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Abstract

Abstract: Evolution is basedon a comple andintertwinedinterplaybetween
generatiorof new variantsandtheir selectionby competitionin the ervironment.
Much researchhasestablishedhatthe generatiorof evolutionarydiversity is not
a passie procesghatjust "occurs"to organisms:rather afluid andactive setof
strat@iesis in placeso thatliving beingscontrol the waysin which diversity is
generatedWe describesomeof the consequence®r our currentviews of evolu-
tionarytheoryandsuney how theunderstandingf thefield is changing.

Thesenotesattemptto introducesomecurrentviews of themechanismghroughwhich
living beingsevolve. This attemptis both incompleteand idiosyncratic. An intro-
ductionto elementarybiological conceptsvasgivenfirst in the Geilo lecturesandis
obviously required;| obviate it heresincethereare excellenttextbooks,and sincel
usedlots of colorful diagramstaken from themanyway. The readerunfamiliar with
conceptssuchasDNA transcription regulationof geneexpressionetc, may wish to
consulttheoriginal sourcesbehindmy introduction: Albertsetal’s Molecular Biology
of theCell [1], Darnelletal’s MolecularCell Biology [2], andT. A. Brown’s Genomes
[3]. An excellent(thoughmostly nonmathematicalintroductionto evolutionarythe-
ory is givenin Ridley’s Evolution[4]. | shallhenceforthassumegeneralbackground
knowledge.

1 Evolution and mutations.

"the mutationrate of living beingsis itselfencodedn their DNA, andsoit
is bothinheritableand mutable"

David Thaler May 1994, 3am. (the meaningand consequencesf this
statemenarethe subjectof thesenotes)

The classicalview of selectionis thatit is a two-stepprocessjn which alternategen-
erationof diversity (G.O.D., previously known as "descentwith modification") and



selection.SeeFigurel. Variantsaregeneratedhy imperfectcopying of thegenomeor
by damagen transit. Sincethe genomeis a blueprint,changego the blueprintcause
changedn the actualorganismswhich affect their ability to function in their envi-
ronment. That this is somesort of optimizationrecipeis self-evidentand| shall not
explore it muchfurther; the questionis whetherthis is what we actually seehappen-
ing in the organismsaroundus. Theseideashave beenwidely usedascomputational
methodgo obtainoptimal solutionsto difficult problemsin atechniquecalledGenetic
Algorithms, with which the condensednattercommunity got acquaintedmostly by
way of the studyof glasses.

Figurel: Theclassicaliew of selection

Already Darwin statedquite forcefully that evolution throughgeneratiorof vari-
antsandnaturalselectionwould be anenormouslyslow processyery gradual requir
ing mary generationsThe variantsarevery, very similar to their parents.Gradualism
hasbeenan article of faith within the mainstreanof evolutionarytheoryfor the past
century;attemptsagainsit arederidedwith suchnamesas"hopefulmonstergheories”
andothersuch.Evensomeondik e Steven JayGouldfelt the needto defendhis punc-
tuatedequilibriumtheory[5] by claiming thatthe rapid changeghe theorydescribes
still takesmary generationslt is instructiveto noticethat,in contrastJaboratorymuta-
genesigxperimentgoutinelycomeup with rathergrossdeviantsfollowing mutations:
sincetheblueprintin thegenomds notapassve descriptionof the structurebut rather
encodesa developmentalprogramto be executed,mutationof an instructionsome-
wherecanresultin a ratherlarge alterationof the final structure. A famousexample
from yearsagowasamutantfly in which a perfectlyformedleg wascomingoff its eye
soclet—-somaherethe subroutinecall "inserteye here"wasmutatedo "insertleg". To
seeexamplesof variants seefor instancelindquist’s paper[6].

However, Darwin’s gradualismactually was a point againsthim for a very long
time. In Darwin’stime, the prevailing view of "genetics"wasoneof "blendinginheri-
tance":sincechildrenlook abit like momandabit like dad,the notionwasthatsexual
mating "blended"the traits together Now, a bit of thoughtrevealsthat given blend-
ing inheritancein a populationthat staysoverall constantin size, an advantageous
trait which randomlyappearshroughgeneratiorof diversitywill be exponentiallydis-
solved into the populationandtherewill be no netevolution. ThusDarwin’s theory
fell into disreputefor sometime, until at the turn of the centuryMendel’s work was
rediscoveredafter half a centuryof oblivion. Mendel's experimentshad shovn that
traitsareinheritedin full quanta:eitheryouinheritthetrait or youdon't; sinceyou get



two copiesof everything,sometraits areonly displayedwhenyou have inheritedtwo
copies(recessie) andfor someone suffices (dominant);thus, displayingthe trait is
slightly differentfrom actuallycarrying it; Mendelhadshaovn thatthe combinatorics
for displayingtraitsshovedthatsomewerecontrolledby a singledichotomicvariable,
while othersrespondedo more complex combinations. Mendelianinheritancenow
matchedDarwiniantheoryperfectly: the advantageousrait might be lost, by chance,
but alsoby chancet couldpropagataindiluted;andit stood,by virtue of beingadwan-
tageousabetterchanceat propagatingln thisway, it couldin duetime take over, with
undilutedstrengththe entirepopulation.(Homework: a classicresultstateghata trait
which is advantageou$y p percentover the wild-type hasa probability of p of being
fixedin the entirepopulationaftersufficienttime. Canyou seewhy?)

This promptedseriousmathematicatlevelopmentstodaywe call this goldenera
of mating Darwin, Mendeland mathematicthe neo-Darwinism,or the evolutionary
synthesig7]. Its foundingfathersH.B.S.Haldane Sewall Wright andothersput forth
thefollowing framework. We considerthe populationto be a distribution over all pos-
siblephenotypesThefitnessof anorganismis the numberof its offspringwhichreach
reproductve maturity; divided by two in the caseof sexual species.(This assumes
constantgeneratiorspan). For eachphenotypethereshall be an "expectedfitness":
while the actualfithessof any organismwill be arandomvariable,it hasan expected
value basedon the advantagesand disadwantagef the particularphenotypeunder
consideration.Thus, thereis a function called "expectedfitness"whoserangeis the
setof all phenotypesit’s usually calledthe "fitnesslandscape”[89]. Thus,descent
with modificationis anoperatowhich smearshe populationdistributionin the space
of phenotypeswhile naturalselectionboth re-normalizedhe distribution, and skews
it towardsthosephenotypefiaving a higherfitness.Whenasimplecases considered,
themathbecomeslarminglyfamiliar[10].
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Figure2: selectionasarandomwalk onalandscape.
Descentwith modificationis quite akin to a diffusion operatoy broadeningthe



amountof variantsaroundthe modeof the population,while naturalselectionintro-

ducesadrift termpushingthe modeto higherfitnessesilt is notacoincidencehatthis

theorywasbeingdevelopedat the sametime asthe theoryof randomwalks waspro-

viding a foundationfor chemicalkinetics. The Haldane/Wrigthview canbe mapped
into arandomwalker undegoingthermalmotionin an (inverted)potential.

2 Fitnesslandscapesare rugged

It hasbeenarguedthatfitnesdandscapearefarfrom smooth they are“rugged”, mean-
ing they have fractal-like structureat all scales[11]. | have yetto find a prettieror
more insightful descriptionof what a "ruggedfitnesslandscape'ls than Theodosius
Dobzhansk’s 1951analogyto the large-scalestructureof mountainranges:

Thus theecol@ical nicheoccupiedythespecieslion” isrelativelymud

closerto thoseoccupiedby tiger, pumaand leopad than to thoseoccu-
pied by wolf, coyoteand jackal. Thefeline adaptivepeaksform a group

different from the group of canine peaks. But the feling canine ursine
[...] peaksformtogethertheadaptive'range" of the carnivores,which is

sepaatedby deepadaptivevalleysfromthe"ranges" of rodents pats,un-

gulateg[...] In turn,theseranges[form] theadaptivesystenof mammals,
which [differs fromthoseof] birds,reptiles,etc.

T. Dobzhansk, Geneticsandtheorigin of specie§12]

Darwinmadeavery clearpointin Origin of Specieshatthe strugglefor survival starts
athome:mostorganismsaresuficiently well adaptedo the "elementsandthustheir
struggleis nota competitionagainsthem,but ratheragainsiotherorganisms—firsand
foremosthenearbymember®f its own speciesthenthememberof speciest directly
interactswith, suchastheir prey or predatorsandonly thenthe "elements",suchas
inclementweather A striking exampleof this is the emperormpenguin,the only large
vertebratdo brave thewinterin thesouthpole. As springarrives,thefemaledeave the
colory to searcHor food, while themalestays(still fasting)takingcareof theegg. The
femalethenmustfight to grabasmuchsquidasshecan—afight againstooththe squid
andtheotherfemales.Thus,acorrectdescriptionof theenvironmentof anorganismis
notoneof afixed,givenandimmutablelandscapehut ratheralandscapelynamically
generatedy interactionswith otherliving beings. It wasa long while after Haldane
until it becameclearhow to do this.

Theproperway to describesuchdynamicallychangingnteractionds in theframe-
work of gametheory Gametheorywasinventedby von Neumannand Morgenstern
[13] to describetheactionsof individualagentsn economicsOneof themostfamous
game-theoreticonstructss the prisoners dilemma,a gamein which dependingupon
the parametershe optimal gamestratgy resultsin cooperatiorbetweertwo compet-
ing agents Anotherversion theiteratedprisonersdilemma,in whichmary roundsare
played;thecompetingagentgshushave achancdo choosemary timeswhetherto com-
peteor defect.It hasasoneoptimalstrateyy tit-for-tat,in which eachplayerdecidego
cooperater defectby copying whatthepreviousplayerhasdonebefore.Gametheory
wasintroducednto evolutionarymodelsby JohnMaynard-Smithpreciselyto explain



the evolution of cooperatyity. Contraryto the commonmisconceptiorthat Darwinian
evolution depictssavagecompetitionsNatureis repletewith examplesof cooperatie
stratgies, from the evolution of two sexes[14], to scoresof examplesof symbiosis
[15]. It hadbeenadeepmysteryto theearly practitionersof the neo-darwiniarsynthe-
sishow to actuallytreatsuchstuff formally. For anintroduction,seeJ.M-S’s Games,
sex and evolution [16]. A game-theoretidixed point (a la Nash)is called an "evo-
lutionarily stablestratgly”. Recentlypeoplehave arguedthat self-oiganizationof an
ecosystemmesultsin this ruggednesgl 7].

Most laboratoryexperiments however, dealwith fixed challengesa shortcoming
thatonly now is becomingevident. (Seelastsection).In this context onemay model
theexperimentsn termsof afixedandimmutablelandscape.

3 Summary of background
Let usreview thebackgroundve have coveredup to now:

e organismsencodethemseles (or betterstated,encodealgorithmsto generate
themseles)in theirgenome Thisis accomplishedhroughnestediers of infor-
mation-bearingandenzymaticallyactive polymers.

e genomegetstranslatedsomehw, into what the organismactuallyis (in func-
tional terms) called the phenotype. This processis extremely comple, ill-
understoodpbscure.

e classicallyevolution wasconcevedasaniterationof two distinctnoninteracting
steps,

— descentvith modification,alsoknown asgeneratiorof diversity ("GOD"),
in which variantsaregenerateavithout regardasto their ultimateutility,

— andnaturalselectionin which they arefilteredregardlesof how they were
made.

e changeso DNA causesmutations. Mutations manifestthemseles as either
nothinghappeningmostof thetime [18]) or alterationghatrangefrom the sub-
tle to thequitedramatic.Thereexist singleletter changeshatarelethal (though
they arefew)

e fithess,namelythe numberof offspringwho reachreproductve maturity; is the
outcomeof game-theoreticompetition.Neverthelesswithin alargepopulation,
ary givenindividual doesnot substantiallichangeby itself theervironment,and
hencehasa probabilisticallydefined"expectedfitness". Confoundingthe two
hascausednuchmisery (I have perpetrateduchconfusionmary times)

e thuswe candraw or infer a fitnesslandscape.Fitnesslandscapesre rugged,
meaningtheir local minimahave lots of structure.

e generatiorof diversityactsasa diffusionoperatolin genotypespace



¢ selectionskews populationdistributionsaccordingto fitnessandactsasa drift

e continuedroundsof selectionandgeneration-of-diersityactasa diffusion-drift
system).e.,asabrownianwalkerin thefitnesslandscape.

4 Mutation rates

Mutation ratesare measuredn termsof mistales per letter copiedper generatiorof
copying.

| organism | mutationrate | comments |
viral 10~2to10~* bothmutatorsandantimutators
in vitro (tag) | 10~%t0 105 stringeny depend®n buffer[19, 20]
E coli 10~%t010=% | variationsof 1000betweerstrains[21 22, 23]
Drosophila 103 variationsof 10 betweerstrains[24
Mammals < 10719 (exceptfor cancerousypermutator$25, 26, 27])

Pleasanoticethatthesenumbersarequiteimpressve for the densityof information
we're discussinginformationis storedaslettersin a polymer, in aqueousolution,at
roomtemperatureTheraw rateof errorsin man-madestoragemedia(beforevarious
algorithmslik e parity correctiontake careof them)is not above these:modemtrans-
missionhaserror ratescomparabléo viral replication,diskettesandtapeshave error
ratessimilarto E. coli rates,anduntil quite recentlyharddrives(whosesurfacesare
sequesteredway from the ervironmentin hermeticseals)did not exceedDrosophila
errorrates.

It hasbeennotedthatthedecreasingrrorratefor morecomplex organismsexactly
matcheghe increasinggenomelength, in the caseof animals[28 29]. If insteadof
measuringhemutationratein errorsperlettercopiedpercell division,onemeasuregt
in totallettererrorsin thegenome(i.e., perlettertimesgenomdength),pergeneration
(i.e.,timesthenumberof cell divisionsin thegermline), oneobtainsanumberetween
% and% for all organismsfrom E. coli throughmammals. Plantsdo not fit in this
schemesincethey canhave hugegenomes—wedonotreally know why, butthecommon
lily hasa genome20 timeslargerthanthe humanone. Theimplicationis clearly that
evolutionarybehaiour tunesthe mutationrateto anappropriatdevel. However, these
studiesonly consideredhe averagemutationrateof a population(or betterstated the
typical mutationrateof the population)andnotindividual variation.

5 Mutagenesisexperiments.

A strainof E. coli canbe madesuchthatthe lacZ genehasa lethal single point mu-
tation; i.e., this particularstraincannotmetabolizelactose.Only a singleletter needs
to be changedfor the bacteriumto be able to eatlactose. Putting sucha strainin
lactose-richmediumleadsto reversionto lac competencevithin 100 generationr
soin coloniesof 108 bacteria.In suchexperimentsijt is notunusuato recover E. coli



strainswhich aremutatorsj.e., they have mutationratesmuchlargerthanthewild type
[21, 22,23, 30].

Usually, this happendecausehey have defective error-correctinggenes.DNA is
preciousandfragile. It getsattacledfrequentlyby physicalandchemicaimeans Many
mechanismbave evolvedto repairandensurdaithful copying [31, 1]. Duringreplica-
tion, the accurag of DNA polymerasas enhancedy a double-checkingnechanism
known askinetic proofreading[32, 33]. After replication,somenumberof errorsin
copying still have beenmade.ls thereary chanceof correctingthem?Yes! In orderto
distinguishthe original andthe copy strandscells methylatetheir DNA. Thus,when
mismatchesre detectedbulgesin the doublehelix) the unmethylatedstrandcanbe
removed and you get a secondgo at copying. After faithful reproductionhasbeen
ascertainedthe daughterstrandsare methylatedandthe pathway is turnedoff. Quite
importantin bacteriais the methyl-directechathway, involving mutS and associated
proteins[31 34, 35]. Otherpathwaysinvolve checkingfor oxidative damagechecking
for strandbreakagemaintainingthe purity of the nucleotidepool, etc. In higherorgan-
isms,in addition,cellsareaskedto commitsuicide(apoptosisuponfindingirreparable
damageo thecell (which couldresultin cancer:p53).

Repairof oxidative damagesxample:"Spontaneousxidationof guanineresidues
in DNA generate8-oxoguaningoxoG). By mispairingwith adenineduring replica-
tion, oxoG givesriseto a G=C — T=A trans\ersion,a frequentsomaticmutationin
humancancersThededicatedepairpathway for oxoG centreson 8-oxoguanindNA
glycosylasghOGG1),an enzymethatrecognizeoxoG=C basepairs, catalysingex-
pulsionof the oxoG andclearageof the DNA backbone.[36].

6 The no-multiple-mutations fallacy

[Fred Hoyle] claims that the origin of newv major groupsis impossible
without suchintervention [extraterrestrialDNA] because,'What muta-
tions cannotdo is to find improvementsvhich demandhe simultaneous
changeof several basepairs". Evolutionarybiologistswould agreethat
a change requiring a numberof basechanges, eact of which is without
valueuntil all are present,cannotoccur by natural selection.They have
thereforeconcludedthat the origin of major groupshasbeena stepwise
processwith eachgeneticchangebeingan advantageon its own [...]. If
thereis no stepwisgpathup the mountain haturalselectionwon’t climb it.
Much thoughthasbeengivento the natureof theintermediatesteps.
JohnMaynard-Smithreviewing FredHoyle's book Mathematicof Evo-
lution, in Nature 403 594 - 595 (2000). (Italics my emphasis)

Underwhatcircumstancess thejoint probability of two mutationshappeningimulta-
neouslythe productof individual probabilitiesthatany of themwill happen?

P(AAB) = P(A)P(B)

if andonly if:



¢ themutationprocesss not physiologicallytriggered
¢ themutationprocesss notdirected
¢ themutationratesareconstanin time

¢ themutationratesareconstanalongthegenome

Any othersituationresultsin P(A A B) # P(A)P(B) i.e., mutationswill appearto
be statisticallycorrelated As anexample,let us considertwo subpopulationsa "wild

type" subpopulationvith low mutationrate,anda"mutator”subpopulationwith higher
mutatorrate. Let's say99% of the populationhas10-6 mutationrate, while 1% has
10-3.Whatis the probability of seeinga mutant?a doublemutant?atriple mutant?

e singlemutants:0.99  (10%) +0.01 % (10?) =1.110°°
« doublemutants:0.99  (10-¢)* +0.01 % (1073)* = 108 # (1.110?)2
e triple mutants:0.99 + (107%)° 4+ 0.01  (107%)° = 107! # (1.1107%)3

So,whatThalermeantwhenhesaid"the mutationrateof living beingss itself encoded
in their DNA, andsoit is both inheritableand mutable"was that insultsto DNA,
both physicaland chemical,happenall the time. The damagethey causeis not yet
a mutation: it's called a premutagenidesion. It will becomea mutationif andonly
if the enzymesof DNA metabolismdo not correctit. Thereforethe mutationrate of
anorganismis a directfunctionof its error-correctingenzymeswhich areencodedn
DNA like any otherprotein. If theseenzymesare changedthe mutationratewill be
changederitably

7 A morecompleteview of evolution

Soin amorecompleteview of evolution,the ervironmententersdirectly in threeways
[30]: Theenvironmentis "perceved" by the organism,which usedthis perceptionto
modify their own physiology asin operoninduction, and their geneticmetabolism,
asin the SOSpathways. Finally, the organismmodifiesthe ernvironmentalinteraction
with the genomeasin metabolicactivation or detoxification. Selectiondoesnot act
only uponthoseinheritabletraitsleadingto a phenotypehatwill directlyintervenein
thestrugglefor survival: all of thegenesn chage of generatingyeneticvariability are
subjectto inheritanceand selection. Thusthe ervironmentinteractswith geneticsin
variousways:

e it is the proximateagentof selection,

e it directlyimpingesonthe DNA via suchagentsasradiationandchemicalmu-
tagensand

e it interactswith DNA via the genesof DNA metabolism.
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Figure3. A morecompleteview of selection.From[30]

All of the conditionsfor statisticalindependencan the previoussectionareknown
to beviolated. Stresgesponsegiggerhigh mutationratesphysiologically(e.g.in the
SOSpathway). Mutationratescanalsotransientlybeincreasedn hypermutablestates
[37]. Therearevariousmutationrateandrecombinatiorhotspotsn the genome45].
Variousmutationprocessesanappearo be directed,becauseahey functionthrough
thevariousmechanismsvhich we useto performgeneticengineering38, 39, 40].

8 Allegorically

Giventheallegory“evolution”~"brownianwalk onalandscape”thenmutationratextemperature.
Basedon this ratherslim rationale we modeleda brownianwalker capableof modify-
ing its own temperature:

= =0,V +g(y)&(t)
g= =By +g(yé&(t)

whereandwe usethe Ito corvention. Anomalousfeaturesareevidentthe moment
we jot down the Fokker-Planckequationfor this systemandplug in the usualdouble-
well potentialto checkout escapeaatetimes[41]. First, theequationsarestructurally
incapableof detailecbalanceccurrentsonly canceif eitherF or T areconstantSecond,
givenadoublewell (or doublepeakin F), the systemis freeto chooseat whattemper
atureT, to crossthewell. A saddle-nodealculationquickly showsT, =~ @)/ log Q) for



sufficiently large Q andhencefrom the Kramersestimateryx ~ e?/?c ~ Q* for some
unspecifiedv. Thus,asanevolutionarychallengebecomesteepeandsteeperit will
be surmountedby mutatorstrainswith higherand higher mutationrates—luit it still
shallnot beinsurmountablén the “exponentiallysmall probability” sensehat classic
evolutionarytheory(asincarnatedn the Maynard-Smitlguoteabove) wouldlik e usto
think. By havinga mutationrate that is anotherinheritable property subjectto vari-
ability and selectiongvolutionacquiresa meango change its own pacedynamically
This ability to change the paceresultsin exponentiallyenhancedability to surmount
difficult challenges.

This resultwas substantiallystrengthenedby a serious,nonallegorical calculation
shaving the coevolution of awild-type andmutatorstrainin thefaceof anevolutionary
challengg42]. Mutatorphenotypegrovide alternatve, fasterpathwaysthoughwhich
adaptve genescanbe generated.This is true even thoughthe mutatorphenotypeis
extremelyrare. Double-challengemutagenesigxperimentsin bacteriahave shavn
a surprisingresult: the time for a genotypeto arisewhich undoestwo simultaneous,
independentlyethalmutationds notmuchbiggerthanthesumof theindividualtimes.
Thusadaptve two-point mutationshave arisen(in the lab at least)within reasonable
(ie algebraicnot geometrictimescales.

Furtherto this exploration, one canconsidemot only time variability of the mu-
tation rate, but a variablity alongthe genome.Contingeng loci [43] aresitesin the
genome(loci) wheredifferentgenesare encodedn sucha way that a mutationcan
transformoneinto another(throughframeshift,for instance) andthesegenesareused
for sporadicallyencounteredaituations(contingeng) Example(Moxon [44, 45]): H
influenzaehasa numberof iteratedsequencelying around.Polymerasetendto stut-
teronthemandgeneratdrameshifts.Most (14) iteratedsequencelying within coding
regionsencodéhypermutablevirulencefactors,all surfaceproteinsinvolvedin contact
with the hostsuchaspilii. Time-independensetof several differentmutationrates:
mapsto a multiple-temperaturgroblem.

9 Towards "natural" selection

"l think the stability of the genomas a lab artifact, a directconsequence
of culturing bacteriaunderconstantconditions”
F. Taddei,privatecommunicatior(1997)

Experimentsn evolutionarytheorycanonly bedonein experimentabrganismshaving
afastreproductve time sothatmary generationganbe obsenedwithin experimen-
tally reasonabléimescalesBacteriaarean obviouschoice thoughthe applicability of
the resultsmay be circumscribed—multicellulasexual organismsevolve in waysthat
emphasizethermechanismskor studiesof evolutionaryphenomenéantrinsicto these
"higher" taxa, fastreproducinginsectssuchasfruit flies have beenthe choice. The
game-theoretiaspect®of sexual selection for instance have beenrecentlystudiedby
allowing for instanceonly malesto evolve: every generatiornof flies, all femalesin
theexperimentabpopulationaredestryedandnew femalesareintroducedrom a con-
stant,"thermal bath" of femaleskept underconstantconditions. This resultsin the
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malesaccumulatingchangesn their sexual stratgieswhich the femalescannotadapt
to. Theresultwasastounding:within a few generationghe maleflies hadacquired
awfully aggressie mutations suchastoxic sperm,[46 barbedharpoonsn their sexual
apparatusgtc. By notallowing thefemalego evolve counterdefenseshis experiment
shaved the true intensity of the evolutionary armsracethat underliessexual species
[47, 48].

Experimentsn the bacterialrealmhave long beenperformunderextremelyartifi-
cial conditions. Sometimeghis is really whatis experimentallysought:for instance,
Sid Brennerproposedtulturing bacteriain heary water wheretheir metabolisislows
down enormously so that they would be forcedto shedas mary nonessentiafjenes
aspossible(to acceleratehe DNA replicationtime)—thismight resultin a "minimal"
organismhaving the fewestnumberof genesnecessaryo sustainlife in a nonthreat-
eningervironment. But mary timeswhatis beingdesiredby culturingthe bacteriais
not to "evolve" themunderconstantconditions,but simply to "keep"them. Bacteri-
ology labskeepstrainsby culturingthem. Alas, asyou culturethem,they necessarily
evolve, adaptingto their constantervironment. For instance cancerougell lines are
keptin labs so that experimentscan be done on them—totest chemotherap agents,
for instance.After awhile, thesecell lines becomeso muchthe standardyold testof
arythingrelatedto cancetthatary studyof anew chemoagentmustincludeatestof ef-
ficiengy onthem.Someimmortalizedcancerougell linesdatebackto thefifties—they
have beencontinuouslygrowing in petri dishesever since,long outliving the patient
they killed. Accordingto someresearcherghey don't look like humancellsanymore:
they’veadaptedo growth onlab media,they canstick to the plasticof thepetridishes.
(SandySimon,privatecommunication).

Thelungsof cysticfibrosis(CF) patientsare chronically infectedfor years
by oneor a few lineages of Pseudomonasaeruginosa. Thesebacterial
populationsadaptto the highly compartmentalizednd anatomicallyde-
teriorating lung ervironmentof CF patients,as well asto the challenges
of theimmunedefensesind antibiotic therapy. Theseselectiveconditions
are preciselythosethat recenttheoretical studiespredictfor the evolution
of medanismghataugmentherate of variation. Determinationof spon-
taneougmutationratesin 128 P. aeruginosasolatesfrom 30 CF patients
revealedthat 36% of the patientswere colonizedby a hypermutablému-
tator) strain that persistedfor yearsin mostpatients.Mutator strainswere
notfoundin 75 non-CF patientsacutelyinfectedwith P. aeruginosa.
Oliveretal [49]

The steadyrealizationthat culturedorganismdook nothinglik e wild-type organisms
(poodlesvs. wolves)hasprompteda growing revolt againsthe useof constantulture
conditions[50]. Many cancerresearchersow think thatonly freshclinical isolates
areappropriatefor seriousstudy andthatimmortalizedcell linesarenotreally "can-
cerous"arnymore—malignantumorsare characterizedby the ferocity with which they
misappropriatehe resourcef their host,andthe culturing procesdikely is taming
them,destrging the very propertythatonewishesto studyandunderstandThe same
is true of bacteria. Most bacteriaunderactive study now are pathogens.(Curiously,
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thevastmajority of bacteriaarenon-pathogenicAbout two tenthsof a percentof the
bacterialspecieghat coexist with humanscausellnesses—manotherbacteriacoexist
symbioticallywith us,lik e theintestinalflora which colonizesour gutsalmostassoon
asthey aremade,on the fourth month of gestation).Many pathogendosevirulence
after being culturedfor long enough. But in additionto virulence,the mechanisms
throughwhich onecanadaptto new conditions,the evolutionaryengine,may be lost
aswell. In particular if oneculturesbacteriain periodicallychangingconditions(as
opposedo constant) mutatorstrainsare stabilized. Accordingto F. Taddei,(private
communicationglinical isolatesof E. coli from patientssuffering acuteinfectionshow
that 30% of the bacteriaare variousmutatorstrainswhich stabilizeor "evanesce'as
soonasthey arecultured. This hasled him to believe that the wild-type genomeis a
substantiallymorefluid objectthatthe genomeof the tameculturedstrainsof E. coli.
Thus,him andmary otherspecialist§51] now believe that studiesof the evolutionary
mechanisméetterbe carriedout in a more naturalervironment;—forexample,in the
gut of live mice [52]. The naturalclinical isolatesfrom patientsthemseles[49] are
an unwelcomebut naturallyoccurringevolutionarylaboratory;Oliver and colleagues
studiedinfectionsby P. aeruginosaof thelungsof cystic fibrosispatientsandshoved
that 36% of atestgroupof patientshadbeeninfectedby hypermutablestrainswhich
persistedor years(seequoteabove).

10 Conclusion

Living beingspossessnechanismso changefransientlyor in heritableways,therate
andkinds of their own geneticvariation. Thesemechanismareundertight biological
control andinteractwith the physiology of the organism,and with the information
the organismhasaboutits environment. The generatiorof diversityis not something
that"happens'to organismsiliving beingshave actuallytaken chage of, andactively
control, the kinds andratesof variationon which their faterests. Attemptsto model
evolutionarybehavior in sucha"self-referential' context, by, i.e.,explicitly modelinga
wild-type andmutatorsubpopulationshave shovn qualitatively distinctbehavior from
thestandardnodels.Thereis thusnotjustthe evolution of survival stratejies,but also
of stratgjiesfor generatingevolutionarynovelty itself: a "gearshift" for evolution and
asetof rulesto useit.

I"d like to thankDavid Thaler, JohnMaynard-Smith Dawn Field, Miroslav Rad-
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