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Abstract

Abstract:Evolution is basedon a complex andintertwinedinterplaybetween
generationof new variantsandtheir selectionby competitionin theenvironment.
Much researchhasestablishedthat thegenerationof evolutionarydiversity is not
a passive processthat just "occurs"to organisms:rather, a fluid andactive setof
strategies is in placeso that living beingscontrol the ways in which diversity is
generated.We describesomeof theconsequencesfor our currentviews of evolu-
tionarytheoryandsurvey how theunderstandingof thefield is changing.

Thesenotesattemptto introducesomecurrentviewsof themechanismsthroughwhich
living beingsevolve. This attemptis both incompleteand idiosyncratic. An intro-
ductionto elementarybiological conceptswasgivenfirst in the Geilo lecturesandis
obviously required;I obviate it heresincethereareexcellent textbooks,andsinceI
usedlots of colorful diagramstaken from themanyway. The readerunfamiliar with
conceptssuchasDNA transcription,regulationof geneexpression,etc,may wish to
consulttheoriginal sourcesbehindmy introduction:Albertsetal’sMolecularBiology
of theCell [1], Darnellet al’sMolecularCell Biology [2], andT. A. Brown’sGenomes
[3]. An excellent(thoughmostly nonmathematical)introductionto evolutionarythe-
ory is given in Ridley’s Evolution[4]. I shall henceforthassumegeneralbackground
knowledge.

1 Evolution and mutations.

"themutationrateof living beingsis itselfencodedin their DNA, andsoit
is bothinheritableandmutable"
David Thaler, May 1994,3am. (the meaningandconsequencesof this
statementarethesubjectof thesenotes)

Theclassicalview of selectionis that it is a two-stepprocess,in which alternategen-
erationof diversity (G.O.D., previously known as "descentwith modification") and
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selection.SeeFigure1. Variantsaregenerated,by imperfectcopying of thegenomeor
by damagein transit. Sincethegenomeis a blueprint,changesto theblueprintcause
changesin the actualorganisms,which affect their ability to function in their envi-
ronment. That this is somesort of optimizationrecipeis self-evidentandI shall not
explore it muchfurther; the questionis whetherthis is what we actuallyseehappen-
ing in theorganismsaroundus. Theseideashave beenwidely usedascomputational
methodsto obtainoptimalsolutionsto difficult problemsin a techniquecalledGenetic
Algorithms, with which the condensedmattercommunitygot acquaintedmostly by
wayof thestudyof glasses.

Figure1: Theclassicalview of selection
Already Darwin statedquite forcefully that evolution throughgenerationof vari-

antsandnaturalselectionwould beanenormouslyslow process,very gradual,requir-
ing many generations.Thevariantsarevery, very similar to their parents.Gradualism
hasbeenan article of faith within the mainstreamof evolutionarytheoryfor the past
century;attemptsagainstit arederidedwith suchnamesas"hopefulmonsterstheories"
andothersuch.Evensomeonelike StevenJayGouldfelt theneedto defendhis punc-
tuatedequilibrium theory[5] by claiming that the rapidchangesthe theorydescribes
still takesmany generations.It is instructiveto noticethat,in contrast,laboratorymuta-
genesisexperimentsroutinelycomeupwith rathergrossdeviantsfollowing mutations:
sincetheblueprintin thegenomeis notapassivedescriptionof thestructurebut rather
encodesa developmentalprogramto be executed,mutationof an instructionsome-
wherecanresult in a ratherlargealterationof the final structure.A famousexample
from yearsagowasamutantfly in whichaperfectlyformedleg wascomingoff its eye
socket–somewherethesubroutinecall "inserteyehere"wasmutatedto "insertleg". To
seeexamplesof variants,seefor instanceLindquist’spaper[6].

However, Darwin’s gradualismactuallywasa point againsthim for a very long
time. In Darwin’s time, theprevailing view of "genetics"wasoneof "blendinginheri-
tance":sincechildrenlook abit likemomandabit likedad,thenotionwasthatsexual
mating"blended"the traits together. Now, a bit of thoughtrevealsthat given blend-
ing inheritancein a populationthat staysoverall constantin size, an advantageous
trait whichrandomlyappearsthroughgenerationof diversitywill beexponentiallydis-
solved into the populationandtherewill be no net evolution. ThusDarwin’s theory
fell into disreputefor sometime, until at the turn of the centuryMendel’s work was
rediscoveredafter half a centuryof oblivion. Mendel’s experimentshadshown that
traitsareinheritedin full quanta:eitheryou inherit thetrait or youdon’t; sinceyouget
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two copiesof everything,sometraitsareonly displayedwhenyou have inheritedtwo
copies(recessive) andfor someonesuffices(dominant);thus,displayingthe trait is
slightly differentfrom actuallycarrying it; Mendelhadshown that thecombinatorics
for displayingtraitsshowedthatsomewerecontrolledby asingledichotomicvariable,
while othersrespondedto morecomplex combinations.Mendelianinheritancenow
matchedDarwiniantheoryperfectly: theadvantageoustrait might be lost, by chance,
but alsoby chanceit couldpropagateundiluted;andit stood,by virtueof beingadvan-
tageous,abetterchanceatpropagating.In thisway, it couldin duetimetakeover, with
undilutedstrength,theentirepopulation.(Homework: aclassicresultstatesthata trait
which is advantageousby � percentover thewild-type hasa probabilityof � of being
fixedin theentirepopulationaftersufficient time. Canyouseewhy?)

This promptedseriousmathematicaldevelopments;todaywe call this goldenera
of matingDarwin, Mendelandmathematicsthe neo-Darwinism,or the evolutionary
synthesis[7]. Its foundingfathers,H.B.S.Haldane,Sewall Wright andothersput forth
thefollowing framework. We considerthepopulationto bea distribution overall pos-
siblephenotypes.Thefitnessof anorganismis thenumberof its offspringwhichreach
reproductive maturity; dividedby two in the caseof sexual species.(This assumesa
constantgenerationspan). For eachphenotype,thereshall be an "expectedfitness":
while theactualfitnessof any organismwill bea randomvariable,it hasanexpected
valuebasedon the advantagesand disadvantagesof the particularphenotypeunder
consideration.Thus,thereis a function called"expectedfitness"whoserangeis the
setof all phenotypes;it’s usuallycalledthe "fitnesslandscape"[8, 9]. Thus,descent
with modificationis anoperatorwhich smearsthepopulationdistribution in thespace
of phenotypes,while naturalselectionboth re-normalizedthe distribution, andskews
it towardsthosephenotypeshaving ahigherfitness.Whenasimplecaseis considered,
themathbecomesalarminglyfamiliar [10].

Figure2: selectionasa randomwalk ona landscape.
Descentwith modification is quite akin to a diffusion operator, broadeningthe
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amountof variantsaroundthe modeof the population,while naturalselectionintro-
ducesadrift termpushingthemodeto higherfitnesses.It is notacoincidencethatthis
theorywasbeingdevelopedat thesametime asthe theoryof randomwalkswaspro-
viding a foundationfor chemicalkinetics. The Haldane/Wrigthview canbe mapped
into a randomwalkerundergoingthermalmotionin an(inverted)potential.

2 Fitnesslandscapesare rugged

It hasbeenarguedthatfitnesslandscapesarefarfrom smooth,they are“rugged”,mean-
ing they have fractal-like structureat all scales[11]. I have yet to find a prettieror
more insightful descriptionof what a "ruggedfitnesslandscape"is thanTheodosius
Dobzhansky’s1951analogyto thelarge-scalestructureof mountainranges:

Thus,theecologicalnicheoccupiedbythespecies"lion" is relativelymuch
closerto thoseoccupiedby tiger, pumaand leopard than to thoseoccu-
pied by wolf, coyoteand jackal. Thefeline adaptivepeaksform a group
different from the group of caninepeaks. But the feline, canine, ursine
[...] peaksform togethertheadaptive"range" of thecarnivores,which is
separatedbydeepadaptivevalleysfromthe"ranges"of rodents,bats,un-
gulates[...] In turn, theseranges[form] theadaptivesystemof mammals,
which [dif fers fromthoseof] birds,reptiles,etc.
T. Dobzhansky, Geneticsandtheorigin of species[12]

Darwinmadeaveryclearpoint in Origin of Speciesthatthestrugglefor survival starts
at home:mostorganismsaresufficiently well adaptedto the"elements"andthustheir
struggleis nota competitionagainstthem,but ratheragainstotherorganisms–firstand
foremostthenearbymembersof its ownspecies,thenthemembersof speciesit directly
interactswith, suchastheir prey or predators,andonly thenthe "elements",suchas
inclementweather. A striking exampleof this is theemperorpenguin,the only large
vertebrateto bravethewinter in thesouthpole.As springarrives,thefemalesleavethe
colony to searchfor food,while themalestays(still fasting)takingcareof theegg. The
femalethenmustfight to grabasmuchsquidasshecan–afight againstboththesquid
andtheotherfemales.Thus,acorrectdescriptionof theenvironmentof anorganismis
not oneof a fixed,givenandimmutablelandscape,but rathera landscapedynamically
generatedby interactionswith otherliving beings. It wasa long while afterHaldane
until it becameclearhow to do this.

Theproperwayto describesuchdynamicallychanginginteractionsis in theframe-
work of gametheory. Gametheorywasinventedby von NeumannandMorgenstern
[13] to describetheactionsof individualagentsin economics.Oneof themostfamous
game-theoreticconstructsis theprisoner’sdilemma,a gamein which dependingupon
theparameterstheoptimalgamestrategy resultsin cooperationbetweentwo compet-
ing agents.Anotherversion,theiteratedprisoner’sdilemma,in whichmany roundsare
played;thecompetingagentsthushaveachanceto choosemany timeswhetherto com-
peteor defect.It hasasoneoptimalstrategy tit-for-tat, in whicheachplayerdecidesto
cooperateor defectby copying whatthepreviousplayerhasdonebefore.Gametheory
wasintroducedinto evolutionarymodelsby JohnMaynard-Smith,preciselyto explain
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theevolutionof cooperativity. Contraryto thecommonmisconceptionthatDarwinian
evolution depictssavagecompetitions,Natureis repletewith examplesof cooperative
strategies, from the evolution of two sexes[14], to scoresof examplesof symbiosis
[15]. It hadbeenadeepmysteryto theearlypractitionersof theneo-darwiniansynthe-
sishow to actuallytreatsuchstuff formally. For an introduction,seeJ.M-S’s Games,
sex and evolution [16]. A game-theoreticfixed point (a la Nash)is calledan "evo-
lutionarily stablestrategy". Recentlypeoplehave arguedthat self-organizationof an
ecosystemresultsin this ruggedness[17].

Most laboratoryexperiments,however, dealwith fixedchallenges,a shortcoming
thatonly now is becomingevident. (Seelastsection).In this context onemaymodel
theexperimentsin termsof afixedandimmutablelandscape.

3 Summary of background

Let usreview thebackgroundwe havecoveredup to now:

� organismsencodethemselves(or betterstated,encodealgorithmsto generate
themselves)in their genome.This is accomplishedthroughnestedtiersof infor-
mation-bearingandenzymaticallyactivepolymers.

� genomegetstranslated,somehow, into what the organismactually is (in func-
tional terms) called the phenotype. This processis extremely complex, ill-
understood,obscure.

� classicallyevolutionwasconceivedasaniterationof two distinctnoninteracting
steps,

– descentwith modification,alsoknown asgenerationof diversity("GOD"),
in which variantsaregeneratedwithout regardasto their ultimateutility,

– andnaturalselectionin which they arefilteredregardlessof how they were
made.

� changesto DNA causesmutations. Mutationsmanifestthemselves as either
nothinghappening(mostof thetime[18]) or alterationsthatrangefrom thesub-
tle to thequitedramatic.Thereexist singleletterchangesthatarelethal(though
they arefew)

� fitness,namelythenumberof offspringwho reachreproductivematurity, is the
outcomeof game-theoreticcompetition.Nevertheless,within alargepopulation,
any givenindividualdoesnotsubstantiallychangeby itself theenvironment,and
hencehasa probabilisticallydefined"expectedfitness". Confoundingthe two
hascausedmuchmisery. (I haveperpetratedsuchconfusionmany times)

� thuswe candraw or infer a fitnesslandscape.Fitnesslandscapesare rugged,
meaningtheir localminimahave lots of structure.

� generationof diversityactsasa diffusionoperatorin genotypespace
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� selectionskewspopulationdistributionsaccordingto fitnessandactsasa drift

� continuedroundsof selectionandgeneration-of-diversityactasa diffusion-drift
system,I.e.,asabrownianwalker in thefitnesslandscape.

4 Mutation rates

Mutation ratesaremeasuredin termsof mistakesper letter copiedper generationof
copying.

organism mutationrate comments

viral ������� to �����
	 bothmutatorsandantimutators
in vitro (taq) ������� to ������� stringency dependson buffer[19, 20]

E coli �����
	 to ������� variationsof 1000betweenstrains[21, 22, 23]
Drosophila ������
 variationsof 10 betweenstrains[24]
Mammals ����������� (exceptfor canceroushypermutators[25, 26, 27])

Pleasenoticethatthesenumbersarequiteimpressivefor thedensityof information
we’re discussing:informationis storedaslettersin a polymer, in aqueoussolution,at
roomtemperature.Theraw rateof errorsin man-madestoragemedia(beforevarious
algorithmslike parity correctiontake careof them)is not above these:modemtrans-
missionhaserror ratescomparableto viral replication,diskettesandtapeshave error
ratessimilar to E. coli rates,anduntil quite recentlyharddrives(whosesurfacesare
sequesteredaway from theenvironmentin hermeticseals)did not exceedDrosophila
errorrates.

It hasbeennotedthatthedecreasingerrorratefor morecomplex organismsexactly
matchesthe increasinggenomelength, in the caseof animals[28, 29]. If insteadof
measuringthemutationratein errorsperlettercopiedpercell division,onemeasuresit
in total lettererrorsin thegenome(i.e.,perlettertimesgenomelength),pergeneration
(i.e.,timesthenumberof cell divisionsin thegermline),oneobtainsanumberbetween
�� and �	 for all organismsfrom E. coli throughmammals. Plantsdo not fit in this
schemesincethey canhavehugegenomes–wedonotreallyknow why, but thecommon
lily hasa genome20 timeslarger thanthehumanone. Theimplication is clearly that
evolutionarybehaviour tunesthemutationrateto anappropriatelevel. However, these
studiesonly consideredtheaveragemutationrateof a population(or betterstated,the
typical mutationrateof thepopulation)andnot individualvariation.

5 Mutagenesisexperiments.

A strainof E. coli canbe madesuchthat the lacZ genehasa lethal singlepoint mu-
tation; i.e., this particularstraincannotmetabolizelactose.Only a singleletterneeds
to be changedfor the bacteriumto be able to eat lactose. Putting sucha strain in
lactose-richmediumleadsto reversionto lac competencewithin 100 generationsor
soin coloniesof 108bacteria.In suchexperiments,it is not unusualto recoverE. coli
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strainswhicharemutators,i.e.,they havemutationratesmuchlargerthanthewild type
[21, 22, 23, 30].

Usually, this happensbecausethey have defective error-correctinggenes.DNA is
preciousandfragile. It getsattackedfrequentlyby physicalandchemicalmeans.Many
mechanismshaveevolvedto repairandensurefaithful copying [31, 1]. Duringreplica-
tion, theaccuracy of DNA polymeraseis enhancedby a double-checkingmechanism
known askinetic proofreading[32, 33]. After replication,somenumberof errorsin
copying still havebeenmade.Is thereany chanceof correctingthem?Yes! In orderto
distinguishtheoriginal andthe copy strands,cells methylatetheir DNA. Thus,when
mismatchesaredetected(bulgesin the doublehelix) the unmethylatedstrandcanbe
removed and you get a secondgo at copying. After faithful reproductionhasbeen
ascertained,thedaughterstrandsaremethylatedandthepathway is turnedoff. Quite
importantin bacteriais the methyl-directedpathway, involving mutSandassociated
proteins[31, 34, 35]. Otherpathwaysinvolvecheckingfor oxidativedamage,checking
for strandbreakage,maintainingthepurity of thenucleotidepool,etc. In higherorgan-
isms,in addition,cellsareaskedto commitsuicide(apoptosis)uponfindingirreparable
damageto thecell (whichcouldresultin cancer:p53).

Repairof oxidativedamageexample:"Spontaneousoxidationof guanineresidues
in DNA generates8-oxoguanine(oxoG).By mispairingwith adenineduring replica-
tion, oxoGgivesrise to a G � C � T � A transversion,a frequentsomaticmutationin
humancancers.Thededicatedrepairpathwayfor oxoGcentreson8-oxoguanineDNA
glycosylase(hOGG1),anenzymethat recognizesoxoG� C basepairs,catalysingex-
pulsionof theoxoGandcleavageof theDNA backbone."[36].

6 The no-multiple-mutations fallacy

[Fred Hoyle] claims that the origin of new major groupsis impossible
without such intervention [extraterrestrialDNA] because,"What muta-
tions cannotdo is to find improvementswhich demandthe simultaneous
changeof several basepairs". Evolutionarybiologistswould agreethat
a change requiring a numberof basechanges,each of which is without
valueuntil all are present,cannotoccurby natural selection.They have
thereforeconcludedthat the origin of major groupshasbeena stepwise
process,with eachgeneticchangebeinganadvantageon its own [...]. If
thereis nostepwisepathupthemountain,naturalselectionwon’t climb it.
Much thoughthasbeengivento thenatureof theintermediatesteps.
JohnMaynard-Smith,reviewing FredHoyle’s bookMathematicsof Evo-
lution, in Nature403, 594- 595(2000).(Italicsmy emphasis)

Underwhatcircumstancesis thejoint probabilityof two mutationshappeningsimulta-
neouslytheproductof individualprobabilitiesthatany of themwill happen?

������� �"! � �����#!$�����"!

if andonly if:
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� themutationprocessis not physiologicallytriggered

� themutationprocessis not directed

� themutationratesareconstantin time

� themutationratesareconstantalongthegenome

Any othersituationresultsin
�����%�&�"!�'� �����#!$�����"! i.e., mutationswill appearto

bestatisticallycorrelated.As anexample,let usconsidertwo subpopulations:a "wild
type"subpopulationwith low mutationrate,anda"mutator"subpopulationwith higher
mutatorrate. Let’s say99% of the populationhas10-6 mutationrate,while 1% has
10-3.Whatis theprobabilityof seeinga mutant?a doublemutant?a triple mutant?

� singlemutants:�)( *+*-,"./�������10324�)( �)�5,"./������6107�8�+( �9�������
� doublemutants:�)( *+*-,"./�������10 � 24�)( �)�5,"./������610 � �8������
 '� � �+( �9������� ! �
� triple mutants:�)( *+*-, . ��� ���10 6 24�)( �)�5, . ��� ��610 6 �:��� ���;� '� � �+( �9��� ��� ! 6

So,whatThalermeantwhenhesaid"themutationrateof living beingsis itself encoded
in their DNA, and so it is both inheritableand mutable"was that insults to DNA,
both physicalandchemical,happenall the time. The damagethey causeis not yet
a mutation: it’s calleda premutageniclesion. It will becomea mutationif andonly
if the enzymesof DNA metabolismdo not correctit. Thereforethe mutationrateof
anorganismis a direct functionof its error-correctingenzymes,which areencodedin
DNA like any otherprotein. If theseenzymesarechanged,the mutationratewill be
changedheritably.

7 A morecompleteview of evolution

Soin amorecompleteview of evolution,theenvironmententersdirectly in threeways
[30]: Theenvironmentis "perceived" by theorganism,which usedthis perceptionto
modify their own physiology, as in operoninduction, and their geneticmetabolism,
asin theSOSpathways.Finally, theorganismmodifiestheenvironmentalinteraction
with the genomeasin metabolicactivation or detoxification. Selectiondoesnot act
only uponthoseinheritabletraits leadingto a phenotypethatwill directly intervenein
thestrugglefor survival: all of thegenesin chargeof generatinggeneticvariability are
subjectto inheritanceandselection.Thusthe environmentinteractswith geneticsin
variousways:

� it is theproximateagentof selection,

� it directly impingeson theDNA via suchagentsasradiationandchemicalmu-
tagens,and

� it interactswith DNA via thegenesof DNA metabolism.
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Figure3. A morecompleteview of selection.From[30]
All of theconditionsfor statisticalindependencein theprevioussectionareknown

to beviolated.Stressresponsestriggerhigh mutationratesphysiologically(e.g. in the
SOSpathway). Mutationratescanalsotransientlybeincreasedin hypermutablestates
[37]. Therearevariousmutationrateandrecombinationhotspotsin thegenome[45].
Variousmutationprocessescanappearto be directed,becausethey function through
thevariousmechanismswhich weuseto performgeneticengineering[38, 39, 40].

8 Allegorically

Giventheallegory“evolution” < “brownianwalk onalandscape”,thenmutationrate< temperature.
Basedon this ratherslim rationale,wemodeleda brownianwalkercapableof modify-
ing its own temperature:

=> �@?-ACB+D 2-E �GF)!�H �
�GI/!

=F � ?KJ F 2-E �GF)!�H �
�GI/!

whereandwe usetheIto convention.Anomalousfeaturesareevidentthemoment
we jot down theFokker-Planckequationfor this systemandplug in theusualdouble-
well potentialto checkout escaperatetimes[41]. First, theequationsarestructurally
incapableof detailedbalance:currentsonlycancelif eitherF orT areconstant.Second,
givena doublewell (or doublepeakin F), thesystemis freeto chooseat whattemper-
atureL�M to crossthewell. A saddle-nodecalculationquickly shows L�M3<ONQPSR T+U5N for
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sufficiently large N andhencefrom theKramersestimateV1W8<%XZYS[;\^]K<ON`_ for some
unspecifieda5( Thus,asanevolutionarychallengebecomessteeperandsteeper, it will
be surmountedby mutatorstrainswith higherandhighermutationrates—but it still
shallnot beinsurmountablein the“exponentiallysmallprobability” sensethatclassic
evolutionarytheory(asincarnatedin theMaynard-Smithquoteabove)would likeusto
think. By havinga mutationrate that is anotherinheritablepropertysubjectto vari-
ability andselection,evolutionacquiresa meansto change its ownpacedynamically.
This ability to change the paceresultsin exponentiallyenhancedability to surmount
difficult challenges.

This resultwassubstantiallystrengthenedby a serious,nonallegoricalcalculation
showing thecoevolutionof awild-typeandmutatorstrainin thefaceof anevolutionary
challenge[42]. Mutatorphenotypesprovidealternative,fasterpathwaysthoughwhich
adaptive genescanbe generated.This is true even thoughthe mutatorphenotypeis
extremely rare. Double-challengemutagenesisexperimentsin bacteriahave shown
a surprisingresult: the time for a genotypeto arisewhich undoestwo simultaneous,
independentlylethalmutationsis notmuchbiggerthanthesumof theindividualtimes.
Thusadaptive two-point mutationshave arisen(in the lab at least)within reasonable
(ie algebraic,not geometric)timescales.

Furtherto this exploration,onecanconsidernot only time variability of the mu-
tation rate,but a variablity alongthe genome.Contingency loci [43] aresitesin the
genome(loci) wheredifferentgenesareencodedin sucha way that a mutationcan
transformoneinto another(throughframeshift,for instance),andthesegenesareused
for sporadicallyencounteredsituations(contingency) Example(Moxon [44, 45]): H
influenzaehasa numberof iteratedsequenceslying around.Polymerasestendto stut-
teronthemandgenerateframeshifts.Most (14) iteratedsequenceslying within coding
regionsencodehypermutablevirulencefactors,all surfaceproteinsinvolvedin contact
with the hostsuchaspilii. Time-independentsetof several differentmutationrates:
mapsto a multiple-temperatureproblem.

9 Towards "natural" selection

"I think thestability of thegenomeis a lab artifact, a directconsequence
of culturingbacteriaunderconstantconditions"
F. Taddei,privatecommunication(1997)

Experimentsin evolutionarytheorycanonly bedonein experimentalorganismshaving
a fastreproductive time so thatmany generationscanbe observedwithin experimen-
tally reasonabletimescales.Bacteriaareanobviouschoice,thoughtheapplicabilityof
the resultsmay be circumscribed–multicellularsexual organismsevolve in waysthat
emphasizeothermechanisms.For studiesof evolutionaryphenomenaintrinsicto these
"higher" taxa, fast reproducinginsectssuchas fruit flies have beenthe choice. The
game-theoreticaspectsof sexual selection,for instance,have beenrecentlystudiedby
allowing for instanceonly malesto evolve: every generationof flies, all femalesin
theexperimentalpopulationaredestroyedandnew femalesareintroducedfrom acon-
stant,"thermal bath" of femaleskept underconstantconditions. This resultsin the
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malesaccumulatingchangesin their sexual strategieswhich thefemalescannotadapt
to. The resultwasastounding:within a few generationsthe maleflies hadacquired
awfully aggressivemutations,suchastoxic sperm,[46] barbedharpoonsin theirsexual
apparatus,etc.By notallowing thefemalesto evolvecounterdefenses,thisexperiment
showed the true intensityof the evolutionaryarmsracethat underliessexual species
[47, 48].

Experimentsin thebacterialrealmhave long beenperformunderextremelyartifi-
cial conditions.Sometimesthis is really what is experimentallysought:for instance,
SidBrennerproposedculturingbacteriain heavy water, wheretheirmetabolismslows
down enormously, so that they would be forcedto shedasmany nonessentialgenes
aspossible(to acceleratetheDNA replicationtime)–thismight result in a "minimal"
organismhaving the fewestnumberof genesnecessaryto sustainlife in a nonthreat-
eningenvironment.But many timeswhat is beingdesiredby culturingthebacteriais
not to "evolve" themunderconstantconditions,but simply to "keep"them. Bacteri-
ology labskeepstrainsby culturingthem.Alas, asyou culturethem,they necessarily
evolve, adaptingto their constantenvironment. For instance,cancerouscell linesare
kept in labs so that experimentscanbe doneon them–totest chemotherapy agents,
for instance.After a while, thesecell linesbecomesomuchthestandardgold testof
anythingrelatedto cancerthatany studyof anew chemoagentmustincludeatestof ef-
ficiency on them.Someimmortalizedcancerouscell linesdatebackto thefifties–they
have beencontinuouslygrowing in petri dishesever since,long outliving the patient
they killed. Accordingto someresearchers,they don’t look like humancellsanymore:
they’veadaptedto growth on labmedia,they canstick to theplasticof thepetridishes.
(SandySimon,privatecommunication).

Thelungsof cysticfibrosis(CF) patientsarechronically infectedfor years
by one or a few lineagesof Pseudomonasaeruginosa. Thesebacterial
populationsadaptto thehighly compartmentalizedandanatomicallyde-
teriorating lung environmentof CF patients,aswell as to thechallenges
of theimmunedefensesandantibiotic therapy. Theseselectiveconditions
are preciselythosethat recenttheoreticalstudiespredictfor theevolution
of mechanismsthataugmenttherateof variation. Determinationof spon-
taneousmutationratesin 128P. aeruginosaisolatesfrom30 CF patients
revealedthat 36%of thepatientswere colonizedby a hypermutable(mu-
tator) strain thatpersistedfor yearsin mostpatients.Mutatorstrainswere
not foundin 75 non-CF patientsacutelyinfectedwith P. aeruginosa.
Oliveret al [49]

Thesteadyrealizationthat culturedorganismslook nothinglike wild-type organisms
(poodlesvs. wolves)haspromptedagrowing revolt againsttheuseof constantculture
conditions[50]. Many cancerresearchersnow think that only freshclinical isolates
areappropriatefor seriousstudy, andthat immortalizedcell linesarenot really "can-
cerous"anymore–malignanttumorsarecharacterizedby theferocity with which they
misappropriatethe resourcesof their host,andthe culturing processlikely is taming
them,destroying theverypropertythatonewishesto studyandunderstand.Thesame
is true of bacteria.Most bacteriaunderactive studynow arepathogens.(Curiously,
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thevastmajority of bacteriaarenon-pathogenic.About two tenthsof a percentof the
bacterialspeciesthatcoexist with humanscauseillnesses–many otherbacteriacoexist
symbioticallywith us,like theintestinalflorawhich colonizesour gutsalmostassoon
asthey aremade,on the fourth monthof gestation).Many pathogenslosevirulence
after beingculturedfor long enough. But in addition to virulence,the mechanisms
throughwhich onecanadaptto new conditions,theevolutionaryengine,maybe lost
aswell. In particular, if oneculturesbacteriain periodicallychangingconditions(as
opposedto constant),mutatorstrainsarestabilized. Accordingto F. Taddei,(private
communication)clinical isolatesof E.coli from patientssufferingacuteinfectionshow
that 30% of the bacteriaarevariousmutatorstrainswhich stabilizeor "evanesce"as
soonasthey arecultured. This hasled him to believe that the wild-type genomeis a
substantiallymorefluid objectthat thegenomeof thetameculturedstrainsof E. coli.
Thus,him andmany otherspecialists[51] now believethatstudiesof theevolutionary
mechanismsbetterbe carriedout in a morenaturalenvironment;–forexample,in the
gut of live mice [52]. The naturalclinical isolatesfrom patientsthemselves[49] are
anunwelcomebut naturallyoccurringevolutionarylaboratory;Oliver andcolleagues
studiedinfectionsby P. aeruginosaof thelungsof cystic fibrosispatientsandshowed
that36%of a testgroupof patientshadbeeninfectedby hypermutablestrainswhich
persistedfor years(seequoteabove).

10 Conclusion

Living beingspossessmechanismsto change,transientlyor in heritableways,therate
andkindsof their own geneticvariation.Thesemechanismsareundertight biological
control and interactwith the physiologyof the organism,and with the information
theorganismhasaboutits environment.Thegenerationof diversity is not something
that"happens"to organisms:living beingshave actuallytakenchargeof, andactively
control, the kinds andratesof variationon which their faterests.Attemptsto model
evolutionarybehavior in sucha"self-referential" context, by, i.e.,explicitly modelinga
wild-typeandmutatorsubpopulations,haveshown qualitatively distinctbehavior from
thestandardmodels.Thereis thusnot just theevolutionof survival strategies,but also
of strategiesfor generatingevolutionarynovelty itself: a "gearshift" for evolutionand
asetof rulesto useit.

I’ d like to thankDavid Thaler, JohnMaynard-Smith,Dawn Field, Miroslav Rad-
man,FrançoisTaddei,CharlieDoering,Jim Shapiro,Itzak Rabin,Guillermo Cecchi
andGustavo Stolovitzky, for theteachingmeall I know aboutthis subject,anda truly
large bunchof otherpeople. My researchin this areawassupportedby the Mathers
FoundationandtheSloanFoundation.
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