and 3 are true, then 4, 5 and 6 follow inditaThis is why philosophers such as Dennett ate a
to describe natural selection as a universal mesimapplicable whether one is talking about living
organisms or computer viruses. Thus formulatechritstitutes one of the few specifically biological
laws, to be ranked alongside the great univerdagsbigsics. And this is why Huxley kicked himself at
his stupidity at not having seen it for himself.

That Darwin's ideas did not win immediate and ursgeassent among biologists or geologists was
only in part because of the threat they presemt&dthodox, mainly Christian views in the shapéhef
suggestion that humans might be related, howesgartly, to other living primate& Despite the care
with which Darwin marshalled his arguments, andwiealth of observational data he presented,

there were major theoretical difficulties at thatief the theory. Although, as a syllogism, natura
selection might be unassailable, three centrallpnod remained. The first was the mechanism of
transmission of both similarities and variationeeTecond was the classic argument from design: how
could gradual change result in such seemingly pttyfadapted structures as the eye (‘What usdfis ha
an eye,' the critics asked). The third was the lpralof speciation. Today, the first is no longer a
problem, the second raises a number of importamteqatual issues, and the third is still with usth
same time, as will become apparent later in thégotdr and in the next, new debates over the mesning
and significance of Darwinian mechanisms are caiigt@merging.

WHAT DARWINISM DID

Before looking at the problems, let us be cleamualive achievements of evolutionary theory and the
mechanism that Darwin proposed, for even todayethes persistently misunderstood. First, it
demolished for all time the idea of the immutapibf species, and, even more importantly, of a Grea
Chain of Being. Humans are no longer at the pirematlCreation. Instead, as in Darwin's own
metaphor, the relationships between living forms lsa depicted as the branches and twigs of a tree (
Figure 7.1 ). Humans are at the end of one twid,ahother current living forms are at the ends of
others. Some, like chimpanzees and gorillas, aner@ one or two twigs away from us. Others, like
slugs, wasps, mushrooms and amoebae, may be sephyathany branches. But there is no way in
which any currently living form can be describedrasre’ or ‘less' evolved than any other. It istivor
pointing out that in his booWonderful Life Stephen Jay Gould has criticized the conventional
iconography embodied in tree-like representatidesFigure 7.1, on the grounds that it implies an
evolutionary world of increasing diversity over @nas if the early Earth was populated by onlyrg ve
few living forms. It may well be that only a fragti of the living forms at any one time on Earthl \vé
the ancestors of others -- lines, species, phyldreout without



leaving progeny -- but this does not necessarilgman increase in diversity in the way the tree-
diagrams imply.

All of us currently alive, amoebae as well as husyane thus equal in the sense that we are all the
current products and successful survivors of euatairy history. Thus, despite the common parlance,
itself left over from pre-evolutionary days, théseno scale of life on the basis of which one aatgg
some currently living forms as 'lower' and othegshagher', more or less 'evolutionarily successful
The fact that we and oak trees and cholera bacéliall here together means that we are all sursivo
there is no judging between us, no taxonomic ooflenerit which ranks us humans above the rest.
This is so difficult a thought that not even ablioigists grasp it; | cringe every time | read aldgy
textbook which casually throws around terms sucloager' and 'higher' in 'the evolutionary scale'.

There is an alternative higher/lower scale whickometimes employed -- that of complexity. While
we may all be equally evolved, surely humans areemmomplex as individual living forms, and have
developed more complex forms of society, than bakituitively this seems true, although the
definition of complexity in this sense is not ea&w. interesting attempt has been made by the
developmental biologist John Tyler Bonner, who ssgg describing the relative complexity of living
organisms in terms of the number of different sfpecell types they contain. On this score we
humans, with more than 250 identifiably differeatl types in our bodies, rank much higher than the
segmented worms in whose body plan the same limitetber of cell types repeat over and over, and
higher than giant trees many times larger in miaas burselves, but simply constructed at the cellul
level.” It has even been argued that evolution necessanleeds in the direction of greater
complexity,® but there are many life forms which seem to dy vezll with rather simple body plans
and small numbers of different cells. Neither coemfly nor brains can be said to be inevitable
products of evolutionary trajectories, but, asgued in Chapter 3, once an organism has takenaven
small, tentative step along the path to a nervgatem and a brain, it will find itself under considble
evolutionary pressure to continue along that path.
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71.

A further crucial feature of Darwinism is that ¢kaowledged the role of chance in a way that earlie
scientific theories had not. This is one reason wknas anathema to some of Darwin's contemporaries
in the scientific community of Victorian Englandolbight up to respect the order which physics and
chemistry seemed to be able to impose on the waié. theory of higgledy-piggledy' was how that

grand old man of Victorian science, John Hersqhet t. °

Natural selection abolishes purpose from

evolution, and in consequence, some felt, from huhf@itself. Later generations of religiously
inclined evolutionary biologists therefore soughtéstore purpose and direction to the evolutionary
process -- the classic example being the CathadicdTeilhard de Chardin, with his ‘omega point’
towards which life is striving'® The ethologist William Thorpe precisely summedhsp problem of
reconciling Christianity with evolution when he leal his bookPurpose in a World of Chanck




Others, of course, have embraced the austere gnanfla world-view in which purpose is imposed by
humanity, not read off from nature -- no one margerhaps than Jacques Monod in his bBbknce
and Necessity” | shall not dwell on this point further here, Istiall come back to it in the next
chapter by way of Popper's contrast between paasigeactive Darwinism. Let me for now return to
the problems which Darwin's theory bequeatheddstccessors.

THE ORIGINS AND PRESERVATION OF VARIATION

Although the first problem, that of the mechanishtransmission, greatly vexed Darwin's
contemporaries and followers, it now has a fulliys$actory solution. It arose at the time becabhsezd
was no concept of the gene. Breeders could enauoeifable outcomes by combing populations for
variants they preferred and then controlling tie@ting. But even if the occasional favourable
variation emerged by chance, in nature it wouldnost unlikely to find a mate which shared the same
favourable variation. And if characters blendedmymating, as Galton's studies of continuous
variation suggested they

did, then unusual variations, however desirablejld/oapidly be diluted out.

Darwin insisted on gradualism: for him variationsres minute, and change did not occur by large,
sudden leaps. Many of his supporters pressed handept such leaps (major mutations, as they would
now be regarded) as the only way to save his théortyhe declined. Changes had to be gradual:gt wa
after all evolution, not revolution. Indeed, in thiesence of any alternatives he had even begun to
contemplate Lamarckian mechanisms by the time, idsvidne end of his life, he came to prepare the
final editions ofThe Origin The problem of the preservation of favoured ctigréstics remained
unresolved until the rediscovery of Mendel's wavk tdecades after Darwin's death, and by that time
natural selection theory had begun to fall intoefsite, precisely because it could not resolvesthes
difficulties. As | mentioned in Chapter 5, the gatbcades of the twentieth century were those when
Mendelism triumphed, and it wasn't until 1930 thatacceptable synthesis of Darwinism and
Mendelism became available. If small variationsevéie result of changes in Mendelian genes, then
they would be preserved, and if dominant they woatdir in subsequent generations. Even if
recessive, they would not disappear, but lie labetit two individuals with the same recessive gene
mated, in which case they would be expressed pyeicatly in a proportion of the offspring. Thus,
properly understood, Mendelism and mutation proyithee mechanism for the preservation and
perpetuation of favourable change that Darwinisquired. Neo-Darwinism, or the modern synthetic
theory as it became known, was given mathematiqakession in books appearing more or less
simultaneously by the statistician Ronald Fishel #ye polymath physiologist, biochemist and
geneticist J. B. S. Haldane in Britain, and Sewélight in the USA. As will become apparent in the
next chapter, however, there was a crucial diffeean the way in which Fisher and Haldane on the
one hand and Wright on the other approached ththesis, a difference whose consequences lie at the
heart of current disputes over the basis on whatéction can occur.

A DETOUR THROUGH HERITABILITY

Fisher worked at a plant research institute, Ro#itad) and behind his synthesis of Darwinism and
Mendelism lay the need to understand the natureeguhs of variation in populations. Plant a field



with a genetically homogeneous variety of whead, @eat patches of the field with varying
combinations of fertilizers, soil quality, availdéty of water, and so on, and crop yield will alsary.

How much of that variation is due to genetic diéfieces, and how much to the different environments?
In an absolutely uniform environment, of courserev&uch a thing possible -- all the variance would
be contributed by the genes, and with absolutedptidal genes all the variance would be contributed
by the environment. But this never happens. Gemrstgnd environments both vary, and the purpose of
heritability estimates (see below) is to try toseeghem apart. While, as should be apparent frem th
arguments of the previous chapters, one canndi@skmuch of the growth of any single plant is the
result of genes and how much of environment, pioissible to ask a similar question about difference
between individuals in populations. To do so, hosveit is necessary to make some simplifying
assumptions. To begin with, variance is given haamore rigorous statistical definition, in order
describe the way in which any particular measura wéit in a population is distributed about theam
value for that population. It is assumed to be mgalef a component contributed by the genes and a
component contributed by the environment, whichsierply be added together to give a total of
nearly 100 per cent. The remainder, which to mahkenathematics work has to be a rather small
proportion of the total, is considered to be thedpict of an interaction between genes and
environment. To put it in the form of an equatidrV is the total variance, G the genetic contribat

and E the environmental contribution, then:

V=G+E+(GxE)

If genotypes are distributed randomly across emvirents, it is then possible to estimate the vafue o
guantity callecheritability,

which defines the proportion of the variance whghgenetically determined. A heritability of 1.0, o
100 per cent, indicates that in this particularienment all the variance is genetic; 0.0 indicakes it
is all environmental. However, the mathematics warkly if all the relevant simplifying assumptions
are made. If there is a great deal of interactietwvben genes and environment -- if genes behave
according to Dobzhansky's vision of norms of reactif genes interact with each other, and if the
relationships are not linear and additive but itére -- then the entire mathematical apparatus of
heritability estimates falls apart. As J. B. S. ddade pointed out back in 1946, in gen&rajenotypes
in n environments generagi@n)!/m!n!kinds of interaction* For the non-mathematical, consider
simply 3 genotypes and 3 environments. Theris 9, and ihn)! (which means 9 x8 x 7 x 6 x...)is
362,880)m! andn! are each 3 x 2 x 1, or 6, and the number of intenas is no fewer than 10,080.

From everything that | have been arguing in thetlas chapters, it will be seen that, like Mendel's
laws themselves, the meaningful application ofthbiiity estimates is possible only in very special
cases, and the majority of traits of interest al&she special world of artificial selection ardikely to
number among them. Furthermore, without going théotechnical details of the mathematics, the
figure derived for the heritability is itself depant on the environment -- that is, if you chartge t
environment, the heritability estimate changes.

These caveats perhaps help to explain why, moreahwg other aspect of genetics, heritability
estimates have been so persistently misundersbodied, by other biologists and especially by those
psychologists whose goal is to provide precise nreasof human attributes (psychometricians), to say
nothing of the non-specialist publié.The estimate works only if the simplifying assuiops are

valid; the figure obtained applies not to an indual but to differences within a randomly



interbreeding population, and cannot be appliedifferences between populatiori3jt assumes the
distribution of genotypes across environments tcabbelom, and the estimate changes if these
environments are changed.

So why bother with it at all? The answer is thatati are a plant

or animal breeder and want to know about crop yielanilk yield in cows, it can provide valuable
information. Where it becomes wholly misleadingvisen efforts are made to apply the same sort of
estimates to aspects of human behaviour. Milk yiel phenotype which is reasonably straightforward
to measure. But intelligence? Political tendencikelihood of getting divorced? Religiosity? Job
satisfaction? Impulsiveness? Ease of making friefdsste in clothes? And if such phenotypes are
problematic, just what is meant by 'the environrmianguch equations? As | have argued, a gene's
environment can be understood at many levels, ftmse of the rest of the genome, to the cell, ¢o th
developing organism, to the natural and, for humansial world within which that organism is
embedded. None of this matters to those who insistpplying the heritability equations; for them
‘environment’ is simply an undefined portmanteaonf@s abstracted from living reality as are the
genes to which it is counterposed.

Ever since Fisher, psychometricians and human helmageneticists have attempted to apply
heritability statistics to human attributes suclihexse mentioned above. As one cannot treat human
populations in quite the same way as when condytitieeding experiments with wheat or cattle, and
distribute genotypes across environments, onechaske do with what nature and society provide
between them. The standard approach has been fwacetnaits in siblings and other family members,
who have some genes in common, and above all tpae@mdentical (monozygotic, MZ) with non-
identical (dizygotic, DZ) twins. MZ twins have egssally identical genotypes, DZs are no more
genetically alike than any same-sex sibling panisTprovides the genotypic distinctions one needs.
How about the environmental variation? The troublef course that most siblings share a similar
family environment, so similarities detected betw#gem are inextricably the result of both genest an
environment.

The 'ideal' experimental situation is the relatpuelre one in which identical twins are separated a

birth and reared apart, a situation easier to aehaenong laboratory rats than among humans. Thie nex
best is an adoption study in which one can compange character in an adopted child with that in his
or her adoptive and real

parents. The controversies surrounding such stggid¢ar beyond the question of whether the most
famous of them, those published by Cyril Burt frtra 1930s to the 1950s, were fraudulent (the
general consensus, despite a powerful revisiotiestngt to rehabilitate Burt in the 1980s, is thatput

it politely, Burt's data cannot be relied up8n. The problems are manifold. To mention just two,
separated twins tend to be placed in rather siraitaironments, and are often not really separated a
all; while by contrast with the naive assumptiohthe psychometricians, adoptive parents are ulylike
to treat their adoptive child 'exactly’ as they Vdoa natural one, and are far more likely to bei@umsly
on the look-out for tendencies which reveal thédcta be ‘taking after' some undesirable charaufter
its natural parent. Such real-life problems arepdymswept aside in the process of fitting the nurabe



obtained into the complex statistical manipulaticeguired to generate the seemingly objective
heritability estimate.

Currently the most comprehensive studies of twnestlaose based on the register compiled by Thomas
Bouchard and his colleagues at Minneapolis-St Raslitable site, given that these are known as the
Twin Cities, and their inhabitants are intenselguat of their football team, known as the Twing)it

is from such studies that relatively high heritépiéstimates (above 35 per cent) have been defored
such diverse attributes as attitudes to the deathlfy, Sabbath observance, working mothers, mjlita
drill, white superiority, cousin marriage, royalggnventional clothes, apartheid, disarmament,
censorship, ‘white lies', jazz and divorteEven nudist camps and women judges come in aherd&

per cent, so it is | suppose a matter of some merpinat there appears to be virtually zero heititab

for 'pyjama parties’, straitjackets and coeducation

The most parsimonious explanation for this bizageof statistics is that they demonstrate the
inappropriateness of attempting to apply a mathigadgbrmula devised for plant and animal breeding
to such dubious phenotypic characters as the diy@&fshuman social behaviour and attitudes. Argl, a
| have emphasized, even with the phenotypic measarehich they can properly be applied, the
estimates are by definition within-population meaasuln principle it is possible for all the varcan
within each of two populations to

be genetic, and the differences between the twalpbpns entirely environmental. This possibiligy i
accepted even by those geneticists who give meeoce to heritability estimates than | do. S#jctl
there is no known way of estimating the heritapitif differences between populations. Those who
attempt to use the estimates in this way are tiadigcience in the interests of what is a moresss |
covert racist agend& The fact is that until such time as humans liva Bociety in which social
barriers restricting relationships between indialdurom different ethnic and social groups no kemg
exist, such estimates are scientifically meanirgjlésough they remain socially and politically
pernicious.

Yet some psychometricians and behaviour genetiargise that even such high heritabilities
underestimate the true influence of the genesisindrsion of the Dawkins ‘extended phenotype'
argument, Bouchard proposes that our genes 'pas#isps to seek environments congenial to the
genetic imperative<® Thus genes create environments, and ‘environmenitiatever that term may
mean -- ceases to be a truly independent varialileei heritability equations. Genes, thereforeaare
major cause of everything from childhood accidéatdivorce in mid-life, both supposed to be 50 per
cent heritable, for such genes lead their ownepdace themselves in situations in which the
probability of accident or divorce increases. Replthe gene's-eye view of the world with the lifeli
perspective which | have been emphasizing, andrtkistence on organisms making their own history
echoes my own argument. But, like the claims fer'éxtended phenotype’, it does so by perversely
and mistakenly swallowing the four-dimensional @nge of lifelines entirely into the double helix of
DNA.

Heritability estimates therefore remain a tribwtelte enduring power of reductionist thinking withi
some areas of population genetics, as much ag todiitical climate which fosters thefit.Such
estimates, however biologically and sociologicatiypoverished the framework within which they are
calculated, and however inappropriately they agdiep, even within their own limited terms, are



given an apparently scientific gloss because tlaeybe expressed in mathematical, and hence
seemingly unchallengeable form. Deference to

maths, or rather deference to numerology, strikesna The real biological issues lie beyond their
reach, and | shall not return to heritability agairthis book.

ADAPTATION AND DESIGN

For Darwin and his contemporaries, the questioadafptation was even more problematic than mode
of transmission, as indeed it still is for somesgrg-day fundamentalist religious critics of
evolutionary theory. The problem lies in an argutribat precedes Darwin, and is often posed in the
form it was originally given by the theologian Walin Paley in his booKkatural Theologywritten at

the very beginning of the nineteenth century. if,zowalk through the countryside, you stumble acros
a watch lying on the ground, only the briefest ex®ation is needed to convince you that it cannot
have come about by chance. The watch and its meehanisms show clear evidence of design, and
how can one have design without a designer? Ifishss for the relatively crude mechanism of a
watch, how much more for such marvellous structasethe eye. Darwin himself confessed his terror
when trying to think about the possible evolutidrihe eye. On closer inspection, though, this appar
problem vanishes.

Dawkins confronts this question head-ohe Blind Watchmakeand its successors: 'What use is half
in eye?' he asks, and answers, 'One per cent bedted9 per cent of an eye, and the difference is
significant.””? The trouble with this argument is that there is@y of determining whether, among

our evolutionary ancestors, 50 per cent of an &ge jgroved significantly better in Darwinian terms

that is, whether it contributed significantly macereproductive success -- than 49 per cent. ltievou
depend on what other costs the organism accruachieving this 1 per cent advantage, and on how
much having eyes contributed to its success inrfgébod, and avoiding predators so as to incrégase
chances of finding a mate and hence reproducingo@ifse, no such evidence can be forthcoming, and
so the claim must remain an undemonstrable assgedithough one which most biologists will find
reasonably convincing. Dawkins

goes on to cite evidence that serviceable imageifay eyes have evolved independently at least forty
times in different invertebrate groups, quite afam 'the' eye, by which we mean the light- and
image-detecting mechanisms which humans shareonitmore immediate evolutionary neighbours.
23

How many generations would it take to evolve sutleye from an initial flat retina, above a flat
pigment layer surmounted by a protective transpgdeger? Dawkins cites a computer model by Dan
Nilsson and Susanne Pelger which could do it ireuhalf a million. At the rate of one generation a
year, this means just 500,000 years, easily attd@naithin the timespan of life on Earth. The reqdi
assumptions are that each step is heritable, Higitffect, and provides a selective advantagh¢o
creature which carries the variation.

Accepting these assumptions unquestioningly reguoenething of an act of faith (and, as | argue
below, there are grounds for rather less credthiégyn Dawkins affects to display), but even so Irsze



problem with the general principle invoked heretHa classical Popperian sense, as we have seen,
such evolutionary stories are unfalsifiable. Akthve can do, all that we are required to do, fisrof
plausible accounts of how a process may have aatwan a structure may have evolved, in response to
those who claim that it is impossible arpriori grounds. If | argue, as | do, that life is a gaiael

more complex than the computer-generated biomdhatDawkins has created as a spin-off from his
writings, this should not be read as yielding amyugd at all to those who would argue that lifais
product of anything other than material forces aprg in a material universe, potentially expliebl

by the methods of a (non-reductive) science.

Once again, as with genetic transmission, the proldf adaptation -- at least as it confronted Darwi
- is not an insoluble one. He surmised that it ddad resolved, given enough evolutionary space and
time, and he was surely right. Later on, | shathtio how the problem recurs in its modern form.

THE LIMITS TO NATURAL SELECTION

The third major problem that Darwin faced, and \atics theory in its simple form was unable to
resolve, is that of speciation. It may seem exttgary, but the Darwinian syllogism of natural
selection presented on page 181 provides no messhdor the formation of new species, which was
after all ostensibly what The Origin was all abdlt.it says is that, in any given circumstances,
external conditions (the environment, nature) f@illour the perpetuation of varieties which can do
their species-thing a bit better than the restehaes, for example, are preyed upon by lions. Any
antelope in a group which has been evolutionaalyptired by being able to run slightly faster tham t
others has a slightly better chance of avoidingdjand is therefore that much more likely to stevi
Similarly, lions which can run faster, or develamperative methods of stalking their prey in packs,
will boost their chances of survival. But this wan'itself turn antelopes or lions, or their desdants,
into new species.

There is a real-life example of this type of pracesaction. It is found in all the textbooks, iflg
because it is one of the bestdocumented exampkesludnge in the form of a species over time which
can be attributed to natural selection (as opptsedme test-tube experiments with bacterial
populations). The peppered moth, widely distributedughout Britain, spends much of its time
clinging to tree trunks. As its name implies, tleemal form of this species is a speckled brown,gbut
somewhat rarer, black (melanic) variety also ocdinst observed in Manchester in the middle of the
nineteenth century. The British enthusiasm for reastudy meant that the moth has been observed
over many years, and records kept of the propatadrihe two forms, which showed a steady increase
in the proportion of the dark over the light formindustrial areas in the twentieth century. Thehso
are much preyed upon by birds, and an obviouspre&tion is that in the absence of environmental
pollution which darkens the tree bark, the ligipeckled form is harder for birds to spot. Where
pollution darkens the tree bark, the speckled fatihstand out, while the dark form will be better
concealed.

In 1955 H. B. D. Kettlewell checked this hypothesisd showed that the dark form of the moth was
indeed at a selective advantage (being less prgyed) in soot-blackened ared5As expected, the
reverse is the case in unpolluted areas. Admittdaiyexample is not really of natural selection by
competition for scarce resources, the original Daiam motor, but we can allow it none the less. Wha



makes it particularly instructive is that as thétgb less polluting energy sources reduces thewarh
of soot in the air around Manchester, and treefesl#ss blackening, so the melanic form of thelmot
is decreasing and the speckled form is increa$Wfitereas a few years ago blacks outnumbered
speckleds by more than 2 to 1, the proportionsiavereversed, and the dark form's days seem
numbered.

So natural selectiocanwork to change populations, increasing the adap#gs of individuals within
them; favoured varieties are preserved and thexefmir distribution in the population changes with
time. Furthermore, the example of the peppered methonstrates another fundamental point about
natural selection. By definition, a ‘'more favoukedliety' is one which is favouradhder current
circumstancesEvolution by natural selection can respond oalthe current situation -- it cannot
predict the future. At one point of the speciegetrtory in time, it is the speckled form which hias
greater survival value, then the melanic, andlatea time the speckled form again. The environmmlent
change occurs, and natural selection trails alafgrial, following, responding, but never leadingnrd
never predicting.

This inability to predict future advantage, andréfere to adapt in advance, holds even in thariet
of an individual. A mutation which resulted in thdult antelope being able to run faster, but which
also meant that it took longer to mature and wasefiore more vulnerable to attack by lions for keng
periods, would scarcely have much chance of spngadithe antelope population.

SEXUAL SELECTION

There are two further important twists in the talié6f the evolutionary adaptation story. Thetfirs
concerns sex. If all adaptation serves the funaticenhancing survival, how come so many animals --
especially males -- have traits which seem ondle of it to be inimical to a long and efficierie®

The peacock's train is the classic case. How anddebs there evolve such an apparently
dysfunctional object, of such startling beauty tonan eyes? The question vexed Darwin so much that
he was led to develop an entire supplementary yhafoselection -- sexual selection. To pass orrthei
genes, males and females need to mate, and irasuoll species that have been studied, given
conditions where choice is possible (which meariside the standard laboratory cage), mating is non-
random. Potential mates compete in various ways mgmbers of their own sex, and choose a partner
of the opposite sex from among a range of poteoéiatlidates. What determines success in these two
ventures?

Darwin's view was that, by and large, it is the &srof the species that does the choosing. He seent
far as to postulate that animals have an aesthetise, and tend to choose the most beautiful of the
potential mates. If peahens regarded the peaciaikas humans did, they would tend to choose the
mate with the most striking tail. Even if one digots the possibility of aesthetic judgement (deast

an aesthetic judgement which coincides with thaturhans, for the sexual adornments carried by the
males of many species often strike human obseagensore absurd or extraordinary than beautiful),
one has only to make the assumption that at sostdip®e, for whatever reason, peahens were
attracted to peacocks with bright fan-like tailgsttrait would then be selected, and would spread

the male population, and tails would evolve intarenand more splendid objects as a result.



According to a slightly different version of sexalection theory, to grow an elaborate tail rezgim
considerable expenditure of energy, and, becagswilhis manifestly a handicap to normal survival
it makes the bird more conspicuous to predatoid |ess able to move

fast to escape -- then any male which survivesitdtlaood bearing such a burden must be particularly
fit in other ways. In this picture the tail becongesort of marker, indicating that its possesser is
genetically good bet for a potential partner.

There has been no lack of those who have soudbakéothe theory, in whichever version, and press it
into service to provide an evolutionary 'Darwiniarplanation for human sexual preferences. The
general procedure, in this as in so much of thaatek approach offered by the new genetics and
sociobiology, is to treat metaphor as if it werenmbogy. For example, competition for mates among
human males is discussed as the macro-version afig/said to be the micro-level competition among
individual sperms to be 'the one' to successfudlygtrate and fertilize the egg. Males and theirrape
compete, females and their ova quiescently aweit fhate.

The problem is that, as with most human extensibresolutionary mechanisms, but in an even more
extreme form, such accounts simply cannot encontpassch diversity of human experience. Instead
they fall back on traditional and often sexist catures so crude as to make cheap romantic naaads r
like sociological essays. Thus the sociobiolodgatgely ignore the historical and anthropological
evidence of variation in social practices acrosetand spacé’ and instead treat current Western
norms (or rather, assertive restatements of wiegt plerceive to be those norms, for they show s lit
respect for sociology as they do for history ohampology) as if they were human universals. For
example, there have been widely publicized claimas there are universal human standards of beauty.
These are based on a cross-cultural comparisatinfs given by Japanese and Western males to
computer-generated facé8 That the two civilizations have been approaching another culturally

for several generations, and share visual imagesmnitted via cinema, television and advertisiag, i
not allowed to stand in the way of this drive t@keNionary universalism. Symmetry of feature is
apparently highly regarded, and we have even begaled with tales, based on evidence which would
be laughed out of court did it not have the fagoomeof prurience, that women have more orgasms
during sex with men whose bodies are symmetrfédil.has to be said that the relevance

of this observation to the question of whetherelere, as a result of these joyous matings, more
offspring -- which is after all the only relevanafvinian criterion -- is not specified. On the athe
hand, adg!}terous matings are said to have a grefadéeice of resulting in pregnancy than those within
marriage:

As for sexual display, are not the Porsche andriblex, still overwhelmingly the appurtenances of
financially successful males, the equivalent offibacock’s tail, demonstrating the genetic fitroéss
their owners to admiring females? The trouble & tiealth is no measure of genetic fitness, and
although it may be inherited, the mode of transiorss not via the genes, nor is there much evidenc
that its possession results in a greater numbeffgfring. Once again, the supposed Darwinian
imperative is negated at its most fundamental l€sekual selection may be -- probably is -- an
important mechanism by which to account for otheenmprobable features varying from the
anatomical, like the turkey's wattle, to the bebaval, such as the bower bird's courtship practices



we should not let its enthusiasts blind us to tleeenobvious explanations for the complexity of huama
sexual arrangements.

ALTRUISM

We now come to the claims for the genetic mechamischevolutionary significance of altruistic
behaviour, and here we are at the heart of sodmipaal thinking. The problem for evolutionists is
straightforwardly stated. Students of behaviourehd&scribed many examples of animals acting in
ways which appear not to be in what may be intégpras their genetic interest. That is, if we assum
that organisms seek to maximize their reproductivecess, and to pass on as many of their genes as
possible to a succeeding generation, then how dacseunt for birds which, on detecting a predator,
draw attention to it and simultaneously to themsellpy uttering warning cries to alert the remairafer
the flock? Ought they not instead try to make thelaes as inconspicuous as possible, so as to
diminish the chance of being picked off?

Back in the 1960s, V. C. Wynne-Edwards attempteattmunt for a different example of seemingly
altruistic behaviour. How are the numbers of aipaldr population of animals regulated, when their
territory and food supplies are limited? One argoinveould be that they all breed to their maximum
capacity, and that only the 'fittest' survive thbsequent struggle to obtain adequate food. Wynne
Edwards offered an alternative explanation, basestadies of, among other species, grouse. He
suggested that grouse have evolved a special disptzaviour which informs them of the size of the
population, and that individuals then respond toploblem of overpopulation by a sort of self-dénia
limiting the numbers of their own offspring for tgeod of the community as a whole. He called this
type of behaviour group selectidil.Evolutionary biologists were quick to point outattihey saw as
the flaws in his proposed mechanism. Selectiory, #itfgued, could act only at the level of the
individual, and, for any individual, maximizing timeimber of its own offspring is the Darwinian
driving force. So if most of the grouse were limgithe numbers of offspring they produced, then
selection would favour any variant which 'chealsdtrading on the virtuous self-sacrifice of the
remainder. So the number of ‘cheats’ would soagesithrough the population, while the numbers who
deliberately restrained themselves would fall. Grealection on this basis was a non-starter, adfhou
Wynne-Edwards continued to argue his case, agdiegirevailing climate of opinion.

So how could seemingly altruistic behaviour evol¥é&e clue is supposed to have been provided in an
offhand remark by J. B. S. Haldane, who pointedtloat on the basis of the proportion of genes he
shared with his closer relatives, he ought to lepared to sacrifice himself for two brothers, ghei
cousins. That is, on the assumption that the liéegss is all about passing on one's genes toettte n
generation, then there is a genetic rationalityuaiiwe individual risking its own life if by so day it

can ensure the survival, and presumably the rept@usuccess, of a sufficient number of those who
share a proportion of its genes. This was a tylyicbvura statement by Haldane, who throughout his
life was very proud of the fact that he had conddehany of his more hazardous physiological

experiments -- from ingesting excessive quantfesmmonium chloride to measure the effect of
changing the acidity of the blood, to testing suaVitimes in the restricted atmosphere of submarine
using himself as a human guinea pig.



However, Haldane's offhand remark was given semoathematical form by William Hamilton in
1964,*° and termed kin selection. It was E. O. Wilson wiha.975, brought the argument to the
attention not merely of mainstream biologists Hut enuch wider public as well, when, in a deliberat
evocation of the Darwin -- Mendel 'modern synthesfishe 1930s, he called a book of his
Sociobiology: The New SynthesSisHowever, the term that was to take hold in theytapimagination
was due not to Wilson but to Dawkins, when thediwlhg year he published his evangelizing version
of ultra-Darwinian and sociobiological theofjhe Selfish Gené? (It is worth making clear yet again
that Dawkins' genes aren't selfish in the senséhioh we might refer to 'gay' or ‘aggression’ genes
Dawkins' genes do not necessarily confer selfishnagheir possessor; they are intended to ensure
that their possessor does what is necessary im thraehis or her genes are able to replicate apies
can be passed on to the next generation. This fnayuose include contributing to cooperative
behaviour.)

Kin selection, like sexual selection, is a modehathematical formulation which, if one grants its
basic assumption -- that living forms exist prirhato perpetuate their genes -- is as inevitable a
syllogism as the original Darwinian formulationradtural selection. Although | see no reason to tloub
the principle, proving that it applies in any spieaieal-life case is harder. Certainly, behaviadnich
might be defined as altruistic does occur amongnals living in groups, although equally there is no
shortage of evidence that such animals competeomghanother. The empirical question is whether
apparently altruistic behaviour can be shown tcefiepreferentially the kin of the altruist rathiéan

the group as a whole. Considerable evidence in@tppthis claim has been collected since 1975, bu
the problem is that in most cases it is open teraithterpretations too, despite the prior commithadn
kin selectionist theorists to shoehorn the datatihéir existing theoretical framework. Perhaps

in response to the relative lack of experimentalpsut for the kin selection argument, despite its
theoretically compelling nature, Robert Triverswii@ distinction between two forms of altruism. One
is response to a perceived genetic advantage harthier is what he calledciprocal altruism® -- an
altruistic act performed to benefit non-kin, butixpectation of a subsequent return of the compilime
-- you scratch my back, I'll scratch yours (litgralo with the mutual grooming behaviour of many
monkey species).As with sexual selection, theremweashortage of those, calling themselves human
sociobiologists, who maintained that the argumpntgorward to account for seemingly altruistic
behaviour in nonhuman animals could be appliedutcosvn condition. You might jump into a river to
save a drowning man, even though he was not refatgou, on the assumption that if you
subsequently got into difficulties while swimmirfgge might rescue you. As unlikely as this scenario
may be, it is one which popularizers of sociobigibgve used to describe how reciprocal altruism
might work.3* Once again, a metaphorical relationship has baem ghe status of homology.So, is
there anything from the annals of human behaviduckvmight provide an example fitting the
sociobiological bill? As with so much else, the lijyaof the research claims are too impoverished to
take wholly seriously. How, for example, might af®w that the more genes parents shared with their
children, the more care -- 'investment' -- they Maquut into them (that is, the more altruisticthe kin
selection sense of the term, they should be)? Bacan share more than half of their genes with the
children if the two parents themselves have a ptapoof their genes in common. This is a
phenomenon called assortative mating. Here is hevatgument goes, again in syllogistic form:
1. There is evidence for the heritability of pick views.
2. Therefore a couple who both vote the same walilely to do so because of assortative mating.
3. A measure of parental investment in a chiMhgther they are prepared to pay for his education
privately rather than send him to a state school.



4. Therefore couples who both vote the same wayrare likely to send their child to a private
school than are couples who vote differently.

| wish this were a joke, but it is not. | heard theort of these findings presented with all solgynat

a meeting of the prestigious Association for thedgtof Animal Behaviour at London Zoo, when two
human sociobiologists reported that parents who both voted Conservatare more likely to send
their child to a private school than if one panresied Conservative and the other Labour; QED. Other
than myself, | don't think anyone at that meetiogfd at all startling the claim that this was
appropriate evidence for the kin selection mecmanidaldane had been dead for many years by the
time his offhand remark found such a bathetic rintie scientific discourse, but granted his strgngl
held socialist® as well as scientific views, | doubt that he wolbiétve been amused.

One poor example doesn't demolish a theoreticattsire, and, as | say, granted the gene's-eyeafiew
the world on which it is based, the syllogism af kelection is unassailable. The question is not
whether it occurs, but whether it, together with similarly gene's-eye view of the origins and
maintenance of social organization that it implissufficient to account for the rich varieties of
behaviour that we observe in both the human anehooman animal worlds. It is at this point that it
becomes more than just universal Darwinism; iass| shall argue, universal ultra-Darwinism.

SPECIATION

Now to Darwin's third great problem, that of howwgpecies come into being. The adaptationist
account makes it clear how species can get bettiiag their thing, as in the peppered moth exampl
and can even develop quite subtly interactive foofrsocial behaviour. Such evolutionary processes
could obviously modify a species over time to saategree that its members would no longer be able
to reproduce with their ancestors (if the ancestordd somehow be

brought back to life). In this sense, species caduplly be transformed through processes of nlatura
selection steadily tracking environmental changéd.tBis still doesn't explain how natural selection
alone, in the purely neo-Darwinian sense and om#sés of the mechanisms | have discussed, can
result in one pre-existing species splitting i t For this, additional mechanisms are required.
Evolutionary biologists have wrestled with this g@mx ever since Darwin himself recognized the
problem. But Darwin's own observations of the lsipécies found on the Galapagos Islands also
provided one of the best examples of how speciatimht have occurred. When he visited these
islands off the Pacific coast of Ecuador duringBesglevoyage, he noted that they boasted a rich bird
life, and shot and collected many samples. Whetk maLondon, he tried to identify them, he
eventually concluded that the collection was maguefutsome 12 different but closely related species
of finch, each largely confined to a single islaridhe Galapagos group. More modern counts put the
number of distinct species at 13 or 14. Some arergl-living, some live in trees; some eat insects,
others are vegetarian, living on seeds or cactos.i®wood-boring. Each species has a
characteristically differently shaped beak, wekhjigtd to the specific food and lifestyle it hasmdd (
Figure 7.2).

Neither the degree of adaptation of each specid®ioindividual island conditions nor the overall
similarities of the birds could be ignored. Darwias forced to the conclusion that the island fische



all originated from the same mainland species, negmbf which had either flown or been blown out
to sea and eventually colonized each island. Oh is¢and, variations more adapted to the specific
conditions there, and especially to specific pa&isburces of food, would spread in the population
and as there could be no crossbhreeding betwednrttgeon their separate islands, over time the
accumulated variations became so great as to aatessi new and different species on each isf#nd.

Thus more than just natural selection is requicedafsingle species to split: there must also peried
of reproductive separation between two populatafrtbe species. The Galapagos Islands provided
such a separation mechanism, and in general @visassumed that the

Figure 7.2 Four of Darwin's Galapagos finches. Notthe different sizes and shapes of the beaks
of the species shown, adapted according to each ¢ particular diet.

easiest way to achieve reproductive separatiordeggeee of geographical isolation; barriers such as
mountain ranges, deserts and seas are all potsefiatators.

Provided there is always genetic variation withjpogulation, if a small number of individuals make
across the geographical barrier to their new patehome, they will represent but a subset of the
original population, and, reproducing in their nemvironment, will rapidly begin to diverge from it
even in the absence of strongly differing environtakpressures. Within relatively few generatidmes t
character of each population will differ enoughnake fertile mating between them increasingly
difficult, and ultimately impossible. Even if thed populations then re-meet, they will do so as
distinct and reproductively isolated species.

These benigifounder effectsas they are known, may be a major means of dp@tid hey are surely
not the only one. More

catastrophic events -- devastation of a local emwvirent by climate change, fire, earthquake -- enev
a giant meteorite, claimed as the cause of thesdimoextinctions -- may presumably destroy so much
of a population as to make it inevitable that cleawariations present in the remainder will spréad.



could this be all? For the orthodox neo- or ult@aBinian, there is nothing else available. It is thsk
of the next chapter to move beyond the restridbiwends provided by such ultra-Darwinism.
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8
Beyond Ultra-Darwinism

You can drop a mouse down a thousand-yard ming; slvef, on arriving at the bottom, it gets a slight
shock and walks away. A rat is killed, a man iskkrg a horse splashes

J. B. S. Haldané)n Being the Right Size and Other Essays
ULTRA-DARWINISM

Let me begin by summarizing what | describe asuttra-Darwinist position. | shall put it in its mios
direct and unvarnished form, although | am awaa¢ ithso doing | run the risk of caricature. Nohe t
less, there is a clear heuristic value to beinplsot, as it will provide the backdrop to my accbah
those positions that contest the space occupid¢leoyltra-Darwinists. As | see it, ultra-Darwinigras

a metaphysical foundation upon which are constdutst® premises. The metaphysical foundation is
straightforward: the purpos&e(o9 of life is reproduction, reproduction of the gesrembedded in the
'lumbering robots' which constitute living organssrithis goal can be expressed with varying degrees
of sophistication, most bluntly, perhaps, as ifirmemagazine cover story in 1995: '. . . getting genes
into the next generation was, for better or wotlse criterion by which the human mind was designed'
! Every living process is therefore in some waydiizd towards this grand goal.

The two premises follow from this foundational nptgsic. One premise describes an object, the
second a process. The first states that the ufifepthat which is the minimal life form, is an
individual

gene. These genes are not the genes of the malémilagists, strands of DNA intertwined with
histories and in dynamic interaction with cellutmmponents to create the fluid genome. Rather they
are a bit like atoms were before the days of nugagsics: hard, impenetrable and indivisible aiidi-
balls, whose mode of interaction with one anotmel&ith their surrounding medium is limited to a
collision followed by a bounce. The sole activityddelos of these genes is to create the conditmns
their own replication -- that is, to ensure thethgsis of identical copies of themselves -- paclage
either in the form of a dividing cell or of a redigcing organism. The genes direct the development
and physiological function of the organism. Howtlfienction may be modified by random mutation,
but nothing in the life experience of the body tidyabit and control can feed back to them in sauch
way as to improve the copies of themselves they pado the next generation. To repeat: ‘'once
"information” has passed into the proteigannot get out again

The second premise describes a process, that pfadida. Every observable aspect of the phenotype
of an organism -- its biochemistry, its form, iehaviour -- is in some way adaptive. It has been
selected for by the honing force of natural setegtivhich has ruthlessly carved away any aspeitteof
phenotype which is less fit -- that is, less ablerovide the survival machine which will enablenge

in due course to copy themselves. Of course, thtsrment must immediately be modified, for
although most deleterious mutations are eliminategte are some which, despite resulting in inferio



phenotypes, may somehow be preserved in the pagulgerhaps because they confer some
unexpected advantage.

There are cases of this sort, the best known lkbmgbnormal haemoglobin in sickle-cell anaemia,
coded for by a recessive gene. Althoigimozygote&hose with two copies of the abnormal gene, one
from each parent) for the condition are at a sedey@dvantage, it is believed thaterozygote@hose
with only one copy) receive some protection agamafaria. The gene mutation, arising in a human
population living in a malaria-prone environmesttherefore preserved, despite the problems faged b
those that are homozygous for it. But it has tsdid that this argument is often stretched

beyond the bounds of credulity, as when Wilson edginat 'genes for homosexuality' could be
preserved in the population because they might rttedie bearers particularly supportive in the
bringing up of children of their kin, as aunts oicles, and thus indirectly help perpetuate thein ow
genes, even though those who carried them werdikessto have children. ( Wilson defends his
hypothesis from any type of evidential refutatigndmiming that such genes, if they exist ‘are &mo
certainly incomplete in penetrance and variablexpressivity'?)

There is of course no empirical evidence for Wilsgmopositions -- it is not clear that homosexual
men and women necessarily have fewer children hleterosexuals, as few fall exclusively into either
category, nor is it apparent that gays or lesbpaoside particularly good support in rearing their
siblings' children. Nor, to my knowledge, despibeng attempts to demonstrate it in captive
populations, is there any evidence that homosexetzdviour is widely displayed among non-human
social animals as it should be if the argumentesfegic advantage holds. An alternative hypothesis f
the genetic origins of homosexuality, based entioal speculation but none the less published in a
minor but respectable biological journal, is thetdnozygotes for 'the homosexual gene' might be at
some selective advantage, rather as with sickleanakemia, because their sperm are in some way
fitter' and therefore more effective in competimigh sperm that do not carry the gends I, Dick
Lewontin and Leo Kamin pointed out Mot in Our Genesthe sensation one gets when reading such
stuff, of being a voyeur at one's fellow biologistore outlandish sexual fantasies, is sometimes
overwhelming.

THE GENETIC METAPHYSIC

There are two features of this metaphysic whick iio philosophical positions which long predéte
The first combines the views of the moral and prditphilosopher Thomas Hobbes with those of the
economist Adam Smith. Hobbes, as is well known, Baman life as nasty, brutish and short -- a war
of all against all, preventable only

by State control. So it is with the competitivefish genes postulated by ultra-Darwinism. But how,
under this condition of ruthless competition, cae achieve anything like a harmoniously functioning
organism? To account for the seemingly integraterkings of a competitive society, Smith invoked
'the invisible hand of the Market' which, when eautividual acted in his or her own perfect
competitive self-interest, would result in a sogiseemingly unregulated but none the less funatpni
in the best interests of all. So it is with thefisblgenes of ultra-Darwinism, producing higherdev
order -- even cooperation -- from competitive indualism.



The second feature of the ultra-Darwinian metaphigsits restatement in scientific form of one foé t
several Christian theologies: preformationism. Wéethe product of our genes, themselves the product
of previous genes, themselves the products o$tretching back, if not to Adam, then at least to
mitochondrial Eve and her un-named partner, thatwat great, great ancestress of us all. We are but
the carriers of this precious genetic fluid. Owktes to preserve and transmit it in our turn; but
although it shapes us, we are incapable of modjfitin- we merely live out its genetic instructions
albeit in an environment not (entirely) of its oelmoosing. The theological message is clear. However
as will become apparent, this unit-gene centreddaew soon leads to problems, just as does the
concept of a genetic market economy.

Obviously, the genes being preserved in this waytlee soclobiologists' rather than the biochemists'
genes, as represented in Table 5.1 (page 127)nh&iasts’ genes are DNA molecules, metabolically
engaged in all the processes of transcription eargskation. When the double helix unwinds and a
second complementary nucleotide strand is enzyhpisghthesized to match each of the two helices,
the resulting molecules are each half new. In taeyrcell divisions that occur between conceptioth an
adulthood the 'original' DNA transmitted from paweto offspring will have been diluted millions of
times over by the newly synthesized molecules,thud will be present in homeopathic quantities even
if it had avoided the risk of being degraded inititerval. When the new adult mates and generates
offspring, the odds against the DNA they acquinetaming any of

the molecules present at its parents' concept®ni@maginably large.

What, then, is meant by the preservation and tresssom of genes? Clearly not the persistence of the
DNA molecules themselves, but rather the replicatibform, distinct from composition. There is no
chemical or physical continuity. It is in this sersomewhat analogous to the capacity of the foramof
organism to persist despite the fact that everyemdé and (almost) every cell in its body is being
continually degraded and replaced by others, moless identical. The metaphor of replication masks
the biochemical processes involved. To speak, evaaphorically, as if the DNA had an 'interest' in
its own accurate replication is to traduce the demify of the biochemical processes, to introduce a
metaphysical notion of ‘the gene' which the chehsitactures of DNA themselves belie.

REBELLING AGAINST TYRANNICAL REPLICATORS

It follows from the ultra-Darwinian metaphysic aassociated premises that the prime function of
every living organism, obeying the instructionstefgenes, is to maximize its inclusive fithesthat

is, to ensure the greatest possible spread ofitsamd its close relatives' genes in succeeding
generations. This does raise a particular paradttku8 humans. Even the most hard-line of ultra-
Darwinists manifestly do not conduct their own 8waccording to their own ultraDarwinian precepts,
by sparing no effort to maximize their inclusivenéss. How do they account for this apparent geneti
failure on their part? Let Dawkins explafh:

We are built as gene machines . . . but we havpdher to turn against our creators. We, alone on
earth, can rebel against the tyranny of the setéglicators.

Whence this power? According to Wilson, it arisesduse, although genes 'hold' culture, they do so
'on a leash® There is something fundamentally unsatisfactoualhis argument. Either we, like all



other living forms, are the products of our germgsye are not. If we are, it must be that our geares
not merely selfish but also rebellious, building fthenotypic structures that give our brains and
culture the power to contradict the orders of sofile other replicators embedded in every cetiwof
bodies. And as our brains are the product of ewmidand did not fall independently from the skyr no
were they generated by a highly un-Darwinian massiutational leap, there must presumably be at
least a germ of rebelliousness in the genes ohear evolutionary neighbours too. The selfish genet
imperative is hoist with its own petard.

If, on the other hand, it is not our genes thatrabellious, what other options are available? Dask
never says, but implicit in his argument is thahswhere there is some non-material, non-genetic
force moulding our behaviour. This is dangerousbhge to Descartes, with his mind or soul in the
pineal gland directing the mere mechanism whictstituies the body. For Descartes, non-human
animals are of course mere machines, and | suipsdbte would have been perfectly at home with
Dawkinsology. Thus, despite Dawkins' passionateplieit claims to atheism and expressed hostility
to religion, the charge against him (and his felldiwa-Darwinians) is that they fail to carry theiwvn
genetic argument to its logical conclusion, whiglhat it has to be our genes that make us 'fnee’ a
'rebels’, and provide us with the plasticity enadplus to modulate our culture, on however longaahe
it is held. As a result, ultraDarwinists re-impdtalism -- a dualism which is central to Christian
theology, but absent from that of other religiosis;ch as Buddhism or Confucianism -- by the back
door. Brian Goodwin has somewhat mischievously teoirout that this ultra-Darwinian syllogism,
with its final concession to salvation through geeatks, is remarkably similar to Christian fall and
redemption myth< despite the avowed antireligious sentiments gfrieonents. As Shakespeare put
it, 'There's a destiny doth shape our ends, roeghthem how we will." For 'destiny’, read 'genes’.

THE CASE AGAINST ULTRA-DARWINISM

It is time to look in more detail at the scientifiase against ultraDarwinism. This rests on the

following claims:

1. Theindividual gene is not the only level atiethselection occurs.

2. Natural selection is not the only force driving kitmnary change

3. Organisms are not indefinitely flexible to chanselection igable d'hétéand nota la carte.

4. Organisms are not mere passive respondersettiige forces, but active players in their own
destiny.

| shall examine each of these propositions in tuet.me be clear that my critique is in no way diegl
against thdact of evolution among the organisms that inhabit@anet, nor against the mechanisms
of natural selection that Darwin himself proposBadere will be no comfort for creationism,
fundamentalist religions or New Age mysticism hdWlg. principal target is the dogmatic gene's-eye
view of the world that ultra-Darwinism offers. Tlees more, much more, to life, and to evolutionary
change, than is dreamt of in the ultraDarwinistslgsophy. As will become apparent as the argument
unfolds, their position is tenable only on the asgtion, which the previous chapters have challenged
of a direct and relatively unmodifiable line betweagene and adult phenotype. There is no room within
the model for the processes of development otieiriternal physiological processes which congitut
the organism. This debate will lead us back, inn&et chapter, to a consideration of the metaphysic
foundation of ultra-Darwinism in its approach te tbrigins of life itself.



LEVELS OF SELECTION: GENES OR GENOMES?

It is clear from the description of the modern captoof genes as relatively indeterminate sectidns o
DNA, interspersed with noncoding regions, capablewaltiple forms of processing, editing and

reading before the proteins for which they codeudtimately dispatched to fulfil their several adir
functions, that the ultraDarwinists' metaphysiaai@ept of genes as hard, impenetrable and isolated
units cannot be correct. Any individual gene caexgressed only against the background of the
whole of the rest of the genome. Genes produce geukicts which in turn influence other genes,
switching them on and off, modulating their actnaind function. If selection ultimately determines
whether a particular gene survives or not, it caisa only in context. To go back to an exampléen t
previous chapter, a gene 'for' making antelopesaster will not be selected in the context of &eot
gene which also ensures that they spend longevutngrable infant state before maturing into
fastrunning adults.

But even to use this language is to fall into tlag tset by an ultra-Darwinism in which genes aite st
the inferred entities conferring phenotypic prositrather than the material objects of biochemica
investigation. That is, 'a’ gene is selected dniyresults in a selectable phenotypic changest-what
is required to produce such a change is not onenbay actual biochemical gene-sized lengths of
DNA. One gene alone will not produce the wide raofyehanges, in body size, metabolism, bone
structure, and so on which may be required to predufaster-running antelope.

In fact, this was recognized long before presentrdalecular biology, by the third of the genetisist
whose 'modern synthesis' united Mendelism and Deswi in the 1930s, the American population
biologist Sewall Wright. Where Fisher and Haldaad bonsidered the properties of individual genes,
Wright insisted that the whole genome needed taken into consideration. Fisher and Haldane's
approach was derided as 'beanbag’ genetics psebiseduse it depended for its mathematics on the
assumption that each gene was an isolated unitwduogld be shaken, shuffled and selected like one
bean in a beanbag independently of all others.ifigistence on the whole genome, and the study of
evolution in action in naturally occurring poputats, rather than the controlled experimental pots
Rothamsted, also characterized the flowering oeges in the young Soviet Union until, towards the
end of the 1930s, the science

was effectively destroyed by Stalin and his prot@ggim Lysenko.” Theodosius Dobzhansky, who
left Russia for the United States at the end ofl®0s, became heir to both the early Soviet aad th
Sewall Wright traditions, helping to ensure thatcgpt among the behaviour geneticists and
psychometricians, who think in beanbags whichewmtr sf the Atlantic they are located) the contrast
between beanbag and genomic thinking has charaetettie distinctive traditions of British versus
American population genetics ever sinte.

LEVELS OF SELECTION: GENES, CELLS AND DEVELOPMENT
On ultra-Darwinian, or even Weismannian principtég, genome you inherit is the one -- granted the

shuffling that goes on during sex -- that you p@s$o your offspring via your own genes in your
gametes (or germ-cells). Materials for change aadlable only by courtesy of mutation in these gene



Is this entirely true? Is there any way in whichirggividual's lifetime experience could affect tpenes
-- that is, could Lamarckian mechanisms apply tieast some aspect of evolution? This proposition,
always attractive to anti-Darwinians, of coursesranunter to Crick's Central Dogma, and strictly
speaking the answer is surety 'No'. Yet there ignting experimental evidence that among bacteria
there can indeed be adaptive mutations -- thatugations in some sense directed by environmental
conditions, so that they can occur under circunt&smvhere they might contribute to the survival of
the organism much more frequently than might beeetaal on a purely random basis.

The situation is more complex in multicellular enjates, where replication entails not merely setx bu
crucially, development. There are aspects of tiveldpmental process which seem to leave some
scope for adaptive, rather than chance mutatioegeldpmental biologists have wrestled with this
guestion for decades. In a sense, the argumentg@&go Darwin's resistance to the suggestion that
evolution could proceed by leapssaltations-- much to the distress of many of his otherwise
enthusiastic followers, such as Francis

Galton. In the 1930s, the evolutionary geneticishBRrd Goldschmidt suggested that significant
adaptive changes could occur by a process of ptation, the creation of what he called ‘hopeful
monsters' equipped with the mutations necessargdime appropriate substantial change, and awaiting
the appropriate environmental circumstances to rfakéeap.

Goldschmidt's ideas have never won acceptance amanigtionists or geneticists, and an alternative
way out of the dilemma was proposed by Conrad (HA&jldington, an Edinburgh-based theoretical
biologist much influenced by the work of the Cardge Theoretical Biology Club of the 1930s. He
argued that developmental processes in multicelariganisms could help both direct and, as hetput i
‘canalize’, potentially favourable mutations. Wadion's ideas, focused through the organizatian of
series of highly influential conferences and pui#d volumes through the 1960s, helped shape a new
developmental perspective on evolutionary chatfgempirical evidence for such processes is hard to
come by, but the Harvard developmental biologisinJyler Bonnef* has built on Waddington's

ideas by pointing out that Weismann's barrier cabeas fixed as ultra-Darwinism implies, for two
main reasons. The first is rather subtle, and apmhly to plants and a relatively limited group of
small invertebrate organisms; the second is uraers

To deal with the subtle case first: the Weismanipianciple is that, from the earliest stages of
development, the gametes (Weismann's germplasnsegreestered from the rest of the body (the
soma), and hence cannot be influenced by factorshwdifect it. Bonner points out that, while thsés i
generally true for more complex animals (meaningials with greater numbers of distinct types of
body cell), it is not true for plants, or for lessmplex animals such as the tiny pond-dwelling hydr
Like plant cells, the cells of the hydra retain tdagacity either to differentiate into somatic setir to
become sequestered as gametes, or to remain &stipdhose cells which remain totipotent retain the
prospect of becoming gametes after an indefinitalar of cell divisions -- and this means that any
genetic variation occurring during those divisiovi be heritable ( Figure 8.1 ). Weismann's barrie
does not apply.



mutational /
event .

Figure 8.1 Totipotency: how genetic variation can occur in cells beyond $&iann’'s 'germplasm’, as
proposed by John Tyler Bonner. The original gantgtey square) gives rise to stem cells (open
ellipse) which can differentiate into functionahsatic cells (hatched circles) or into gametes (grey
circles). A mutation occurring in a stem cell (odemenge) can thus give rise to a mutant germ line

cell (black circle).

Important as this argument is in breaking the dgguof Weismannism, until recently it seemed ot t
apply to more complex animals. This assumptiondesn made increasingly doubtful by recent
advances in gene technology, however. In 1996 ambHhhbased team directed by lan Wilmut
succeeded in cloning sheep from embryonic celld,tha following year announced in a paper in
Nature® which attracted world-wide attention, that theyl p@rformed the same operation using DNA
extracted from cells obtained from the udder o&dult sheep. The ethical issues and media concern
raised by this experiment are not of direct con¢enme here; the relevant point from the perspectiv
of the argument in this chapter is that adult sHel and the cells from which it is derived remain
totipotent. Weismann's barrier is well and trulgdched.

However, there is another, more universal isswehich Bonner points, drawing on earlier insights by
the Scottish biologist and

philosopher Lancelot Law Whyt& who described what he called ‘internal factorg\ialution.

During development, originally totipotent cells iig, become determined and migrate to appropriate
positions within the developing embryo. Migrati@s, discussed earlier, depends on complex factors
including internal features of the cells themseltlee presence of appropriate tissues or surfagss o
which they can move, information arriving in therfoof secreted chemicals from their neighbours
sharing the migratory journey, and ‘trophic factdfusing out from their target organs and sigjngl
the directions in which the migrant is to move.

This process has the consequence that a type qfattive/selective mechanism operates between
cells within the developing organism itself. Mangna cells are generated during embryogenesis than



ultimately survive. Those cells that fail to make migratory journey adequately, or arrive too,late
lost; they will leave no progeny, no daughter calhat determines success or failure in this maygat
journey? Cooperative relations both among the niiggeacells and between them and their target
organs through their trophic secretions will bet piithe mechanism. Contingency -- sheer accident -
may be another. But there may also be variatiohsdsn the cells, making selection possible in the
classical Darwinian sense, as already discusstgtinontext of Edelman’s selection hypothesis. This
developmental process, demanding what Bonner 'sallsd rules of construction must itself be
subject to strong selection pressure, but will alsastrain the final outcome, the mature,
reproductively competent phenotype. There shoulddtleing surprising about this. Any large
organization has simultaneously to act as a coherenin its relations with the outside world, in
cooperation and competition with its peers, whiléha same time serving as the cockpit for the
internal power struggles, the jostling for posititiee personal ambitions, of its component members.
Once again, this complexity is lost to the onedisi@mal world of ultra-Darwinism.

LEVELS OF SELECTION: GENES AND PHENOTYPES

So selection acts on genes, on genomes and onraeldly during development. But for multicellular
organisms it is ultimately the organism as an irgkgnit that will or will not reproduce and dispht
copies of its genes to subsequent generationsatBoahselection in the sense that Darwin originall
conceived it can operate only through the actiois@operties of the entire organism, its phenatype
For ultra-Darwinists that is not a problem: the pbigpe is merely a proxy for the genes it contdines,
gene's way of making copies of itself. But this li@pa direct relationship, one-to-one, betweeregen
and phenotype, which of course is exactly how ftraDarwinists speak, and is why, for molecular
biologists, organisms virtually cease to exist @t@es probes for the study of genes. Read almgst an
sentence of Dawkin&iver out of Edenand you will find this rhetorical proposition saming out at
you.

Such a claim ignores development and the complecgssses whereby genes active only at one point
in time and space during an organism's lifelinesavieched on and off, and the fact that the suihi¥a
any gene to the point at which the organism is nea¢nough to reproduce depends upon the 'goodwill’
of other genes. It ignores the presence of thealleet'selfish’ DNA, the seemingly genetically
meaningless introns (described in Chapter 5) wbarhprise the bulk of the DNA in the genome. If
copies of all this DNA can be carried along, getieraafter generation, without any apparent
phenotypic effect at the level of the organismnttiee cause-and-effect linearity which ultra-
Darwinism offers for gene--phenotype relationshgpsassively violated. The only 'phenotype’ of such
'selfish' genes is the actual DNA that constittitesn. Thus 98 per cent of the DNA in the human
genome is without phenotypic significance at thel®f the individual (though it might be interesgi
using modern genetic engineering techniques, tavba¢ would happen if one were to construct a
chromosome minus the apparently redundant introns).

But this speculation apart, the claim of speciiegnores the reciprocity of gene-environment
relationships: for example,

particular phenotypes can be the result eithen®fpresence of particular genes or of particular
environments. And it ignores the fact that, asveheonstantly emphasized throughout this book,



whereas there is only one level at which the gamebe described, the term ‘environment' is multi-
layered, ranging from the intracellular to the glbl'hus, while a small proportion of cases of btea
cancer or Alzheimer's disease is attributable ttiqudar 'major' genes, in most such cases thesegge
are absent. Instead, unspecified and largely unkrewironmental factors result in the same end-
point. Most geneticists accept that this is sdyalgh increasingly common now are hard-line claims
that what appear to be ‘environmental’ effectsrafact attributable to 'genetic’ risk factors, mwhany
'minor' genes, each with a small potential to afflee final outcome, acting in synergy either watch
other or with environmental factors to producedfsase™ Those who offer such 'minor gene'
alternatives still insist on the primacy of genetxplanations, accepting rather grudgingly the
possibility of environmental determinants. To engba the subordination of the environmental to the
genetic explanation, such conditions are calledripbopies’. As the obvious genetic causes in these
cases are in the minority, | prefer to reverseténminology and refer instead to 'genocopies’. Titib
ideological spat apart, the point is clear: thereat and cannot be a simple one-to-one relatipnshi
between any given gene and the phenotypic expreasiihe level of the mature, fully developed
organism. The multiple layers of interaction aneele of complexity which separate DNA strands
from lifelines ensures this.

One of the major causes of mutation in DNA strasdbe level of cosmic rays (high-energy subatomic
particles entering the Earth's atmosphere fromra@tace), which provides a more or less steady
source of variation. There is a good deal of tezdirdebate in the specialist literature about wéreth

and why the mutation rate in different species ectijo the same background level of cosmic rays may
vary, but that need not concern us here. The aquresfirelevance to the issue of gene-phenotype
relations is whether, granted a reasonably constatdtion rate in DNA, there is a corresponding
change in phenotypic expression, which a one-togame-phenotype

relationship might imply. Of course, in part thispgnds on how one defines the level of the pherotyp
one is studying. If the gene's phenotype is the DiS&lf, then the answer is obviously that there is
such a change. But if the phenotype is the entgarosm, and if in particular the mutations are the
source of phenotypic variation on which selectian act, then the answer is much more complicated.
If lifelines depend on order at many levels of arigation, as | have argued in Chapter 6, then¢l ea
level damping processes will occur so as to mingntie effects of minor variations, unless and until
those variations are of a magnitude to drive tieuletic structure into a different stable staieo

types of empirical observation bear this out.

The first became apparent when, during the 19&taia new techniques of protein separation began
to be applied to problems in population geneticetdtns which differ even subtly from one another i
molecular weight and electrical charge can be s¢pdrather simply by gel electrophoresis, the
process described in Chapter 3. Basically, younedhll, this involves making a thin slab of jelgel)

out of starch (or, more commonly these days, polyamide), putting a drop of a protein containing
solution at one end of the gel, and passing anra&eeirrent through the length of the gel. Pratedine
pushed along the gel at a rate which depends anctierge and molecular weight. If the current is
switched off after a few hours, and the gel is setgead in a dye solution or mix of substrates for
particular enzymes which stain the different profieactions, the fractions become visible, struog o
along the gel like a freeze-frame of sprinters earming track.

In 1966 Richard Lewontin, a geneticist reared & Blobzhansky tradition, applied this techniquenhto t
proteins derived fronDrosophilapopulations, and discovered that there were cenasitde variations



in the numbers and distribution isbenzymegenzymes of different protein structure but which
catalyse identical reactions). There were variatioot only between populations recovered from
different regions of North America, but also witkiny given population of flies® There is a great
deal of hidden variation, then, even within a pagioh which seems to contain rather similar
phenotypes.

The different isoenzymes may each be the produatpafrticular allele, or they may be generated by
different splicing and editing procedures from faene gene-sized length of DNA, but their very
presence immediately raises doubts about simpiddigs of one-toone gene-phenotype relationships.
The discovery of this phenotypic diversity made ydapion geneticists and evolutionary biologists ask
whether particular combinations of isoenzymes led selective advantage to their possessor -- in
which case the variations are adaptive and pravidenaterial on which natural selection can operate
- or whether they are contingent, historical acetdavhich are essentially selectively neutral. Dsity
would be maintained simply because it has arisgther like the persistence of 'selfish DNA' among
the introns. | shall return to this question in doerse.

A second query over the tight coupling of genotsipd phenotype began to be raised by the
palaeontologists Stephen Jay Gould and Niles Edpretihey studied fossils of trilobites, speciessonc
common but now extinct. Fossilized trilobites canftund in rock strata deposited over an
extraordinarily long period of evolutionary histono less than sixty million years. Gould and
Eldredge pointed to the apparent paradox that,itgesfpat must presumably to have been a steady
mutation rate in the trilobite DNA over the wholktlis period, the fossilized body forms of the
organisms are remarkably constant: phenotypiclgtalthposed upon genetic variability. Where there
had been phenotypic change, it seemed to haveredaurbursts, over relatively short periods of
geological time. Since the nineteenth century,amtix Darwinism has stressed gradualism in
evolutionary change. By contrast, Gould and Elde&dtheory emphasized phenotypic stability over
long periods, alternating with periods of intensemotypic change. They called tipisnctuated
equilibrium **

Despite the respect with which its authors are bgldhost of the palaeontological community, the
thesis of punctuated equilibrium could scarcelyaiel to have won universal acceptance among
evolutionary biologists. Maynard Smith, for instanbas pointed out that whether one regards agerio
of evolutionary change as brief or not depends gedogist's time-perspective. For palaeontologists
period of a million years is little more than tHeking of an eye. On

this time-scale, Gould and Eldredge's punctuatediequm may not be such a heresy after 4ll.
Furthermore, as the fossil record tells us prirgaflout preserved hard structures and not abddreit
proteins or behaviours, we cannot know how thetyfie of the trilobites may have changed despite
their seemingly invariant structures. However, witthe framework of multi-level order developed in
earlier chapters, the suggestion that genetic ani@an be damped, rendered essentially neutnél, u
such time as it accumulates sufficiently to tip tlext generations of organisms into new stablestat
seems perfectly credible.

LEVELS OF SELECTION: GENES, POPULATIONS AND SPECIES



The arguments advanced against ultra-Darwinisrharpteceding sections have all focused on the
organism. They may be summarized as follows. Becgases are in genomes are in developing cells
are in multicellular organisms, the relationshipA®en gene A and phenotype A is non-linear, and
each level of organization, and indeed each moihenng the developing trajectory of an individual
organism's lifeline, offers an opportunity for sslen to act. To paraphrase Wilson's view -- anenev
accepting the kind of simplistic causal chain framch | have been at pains to dissociate myself --
genes hold phenotypes, and not merely culture,longleash.

But there is more. Organisms do not exist in isotgtbut in populations -- populations in ecolodica
communities in which many hundreds or thousandiiftérent species are locked into relationships
which may be competitive or cooperative. Ecologitine species as occupyinghes sites in which
they can make a living because of their particsfacialisms, like the different finches on eackhef
Galapagos Islands. But each species' niche isatkfia a space shaped by all the other species with
which it comes into contact. Two species may béaie or prey for each other, they may be parasite
and host, they may live mutualistically, each neagal/ dependent on the other, or they may merely b
commensal -- sharing the same space.

But as all species are evolving, the evolutionrgf ane is shaped and constrained by that of many
others.

Within any population, and perfectly acceptablyhivitthe Darwinian framework, it is possible to
conceive of the adaptive coexistence of membets wety different phenotypes. Indeed, it is John
Maynard Smith, doyen of Darwinism, who has arguneslidea most elegantly. It is clear that
populations are able to maintain relatively stables of organisms possessing both different
genotypes and different phenotypes. The most obvesample is the existence of approximately equal
members of each of the two sexes. There are cangimgathematical reasons, derived initially by
Fisher and expanded by Maynard Smith, why this khioe so, despite the very different relative
contributions to the reproductive process that eaakes, which might suggest the possibility -- at
least in mammals -- of getting by with far fewerlessthan females?’

However, there are also less obvious examples,rdfien aspects of social behaviour, which
Maynard Smith has attempted to model using the ema#ttics of game theory. This is a theory which
describes the outcomes of potential strategies et players may adopt in confronting each other
in games subject to simple rules, like noughtsadses or rock -- scissors -- paper (ick-ack-ock).
Maynard Smith uses this approach to consider rathstract models of animal social conflict. For
instance, animal populations may contain 'hawksthvfight with increasing vigour until wounded or
their opponent retreats, and 'doves' which refreat such a conflict before being injured. The aige
predicts that in populations consisting entirelylofes, a hawk mutant will be successful, and hence
increase its numbers; similarly, in a populatiomposed entirely of hawks, dove mutants will be
successful. The point at which hawks and dovesbealane another depends on the arbitrary numbers
assigned to the algebraic formulations, but therdss outcome is a relatively stable ratio of hawidx
doves. This, says Maynard Smith, is an evolutios#aple strategy’

One may argue that such abstract examples arerfeoved from real life, but they do demonstrate,
albeit simplistically, that balance



can exist between members of a species showingdviéeyent types of behaviour. Evolutionary stable
strategies mean that in socially living animal$estive processes can result in a mutually evolving
population. For such a population it makes no semsensider the selective advantage of one gene or
genotype except against the background of theeeptipulation of genotypes within that population --
in the same way that, as | argued earlier, it makesense to consider the selective advantage of a
single gene except against the background of ttieegenome of the individual organism. Thus we
have yet another level of selection: that of thpydation as a whole. To cling to 'the gene' asstile

unit and level of selection under these circumstanas Maynard Smith and the ultra-Darwinists do,
seems perverse, a point made with great forcedguhcessor to Dobzhansky's mantle, Ernst Mayr, in
his magnum opusn diversity, evolution and inheritanéé The consequence of this logic is in essence
that group selection mechanisms, although probadtiyn the form in which they were originally
conceived, are seriously back on the agenda ofstraam evolutionary theor§?

But this co-evolutionary argument need not be emtito members of an individual species, for it
must also reflect the relationships between memtfeddferent species which share their living spac
Some of these are obvious. Consider the mutuakiciiens between plants and the insects which
pollinate them. Plants produce flowers, which emage bees or other insects to settle on themeln th
process, the bees collect pollen which can befeemrs to the next flower on which they settle, so
fertilizing it. The bees obtain a foodstuff -- thectar -- and the plants get to breed. In an evenre m
complex example of co-evolution, parasitic waspsdintheir eggs into caterpillars, which as a resul
become paralysed while the eggs develop into waspé. The wasps find their prey by homing in on
volatile chemicals which they can detect over latiggances. The chemicals come from the caterpillar
faeces, but also, more surprisingly, from the @amt which the caterpillars feed. The plants have
evolved a mechanism for secreting the chemicaddttact the wasps when they, the plants, are
attacked by the caterpillarst This mutually advantageous system

must be the product of a co-evolution in which betsps and plants, two very different living forms,
are selected more or less in parallel.

These are examples of co-evolution through the alwimoperation of individuals within populations

or between species. But taken to its logical casioly the relationships between antagonistic specie
predator and prey, for instance -- also imply cotetion. If peppered moths are replaced by darker
forms, selection pressures on the robins and hsplgeows which prey upon them might favour forms
with improved eyesight to distinguish the dark moththe blackened bark -- or they might favour
forms which seek and devour alternative prey. Qhbas with so much of biology, it all depends.
When the viral disease myxomatosis dramaticallyced rabbit populations in Britain in the 1950s,
the populations of animals which preyed on the itablioxes, badgers, stoats, weasels and buzzards
were all depleted. So were the minotaur beetle seharvae feed on rabbit dung pellets, the wheatear
which nests in rabbit holes, and the stone cunetch lives on the ground cropped close by excessiv
rabbit grazing. Rabbit competitors, such as broasmes, on the other hand, were predicted to increase
in numbers?*

Nothing in population relations is static, and vkitye is simple to forecast. How these changes in
rabbit population numbers over relatively few briegdseasons altered gene frequencies in the
populations is not clear, for after a few years ongatosis-resistant strains of rabbit appeared lagid t
numbers grew dramatically once more, until todaytare at least as abundant as before the original
disease struck. The point is that selection pressarre constantly changing, and evolution can do no



more than track environmental change for all thecegs involved in the interacting web. Like the
concept of homeostasis, that of 'the balance afreatwith its implicit message of unchanging
stability, is profoundly mistaken. But evolutionasfyange follows environmental change, of course,
without being able to predict it, for evolutiondorces can respond only to present circumstancgs, n
to potential future contingencies. To isolate fritms evolving web a single actor, be it gene or
organism, as the unique determinant of change isa@dematic as isolating a single enzyme

from the metabolic web that constitutes the cefly Auch attempt at isolation is a reductionism that
mistakes method for theory.

Mutualism can be taken a good deal further. What ariew years ago was a heretical idea put
forward by the evolutionary biologist Lynn Marguhas now become the conventional wisdom of the
textbooks. It had long been a puzzle to biochentihgtsmitochondria, the intracellular structureschih
are the principal sites of energy production wittha cell, contain their own DNA, sufficient to eod

for a rather small number of proteins, and quiteedent from the DNA in the cell nucleus. Margulis
was impressed by the structural similarity betwegtochondria and some forms of free-living
bacteria. She proposed that relatively early inhiséory of eukaryotic evolution a close symbiotic
relationship developed between primitive eukaryogélis, which lacked the capacity for the oxidative
processes which lead to the synthesis of ATP td#yt characterize mitochondria, and bacteria, which
had that capacity. The symbiosis she proposed nabeud in the engulfing of such protomitochondrial
bacteria by the eukaryotic cell, which thus acqliitee capacity for oxidative metabolism. The baater
lost their capacity for independent survival bungd the advantage of the protected internal
environment of the eukaryotic cell, in which theyuld retain a quasi-autonomous existence.

Margulis went on to extend this idea to chloroatite photosynthesizing substructures within green
plant cells, and more controversially to many othidscellular structures, notably microtubules and
cilia, resuscitating and developing an earlier teymdescribing the process of co-evolutionary
development asymbiogenesig®

In her vision, present-day multicellular organisiosth plant and animal, are the evolutionary result
of a long process of closer and closer communaddibetween originally independent life forms.
Commensality moves from close sharing of an enwviremt to literal coexistence within the same
internal space.

It is not necessary to follow Margulis all the waith her version of multicellular origins, which,
despite its attractions remains to some degreaulige, in order to appreciate its implications fo
debates over the nature of selective processedutibrary stable strategies

within and between populations, whether or not thilyninate in symbiogenesis, require that the 'unit
of selection' now ceases to be an individual ggr®tyr even phenotype, and becomes instead a
relationship betweegenotypes and/or phenotypes. We have moved atagdgrom individual 'selfish
genes' and their 'extended phenotypes'.

NATURAL SELECTION OF RANDOM VARIATIONS IS NOT THE O NLY FORCE
DRIVING EVOLUTIONARY CHANGE



So far | have considered the nature of the ursietdction without considering the nature of setecti
itself. | have already pointed out that the simykthusian version of the Darwinian equation,
selection through competition for scarce resourcas,be only a partial mechanism of evolutionary
change, as indeed Darwin himself well recognizedt, whatever the level at which selection occurs,
must be added sexual and kin selection, seledtimugh founder effects, expansion of populations
into novel environments or potential ecologicalhas as in Darwin's finches, selective predation as
Kettlewell's moths, and co-evolution of populati@ms species. Furthermore, selection at any given
level of the hierarchy between individual genes eoaksystems does not automatically imply selection
and evolutionary change at any other. There isceifit flexibility and redundancy within living
systems to make such tight coupling unnecessary.

But is selection, at whatever level, the only matbchange? This is the second fundamental tenet of
ultra-Darwinism around which great debate has eenffor it to be so, any phenotypic feature of the
organism must in some way be shown to be adagtiaeis, it must confer on its owner some
advantage over alternative forms in the populatioas enabling the ' Darwin machine' to operate. Do
the relative concentrations of one or other ofs¢éeeral forms of lactate dehydrogenase, the common
enzyme of energy metabolism in member®aisophilapopulations, reflect differences in relative
fitness, or are they selectively neutral? Are thgations in banding

patterns found on the shells of snails within agguation purely chance, or do they alter the &alil
survival chances?

For the ultra-Darwinists, it is axiomatic that eysuch feature must represent a character whibkreit
has been selected or is available for selectioift @rcontingency are unacceptable, except as
providers of the material variation on which salattcan act. For its adherents, ultra-Darwinism has
become a credo in which strict adaptationism regddbe 'law of higgledy-piggledy’, and chance is
constrained; its consequences are as predictalie &mowledge that the random processes of
radioactive decay will yield isotopes whose hdk-is mathematically determinable and which,
brought together sufficiently closely, will resuitnuclear explosion. Ultra-Darwinists seek to go
beyond Darwin himself.

As usual, the arguments against such ultra-Darmnéke several forms, ranging from the empirical
and moleculaf® to the theoretical and systemic. The most compmisikie critique of the adaptationist
paradigm challenges ultra-Darwinism by stressimglalv of higgledypiggledy, the role of chance, of
contingency, in evolution. As | have pointed obg bne thing that evolutionary processes cann do
to anticipate environmental change, notwithstandmag any population may contain enough
variability to help ensure that some variants mayige even quite significant unanticipated hazards
like the melanic forms of Kettlewell's moths. Thudien a giant meteorite crashes into the Earth, the
climate changes dramatically and the presumablgrafise well-adapted dinosaur population of the
time goes extinct, leaving their territory free the ancestors of today's mammals to flourish.

This is the argument from contingency, and it hesnbbrilliantly expounded by Gould, this time ig hi
bookWonderful Life His account focuses on a rich fossil harvest domna particular rock formation

in British Columbia, Canada, known as the BurgdsaeS The fossils present in the shale are unique,
bearing little resemblance to any presently liviagns, and having body plans which seem quite
weird, almost impractical ( Figure 8.2 ). They ag,Gould puts it, of ‘transcendental strangeness:



Opabibig with its five eyes and frontal "nozzleAnomalocaristhe largest animal of its time, a
fearsome
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(a) (b)Figure 8.2Reconstructions of two organisrﬁs prgserved asléassihe Burgess Shale: (a)
Hallucigenia,supported on seven pairs of struts, and@apntogriphusa flattened swimming animal
with a mouth surrounded by tentacles

predator with a circular jawdallucigenia with an anatomy to match its nanfé All are now extinct,
seemingly as a result of some catastrophe analdgdhat which finished off the dinosaurs.

Had they not become extinct, mused Gould, how wihédcurrent descendants of these early life
forms look? If it is indeed a mere accident thaiytfailed to survive, then, in his frequently rejgela
phrase, if we could wind the tape of evolutionaistdry back and rerun it, it is in the highest aegr
unlikely that humans, or even mammals, would haxsved. Far from being the inevitable products of
a strict adaptationist programme, or even the wgddout of purposive progressive evolution, we and
all our works are an accident of history. Even Dariw his dethroning of Man as the Child of God
didn't go that far. Gould's argument is powerflth@ugh it remains a matter of assertion on hi$ par
that the weird body plans of the Burgess Shaleccmaeed have survived, that they really were



as well adapted as those more familiar organisiasdid survive and are our direct though remote
ancestors. On the face of it, the reconstructedj@s Shale creatures do look a little impracticah

it really be efficient to have five rather than teyes, for instance? Because we simply don't know w
these entire phyla went extinct, to argue thataswot a failure of adaptation, but mere continggeisc
no more evidence-based than the adaptationistiganadhat are under criticism.

Which raises the final question of this sectionattonstitutes ‘an adaptation' over which the debat
about selectivity must range? The critics have attarized the adaptationist argument as 'Pangiossia
after Voltaire's character Dr Pangloss, for whorargthing that occurred in the world around him,
even the most dramatic and seemingly negative, asithe disastrous Lisbon earthquake which so
shook the so-called felicific philosophy of the leigenth-century Enlightenment, was 'for the best in
the best of all possible worlds'. The argumentthken both theoretical and ideological forms. The
theoretical issues were raised within populatiomegies and evolutionary biology. One view was that
populations were largely genetically homozygousl sunch heterozygosity that existed was the result
of balancing selection, as in evolutionary staliategies. If this were the case, most variationlavo

be adaptive, and the Panglossian paradigm woulttl Adil populations would be on the evolutionary
track to perfectibility. The alternative view isathto a considerable degree, chance reigns.
Contingency, mutation and genetic drift resulthia presence within any population of a variety of
neutral mutations which may be preserved withoaessarily being selectively advantagedtis.
Consider the heritable variations in the propogiohdifferent isoenzymes present in the bloodstrea
amongDrosophilapopulations; and heritable differences in the bampg@atterns on the shells of land
snails. Can every such difference and its presiervatithin the population be explained on the
grounds that it serves some function, or is it hyemematter of the perpetuation of an initial rado
genetic event which has no effect on survival?

The ideological issues write this theoretical disgnto human affairs. They came to a head duhieg t
first rounds of the debate over

sociobiology raised by the publication of E. O. ¥@ih's book in 1975. As a strict adaptationist and k
selectionist, he argued that certain features ofdiusociety, which he regarded as universals m fro
incest taboos to male-female power relationshipkiagividual greed, or ‘indoctrinability’ -- werleet
results of selective evolutionary pressures.

Even before Wilson's book had appeared, first Dabgky and then Lewontin had pointed out that the
assumption that there is one 'standard’ wild-tyfpeng organism, all other variants of which are
deleterious mutations -- the Platonic natural kimdether of humanity or of any other species -ngpe
the door to typological, even racist thinking. sy however, the polemical nature of Wilson's ctaim
that led to a re-examination of the whole adaptéstoparadigm by his critics. The arguments were
twofold. First, the claims for selective advantagst on fables, rather like Rudyard Kipling's farmou
Just-So Storieabout 'How the elephant got its trunk’ or 'Thewaich walks by itself'. There is rarely
any supportive evidence for such fables, and whtt there are are subject to multiple interpretatio
A good example is Wilson's effort to account fomwusexuality, described earlier, but the issue
extends far beyond human populations, and adapisttijpist-so stories are rarely without alternative
explanations.

For instance, it has been argued that the pinkdéfamingos have been adaptively selected, becaus
when they take to flight at sunset the colour mdkem hard to spot against the setting Sun, andehen



provides protection against predators. But, quirtafrom whether flamingos are actually hard totsp

in this way, or are often in flight at sunset, tHegs are pink as a consequence of being thin and
relatively translucent, so revealing the colouthaf blood within. And the red colour of blood is a
consequence of the iron content of its haemoglamnd,haemoglobin contains iron because it serves as
a respiratory oxygen carrier. Haemoglobin is wdlated to its function as an oxygen carrier, st it

red colour is surely a happenstance, an irrelesamsequence of the adaptive feature for whichst ha
presumably been selected. Pink legs may (althaughuld be necessary to prove it) help confuse
potential predators in particular lighting

conditions, but this cannot lvéhythey are pink, according to any of the sensebefiord 'why' as
applied to biological explanation discussed in Gaaf. The pinkness is what is called an
epiphenomenan

The point is that, because 'a phenotype' may lresepted at all levels from the cellular to the
population, one has to be clear which feature amechach level one is choosing to tell one's
adaptationist story. The most polemical characiion of the Panglossian paradigm came during a
Royal Society meeting on evolution held in 1979 Early sessions had been relatively
uncontroversial and self-congratulatory, cataloguhe many triumphs of the modern Darwinian
synthesis. The penultimate session, however, opeitedh paper by Gould and Lewontin bearing a
title that has gained notoriety: 'The spandrelSar Marco and the Panglossian paradigh(lt was in
fact delivered by Gould, for at that point Lewonivas going through a period of aversion to flying,
and left it to his co-author to attend the meeting present the argument; none the less the pader h
all the verve and optimistic intellectual insoudarthat characterized the style of both these ahdic
critics of the conventional wisdom.)

Gould tantalized his audience of biologists byregtay disquisition on the architecture of the famou
basilica of Venice. Look up at its vaulted roofguBl proclaimed, and your attention will inevitalg
drawn to the sumptuously decorative mosaics thatrciine panels (he called them spandrels; the more
correct architectural term is pendentives) whicmaate its space. An adaptationist argument will
seek to explain these panels as part of an arthiggdcesign which provides surfaces at roof |lerel
which appropriately religious messages may be iibsdr(as, for example, the adaptation of the
peacock's tail). And yet the pendentives are nation, but a necessary structural element ofraedo
supported on arches. It is these necessary feaifitke design that form the pendentives; far ftom
roof being designed around a pendentive adaptatiengesigned around a vaulting adaptation. This,
the paper concluded, is the case for many presaagtations, which rather than being themselves
selected are best understood as the necessaryjoenses of other

features of the organism. Panglossian just-soest@nie inevitably likely to mislead.

The paper angered many of those present. It waskat more for its irreverence and the presumed
Marxist politics of its authors than for its contealthough Arthur Cain, a long-standing student of
snail evolution, responded by asserting that esagyof the multifarious banding patterns observable
on his snails must be adaptive; nothing was chareeGould and Lewontin's main point seems
irrefutable -- and until recently no one has evedtto rebut it. The exception is Dennett, whis
new book devotes the best part of a chapter (edtithe spandrel's thumbh heavy parody of one of



Gould's booksThe Panda's ThumB° to the attempt, arguing that, far from pendentiveing
necessary forms, there are a variety of possitdeesfilling designs which architects of cathedtalgdt
with vaulted roofs could have employed; hence petides represent not inevitable but designed
structures, generated by the architect for thgimis purpose of depicting uplifting biblical scene

In arguing this way, Dennett labours but entireigsas the point. He might equally argue that tiere
nothing architecturally inevitable about the wag fflendentives are decorated. That these paintiegs a
‘adapted’ to the religious needs of the commuhgyciathedral served is obvious. However, Gould and
Lewontin's case does not lie here, but in the aspirthat once the (architectural) decision has been
made to mount a masonry dome on (orthogonal icdlse of San Marco) arches, pendentives are
inevitable. They are integral to the constructibmar@hes and dome in a series of compressive rings,
andin situthese curved, triangular elements take a subataxampressive force from the radial thrust
of the dome>! The fact that the architect has some limited réonmanoeuvre as to the exact form of
the pendentives (such as merging with the domading at a cornice) or could use a slightly diffdre
structural element (called a squinch) to bridgeveen arches and so provide a more nearly circular
support for the dome is as precise an analogy esmght desire for both the strength and limits of
adaptation. That is, adaptation is ultimately cansed by architecture, by limits imposed by forces
outside the control of historical contingency. Anht to this

even more fundamental critique of unrestrained &d@mist thinking that | now turn.
SELECTION IS NOT A LA CARTE

The arguments here flow, like many of the otherthis chapter, from the descriptions of the lifebn

in Chapter 6. Within the adaptationist programrhe,ttajectory that any lifeline can take is ultieigt
limited only by the question of whether it is adapt Of course, evolution is cumulative, and has to
build on whatever materials it has to hand. Sativeat any adaptive structure, behaviour or
molecular property there has to be a legitimatéerduom where the system is here and now, to some
presumably more adapted place elsewhere. This camteot run through a sort of adaptive valley
between the present adaptive peak and the distentahat is, the route betwelkeareandtheremust
always be by way of forms at least as well adaptethose they succeed, or selection won't be able t
work. The example is those word games in whichla@eeto get, say, from CAT to DOG by changing
one letter at a time in such a way that a validdisrproduced at each step (e.g. CAT, COT, COG,
DOG). This is why some of the structures one enqiwith seem so cumbersome, and do not represent
what would be recognized by engineers as ‘goodjdeedihe light-sensitive retina of the human eye is
a good example. It is a seemingly back-to-fronicttire, and light only reaches it after having pdss
throughlayers of non-light-sensitive nerve cells, thautessof both evolutionary and developmental
history that would make any camera-designer wie carry the burdens of the past with us. None
the less, granted the Dawkinsian assumption thaebs@ent of an eye is 1 per cent better than 49 pe
cent, adaptation will get there in the end. Faradarwinists the menu of choice available to the
adapting organism and species is essentially tefini

The contrasting viewpoint is best expressed byrBBaodwin and his long-time collaborator Gerry
Webster. For them, profoundly under the influent@/addington, evolution is uninterpretable except
through the lens ahorphogenesis- the development of the form of



an organism. And morphogenesis is determined at @ast limited -- by what they call, echoing a
tradition in biology which predates Darwin, ‘lawisform'. 3 At its most general, this argues that there
are constraints deriving from principles of physacel chemistry on the possible degrees of freedom
available to adaptationist selection. | have alyedebcribed some of these constraints in action, in
Chapter 6.

To take the simplest example, there is an ultimati on the size of any single-celled organism
because of the physical fact that volume increasdbe cube of the radius, whereas the surface area
increases only as the square. All organisms ne&dde with their external environment, for example
by taking in foodstuffs and oxygen and excretingt@groducts and carbon dioxide, and this trading
can be done only across the external cell membrssthe volume of the cell increases, the problém o
diffusing these waste products outward from theriot, and of the available surface area of cell
membrane, becomes insuperable. The upper boursisedior a single-celled organism are thus set by
both chemistry and physics.

Similar constraints limit the size of multicellulE@rrestrial animals. The metabolic rates of orgjausi
increase in proportion to body mass to the powegrid rates of heartbeat in proportion to body mass
to the power -¥4. Times of blood circulation, embgogrowth and life-span vary as the +% power of
body mass®® Such general relationships are knowmlmmetric As their size increases, the
dimensions of animals' bony skeletons must incrdesg®oportionately in order to bear their weight
without breaking -- unless they take to the wateretduce the strain, which is why the largest ahima
that has ever lived, the blue whale, is indeed amaand not a land organism. Reciprocally, agthei
size diminishes other constraints come into playfase area grows large by comparison with body
volume, and problems of energy conservation becgsmieus. A humming bird's heart has to be
relatively large in comparison with its overall lyoglze, otherwise it would have to beat excessively
fast.

Speed of movement, size, energy efficiency anddeebaviour are all shaped by physical constraints:
for instance, an elephant has to sleep standirigpoause if it were to lie down its very weight

would crush its own ribs. Depending on their stifferent physical forces become more or less
important. Watch a pond skater skimming the surtda@ pool, and you are observing an organism
whose very survival depends on the surface tenmioperties of the water supporting it (lower the
surface tension by adding detergent, and the aesatill sink). Gravity is relatively unimportant the
pond skater but very important to us humans, wimoadford to be totally indifferent to surface temsi

On a still smaller scale, single-celled organisnestauffeted by the Brownian motion of the molecules
and ions in the fluid in which they are suspendetype of force we can scarcely begin to comprehend
from our own experience. On the other hand, nepload skater nor single-celled organism is likely t
be troubled by the effects of weightlessness duspage travel; for them it would be pretty much
business as usual.

It was J. B. S. Haldane who summarized differemsest memorably in a famous essay entitled '‘On
being the right size', originally written in 1925hd from which | have drawn the epigraph for this
chapter. Drop a horse, a man and a mouse downeshaft, and the horse disintegrates in mid-drop
and, in Haldane's words, 'splashes’ at the botfdirecshaft, the man is broken, and the mouse picks
itself up and walks away. Such limits to the ranfjadaptation are not trivial. It is not merelyginal

sin which prevents us humans from becoming anbglsange of musculature and load-bearing bones



is possible which would enable organisms of oug asizd weight to sprout wings and fly. However
hard it tried, evolution couldn't get us there.

While such constraints are pretty much self-evigtng idea of laws of form goes much deeper. An
article inNew Scientisin 1995 recounted with wonder how chemists hadibeég synthesize
crystallike structures that closely resembled tlevellous delicate forms of some of the tiny
Radiolariaspecies* ( Figure 8.3 ). But such a resemblance is scamgigrising. In his ground-
breaking book OGrowth and Formfirst published in 1917° the biologist D'Arcy Thompson first
drew attention to the fact that radiolarian struesutook these crystalline forms not, he arguethes
result of selection, but as a consequence of thkimgs-out of certain mathematically necessary
constraints on crystalline growth.

Figure 8.3Radiolaria as drawn by Haeckel. Note the regulaoetric forms of these tiny, quasi-
crystalline organisms.



Figure 8.4 A honeycomb.

To see what these constraints might be, considenpler case, the honeycomb -- a model example of
a regular geometric structure -- which was founthaneighteenth century, to the astonishment cfeho
who studied it, to correspond precisely to halffitven known to crystallographers as a rhomboidal
dodecahedron ( Figure 8.4 ), a so-called spade¢gfifhape that makes possible the repeated close
packing of the cells. How could the perfectiontagtstructure be accounted for? For René Réaumur, i
the 1750s, it was a clear example of planning anetfiought by the bees that built*ft:

Convinced that the bees use the pyramidal foundattach merits preference, | suspected that the
reason, or one of the reasons, which made thendel@cihis way was to husband the wax; that among
cells of the same size with a pyramidal base, tieetbat could be made with the greatest economy of
matter or wax was that in which each rhomboid amdngles, each about 110° and two angles each
about 70°.

It is the bees' knowledge of mathematics, accorthrigéaumur, that enables them to create these
perfect structures. Today, ultraDarwinists woulchbepy to rephrase this by postulating an adaptive
gene for such rhomboidal construction. But waitnAre 20 years after Réaumur, in the 1770s, the
great biologist the Comte de Buffon was able tdakrphe phenomenon in different terms:

Fill a vessel with peas, or any other cylindrice¢d, and cover it closely after pouring in as mueker
as the spaces between the seeds allow; then bailtdter; all the cylinders become six-sided columns
The reason, which is purely mechanical, is cleatheseed, which is cylindrical, tends to occupy as
much space as possible in a given area; they tirerafl become necessarily hexagonal by reciprocal
compression. Each bee seeks to occupy the maxirpaoe $n a given area; since a bee's body is
cylindrical it is necessary for the cells to becamgagonal for the same reason of opposing forces.

The point is that what seems to be an adaptationfact the inevitable result of physical forcekigh
apply equally to inanimate and to living objectsAidy Thompson generalizes the argument: the fact
that many biological forms seem to fit simple matlaéical or geometric rules indicates that the
existence of constraining forces on their growth rmore parsimonious explanation than natural
selection. Allometric formulae, which describe thays in which different parts of an organism



preserve their relationship to one another in eelapecies differing in size, provide a good exampl
In Thompson's best-known examples, he shows tleaiespof fish of very different apparent form can
be shown to be structurally related to one anotteerather straightforward topological
transformations, as shown in Figure 8.5. The bddggof the fishes clearly fit their lifestyles,

Figure 8.5 Topological transformations between felated fish.

but adaptive forces, in helping to generate theamglctlearly been constrained by the availabilitya of
finite range of topological transformations in dieg a workable solution.

In other cases, the adaptive explanation cleaily. f/hat would
-242-

an adaptationist make, for instance, of the faat ifhyou count the spiral rows of scales on a ioee
or seeds in a flower head you will find that thelate to one another according to the numbers of a
famous mathematical expression, the Fibonaccisémn@med for the thirteenth-century Florentine
mathematician who first defined it), in which eatltcessive number is the sum of the two previous
ones (thus 1, 1, 2, 3, 5, 8, 13, 21, . . .), asesihich has also been employed in some strikingenmmo
art forms ( Figure 8.6 )? As Brian Goodwin pointd,dhis is a pattern which can readily be generate
within a relatively straightforward morphogeneiield. *® Even if one could find an ingenious just-so
story to account for the pattern, the sensible lemnan is that the adaptation is built around the
structural constraint, and not vice versa.

Do such seemingly mathematical regularities acctarmther characteristic aspects of living
morphologies? Goodwin and Webster have arguedhbatdo, citing for example the characteristic
tetrapod limb form shared by all vertebrates. Osértttive feature of such
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Figure 8.6 The regular array of components spiralling in ti@Racci series. (a) A pine cone. (b) A
shasta daisy flower head.



limbs is that they all start at the shoulder orWwifh a single bone, respectively the humerus orue

No known fossil or living vertebrate ever had twtihough such a structure would presumably be very
useful to birds which need a flat, light, strongisture for their wings, and two struts can betkgltand
stronger than one. Models of the process of makitejrapod limb suggest why they always start with
a single bone. Goodwin argues that this is an el@ofsuch a 'law of form' in action, yielding the
characteristic tetrapod limb as a stably generstiedture with which only minor adaptive tinkeriisg
feasible. If the adaptationists see but one pattetine kaleidoscopic variety of living forms, Gaoid
shakes the kaleidoscope to reveal another, pert@fess plausible.

Challengingly, and to me quite unacceptably, Welisds declared that the ultimate goal of this
approach to the problem of biological form is torghate the historical accounts provided by evoluiti
entirely, replacing them with such 'laws of for®élection, far from being la carte is then limited to
the narrow choice of menus offered by a mathemaadded'hGte Evolutionary biology will then
become, in his phrase, 'mere antiquarianism'yekipicking over the residues from the combination
meals chosen by past diners at the feast of Ifemlain to be convinced. | would still insist on my
modified version of Dobzhansky: 'Nothing in biologyakes sense except in the light of history.' Ah,
yes, but a history far richer than is offered byren@daptationism.

ORGANISMS AS ACTIVE PLAYERS IN THEIR OWN DESTINY

When Karl Popper incurred the wrath of the evohiy biologists assembled at the Royal Society
meeting that | described in Chapter 4, he did sodunterposing what he called 'active' and 'passive
Darwinism. By this | understood him to mean thashe organisms as doing more than merely
responding passively to environmental pressurasd-if that is not what he meant, it is certainlyatv

| mean. In ultra-Darwinism, organisms have an iehepassivity,

helplessly ground between the nether and uppestaniés of their genetic endowment on the one hand,
and subject to the impersonal winnowing force dtire selection on the other. The entire metaplfior o
natural selection is one in which ‘Nature' (a.kaad) sets a series of challenges which organistherei
meet, in which case they are privileged enoughass n copies of their genes to a successor
generation, or to which they succumb, in which d¢hsg leave merely their material bodies to be
recycled and provide challenges and resourcesthi@r.oscavenger organisms. As Darwin put it, nature
is constantly subjecting living forms to ruthlessrutiny'.

By contrast, the picture | have tried to paint hérglding on the autopoietic description of lifeds in
Chapter 6 , is one in which organisms do not sitiagpatiently for nature or ‘the environment' to
scrutinize them, but rather are actively engageaslarking to choose and transform their environments
to adjust and appropriate them to their own endgopoiesis, organisms as active players, is as
apparent when a single-celled organism swims avway & depleted food source towards a rich one as
it is when a growing troop of axons from the retoria cat seek, find and modify their target nesron

in the lateral geniculate, in the symbiotic relaship of a leguminous plant with the nodules of
nitrogen fixing bacteria in its roots, and in trecision of an impoverished Mexican to cross theleor
into California or an unemployed Newcastle buililemove to Dusseldorf. This is not passive
acceptance of anything the Great Selector throeis Way, but an essential aspect of their nature as
living organisms. Nor is it of course a stateméytd purposive and conscious attempts to direct



evolutionary processes; | am not resurrecting Bedide Chardin or anthropic principles, and if that
was what Popper meant by active Darwinism theoutdn't be further from my intentions. | am,
however, asserting the part that individual orgasiplay in shaping their own future: how it is that
biology is indeed destiny, then that destiny isstained freedom.

It should also be apparent by now that ‘environsieme not static and unchanging, but are themselve
undergoing constant change as a very result otk done on them by living processes. This is why
Dawkins, with his gene's-eye view of the worldaide to describe

environments as the extended phenotypes of theisrga that inhabit them. In some ways this is not a

bad concept -- provided one recognizes that iieawwithin it the seeds of destruction of the

individualistic gene's-eye view, for such an enmimental phenotype is by definition the shared

phenotype of many genotypes. Nothing could be &urffom the truth than the picture often painted by

environmentalists of a natural world which, weraat for human intervention, would persist in a

condition of harmonious stasis, unchangeably 'lariz@. Homeostasis -- the 'balance of nature'as is

misleading a metaphor for environments as it iofganisms: homeodynamics is the order of

existence. Environments have their own trajectoridigelines, if one is an enthusiast for James

Lovelock's Gaia metaphor -- constantly being trarmakd not merely by the workings-out of the

inanimate forces of weather, temperature and cokisiory, but above all by the interactions of

myriad life forms.

BEYOND ULTRA-DARWINISM

To summarize: The metaphysic of ultra-Darwinisnmg@s premises which combine a theology of

preformationism with a belief in the invisible haofdthe marke& la Adam Smith to produce a

Panglossian vision in which a competitive strugglall against all at the level of individual genes

produces the rich diversity and relative homeodyioaranquillity of a living world which is nothing

more than the extended phenotype of these selisbgy In contrast, | have argued that:

1. Theindividual gene is not the only level atiethselection occurs.

2. Natural selection is not the only force driving emnary change

3. Organisms are not indefinitely flexible to chanselection is at least in some mea&atde
d'héte' and not 'a la carte'

4. Organisms are not mere passive respondersetttige forces but active players in their own
destiny.

In the next chapter | consider how these altereatiews of living processes affect our understagdin
of our own modern origin myths. What is life andahdid it originate on Earth?
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argument claims that, over time and replicatiohsanges will occur in DNA sequences which are
independent of selective forces operating extgrralthe molecule. The result is that drift occurs
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Which came first, the chicken or the eggaditional riddle
CHICKENS AND EGGS

In some ways, this book has all been about chickedseggs: chickens as the egg's way of making
another egg, or eggs as the chicken's way of maother chicken. Ultra-Darwinists are unequivocal
-- primacy goes to the egg. Much of the argumeasg@nted in the previous chapters of this book has
served to restate the chicken's case against \ppates to be the dominant grain of current biolalgic
thinking.

Speculation about the origin of life of course gbask far beyond present-day biology. It forms jpért
the creation myths of most cultures: the first homdor instance, fashioned on a potter's wheet fro
mud or clay, into which a creator-god breathesbtieath of life. Until the last couple of decadégre
was a strange continuity between such myths arlddyis origin stories. The definition of being aiv
was to be a breathing, metabolizing, environmensisg and responding organism. However, most
modern molecular biologists will have no truck watinch ideas. For them, the basic function of bfe i
narrowly defined as the power to replicate, andadsc unit of life is therefore a molecule witlisth
power, a naked nucleic acid polymer. Granted thastgnificance of a replicator may be narrowly
defined in terms of the message conveyed by thegsif letters

signifying the nucleotide bases, a certain thealagoricking of the ears may occur at this poinhaw
[eplicator theory is telling us, quite unabashedyhat, in the phrase of the Gospel accordingptmn:

In the beginning was the Word, and the Word wah @idd and the Word was God. The same was in
the beginning with God. All things were made by hand without him was not anything made that
was made. In him was life . . .

For the three letters of GOD, substitute DNA's fAAEGT. In the Jewish religion within which | was
raised, it was sacrilege to speak the hidden ndr@®d except on the sacred occasion of the Day of
Atonement, Yom Kippur. Today's molecular biologistewever, with all their Frankensteinian
insouciance, have no qualms about not merely spgdiit even manipulating the sacred letters; no
longer the mud out of which the potter fashions, lthey have taken upon themselves the
responsibilities of the potter. Despite this sultiah quasi-theology, the naked replicator viewife's
origins has the imprimatur of such distinguishedeuwalar biologists as Francis Crick and Leslie
Orgel, quite apart from the philosophers and pamitawho trail in their wake, and it would seem to
require a certain amount of pig-headedness to @ppos

NUCLEIC REPLICATORS

Of course, the problem is partly semantic. If yedine the basic property of living systems as the
capacity to reproduce exact equivalents of theneselhen attention is automatically directed toward
those molecular or supramolecular structures whrehcapable of achieving such precise copies. The
definition inevitably centres the debate arounddhgin of the nucleic acids because, as far as is
known, of all the molecular and macromolecular sggepresent in currently living organisms, only
they possess the potential for such replicatiortil drfew years ago, the nucleic acid concerned was



believed to be DNA; today there has emerged a dalwesunterschool of speculation which argues
the case for RNA. An 'RNA-world'

is held to have preceded today's DNA world for oeaswhich make a certain biochemical sense.

As | have pointed out, in themselves DNA and RNA laoth stable, inert molecules. To make copies
of DNA requires not merely the DNA molecule butaray of enzymes, brought together in close
proximity and within a rather closely controlledveéonment. The same is in principle true for RNA,
but unlike DNA it is singlestranded, rather thagoaible helix, and so perhaps it is easier to egeisa
being synthesized by relatively unsophisticatedesys. Furthermore, the discovery (referred to in
Chapter 3) that some forms of RNA -- ribozymesan éunction as enzymes raises the intriguing
possibility of the first 'living' replicator beirgn RNA molecule which possessed the enzymic pawver t
catalyse the synthesis of copies of itself -- ao-ailbozyme, one might say. Once this self-copying
power had developed, the auto-generative enginatofal selection would inevitably be brought into
play, ensuring that those auto-ribozymes whichaaopy themselves most rapidly and most
faithfully, under the prevailing environmental camnzhs, would survive and multiply. And the rest, i
this scenario, would be history.

Could such a system work? Could life have beguh aiit autoribozyme which could haul itself up by
its own bootstraps? Well, test-tube experimentelsnown that artificial selection can result in the
evolution of RNA sequences. Take an appropriateaghprecursors, ‘primer' RNA sequences and
enzymes, including the vital RNA polymerase, anodvaRNA synthesis to proceed. After a time, stop
the reaction, isolate the RNAs and select onlydtaisa specific chain length, and set up the restt t
tube with these in place. Repeat the selectionguhae a few times, and you will end up with an RNA
synthesizing mix which preferentially produces RNAgshe chain length that you have arbitrarily set
and selected for. Despite the intriguing naturéthete experiments, however, they don't really answe
the question of origins, any more than the artfiselection methods used by plant and animal
breeders resolve the problem of natural seleclibe.biochemical systems that catalyse such evolving
RNA syntheses are already quite complex. They meir in a test-tube, which serves as a surrogate
cell, including the necessary mix

of enzymes, ions and controlled temperatures. Eaeast one gets to naked replicators today are the
DNA or RNA viruses, and, as is clear, these toosiaimdefinitely in test-tubes as crystalline passi
without ever being able to replicate. Purity in edkess is sterile.

It follows that accurate replication could not hareerged until long after the development of dké-|
structures capable of such crucial living processesetabolism, growth and division. The Earth is
said to be some 4.5 billion years old. The earleditlike structures that have been found candiedl
to about 3.5 billion years ago, a mere 300 millyears after the Earth's crust had cooled to bethaw t



Figure 9.1 Fossil cells, 3.4 billion years old. Eaghotograph is accompanied by a diagrammatic
reconstruction.
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boiling point of water, and under the microscopeytiook pretty similar to some of today's bactéria
Figure 9.1 )? Although there is as yet no way of knowing whetiesse ancient cells contained nucleic
acid replicators, what characterizes them abovis #tle presence of a cell membrane that provides a
boundary between the interior and exterior of #lé & is interesting that it is the interpretatiof the

tiny structures found in a Martian meteorite assggsing such boundaries in fossilized form that has
led NASA scientists to interpret them, however duisly, as indicating the presence of life on Mars (
Figure 9.2 )21 shall argue that it is the presence of this cembrane

Figure 9.2 Structures in a meteorite from Mars, claned to be evidence of fossilized primitive life
(Inm = 10-9 metres).

boundary, rather than replication, which must Hasen a first, crucial step in the developmentfef i
from non-life, for it is this that enables a criienass of organic constituents to be assemblekinga
possible the establishment of an enzyme-catalyssdbulic web of reactions. Only subsequently
could accurate replication based on nucleic acii® ldeveloped.



CHEMICAL CHANCE OR NECESSITY?

So how might one get from a distinctly non-livirsgpwly cooling Earth to the origin of cells? Thesfi
attempts to think this problem through systemadiyaddte from the 1920s, and were by the biochemist
Alexander Oparin® in what was then the Soviet Union, and that Resamise man of British biology, J.
B. S. Haldane® One of the key features of living systems whick #reory of origins is required to
explain is how it is that, of all the vast numbefgossible organic molecules and reactions which
might conceivably characterize them, only a tiracfion take part in the biochemistry of all theedse
species which have hitherto been studied. Thezatibn of sugars, especially glucose, as a prihcipa
energy source, the sequence of reactions througthuths transformed, and the synthesis of ATP as
an immediate energy source are almost universady. @casionally are sugars other than glucose, or
‘energy-rich' compounds other than ATP, found plgya major metabolic role. Of all the many amino
acids, only about twenty are naturally occurring aarve as the building blocks for proteins.
Furthermore, both sugars and amino acid molecalesach exist in two almost identical forms --
optical isomers -- known as D- and L-forms, a temlogy based originally on an observation by Louis
Pasteur concerning the direction in which puretatgsof the isomers rotated the plane of polarized
light. But naturally occurring sugars are all i tB-form, while the amino acids are all in the kAo
How is one to account for these exclusions?

When one turns to the macromolecules, the meaitegpiess of biochemical nature is even more
striking. The numbers of potential proteins whicluld be assembled from these twenty amino acids is
So vast as to beggar comprehension. A modest protéh a molecular weight of some 34,000 and
containing combinations of only 12 of the naturabcurring amino acids, could exist in 10300
possible forms, and if only one molecule of eacistex the total mass would be around 10280 grams -
- compare this with the mass of the entire univerdgch one estimate puts at ‘only’ 1055 grams! The
actual is vastly outhumbered by the potential. A&et] with all this range of

potential open to them, the numbers of differeotgins found in organisms as diverse as bacteda an
whales is really quite small. While no one knows #lctual number, since only a fraction of species
have ever been studied biochemically, it would dmpssing if it amounted to more than a few tens or
hundreds of millions of generic forms at the owtsi@f the hundred thousand or so different proteins
humans, for instance, most can be found in viguall other animals studied, with subtle variations
depending on the speed of the molecular mutatiockcind on the length of time since the
evolutionary divergence of the species from a comarmestor.

There are many quite deep implications of this gsirmy observation. Anti-evolutionists, like the
cosmologist Fred Hoyle and US creationists, haeel itsto argue that life cannot possibly have arise
by random purely physico-chemical processes. Hogtelikened the chance of synthesizing a specific
protein in this way as equivalent to that of a lname assembling a jumbo jet from its componends la
out in an aircraft hangat.There simply hasn't been enough time since thedtion of the Earth for
such processes to have come about as the resaliddm syntheses. Hoyle and others have therefore
been attracted to the idea that our planet wadeskvith already living forms from space, perhaps
delivered by meteorite or comet -- the so-calleshgpermia’ hypothesis. I've always found this



proposition silly, even when it has come from tlea pf Francis Crick’ For it doesn't solve anything
to push back the question of origins by howeveryalions of years the panspermia idea might buy
for evolution. The odds against chance assembgn elsewhere in the universe, would still be far to
great. The argumentis principle specious, just as is the 'half an eye' case dhesthy Dawkins. It is
as if, having abandoned the argument from physicéb@r anatomical design offered by Paley, these
modern anti-evolutionists instead take refuge otbhemical complexity, the exquisite coordination of
metabolic pathways and enzyme interacti6igansferring the problem from anatomy to
biochemistry, however, does nothing fundamentallglter the nature of the issues at stake, whieh ar
surely simply that evolutionary processes areanatcarte but constrained by chemical and physical
properties.

To begin with, there are almost certainly chemamaistraints on the range of available building kéoc
for living processes which are every bit as sigaifit as the structural constraints discussed itaite
chapter, but of which science is at present alraostely ignorant. Thus it may be that the natyrall
occurring amino acids are simply those which arstmeadily synthesized abiotically, or their close
relatives. Their existence in only one of theirgbke optically isomeric forms does require some
ingenious chemical explanation, it is true, as nafsbtic syntheses produce the two forms in equal
proportion. However, what is clear is that once ohthe two possible forms has emerged, it would
rapidly have had to become universal. Becauseeotlttse molecular resemblance of the optical
isomers, the 'unnatural’ varieties can easily binithe active centres of enzymes which normally
catalyse the conversion of the naturally occurforghs. Once bound, however, they clog up the
enzymes' active sites, and thus act as metabakomp® In a world in which all organisms depend for
their survival largely on their biochemical compdity with one another, organisms either depending
on or producing the ‘'unnatural’ forms, except ag specific toxins, would soon die out.

As for proteins, the ordering of amino acids witthiem is not random assembly in any old order by
courtesy of a hurricane. Certain sequences arerpeefin that they fall into appropriate
threedimensional configurations, and can self-abéeas discussed in Chapter 6. In most protein
molecules there are parts which seem to be higiigerved in evolutionary terms, suggesting either
that they conform to least-energy configurationsyhich case their 'selection’ during evolution
depends on physico-chemical constraints of thediscussed in earlier chapters, and/or that they ar
essential to the enzymic or structural functiothef protein, such that mutations would be deletsrio
or even lethal. An example is the valine -glutansatiestitution in sickle-cell anaemia, which |
remarked upon in Chapter 2. But other regions efp#ptide sequence of proteins are quite highly
variable, both within and between organisms ofstii@e species -- the isoforms already referred to --
or between species. This suggests that, like irbA, they may be contingent accidents of history,
functionally without great significance, and thenef

not requiring the engineering precision on whiclylds analogy depends.

The implication of biochemical parsimony, of theniis of the actual compared to the potential which
is of significance to my thesis here, is very difat. It is that, whatever the known or guessed-at
physico-chemical constraints which provided theapeters within which primeval molecules
originated, much of the biochemical evolution toiethwe humans and all other life on Earth are
today's heirs must have occurteeforeour distant evolutionary ancestors separatedth@@reat



morphologically distinct kingdoms. The extent toigéhwe share a common biochemistry with oak
trees, bacteria and yeast cells reflects genuinehagy -- a common ancestry. Hence whatever
organic chemicals the primitive biosphere contajieere must at some point before the great
divergence have been an evolutionary bottleneckhvekcluded all but a small subset of the potential
chemical building blocks of cellular life.

If the range of organic chemistry with which biolstg have to deal is thus extraordinarily
parsimonious, the limitation of the numbers of gemic chemicals used is perhaps even more striking.
Life consists primarily of arrangements of the edes carbon, hydrogen, oxygen and nitrogen,
together with smaller quantities of phosphorus sulghur, and ions of calcium, magnesium, sodium,
potassium and some heavy metals such as ironaashcopper -- some fifteen elements in all. The
chemist R. J. P. Williams has recently considehedetvolutionary implications of these limitations,
basing his case on the observed abundance ofaierts on Earth and their chemical properties, in a
ground-breaking book provocatively entiti€te Natural Selection of the Chemical Elemehigus

he points out that not merely are hydrogen, carhitrggen and oxygen both abundant and available,
but the compounds they form have specific propereédéevant to life. In particular, provided energy
sources are available, they combine readily to filrenmodynamically unstable compounds, capable
of relatively long life in watery solution; theyap usable energy easily in the form of sugars; they
readily combine to form long chain molecules -idg polysaccharides, proteins and nucleic acids.
Incorporation of phosphorus and sulphur dramaticall

extends the range of available compounds and ¢heess of their interactions, as does the addaion
metal ions, and Williams proposes an evolutionagugnce of increasingly complex chemical
interactions available to and sequestered withimgacells. For him, as for Oparin and Haldane, the
guestion of origins lies not with the developmeinteplicators, but with the development of the gell
that contain them and with their chemistry.

Even inorganic materials are, it appears, capddgrahetic reactions resulting in complex fornts. |
has been suggested that concepts such as morpkmyeaplication, self-organization and
metamorphosis can be applied to such chemical sga) based on micelles, vesicles and foams, as
Figure 9.3 shows?

ABIOTIC SYNTHESES

Biochemical knowledge was of course far less sdighied when Oparin and Haldane advanced their
theses. But the problems they faced were genuioegtn First, if life was to evolve from non-lifde
conditions for abiotic synthesis of organic compagiwhich might subsequently serve as the basis for
cellular development had to be present. But thegri®n reawakened the metaphysical dispute which
biologists had reckoned was settled when, more ltléra century previously, Louis Pasteur had
convincingly refuted claims for spontaneous genenaEx ovo omniaWilliam Harvey (discoverer,

for Western medicine, of the circulation of thedd® had affirmed three centuries before, but iktoo
Pasteur to clinch the argument by showing thastenile conditions and with contaminants rigorously
excluded, the conditions that otherwise favourethéntation and the appearance of bacteria and
moulds now failed to do s&" But if all life comes from life, how -- except lajvine intervention --
could it have arisen in the first place?



Darwin himself had recognized the need to circunhtieis paradox when he speculated that, even as
he was writing, the abiotic precursors of life'®cticals might be being synthesized in some small
warm pool, the drying margin of the sea. What Dardid not realize, not
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Figure 9.3 (a) The valve of a diatom. (b) A calciuncarbonate membrane formed on an oil/water
foam. (c) Aluminophosphate vesicles forming complesynthetic patterns.
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being a chemist, was that in an Earth whose atnaepiontains so much oxygen such syntheses
would be almost impossible to achieve. Oxidizingiemments are pretty toxic, except for those life
forms like ourselves which have evolved the spdeglity to exist in them. What is required is an
atmosphere with something like the composition thatGalileo probe has observed on Jupiter -- a
reducing mixture of hydrogen, ammonia and methat@gether with carbon dioxide. And that, Oparin
argued, was precisely what the Earth's primitiveasphere was like. The present-day atmosphere has
replaced the primitive one precisely because oatit®n of life itself, the photosynthesizing wark
plants over thousands of millions of years. Thgght, of the power of life to change the chemarad
physical composition of the Earth itself, long patsti James Lovelock's Gaia metaphor, developed
during the 1960s and 19788 although of course it was developed within a \different metaphysic.

Modern-day plants take up carbon dioxide and useptovide the carbon skeletons of the sugars and
lipids they require, and in the process releasgemnyThe nitrogen source for their proteins andeicic
acid is first 'fixed' from atmospheric nitrogenaaemonium salts by plants and bacteria. In a carbon



dioxide, methane and ammonia-rich atmosphere sgtheses would have been relatively easy, but as
the mass of 'fixed' organic compounds increasethescomposition of the atmosphere would have
begun to change, gradually becoming rich in oxyaeth poor in carbon dioxide. This process has been
continuing steadily over the last three and a bidlibn years of life on Earth (and is now being

partially reversed by the results of industriali@atand the release of 'greenhouse gases', notably
carbon dioxide, into the Earth's atmosphere). $cusing this process, Marguils has analogized it t
the autopoietic, self-constructing capacity of indiial organisms, and described it as ecopoisis.

Just as organisms construct themselves and spa@b®, so too do environments, regulated
homeodynamicaly. Only after photosynthesizing orgyas had changed the Earth's atmosphere would
oxygenrequiring life forms have evolved, to live,vae and all other animals do, off the back of the
photosynthesizing work of the plant kingdom. B #ssential point is that the biochemical versgatili
available to

all current living forms -- including their capagiio reproduce -- could evolve only on the basis of
already well-established and sophisticated metalbatbs and enzymes.

In the warm oceans beneath the reducing atmosphéne primitive Earth, bombarded by violent
electrical storms, Oparin argued, a multitude gfamic chemicals would begin to be synthesized,
although they would remain distributed in weak solu It was not until many years later, in
California in the 1950s, that this theoretical alsagon was given some experimental substance. In a
famous experiment, Stanley Mill& placed a gas mixture of hydrogen, methane and avienioa
sealed flask, warmed it, and passed an electrisahdrge through it for twenty hours or more, thus
attempting to mimic primeval lightning. At the eafithis time his flask contained amino acids and
other organic acids, the potential building blookéife. Later modellers of abiotic syntheses, sash
Sydney Fox, opted for alternative routes such gsynthesis -- reproducing the conditions that woul
have obtained had the chemical mix been firedehiat of a volcano. Under such circumstances too,
they found that tarry messes containing both simpj@nic compounds and even some peptides and
ATP could result. Rainstorms would dissolve thesesgnthesized chemicals, and wash them into
pools. 'Origin of life' conferences have been exnied by debates between protagonists of these
alternative routes. As | am not sure that | see tienissue can ever be resolved, | see the diggute
taking on something of the form of the argumenteein Swift's Lilliputian big- and little-endians
concerning the correct entry point into a boiled.dg any event, for my purposes here it doesn't
matter which, or if both, are correct. The poinsimply that such abiotic syntheses of the basic
chemical constituents of living forms can occur #mat plausible materialist accounts of how life
could have originated on Earth can therefore beigeal.

However, neither route would provide precursordiferunless the weak solutions could be
concentrated in some way. The drying margins of seight be a possibility, and the surfaces of rocks
and clays containing metal ions might serve as#talytic surfaces on which compounds could be
concentrated and their metabolic

transformations could begin. The chemist A. G. @aiBmith has built a convincing case based on the
known chemistry of clays to show these might hawwided the crucial surfaces and catalytic powers

required .’ Perhaps the metaphor of the mud, the potter andhieel might not be such a bad one for

creation after all.



COACERVATES

But how to get from here to cells? This is wheraafps second insight became important. The
chemistry and physics of large molecules like kpéohd proteins were not well understood when he
wrote; instead, their strange properties in sotuti@re studied under the name of colloid chemidtry.
was known that solutions containing such large mdés have a remarkable tendency to break up into
small droplets containing the polymers in conceattdorm, leaving the surrounding medium
comparatively free of dissolved substances. Salisoaganic molecules of low molecular weight in the
solution also tend to get sucked into these drepltrhaps the droplets could even take up clay
granules, with their catalytic surfaces. The pheaoom, of much less interest now to chemists than it
was in the early part of this century, is caldeécervationand its products are known @sacervate
drops

Oparin argued that just such coacervate drops wwoedgh to be formed from the dilute solutions
containing polymeric organic compounds. The orgamaterial present would be concentrated within
them, enabling a critical mass to be achieved,thngl metabolic interactions between the compounds
could begin. Some of these droplets would beconséabie as a result of the reactions and would
break up; others would be more stable and wouldirmes to attract material until they exceeded some
critical size, whereupon they would split into td@ughter droplets each containing something
approximating to the mix in their parent. Replioatwithout a naked replicator would have been
achieved.

Coacervate drops and colloid chemistry are didfiranit of fashion today, despite the attractions of
Oparin's mechanism. And his droplets are still authan external bounding membrane, which | have
argued

is thesine qua norof cellular life. But such membranes can be ckatdotically -- and indeed are so
created every time a drop of oil or lipid is plagedvater. Depending on the amount of oil relatwe
the water, it either forms a thin film on the sedaor coalesces into a small droplet in whichlighid
molecules align themselves precisely as they dbdrexternal membrane of a cell. This property, of
creating so-called liposomes, is today exploitedrtoase the naked strands of DNA intended to be
inserted into cells during genetic engineering expents (for instance in the treatment of the dssea
cystic fibrosis, the result of a deficient gené)eTiposomes containing the hoped-for remedial gene
fuse with the external cell membrane of their taagdls and release their contents into the inteflibe
cell membranes apparent in the microscope pictufrése bacteria of 3.5 billion years ago ( Figurg 9
) could have been generated in precisely this way.

Thus coacervation would concentrate inorganic ionganic chemicals and simple polymers out of the
dilute seawater solution, and liposome membranegdxdorm around them. The first proto-cells



Figur_e 94 A p(;ssible proto-ceIT

would have emerged. Such cells would have anotiogrepty seemingly fundamental to life. The
distribution of electrically charged ions, suchtlaes positively charged sodium, potassium and calciu
and negatively charged chloride (all present imsgar) across their membranes would be asymmetric
for basic physico-chemical reasons ( Figure 9¥hjs asymmetry ensures the seemingly universal
property of living cells, of being some 65-95 mutlits negative to the outside. The significancéhds
electrochemical gradient in helping to concentcatgain substances within the cell, and excluding
others, cannot be overestimated.

CATALYTIC WEBS

The next evolutionary step would be to stabilizetyriad potential chemical reactions that could
occur within the proto-cells. This process has mégédeen modelled by Stuart KauffmdfiHe makes

a number of plausible assumptions about the betawiosuch a chemical soup. For instance, given a
sufficient number of different compounds concemawithin a lipid membrane, even without the
potential enhancement of catalytic surfaces su¢hase provided by inorganic substances like the
clays, a tiny number of the molecules presentlaliable to function as catalysts for reactions betw
other components. In some cases, there would aniteeatalysis, in which a substance catalyses its
own synthesis, or mutual catalysis, in which onessance catalyses the synthesis of another, which i
its turn catalyses the synthesis of the first. étfjecertain peptides have been found to show jurt s
autocatalytic properties’ Computer models of such processes show that,théte catalytic
assumptions, a random set of chemicals in a consttarea soon settle into a robust and autopoietic
metabolic web, of the type described in Chaptén @hich stable balances of constituents result (
Figure 9.5 ). The consequence is homeostasisee@ssary precondition for homeodynamics. Traffic
across the liposome membrane will bring new mdgenmo the cell and excrete waste products, and,
just as with the coacervate drops, cells whichdase in size will simply split into two.
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Figure 9.5An autocatalytic set. Food molecules (a, b, aa,ak)built into a self-sustaining network.
Reactions are represented by points connectingelanglecules to their breakdown products; dotted
lines indicate catalysis

So far we have done without molecular replicatdisgather. Cell formation and division, and indeed
sophisticated metabolic stability, have all beemeed by originally abiotic processes in which the
properties that characterize life are capturedmatsingle molecule, but in the entire system Wwhic
constitutes the cell. Indeed, one can go furthbe Mmetabolic web must have extended beyond any
individual proto-cell, to embrace the entire livipgpulation of proto-cells. For

just the same type of reason that once particydaca isomers of amino acids and sugars had
emerged, they had to become the standard fornoosmtist the vast bulk of the constituents of the
metabolic web. For if chemicals were to be exchdriggween cells, by ingestion or by cell division,
the reactions within each cell must have tendembtwverge, to become compatible. The specific toxins
and poisons by which some living forms today proteemselves must have been a relatively late, rare
and specialized mechanism. Evolutionary stabléegires, to use John Maynard Smith's term, would
tend to develop even in the absence of replicatintgcules; they are a necessary homeodynamic
property of the super-organismic network of liveystems as a whole. Truly, we are all molecularly
interdependent.

SOURCES OF ENERGY
Even before the problem of accurate replicationlheeh resolved, there would have been another

more pressing problem, that of energy. Such rejpdicaas opposed to the mere splitting of membrane-
bounded droplets, requires the synthesis of nualgits and proteins. The synthetic reactions that



produce such macromolecules require an energy (tipey are calleéndergoniaeactions). The
energy to drive them, excluding the special circiamses of electrical storms and volcanic eruptions,
can come only by coupling the reactions to otheergyreleasinggxergonig¢ ones. | have earlier
pointed to the contrast between today's molecutdodjists, with their intense focus on the role of
information in living systems, and those biochemgho flourished in the period prior to Watson and
Crick and who were concerned with the problemsneirgy flow. Early life forms, proto-cells
concentrated in liposomes, or even encrusted osutface of catalytic clays, may have been able to
absorb into themselves abiotically synthesizedaraidnd nitrogen-based chemicals, but these abiotic
stores would eventually have been exhausted, aeg@ationary bottleneck would have prevailed
until the energy-generation problem could be salvdus must have happened either simultaneously
with or before the emergence of reliable replicatvechanisms.

Today's living forms are divided into two broadegadries: those which can obtain their energy by
tapping into non-living sourcesauftotrophey and those which require it prepackaged, supdwmhar
style, in the form of convenience molecules likgas or fatsi{eterotrophep As discussed in

Chapters 5 and 6, sugars and fats can be broken dawidized -- to carbon dioxide and water. These
are exergonic reactions, and the stepwise way inhwthey occur in the cell means that the energy is
released in a sufficiently controlled manner thagn be trapped by using it to synthesize ATReto
employed in its turn for a range of cellular adtes from the synthesis of proteins and nucleidstd
muscle contraction and nervous transmission. Eeeautotrophes, the most convenient prepackaged
energy store comes in the form of sugar or fat moés, so their first use of the abiotic energythe
obtain is to synthesize sugars from carbon dioaigsorbed from the atmosphere. Heterotrophes can of
course then live off this trapped energy, by eaéitiger the autotrophes or other heterotrophesiwhic
have themselves eaten the autotrophes.

So one very early step in the history of life omtBanust have been the development of autotrophic
energy-trapping mechanisms. A variety of such meisas are in principle available, on the basis of
simple thermodynamic considerations and availabérastry; some indeed are still in use by
specialist life forms living on the margins of vafdc, sulphur-rich lakes. But the most common,
universally available source of energy is that\wedifrom the Sun's radiation, and mechanisms of
photosynthesis to exploit it must have been a atwsiolutionary step. Today's green plants havs cel
containing sophisticated systems for trapping setergy, encapsulated in the intracellular orgasell
called chloroplasts. Hence the attraction of Lynar§ulis's suggestion that chloroplasts are the
evolutionary descendants of once free-living phyntsesizing bacteria, which swapped their
independence for the symbiotic security of multider life. Such a species-merging must have
followed, not preceded, the appearance of DNA-basplitcation, as chloroplasts, like mitochondria,
contain their own residual DNA. And, also as withiaohondria, far from being 'selfish' in Dawkins'
sense, these primitive chloroplast genes must bagr 'self-sacrificial’, prepared to submerge their

individual propagative rights in the interestslué brganism, the proto-chloroplast, itself. Thues th
cooperative symbiogenesis by which life as we kitdaday must have evolved provides an important
alternative perspective to the ruthlessly indivitkie competitive metaphor which underlies theaHt
Darwinist, replicator's-eye view of the world.

AT LAST, THE REPLICATORS ARRIVE!



So, some time after the development of effectivelraaisms for generating and utilizing energy,
though presumably before the development of theemodellular systems of chloroplasts and
mitochondria, replication based on nucleic acid Mddwave emerged. The synthesis of simple nucleic
acids has itself been achieved in the abioticttgst-experiments | have already described, and once
they had been incorporated within the metabolic ofethe cell, they would offer a whole new range of
properties. For they would now achieve a leveliaélity in copying and reproduction which would
have been unobtainable by mere random divisionowitthem. For the reasons already advanced, it
seems likely that RNAS, which are simpler molecuesuld have appeared before DNAS, and
because RNA molecules can show catalytic propettiesoriginal enzymes might have been not
protein- but RNA-based -- -ribozymes, in fact. Thi®nario, as | have said, has been christened-RNA
world' by origin-oflife theorists.

Once nucleic acid -- perhaps ribozyme-containingets had arisen, they would contain within
themselves the rudiments of a faithful copying naeiém, an ability which so far as is known is today
exclusively a property of the nucleic acids. Just this mechanism settled down into its present-day
form, based as it is on the trinity of DNA, RNA apisbtein, is a matter of intense speculation. A¢ on
point it was thought that there were particularfoamational reasons -- that is, resulting from thei
three-dimensional shapes -- which would explain wahy particular triplet of bases in the RNA
molecule recognized a particular one of the tweraityirally occurring amino

acids, but this idea has now been abandoned. Cemidy, rather than laws of molecular form or
adaptation, may rule at this point in the storyc®a particular set of nucleic acid -- amino acid
correspondences had emerged, convergence withimgbevould have been likely to help ensure its
universality. In any event, the essential poirthet, once cells operating these mechanisms hserari
they would rapidly multiply and swamp all others,anly they could produce exact copies of
themselves. Evolution, having generated nuclegqiagmers within the primitive cells, had now also
produced a mechanism which could be relied upamtplify them, and before long to conquer the
Earth -- yet another reason why whatever the pssseBy which life forms were first generated, so fa
as life on this planet is concerned, they cannméaethemselves. Just as organisms relying on the
wrong optical isomers of amino acids or sugarsake excluded from emerging, so are those without
a hi-fi replicative mechanism.

By this point in the story, with the developmenfathful replicative systems and the energy-
generating mechanisms with which to sustain thé&ehhd arrived -- by molecular biologists'
definitions now as well as by mine. But in my verspf the story, it had arrived without the help of
implausible naked replicators, and with RNA, antéd®NA, playing a proper, vital but not unilinearl
determinist, role within the cell. Chickens, indlsiense, came before eggs. It is in this sens¢ that
argued that life is inevitably autopoletic, selfgesting, self-developing, self-evolving. The deddil
routes that led from this speculative early repii@aworld to the present thirty million -- or wiester -

- species are of course largely unknown and largeknowable. We carry the history of that long trek
inscribed in every cell within our bodies, and taka sense of ourselves we need to understandsat lea
its outlines.

But in contrast to the molecular biologists' Bililee Word, the nucleic acid script, was not in the
beginning: it appeared later in the story, onceethveere already cells, organisms, prepared tovecei
and utilize it. Of course, once the Word had adijwehat followed can truly be said to be history if



only because it can in some measure be read, lilk®lg, from the periodically changing scripts
inscribed

in the mutating genomes of evolving organisms. tBatscript is merely a record. It does not in ftsel
comprise the history of life, which is one of organs, not of mere molecules.
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10
The Poverty of Reductionism

[A man] with a rule and a pair of scales, and theltiplication table always in his pocket, sir, reatb
weigh and measure any parcel of human nature, elhgdu exactly what it comes to. It is a mere
guestion of figures, a case of simple arithmeticTime itself for the manufacturer becomes ita ow
machinery: so much material wrought up, so muchl fmmnsumed, so many powers worn out, so much
money made.

Charles Dickens, describing Thomas Gradgrindjand Times
THE RISE OF NEUROGENETIC DETERMINISM

It is time to shift gears. The preceding chaptéthis book have taken issue with the fashionable
gene's-eye view of biology which conceives livimganisms as nothing but ‘lumbering robots’,
assemblages of organs, tissues and chemicalsaf®atnd subject to the commands of a master-
molecule whose goal is self-replication. By cortirbbave offered an alternative vision of biology
which focuses instead on the autopoietic functmingrganisms, their lifelines in space and time. In
doing so | have been treating the issue of rednistio primarily as if it were an internal problenr fo
biologists (and perhaps also for philosophers)uahow to design and interpret experiments, and how
to understand and explain living processes. | liagd to show why reductionist explanations areéhbot
so seductive and yet so inadequate in dealingtivélftomplexities of the living world. | want now to
move to the final and in some ways most

polemical stage of the discussion, which | teeductionism as ideolog¥y this | mean the tendency,
very marked in recent years, to insist on the peyra reductionist over any other type of explao@afi
and to seek to account for very complex mattenahal -- and above all of human -- behaviour and
social organization in terms of a reductionist p®e which begins with a social question and
terminates with a molecule -- often a gene. Torreta my fable of the five biologists and the jumgpi
frog, it is as if nothing else matters but the roalar biologist and the chemistry of actin and niyos

The issues raised by these opposing visions areamfined to esoteric disputes between ivory-tower
academics. | have emphasized the ideological poiweodern biology in its claims to interpret and
pronounce upon the human condition, to offer exgtians and remedies for our social ills. From its
Baconian inception, modern science has been alodlitknowledge and power, above all the power to
control and dominate nature, including human natNoevhere perhaps has this Faustian pact been
made so explicit as in the programme that has shaypéecular biology since its origins. Its very ream
was invented as long ago as the 1930s by Warrewvé&¥eaf the Rockefeller Foundation, as part of a
coherent policy by one of the major fund-giversha field. That policy, drawing on prevalent eugeni
thinking on the need to 'improve the race' by seletreeding, was specifically to achieve a 'scéen
of man' which was also a science of social contr8k one of the early directors of the Foundation
expressed it bluntly in 1934, its policies

are directed to the general problem of human behawith the aim of control through understanding.
The Social sciences, for example, will concern thelwes with the rationalization of social contitble



Medical and Natural sciences propose a closelydioated study of the sciences which underlie
personal understanding and personal controland pecifically] the problems of mental disease.

To this end, the Rockefeller concentrated its resesion the sciences of psychobiology and heredity,
in the firm belief, fostered by Weaver, that suohtcol would come about through the study of the
‘ultimate littleness of things'. As | emphasizedha opening chapters of this

book, how biologists -- or any scientists -- peveehe world is not the result of simply holdingrae
reflecting mirror up to nature: it is shaped by kiigtory of our subject, by dominant social expgotes
and by the patterns of research funding. The gh@eer and scale of the Rockefeller vision, backed a
it was by its hundreds of millions of dollars, erexiithat alternative understandings of biology
withered. That was the fate, for example, of theQk9Theoretical Biology Club in Cambridge,
England, centred around Joseph Needham, whoseedogtionist approaches to metabolism,
development and evolution were swept aside by tiek&eller offer to fund an explicitly reductive
biochemical research programnie.

Of course, the Rockefeller vision has been immenseductive in both scientific knowledge and
technologies, the products of this Baconian alkaimday we can see its lineage in the mushrooming
biotechnology companies in the USA, Japan and Eyrioghe 1990s Human Genome Project and
Decade of the Brain. But to naturalize it as Wwére the only way of understand the living worldda

to ignore its explicit goals of social control ait&limplicit eugenic agenda, is to fail to grasp th
directions in which it is leading us, as if modsaience has simply transcended the ideologies that
shaped it in the past. Today's molecular biologhasvever unreflectingly, heir to this past, androat
simply shrug it off. Thus the dramatic advancekriowledge of the past decades have been
accompanied by ever more strident claims that éve genetics, molecular biology and neuroscience
are about to explain, and in due course to mothky human condition, and in doing so will usheain
new erasof what some years ago one of the enthis$ifas the new biology called a 'psychocivilized
society":

.. . there should be tattooed on the foreheaderfyeyoung person a symbol showing possessioneof th
sickle-cell gene or whatever other similar genelt is my opinion that legislation along thisdin
compulsory testing for defective genes before ragaj and some form of public or semi-public
display of this possession, should be adopted.

The date of this quasi-Nazi proposal? Not the 198081968. And its author? Hero of anti-war and
alternative health movements, and

twice Nobel prize-winner, once for chemistry ang®ifor peace, Linus Pauling.

Week after week, newspapers report what are see@jas breakthroughs in biological and medical
understanding. Here's a random sampling: 'Stres&tg, depression: The new science of evolutionary
psychology finds the roots of modern maladies engbnes' was the cover story Tamemagazine for

28 August 1995. 'Gene hunters pursue elusive amghlex traits of mind', claimed tiéew York Times
on 31 October 1995. 'Studies link one gene to aisp@ersonality’, offered th€alahassee Democrat

in January 1996. In July 1993 thendon Daily Mailannounced an 'Abortion hope after "gay genes"



finding'. TheLondon Independemtarried an article entitled "How genes shapentived™ ( 1
November 1995). More circumspectly, thendon Guardiaron 1 February 1996 described the hunt
for 'intelligence genes' by Robert Plomin (newlpaipted from the USA to a professorship at
London's Maudsley Institute of Psychiatry) as tbarsh for the clever stuff', and listed the ‘losers
life's genetic lottery' as those who lack such gene

Genes have been located, it is claimed, not oofydiseases like breast cancer but also 'for’
homosexuality, alcoholism, criminality and a nowtar@mus -- and only half-facetious -- speculatign b
Daniel Koshland, then editor of one of the worfgfemier scientific journalssciencethat there might
even be genes for homelessnégst the same time, drugs to extend life, improvermgy or prevent
"compulsive shopping' make newspaper headlinesiadsity scientists call press conferences, issuing
promissory notes in which they claim to have disred the biological causes of sexuality, or of
violence in modern society. "Twin studies suggast\en temperament may lie in the genes’, claimed a
press release from the University of Wisconsinebiaary 1994. A year later, the London-based
medical charity the CIBA Foundation called a pressference to announce that they were sponsoring
a closed meeting of behaviour geneticists whossareh pointed to a 'biological’ origin for the
incidence of violent crim€.

The emerging synthesis of genetics and the bramees -neurogenetics- and its philosophical and
political offspring, which we

may callneurogenetic determinisroffers the prospect of identifying, ascribing salupower to, and
eventually modifying genes which affect brain amthdviour. Neurogenetics claims to be able to
answer the question of where, in a world full afiindual pain and social disorder, we should look n
merely to explain but, even more potently, to cleaagr condition. While only the most extreme
reductionist would suggest that we look for theyms of the Bosnian war in deficiencies in
neurotransmitter mechanisms in Dr Radovan Karadhbrelin, and its cure by the mass prescription of
Prozac, many of the arguments offered by neurogedeterminism are not far removed from such
extremes. Give the social its due, the claim rbasjn the last analysis the determinants are gurel
biological. And anyhow, we have some understandimd)possibility of intervention into biological
processes, by drugs, abortion or gene therapygwlyilcontrast -- so such determinism insists -tagoc
interventions have been notoriously unsuccessful.

Urban violence, homelessness and psychic distresseaperately serious features of life in Europe
and the USA today, and solutions must be soughth&argument against hunting for neurogenetic
explanations is not that it is immoral or unethiwatio so. It is simply that, despite the sedugtoeer

of reductionism, neurogenetics is the wrong le¥ehe disciplinary pyramid of Figure. 1.1 (pagea®)
which to find answers to many of the problems comiing us. It then becomes at best an inappropriate
use of scarce human and financial resources, andrat a substitute for social action. | need to
reiterate this strongly if only because | findatgersistently, even perversely, misunderstooth | a
distressed by the arrogance with which some bistegilaim for their -- our -- discipline explanator

and interventionist powers which it certainly doe$ possess, and so cavalierly dismiss the counter-
evidence.

TRUMPETING GENES



This is not a new debate. It has recurred in eacleigtion at least since Darwin's day, most regémtl
the form of the polemical disputes

over the explanatory powers of sociobiology in 18&0s and 19808 It is not my intention to go over
that old ground agaif.What is new today, however, is the way in whic tiystique of the new
genetics is seen as strengthening the reductiargsiment. At its simplest, neurogenetic determinism
argues for a directly causal relationship betwesmmegand behaviour. A man is homosexual because he
has a 'gay brain*? itself the product of ‘gay genes' and a woman is depressed because she has genes
'for' depressiont? There is violence on the streets because peopttialent' or 'criminal' genes ;
people get drunk because they have genes ‘fotalism.* In a social and political environment
conducive to such claims, and which has largelydiesd of finding social solutions to social

problems (although no one to my knowledge is rebdag the genetic ‘causes’ of homophobia, racism
or financial fraud), these apparently scientifisexions become magnified by press and politicians,
and researchers may argue that their more modesischre traduced beyond their intentions -- ab wit
the disclaimers by Han Brunner concerning so-casigdression genes', to which | refer below. Yet

this is hard to credit when the researchers therasgiut so much effort into sales talk. The press
releases surrounding the publication in 1992 ofdBirbeVay bookThe Sexual Brairt> which

claimed, on the basis of his post-mortem studigh@brains of a number of gay men who died of

Aids, to have located a specific region of the mrahich differed in presumed gay from presumed
straight men, or Dean Hamer's research paper i #®&h claimed to have identified a 'gay getfe’,
were couched in language that left little needni@dia magnification.

The undoubted successes of molecular biology shediscovery of the double-helix structure of
DNA in 1953 have fostered the sort of gung-ho tqnalism among geneticists not seen in science
since the heydays of physics in the 1920s and 1930s belief that their science can explain
everything that is to be explained about the huomardition, and indeed can rebuild humanity in an
improved image if allowed: 'give me a gene, andr move the world'. Nor has biology hitherto been
well served by philosophers, more accustomed toeataig critical analyses of the meta-claims of
simpler sciences like physics. It is as if theydheen bemused by the sheer encroachment

of the claims of biology upon their very statudta@skers. Physics, after all, never proposed tomak
philosophy, but merely to live in harmony withTthe opening paragraphs of WilsS8ociobiology by
contrast, make just this claim for the new biologndering redundant such human sciences as
sociology, economics, politics and psychology.dsponse, many philosophers have retreated, while
some have mutated into a new breed, of so-calleetlucists, pondering the moral dilemmas
apparently opened up by the futures which biolegy at least genetics -- seems to offer. Yet dhen
space is to be denied to philosophers, for themeWecular biologists want not merely to do their
science but also to control its uses. Wilson, ietance, advocates a code of ethics which is
'genetically accurate and hence completely fdiFew professional philosophers seem prepared to
subject these ethical claims to rigorous analysidary Midgley being one honourable exceptith.
Today's buzzword is universal (ultra-) Darwinism.

REDUCTIONISM AS IDEOLOGY



Claims to explain phenomena as diverse as sexigaitation, mental distress, worldly success as
measured by school performance, job or incomeyvasiednce on the streets of our major cities are
scarcely minor concerns. We all want to know wher®ok to explain our personal successes and
failures, our foibles and vices, to say nothinghaf chronic crises we see in the world around as. F
such problems we have the choice of invoking eitloeial or personal explanations. If social, we can
seek solutions through social action -- improving €économy, changing the law, or working to alter
the social structures of power and privilege. iigo@al, we can explore our own individual life brst
by way of psychotherapy. Or we can invoke the lgimal and claim that the roots of the problem we
confront lie within individual brain structure, lmlemistry or genetics. If the causes of our plessur
and our pains, our virtues and our vices, lie pneidantly within the biological realm, then it is to
neurogenetics that we should

look for explanation, and to pharmacology and malkecengineering that we should turn for solutions.

As | have repeatedly emphasized, this simplifiegtisith its implication that the world is dividedto
mutually incommensurable realms of causation inclvl@xplanations are either soapal'biological’,
its cheaply seductive dichotomies of natarewurture, genesr environment, is fallacious. The
phenomena of life are always and inexorably sinmagitausly about natui@nd nurture, and the
phenomena of human existence and experience aagsabimultaneously biologicahd social.
Adequate explanations must involve bdthOf course, for any serious natural scientist toydae
relevance of the social in favour of the biologisaluld be equivalent to politicians denying thagyth
were giving priority to party, rather than nationaerests; we are all interactionists now. In aagrch
for explanation and intervention it is necessargdek the appropriate level which effectively
determines outcomes. Yet again and again one fir@seductionist claim, unqualified, making the
headlines and setting the research agenda.

Neurogenetic determinism, | argue, is based owltyfeeductive sequence whose steps include
reification, arbitrary agglomeration, improper qtiication, belief in statistical 'normality’, spaus
localization, misplaced causality, dichotomousifiarting between genetic and environmental causes,
and the confounding of metaphor with homology. Alé mecome clear, no individual step in this
sequence is inevitably in error, it is just thattes slippery and the danger of tumbling very gréae
issue at stake here is not so much the formal gtyibical one which | addressed in Chapter 4, it th
guestion of the appropriate level of organizatibmatter at which to seek causally effective
determinants of the behaviour of individuals andesttes. The structure of the argument is similar
whether the discussion focuses on intelligencejaéy or violence, and | shall base my analysis
mainly around these themes.

REIFICATION

The first step in the processrafication. Reification converts a dynamic process into tcsta
phenomenon. Violence is the term used to desceliaio sequences of interactions between persons,
or even between a person and their non-human emagot. That is, it is a process. Reification
transforms the process into a fixed thingggression- which can be abstracted from the dynamically
interactive system in which it appears and studiadolation, as it were, in the test-tube. Thithis
thinking that has led to regarding aggression @isesmotypic character, to be analysed by the modern



counterparts of Mendelian methods. In Chapterpgjted to the difficulties inherent in regarding
even apparently straightforward aspects of an iddal, such as the colour of a pea or an eye as a
unitary 'character'. To regard an aspect of belaae an isolable character is much more problemati
In Chapter 2, | described the care required, eviémmthe methodologically reduced framework of an
ethogram, in abstracting and defining the behavadar single individual held in relative isolatioriet

if the activity described by the term ‘'violence' atruism’, or 'sexuality’, can be expressed amign
interaction between individuals, to reify the preg@nd pretend that it is in any sense a chartdaer
can be isolated is to lose its meaning. It is tostder the frog jump without taking the snake into
account.

ARBITRARY AGGLOMERATION

Arbitrary agglomeratiorcarries reification a step further, lumping toggtmany different reified
interactions as if they were all exemplars of the oharacter. Thusggressiorbecomes the term used
to describe processes as disparate as a man ahisioger or child, fights between football fans,
strikers resisting police, racist attacks on etmigorities, and civil and national wars. Agglontera
proceeds by assuming each of these social prociesbesmerely a reified manifestation of some
unitary underlying property of the individuals,

so that identical biological mechanisms are invdlire or even cause, each. This is well illustrdigd
a research paper, publishedSiciencen 1993, by a team led by Han Brunr@rit described a Dutch
family (pedigree is the technical term), some obsdnmenfolk were reported as being abnormally
violent; in particular, eight men 'living in diffent parts of the country at different times' actbsse
generations showed an 'abnormal behavioural phpeofyhe types of behaviour included 'aggressive
outbursts, arson, attempted rape and exhibitioniSam such widely differing types of behaviour,
described so baldly as to isolate them from thesiad context, legitimately be subsumed under the
single heading of aggression? It is unlikely thathsan assertion, if made in the context of a safdy
non-human animal behaviour, would pass musterr{aicgy couldn't get away with reporting a study
involving such varied behaviour in eight chick&fet Brunner's paper was published in one of the
world's most prestigious journals, with consideeadttendant publicity. (Parenthetically, it is
interesting how many of these rather sensationatfidtoften scientifically dubious papers claimihg t
identification of specific genebased causes forduproblems have been publishe®oienceThe
journal's rivalNature has been much more circumspect.)

The paper attracted much attention by reportingehah of these 'violent' individuals also carees
mutation in the gene coding for the enzyme monoaraxidase (MAOA) which, among other
functions, is associated with the metabolism oddigular neurotransmitter and is believed to e si
of action of a number of psychotropic drugs. Cabid mutation then be the 'cause’ of the reported
violence? Brunner himself subsequently disclaineddirect link, and indeed, dissociated himself
from the public claims that his group had identlifee'gene for aggression’, claiming that this was
merely a journalistic distortiofi* Yet the claim is now widely cited in the resealitérature, in which
what Brunner's paper described in its title asdam@l' now becomes 'aggressive' behaviour. Thus a
paper whose title commenced with these two worescrbing mice lacking the monoamine oxidase A
enzyme, appeared Bciencdwo years after the Brunner paper. The authopsinaarily French group
headed by Olivier Cases, described the mouse pugiscaving 'trembling, difficulty in righting,



and fearfulness . . . frantic running and fallingeo. . . [disturbed] sleep . . . propensity teelitie
experimenter . . . hunched posture .?% Of all these features of disturbed developmet aifthors
chose to include only 'aggression' in their pagglés and to conclude their account by claimihgtt
these results support 'the idea that the partigudaygressive behavior of the few known human males
lacking MAOA . . . is a more direct consequenc®I#fO deficiency'. When | pointed out, in a letter to
Sciencethat what the Cases paper headlined as aggresasa minor and scarcely surprising aspect
of this grossly disturbed developmental pattermg ofithe authors telephoned me to explain that they
had highlighted aggression this way because it sddhe best way of drawing attention to their
results.

More disturbingly, this type of evidence, slighotigh it may seem, has become part of the arsenal of
argument employed, for example, by the US Fedei@kXce Initiative, aimed at identifying inner city
children regarded as 'at risk' of becoming violarater life as a result of predisposing biocheahir
genetic factors. This programme, proposed origyiafi the then director of the US National Institute
of Mental Health, Frederick Goodwin, originally rarto a hostile barrage of publicity over its
potentially racist overtones, with its repeatedembdeferences to ‘high-impact inner city' youtht No
long afterwards Goodwin left his directorship, goans to hold a meeting to discuss his proposals
were several times abandon&tiNone the less, parts of the research programme theen

implemented in the USA, particularly in Chicagb.

As with each step in the reductionist cascade tastribing, the problem does not lie in the faat,th
as researchers, within the methodology availabiestave need to classify -- to group together ciifé
types of observation as having something in comnibese are not inevitably illegitimate steps, as |
argued previously in terms of my own studies otklpecking as exemplifying memory. Science
seems often to proceed by alternately groupingtbegelifferent phenomena as aspects of the same
(lumping) and recognizing differences between tligptitting). However, lumping arson and
exhibitionism together in the same category as battmples of the

'natural kind' called 'violence' is not likely tcake much sense to either a criminologist or a juatge
jury in court.

To get round this difficulty, some researchers haeently relabelled such cases so that they ngelon
appear as examples of ‘violence', but of a diffecategory, of 'antisocial behaviour' now also regd
as a natural kind> Far from solving the problem, such relabellingyomiakes it worse. Just as
agglomeration lumps together disparate activiseshe identical act may be regarded as socially
acceptable or unacceptable depending on the citamees in which it is carried out. Bombing a
government building in enemy territory if you arpibbt and your nation is at war is socially
praiseworthy; on the other hand, if you are a membéhe society whose buildings you bomb you are
guilty of the antisocial behaviour called terrorisGontrast the medals given to US pilots during the
Gulf War with the criminal charges against the bemstof the Federal office building in Oklahoma
City. Perhaps the clearest-cut example comes froepasode in Northern Ireland in 1990. A British
soldier, Lee Clegg, was on duty at an army checkpohen a stolen car crashed through the
roadblock. Private Clegg lifted his rifle and sldetad one of the occupants of the car, a teenalge gir
who had been joyriding. He was charged, and coediof murder, perhaps the ultimate in antisocial
behaviour. The army, supported vociferously byEnglish tabloid press, was outraged and waged a
vigorous and ultimately successful campaign forrbisase and reinstatement. He was, they argued,
doing his duty, the car might after all have h&d\lterrorists, not joyriding teenagers -- in whitdse



he might even have been given a medal. By 199atdbaen promoted to lance-corporal, and was
seeking compensation for wrongful arrest and ingomsent. So the identical act can be defined either
as socially approved or antisocial, depending notwon the act itself but on the perception of those
who observe it. How can this conceivably form tlasib for a biological, individually based
categorization, in which we look for unusual gefegsneurotransmitter enzymes in Lee Clegg's brain
to explain what has happened? Antisocial behavsdiearly not a natural kind.

IMPROPER QUANTIFICATION

Improper quantificatiorargues that reified and agglomerated characterbeaiven numerical values.
If a person is violent, or intelligent, one can askv violent, how intelligent, in comparison witther
people. This assumption, that any phenomenon camelasured and scored, reflects the belief, to
which | have already referred, that to mathematisiamething is in some way to capture and control
it. The best-known example is the use of the I@(ligence quotient) scale to describe and measure
intelligence. Along with many others, | have writtereviously about the history of this scale anaheo
of the fallacies embedded within its use, and tier® need to repeat these arguments in detail fer

The first steps involve reifications and agglomierat which parallel those described above for
violence. 'Intelligent behaviour', essentially ateractive process between an individual and otloers
with the social, living and inanimate worlds, be@sfixed as a unitary character. Many different
examples of such behaviour are then all taken tmé@festations of something called, as if finady
freeze dynamics into statics, 'crystallized ingghce', and given a special symbol, g, originally
introduced by the psychologist Charles Spearmahari920s (is it only coincidence that this is also
the symbol for one of the most hallowed of physfoates, that of gravity?). Tests are then devised
measure this inferred hidden constant. Subjectasited a series of questions, supposedly not
dependent on school education, class or cultutanbtead assessing underlying absolute skilld) suc
as matching patterns or identifying logical seqesnaf numbers or words. The subject's score orthes
tests is then compared with that for the generpugadion (or, for children, others of the same age
group), and the resulting comparative figure isechthe 1Q. Of all the assumptions built into this
process, for the moment | want to consider only. time extraordinary belief that the multiple aspect
of behaviour (even reified and agglomerated behayithat contribute to what we may recognize as
intelligence -- speed and accuracy of respondinmgete information, skill at deriving meanings

from ambiguous social situations, capacity to iratevn novel environments, and many others as well
-- can all be reduced to a single number, so tleaentire human population can be ranked by it,gss
they might be if we were to line them all up bydtsi

Of course, to achieve this type of mathematicalicidn it is necessary to discount many of these
richly interacting human capacities, despite tlee flaat to most people they would seem to be among
the most salient aspects of what is called intefige. Instead, such psychometricians retreat into a
private world inhabited only by like-minded devatesd the art of counting. Indeed, they find it
difficult to relate to other brain and behaviowaientists, who mostly look askance at psychongetry’
commitment to arbitrary numerology. (In practicestineans that the only other discipline to which
they can relate, and with which psychometry hatohally been linked, is a certain subarea of
behaviour genetics. Indeed the two, psychometryo@hadviour genetics, are the twin offspring of the



eugenic movements of the early twentieth centtiryTo see this cavalier rejection of anything other
than the reduction of intelligence at its most @aoy, one need go no further than the first chapte
Herrnstein and Murrayhe Bell Curvewhich, faced with the voluminous critiques, fromany

different perspectives, of such reduction of ingelhce to a single score, sweeps aside all oppositi
Intelligence, they insist, is not to be confoundeth talent, insight, creativity, or capacity todi or
solve problems or resolve difficulties, any morartht has anything to do with musical, spatial,
mathematical or kinaesthetic ability, sensitivitiarm or persuasiveness:

There is such a thing as a general factor of covgnatbility on which human beings differ.

All standardized tests of academic aptitude oreaament measure this ability to some degree, but IQ
tests expressly designed for that purpose meatsomesi accurately.

IQ scores match, to a first degree, whateverthas people mean when they use the word intelligent
smart in ordinary language.

Thus intelligence is what intelligence tests measund if other tests, constructed on different
principles, fail to conform by providing a

measure compatible with this unitary view of g ytlaee simply dismissed as being beneath
consideration.

STATISTICS AND THE NORM

Belief in statistical normalityassumes that in any given population the distioloudf such behavioural
scores takes the form known as a Gaussian disoiyuhe famous bell-shaped curve ( Figure 10.1).

Figure 10.1 The bell curve.

This is known to statisticians as a 'normal’ disttion. One of the best-known examples of its
application is with 1Q, the tests for which suceesgenerations of psychometricians refined and
remoulded until their results (almost) fitted thppeoved statistical shape. That is, tests whicmadid
result in distributing the population accordinghe curve were rejected, or test items within them
modified, until they fitted the curve, a feat ackdd between the wars in the various revisions atwh
became known as the Stanford-Binet IQ test, orltyirmeveloped in the 1920s. The curve-fitters also
ran into another problem. When they looked at halesiand females (boys and girls) performed on
the tests, girls outperformed the boys on certaims, thus recording an apparently higher 1Q. &s th
testers assumed that there should be no sex diffesan 1Q scores, items



on which the two sexes scored differently were mgajusted until, on average, there were no longer
any differences between them. However, when ths s#®wed average differences in score between
people from working and middle classes, or betwdaoks and whites, these were assumed to reflect
'real' underlying differences in intelligence.dtin fact possible to construct tests on which, for
instance, working-class children score higher timghdle-class, but these are discounted. My late
colleague Brian Lewis did this by arguing that wing«class children had to cope with much more
'disinformation’ -- lies -- than did middle-cladsldren. He designed a test in which schoolchildrad

to sort out strategies from a mixture of true ansl@ading statements. Working-class children did
much better on these tests. (Modern testers soreg@mploy so-called culture-fair tests, ignoring th
fact that these have been standardized alreadgsidhe Stanford-Binet and so are likely to peraigtu
any biases implicit in the earlier tests.)

This procedure demonstrates how the ideologicalncments of the testers can serve to construct a
biology which they then assume they have simplg @f&afrom nature. But worse is the assumption
that the entire population can be distributed alasgngle dimension, which is to confuse a biolabic
phenomenon with a statistical manipulation. Thened biological necessity for such a one-
dimensional distribution, nor for one in which ghepulation shows such a convenient spread. It is
perfectly possible to set examinations in whictiualy everyone scores 100 per cent; the British
university penchant for 10 per cent first classrdeg, 10 per cent thirds and 10 per cent faild) wit
everyone else comfortably in the middle, with aosel; is a convention, not a law of nature ( Figure
10.2).

Yet the power of this reified statistic should betunderestimated. It conveniently conflates two
different concepts of 'normality’. The statistisahse of the term does not have a 'value' attaohed
'normal’ merely describes a particular shape ofewhich has the property that 95 per cent ofriéaa
is to be found within a defined distance -- twanstard deviations -- of the mean. But in common
parlance the term does indeed mean 'normatiw@esitribes not merely how things are, but how they
ought to be: to lie more than
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Figure 10.2 Possible distribution of test scores tiin a population. Three non-bell-curve
potential distributions are shown; any one of themand any others in between, are possible,
depending on the design of the test.

two standard deviations from the mean in a Gaush#rbution is to be abnormal, with all that this
implies. When Herrnstein and Murray called theiokb@he Bell Curvethey played precisely into
these multiple meanings of reified normality.

SPURIOUS LOCALIZATION

Having reified processes into objects and arblfrguantified them, the reified object ceases t@be
property even of the individual, but instead becem@roperty of part of the individual. Hence the
penchant for speaking of, for example, schizoplererains, genes -- or even urine -- rather than of
brains, genes or urine derived from a person disghas suffering from schizophrenia. Of course,
everyone ought to know (and does, at least on Signglest as everyone is an interactionist thess)day
that this is a shorthand, but the resonance

of 'gay brains' or 'selfish genes' does more thareiyn sell books for their scientific authors: dth
reflects and endorses the modes of thought andueaipbn that constitute neurogenetic determinism,
for it disarticulates the complex properties ofiunduals into isolated and localized lumps of bmjo

Thus recent years have seen an unusually polenetate, more reminiscent of the early days of
nineteenth-century phrenology than of modern rese@mong different neuroanatomists each
claiming to have found 'the' brain seat of homosaé#u Two regions in particular have been in
contention for the honour of conveying male homosg¢preference: one the great band of nerve fibres
that connects the two halves of the brain, theuw®gallosum, the other a cluster of nerve cellpdee
the brain called the hypothalamus. According toraadllen?® in California, men and women have
corpora callosa, which if measured at a particafagle, differ in thickness, while gay men are,
naturally, intermediate between proper heterosexzdés and females. By contrast, Dick Swaab in
Amsterdant® and Simon LeVay in La Jolla, Californi#,focus on the hypothalamus, each proposing
a different part of this complex structure as diffg in volume between gay and presumed straight
men. LeVay's study made the headlines partly bechesised autopsy material from men who had
died of Aids, partly because he followed his reskegraper up with a popular bodiye Sexual Brain
and partly because he is himself a declared gagelth, he argued that the finding of a site in tlagnb
for gayness was liberatory because it relieved af¢he stigma of immorality, and would alleviateth
fear expressed by some in the straight commundiyttirey could catch this sexual 'disease’ by the
contagion of mixing in the wrong company.

| don't want to go into a detailed analysis herthefempirical evidence offered by the three
neuroanatomists, or by the geneticist Dean Haniehed\ational Institutes of Health in Bethesda,
Maryland, who in 1993 trumped the anatomical stsithg reporting that he had found not a gay brain,
but a marker for a 'gay gen& These studies have recently been subjected tdedegad stringent
empirical criticism by Anne Fausto-Sterlirig,and there have apparently been problems in rejplica
Hamer's findings in other samples. My concern



here is once more with the structure of the argurdeployed by those seeking to locate homosexuality
in a bit of the brain or an aberrant gene, fohdss all the features | have already described for
attempts to home in on violence and intelligenoel, more besides. The expression of same-sex
preference is scarcely a stable category, eithimiman individual's lifetime or historically -- deed,

that 'nomosexual’ might be used as a term to desan individual, rather than part of a continudm o
sexual activities and preferences available tsakbms to have been a relatively modern development
34 \What the reductionist argument does is to rembeedescription of sexual activity or preference
from being part of a relationship between two indiixals, reify it and turn it into the phenotypic
‘character’ resulting from one or more abnorma},ggnes. As always, it deprives the term of persona
social or historical meaning, as if to engage me&aex erotic activity or even to express a sarme-se
preferred orientation meant the same in Plato'&€eVictorian England and San Francisco in the
1960s.

Just as homosexuality is 'located’ in the hypothaky so aggression had been 'located’ in anothef se
structures within the brain, the limbic system, angarticular one part thereof, the amygdalahin t
1970s two psychosurgeons proposed to treat inberdalence by ‘amygdalectomizing' militant
ringleaders from America's inner-city ghetfds- that is, by cutting out the offending regioather as

in the biblical exhortation to pluck out your eyétioffends you. | used to believe that things evar

little more sophisticated today, but a 1995 televislocumentary persuaded me otherwise. It showed
California-based psychologist Adrian Raine standimfyont of two brain images taken by PET
(positron emission tomography) scanning, and erplgithat one, the brain of 'a murderer', showed
'low activity' in the frontal cortex by comparisaith the other, the 'normal’ braiff.| gloomily
concluded that the days of the nineteenthcentaiiait criminologist Cesare Lombroso, who believed
you could tell thieves, murderers and swindlergtapathe shapes of their heads, were not that long
past.

Raine was theorizing that the function of the 'm@relved’ cortex in humans was to control the
‘primeval’ limbic system, and that where

frontal activity is low the amygdala and other limbystems are out of control, and left to theinow
devices will drive their owners to violence. Itnst made clear whether a similar finding would gppl

to scans of the brains of the war heroes who haeea besponsible for some of the greatest massacres
of modern times, Stormin' Norman and the killing$le@eing Iraqi troops on the Basra Road in 1991,
or Ratko Mladic and the mass graves of the Musliem f Srebenica in 1995, What is certain is that a
view of the brain as composed of 'less' and 'nmew@ved structures is yet another of those
evolutionary fantasies. It is of course speciesjmdividual parts of an organism, which evolvedan
during such evolution old structures acquire nemcfions. The great mass of the cerebral cortex, in
humans and other mammals, shows evolutionary desoemthe olfactory bulb, still there in present-
day reptiles. But that doesn't mean that we thinkrelling.

Raine's claims take us back to an older traditbripcalizing' reified properties. More frequenthese
days, that localization takes the form not of darbstructure, but of an abnormality in some brain
chemical -- a neurotransmitter or an enzyme ogtres responsible for its production. The particular
substance in question tends to fluctuate with sishibnable molecule of the moment. Thus a few years
ago much attention was paid to one particular rteamemitter, the substance gamma amino butyric
acid (GABA) as being particularly associated witlgiessive behaviour. Today, aggression is more
likely to be explained as being 'caused' by a desioof the metabolism of serotonin (specificalhg t



re-uptake of the secreted neurotransmitter intacétis of the brain). Abnormalities of serotonin re
uptake mechanisms are blamed for everything fropnedsion and suicide to ‘impulsive behaviour' and
violence; gge universal panacea is Prozac, ondarhdy of drugs which selectively inhibits seroton
re-uptake:

MISPLACED CAUSATION

It is at this point that neurogenetic determinisitnaduces its misplaced sense of causality. If is o
course probable -- indeed in some

contexts certain -- that during aggressive encoamteople show dramatic changes in, for instamee, t
levels of steroid hormones and adrenatin circudgitintheir bloodstream and the release of
neurotransmitters in their brain, all of which danaffected by drug treatments. People whose life
history includes many such encounters are likelshiow lasting differences in a variety of brain and
body markers. But to describe such changes asyfilere the causes of particular behaviours is to
mistake correlation, or even consequence, for cAlfben you have a cold, your nose runs. Yet despite
the invariable correlation of the two, it would &enistake to believe that the cold was caused &y th
nasal mucus; the chain of cause-andeffect rurtseimeverse direction. Nor, despite the fact thaz&e
both inhibits serotonin re-uptake mechanisms ang dimainish the likelihood of you committing
suicide or murder, does this mean that the levekadtonin release in your brain is the cause af yo
desire to kill yourself -- or someone else. Aftikr\w@hen one has toothache one can alleviate thre pa
by taking aspirin, but it does not follow that tteuse of the toothache is too little aspirin inhain.

This misconception (which follows the logic of thmchemist who argues that the cause of the frog
jumping lies in the chemistry of actin and myogiay for decades dogged the interpretation of the
biochemical and brain correlates of psychiatriodigrs,*® yet it still continues. Thus recent claims

that an abnormality in the receptor molecules &irgnother neurotransmitter, dopamine, could
underlie susceptibility to substance abuse werateoed by the argument that the abnormality was the
result, not the cause, of drug takifgSuch beliefs are an almost inevitable consequehtte

processes of reification and agglomeration, fohére is one single thing called, for instance,
alcoholism, then it is considered appropriate gksesingle causative agent.

DICHOTOMOUS PARTITIONING

If aggression, or antisocial behaviour, or homoséiiguare ‘caused' by some 'abnormality’ in brain
structure, or in biochemistry, or by

some hormonal imbalance, what in turn '‘causeseth&bey could of course be the consequences of
some feature in the environment (and those wheweko usually argue that they result from some
aspect of early rearing or poor diet, as when infamperament' in early months is claimed to tedi
later poor performance at school or adult violefide More often, though, attention turns to those
well-known first causes, the genes, and the appsaucttheritability studies is wheeled out. For eifen
there is difficulty in regarding such socially dedd attributes as characters in the Mendelian sénse
they correlate with a 'real' measure such as tred & an enzyme or neurotransmitter, then the
heritability of this can surely be determined. Aogaexample of this mode of thinking is the clairatth



IQ scores correlate with a more neurophysiologiweasure referred to as 'inspection time', whose
heritability can then be assessed. In Chapterodld @ detour through the history and mathematics of
the heritability measure, and explained why -- @x@e the very specific context for which it was
originally devised (agricultural breeding experingn- it was rarely applicable, widely misundecsto
and in most cases meaningless. Sadly, this hgareetnted behaviour geneticists and
psychometricians from endeavouring to apply it; Imas it been deprived of its ideological resonance,
as when claims are made that the heritability tdliigence -- or rather of 1Q test score -- is gghlas

80 per cent.

As | mentioned in Chapter 7, political orientatioileuroticism and attitudes to military drill, rogal
censorship and divorce, among many others, asipflosed to show relatively high heritability.
Indeed, it becomes hard to find any human attributeelief, even the most seemingly trivial, to @i
the heritability statistics fail to identify an agently significant genetic contribution. New and
sophisticated statistical techniques, such asdtrmaed quantitative trait locus analystsare

employed which purport to show that even those itimmd for which major genetic causation cannot
be shown (Alzheimer's disease is a good exampletentnly about 5 per cent of the cases are clearly
associated with a specific genetic dysfunction)imfact the result of the small additive effects o
many genes. And while no one claims that heritgbdquals destiny, nor that such an

estimate provides information about any specifdividual, rather than merely measuring the variance
within a population, the whole tenor of the apptoecnone the less to transfer the burden of
explanation, and if appropriate of interventiomnfrthe social or even the personal level to that of
pharmacological or genetic control.

CONFOUNDING METAPHOR WITH HOMOLOGY

If first causes are genetic, then the adaptatigasadigm within ultra-Darwinism must seek to agtou
for how they may have evolved. It then becomes@pyate to seek equivalents of the human
behaviour under consideration in the non-human ahivorld -- that is, to find an animal model in
which the behaviour can be more readily controliednipulated and quantified. Place an unfamiliar
mouse in a cage occupied by a rat, and the rikely leventually to kill the mouse. The time taken
the rat to perform this act is taken as a surrofgatthe rat's aggression; some rats will kill ddyc
others slowly or even not at all. The rat whicHskih thirty seconds is on this scale twice as aggjve
as the rat which takes a minute. Such a measwweifidd asmuricidal behaviourserves as a
guantitative index for the study of aggressionpigmg the many other aspects of the rat-mouse
interaction, for instance the dimensions, shapedmgtiee of familiarity of the cage environmentte t
participants in the muricidal interaction, whetkiegre are opportunities for retreat or escape tlaad
prior history of interactions between the pair. Ang not that these are merely speculative véemb
for many of them have been studied in detail byletists and shown to profoundly affect the nature
of the relationships between the animals.

But the reductive procedure is taken further, fas then assumed that, just as time to kill become
surrogate for a measure of aggression, so thisvimiran the rat is transmogrified into an analogiie
the aggression shown by drive-by gangs shooting digtrict in Los Angeles, as in the concluding
sentences to the paper by Cases referred to abbaeis, if one can find physiological or biocheatic
mechanisms -- brain regions, neurotransmittereoeg -- associated



with the so-called ‘aggression' in mouse-killintsyghen there should be equivalent or identicairbr
regions, neurotransmitters or genes involved indueamggression to8® Similar arguments are applied
to the search for animal models for drug dependandyalcoholism’® This type of evolutionary
fantasy at best confounds a metaphor or analogilreadiomologue in the sense defined in Chapter 2,
and this is why | have to be so careful in my ovaings that memory in chicks is a homologue of
memory in humans. At worst, it simply makes a fagaation between different meanings of the
word'aggression'. But it has become the vitalmdte link in the chain-mail armour of reductive
ideology.

THE CONSEQUENCES OF REDUCTIONIST FALLACIES

From the birth of modern science, methodologicdliotionism has proved a powerful and effective
lever with which to move the world. We owe to itmyaof the most penetrating insights into
mechanisms in every field of science, includinddmyy. But, especially in biology, complexity and
dynamics, open rather than closed systems, aresn@timer than exceptions, and the methodology of
reductionism, however powerful, has difficultiesdealing with complexity -- indeed, it may prove
positively misleading.

Furthermore, as | argued in Chapter 4, reductionethodology very easily tips over into reductionis
philosophy. This philosophy, the 'nothing-butteéhgt collapses all of science into physics, is
untenable. Nor is it possible to retain a parguctionism by which one can choose voluntariligat
the descent from social behaviour to quantum pBysi@ny convenient point. By its very nature,
reductionism is all or none, while an eliminatiegluctive philosophy fails to account for the new
meanings of phenomena which emerge at each sueedsgel of organization of matter. The
particular chemical properties of haemoglobin aseatial to its significance as an oxygen-carrying
molecule within the physiology of the organism, this functional role cannot be reduced to simple
chemistry, any

more than the properties of the actin and myosahehable a frog's muscle to contract can in
themselves explain why the frog jumps when it seesake. Each level of organization of the universe
has its own meanings, which disappear at loweldeue short, we require epistemological diversity
order to understand the ontological unity of ourhaio

And so to reductionism as an ideology which insistgrying to account for higher-level phenomena in
terms of lower-level properties. It does so by nseafna faulty cascade of reification, arbitrary
agglomeration, improper quantification, belief imrmative statistics, spurious localization, mispthc
causation and the confounding of metaphors withdlogues. The motivations for such reductive
explanations derive in part from the power of régunism as both methodology and philosophy, but
even more strongly from the urgent pressure to dixgglanations for the scale of social and personal
distress in advanced industrial societies at thieaénthe twentieth century, explanations which tsthié
'blame’ for the problem away from the politicallre@nd onto the individual. This drift from the salc
was memorably summed up by Margaret Thatcher dim@ngyears as Britain's prime minister, when
she is said to have claimed that there is no uoly s society, only individuals and their fanslie
thus fascinatingly rephrasing Watson's claim ofy@toms'.



Reductionist ideology has a number of serious apunsgces. It hinders us biologists from thinking
adequately about the phenomena we wish to unddrdBan two consequences at least lie in the social
and political domain rather than the scientificd ax@ed spelling out briefly here. First, reductsbni
ideology serves to relocate social problems tartdevidual, thus 'blaming the victim' rather than
exploring the societal roots and determinants efthenomena that concern us. Violence in modern
society is no longer to be explained in terms okincity squalor, unemployment, extremes of wealth
and poverty, and the loss of the hope that by ctille effort we might create a better society. Ratit

is a problem resulting from the presence of indiaidviolent persons, themselves violent as a resdult
disorders in their biochemical or genetic constitut

But in a strange way, the blame is simultaneouklggal upon them

and lifted from them. Where once a murderer migivehbeen regarded as morally culpable, or the
cause of his (as it almost invariably is) violesoeight in an unhappy or abused childhood, now it is
argued to be due to lower ‘frontal activity' or cheal imbalances in his brain, themselves the
consequence of faulty genes or birthing difficdti€hus, in a recent US court case the lawyer @ctin
for a murderer, Tony Mobley, sentenced to deathiferviolent slaughter of the manager of a pizza
parlour, sought permission to mount a genetic def@gainst the sentence, claiming that his client
may be endowed with the same mutation in his mommaoxidase gene that Brunner found in the
Dutch pedigree he studied. Mobley would not thefrdsponsible' for the murder he committed: ‘It
was not me, it was my gene.Similarly, if homosexuality is 'in the genes',@gnan should not, in a
homophobic society, be regarded as morally culpailéless guilty of criminal behaviour, for
following his genetic dictates. It is not surprigitherefore, that certain sections of the gaylasiian
community have actively welcomed the determiniatrak of LeVay and Hamer, or that both the
Christian fundamentalist right and the judiciarg arorried about just how far the determinist argoine
can be stretched.

The second immediate social consequence of redusttideology is that attention and funding is
diverted from the social to the molecular. If theests of Moscow are full of vodka-soaked drunkel a
rates of alcoholism are catastrophically high amaaitive Americans or Australian aborigines, the
ideology demands the funding of research into #eetics and biochemistry of alcoholism. And it
becomes more productive to study the roots of midtemperament' in babies and young children than
to legislate to remove handguns from society. Taiatps that, as the whole of my argument up till
now has stressed, for any phenomenon in the lwimgdd in general, and the human social world in
particular, one can offer multiple forms of explaoa, of which the reductionist one, properly
formulated, is legitimate. But for any such phenaorethere are alsdetermining levelsf explanation
-- those that account most clearly for the spétyjfiaf the phenomenon, and also indicate potential
access-points for intervention into it.

Let me come back to violence again, and for thetliaee. Crimes of violence are more frequently
carried out by men than by women (although thisupecis changing in both the USA and Britain).
One may argue that this says something about ttlerdmosome, carried by men and not women, but
the overwhelming majority of men are not violenthgnals, so the policy implications of research
seeking to study the Y chromosome in the contextiafe -- short of selective abortion of all male
foetuses -- are negligible. Violent crime is muaghler in the USA than in Europe -- higher, for



instance than in Britain, and much higher thanwe&en. Could this be accounted for by some unique
feature of the American genotype? Well, possibiit, gretty unlikely, since much of the American
population originated by migration from Europe. Bigo the rates of violent crime change
dramatically over quite short time periods. Fotange, the death rate from homicide among young US
males increased by 54 per cent between 1985 antl MN@Bgenetically based explanation can account
for this increase, so it becomes more helpful toiastead what has changed in the USA over this
period which might account for such an increaseat¥#hdifferent about the organization of US

society from that of Europe? Could one importaffedence be the estimated 280 million handguns in
personal possession in the USA? Unlike reductiamss, such hypotheses may provide pointers for
meaningful intervention.

So whileof courseit is axiomatic that there is something differabbut the biochemical and
physiological state of someone who is in the precgsommitting a murder from those states in the
same person when he is in a prison cell, and piglitween the murdering individual and someone
who in similar circumstances does not murder, difference cannot be relevant to answering
guestions about the causes and responses to @otézice. Nor, therefore, can it represent the
appropriate level at which to intervene if we wistreduce the amount of violence on the streets. A
programme devoted to determining what levels afteain might predispose a person to an increased
statistical possibility of engaging in one of a ragnof activities, from suicide through depresdimn
murder, followed by the mass screening of individuldren to identify individuals at risk,

their drugging throughout life, and/or their ragpiim environments designed to alter their serotonin
levels -- which is, after all, the action programthat would result from an attempt to define the
genetic/ biochemical as the right level for intertiren -- has only to be enunciated to demonsttate i
fatuity. Good, effective science requires a bettepgnition of determining explanation, and henice o
the determining level at which to intervene. Faglthis, it becomes a waste of human ingenuity and
resources, a powerful ideological strategy of widtiaming and a distraction from the real tasksnigci
both science and society.
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Envoi: Making Biology Whole Again

The time has come for me to draw together the tsrehargument which have been woven through
the preceding ten chapters. My concern throughasitdeen to present a vision of living systems,
living processes -- indeed, life itself -- from therspective of modern biology. This vision is
thoroughly materialist, recognizing the essentiiltorical nature of both our subject and our gtofl
it, yet it offers an alternative to the currentf@asmable, deeply reductionist and deterministicoaots
that dominate popular science writing, and indeegvd the pages of some major scientific journals.

There is nothing greatly original here; | have tigtd to -- nor do | think it is necessary to -vdmp a
new science of life, but rather to restate whah#my practising biologists may seem the obvious, ye
which has sadly been ignored or submerged by deeati vulgar ultra-Darwinism and gung-ho



blotechnological genetic sales talk that has tlereed to engulf us. In doing so | have drawn notetyer
on present-day biochemical knowledge, but on tvdeotraditions. One is still best described as
dialectical, despite the almost irredeemable dandage to that term through the authoritarian aadit
and monstrous social consequences of Soviet MarXit second is structuralist, though not applied
with the same rejection of the historical perspecthat characterizes the purist position adopyed b
some modern theorists. | have tried to acknowleédgeersonal and intellectual debts that | owe to
both schools of thought in the Preface and in titesito earlier chapters, but | remain only toorawa
that, as a biochemically trained neuroscientigtelare vast areas of biological knowledge withcivhi

| have only a modest acquaintance, notably

the study of ecosystems and the intimate life hissoof the 90 per cent plus of all species whieh g
along quite well without brains or nervous syste8wsmuch for disclaimers. Now to the argument, in
the form of ten theses -- biology's decalogue.

l. Our history shapes our knowledge

Our knowledge of the living world, like all otheuman knowledges, is always provisional, historicall
constrained. It is formed by the necessity botimterpret and to change the world. Confronted whi
richly interacting complexity of the material wondthin which we are embedded, we abstract from it
observations, processes, categories of objectge{pso cells, organisms, species) to which we are
inclined to grant the status of natural kinds. Avelnote the effects of changing the world by
controlled intervention into these objects and psses -- the art of experiment. These methods of
acquiring knowledge are rule-bound. That is, werai@eaccording to conventions about what
constitutes an acceptable observation, experimanterpretation which are profoundly shaped by the
history of our subject, biology, the current socahtext, and our own ideological and intellectual
preoccupations. Thus as scientists the represansatre construct of the real, material world are
required to conform to certain principles. Abovktlaéy must work, in that they must lead to
consequences, whether experiments or technolagitedhcts, which do what is expected -- predicted -
- of them. However, as | have argued, the factabatexperiments or technologies 'perform’ in this
sense does not in itself guarantee that they aedoan true representations of the world.

In attempting to interpret and change the world often operate by analogy -- by likening the praces
or object we are studying to another whose mechanis understand more fully. Analogies, however,
are hazardous tools. Often they are merely metapindrthe likeness we imagine is poetic rather than
exact. And often they are taken to imply homologthat is, that the process or object we are shglyi
shares with whatever it is we are analogizing & to

common evolutionary descent. This is a powerfuhtJand should not be made lightly.
2. One world, many ways of knowing

For any living phenomenon we observe and wishterjmet, there are many possible legitimate
descriptions. In my fable of the five biologistgdahe jumping frog, there are within-level causal
explanations, descriptions which locate the frogas of a more complex ecosystem, and molecular,
developmental and evolutionary accounts. Theseuamts@annot be collapsed into the 'one true’



explanation in which the living phenomenon becomething-but' a molecular assemblage, a genetic
imperative, or whatever. It all depends on the psgs for which the explanation is required. Toiput
formally, we live in a material world which is antological unity, but which we approach with
epistemological diversity. Biology, and the lifeopesses it studies, will not conform to the proud
manifesto of physics that the task of science ietluce all accounts of the world to unitary thesof
everything. Physics' claim will not work, and itgesitively harmful to our understanding of living
processes.

3. Levels of organization

Different scientific disciplines, from the social the subatomic sciences, deal with different eoé!
organization of matter. The divisions between Is\xak, however, confused. In part they are
ontological, and relate to scale and complexityvimch successive levels are nested one within
another. Thus atoms are less complex than moleculagscules than cells, cells than organisms, and
organisms than populations and ecosystems. Salai@z! different organizing relations appear, and
different types of description and explanationraguired. Hence each level appears as a holon --
integrating levels below it, but merely a subsetheflevels above. In this sense, levels are
fundamentally irreducible; ecology cannot be redutcegenetics, nor

biochemistry to chemistry. However, to some exteand this is where the confusion enters -- the
levels are epistemological, relating to differerys of knowing the world, each in turn the contimge
product of its own discipline's history. The retetship between such epistemological levels (between
biochemistry and physiology, say) is best describgtie metaphor of translation. Thus the
physiological language of contraction of the frogstle can be translated into the biochemical
language of the sliding filaments of actin and niiyos

Problems arise when one attempts to apply conegptserms applicable at one level to phenomena on
another level. Thus people may be gay or violersichizophrenic or selfish, but brains or genes eann
be, in anything other than a metaphorical sensgglBq genes may replicate, but people cannot. But
the power of metaphor is such that we always rerdinger of confusing it with reality.

4. It all depends . . .

In living systems, causes are multiple and candseribed at many different levels and in many
different languages. Phenomena are always compigxiehly interconnected. For example, the
reasons why any individual contracts lung cancerooonary heart disease will certainly relate tt th
person's unique genotype and developmental higbatyalso to such 'risk factors' as cigarette smgki
diet, work and living environment. What is requiiedo seek theeterminingcause -- that is, the one
that has the major effect on the system. For larger, it is clearly cigarette smoking, and exglora
of the molecular biology of the lungs, or of potahy 'predisposing’ genes, becomes an arcane
academic distraction, fostered in part by the tobdobby. By contrast, for Huntington's Disease the
determining cause is clearly genetic and undersgtgritie genetics and molecular biology may be the
best strategy to alleviate or eliminate the diseblsave argued that, for such social concernglaanu
violence, poverty and homelessness, to seek detemgntauses in genetics and biochemistry -- as
reductionist ideology attempts to do -- is pooerce and likely to lead to poor social prescripion
Other conditions, such as



the psychic anguish of schizophrenia or depress@mnain contested zones, where crucial determinants
may occur at several levels.

5. Being and becoming

Living organisms exist in four dimensions, the thof space and one of time, and cannot be 'read off
from the single dimension that constitutes thenstraf DNA. Organisms are not empty phenotypes,
related one-to-one to particular patterns of ge@es.lives form a developmental trajectory, orlirie,
stabilized by the operation of homeodynamic prilespThis trajectory is not determined by our genes
nor partitioned into neatly dichotomous categocaiéed nature and nurture. Rather, it is an auttoi
process, shaped by the interplay of specificity pliadticity. In so far as any aspect of life carshel

to be 'in the genes', our genes provide the capfaciboth specificity -- a lifeline relatively ingovious

to developmental and environmental buffeting -- plasticity -- the ability to respond appropriatéby
unpredictable environmental contingency, thatdaexperience. This autopoletic interplay is in some
senses captured by that old paradox of Xeno -atfmv shot at a target, which at any instant o&tim
must be both somewhere and in transit to somewdisee Reductionism ignores the paradox and
freezes life at a moment of time. In attemptingapture its being, it loses its becoming, turning
processes into reified objects. This is why redustm always ends by impaling itself on a mythical
dichotomy of materialist determinism and non-maidree-will. Autopoiesis, self-construction,
resolves these paradoxes.

6. Stability through dynamics

Organisms are open systems, far from thermodynaqudibrium, in which continuity is provided by
a constant flow of energy through them. Every maliecevery organelle, every cell, is in a constant
state of flux, of formation, transformation andewmal. Dynamic stability

of form persists, although every constituent of foam has been replaced. This stability, often
maintained through oscillatory processes, dependbecapacity of complex interacting systems to
self-organize, so as to maintain both short - and{range order. Examples of such self-organization
range from the self-assembly of proteins to forloosomes or microtubules, and of lipids to form
membranes, to the self-regulating metabolic webnafymic interactions. In this view of living system
there are no master-molecules, no naked replicatnsolling cellular events from within the
screened-off tranquillity of the nuclear boardroddenes -- lengths of DNA -- are engaged in a
continual metabolic interchange with other celldamponents, a molecular democracy constrained by
cellular organization, a cellular democracy coristd by the needs of the organism.

7. Organism and environment interpenetrate

Organisms are in constant interaction with theuiemment -- put another way, organism and
environment interpenetrate. That is, organismyelstiselect environments just as environments selec
organisms. Organisms move from unfavourable todeatole conditions; they absorb aspects of their
environment -- oxygen, food materials, metal ionsto themselves, and excrete waste -- signal
molecules or self-protective molecules. In doindglexy constantly change their environments. The



idea of a stable, unchanging environment, affeotdd by human and technological intervention, is a
romantic fallacy. Like organisms, environments geand are homeodynamic rather than homeostatic.

8. Structure constrains evolution

Evolutionary change occurs as a result of the noetl intersection of lifeline trajectories with
changing environments. Such change occurs at neaeysl from the molecular to the species. The
prime

mechanism of this change, although not the only mneatural selection, and it too operates at many
levels, from the individual gene to the populati®he replicative mechanisms provided by the cellula
machinery enabling identical copies of DNA molesuie be synthesized of course mediate all of these
selective mechanisms. There are, however, consraimthese selective processes. First, not all
change is selectively adaptive: some may be coeningnd essentially neutral in its effect. Second,
because of the extent to which organisms selectrandify environments, they are not simply the
passive victims of selective processes, but plagctine part in their own destiny. Third, evolutisn

not indefinitely flexible -- not all that is pos$#his achievable. This is partly because livinggesses

are in their essence only comprehensible in afsticcontext, and there are no such things indge

de novoengineering solutions to problems. The mater@al®f{olutionary change are restricted to what
is currently present. Opening certain evolutionaathways closes others, and no evolutionary
trajectory can move from a relatively high peakiwfess through a trough in pursuit of some didyant
perceived higher peak. That is, selective processasot diminish an offspring's chances of lifesipd

in the hope that they will improve at some futuneet

Furthermore, there are physical and chemical caimésron the structural possibilities available
through evolution, from the rates of diffusion a$sblved gases, to the mechanical properties of the
calcium phosphate of bones or the cellulose wéligamt cells. These limit cell size, body volumes,
rates of movement, patterns of behaviour, and dadmnbypassed by any amount of genetic tinkering.
Humans cannot be turned into angels by grafting asta genetic programme for wings, because no
wing bone and muscle structure could achieve thlenable us to fly. (Instead, we possess, by
courtesy of our evolutionary history, the cerebsakial and technical facilities to construct stege

and machines enabling each and every one of Ug, without the need for genetic change at all.)
Whether there are deeper 'laws of form' than thetbey than the patterns of self-organizing stapbili
referred to above, remains unproven.

9. The past is the key to the present

It follows from this that organisms cannot prediat pattern of evolutionary change: they can only
respond to present contingencies. And becauskiallj lorganisms are simultaneously and continually
responding to such contingencies, and in doinghsm@ing the environment both for themselves and
for others, evolutionary change can do nothingrotih@n track a continually moving and inherently
unpredictable target. The odds are always changirgl) levels from the molecular through the
individual to the population and species. That lngwvolution is indeed the 'law of higgledy-pigged
and why nothing in biology makes sense excepterlight of history.



10. Life constructs its own future
Thus for humans, as for all other living organisths, future is radically unpredictable. This means

that we have the ability to construct our own fatyralbeit in circumstances not of our own choasing
And it is therefore our biology that makes us free.
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