PART Ill: NATURAL HISTORY

The next threechaptersare about Darwin’ s theory of natural selection.Chapter 7 is about
how we usenatural selectionto make senseof biology, and chapters8 and 9 are about theo-
retical issuesin the theory itself, including the role of genesin inheritance, the relationship
betweennature and nurtur e, evolution and development,and the ‘units of selection’contro-
versy. Thesetwo chaptersmostly dealwith issuesn theoretical biology, but my aim thr ough-
out is exposethe underlying philosophical problemsin understandingevolutionary processes
in away that will enableme, in the final part, to apply the sameexplanatory framework to
socialhistory.



Chapter 7

Functions and Norms

Nothingmakessensén biology, exceptin thelight of evolution
— Dobzhansk

For a long time the biologist treatedteleologyas he would a womanhe could not
do without, but did not careto be seenwith in public. The conceptof [genetic]
programmeéasmadeanhoneswomanof teleology

— Jacob;TheLogicof Living Systems

In chapterd and6 | aguedthatwe candefinethetruthandmeaningof abeliefin termsof the
successfulctionsthatit playsarole in. Thisthenleft the problemof determiningwhatactions
shouldbe consideredguccessfulandwhy? Darwin offersonepossibleanswerandin this chapter
I discusswhy, andhow, we shoulduseit.

7.1 Functional Explanation and Darwinian Norms

Accordingto Darwin, a productof naturalselectionis successfuif it contributesto thereproduc-
tion of the organismthat carriesit®. This criterion of successor norm, canbe appliedto traits,
suchashearts,or particularevents,suchasa singlebeatof a heart: if a vertebratehadno heart,
or if it hada coronaryattack,thenit would be lesslikely to reproducghanonethatdid. We can
alsoapplythis criterion of successgjuite naturallyto behaviour andto particularactionsandthe
internalrepresentationthat underliethem. For example,a frog is morelikely to reproducdf it
catchesa fly thanif it misses.Thereforethoseoccasion®n which the neuronsn its retinotopic
mapfire whenafly is presentanbe considereguccessests proto-beliefaboutthe presencef
an‘eatablething’ wascorrect.(\We shallseehow we canextendthis criterionof correctnesso the
productsof socialevolution, includinghumanbeliefs,in thefinal chapter)

Why shouldwe usethis Darwiniannorm ratherthanary other? Thereasonis thatit makes
possiblea new way of makingsenseof systemghatevolve over time. Remembethatthe origi-
nal problemDarwin ponderedvasthatthe naturalworld seemedso successful Every organism

10r, moreaccuratelyif it contributesto theability of thatorganismto pasonits genes Theissueof therelationship
betweerthereplicationof genesandthereproductiorof organismswill bethe subjectof chapters8 and9.
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seemeerfectlyadaptedo its ecologicalniche,andevery partof every organismseemedapti-
mally designedo allow the wholeto survive andflourish. Every partof natureseemedo fulfill
a functionfor thewhole. Paley drew the obvious conclusionthatthis designwasGod-given, but
Darwin daredto suggesthat this order could be explainedby the mechanisnof naturalselec-
tion. In otherwordsDarwin naturalisedfunctionaldescriptionf nature(in the sensedefinedin
chapter3). Paley knew that the naturalworld wasfunctionally organisedbut only Darwin could
explain why:

Naturalisationnormally works ‘from belon’ by shaving how the behaiour of a whole is
producedby the workings of its parts. But oncethe mechanisnof naturalselectionis in place
thena new kind of explanationis possible,namelyfunctional explanation It is now possible
to explain the workings of the partsin termsof the contribution that they maketo the whole.
For example,why do heartspump blood? The usualnaturalisedj.e. medanical, explanation
is that heartspump becausehey have chambersand valvesand rhythmic control systems.But
the functionalexplanationis that heartspumpbecausehis helpsthe animalsurvive. Functional
explanationis explanationfrom above, ratherthanfrom below; it accountdor the existenceof an
entity in termsof its effects, ratherthanits causes.This type of explanationonly worksbecause
naturalselectiorcanexplainwhy effectsof thattypein thepasthave ledto theexistenceof entities
of thattypetoday Heartsexist becausdhey (or rather their ancestorspumpblood,andso on.
Millikan definesthis asthe Direct ProperFunctionof anentity (1984):it is whatthe entity exists
in orderto do; it is the Purposeof the entity; whatit existsfor.

Theadwantageof usingthe Darwiniannorm, ratherthanary other is thatit enablesis make
senseof the history of the system.This is becauseave areusingthe samecriterion of successhat
evolution uses.The Darwiniannormis aforce thatoperatesvithin nature ratherthana criterion
thatwe areimposingon naturefrom without. TheDarwiniannormis anaturalisednorm. Consider
this example. It is fairly crassbut it makesthe distinctionclear Supposeve arecontemplating
a bluebellwoodin spring,andchooseto analyset usingthe normof ‘looking pretty’. Thewood
succeedd meetingthatnorm,andthisin turn definedunctionsfor its variousparts:the bluebells
have the function of providing a splashof colour, the leaves on the treesfulfill the function of
providing dappledsunlight,andthe wormsin the soil fulfill the function of aeratingthe soil and
keepingthe whole thing healthy This normtells us somethingaboutthe wood; but it obviously
tells us little aboutits history, aboutwhy it existsin its currentform. For this we have to usethe
Darwiniannorm. Accordingto Darwinthefunctionof thebluebellgsto attractpollinatinginsects,
thefunctionof theleavesis to photosynthesisandshadeout competitorsandthefunctionof the
wormis to makemoreworms:the Darwinianfunctionexplainswhy eachof theseentitiesexist.

Thetheoryof naturalselectionallows usto usethe functionof anentity to explain its history.
However, if wewantto understandhe history of a systentherearetwo distinctquestionsve can
ask. Thefirst howdid the systengetlike it is now?, i.e. we canaskaboutthe pasthistory of the
system.But we canalsoaskwhatwill happerto the systenin thefuture?, i.e. we canaskabout
its future history. Now aslong asthereare no major disruptionsto this system,andaslong as
all changeis incrementalandgradual,thenthe answerto thefirst questionwill alsoanswerthe
second Bluebellsexist now becauséehey attractednsectdn thepast,andin anundisturbedvood
this situationis unlikely to changeadically. But supposéhatthebluebellswerestolenby anavid
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gardenertransplantetb agreenhousegndartificially pollinatedin orderto grow nev commercial
varieties.Now whatmatterdor thefuturehistoryof theflowersis their ability to attractcustomers,
ratherthaninsects.Thefunctionsof anevolvedsystemchangeassoonasa hew selectve regime
comesnto place.TheProperfunction— i.e. thefunctiondefinedby pasthistory— hasremained
the same but the currentDarwinianfunction haschanged.We areusingthe samenormin each
case— i.e. reproductve success— but in onecaseto understandhow the systemgotto how it is
now, andin the otherto explain how it will changen thefuture. The samenormyieldsdifferent
functionsin eachcase.

7.2 The Function of ‘Function’

Whatis the function of the conceptof ‘function’? Whatexplanatorypurposedo we wantto use
it for? Is it supposedo explain the pasthistoryof a systemor its future? Most of the discussion
in the philosophicalliterature hastried to definea single, unitary, conceptof function (seefor
example Wright (1973), Cummins(1975), Neander(1991), Bigelow and Pamgetter (1987),and
Millikan (1984)(1993)(1999).But thereis no reasorto expectthata singleconceptcananswer
bothquestions.

Accordingto Millikan (andWright) thefunction of anentity mustaccounfor its occurrence:
it is theability of theancestoref anentityto fulfill thatfunctionthatexplainswhy it existsin that
form today ThusMillikan’ s ProperFunctionis very similar to whatwe usuallydescribeasthe
‘purpose’of anentity; i.e. whatthatentity exists for. In otherwordsit is a teleologicalconcept
of function, similar to Aristotle’s Final Causewhich ‘pulled’ naturaleventstowardssomefuture
goal. But Darwinshavedhow the samefunctionalorganisatiorcouldbe explainedby theforceof
naturalselection'pushing’ from the past. Therefore asMayr (1982)argues,Darwin’s teleology
is not strictly the sameasAristotle’s but is moreof anasif teleology— whathe callsteleonomy
— i.e. anexplanationof why teleologicaldescriptionsvork sowell, ratherthana naturalisation
of final causeper se?

It is oftenassumedhatfunctionsmustbeteleological.Howeverthereis anothemway of defin-
ing normsandfunctionsbasednoton the historyof anentity, but onits effects. Suchapproaches
aregenerallylabelledconsequentialistAnscombg1958)originally invokedthis termto describe
theoriesof ethicalnorms,suchasMill andBenthams Utilitarianism, or AristotelianandMarxist
ethics(Miller, 1981).To putit crudely accordingto thesetheoriesanactis consideredethically)
correctif it contributesto a stateof maximal happinessgudaimonia or communism,respec-
tively. Corverselyif theactleadsto a statethatoneconsiderdad(suchasmaximalunhappiness,
dystopia,or to the continuanceof capitalism)thenthe actwaswrong. And if the actmakesno
positive contribution eitherway thenit is ethically neutral. Giventhesenormsfor judginganact
then,in certaincircumstancepne canderive a non-teleologicakenseof ought. For exampleif
oneis givenanumberof choiceghenwe canuseconsequentialigtriteriafor judgingwhichis the
best. Thatactis thenwhatoneoughtto do. Thusconsequentialigheoriesstartfrom normsand
thenderive oughts ratherthanvice versaasteleologicaltheoriesdo.

2Actually this is not quite true. Aristotle himself consideredh proto-Darwiniantheory of evolutionaryteleology
thathadbeenproposedy Empedocle¢seeAristotle’s Physics11.8). Aristotle agreeghatthis would be anexampleof
teleologicalcausatiorbut rejectsit on purelyempiricalgroundssincehe saw no evidenceof descentvith modification
in nature.Thuspurposvenesss notana priori partof Aristotle’s teleology just ana posterioriexplanationof it.
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(Obviouslythepossibility of deriving oughtsrom normsdepend®nassumptionaboutagengy,
i.e. aboutthe metaphysic®f counterfactuahssertionshatanagentcould have acteddifferently
Doesit makesenseo saythatwe oughtto do somethingwe are physicallyincapableof? This
problembecomeselevantin section11.3wherel discussthe role of utopiasin forming ethical
judgementsbut doesnot affect the currentdiscussion.)

The normsthat consequentialisrdefinesfor an entity arederived from the normsof its con-
sequencesBenthamandMill believedthatmaximisinghappinessvasa goodthing sothey con-
cludedthat actsthat contribute to it are alsogood. Similarly it is the goodnesof Aristotle’s
eudaimoniandof Marx’s communisnthatenabledhemto definenormsfor socialacts.In short,
endsjustify means. The samebasicstratgy works for biological functions: we candefinethe
correctfunctionof anentity on thebasisof its Darwinianconsequencesatherthanits Darwinian
history. The historicalfunction of a transplantedluebellis to attractinsects but its consequen-
tialist functionis to attractcustomers.

Consequentialistndhistoricalnormssene differentpurposesThey arecomplementargnd

sowe shouldusethemboth. However it is interestingto notethatin mary caseghe consequen
tialist approachs of morepracticaluseto biologiststhantheteleological.

For example,whatis the function of a behaiour thatananimallearnsin orderto survive in
novel circumstanceghat werenot partof its evolutionaryhistory? Millikan arguesthatall such
lifetime innovationsmustbe the productsof innatelearningmechanisms— suchasthosediscor-
eredunderlyingSkinneranoperantconditioningin Aplysia(Carev et al., 1983)(Havkins et al.,
1983). Theseinnatemechanismwill have somewell-definedevolutionary history, and hence
a ‘direct’ properfunction, from which the function of the lifetime innovationsmay be derived.
Thereforethe existenceof derivedproperfunctionsfor learnedoehaioursdepend®ontherebeing
aninnate‘endto flexibility’ in thebrain,asMillikan putsit (1984,p46-48).

An historical(i.e. teleologicalyanalysisof thefunctionalorganisatiorof brainsencouragethe
view thatthe brainis dividedinto discreteandinnatemoduleswith highly specialisedunctions
(Millikan, 1993,p49)— caricaturedasthe ‘Swiss army knife’ model. Now thereis certainlya
growing body of evidencefor suchmodularisationPinker 1998). But the plain fact is that we
shouldnot assumet is universal,nor arewe ever to likely to be ableto determinethe evolution-
ary history of particularbrainmodulesin practice(Lewontin, 1998). And nor mustdevelopment
‘bottom out’ in innatemechanism quite theway thatMillikan requireg Elman,1995).A con-
sequentialisview of functionoffersa morepracticalalternatve. The progresghatwe have sofar
madein investigatinghefunctionalorganisatiorof brainshasmostlycomefrom anunderstanding
of therole thatthey play in the currentbehaiour anddevelopmentof the organism,ratherthan
their individual evolutionary history (Kennedyet al., 1995). It is still necessaryo usethe Dar
winian normto makesensef thefunctionalorganisatiorof brains,but we usuallydo this without
knowing muchabouttheir evolutionaryhistory. Of courseoncewe uncover someaspeciof how
brainswork — i.e. how they enablethe animalsurvive andflourish andso meetthe Darwinian
norm— thenthenext olbviousquestionis to askhow evolution producedhosemechanismsBut,
in purely practicalterms,a consequentialisanalysisof functionis of moreimmediateuseto a
neuroscientisthananhistoricalone.
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7.3 The Function of Behaviour

Theconsequentialistiew of functionis alsoconsistentvith thatwhichunderpingheinvestigation
of animalbehaiour. Tinbegen(1951)famouslydefinedfour questionghatthe ethologist— or
ary otherbiologist— canaskof atrait: how is it causedhow doesit develop,whatdoesit do,and
how did it evolve? For example,supposeve ask'why doesourthumbmove in a differentway to
the otherfingers?’ We might give ananswerin termsof the anatomyof the hand(causal),or in
termsof its embryology(developmental) or in termsof its evolutionaryhistory (historical),or in
termsof whatit currentlyenableaisto do (functional).‘All of theseanswersvould becorrect:no
onewouldbecomplete’(Hinde,1982,p21). Tinbergenwenton to explain thefunctionalquestion
asfollows.

In attackingour problem,let us startfrom obsenables— i.e., from behaiour. But
insteadof studyingits causesve shall studyits effects;in otherwords, ratherthan
look backin time, aswe do when studyingcausationwe investigatewhat happens
asa consequencef the obsered behaiour. | shouldlike to stressthat this is an
investigatiorof cause-d&ctrelationshipswhich assuchrequiresexperimentaktudy
aswell asobsenationandspeculationit differsfrom thestudyof behaiour causation
merely by the fact that the obsered behaiour is the causeandthatits effectsare
studied;we follow eventswith time insteadof precedingeventsandwe determinean
animalssuccess(1965,p521)

And Tinbemgenexplicitly contrastghis investigationwith thatinto the origins of behaiour, ar
guing that‘they cansugges{thoughno more than that) the selectionpressureshat have in the
pastmoldedthe speciego whatit is now’ [p523]. Of coursethereis norigid distinctionin prac-
tice betweenthe forcesthat originally mouldeda behaiour andthosethat now maintainit. But
Tinbegenis arguing thatthereis, at least,a clearconceptualistinction betweenhistoricaland
consequentialiunction,andthereforewe candeterminehe consequentialisunctionthata be-
haviour senesnow in perfectignoranceof its evolutionarypast.

For the ethologistthe key problemin determiningthe functionof a behaiour is to determine
which of its mary causalconsequenceactually help the organismreproduce— andso succeed
in the Darwiniansense.And, asHinde notes,to answerthis questionit is strictly necessaryo
assesseproductve successvith andwithout the characte(1975,p6). This is rarely possiblein
naturally occurringpopulations— wherebehaiours tendto be universal— andso ethologists
experimentallyinterveneto testwhich factorsaresignificant.A classicexampleof thisis Tinber
gen’sinvestigationof the ‘fanning’ of the malesticklebackwhich is donemainly whenthereare
developingeggsin thenest.He foundthatwhenfanningis prevented or whenit is allowedbut the
nestis coveredwith awatchglasstheeggsdie. Howeverthey developnormallyin theabsencef
the maleprovidedfreshly aeratedvateris pumpedover the nest,suggestinghatthe function of
fanningis to ventilatethe eggs(Tinbergen,1951).

Millikan usesthis methodologicaproblemas an agumentagainstBigelow and Pargetters
consequentialishiccountof function,in which they attribute a functionto atrait ‘whenit confers
a survival enhancingpropensityon a creaturehatpossesseis (1987,p192). Millikan interprets
this asmeaning‘a trait thatenhance®r would enhancesurvival is one where,on averageover
the actualindividualsin the specieshaving it would producea morefit individual thannot hav-
ing it'" (1993,p39). Sheconcludeghatif thetrait is universalin a population,with no current
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competitorsthenthe concepbof ‘enhancedropensityof survival’ is meaninglessSoif all male
sticklebackdan thenthatfanningcannotbe saidto enhanceheir fithess,sincethereareno non-
fanningsticklebackgo be enhance¢omparedo.

The counterargumentto this objectiondepend®nthefactthatfitnessis operationallydefined
astheexpectechumberof offspringproducedy aclassof individuals;it is thereforea dispositian
to reproduce And aswith otherdispositioral propertiegproblemsariseif we understandhemin
termsof actualoutcomes.RecallCarnaps agumentthatif the dispositionalpropertyof ‘being
soluble’is definedas‘dissolvingwhenin water’ thenthe claim that‘ X dissolhedbecauset was
soluble’is tautologougsection3.3). Similarly, if fitnessis definedasthe actualrateof reproduc-
tion thenwe facethe old canardthat ‘survival of the fittest’ is alsotautologous.Of coursethe
answeiis that‘solubility’ describesa propertyof a substancén virtue of which it dissohes,and
similarly ‘fitness’ describegpropertiesof organismsn virtue of which they differentially repro-
duce.Fitnesds ameasuref thereproductivepowerof anorganism

It maybethecasehatwe only discorerwhichsubstancearesolubleby puttingthemin water
but we shouldnot confusethe way thatwe measure propertywith the factsin virtue of whichan
entity holdsit. Similarly, thefunctionof thesticklebackfanningis notdefinedby thefactthattheir
eggsdied whenTinbeilgencoveredthemwith a watchglass. It is the causalprocessof aeration
(alongwith its effectson the eggs)that constituteghe functionof thefanning,notthe differences
betweenfannedeggs and covered ones. In short, it is possibleto definethe consequentialist
function of atraitin termsof therole thatit playsin thereproductiorof the organismnow, even
in theabsencef arangeof contemporaryor historical)alternatves.

7.4 Conclusion

In this chapterl have arguedthat we shouldusethe Darwiniannormto judge the succes®f a
biologicaltrait because¢his normnaturalisegunctionalexplanationsof naturalhistory, andsofits
the ‘idea of the good’ for scienceoutlinedin chapter3. But we canusethis normin two ways.
Thefirstis to explainthe origin of biologicaltraits. And the seconds to explain thefuturefate of
theorganismghatpossesshem.

In thefinal chapten will aguethatit is possibleto usethe samecriterionto definenormsfor
socialtraits— includinglanguagescience andethics— but this requiresthata Darwinian-type
theoryof naturalselectioncanbe appliedto socialhistory. Thisis the subjectof chapterl0. But
beforethenit is necessaryo definemorepreciselywhatwe meanby naturalselection.And this
is the subjectof thenext two chapters.



Chapter 8

The Role of Genesin Natural Selection

Thewholepurposeof oursearctfor a‘unit of selection’is to discoverasuitableactor
to play the leadingrole in our metaphorsof purpose.We look at an adaptatiorand
wantto say ‘It is for thegoodof ...’. Ourquests for theright way to completethat
sentence.

— Dawkins, TheExtendedPhenotype

Darwin’s theoryof naturalselectionis extraordinarilysimple,but the naturalworld to which
it appliesis extraordinarilycomplex. Hereinlies the difficulty thatis the subjectof the next two
chapters.

Thetheoryis thatwheneer individualsreproduceat differentratesaccordingto their inher
ited and randomly mutatedpropertiesthen thoseindividualswill evolve to becomeadaptedo
their ervironments.But naturedoesnot comeready-cared into individuals. Ecosystemspread
and competewith others. Speciescompetewithin ecosystems.Speciesare divided into sub-
populationsand colonies. Organismsare madeof mary reproducingcells. Cells containmary
componentshat have their own replicatingDNA. And eachDNA string containsmary replicat-
ing sequencessowhich of theseindividualsdoesthetheoryapplyto? Whatis thecorrectway to
completeDawkins’ sentenceTherearetwo possibleanswers.

Thefirstansweiis thatof Darwin, Wallace Mayr, Dobzhansi¢, D.S.Wlson, Gould,andSobey
andwasgeneralisec@ndgiven canonicaform by Lewontin (1970). Sterelly andKitcher (1988)
describethis asa ‘pluralist’ descriptionof evolution sinceit makesno a priori claim aboutwhat
thoseindividualsare;they may be genes.organismsgcells within anmulti-cellular body, groups
of individual, speciespr evenmulti-speciedecosysteméWilson, 1976)(Goodnight1990).All of
theseaunitscanbeselectecccordingo thetraitsthey inherit,andsocanbecandidateso complete
Dawkins’ sentence.

The secondansweiis thatof Fisher,Haldane Wright, Williams, E.O.WIson, Hamilton,and
Dawkins, who insistthat the bottomline of evolution is haw muchit changegenefrequencies
and, throughthese how muchit changephenotypesThesephenotypiceffectscanbe expressed
atmary differentlevels,andin mary differentways;but it is only the effectson genefrequencies
thatmatter Thereforegenesarethe ultimatebeneficiarie®f adaptations.

The debatebetweerpluralismandgene-centrisnin evolutionis a paradigmcaseof the more
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generaldebateover levels of organisationin nature. The pluralist explains evolution in terms
of selectionoperatingat mary levelsindependentlywhilst the gene-centristeducesevolution at
higherlevelsto the differentialreplicationof genes.In the next two chapterd applythegeneral
amgumentf chapter® and3 to thisdebate My aimis to provide asynthesi®f thetwo traditions
andto show thatnotonly arebothnecessarin orderto understan@volutionbut, strictly speaking,
neithermakessensewithoutthe other

This debateis importantfor two reasons. The first is the implicationsthat it hasfor our
understandingf biological evolution— andthis will bethe mainfocusof thenext two chapters.
But thisdebatealsohasimplicationsfor thewaythatwe applyDarwin’stheoryto socialevolution.
And thiswill bethe subjectof chapterl0

8.1 Evolution and Mendelian Inheritance

What are the conditionsnecessaryor evolution by naturalselection?Are proteinsand nucleic
acid necessaryor could evolution occurin entitiesmadeof, say silicon polymers? Intuitively
thereseemdo beno reasorwhy carbonis theonly possiblesubstratels metabolisrmecessaryor
couldevolution occurin entitiesthataremoreinert? Againthereseemsgo be no obviousreason
why not. Are genesiecessaryor couldevolution occurin entitiesin whichtherewereno discrete
anduniversalgeneticcode?lt is herethatintuitionsstartto differ.

Accordingto Lewontin,achangen genefrequenciess notanecessarpartof thedefinitionof
evolution by naturalselection.He aguesthat evolution occurswheneer we have thedifferential
reproductiorof individualsaccordingo inheritedandrandomlymutatedraits,andthis definition
is silent on the natureof the mechanismunderlyingthis process:“No particularmechanisnof
inheritancds specifiedput only a correlationin fithessbetweerparentandoffspring” (1970,p1).
Dennettdescribesvolution, characteriseéh this way, asan algorithmic processanda defining
characteristiof analgorithmicprocesss thatit is ‘substrateneutral’;i.e. it is onein which

the power of the procedures dueto its logical structure,not the causalpowers of
the materialsusedin theinstantiationjust solong asthosecausalpowerspermitthe
prescribedstepgo befollowedexactly. (1995,p51)

Now thereis no a priori reasorwhy evolution by naturalselectioncannotoccurin substrates
other than proteinsand nucleic acid, ary more than cognition requiresneuronsor life requires
carbonchains— all thesephenomenare‘multiply realizable’(Kim, 1992).If we usethis weak
senseof substrateneutralitythen Dennetts claim is definitely true. However the issuebecomes
morecomplex whenwe try to defineexactly whatconstitutesfollo wing the prescribedsteps’of
naturalselection.

Darwin was able to characterisdhow the force of naturalselectionworksin a re-
markablysimpleway: if theorganismsn a populationthatpossessnecharacteristic
arebetterableto survive andreproducahanthe organismswith the alternatve char
acteristic,andif [this characteristic]s passedn from parentto offspring, thenthe
proportionof individualswith that characteristiavill increase....Of course,some
clarificationis requiredof whatit meansto saythata trait is “inherited” But asa
first approximationthe conditionalclaimif thereis heritablevariationin fithessthen
therewill beevolution (if nothinginterferesseemsgo beremarkablystraightforward.
(Sobey1985,p27)
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Unfortunatelythe theory of naturalselectionbecomea little lessstraightforwardas soonaswe
‘clarify’ whatinheritancaneans.

Thefirst pointin ‘clarifying’ inheritances thatnaturalselectiorasanaccounif the origin of
speciegdependn discretegenetic,i.e. Mendelian inheritance.If the inheritanceanddevelop-
mentof traitsis not discretethenthe resultis not the origin of speciesjust blending,asDarwin
wasfully aware. It is to ThomasHuxley’s creditthat, evenwhilst he actedas‘Darwin’s Bulldog’
in his defenceof the fact of evolution, he remainedscepticalwhethernaturalselectionwasits
mechanismThis wasbecausehe discreteinheritancenecessarfor the formationof speciehad
not beenempiricallydemonstratetb his satisfaction— despiteDarwin spendindhalf a life-time
trying to evolvedistinctspecieghroughartificial selectionDesmond Moore,1992,p510-11).1t
waslargely for thisreasorthatnaturalselectiorwasnot generallyacceptedsthe dominantforce
in evolution until it wasunified with Mendeliangeneticsby Fisher(1930), Haldane(1932)and
Wright (1931). But Dennett(1996) pointsout that Mendelismwasa ‘triumph for substrateneu-
trality’ sinceneitherMendel,northe early populationgeneticistshadary ideawhatthe material
realisationof theseunitsof hereditywas.

Mendelsaved Darwin; but what saved Mendel? Until the discovery of the structureof DNA
in 1953Mendels geneswereabstracta theoreticalentitiesdefinedsolelyin termsof obsered
patternsof inheritedtraits. Thereforetheir statusaslegitimatescientificentitiesrestedentirelyon
theirempiricalusefulnessHowevertheempiricalsuccessf Mendeliangeneticsasanexplanation
of the distribution of traits dependon finding traits that are discretelyencodedn geneswvhose
effectson phenotypesndfitnessarerelatively robust,andsofit our simplemodels.Mendelwas
extremelyfortunatein his choiceof organismandtrait since,in colorationin peashe happened
upona trait that mettheseconditions. However mosttraits are not dueto single geneswith full
penetrancandcompletexpressvity, andsodonotalwaysfollow theclearpatternof Mendelism.
If Mendelhadstartedoy enquiringinto, say theheightof his peaghenit is unlikely thathewould
have found the clear patternsthat allowed him to formulatehis theory sinceheightdependson
mary differentgenesandis very sensitve to ervironmentalchangesMendeliananalysiscannot,
in generalpeusedo determinghe genotypeof anindividualorganismfor suchquantitatvetraits
(Griffith & Suzuki,1993,p827).

Until 1953Mendeliangeneticavasnotatruetheory(in thesensef section3.3),butanas-yet
unfalsifiedhypothesis.Until 1953Mendels patternsof inheritancewerealwaysat risk of being
exposedas nothing more than empirically useful descriptionslike Copernicus’epigycles. But
onceMendels abstractaweretransformednto theillata of DNA then,evenif counterexamples
to Mendel’s laws were discovered, his laws of inheritance(and hencealso Darwin’s theory of
naturalselection)would not be threatened.For example,Mendels Secondaw statesthat,in a
diploid organismwith haploidgametesgenesat differentloci will be transmittedndependently;
thusif A;a andB,b arepairsof allelesat differentloci, andif anorganismis heterozygousat both
loci, thentheprobabilitiesthatagametewill receve ary of thefour possiblegeneticcombinations
AB, Ab, aB, ab, areall equal.But thisis nottruein generalKitcher, 1984). For example,alleles
on the samechromosomewill tendto be transmittedtogether Only geneson non-homologous
chromosomesassortindependently But becauseve have someunderstandingf how Mendels
genesmay be arrangecn a chromosomeand of the mechanisnunderlyingmeiosis,we do not
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dismissMendelasaresult.

A similar amumentappliesto the caseof the non-inheritancef acquiredcharacteristics—
the postulatethat markedmodernevolutionarytheory's breakfrom Lamarck. After 1953 Crick
re-christenedhis postulateasthe CentralDogmaof moleculatiology, which stateghatinforma-
tion cannotpassrom proteinto DNA but only thereverse;i.e. changego the phenotypencurred
duringdevelopmentwill have no effectonthe DNA passedn to subsequergenerationshrough
thegerm-line.Howeverit is interestingto notethat Crick calledthis the centraldogmaof molec-
ular biology, ratherthanthe centraltheoem it wasa claim abouthow inheritancevorked,not a
known fact'. It is only overthelast40yearsthathave we slowly discoveredtheextentto whichthe
CentralDogmais true.Indeed therearesomeisolatedcasesn whichit is notstrictly true,but this
doesnotthreaterthe CentralDogma— or Darwin. Becausave now understandhe biochemistry
of how DNA is replicatedthe CentralDogmacannow be regardedasa true theoryabouthow
geneticinheritancavorks, ratherthana purely empiricalgeneralisation.

ThusLewontin’sconditionsarenotquitesufficientto guarante@volution by naturalselection.
It is not enoughthat traits are inherited, but this inheritancemustbe via discreteunits that are
unafectedby theresultingphenotypei.e. genes.Lewontin’sconditionsarecouchedn termsof
patternsof inheritanceobsenablein the traits of organismsbut evolution requiresthat, not only
doesthe substratgroducethesepatterns but the substratgroducegshesepatternsin the right
way. And the ‘right way’ includesdiscretegeneghatarereplicatedndependentlyf phenotypic
propertieslnheritancecannotbe characterisegurely atthelevel of thetraitsof individuals. This
problemmanifestdtself whenwe try to determinevhethera particulartrait is heritable

8.2 Nature and Nurtur e

Inheritancelooselyspeakingis a similarity betweerparentsandchildren.Howeverthis similarity
canbe causedn two differentways: either becausesomethingis ‘passeddown’ from parents
to children, or becausdhey sharea commonervironment. Only the first form of inheritance
producesaturalselectionput all biologicaltraitsarethe productof developmentaprocessethat
involve both. Thereforeif we wantto determinewhethera trait will be amenabldo adaptation
thenwe mustfind someway of determininghecontribution of genetic ratherthanernvironmental,
inheritance.This contributionis normally quantifiedasthe heritability of thetrait, definedasthe
proportionof total variancen thetrait thatis dueto genetic ratherthanervironmental variance.
Therearetwo setsof problemsan determiningheritability. Thefirst aremethodologicalThe
standardechniquefor measurindheritability is to raisea variety of strainsin avarietyof environ-
mentsandthencalculatetheir relative effectson the trait. But this techniquecannotdistinguih
differenceghat are due to geneticfactorsfrom thosethat are dueto the maternalervironment
provided by the uterusor the cytoplasmicervironmentof the zygote. For examplebabiesborn
to poor, badly educatedmothershave lower birth-weightand shorterconcentratiorspansthan
thosebornto therich andwell educatedGonzales1985). Thereforeevenif thosechildrenare
subsequenthadoptedandraisedin randomdistribution of ervironments— or if thosechildren
aregivena commoneducationakrvironment— andwe subsequentlyind thatthereis a strong
correlationbetweensay the IQ of the birth-motherandthatof the children,we still do notknow

1Thanksto JohnMaynardSmith, personatommunicationfor this point.
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if this correlationis dueto geneticor maternal-evironmentaleffects (Roubertouxet al., 1990).
The ervironmentstartsto affect a child well beforebirth, thereforeervironmentaland genetic
effectscanonly be experimentallyseparatedby transplantinggmbryoshetweeruterusesor chro-
mosomedetweerzygotes.Suchexperimentslemonstratéwo things. Thefirstis thatuterineand
chromosomaérvironmentsdo indeedhave effectsthatwould ordinarily be classedasgeneticin
thoseorganismssuchashumanswheresuchtechniquesrenot possible(Nosten,1989)(Nosten
& Roubertoux1988)(Carlie& Roubertoux1984)(Carlieretal.,1991). Theseconds that,in an
operationakensewe cannotdeterminethe heritability of a trait from the obsened propertiesof
thewholeorganism put mustalsobeableto isolatethegeneticmaterialandmanipulatet directly.
If therewerenodiscretegenetiomaterialthenit wouldbeimpossibleo conclusiely determinghe
heritability of atrait usingthis method andhencewhetherselectiorfor it will produceadaptation.

The alternatve methodof determiningheritability is to measurethe responsdo selection
directly: if the distribution of a trait in a populationrespondgo selection,thenthat trait must
be heritablé. But althoughthis is the methodtypically usedin artificial selectionexperiments
(Orgel, 1979),it cannotbe usedasa way of definingsufficient conditionsfor evolution sinceif
we claim that evolution occurswhenthereis the differentialreproductiorof heritabletraits, but
defineatrait asheritablewhenit evolvesin responséo selectionthenwe areleft with atautology
We needa methodfor determiningvhetheratrait will respondo selectiorthatdoesnot reduceto
observinghat,in fact,it does.

The problemsof separatinghe contributionsof ervironmentaland geneticfactorsare com-
poundedvheninvestigatinghumanbehaioural traits, sinceethicalconsiderationforbid usfrom
manipulatingervironmentsand/orgenetianaterialdirectly. For examplePlominetal (1977)(1985)
discusshow anindividualmayactively or passvely constructheir own ervironmentaccordingo
somegeneticpredisposition.Teachersfor example,may give a particularly bright child a more
enrichededucationakrvironment,whilst the peersandcarersof a sociablechild maywell recip-
rocatetheir affection. The only way to separateéhe effectsof environmentalandgeneticfactors
in thesesituationswould beto give a sub-populatiorof childrenpurposelyimpoverishederviron-
ments,andthis is not ethically possible:we would have to deliberatelyignoretheir demandgor
stimulationor affection. The sameconfusionoccurswhengeneticandervironmentalfactorsare
correlatedor otherreasonsFor examplein mary adoptionstudieshereis considerablselectie
placementjn which childrenare placedin homessimilar to the parentalenvironment(Loehlin,
1979). Thisagainhasthe effect of confusingervironmentalandgeneticeffects.

Thesemethodologicaproblemsin determiningheritability reflectan underlyingconceptual
problem. The purposeof the conceptof heritability is to measurehe relative contributions of
geneticandenvironmentalfactorsto a trait. However all traitsare completelydependenbn both
ervironmentand genes. Both are 100% necessaryso doesit makeary senseto comparetheir
relative contributions(Anastasi, 1 958) ?But althoughthis truismappliesto individualsit doesnot
applyto differencebetweerindividualsin apopulation:if we considera populatiorof genetically
identicalindividualsthenthe differencedbetweerthemmustbedueto ervironmentalfactors;and
if individualsareraisedin the sameenvironmentthendifferencesmustbe dueto geneticfactors.
But in orderto quantify heritability it is necessaryo comparethe contrikutions of eachfactor

2Thoughin section8.4| discussxamplesof traitsthatare heritablebut still do notrespondo selection.
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whenthetwo effectsarecombined.Thisis doneusinganalysisof variancel ANOVA) techniques:

Supposeave wantedto measureahe heritability of theyield of wheatby raisingtwo different
strainsunderwo fertilisationregimes. Theanalysisof variancerepresentthecausatole of these
two factorsby shaving how the averageyield of plantsona plot departdrom (1) theaverageyield
of all plants,(2) from theaverageyield of all plantsthatrecevedasmuchfertiliser asthosein the
plotin questiondid, and(3) from the averageyield of plantsof the samestrain. Supposéhatthe
yield followedthis pattern:

‘StrainSl StrainS2 Marginal Average

FertilisationF1 1 3 2
FertilisationF2 3 5 4
Marginal Average 2 4 3

In this casddifferencesn strainandervironmenthave equaleffectsonyield, andsoits heritability
will be50%. In anothercasetherespectie yieldsmaybe

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 5 3
FertilisationF2 3 7 5
Marginal Average 2 6 4

in which casegeneticfactorshave a greatereffect, and so the heritability of the trait for this

populationin this rangeof environmentswill be greaterthan50%. Moreover, in both of these
casesthe combinedeffects of the two factorsis a linear sum of the separatecontributions. In

the secondcasestrain 2 produceson average,a yield 2 units greaterthan the overall mean;
F2 promotesyield by 1 unit; andthe combinationof F2 and <2 yields 3 moreunitsthanmean.
However, supposeheyield is

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 3 2
FertilisationF2 5 9 7
Marginal Average 3 6 4.5

Herethemaginalyield of F2is 2.5,thatof S2 is 1.5, but the combinedeffectof F2 and2 is 4.5.
Theextra half aunit of yield is notdueto environmentaleffects,nor to geneticfactors,but to the
interactionof themboth. In othercasegheremaybeno ‘main’ effectsatall, with all variancedue
to interaction.For example,oneernvironmentmayincreaseaheyield of onestrainbut decreas¢he
yield of another:

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 5 3
FertilisationF2 5 1 3
Marginal Average 3 3 3

In this caseparticularfertilisersor strainshave no neteffectsatall. Thisis nota purelyartificial

3This examplehasthe samestructureashumanadoptedwin experiments.For ‘strain’ read'monozygotictwins’,
andfor ‘fertilisation regime’ read‘home ervironment'.
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example. For exampleLevins andLewontin (1985)discusgwo mutationsin Drosophila known
asUltrabarandInfrabar, which affect the numberof facetsin theadult'seye. Infrabar produces
lessfacetsthanUltrabar if the fly developsin anernvironmentat 15°C, but moreat 30°C. The
maginal meaneffectsof mutationsandernvironmentalfactorsarevery small— sincethey will be
positive in onecaseandngyative in another— but the combinedeffect is considerableln such
casederitability givesusno usefulguideasto theresponsef thetrait to selection.

ANOVA techniquesaccountfor interactionby regardingthe value of a trait asa sumof the
contribution due to geneticfactors,that dueto environmentalfactors,and a third term that de-
scribeghe effectsof theirinteraction.But heritability only measuresherelationshipbetweerthe
first two parts. This muchis uncontrwersial theissueis whetherit matters.Plominamguesthatit
doesnot, for two reasons.

Thefirst reasonis that Plomin claimsthat, asa matterof fact, the interactioneffectsin, for
example,humanbehaioural traitstendto be quite small (1988,ch9). However Wahlsten(1990)
pointsoutthatthisis morelikely to bedueto thefactthatANOVA is poorat detectingnteraction
effectsin smallpopulatiorsizesratherthantheirabsence— a problemthatis morelikely to occur
in humanadoptionstudieghatin researclon laboratoryanimals:

Interactiorhasbeerevaluatedn studiesof humanQ andusuallynoneis seen(Plomin
etal., 1977)(Plomin & DeFries,1983) (Plomin, 1986). Generalisationdiave then
beenmadethat heredityand ervironmentaretruly additive, and sophisticategath
modelshave beendevelopedto partition varianceandcovarianceunderthe assump-
tion thatinteractionis nggligible (Heath,1985)(Henderson1982)(Phillips, Fulker,
& Rose,1987) (Plominetal., 1985). On the otherhand,an immensecollection of
well-controlledlaboratorystudiesof animalshasprovided abundantevidenceof sig-
nificantandilluminating interactiondetweerheredityandernvironment.At the 1987
Behavioural GeneticAssociatiommeetingin Minneapolistheconcurrensessionsn
humanandanimalstudieswerelike two separatevorldsin termsof attitudesowards
interaction.Marny humangeneticistglismissednteractionandcited heritability esti-
mateswith greatconfidencewhile mostof thosestudyingmice, rats,andfruit flies
documentedncecaseof interactionafter anotherand expressedskepticismabout
heritability coeficients. (Wahlsten,1990,p112)

If the assumptiorof zerointeractionis madeand ANOVA techniquesiseduncritically then
seriouserrorscanoccur For exampleSctbnemann(1997) notesthat adoptionexperimentstyp-
ically give heritabilitiesfor humanIQ of around60-80% ,which is higherthanthatof traits that
canbe morepreciselymeasuredn larger, andbettercontrolledpopulationssuchasbodyfat in
pigs,or lengthof woolin shee30-50%)whilst thesamemeasuressedon suchspurioushuman
traits aswearingsunglasseafterdark cangive heritabilitiesof over 100%. Indeed,accordingto
thesamedata,religiouspreferencés moreheritablethanrace!

However Plominalsoarguesthat ANOVA-type heritability coeficientsaremeaningfulevenif
interactioneffectsare presentinceheritability only measureshe relationshipbetweerthe main
(additive) effects. ‘Main effectsandinteractionsareindependent— meaneffectsof G andE are
notinvalidatedby the presenc®f G x E interactions’(1990). However the existenceof additive
main effectsis an assumptiorof the ANOVA technique andtheir statisticalsignificancein ac-
countingfor thedistribution of thetrait is no guarante¢hatthey accuratelyeflecttheunderlying
relationshipbetweennatureand nurture. For example, supposehat a trait were the arithmetic
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productof G andE (i.e. Y = G.E). An ANOVA onthis datamay still find someadditive compo-
nent,but this would solelybe anartefactof the method.Wahlsten(1990)(following Nabi) shovs
the problemsthatwould resultif the samemethodwereusedto analysefor example,gravity. We
know thattheactuallaw is

F=——5— (8.1)

But supposéahatwe analysedheeffectsof massn,) anddistance(d) ontheforce (F) measured
onanobjectby afixedmassm).

The experimenters conclusiondrom the ANOVA would be that both massanddis-

tanceareimportantfor the force, althoughthe internalfactor (mass)is rathermore
importantandaccountgor morevariancehantheexternalfactor(distance)andmass
anddistanceareadditive becauséheinteractiontermis notevencloseto significance.
He might evenproclaima simplifiedlaw of gravitation,F = p+m+-d. ...

It makesno sensdo saythata personsweightdependsnoreon body sizethatplanetof resi-
denceput thisis preciselywhatANOVA techniguedry to measureAnd thereis no a priori rea-
sonwhy theinteractionbetweergenesandervironmentin thedevelopmenof anorganismwill be
simplerthanthatbetweermassanddistancen producinggravity — indeedmostof the evidence
from developmentafeneticgointsto morecompleity, notless(Pritchard, 1986). Therefordt is
similarly meaningless$o saythata trait dependsnoreon naturethanon nurture. The analysisof
variancecanoftensucceedn hammeringcomple interactiongnto additive holes,but we should
not confusetheresultof this procedurewith the original shape Heritability coeficientsgive usa
distortedpictureof therelationshippetweergenesandervironmentin the procesf inheritance,
but whatis thealternatve?

8.3 Inheritance and Mechanism

What do we meanby an ‘inherited’ trait, i.e. onethatis amenablgo adaptatiorby selection?
Consideralineageof blackravens.Their blacknessnaybe dueto geneticfactors,ernvironmental
factors(suchasa peculiarityin the local diet) or a combinationof both. We canobsere that
the trait has,in fact, beeninheritedin the pastbut the questionis whetherit is inheritable, i.e.
whetherthis trend will continueinto the future. Inheritability is thus a dispositiona property
like solubility; andjust asthe solubility cannotbe equatedwith the fact of dissolvingin water
soinheritability cannotbe equatedvith the fact of having similar offspring. We needto identify
somepropertyof the offspring of thelineagethatgivesussomereasorto believe thatit will share
the trait of its ancestorsWe needsomejustificationfor aninductionfrom pastto future ravens.
In section3.51 arguedthat suchinductionsare not justified simply by noting instancef black
ravens,but only by explainingthe obsenedconnectiorbetweerravenhoodandblacknesshrough
an understandingf the developmentalprocessesonnectingthe wild-type genomeof Corvus
corax to feathermpigmentproduction.This providesgoodgroundsfor believing thatall organisms
thatcarrythosegenesvould beblack.

Inheritability is an implicitly causalproperty: it is not just a correlationbetweentraits of
parentsandchildren,but ratherimpliesthat somethings passedn from parentgo childrenthat
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causeghattraitto re-occur If weuncoversuchaprocesshenatraitwill still beproperlyclassified
asinheritableevenif thatcorrelationmaybe disruptedby anenvironmentalfactor. Ariew (1997),
for example, citesthe example of opposablehumbs,which seemto be a paradigmcaseof an
inheritedadaptedrait. However almostall modernhumanswho lack thumbsarethe victims of

thalidomide andotherervironmentalfactors;thereforethe variationof thetrait in the population
thatis dueto geneticeffects,andhencethe heritability of the trait, is very low. The reasorwhy

we are confidentthat thumbsare amenableo adaptionis not dueto heritability measuresbut

becauseve have a goodideaof how they develop. In particularwe know that pentadactylimbs

aretheresultof highly canalisegrocessethatare (normally) very robustagainsternvironmental
disruption,andsowill re-appeain the lineageassoonasthe ervironmentalfactoris removed.

Thisunderstandinthenallowsusto disregardcasesn whichthetrait fails to bepassean: thumbs
areinheritableeventhoughthey have low heritability.

Of coursemethodologicallyspeakingit is very difficult to understandhe comple develop-
mentalprocessethatlink genego phenotypidraits; andstatisticalheritability experimentsarea
goodway of identifying particularmutationsworthy of furtherinvestigation.Howeverwe should
not confusethe methodof investigationwith the objectof investigation. Fisherhimself— the
inventorof ANOVA — warnedagainstthe so-calledcoeficient of heritability, which | regardas
oneof thoseunfortunateshort-cutswhich have emegedin biometryfor lack of a morethorough
analysisof the data(1951,p217). And Batesonconcludeghat ‘analysesof statisticalinteraction
shouldbe the startingpoint of attemptsto understanchow developmentalprocessesvork and
shouldnot be treatedasendsin themseles(1987,p2). If the ervironmentplaysno role in the
developmentof atrait, or if its contrikution is strictly separabldérom that of geneticfactors(i.e.
the variancesareadditive), thenwe canuseheritability to characterisénheritance However this
is the exceptionratherthanthe rule and,in general determininginheritability involvesisolating
thegeneticanddevelopmentamechanismsinderlyingthatinheritance.

Themechanisnof this geneticnheritanceneednot be nuclearDNA. For exampleSonneborn
hasshown thatif the patternsof cilia on the surfaceof Parameciaaresumgically alteredthenthe
samepatternwill beinheritedby descendantfl963); morewer this transmissions independent
of changesn the nucleus(1970). However the inheritancein this caseis still ‘genetic’ in the
sensehatit is mediatedoy a heritableunit analysableisingthe sameformallogic andprocedures
developedfor DNA-basedheritablesystemsgven thoughthe unit in this caseis composedf
microtukular proteinassemblieandnot DNA (Frankel,1983)(Whittle,1983).

The samepoint generalise$o othercasesf propertyinheritance.For example,supposdwo
rich familiesbestav their privilegeson their offspring. Thefirst give their childrena large sumof
mone assoonasthey reachmajority, but thenlet themfendfor themseles. Thesecondensure
thattheirchildrengoto thebestschoolsanduniversitiesjnherittitles, andareintroducedo all the
right socialnetworks but the childrenarenever givenary money directly. Both will producedong
dynastieof wealthandsocialpower. However in the first caseit is the wealththatis inherited,
with privilegebeingthelikely resultgivena particularsocialervironment.In theseconccaseit is
thesocialpositionthatis inherited,andwealthis theresultthataccruesinherentn the concepof
inheritancds theideathatsomethings preseredthroughcopying,eventhoughits effectsmaybe
dependenbn the environment. The two setsof childreninheriteddifferentpropertiesrom their
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parentsgventhoughtheresultswerethe same.Whendeterminingwhich propertiesareinherited
it is themechanisnof the copyingprocesghatmattersnottheobsenedresult.

In the caseof naturalselectioncorrelationdbetweerparentsaandoffspringcanbeachieredin
oneof two ways. Thefirst is throughthe mechanisnof a sharedervironment. But in orderfor
correlationto countasinheritancegheremustalsobe someelementof this causalink thatis in a
strongsensandependendf thedevelopmentaknvironment,.e. theremustbeanentity possessed
by both parentsand childrenasa resultof which the trait may, or may not, develop, depending
on the ervironment. Moreaover, if we areto useinheritanceto explain an obsered correlation
betweenparentsaandchildren,andhenceto explain theresponsef thetrait to selectionthenthat
entity musthave anidentity independentlyf its role in thedevelopmenibf thattrait.

(Of courseMendelrealisedall this 100 yearsagowhenhe developedthe notionof thereces-
sive gene— i.e. agenethatis possessely anorganism,andmay be passedn to its offspring,
but which doesnot have phenotypiceffects. The concepiof therecessie geneonly makessense
if its possessiogonditionsareindependentf its expressiorconditions,i.e. if we candetermine
whetheranorganismpossessesgenendependentlyf whetherary obsenabletraitsareaffected.
Howeverthequestiorhereis notwhethematuralselectionis, in fact, mediatecby ageneticmech-
anismbut whethersucha mechanisnis a necessargonditionfor naturalselectiorto proceed.)

8.4 Evolution and Development

A breedof cow thatreliably gave birth to a high proportionof heiferscomparedo bullockswould

be very profitableto farmers,but no amountof artificial selectionhasmanagedo produceone.
Why not? Thereasons thatonemoreconditionmustbe metif atrait is to respondo selection.
It is not sufficient that thereis a discretegeneticmechanisnmunderlyinga correlationbetween
parentsandoffspring (i.e. thatthetrait is inheritable). It is alsonecessaryhatthe effect of that
geneticfactorin thedevelopmenbf atrait must,to someextent, beindependenof others.Thisis

anaspecbf developmenthatNeedhanoriginally identifiedas‘dissociability’:

In thedevelopmenbf ananimalembryo proceedinghormallyunderoptimumcondi-
tions,thefundamentaprocesseareseenasconstitutinga perfectlyintegratedwhole.
They fit in with eachotherin sucha way that the final productcomesinto being
by meansof a preciseco-operationof reactionsand events. But it seemsto be a
veryimportant,if perhapsnsufficiently appreciatedfact, thatthesefundamentapro-
cessearenotseparablenly in thought;thaton the contrarythey canbe dissociated
experimentallyor thrown out of gearwith oneanother This conceptionof out-of-
gearishnesstill lacksa satisfactoryname,but in the absencef betterwords,disso-
ciability or disengagementill beusedn whatfollows. It is alreadyclearthatembry-
onicgrowth canbestoppedvithoutabolishingembryonicrespirationandconversely
it is probablethatgrowth or differentiation,undercertainconditions,may proceedn
the absenceof the normalrespiratoryprocesses.Thereare mary instancesagain,
wheregrowth anddifferentiationareseparablelt is asif eitherof theseprocessesan
bethrown out of gearatwill, sothat,althoughthe mechanismarestill intact,oneor
otherof themis actingas“layshaft” or, in engineeringerms,isidling. (1933,p180-1)

If atrait is notdissociablédrom othersthenary mutationthatis developmentallyiable will,
ipsofacto, carrythattrait. Thereforetherewill benovariationin thattrait in the population.Even
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if thattraitis inheritablethenit will still beimperviousto adaptatiorby naturalselection.Thuswe
find thatnoamountof selectiorsucceedm changinghesymmetryof ocellii in Drosophila(May-
nardSmith& Sondhi,1960)or thesex ratiosin diploid organismgsuchascattle)(MaynardSmith,
1978). Gould (1977,p234)hasalsousedthe effectsof suchdevelopmentaktonstraintgo explain
persistenstasisn evolutionin whichlong-termselectiorfails to produceary appreciablehange.

Developmentalconstraintscan affect evolution in mary ways, either by preventingary re-
sponseo selectionat all, or by preferringselectionin one particulardirection(MaynardSmith,
1985). Theresponsef a populationto selectionis oftenlikenedto a ball rolling acrossa fitness
landscapaowardsthe valleys of optimaladaptation However the effect of developmentaimech-
anismsis to transformthe ball into a complex polyhedronthatwill not necessarilyoll straight
down aslopebut may preferonedirectionto anotheror evencometo reston oneface.

WagnerandAltenbeig (1996)discusshow suchdevelopmentatonstraintsnaybeunderstood
at the level of the genotype. They ague that a pre-conditionfor dissociabilityis the absence
of ‘universal’ pleiotropy (Wright, 1968),in which every genehasan effect on every trait. If an
organismis to respondo selectiorthenits genotypenustbedividedinto discretégenenets’with
partially independentlevelopmentaleffects. If this is the casethen‘genetic changecanoccur
in one of thesegenenetswithout influencingthe others,therebymuchincreasingts chanceof
beingviable. Thegroupingleadsto alimiting of pleiotropyandprovidesaway in which complex
developingorganismsanchangen evolution’ (Bonner 1988,p175).

If thereis no geneticmodularitythenno amountof mutationandselectionwill producere-
liable adaptatiorbecauseselectie pressuresvill not be ableto ‘see’— i.e. have animpacton
the likelihood of replicationof — individual genes. This problemcan be picturedin termsof
the topographyof fitnesslandscapesPleiotropyincreaseshe ruggednessf fitnesslandscapes
since movementalong every dimensionin genotypespace— i.e. mutationat every locus —
will have an effect on the trait underselection,and hencethe fitnessof the phenotype.In such
ruggediandscapeselectionwill oftenresultin populationshbecomingstuckon local maxima,and
this is a significantpracticalproblemin usingartificial evolution asa multivariateoptimisation
technique(Goldbeg, 1989). But if muchof the genomeis neutralwith respecto the trait un-
der selectionthenthe populationis lesslikely to betrappedandselectionwill be morelikely to
produceadaptationBarnett,1998) (Huynen, Stadler & Fontana,1996)(Kimura, 1983). Wag-
nerandAltenbeg empirically investigatedhe effectson evolution of genotype-phenotypmaps
with varyingamountson pleiotropy They foundthatwheredevelopmentwasinsufficiently mod-
ular then‘the Darwinianprocesof mutation,recombinatiorand selectionjwas] not universally
effective in improving complex systems(1996,p967).

Sometimesselectionwill not succeedn producingadaptation;andthis failure canonly be
explainedby understandinghe developmentaprocessethat producea completeorganismfrom
aninheritedgenome Dobzhansk aguedthatnothingin biology canbe understoodaxceptin the
light of evolution. But it is equallytruethatevolution cannot be understooaxceptin thelight of
developmentabiology.

Genomesrenot alwaysmodular anddevelopmenis notalwaysdissociable Pleiotropymay
not be universal,but is still widespread.This fact underliesone part of Lewontin and Gould’s
infamouscritique of adaptationisnn which they questionedhe practiceof
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breakingan organisminto unitary “traits” and proposingan adaptve story for each
consideredeparatelyTrade-ofs amongcompetingselectve demandsxertthe only

brake upon perfection; nonoptimalityis therebyrenderedas a result of adaptation
aswell. We criticisethis approachandattemptto reassera competingnotion (long

popularin continentaEurope)thatorganismsnustbe analysedsintegratedwholes,
with Baup&nnow soconstrainedby phlyeticheritage pathwaysof developmentand

generahrchitecturghattheconstraintshemselesbecomenoreinterestingandmore

importantin delimiting pathway=f changehantheselectve forcethatmay mediate
changewhenit occurs.(1978,p581)

If the conditionsfor adaptatiorby naturalselectionaredefinedpurely at thelevel of individuals,
as Lewontin does, thenthe failure of selectionto produceadaptationcountsas a ‘hit’ against
adaptationismBut if conditionson the mechanisnof inheritanceanddevelopmentareincluded
in thatdefinitionthenwe canaccounffor those'failures’ — justasEinsteincouldaccountor the
failure of Mercuryto follow anelliptical orbit, andCrick andWatsoncouldaccounfor departures
from Mendels secondaw. In this way LewontinandGould’s negative critique of adaptationism
canbeturnedinto a positive proposalfor definingthe conditionsin which adaptatiorby natural
selectionoccurs.

Selectionfor a trait will only produceadaptationto the extent that that trait is dissociable
and modular;but just because trait is dissociabledoesnot imply thatits developmentis inde-
pendenbf the restof the organism. For exampleoneof the mostremarkabledemonstrationsf
geneticmodularityanddevelopmentatissociabilityhasbeenHalderetal’s (1995)succesin get-
ting completephysiologicaleyesto sprouton the wings, legs, andantenna@f otherwisenormal
Drosophilaby targetedmis-expressiorof the ‘eyeless’gene.But eventhoughthe effectsof ‘eye-
less’ arehighly modular this doesnot imply thatthe samegenewould producea compoundeye
if weretranscribednto, say amammal.

LewontinandGouldchallengedvhatthey sav asthereductionistitomismof theadaptationist
view of traits,andinsteademphasisetion organismsdevelop aswholeintegratedunits. Thisis a
healthywarning,but dissociabilityneednot imply atomism.Modularity doesnotimply thatpar
ticular genespr genenets,actalone,but only thatchangesvithin agenenethave limited effects
on the developmentof othertraits. Dissociabilitydoesnotimply thatorganismsarecomposeaf
prior partslike mythologicalchimerasput thatthosemodularpartsdevelopin, andaredependent
on, the contet of the whole organism. Dissociabletraits are thus emegent productsof whole
organisms.

8.5 Conclusion

A trait will respondo naturalselectiononly if it is inheritedvia a modularanddiscretegenetic
mechanismanddevelop dissociably If theseconditionsarenot metthenno amountof selection
will produceadaptation. Thereforea changein genefrequencieds a necessarycondition for

naturalselection.But in the next chapten will aguethata changean genefrequenciess not, in

itself, a suficientcondition.



Chapter 9

The Role of Vehiclesin Natural Selection

Theorganismis justthe genes way of makinganothemene.
— Dawkins, TheSelfishGene

| coinedthe term ‘vehicle’ not to praiseit but to bury it. ...The question'what is
thevehiclein this situation?’ may be no morejustified than‘what is the purposeof
Mount Everest?’.

— Dawkins, Buryingthe \ehicle

Lewontinamguesthatselectioncanactat mary levels. But selectiononly resultsin adaptation
if it producesa changein genefrequencies.Genefrequenciesrethe bottomline of evolution.
Dawkins (1976), following Williams (1966), hasusedthis fact to argue that natural selection
shouldbe understoodhsa procesghatonly actson genesyatherthanotherlevelsin the natural
hierarchy In this chapter arguethattherole of organismgandothergenetic'vehicles’)cannot
be soeasilyeliminated.

Theamgumentfor genicselectionisnstartsfrom the fact thatacquiredcharacteristicare not
inherited. In its moderninterpretatiornthis hasbecomethe CentralDogmaof molecularbiology
which stateghatinformationcannotpassfrom proteinto DNA, but only thereverse;i.e. changes
to the phenotypdncurredduring developmentwill have no effect on the DNA passedn to sub-
sequengenerationshroughthe germ-line. Therefore asDawkins putsit, anorganismis notthe
objectof Darwinianevolutionbecause

to regardanorganismasareplicator. . . is tantamounto a violation of the‘central
dogma’of thenon-inheritancef acquiredcharacteristicsA stick insectlookslike a
replicator in thatwe maylay out a sequenceonsistingof daughtergranddaughter
great-granddaughtestc,in which eachappeargo be a replicaof the precedingone
in the series.But supposea flaw or blemishappearsomavherein the chain,saya
stickinsectis unfortunateenougho losealeg. Theblemishmaylastfor thewhole of
herlifetime, butit is notpasse@nto thenext link in thechain.Errorsthataffect stick
insectshut nottheirgenesarenot perpetuatedNow lay outaparallelseriesonsisting
of adaughtersgenomegranddaughtesgenomegreat-granddaughtegjenomeetc.
If ablemishappearsomevherealongthisseriedt will be passeanto all subsequent
links in the chain.It mayalsobereflectedin the bodiesof all subsequerlinks in the
chain,becausén eachgeneratioriherearecausahrraovs leadingfrom genego body:.
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But thereis no causaklrrav leadingfrom bodyto genesNo partof thestickinsects
phenotypes a replicator Nor is herbodyasa whole. It is wrongto saythat ‘just
as genescan passon their structurein genelineages,organismscan passon their
structuren organismlineages’.....

The specialstatusof geneticfactorsratherthan non-genetidactorsis desered
for onereasoronly: geneticfactorsreplicatethemseles,blemishesandall, but non-
geneticfactorsdo not. (Dawkins, 1982,p99)

This picture of evolution is summedup in Weismanns famousdiagrarm in which arrovs
of causalinfluencerun solely from the genomeof one generatiorto that of the next, with the
expressedhenotypebeingno morethanan epiphenomenadffshootfrom the main branch:the
organismis justthegenes way of makinganothergene(figure9).

G
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Figure9.1:

Genegproduceorganismsput genesarealsoparts of organisms.And the organismcanbite
backandaffectthegeneghatthey contain.Thisproduceswo kindsof problemswith Weismanns
diagram,dependingon how thoseeffectsareunderstoodThefirst is thatthereplicationof genes
is causallydependenbn organismsandthis dependences the subjectof the next section. The
secondis thatthe replicationof genesis conceptuallydependenbn organisms,andthis is the
subjectof sections9.2and9.3. And in section9.4 1 shonv how we needto understandboth kinds
of dependengin orderto understanavolution.

9.1 Burying Vehicles

Mayr (1963) describeswo ways in which phenotypesausallyeffect the genesthey contain.
The first is that ‘natural selectionfavours (or discriminatesagainst)phenotypesnot genesor
genotypesp184] (seealso(Gould,1978,p90) and (Brandon,1982)). Genefrequencieshange
becausef the effectsthey have on the ability of organismsto reproduce.The more successful
the organism,thenthe moreits geneswill spread.The secondagumentis whatMayr calls ‘the
genetictheoryof relatiity’, whichis that'no genehasa fixedselectve value;the samegenemay
conferhigh fitnesson onegenetichackgroundandbevirtually lethalon another’[p296] (seealso
(Sober& Lewontin, 1982)and(Gould,1978,p91)). Thefitnessof agene— i.e. therateatwhich
its frequeng changes— depend®n its context (including therestof the genomethe organism,
andits ervironment)andis not a fixed propertyof the gene-in-itself.

Evolution, like all otherbiological processess a denseweb of interactingcause®perating
at, and between differentlevels of organisation. Mayr’'s agumentis that we should pick out
organismsas playing a privileged causalrole in this process;but this agumentstandsor falls

1This diagramhasoftenbeenattritutedto Weismannthoughl canfind norecordof him actuallyusingit.
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accordingo how onechooseso definecause Dawkins’ defenceof genicselectionisnstartsfrom
thefollowing point:

Philosopherspossiblywith justification,makeheary weatherof the conceptof cau-
sation,but to aworking biologistcausations arathersimplestatisticalconcept.Op-
erationallywe can never demonstrateahat a particularobsened event C causeda
particularresultR, althoughit will oftenbe judgedhighly likely. Whatbiologistsin
practiseusuallydo is to establishstatistically that eventsof classR reliably follow
eventsof classC ... Statisticalmethodsaredesignedo help usassessto ary speci-
fied level of probabilisticconfidencewhetherthe resultswe obtainreally indicatea
causarelationship.(Dawkins, 1982,p12)

This Humeandefinitionof causadissolesthe causaboundarieshat pick out vehiclesasinelim-
inableactorsin evolution. Accordingto this definition naturalselectionworksthroughvehicles,
ratherthanonthem. To seewhy thisis considereachof Mayr’s objectionsn turn.

Mayr’s first amgumentwasthat phenotypicpropertieshot genescausedifferentialreproduc-
tion. Dawkins’ responselepend®n causatiorbeingtransitive. Accordingto Dawkins’ definition,
if C cause€l andE1 causeE?2 thentheremustbe a correlationbetweeneachpair. This fur-
therimpliesthatE2 will becorrelatedwvith C, andhencehatC cause€2. Now Mayr aguesthat
phenotypidifferencegE1) causdifferentialreproductior(E2), but thosephenotypidifferences
(E1) arethemselescausedy geneticdifferenceqC). If causationis transitive thenit is equally
truethatgeneqC) causdifferentialreproduction(E2).

Mayr’s secondbjectionwasthatthe effectsof genesarecontext dependentHowever givena
particularcontet thenallelic differencesvill becorrelatedvith phenotypidifferencegandhence
with fitness). Thereforeaccordingto Dawkins’ definition of causeit is still correctto saythata
particularallele hasa causaleffect on fitness. For example,Lewontin and Sober(1982)discuss
the caseof heterozygoteuperiorityin which a heterozygotéAa) is fitter thaneitherhomozygote
(AAandaa). In the caseof humansickle-cellanaemiafor example,homozygotes$or thenormal
allele have functional haemoglobirbut are vulnerableto malaria,homozygotedor the mutant
allelesuffer anaemiaandheterozygoteareresistanto malariaandavoid anaemiaTheeffectsof
eachindividual allele (A or a) depend®n thealleleit is pairedwith, andso SoberandLewontin
concludethatthey cannotbe attributedwith a uniquecausalkole: ‘if ageneraiseshe probability
of agivenphenotypen onecontet andlowersit anotheythereis no suchthingsasthe causatole
thatthegenehasin general’(Sober1985,p313).However Sterelty andKitcher (1988)amuethat
evolution doesnotrequirethata genehasa causakole ‘in general’,but only in specificcontets.
A genicselectionistanperfectlywell aguethatanA alleleis fitter thana whenpairedwith ana,
but lesswhenpairedwith anA.

Both of theseobjectiongo Mayr's algumentgrove only thatthe gene-centristiew is asvalid
asthe vehicle-centrisand,in hisfirst book, Dawkins comparedhetwo pointsof view to thetwo
possibleviews of the NeckerCube: neitheris morecorrectthanthe other they arejust different
views of thesameprocessHowever Dawkinslaterpresentednadditionalagumenthatquestions
the validity of the vehicle-centrisiview per se This is the conceptof the extendedphenotype
(1982,ch11-13).Considerthe geneghatcontributeto the beaver’s habitof building dams.What
mattersfor the successfuteplicationof thesegenesds not the particularactionsof the beaver —
the bitesit takesout of trees,the driftwood it collects,andso on — but the size of the artificial
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lake that it produces. The bigger the lake then the more protectedthe beaver will be against
land-basegredatorsandthe easierit will find food. This turnsthe vehicle-centrisg aguments
againstthemselesin a kind of reductioof Mayr’s first objection: if what causallymattersfor

evolution is the phenotypiceffects of genesnot the genesthemseles, thenindividualsdo not

have a privilegedpositionin theontologyof evolution. Thespreadf bearer genesdepend®nthe
propertieof beaver lakes,notthepropertiesof beaversthemseles. Causallyspeakingindividual

organismsarenomore,andnolessthanonepartof theextendedohenotypicernvironmentthrough
which genegeplicatethemseles. Thevehicleis buried,in Dawkins’ phrasg1994).

If Dawkins (and Hume)are right aboutthe natureof causationthenMayr (and Lewontin)
arewrong that naturalselectionactson vehicles. Thereare two possibleresponseso this. The
first is to amuethat Dawkins is wrong aboutcause asSoberdoes(1985). | believe that Sobers
criticismis valid, but definingsufficient conditionsfor causatiorcapableof supportingthis claim
wouldtakeustoofar from thedirectconcernf thisthesig. Causations aminefieldthat! would
ratheravoid if atall possible.However thereis anothemway in which individual organismsplay
anineliminablerolein our understandingf naturalselection.Thisrole is conceptualratherthan
causalandis the subjectof therestof this chapter

9.2 Counting Genes

Whatis agene?The Mendelianansweris thata geneis a unit of heredity but this describesvhat
agenedoes notwhatit is. The biochemicalansweiis thata geneis a sequencef DNA, but not
all possibleDNA sequencearegenes Sowhatmakesa particularsequenca gene?Theoriginal
answeto this questionwasgivenin theslogan'one gene pneprotein’,i.e. ageneis asequencef
DNA thatcodedfor a protein,but it is now clearthatthe situationis morecomplicated¢hanthat.
In prokaryotesgenesaindtheproteinghey codefor areco-linear;thatis thesequencef amino
acidsin eachproteinis representetly a correspondinginbrokersequencef codonsn the DNA.
Thereforestartingfrom the slogan‘one gene,one protein’ we can clearly identify a geneasa
contiguoussequencef codonson a DNA molecule.However sincel977it hasbecomeapparent
that the situationin eukaryotess rarely that simple. Insteadof forming a contiguoussequence
thegenemayberealisedin a ‘mosaic’ of partsspreadacrosghe genome.Theinitial pre-mRM
transcriptof themaosaicis then‘spliced’: a processn which sectionsjntrons areeditedout. The
dihydrofolatereductas€ DHFR) gene for example,canvary in lengthfrom 25-31kbdepending
onthemammalit occursin. Most of this variationlies in the sequenceyosition,andlengthof the
intronswhich play no active role, however someof thesentronsthemselescodefor proteinsthat
functionindependentlyf thatcodedfor by theremainingexons. Moreover the exonsandintrons
in theoriginal DNA sequencenaybesplicedin mary differentwaysdependingn the actionsof
otherregulatorygenespor on the presencef ancillary proteins. Thustwo or more mosaicsmay
intermingleacrosghe samestretchof DNA (Breathnact& Chambon1981)(Wu, 1978).
Geneganalsooverlaponthe DNA suchthatthe samesequencef nucleotidesodefor more
thanoneprotein. Onefunctionalgeneis oftensimply a truncatedversionof anotherbut in other
caseghetwo expressiorprocessemaybereadin differentframessuchthatthedivisionsbetween

2In chapter2 | only proposeda necessargonditionon causalkxplanation(i.e. thatthe causeof A hasanidentity
independenof A), andavoidedthe problemof sufficiengy.
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the codonsfor onegenedo not coincidewith thoseof the other In suchsituationswve cannottell
whichaminoacid— letalonewhich protein— abasepaircodedor withoutobservingheprocess
of expressiorin action.

Genegdo not even have to betied to a particularplaceon a chromosome Transposablee-
guencespr transposongrecapableof ‘jumping’ from onelocationto anotheritherby detaching
themseles from the main DNA sequencer by inducing the replicationof copiesthat subse-
guentlyinsertthemselesat a new location. Most transposonarelikely to be entirely ‘selfish’,
with no furtherphenotypiceffects,but it is alsopossiblethatthey area majorsourceof effective
mutationgBerg & Howe, 1989).

Genesmay also be polymorphic;i.e. they may be encodedn a variety of different DNA
sequencesdMe usuallydescribalifferentsequenceatasinglelocusasalternatve alleles,but it is
alsopossibleto describethemasalternatve forms of the samegene. Again the crucial factoris
the effect on phenotype.Thereis a continuumof typesof changeof DNA sequencesncluding
thosethat changeDNA sequencédut not protein sequencethosethat changeprotein sequence
without changingts secondanstructureand/orfunction, thosethat createproteinswith different
actwities, andthosethat createmutantproteinsthatare non-functional Whereon this continuum
we draw the line betweeralternative forms of the samegeneandalternatie allelesdependson
theirrole in the overall metabolisnof the organism(Gusella,1986).

In short,a geneis defined'semantically’in termsof therole thatit playsin the metabolism
anddevelopmentbof anorganism not ‘syntactically’ in termsof a DNA sequenceAs Lewin puts
it

Geneganbeisolatedby working backfrom aprotein. .. The concepbof thegene
itself, however, hasrecentlyevolved further The questionof what's in a nameis
especiallyappropriatdor the gene.We canno longersaythata geneis a sequence
of DNA that continuouslyanduniquely codesfor a particularprotein. In situations
in which a stretchof DNA is responsiblefor productionof one particularprotein,
currentusageregardsthe entire sequencef DNA, from the first point represented
in the messengeRNA to the last point correspondingdo its end,as comprisingthe
“gene”, exons,introns,andall.

Whenthe sequencesepresentingproteinsoverlap or have alternatie forms of
expressionwe may reversethe usualdescriptionof the gene.Insteadof saying“one
gene— onepolypeptide”,we may describethe relationshipas“one polypeptide—
onegene”. Thuswe regardthe sequenceactuallyresponsibl€or productionof the
polypeptidg(includingintronsaswell asexons)asconstitutingthe gene while recog-

nising that from the perspecire of anotherprotein, partof this samesequencelso
belonggo its gene.(Lewin, 1997,p146)

Suppose copyof theDHFR geneis replicatedputin sodoingmutatesnto oneof its alternate
forms. Shouldwe describehis processasthe successfuteplicationof a singlegene or thedeath
of an old geneandthe creationof a new one? Hastherebeena changein genefrequencies?
The answerdependsn the effect of the new sequencen the organism. The conceptof ‘gene
frequeng’, like thatof ‘gene’itself, is dependentn phenotypigroperties.

Genedo notjustdeterminghestructureof proteins.Their othermainfunctionis to regulate
the productionof proteins,andthis alsoraisegproblemsin individuatinggenes Sometimes reg-
ulatinggenewill directly controlthetranscriptiorof a neighbourIn theabsencef this expressor
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theregulatoris functionallyneutral like a switchthatis not connectedo arything. In othercases
the regulationis more subtleandlong-range jnvolving the productionof intermediateancillary
proteins. Generegulation canalsobe affectedby ervironmentalfactorsthatinduceexpression,
or affecttheinitiation andterminationof transcription(Reznikof etal., 1985)(Platt,1986).If the
sameDNA molecules putin anothemrganismor in vitro, thendifferentgenesnaybeexpressed.

Reyulationcanalsooccuratlevelsabove thatof asinglegene.Eukaryoticgeneghatcodefor
proteinswhosefunctionsarerelatedare often organisednto clusters suchasthethreelac genes
in E. coli which codefor enzymeghatdecomposetransportandaid the metabolisnmof, lactose.
Thesethreegenesaregroupedogetheronthegenomeandrespondo a singleregulator forming
a functionally unified operon thatrespondswiftly to the presencef lactosein the ervironment
(Jacob& Monod,1961). Thereforefrom the point of view of Mendeliananalysisit is the operon,
ratherthanits constituenggenesthatis the unit of heredity

The compleities of generegulation meanthat an apparentlysimple question,suchas the
numberof geneson agenomedoesnot necessarilhave asimpleanswer:

The major questionabouteukaryoticDNA concernsthe numberand types of
genesin a genome.We may identify the coding potentialof a genomedirectly, by
identifying regionsthathave openreadingframes.Large scalemappingof thisnature
is complicatedby the fact that genesareinterruptedin highereukaryoticgenomes,
sothatmary separate@penreadingframesmay be partof a singlegene....Since
we do notnecessarilyhave informationaboutthe functionsof theproteinproductsor
indeedproof thatthey areexpressedat all, this approactis restrictedto definingthe
potentialof thegenome....

Anotherapproacthis to definethe numberof genedirectly in termsof their ex-
pressionin RNA or protein. This givesan assuranc¢hatwe aredealingwith bona
fide genesthat are expressedunderknown circumstanceslt is of coursethe only
approachthatallows usto askhow mary genesareexpressedn aparticulartissueor
cell type,whatvariationexistsin the relative levels of expressionandhow mary of
thegenesxpressedn oneparticularcell areuniqueto thatcell or arealsoexpressed
elsavhere.(Lewin, 1997,p645)

Thefirst of theseapproachetells usthe potentialcapacityof the genomeput maynot distin-
guishbetweerfunctionalgenespseudogenédsand‘junk’ DNA. Thesecondf theseapproaches
cantell us morepreciselyhow mary functionalgenesare presentput thenthis numberwill be
dependenbn the cellular (andwider) ervironment: put the samegenomein a differentcell, or
in vitro, andthe numberof geneschanges Genefrequenciesare not determinedsolely by DNA
sequence.

Geneslike mentalstatesarefunctionalentities,definedby therelationshipbetweerthe sub-
stratein whichthey arerealised DNA), andits ervironment(theliving organism).Genesarethe
rolethatDNA playsin thedevelopmenbf anorganismjustasmentalstatesaretherole thatbrain
statesplay in behaiour. If youtakea DNA moleculeout of its chromosomalnuclear cellular,
andorganismicervironmentthenit doesnot containary genesjust asa slice of braintissueon
a slide doesnot containbeliefs. Of coursein orderto be accordeda well-definedcausalrole —
i.e. in orderto understandhow they dothejob they do — it is necessaryo understandhow these
functionalgenesarerealisedin DNA, just aswe hadto understandhow mentalrepresentations

3Sequencesf DNA thataresimilar to functionalgenesbut play no active role.
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wererealisedn brainstatedn orderto understandhow they playeda causarolein ourbehaiour;
but this shouldnot temptus into forgettingthatit is the functionalrole that matters. Genesare
emegentpropertieof theinteractionbetweerDNA andits ervironment.lt is atruismthatgenes
cannotreplicate or have ary developmentakffects,outsideof theappropriateellularandorgan-
ismic ervironment. This is true, but is only half the story. Strictly speakinggenesdo not even
exist outsideof theappropriateernvironment.

9.3 Counting Replicators

Naturalselectiomecessarilynvolvesa changen genefrequenciesBut genefrequencieslepend
on how DNA expressionis regulatedby the organism. So perhapsve shoulddo the ‘bookkeep-
ing’# for evolution in the hard curreny of nucleotidesequencesiatherthanthe fluid termsof
genesBut whatlengthof sequence®s the unit of selectiora singlenucleotidepr is it the entire
genomeDawkins amguesthatary sequenceanbea unit of selection— an‘active replicator’'—
solong asit hassomeeffect onthe phenotypeandsorespondgo selection(1982,p90-1).

Thereasorfor measuringvolutionin termsof arbitrarylengthsof DNA ratherthanorganism-
dependengeness thatonly changedn theuniversalcurrengy of DNA mattersor theevolutionary
future. However notall DNA mattersequally RecallDawkins’ agumentwhy we cannotunder
standevolutionsolelyin termsof thereplicationof organismsnamelythat‘errorsthataffect stick
insectsbut not theirgenesarenot perpetuated’Thisis true, but doesnotimply thatall errorsthat
affectstickinsectsgenewill bepasseaneither Unlessthoseaffectedgenesarepartof thestick
insects germ-linecells, andunlessthosecells go on to form aviable zygote,then, like the stick
insectslostleg, thosegeneticerrorswill notbepassedn. If stickinsectsarenotreplicatorghen
neitheraretheir non-germ-lineggenes.

The gene-centristiew restson a principleddistinctionbetweena replicatorandthe vehicle
throughwhich the replicatorsurvivesinto the next generationlt is the fate of the replicatorthat
mattersnotthatof thevehicle. Thereforewe have to distinguish betweerthereplicationinvolved
in vehicle-tuilding andthereplicationinvolvedin lineage-hiilding — what Dawkins describess
germ-line ratherthandead-endeplication.

The samedistinctionunderliesthe problemof ‘head-counting(Sober 1985, p29). Suppose
two land-dwellingorganismdive on a rock surroundedy water Onehascopiesof geneA and
getsfat, while the otherhascopiesonly of B andgetsthin. The proportionof A-typecellsin this
two-organismpopulationincreasesbut this doesnot constituteadaptiveevolution: fatnessdoes
not constitutefitness. The samepoint alsoappliesto the replicationof sterileworkersin groups
of eusocialinsects.The productionof moreworkersincreaseshetotal numberof the geneshey
carry and may strengtherthe nest,but they are as much asan evolutionary dead-endas stick-
insectlegs. Theonly germ-linereplicationin this caseis thatinvolvedin the productionof new
swarmingqueensin othercasesheremaybeno prior separatioetweerdead-en@ndgerm-line
cells. For examplethe apicalcell of a stravberryplantrunnermaydie afterfruiting, or therunner
may takeroot andform anoffspringthatliveson afterthe deathof the original. Thedevelopment
of the plantthusturnsa dead-endell into agerm-linereplicator

4Thistermis dueto Wimsatt(1980).



Chapter9. TheRoleof Vehiclesin Natural Selection 98

Considemnotherexample.Many cancerousumoursareinducedthroughthe actionsof proto-
oncogeneshatarepresentn the cells of the hostorganismandnormally play a role in healthy
development.Thecellularproto-oncogene-myg for example ,codedor aproteinthathelpsiniti-
ateRNA transcription.Theseoncogenesanbeimplicatedin the growth of cancerousumoursin
two ways. Thefirst involvesthe hostbeinginfectedwith aretrovirus, suchasthemousemammary
tumourretrovirus (MMTYV), whichchangeshewaythecellularoncogenés regulated.Theresult-
ing tumourmaythenhelpthevirus propagateOr a tumourmayform withoutviral infectiondue
to a mutationin the regulatory genesof the mousecell (Bishop,1983) (Bishop,1985) (Varmus,
1984)(Heldin & Westermark1984).

In bothof thesecases changen theregulationof c-myccausestumourto grow. Thelineage
of theoriginalcancerousell will grow explosively, butwill diewith thehost.Buttheevolutionary
storiesof eachof theseprocessess very different. In the former casethe replicationof mycis a
vital part of the reproductve cycle of the virus. In the latter casethe cancerouseplicationis
simply a by-productof having growth factorswhoseregulationis vulnerableto mutation. Thus
a singleact of DNA replicationcanbe a dead-endwith respectto one vehicle (the mouse)and
constitutethereplicationof the germ-lineof anotherthevirus).

Is canceranadaptatiorand,if so,whofor? In the caseof mousemammarytumoursboththe
healthyandtumourouscells,andthevirus, all containthe samemycgene.Thereforewe cannot
saythatthecanceis anadaptatiorfor mycgenesimpliciter, but only with respecto theparticular
lineageof reproducingsehiclesthatcarryit. It maybeanadaptatiorfor themycof MMTV, or for
themycof atumourouscell, butit is certainlynotanadaptatiorfor the mycof the healthycells of
themouse.Unlesswe identify thevehiclethroughwhich the geneis transmittedhenwe have not
yetansweredawkins’ question.

The pointof doingour evolutionarybookkeepingn termsof DNA sequencess to determine
whetherevolution is occurring. But in orderto do this we cannotjust countthe total number
of copiesof a sequencén the ecosystemsinceit is only germ-linereplicationthat mattersfor
evolution. But whatconstituteggerm-linereplication?Dawkins definest asfollows:

A germ-linereplicatoris areplicatorthatis potentiallytheancestoof anindefinitely
long line of descendanteplicators. A genein a gameteis a germ-linereplicator
Sois a genein oneof the germ-linecells of a body, a direct mitotic ancestorof a
gamete Sois ary genein Amoebgoroteus Sois anRNA moleculein oneof Orgel’s
(1979)test-tubesA dead-endeplicatoris a replicatorwhich may be copieda finite
numberof times, giving rise to a shortchainof descendentdut which is definitely
not the potentialancestorof an indefinitely long line of descendentsMost of the
DNA moleculesn our bodiesaredead-endeplicators. They may be ancestor®f a
few dozengeneratorsf mitotic replication,but they will definitelynotbelong-term
ancestors(Dawkins, 1982,p83)

The problemherelies in the words ‘potential’ and ‘indefinite’. In one senseall DNA has
the potentialto replicateindefinitely, sincewe areableto extractthe nucleicacidfrom theliving
organismandreplicateit in vitro. In anotheisenseno DNA canhave anindefinitechainof descen-
dentssincetheuniverseis bounded Nonethelesshedistinctionbetweergerm-lineanddead-end
replicatorsseemgo have a clearbiological basis; but what? Whetheror not a DNA sequence
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is capableof beingpassedn ‘indefinitely’ dependn the developmentandreproductiorof the
organismthatit is partof.

Weismann(1904)believedthatonly germ-plasncontainedhe materialof inheritancewhich
wasthenirreversibly corvertedinto differentiatedsomaticcells. Accordingto this picture the
distinctionbetweengerm-lineand dead-endeplicationis explicit at the level of the individual
cell: germ-linecells containedthe materialof heredity but somaticcells did not. Weismanns
basicideaof a completeseparatiorof germ-plasnfrom its phenotypicexpressiorwasabsolutely
correctbut the mechanisnhe chosefor makingthis distinctionwasnot. We now know thatboth
germandsomaticcellscontainthematerialof heredity Moreover somesomaticcellsaretotipotent
— i.e. they retainthe capacityto produceboth gametesandsomaticcells. This is obviousin the
caseof plantswhich areableto grow from cuttingstakenfrom almostanywhereon the adult.
Indeedthedevelopmentf cloningtechniqguesneanghat,in asenseall cellsin all organismsare
(potentially) totipotent. The division betweengerm-lineand somaticcellsis not asclearcut as
Weismanns diagramimplies. Whetheror nota cell is destinedo be adead-endeplicator or has
the potentialto form partof the germ-lineof a new generationijs notanintrinsic propertyof that
cell.

Weismannpicturedthe relationshipbetweendevelopmentand evolution asinvolving a clear
differentiationbetweersomaticandgerm-linecells (figure 9.2).
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Figure9.2:

But we now know that, in generalthereis no suchsystematiaifferentiation. Whetheror not
a particularcell endsup asthe germ-linefor a new generatiordependson the peculiaritiesof
individual development(figure 9.3). Which cell endsup asthe germfor a newv generatioris not
fixedin advancé.

In somesituations— suchassexual reproduction— thereis a morefixed differentiationbe-
tweengerm-lineandsomaticcells,andsothe procesf reproductiorapproximatesnoreclosely

5Dennett(1994)compareshisto the‘veil of ignorancein Rawls theoryof justice.
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to figure9.2. Butin mary othercases— suchasvegetative reproduction— it will not. Of course
Dawkins is correctthatall mutationsmustbeinstantiatedn genesf they areto beinherited.But
it is not determinedvhich cells containthe geneghatmatter As Bussputsit ‘knowledgeof the
molecularmechanicof heredityis not equivalentto knowledgeof the unitsthat prove heritable
... Developmentcontrolsheritability’ (1987,p14).

It is interestingto notethatWeismanndid notinvokehis (mistaken)peliefsaboutgerm-plasm
to justify his assertionthat acquiredcharacteristicsvere not heritablé€. Insteadhe basedthis
argumenton empiricalfactsabout,for example,the pupsof micewhosetails have beencut off, or
the childrenof fatherswho acquiredduelling scars.Both of thesetraits were popularlybelieved
to beinheritable— indeedl canremembebeingtaughtthatManx catslosttheirtailsin the same
way — but Weismanrdemonstrateémpirically thatthey werenot. He alsoarguedthatit would
be inconcevablethat, for example,the well-developedfore-armsof a blacksmithcould produce
the appropriatechangesn his spermnecessaryo passon the trait to his children. It would be
akin to writing a telegramin English, sendingit to China, andfinding it arrived translatednto
Mandarin,asWeismanrputit.

Weismanns beliefsaboutgerm-plasnstemfrom a consideratiorof development,not evolu-
tion. He amuedthatthe developmentof large scalemorphologyin multicellularorganismscould
be controlledby geneticmaterialthroughonly two possiblemechanismsThe first would be by
having the entiregenomecopiedinto eachnewv somaticcell. But thenfactorsfrom outsidethe
cell would have to ‘switch on’ the appropriategenesin the cellsin all the variouspositionsin
the developingembryo: the ‘leg genes’in the cells at the bottom, ‘li ver genes’in thosein the
middle,andsoon. Weismanrcould notimaginehow sucha complex anddelicatechoreography
of switchescould be controlledso insteadhe plumpedfor the alternatve, which wasthat each
somaticcell wouldonly inheritthosegenesecessarfor their particulardevelopment Livercells
would only containliver genesandsoon. Onelook at a flower growing on a planttakenfrom a
cutting shouldhave persuadedVeismannthatthe former mechanismhowever improbable was
responsiblebut it is only relatively recentlythatwe have startedo scratchthe surfaceof how this
developmentathoreographys possible.

To putit crudely Weismanrbelievedthatgivena phial of germplasmandsomaticcellsthen
hewouldbeableto distinguishbetweerthem. Thisis nottruein general Germ-lineanddead-end
cellscontainthe sameDNA, andareonly distinguishedy therole they play in the development
andreproductionof an organism. In this sensegerm-linereplicatorsare similar to straws that
breakcamels’backs: both are only distinguisted by the role they play in the fate of a vehicle.
Whenwe look at afield of strav we cannotpick outthefatal ones.Similarly, we cannotook ata
collectionof cellsandpick outthegerm-linereplicators.The objectterm‘the straw thatbrokethe
camels back’ notonly picksouta strav but alsothe camelfor whichit provedfatal; andtheterm
‘germ-linereplicator’notonly picksoutasequencef DNA, butalsothelineageof vehiclesvhose
germ-lineit is partof. In somecasessuchasthe mycgenein atumourcell of a MMTV-infected
mouseasingleDNA sequencénstantiateswo differentgerm-linereplicators gachdefinedwith
respecto a differentlineageof vehicles. The mycmay bereplicatedeitherthroughpropagation
of the virus or throughthe spreadof the tumour andeachlineagewill definedifferentadaptve

6Thanksto JohnMaynardSmith, personatommunication.
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pressuresln somecaseghevehicleof agerm-linereplicatormaybe whatwe naively think of as
anindividual organism.In othercasessuchcoloniesof eusociainsectsjt will beahighergroup
of organismsIn caseof ‘moleculardrive’ (Crow, 1979)— in which geneamultiply outof phase
with the organismghey arein — the vehicleis lowerin the hierarchythanthatof the individual
organism.

Dawkins et al argue thatthe bookkeepingf evolution shouldbe donein units of germ-line
replicators.But in orderto pick out germ-linereplicatorsfrom dead-endeplicatorswe have to
identify thevehiclethatit is agerm-linereplicatorof”.

9.4 Fitness

In the last chapterl arguedthat the conceptof ‘inheritance’, when clarified, reveals a genetic
mechanismSimilarly theconcepbf ‘germ-linereplication’,whenclarified,revealsareproducing
vehicle. Therefore,althoughthe bookkeepingor evolution may be donein the units of DNA
sequencesthe thing being measureds the reproductionof vehicles. Fatteris not fitter, even
thoughit producesnorecopiesof agene.

This distinctionbetweerthe propertybeingmeasure@ndthe unitsin which we measurét is
explicit in the standardgopulationgeneticists definition of fitness:

The fitnessof a particulartype, A, is the expectednumberof offspring contributed
by an A individual to the next generation.Fitnessis estimatedrom one particular
stagein the life cycle — usually the zygote— to the correspondingstagein the
next. ...Fitnessis a property not of anindividual, but of a classof individuals—
for example,of individualshomozygoudor allele A at a particularlocus.. .. Usually
we ascribefitnessto a ‘genotype’,meaninga classof individualswith somegenetic
characteristién common.. .. Fitnessis a propertyof a classof individuals,and not
of genes(MaynardSmith,1989b,p36-7,emphasisdded)

Thereforewhenwe saythatatrait improvesthefitnessof (i.e. ‘is for thegoodof’) agenewe
areimplicitly sayingthatit increasesheability of avehicleto passt on. Giventhe presencef a
genein a populationthe questionsve mustaskarenotonly how it aidsfitness but whatvehicleit
aidsthefitnessof. And theanswerto this questionis notalwaysstraightforward:

Genesarenormallypassen by thereproductiorof their vehicles thereforefithessis usually
operationallydefinedasthe expectednumberof offspring of aindividual memberof a genotype.
This definition not only coversthe ‘usual’ casesf sexual or asexual reproductionof individual
organisms but alsothe caseof transposonand other mobile DNA in which the vehicle of the
geneis the DNA sequencéself: every actof replicationis thussimultaneousha caseof vehicle
reproductionBut for thegenef infectiousparasitedt is nottherateof reproductiorthatmatters
per se but the rate of transmissiorto new hosts. And parasiteshave evolved mary ingenious
mechanism$or achieving this, suchasthediarrhoeanducedby the cholerabacteriumor theopen
soresproducedby syphilis. Indeedin somecasedoo muchreproductioncanreducethe fitness
of the genesof the parasitesincethey may kill the hostbeforeit is capableof infecting others.
Thereforethereis an evolutionarypressurdo becomdessvirulent. For example,whensyphilis

“IndeedHull amguesthatwe shouldabandorthe terms‘organism’,‘'vehicle’, and‘individual’ in favour of onethat
makegheconcepbf reproductiorcentral. Thushedefinesselectiorin termsof ‘interactors’:i.e. anentity thatinteracts
asacohesvewholewith its ervironmentin sudh a waythat reproductionis differential (1980,p318).
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first reachedEuropeatthe endof thefifteenthcenturyit couldcover anentirebodywith pustules,
causefleshto fall off peoples faces,and causedeathwithin months. Now it hasevolvedinto a

muchlessvirulentform thatrarelykills thehost,evenif it is untreatedThereforeepidemiologists
measurehe fitnessof suchdiseasesn termsof the rate of transmissiorbetweenhostvehicles,
ratherthanthereplicationof the vectoror its genegWilliams & Nesse1991)(Ewald1994.

Recallthat

thewholepurposeof our searcHor a‘unit of selection’is to discovera suitableactor
to play the leadingrole in our metaphorsof purpose.We look at an adaptatiorand

wantto say ‘It is for the goodof ...". Our questis for the right way to complete

that sentence. It is widely admittedthat seriouserror follows from the uncritical
assumptiorthat adaptationsare for the good of the species. | hopeto be ableto
show thatyet othertheoreticadangersalbeitlesserones attendthe assumptionthat
adaptationsarefor the goodof the individual organism. | am suggestingherethat,
sincewe mustspeakof adaptationsasbeingfor the goodof somethingthe correct
somethings theactive germ-linereplicator (Dawkins, 1982,p91)

Dawkins is correctto warn againstthe assumptiorthat an adaptatioris goodfor the individual
organismthatcarriesit. However arguinginsteadthatthe adaptatioris for thegoodof ‘the germ-
line replicator’ doesnot yet answerthe question but just generalise#t: germ-linereplicatorsare
alwaysgerm-linereplicatorsof alineageof vehiclesandthesevehiclesmustbeidentifiedin order
to answelthe question.

In section9.11 arguedthat,althoughMayr et al werecorrectto arguethatindividual vehicles
play a causalrole in the processe®f selectionthat changethe frequeny of a gene,this was
equallytrue of the restof the extendedphenotype Thereforevehiclesarenot distinguisiedasan
essentiapart of the characterisationf naturalselectionby their causalrole per se Howeverin
section9.3| arguedthatvehiclesplay anineliminableconceptualole in picking outwhich DNA
sequencesountasgerm-linereplicatorsi.e. theunitsin whichthebookkeepingf evolutionmust
be measuredWhenthesawo aguments— the causakindthe conceptual— areputtogetherthe
conclusionis thatwhenwe describeatrait as‘goodfor agerm-linereplicator’'we implicitly mean
thatit contributesto the ability of a vehicleto passon moreof its genesto the next generation.
Beaver lakescanincreasehe frequenyg of beaver genesin two ways. Thefirst is by producing
morebeavers. Theseconds by producingfatterbeavers. Only thefirst constitutesvolution.

9.5 Conclusion

Lewontin et al arguethatnaturalselectionoccurswheneer we have the differentialreproduction
of individualsonthe basisof theirinheritedtraits. Thisis true,but whenwe ‘clarify’ thenotionof
inheritanceve find thatcorrelationshetweerparentsaandoffspringmustbe mediatedby agenetic
mechanism.This impliesthata changen genefrequenciess a necessargonditionfor natural
selection. Dawkins arguedthat a changein genefrequenciess also a suficient condition for
naturalselection.But theonly changesn genefrequencieshatmatterarethosethatmeasurehe

8This point will be importantwhenwe considerthe analogybetweeninfectiousdiseasesndinfectiousideasin
sectionl10.2.
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ability of a vehicleto passon its genesto others. In the next chapter will discusshow we can
transferthis generakharacterisationf naturalselectionfrom naturalhistoryto socialhistory.



