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Front pageillustration: Manipulatedmageof a “metazoan”evolvedin a preliminaryver-
sion of the systemdescribedn this report. Nuclei have beendravn andthe colourshave been
adjustedo geta morelifelik e appearanceThetext “(100 x). HE. is fictitious. It wasaddedto
the captionin orderto improve theillusion of a hematoxilin-eosircolouredmicroscopiccoupe
of arealanimal. The*metazoan'wascalledOntosilicagastrulanssinceits developmentduring
whichthreetissuelayersareformed,resembles gastrulatiorprocess.



Abstract

A paradigmsystemfor the evolution of multicellularanimalsis constructedin mary evolution-
ary models the non-linearityof the genome-phenommappingis ignored.However, the results
of evolutionaryparadigmsystemghatdid includeanon-trivial, complex genome-phenontmaap-
ping have suggestea frameawork joining seeminglyconflicting evolutionary “points of view”
like neutralevolution, Punctuatedvolution and“gradualism”.

Theembryonaddevelopmenbf multicellularanimalsaddsmary new levelsof compleity to
the genome-phenommapping. (1) Genesnteractresultingin a differentiatedpatternof gene
expressionacell type. (2) Cellsinteract,generatingcellulardiversityandpattern.(3) Cellssort
outto form tissuesandorgans.(4) Tissuesandorgansinteract.

Thefirstthreelevelsof compleity wereincludedin theparadignsystem Artificial evolution
usinga trivial fithesscriterion resultedin a metastablesequenc®f epochesgachcharacterised
by a predominantype of development.The evolved“metazoans’successiely includein their
developmentaprogramscell polarity, cell-cellcommunicationcell movement positionalinfor-
mationandgeneticredundany.

Prelimaryresultssuggesthattheevolvedgenomesrehierarchicallystructured:‘Regulatory
genes” beinghighly sensitve to mutation,control the expressionof mutationallylesssensitve
“downstream”genes.lt is hypothesisedhat evolutionaryinnovationsresultfrom mutationsin
the regulatory genes,whereassmall scalechangeswithin epochsresultfrom mutationsin the
downstreangenes.
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Chapter 1

Intr oduction

Threelinesof reasoninded to theresearchdescribedn this paper

1.1 Non-linear mapping from genotypeto phenotype

For mary yearsthe studyof evolution hasbeenshown to befruitful without takinginto account
thatthereis no suchthing asdirectmappingfrom the codingof anorganismto its fithessevalu-
ation. In suchstudieson evolutionarydynamicsa changdn the genotypeof anorganismresults
in anequialentchangen its phenotype.

Thelastdecennighowever, a numberof paradigmsystemshave beendevelopedthatdo in-
cludeanon-lineargenotypeo phenotypdransition. ThesesystemsncludeNK-landscapef29]
andmodelson RNA-evolution [10, 23, 22], but alsogeneticalgorithms(GA) [20] andgenetic
programming(GP) [31]. The studyof theseparadigmsystemshas,or shouldhave, profoundly
reformedthinking on evolutionarychange.

Although geneticalgorithmswere designedhot primarily for the studyof evolutionarydy-
namics,they offer importantinsightinto the behaiour of evolutionary systemshaving a non-
linear genotype-phenotypmapping. In geneticalgorithms,a solutionto a predefinedcompu-
tational problemis “evolved” by selectingpossiblesolutionsfrom a population. The solutions
thataremoreableto copewith the problemthantheir brothersandsistersreproduceandform a
new population.During this reproductiorsmall changesre madeto the solutionsby meansof
geneticoperatorsuchaspoint mutationsandcross-eers.

In mary of thesegeneticalgorithmsthe problemscomprisethe settingof parametersn a
predefinedsystem. In somegeneticalgorithmshowever the solutionto a predefinedcompu-
tational problemis codedin a representatiothatis non-linearlyrelatedto the actualsolution.
For example,the parametesettingof a systemcould be encodedn a bitstring. If eachbit in
this would have an equalchanceof beingmutateda changefrom, say 127 to 255would be as
probableasa changefrom 254to 255. The performancef the solutionto the problemthatthis
bitstring representsanbe seenasits phenotype.This phenotypds now non-linearlyrelatedto
the coding,or genotypeof the problem.

Typically, geneticalgorithmsshonv metastabldehaiour. Thefitnessof anevolving popula-

4



1.1. NON-LINEAR MAPPING FROM GENOTYPE TO PHENCTYPE 5

tion remaingatherstablefor awhile, thenincreasesapidly asif anew discoveryhasbeenmade,
followedby anothermperiodof evolutionarystasis.Mathematicabhnalysisof a simplegenetical-
gorithmsuggestshatthisbehaiour mightbevery commongeneticalgorithms[41]. Thegenetic
algorithmthatwasanalysedthe“Royal Road”GA) did nothave acomplex genotype-phenotype
mapping.Still, thegenotypefitnessmappingwasnotlinearin thesensehata mutationdoesnot
directly resultin an equivalentfitness-changeUnlike fithesschangesn classicalevolutionary
analysis(seef.i. [33]), in the “Royal Road” GA thatwasanalysedseveral mutationsneedto be
“collected” for a jump in fitness. This study suggestshat even a slightly non-lineargenotype-
phenotypemappingcanresultin a “punctualist’modeof evolutionarychange.

Studieson RNA-evolution have deepenedhe understandin@f how genotypesnay mapto
phenotypesand how the structureof a phenotypdandscapeesultingfrom a given genotype-
phenotypanappingreflectsthe evolutionarydynamics. Thesestudieshave led to a frameavork
connectingthe seeminglyconflicting typesof evolutionarydynamicsneutralevolution, neutral
evolution and“gradualism”usinga “selectionist’point of view.

Using enegy minimisationalgorithms[19, 13] the secondarystructureof RNA-stringsis
now reasonablyvell predicted.In this way the conceptof “phenotype-spaceivasconstructed,
describingthe phenotypdin the caseof RNA stringsthe secondargtructure)or every possible
genotype(in the RNA casethe sequencef an RNA string). It appearghata given secondary
structure(phenotypepf an RNA-string is not at all linkedto a certainregion in sequencespace
(genotype-space)Sequencefolding into a secondarystructurecomefrom all over sequence
space.Thesamas truefor sequencesA cloudof sequencem asmallregion of sequencspace
foldsinto secondarstructuresrom all over phenotypespace.

Evolutionto atametin phenotypespacg(f.i. adoubleloop) againresultedn periodsof stasis
intermittedby sudderfitnesgumps. For example it hasbeendemonstratethatRNA-stringscan
evolve “neutrally”, i.e. without a gainin fitness,to a “smooth” part of a phenotype-landscape
if stability is a beneficialproperty suchasin evolution towardsa predefinedyoal. A “neutral
walk” through sequencespacebrings the populationto a region whereit is lesssensitve to
mutation[23]. In contrastjf RNA stringsareselectedo changeveryfast,suchasin a predator
prey setting,RNA stringsevolve to “rugged” partsof the phenotypdandscapg22].

The questionnow is, whetherthe ideasof evolutionarychangeemeging from the research
on RNA-evolution canbe projectedontothe evolution of multicellularanimals.Somedatasug-
geststhat metazoangvolve “metastabily”. Paleontologicaktudiesat leastdo claim to obsene
metastabilityin the fossil record(discussedn [18]).

The main reasonto believe that the conceptsdevelopedin the context of RNA evolution
canbe usedto mould our thoughtson the evolution of multicellularity is the exorbitantly non-
linear genotype-phenotypmappingof multicellular organismsin the senseof the embryonic
development.Thedevelopmenbf multicellularorganismss non-linearatmary structuralevels.
The mappingof theinformationcontainedn a geneto thetertiary structureof its gene-product
is highly

non-linear Also, thereis no linear relationbetweenthe geneticinformationandthe setof
differentcell typesthat canbe attainedby the cell containingthis information. This problem,
the dynamicsof geneticregulatory networks, hasbeenstudiedin greatdetail in the modelling
framework of the Booleannetwork [29].
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A third level of compleity of multicellularorganismss the propertyof thecellsto differen-
tiatein reactionto anexternalsignal,in generaimposedby the othercells. This problemis not
assimpleasit may seem.The cells of a multicellular organismall containthe samehereditary
informationstoredin theDNA, wherethesecellsshoulddifferentiateinto alargesetof quitedis-
tinct phenotypesTheevolution of the ability of geneticregulatorynetworksto reacton external
signalsandto berobustto ervironmentalnoisehasbeenstudiedin theframavork of continuous,
Hopfieldlik e, regulatorynetworksby [5, 4].

A fourthlevel of compleity, addingto thenon-linearityof thegenotype-phenotypmapping,
is the level of the organism. The information storedin a genomeshouldnot only be ableto
generatea setof distinctcell types,eachhaving a different“function”. Thesecell typesshould
alsobe patternedn a particularway, suchthatthe differentcell typesactasa coherenwhole.

In orderto explorethe effect of the non-lineargenotype-phenotypmappingin multicellular
organismswe includedthe secondgenometo proteinsets),thethird (cellularinteractionsyand
partof thefourth level (patternformation)of complexity in the modeldescribedn thisreport.

Using this systemit may be possibleto make a startin understandinghe structureof the
phenotypdandscap®f multicellularanimals.

1.2 Generationand maintenanceof cellular diversity

Anotherproblemthatis addressethere,is the generatiorandmaintenancef cellular diversity.
Oneof the centralproblemsin developmentabiology is, how it is possiblethata singlezygote
givesriseto cell typesasdifferentasred blood cells andbrain cells. The questionis not only
how it is possiblethatcellshaving identicalgeneticinformationareableto differentiate put also
how suchdifferencesaregenerateé@ndpatterned.

Prior to and during the evolution of multicellularity, mechanismsnust have evolved that
initiate, amplify andstabilisedifferencesdbetweencells duringontogely. Cellulardiversity can
be generatedvith roughly two distinct mechanisms.A so-called“pre-pattern”,laid down by
maternaldeterminantsmay be presentin the zygote. Conversily, dynamicalprocessesnay
generate patternduringthe development.

This secondoroblemhasbeenaddressetly severallinesof researchOneof theapproaches
hasbeeninspiredby the phenomenorof isologousdiversificationand dynamic clusteringin
continuouslystirred bacterialcultures[30]. In this approachgcell differentiationpatternsarise
dueto thedynamicalinteractionof — initially identical— cells.

In this model,no maternal‘pre-pattern”is applied. Still, several clustersof bacterialcells
differentiate. Abstractmodel studies [27] have suggestedhat this type of behaiour canbe
understoodn the following way. Considera systemconsistingof chemicalnetworks globally
coupledvia anexternalmedium. The numberof chemicalnetworks,andin this way the dimen-
sion andthe degreeof freedomof the whole system,increasessa resultof “division” of the
networks. The dynamicsof the networksis chaotic,i.e. the networks arevery sensitve to ini-
tial conditions.Hence tiny differencedetweenwo networksgrow in time. At the sametime,
however, the global couplingsynchroniseshe networks’ dynamics.
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So, high dimensionathaoson the onehand,andcell cell communicatioron the otherhand
is ableto generate clustereddiversificationof cellularphenotypes.

Anotherapproacho theproblemof cellulardiversificationwasinitiated by studieson arrays
— growing in sizeby “division” — of locallly coupledBooleannetworks[24, 7, 6]. In themodel
of Jacksoret al. randomone-dimensionarraysof Booleannetworks were studiedin which a
fixed numberof genescommunicatevith genesof neighbouringcells. Two importantresults
emepgedfrom thisresearchCell diversifications maximisedf approximately20 % of thegenes
communicatevith neighbouringcells. Secondly solely asa resultof cell-cell interactionstwo
simplepatternsveregeneratedh asimplemodelorganism.Oneof thesepatternsvasrepetitive,
agenewasturnedonin everythird cell. Anotherpatternconsistedf ablock of genesxpressed
in two regionsof the cell, whereaghesegenesnvereunexpressedn therestof the organism.

The evolvability of systemsof locally coupledBooleannetworks wasfirst exploredin work
of [7]. In their model, “creatures’consistingof two-dimensionabrraysof Booleannetworks,
wereevolved usinggeneticalgorithmsaccordingto fitnessfunction maximisingthe numberof
cell types.

1.3 Differ ential adhesiondri ven morphogenesis

Evidencehasbeenfoundthatdifferentialcell adhesions importantin morphogenetiprocesses.
Dissociatedanimal tissuesand organshave beenreportedto sort out into anatomicallycor
rectstructuresn a numberof experimentalsystemgqreviewedin: [39, 2], early amphibianem-
bryos:[40]; whole seaurchinembryos{16]; amphibianiimbs: [35]; chickenretinas:2]).

This cell sorting behaiour hasbeeninterpretedto be causedoy differential cell adhesion.
For example,ectodermaktells arethoughtto adheremore stronglyto ectodermactells thanto
endodermatells[40].

Experimentalesultssuggesthatintercellularaffinities may changeduringa morphogenetic
process. It hasbeendemonstratedhat at the onsetof seaurchin gastrulation the ingressing
mesenchymesells decreasehe affinity to their neighboursandto the extracellularmatrix [12,
34]. Theseexperimentalresultsindicatethat differentialadhesionmay be an importantdriving
force behindmorphogenetiprocessesDifferentialadhesiorhasevenbeencalledin atextbook
“the dominantparadigmof morphogenesisf15].

A recentlydevelopedcellular automatabasedalgorithmhasresultedin biologically defen-
sible modelsof differential adhestiondriven cell sorting [17, 36]. Using this algorithm, the
aggreyationandmorphogenesisf Dictyosteliumdiscoideunup to the crawling slug stagewas
modelled[37].

1.4 Putting the lines of reasoningtogether

Thethreelinesof reasoninduilt up above have resultedn thefollowing modelsystenof “meta-
zoan”evolution. In the systemarticifial “metazoans’areselectedor the ability to developand
to maintaincellulardiversity. The“metazoans’areallowedto make useof differentialadhesion
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drivencell rearrangemerdandcontactsignallingin the developmentandmaintenancef cellular
diversity It is examinedhow the complex genotype-phenotypeappingof these*metazoans”,
beingamodelof the complex genotype-phenotyp@mappingof multicellularanimals,influences
evolutionarydynamics.The mechanismshe “metazoans’useto build up cellular diversity are
studied.

In this reportthefollowing style corventionis used.In themodelseveralentitieshave names
like “gene” or “metazoan”. In orderto indicatethatthesenamesreferto modelentitiesrather
thanto biologicalconceptsthey areprintedin slantedstyle.



Chapter 2

The Model

Basically the paradignsystemof the evolution of multicellularanimalsaswell asthe evolution
of “real” ex silico metazoans;onsistf two parts:developmentandselection.

Genomesare “executed”during developmentresultingin a phenotype.This phenotypds
“evaluated”in its performancegainstheliving andthe non-living ervironment.

The developmentalbpart of the paradigmsystemis describedn the presentchapter Chap-
ter 3.2describeshe developmentof a simpleorganism.In chapter4 the evolutionarypartof the
systemis describedcanddiscussed Additionally in chapter5 the resultsof an evolutionaryrun
arediscussed.

2.1 A generaloverview of “metazoan” development

During the developmentof a multicellular animal, the zygotegivesrise to hundredsand often
milliards of cells building the adultbody. During this processcells differentiateinto different
cell types,they interact,andthey sortoutto form tissuesandorgans.Theseprocesseareinter-

dependent.Cell sortingchangeghe interactionstructurebetweencells. Differentinteractions
resultfor a cell in differentsignals. Differentinput signalsmay resultin a new differentiated
state. This changen geneexpressioncanresultin differentaffinities for othercells,which can
resultin adifferentcell sorting.

The numberof cells increaseover developmentby division. Cells slowly die if they get
isolatedfrom the othercells. The processetaking partin the developmeniof a “metazoan’are
describedn thefollowing sections.

The cells’ intracellulardynamicsis describedand discussedn subsectior2.2. The inter-
actionbetweencells is describedanddiscussedn subsectior?2.3. Cell sortingis describedn
section2.4. A discussionon cell division and inequalcell divisionsis givenin section2.5.
Finally, aquick overview of a“metazoans” developments givenin section2.7.

1For themomentit is ignoredthatembryosfaceselectionaforcesaswell.
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2.2 Intracellular dynamics

Thefirst part of our modelconsistsof the geneticnetwork of the cells. Generegulationtakes
placeat several levels of transcription. On the level of the DNA, transcriptionfactorsbind to
promotersandenhancersn this way initiating the transcriptionof a gene.Additionally agene
productmay needto modifiedaftertranscriptionpeforeit is active [1].

We choseto simplify the geneticregulatorynetwork of our cells, becauseve wantto focus
not on the particularpropertiesof transcriptionalregulation, but moreover on interactionsbe-
tweencells. For this simplificationthe formalismof the Booleannetwork wasused.In Boolean
networks,theactuvity of a genais consideredo bebinary. They canbeeitheractive or inactive.
Thetranscriptionahctvity of a genes regulatedby afixednumberof othergene. Thedecision
of ageneto beeitheractive or inactive upona certaincombinationof inputsfrom othergenesis
madeby a Booleanfunction.

Severalmolecularbiologicalexamplessuggesthatit is defensibleto modelgeneregulation
with Booleanfunctions. A well known exampleis the activation of the lactoseoperonin E.
coli [25, 26], whoseregulationremindsof a not ( exclusiverepressor) Booleanfunction. The
genesregulatedby the lac-operonare only transcribedf the bacteriummeetslactose. If no
lactoseis presenta repressoproteinprohibitsbinding of the RNA-polymerasecomple to the
operon.However, if alactosemoleculebindsto therepressartherepressors releasedrom the
operonandtranscriptionis initiated.

We have choserto fix the numberof inputsper genein the Booleannetwork ontwo. In other
words,eachgenen the Booleannetwork is regulatedby exactly two othergenesor receptors

The propertiesof Booleannetworks have beenextensiely studiedby Kauffman [28, 29].
Thesestudiesshav that the dynamicsof Booleannetworks, especiallythosewith two inputs
per genehasa numberof propertiesemindingof differentiatingcells. First,in a K=2 Boolean
network, differentiationis persistent.A stablestateor statecycle is stableto 80 to 90 percent
of small perturbationdik e transientlyflipping a bit. Secondjnductioncanpusha differentiated
Booleannetwork to anotherattractor In the remainingl10 to 20 percentthe network falls into
anotherattractoraftera small perturbation.Thesepropertieamake themwell suitedfor our aim:
studyingthe behaiour of interactingcells.

Kauffman [28, 29] suggestedhat a statecycle or a stablestatein a regulatorynetwork can
be interpretedasa cell type. In the modeldescribedn this reportthis suggestions followed.
During the updatesof the booleannetworks the previous statesare scannedn orderto detect
statecyclesandstablestates.Wheneer a statecycle or a stablestateis detecteda cell is said
to be differentiatedanda colouris assignedo it. This colour dependsn the statecycle via a
hashfunction. In thisway a particularstatecycle is alwaysassignedo the samecolourin all the
‘metazoans”.

In total, thereare 16 Booleanfunctionshaving two inputs. They arelisted in table 2.1,
togethemith their namesusedthroughouthis paper
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Name outputs
A=1,B=1 A=0,B=1 A=1,B=0 A=0,B=0

ALLO 0 0 0 0
O0ON 0 0 0 1
XA 0 0 1 0
B 0 0 1 1
xB 0 1 0 0
IA 0 1 0 1
XOR 0 1 1 0
i2 0 1 1 1
AND 1 0 0 0
IXOR 1 0 0 1
A 1 0 1 0
IXB 1 0 1 1
B 1 1 0 0
IXA 1 1 0 1
OR 1 1 1 0
ALL1 1 1 1 1

Table 2.1: All possibleBooleanfunctionswith two inputs. Note that the two inputs are not
equialent.

2.3 Cell cell communication

Cellscommunicaten mary differentways. Roughly two kinds of intercellularcommunication
canbedistinguishedSignalscanbetransmittecdby meansof diffusiblemicrohormonesgxcreted
by the cell in the extracellularmedium. Thesediffusing signalspossiblyhave a reachof several

cell perimeters.Many intercellularsignallingmechanismsre known however, whereintimate

contactbetweerthecellsis prerequisite Biological examplesof suchcontactdependensignals
arereviewedin [11].

Ontheonehandfor easeof implementationpn the otherhandto exploretherole of contact
signallingin morphogenesisn our modelcellscommunicat®nly via contactdependensignals.

Contactdependentell cell signallingin our modelwasimplementedn the following way.
In the Booleannetworks, a numberof genegeceve inputsfrom the networks of neighbouring
cells

Thecellsareassumedo expressanumberof proteins thatare“presented’atthecell surface.
Theseligandsbind to the cell surfacereceptorof the surroundingeells. For every possibletype
of liganda receptoris presenton every cell. The outputof sucha receptoris 1 wheneer the
ligandmatchingit is presentedby atleastoneof the surroundingcells.

In the simulationspresentedn this paper the genesl-6 codefor ligands The matching
receptorof theseligand are indicatedwith negative numbers. -1, for instance,indicatesthe
receptofor the ligandexpressedy genel.

A consequencef this intercellularcommunicationrmay be that mary more differentstate
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cyclesarepossiblein a systemof coupledBooleannetworksthanin anisolatednetwork. The
networks may“drive” eachotheg dynamics. It is easyto seethatin sucha coupledsystenthe
extra statecyclesare“driven” by neighbouringcycles.

2.4 Differ ential adhesiondri ven cell movement

As it wasdiscussedn sectionl.3, differentialadhesiordriven cell rearrangemens assumed
to beanimportantprocessn the morphogenesisf multicellularanimals.Differentialadhesion
driven cell sortingis easily and beautifully modelledusing an enegy minimisationalgorithm
devisedby [17]. This algorithmhasbeenfurtherdevelopedfor usein modelsof morphogenetic
processessuchasthe developmenif Dictyosteliumdiscoideumby [37, 36].

The Glazierand Graneralgorithmis a cellularautomatonjn which cells arerepresenteds
pathesof CA cellsin the samestate. This stateuniquelyidentifiesa cell. To avoid confusion,
following Savill and Hogeweg, in the restof the text thesepatchesof CA cells will be called
“cells”. Wewill referto CA cellsas“sites”.

In “real” embryos,cell cell adhesions a complicatedprocess.Cell adhesions mediated
by cell surfacemoleculessuchasN-CAMs andcadherinsand by adhesiorto the extracellular
matrix. In this algorithmall the differentprocesseplayingarolein cell cell adhesiorhave been
lumpedtogetherin the conceptof “surfaceenegy”. Thelowerthe surfaceenegy betweenwo
cells,thestrongerthey adhere.

Sitesof unequalstate,i.e. sitesbelongingto different“cells”, areconnectedria dimension-
lessenegy bonds.Thestrengthof theseenegy bondsdepend®nthe“ geneexpressiompattern”
of thecells.

Thesurfaceenegy of cell i is definedby:

Hi = Z Ji’j +2 Z Ji,medium
J J

whereH; is thesurfaceenepy of celli, and.J; ; representshe strengthof the surfaceenegy
betweercell i andcell j.

In eachiterationof the CA, arandomsite at the borderof two cellsis chosen.lt is checled
whethercopying the stateof arandomneighbouiinto this site (onecouldseethis asthe extension
of a“phylopodium”)wouldfreeary localsurfaceenengy (i.e. whethetrthis operationwvouldresult
in asurfaceenepgy drop). If, andonly if thisis so,the stateof this randomneighbours really
copiedinto the site. In addition,someextra copying stepsdueto “thermalnoise”areallowedto
preventthealgorithmfrom gettingstuckinto localminima. Thesé‘thermalnoise”copying steps,
leadingto a surfaceenepy rise, areacceptedaccordingto the Boltzmannprobability function
P=c7" (fig. 2.1)

Thebestway for a cell to minimiseits surfaceeneny, is to decreasés surface.Thereforejt
is assumedhata cell hasanoptimalsize.If is thecell is smalleror largerthanthis optimalsize,

2Unreporteddataby Kauffman[29], pp. 547,would suggesthatthenumberof statecyclesin systenof spatially
coupledBooleannetworksis twice the numberof statecyclesin anisolatednetwork
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Figure2.1: The Boltzmannprobability function

anopposing‘elastic” forcewill bringit backto its originalsize. Theelasticforceis implemented
by anextratermin theenegy functionof thecells,whichis now definedby:

H, = Z Ji,j +2 Z Ji,medium + A(‘/; - Ui)z
J J

whereV; is the optimal size,andv; is the actualsizeof celli. ) representshe elasticity of
thecells. The higherthis parameterthe moreenegy is neededo deformthe cell’'smembrane.

In this model,severalbehaiours canbedistinguishedhatwill beimportantfor understand-
ing the morphogenetigprocessesn the evolved beasts. In table 2.2 someexamplesof these
behaioursareshavn. In eachof theseexamplesiwo cell typesareused.

If the cellsbind moretightly to their own type thanto cells of the othertype, the cells sort
out. Contrary if thecellsbind moretightly to theothertypethanto theirown type,thecellsmix.
Finally, engulfmentoccursif oneof the cell typeshasa highersurfacetensionto the medium
thanto the othertype.

Theadhesiorstrengthbetweenwo cellsis determinedy the Booleannetworks. Ten of the
bits in the Booleannetworks have beenassignedhe function of “cell surfaceprotein”. Five of
theseadhesiorbits actasreceptorspr “locks”, while the otherfive bits actasdonors,or “keys”.
Someof thereceptordonorpairsbind morestronglythanotherpairs,in orderto allow thecells
to fine-tunetheir adhesiorstrengthto the othercells.

To computethe adhesiorstrengthbetweentwo cells, the following procedures followed.
The adhesionbits (bits 2-11)'are extractedfrom the statevectorsof both cells. One of these
vectordgs mirrored,suchthatthereceptobits of thefirst cell arealignedwith thedonorbits of the
othercell. Thenthe“matchvector”’is computedyhichis thelogical AND of theadhesiorvector
of thefirstandthemirroredadhesiorvectorof theseconatell. Thestrengthof thesurfaceenegy
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Initial configuration
Cell Sorting %i
thite,white = Jgrey,grey < thite,grey
Cell Mixing %
thite,white — Jgrey,grey > thite,qreu
Engulfment %
thite,grey < thite,med’ium
Jg'rey,med'ium < thite,medium
[Ty
iﬁi'%'l d
ety
. 33 1@&3‘
No cell cell adhesion mﬁj‘ﬁﬁg.
Jcell,cell > 2Jcell,medium

Table2.2: A list of cell sortingbehaioursin the GlazierandGranemodel
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bondbetweerthetwo cellsis equalthe numberthatis representetly thelogical OR betweerthe
lower five bits andthe mirrored higherfive bits of the matchvectorto which ansmall“eneigy-
offset” is added.Theadwantageof this definitionof thesurfaceenegy betweertwo cellsrelative
to alternatve definitionsis, thatthe binding strengthbetweernwo cellsis directly determinedy
the “geneexpressionpatterns’of the cells. Also, high andlow adhesiorstrengtharerelatively
well distributedover the possiblegeneexpressionpatterns. The somavhat complicatedmirror
operationsverenecessaryo assuresymmetricbinding. Cell A shouldbind asstronglyto cell B
ascell B bindsto cell A.

For determiningthe adhesiorstrengthbetweencellsandmedium,it is assumedhat half of
the“surfaceproteins”encodedy theadhesiorbits arerelatively fatty, or apolar In otherwords,
they repelthe medium. Eachof thesehydrophobicsurface proteinsaddsmore or lessto the
surfacetensionbetweenthe cell andthe medium. Justasin the computationof the adhesion
strengthbetweenwo cells,therearestrongandlessstronghydrophobic'surfaceproteins”. The
enepgy bondbetweena cell andthe mediumis equalto the valueof the five bit numberformed
by theevenadhesiorbits.

2.5 Cell division and maternal “genes”

Duringthedevelopmenbf a metazoarhecellsdivide 7 times,uponaglobalsignal. Cellsdivide
overtheirshortestaxis. The Booleannetworksareduplicatedjncludingtheir states Duplication
of the the Booleannetwork can be seenas duplicationof the DNA. Copying the statevector
resemblescopying the cytoplasmof the cells, in this way introducinga simple form of “cell
memory”.

It wasnecessaryo introducea minimal numberof unequaldivisionsin orderto “prime” the
diversificatingprocess After thefirst division in oneof the cells bit 21 of the Booleannetwork
is flipped. This signalwas calledthe “bicoid” signal,asit resembleghe Drosophilamaternal
polarisingbicoid signal[8, 9]. In someruns,suchastherunwithin whichtheorganismdescribed
in chapter3.2wasbred,the secondivision is unequalaswell. After the secondlivision bit 22
is flippedin oneof thefour cells. This signalwascalled“activin”, inspiredby the possiblerole
of actwvin in Xenopuslorswentralpatterning3].

2.6 Cell death: “Lonelynesspenalty”

In mary preliminaryruns,the metazoansvere pulled towardsa quite uninterestingnechanism
to generateellulardiversity. Non-adheringcellswith very long cyclesweredeveloped.During
developmentmore and more cells disattachedrom the “embryo”. Dependenbn the phaseof
their cycle at which they disattachednary differentcell typeswere produced.Even morecell
typesweregeneratedy a mechanismn which the cells “tickled” eachotheduring a few time
step,in thisway “pushing” themout of their cycle.

In orderto preventthis behaiour apenaltywasgivento cellsthatdidn’t touchary othercell.
Every time stepa cell was“lonely”, the the cell's tamget sizewasdecreasetby one site with a
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probabiliythatwasdependenbn the sizeof thecells. Large cellsshrunkfasterthansmallcells.

2.7 A detailedoverview of the implementation of a metazoars

© © N o O

10.

development

. The CA planeis primedwith anelipsoidzygote.The zygotes Booleannetwork is primed

with zeros.

. Thecell divides,theBooleannetworksis duplicatedtogethemith thestateof theBoolean

network.

. If the cells have divided for the first time andif the bicoid signalhasbeenenabledthe

bicoid bit (bit 21) s flipped.

If thecellshave dividedfor the secondime andif theactivin signalhasbeenenabledihe
activin bit (bit 22) is flipped.

Thecell's neighboursaredeterminedandthe receptovectoris computed.
TheBooleannetworksareupdated Closedcyclesaredetected.
Theadhesiorbetweerthecellsis computedrom the network statevectorsof thecells.
Thecellularautomatoris updatedresultingin cell movement.

Iteratesteps5-8 for 100 stepsafter the first, the secondandthe third division, for 1000
stepsafterthe next divisionsandfor 5000stepsafterthe eighthdivision.

Iteratestepsb-8 for anotherl00 stepsand computelowestcellular diversity during these
iterations.



Chapter 3

The ontogenyof a simple organism

In the next chapternt will be explainedhow the metazoansreevolved. First, however, we will
follow the developmentof a simple metazoan This will clarify how the differentpartsof the
modelare put togetherto resultin a the simulateddevelopmentof a multicellular “organism”.
Additionally, it may evoke someintuition abouthow the metazoardevelopmentalprogramis
codedin its genome This may helpthereaderin understandingvhathappensluring the meta-
zoanevolution.

In orderto obtaina simple exampleorganism,an evolutionary searchwas setup selecting
for metazoanshatdevelopedstablecell types. Fromthis run a nice examplewaschosen.The
developmentof this exampleis describedn detailbelow.

3.1 Analysisof the network: houseleepingand dynamic gene

The network of our organismis shavn in fig. 3.1. The first thing to noticeis, that mary of
the gene areconnectedo non-communicatingene of the neighbourhoodrector Theinputs
comingfrom thesegene aresetto zero.

Secondmary gene have superfluousnputs. The functionsALL1 andALLO do not need
ary inputatall, while for thefunctionsA, B, ! Aand! B only oneof theinputsis functional.For
simplicity, we couldremove from thefigure all thesenon-functionahodesandconnections.

If we take a closerlook at the network however, mary of the gene, for instancethe gena
12,5 and19, turn outto be continuouslyturnedon or off. Thesegene arecalledhousekeping
gene, becausehey arealwaysexpressear turnedoff in all thecells.

Ontheotherhand thereis acoreof genethatis sensibleo inputsfrom neighbouringcells.
Thecellsdiversify by changinghe expressiorof thesegene. Let’s call themdynamicgene. In
figure 3.2, all the non-communicatiomonnectionandhousekepinggenes have beenremoved
from the graph. Additionally, the namesof the Booleanfunctionshave beensimplified where
possible.

Thereademaybeinterestedn the completeresultsof the evolutionaryprocessselectingfor stablecell types.
However, dueto time-andsoftware-relateghroblemstherunwasinterruptedataprematurestage.Completeresults
will beavailablelater.
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daVinci V2.0.2

Figure3.1: The Booleannetwork, or “genome”of asimpleorganism
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Figure 3.2: The dynamicpart of the network shavn in fig. 3.1. All non-communicatingon-
nectionsandhouseleepinggena have beenremoved. Diamondsindicate“sticky gene”, gray
squaresndicateneighbourhoodonnectionandgray circlesindicatestableinputs.
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3.2 Early pattern formation

In figure 3.3(a)the initial condition, or “zygote” of the organismis shovn. The statevector
and the neighbourhoodrector of the zygoteare primed with zeros. After two iterations,the
houseleepinggena have stabilised. After the first division, the bicoid gene(# 21) will be
flipped. In our caseit wasturnedon, so we switch it off. Obviously, after one iterationthe
bicoid bit is turnedbackon, becausef its Booleanfunction ALL1. In spiteof the network’s
insensitvity to the bicoid bit, the daughtercells do differentiateafter the first division, because
the cells “sense”eachothers neighbourhoodrector Whereasall the bits of the neighbourhood
vectorwereturnedoff in the zygotestage the neighbourhoodectorof thetwo cell is now equal
to 001001. It is easyto see thatbit 16 will beturnedoff, becauséit 1 of the neighbouvector
is turnedon. Bit 1 of the statevectoris switchedoff becausebit 4 is turnedon. In the next
iteration,bit 1 will beturnedoff in the neighbourhoodector causingbit 16 to flip backon.

After the seconddivision (figure 3.3(b)) in oneof the cellsthe “activin” bit is flipped. The
network needsa mechanisnto storethis signal,becausét is only appliedduring oneiteration.
Thisis nicely achieved by a feedbacKoop ontheactvin gene If theactiin bit is turnedoff, it
inputsa 0 to itself. The next statewill bea 0 again,andsoforth. If, however, the actwin bit is
turnedon, it will keepitself turnedon.

Interestingly the stateof theactwin bit is propagatedo a subnetf thebits4, 23,7, 11 and
3. To understandhe behaiour of this subnet]et usfirst returnto the zygote.In the zygote,all
thebits of statevectorandthe neighbourhoodectorwereturnedoff. After thefirst iteration,bit
4 wasswitchedon. Bit 7 wasturnedon, becaus®neof its inputs,bit 23 was0. After thesecond
iteration, bit 23 wasturnedon, becausats inputis 1. This causedit 7 to beturnedon. As a
result,thebits 11 and3 wereswitchedoff afterthefollowing iterationof the network. Now that
activin hasbeenswitchedon, the expressiorof thesubnets inverted.First, bit 4 is switchedoff.
As aresult,thebit 23 is switchedoff, whereadit 7 is turnedon. Bit 7 finally, switcheson the
bits 11 and3.

Now thattheactwin cell hasdifferentiatedtheneighbourhoodectorof thesurroundingells
changes.In theactwvin cell, gene 3 is expressed By thesemeansjn all the surroundingcells
gene 17 is suppresseby bit 3 of the neighbourhoodector

After thethird division, the main patternof the creaturenasbeenlaid down. In figure 3.3(d)
two changesareapparent.First, somepink cells have dedifferentiatednto gray cells. They do
not touchthe “activin” cell ary more,sothat gene 17 is expressedagain. Secondthe black
“activin” cell hasdivided. It differentiatednto the greenishbrown cellsin aboutthe sameway
thegray cellsappearedfterthefirst division. Now thatit is connectedo anothemlackcell, bit
3 of theneighbourhoodectoris expressedby which meansgene 17 is suppressed.

3.3 Mor phogeneticcell movements

Now that the basic patternof the organismhasbeenlaid down, after the third division cel-
lular movementsbecomeapparent. First, the pink cells engulf the greenishbrown cells (see
figure3.3(d)). Finally, thegray cellsdissociatgfigures3.3(g)-3.3(K)).
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(a) Zygote (b) Two cell stage (c) Fourcell stage
(d) Eightcell stage garly (e) Eight cell stageater (f) Sixteencell stage
‘ fﬂi!

(g) Thirty-two cell stage (h) Sixty-four cell stage (i) 128cell stagegearly

Figure3.3: Theontogely of Ontosilicagastrulanssegundo
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() 128cell stage)ater (k) 128cell stagefinal

Figure3.3: continued.

Interestingly thesecellular movementscan be tracedbackto a striking differencebetween
the cell-mediumadhesiorof the cells descendindgrom the “activin” cell, andthe cells thatdo
notdescendrom the“activin” cell. In thelastparagraplit wasshown thatin theactivin cell line
bit 22 is constantlyset.Bit 22in turnkeepsthebits 11, 9, 7, and3 turnedon.

Remembethatthe strengthof the enegy bondbetweera cell andthe mediumis computed
by takingthe evenbits of the sticky vector, i.e. thebits 11, 9, 7, 5 and3. For theactwvin lineage
thisgives111* 1. * is equalto 1 if the cell touchesa cell thatdoesnot expressthe actwin bit.
Addinganener gyof f set of 3 givesanenegy bondof 32 or 34. In theothercellstheactvin
bit is resetgiving aenegy bondof 5.

Theadhesiorstrengthbetweerthe activin cellsis computedasdescribedn thelastchapter
First, oneof the sticky vectos is mirrored,suchthatthekey gene arealignedwith thel ock
genes. The AND of thesevectorsgivesusthenmat ch vect or, describingwhichkey- | ock
pairsmatchbetweerthecells:

111110*010
010*011111
— AND
010*00*010

Again,* represents 1 for the cellsthattouchanon-actvin cell.
Theenegy bondbetweerthe cellsis computedrom the OR betweerthe left five bits of the
matchvectorandthe mirroredright five bits:

0*010
0*010

OR
0*010
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So,betweenwo activincellsthestrengthof theenegy bondis 5 if neitherof thecellstouches
anon-actvin cell, otherwiseit is 13. Following the sameprocedurewe find thatthe adhesion
strengthbetweertwo non-activincellsis always11. Theadhesiorstrengthbetweeractvin cells
andnon-actvin cellsis 17.

In summarythefollowing conditionsarevalid:

Jactact < 2Jact, medium (3.1)
Jnana > 2Jnamedium (3.2)
Jnana < Ina,act (3.3)
Jactact < Inaact (3.4)
Jactna(FInamedium)? < Jactmedium + Jna,medium (3.5)

J 4, representshe enegy bondbetweencell type A andcell type B, act standgfor cells of
theacttivin lineageandna standgor non-activin inducedcells.

Fromthe conditions3.3and3.4 it is easyto seethatthe activin lineageandthe non-actvin
lineagewill remainsortedout (seealsotable2.2). It is alsoclearfrom condition 3.1 that the
activin cells will remainadheredto eachother In contrast,the non-activincells dissociate,
becausdhey adheremore strongly to the mediumthanto eachother Finally, condition 3.5
shaws thatthe non-actvin cellswill engulfthe actvin cells. This canbe understoodntuitively
in thefollowing way. In figure 3.3(e)thegreenistbrown, actvin derivedcellsrepelthemedium.
At thesametime, the pink non-actvin cellsadherestronglyto themedium,whereaghey adhere,
albeitweakly, to thegreenishorown cells. This causeshe pink cellsto cover the “hydrophobic”
surfaceof the greenishbrown cells.

3.4 Final pattern formation

After two moredivisions,in figure 3.3(g) two new cell typesappeara white oneanda purple
one.Thesecell typesarisein aninterestingcascad®f differentiations First, oneof thegreenish
brown cells differentiatesnto the white cell type. Whenthis cell is isolatedfrom the pink cells,
bit 4 of its neighbourhoodrectoris setto 0. This causesbit 1 to be turnedon. In the next
iteration,bit 1 switchesoff bit 5.

As aresultof theexpressiorof bit 1 in thewhite cell, bit 16is switchedoff in thesurrounding
greenistbrown cells. Thisresultsin anew — purple— cell type.

In figure 3.3(h)thewhite cell hasdivided. In theresultingred pink cell bit 16 is suppressed
by bit 1 of the neighbouringcells.

In parallel,thegraycellsdissociate Finally they vanish(fig. 3.3(k)), becaus®f the“LONE-
LYNESSPENALTY” thatwasgivento dissociatedtells. Also note,thatthe gray cellsdifferen-
tiatein thecyan“zygote” cell typeif isolatedfrom the othercells.



Chapter 4

Evolution of the metazoans

4.1 The geneticalgorithm

The evolutionary processof the metazoanss simulatedusing a geneticalgorithm [20] (GA)
on a parallel virtual madinet(PVM) configuration. This configurationconsistsof an array of
16 Pentium166 Mhz personacomputergunningLinux 1.2.13,masteredy a Silicon Graphics
machine.

The developmentaprocesf the metazoanss simulatedon the Linux machines A master
processyunningon the Silicon Graphicsmachine performsthe geneticalgorithm. The evolu-
tionary processs initiated by generatingl6 randomgenomes Thesegenomesare sentto the
slave machinesvherethey aredeveloped.Themasteproceskeepdrackof the1l6 genomegur
rently beingdevelopedin the socalledbeastbuffer. Thebeaststore containghelast16 genomes
whosedevelopmentasbeencompletedfogethemith theirfithessesWheneeraslaze machine
hasfinisheddevelopinga beast|t sendghe fithessto the mastemprocessfogetherwith adump
of the last stageof the metazoals ontogery. This dumpconsistsof a “snapshot” of the CA, a
dumpof the cell cyclesanda dumpof the statesof the Booleannetworks. The masterprocess
writesa fossilrecord consistingof the genomesf all the metazoansvolved,togethemwith their
fithess,their beastiDs (a numberrankingthe pointin evolutionarytime at which the metazoan
evolved),their parents beastiD andthedumpof thelaststageof their ontogety.

A tournamenselectionschemas followed. Whene&er a machinehasfinisheddevelopinga
beastthe beasts genomas shiftedfrom the beastuffer to the beaststore,in thisway removing
thebeasthatwaspresenttthis entryof thebeaststorefrom thereproductve processA sample
of eightindividualsis extractedfrom the beaststore, consistingof the 16 mostrecentgenomes
whosefithesswas known. Out of theseeight individuals the genomeof the bestperforming
metazoanvasmutatedn 50% of thecasesandit wasdevelopedon oneof theslave machineslif
the bestperformingbeastappearedo have developedonly a singlecell type,arandomgenome
wasgeneratedThis initial “bootstrap”proceduresaredthe algorithmfrom initial searches$o a
metazoanfaving morethanonecell type. Suchaninitial searchwould lastvery long, dueto

1A recentversionof the Parallel Virtual Machinecanbe obtainedfrom:
http://ww. epm ornl . gov/ pvni pvmhone. ht n
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the smallpopulationdiversity.

4.2 Fitnesscriterion

As it wasdiscussedn chapterl, the aim of the paradigmsystemof the evolution of multicel-
lular creaturess twofold. Thefirst aimis to make a startin anunderstandingf the phenotype
landscapeand the evolutionary dynamicscausedby the highly complex metazoargenotype-
phenotypanapping. The secondaim is to “breed” hypothese®n how cellular diversity canbe
producedandmaintainedduring the developmentof multicellularanimalsusingcell communi-
cationandcell movement.

Consequentlythe fithesscriterion thatwasconstructechadto facethesetwo aims. For the
understandingf the“metazoan’fithesslandscapeve couldhave setup andevolutionarysearch
towardsa predefinednorphologyof cell type pattern.For example,we could have selectedor
“metazoans’exhibiting bilateral or radial symmetry This stratgyy hasprovento be fruitful in
the studyof RNA phenotypdandscapg21]. In thesestudiesanevolutionarysearchwassetup
towardsan secondangtructurewith two loops.

Still, the choicewasnot to setup an evolutionaryalgorithmto searchfor a predefinednor-
phology As afitnesscriterion,ameasurdor cell typediversitywasused.This criterionsatisfied
our secondaim: the generatiorandmaintenancef cellular diversity. However, we considerit
moreimportantthatthis fitnesscriterionis trivial with respecto our evolutionarysearchimage.
A metazoans considerednorecomple if it hasmoredifferentcell types,irrespectve of how
it produceghem. An evolutionaryschemeselectingfor the numberof cell typesdevelopedwas
thoughtto besufficiently “undefined’to allow thedevelopingmetazoans anunpredefinedvay.

Selectiorfor thenumberof cell typeswasdonein two ways. As afirst try, eachdifferentstate
cycle wassimply calleda differentcell type, regardlessof how differentthe cell typesactually
were. In this method two stablestateshaving differencesastiny asasingleflippedbit, gave as
muchfitnessto anorganismas,say a stablestateanda statecycle.

In a way, this madediversificationto easy The organismsvery quickly evolved long state
cycles,in orderof 64 steps,that diversifiedby meansof two differentmechanisms.The first
mechanisnwas,to propagatea desynchronisatiobetweerthe cell typesinducedby the bicoid
andthe actvin signalson the oneside andthe othercells on the otherside. This desynchroni-
sationwould inducedifferencesdbetweenthe cell typeson the orderof severalbits. The second
mechanisnwasto evolve very “fluent” cell types(i.e. with alow enepy differenceto the sur
roundingcells). Thesecell typeswould squeezeut philopodiabetweertheir surroundingcells.
Oncea philopodiumtouchedanew cell. it differentiatedanretractedhe philopodium.

The actualfitnesscriterium was basedon the diversity of cell typesa “beast” wasable to
develop,ratherthanits numberof cell types.For eachcell typethatwaspresentatthe momentof
fithessevaluation thedifferenceo theothercell typeswascomputed.Thiswasdoneirrespectve
of the ubiquity of the cell types. In otherwords,a singlecell of a new cell type contritutesas
muchto thefitnessof abeast astencellsof thisnew celltype. In orderto selectfor metazoans
thatwereableto maintaintheir cellular diversity for a periodof time, the fithessof a metazoan
wasdefinedto belowestcellulardiversityin thelastonehundredime stepsof its development.
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Thealgorithmcomputatinghefitnessis explainedin box 4.3.

4.3 Computation of cell type diversity

Firstthe meanexpressiorovertime of eachgenein the statecyclesis computed

124
mj = Z Lp,j
=1

wherem; is themeanexpressionn the statecycle of geng, =, ; is theexpressiorof genej
in phasep of thecycle andT’ is the periodof the statecycle.

Then,for eachgeneof the statecycles,the differencein meanexpressiorno the otherstate
cyclesis computed.

Jj=N
Dyp = Z [Ma,5 — M|
7=1

D, ; isthe geneexpressiordifferencebetweerstatecycle o andstatecycleb. N isthenumber
of genain thenetwork andm,, ; is the meanexpressiorof genei in statecycle a.

The cellular diversity of the organismis definedasthe meanexpressiordifferencebetween
the statecycles

<

1%

diversity = D,

1

Ql

C-1 b=C
a=1 b=a+

a, b, andD, , aredefinedasabove. C representshe numberof cell typesof the organism.
Thefitnessof a metazoars the lowestdiversityit reachegluring the last 100 time stepsof
its ontogely.



Chapter 5

An evolutionary run

In figure 5.1 the cumulative geneticdistanceof the genomeselative to a 90 time stepsyounger
individual is shawn. It is clearthatthe evolutionarychangeat the geneticlevel progressesat a
fairly constantrate. The molecularclock is ticking atits maximumrate,asif therewould beno
selectiomatall. Thissuggestshatno strongselections actingon mostof thepossiblemutations.

However, at the phenotypiclevel, the fithnessof the individualsincreasestepwise.Periods
of stasiswherethefithessof the creaturesemainsconstantareintermittedby shortperiodsof
evolutionarychange.

Interestinglythefithessjumpsor evolutionaryinnovations arecorrelatedo key innovations
in the structureof the Booleannetworks,andasa resultto changedothin the developmentand
in the adultphenomé of the creatures Table5.5 lists the epochstogetherwith the phenotypic
and genotypicinnovation that have most probablycausedhe transientfrom one epochto the
next.

In orderto understandavhich structuralchangesn the genotypehave causeda transientrom
oneepochto the next, the sameprocedureasin the exampleof chapter3.2 wasfollowed. The
gens whosestatewas stablethroughoutdevelopmentwere strippedof the network and the
Booleanfunctionswereadjusted.For example,from a NOT A function,the B connectionwas
removed and the function’s namewas changednto NOT. In the sameway, an AND function
which hadoneof its inputsconstantlysetto one,while the otherwasdynamic,waschangednto

For eachof the epochesa typical organismwaschosen.As the morphologyof thesebeasts
was consideredypical for a particularepoch,thesebeastswere called the morphotypeof an
epoch.

In figure 5.3 for eachepochthe morphotypeis shovn. For eachof thesemorphotypegshe
network was simplified as describedabove, suchthat only the dynamic gene remain. These
simplified networksareshawvn in figure5.4.

Interestingly thedynamicpartof the networks getslargerandlargerover evolutionarytime.
Figure5.5shavs the numberof dynamicgenea for eachof the morphotypes.

1The word phenomas usedhereto indicatemorphologicalandcyberneticpropertiesof the organismthat may
but neednot necessarilydeterminethe fithessof the organism,asopposedo phenotypeahatimplies an effect on
fitness.Seg[32] for adiscussioron thewordsgenotypegenomephenotypeandphenome.
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Figure5.1: The cumulatve running meangeneticdistancebetweena populationof ten indi-
viduals and ninety time stepsearlier population. This plot shows that the genetic“walking”
speedremainsratherconstaniover evolutionarytime. Theincreasedvalking speedat the start
of the plot is dueto theinitial “bootstrap”procedure.During this procedurerandomgenomes
aregeneratedintil a creaturehaving morethanonecell typeis found.
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Figure 5.2: Runningaverageand running maximumof the fithessover time. Length of the
runningaverageandmaximumis 100time steps.The numbersl-13indicatethe epoches.The
epochesaredelimitedby the verticallines. The epochesarecharacterisethy a particularmode
of development.Seetext for explanation.

Early in evolution, in beast66, only 50% of the gene is dynamic. Hence,half of the gena
is ableto diversify. Laterin evolution, from beast4000 onwards,83% of the gene is ableto
change.

Additionally, the numberof gene being part of a regulatory cycle increasesalbeit less
quickly. Beast66 only hasone cycle containingsix gena. In epochthreeten gene areem-
beddedn acycle. A new cycle arose consistingof the gene 13, 23, 18 and 3. In both of the
two coexisting morphotypesf epochb, ten genesareembeddedm a cycle. In addition,two
genesactas‘intermediaries’betweerthetwo cycles. In epoché, finally, eleven“cyclic” genes
arepresent.

Interestingly for almostall the transitionsbetweenepochsa changeat the geneticlevel ac-
countingfor therisein fithesswasidentified. Becausét waspossibleto make “loss-of-function
knock-outs”on thesegena suchthat the phenotypeof the organismwould “fall back” to the
morphotypeof the precedingepoch,thesestructuralchangesvere called key mutationsresult-
ing in a new morphotype.The changeat the phenotypicanddevelopmentalevel betweenwo
epochess calledakey innovation
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(e) Beast907,epochs (f) Beast909,epochs

(g) Beastl124,epoch6 (h) Beast1130,epoch7(?) (i) Beast1389,epoch8

Figure5.3: Morphotypesof the epochesMorphotypesaremorphologiesonsideredypical for
an epoch. The morphotypesvere selectedoy a humanobsener scanningthrougha movie file
containingthe adultstageof theevolvedcreatures.



(i) Beast1655,epoch8

(m) Beast2126,epoch10

(n) Beast2162,epochll

Figure5.3: continued

(1) 1940cell stage gpochl0

(o) Beast2309,epochl2
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(a) Network of beast66, epochl (b) Network of 256,epoch2

Figure5.4: The Booleannetworks of the beastsshown in. figure 5.3. All the genesthat are
stablyexpressedn all thecell typesandin all the stageshave beenomitted,in orderto simplify
the networks. The namesof the Booleanfunctionshave beensimplified wherepossible. Gray
squaresndicatereceptorsGray dashedarrovs indicatereceptorligand interactions.
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(c) Network of beast08,epoch3

Figure5.4: continued

(d) Beast751,epoch4
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(e) Beasto07,epoch5 (f) Beast909,epochs

Figure5.4: continued
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(9) Beast1124,epoch6

Figure5.4: continued
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Figure5.5: Thenumberof “dynamic gene” for the analysedyenomesThe numberof dynamic
genesincreasawer evolutionarytime. In thisway, the partof thegenomepotentiallytakingpart
in cellulardiversificationincreases.
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Gene |2 |21(bic) |15 | 16 | 22 | 24
= NOT = | AND | NOT | =
110 0 0 0 0 0
21 1 0 0 1 0
310 0 1 0 1 1
411 1 0 1 1 1
51 0 1 0 0 1
6|1 0 0 0 1 0
710 0 0 0 1 1
8|1 1 0 0 1 1
91 0 1 0 1 1
101 0 0 1 1 1
111 0 0 0 0 1
12| 1 0 0 0 1 0 | (corvergedon step6)

Table5.1: Convergenceto the period6 statecycle of the non-bicoidcell

5.1 Zygotic cell polarity inducestwo cell lines

In thefirst epochthe organismshave discoveredthe useof the bicoid gene A cycle of six gena
fallsinto oneof two alternatve periodsix statecycles,dependingn the stateof the bicoid gene
duringthefirst iteration.

Thetransientowardsthesetwo statecyclesis shovn in thetables5.1and5.2.

The stateof beingtrappedin eitherthe one or the otherof thesetwo statecyclesis stably
inheritedovercell division. It is easyto seethatthiswill happenbecaus¢hestateof thenetwork
is inherited.

In this way two cell lines arise, the cells descendingrom the bicoid inducedandthe cells
descendindrom thenon-bicoid gene Interestinglythenon-bicoidcellshave theslighttendeng
to engulfthe bicoid cells. This canbe understoodrom the factthatthe bicoid cellsadherdess
stronglyto the mediumthanthe non-bicoid cells. (seetable’5.3) This differencein hydrophoby
is aresultof thedifferencebetweerthe statecyclesof the bicoidandthe non-bicoidcells.

5.2 Discovery of cell cell communication

In epoch2, the beastshave discoveredcell-cell communicatiorasa way to generatenew cell
types.In the bicoidlineage,gene3 is turnedoN duringone of the six statesof the statecycles,
whereast is turnedoN duringtwo stepsn thenon-bicoidcells. As aresult,genel 3is suppressed
duringtwo out of six statesn cellstouchinga non-bicoidcell. Therefore apartfrom non-bicoid
cellstouchingothernon-bicoidcellsandbicoidcellsthatdo nottoucha bicoidcell, two new cell
typesare developed: bicoid cells touchingnon-bicoid cells (the gray cells at the borderof the
blueandthe pink cells)andnon-bicoid cellsisolatedfrom the othernon-bicoid cells (the brovn
cellsembeddedhn graycells).
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Gene |2 | 21(bic) |15 | 16 | 22 | 24
= NOT = | AND | NOT | =
10 1 0 0 0 0 | (bicoidbit set)
2|1 1 1 0 1 0
3|0 0 1 1 1 1
411 1 0 1 0 1
51 0 1 0 0 0
6|0 0 0 0 1 0
710 1 0 0 1 1
8|1 1 1 0 1 1
9|1 0 1 1 1 1
101 0 0 1 0 1
111 0 0 0 0 0
120 0 0 0 1 0 | (corvergedon step6)

Table5.2: Corvergenceto the period6 state-gcle of the bicoid cell

cyclephase| J[B][med] | JINB][med] | J[B][NB]
1 3 3 3
2 7 3 3
3 9 7 3
4 21 5 4
5 19 19 4
6 3 3 3

Table5.3: Enegy bondsbetweerthe differentlineagesof beast6. B denoteghe cellsfrom the
bicoidinducedembryonalcell, NB denoteghe cells descendingrom the otherembryonalcell,

not inducedby bicoid The enepy differencebetweenthe mediumandthe non-bicoidcellsis

slightly lower thanthe enegy differencebetweenthe bicoid cellsandthe medium. This results
in aslightengulfmentf thebicoid cells by thebicoid cells.
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Thekey mutationfor epochtwo is the mutationcouplinggenes to the 6 generegulatoryloop
viathenewly evolvedconnectiorfrom genel8to gene3. In thiswaytheperiod6 cycle generate
by the 6 geneloop drivesthe expresisionof genel3— which is coupledto receptor3 — in the
surroundingcells. This wastestedby makinga knock-outmutation. The Booleanfunction of
gene3 wasmutatedo ALL 0. In thisway, onecouldsaythatthe expressionigand3 is prohib-
ited, preventingcell cell communication.In figure 5.11(a)the resultingphenotypés shown. It
closelyresembleshe morphotypeof epochl. Thetwo new cell typeshave disappeared.

5.3 Fixing obtainedinformation

In epoch3, theinformationcomingin from receptor3 is usedmoreintensiely. A new connec-
tion from gene23 to genel8 hascloseda new cycle of four genesgeneratinga new period8
cycle. In associatiorwith the period6 cycle a new 24 cycle is generatedn the non-bicoid cell
line, afterthesecondlivision, if two non-bicoidcellsarepresent.Theperiod24 cycle needswo
non-bicoid cells becausen importantconnectionof the period4 cycle is runningthroughthe
cell-cellcommunicatiorcanalgeneratedby genereceptompair 3.

The bicoid cells iteratethrougha period 6 statecycle, which is “phaselocked” by genel6
of the period6 statecycle, beingturnedon 2 out of 6 states.The bicoid cells, finally, touching
the period 24 non-bicoid cells, cycle aroundin a successiorof four period 6 cell types. The
generatiorof new cyclesandthe additionof alternatve routesto existing cyclesturn outto be
importantmechanismé$or the evolution of new cell types.

In epoch3, gene20is coupledto receptor2. Gene2 is partof the period6 cycle. This new
connectiorresultsin anextra diversificationbetweerthefour cell typesin epoch2.

At the phenotypiclevel, the closureof the period 4 cycle hasled to a new mechanisnof
differentiation.In beas258 someof thegraycellsdiffuseinto theblue, bicoiddescendeg@artof
theorganism.In beas608the samehing happensHowever, herethediffusingcellsdifferentiate
into anew typewheneerthey loosecontactto the non-bicoidcells.

In orderto testwhetherthe closed4 cycle couldaccountfor this mechanismthe connection
from genel3to gene23 wasblocked. This wasdoneby changingthe Booleanfunctionof gene
23from! XORto ALL 0. By this mutation,the connectionl3 — 23is blocked, while genel8
still propagateghe signalscomingin from genele.

In figure 5.11(b)the resultingphenotypes shavn. It resembleghe morphotypeof epoch
2. The cells from the “mesoderm”layer betweenthe bicoid and the non-bicoid layer do not
differentiateif they diffuseinto the bicoid part of the organism. A secondchangein epoch3
is the connectionof gene20 to receptor2. In contrastto the mutationdescribedabove, this
changedoesnot resultin a “key innovation” at the phenotypiclevel. It strengthenshowever,
thediversificatingeffect of the mechanisnof epoch2. Usingthis extra receptorgene both gene
13 and gene20 diversify at the borderof the bicoid andthe non-bicoid lineage. The mutation
20:A—ALL 0 (figure5.11(c))resultsin afitnessdropfrom 4.75to 3.25.

Two fundamentallydifferenttypesof mutationsweredescribedn this paragraph.Thefirst
one,the mutationthatformeda cyclic interactionbetweeergenesyesultsin a “morphological’
change.Thesecondype of mutationdoesnot affect any cyclic interaction.Instead,t recruitsa
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Figure5.6: “Positionalinformation’ At the eightcell stagea gradientlik e patterndevelopsin

metazoarr51(shonvn here),but alsoin the metazoansantil epoch8. The patternconsistsof four
“bands”,numberfrom 1 (bicoid side)until 4 (nonbicoid side). The expressiorlevel indicatethe
numberof stepsof the period6 cycle the geneis expressed.

secondgenein thedifferentiationprocessthusgeneratinga fithessrise.

5.4 The evolution of positional information

Interestinglyasimpleform of positionalinformationhasevolvedin epochd. In the 8 cell stagea
gradientiik e patternin theexpressiorof gene3, 13,22 and23 develops.Theexpressiorof these
gens is plottedin figure 5.6. It is not yet completelyunderstoochow this patternis formed.
However, it waspossibleto identify the key mutationchangingmorphotype3 into morphotype
4,

In morphotyped asecondconnectiorfrom the6 generegulatoryloop ontothe4 generegula-
tory loop hasevolved. Thisconnectiorseemso “phaselock” the4 generegulatoryloop together
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with the alreadyexisting connectionresultingin a setof four differentperiod6 cycles.

In orderto testwhetherboth connectiondrom the four geneandthe six genecycle were
neededor theformationof the four bandpattern the following knock out experimentwasper
formed. The connectionfrom genel6 to genel8 wasblocked by changinggenel8’s OR into
A. Thephenotypeaesultingfrom this knock out experimentis shavn in figure5.11(d). It clearly
shawvs thattheinteraction16— 18 is importantfor the early patterningof morphotype4. More-
over, thisknockoutexperimentclearlyshavstherole of interaction16—18in phasdockingthe
period8 cycle generatedby the gene 18, 3, 13and23. In theknockout phenotypdhe period8
cycle andthe period6 cycle arecompletelydecoupledesultingin a period24 cycle.

After the four “bands” of geneexpressionhave developedin the remainingpart of the de-
velopmentof beastr51,the“bands” diffuseinto eachotherlike in epoch4. During this process
mary additionalcell typesare generated.The importanceof this processs easilyshavn in a
simpleexperiment.If cell movementis prohibited,simply by omitting the CA stepsduringthe
developmentalprocessnoneof theseadditionalcell typesare produced resultingin a fitness
dropfrom 11.51to 7.73.

It is interestingto speculatehat selectionmay have favouredthe phenotypeof beast751
becauséhe fitnessfunction turnsout to selectfor stablephenotypes.n contrastto the fitness
of morphotypes, thefitnessof the beastsn the precedingepochis not stableall thetime. The
period24 cycle in B cell line inducesa sequenc®f four period6 cyclesin the NB cells. After
thecell “bands”have diffusedinto eachother oncein every four time stepstwo “bands”having
adifferentcell typein the otherstepsnow have the sametyperesultingin atemporaldiversity
drop. Becausehe fitnessfunction is definedasthe lowestcellular diversity over the last one
hundredtime stepsof abeasts life a considerablgenaltyis givento this type of behaiour.

5.5 *“Epiboly”. NB cellsengulf B cellsand induce a new cell
type

A veryinterestingnnovationcanbe obseredin epoch?. Like in epoch6, a patternof four cell
typesdevelopsin the eight cell stage. In contrastto epoch6 however, thesecell typeshave a
period8 cycle insteadof a period6 cycle.

As is shavn in figure 5.7 oneof the cell types(the black one)of the NB-lineageengulfsthe
orangecells of the B-lineage. The mechanisnof this engulfmentis easily understood.As it
wasdiscussedn section5.1, in beast66, the NB-lineageengulfsthe B-lineage becausei) the
B-lineageadheredessstronglyto the mediumthanthe NB-lineagedoes,and(ii) the B-lineage
adheresnorestronglyto the NB-lineagethanto the medium(seetable5.4).

In epoch?, thisdifferencein “hydrophoby”betweerthe NB andthe B-lineagehasincreased
considerablyWhereaghe meandifferencein the hydrophobybetweerthe B-cellsandthe NB-
cellswas 3.7 in beast66 (seetable5.3), in beast1389this differencehasgrown to 9.625(ta-
ble5.4). Thestrongerengulfmentesultingfrom thisincreaseadhesiordifferenceresultsin the
following mechanisnof cell diversification.

In figure 5.7 one of the black NB cells hasalmostlost contactto the otherblack cells. As
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cyclephase| J[B][med] | JINB][med] | J[B][NB]
1 25 26 4
2 23 5 3
3 23 23 4
4 26 4 3
5 23 24 4
6 23 6 3
7 25 25 4
8 25 3 3

Table5.4: Strengthof the enegy bondsbetweerthe differentlineagesof beastl389. B denotes
thecellsfrom the bicoid-inducedembryonakell, NB denoteshecellsdescendingrom theother
embryonakell, notinducedby bicoid

soonasit hascrawled sofarovertheorangeB cellsthatis completelydisattachedrom theblack
cells, it differentiates.As a result,the NB cell differentiatesjnducing a new cell type in the
underlyingB cells(figure5.8). This behaiour remindsof the mechanisnof neuralinductionin
amphibiandevelopmentik e it wasfirst shavn in the nevt Ambystomanexicanum[38]. In this
processeuraltissueis inducedin ectodermatissueby a mesodermatissuelayercoveringit at
theinternalside.

Usingthis mechanisnmadditionalcell typesarecreatedoy keepingthe patternin atransient
state.If aNB cell disattacheanddifferentiateghe surroundingcellskeepon switchingbetween
anumberof cell typesbeforethey have reacheda stablepatternlik e thatin figure5.7. Especially
during late developmentthe NB cells keepon attachingand disattachingthe other NB cells
keepingthe creaturan thetransientdiversestate.

5.6 More“tickling”. pattern destabilisation

In epoch8 the “positional information” mechanisms disrupted.As a resultthe patternof cell
typesbecomedessstable. Due to a mutationin the old 6 generegulatoryloop, a nev 6 gene
regulatoryloopis formed,runningthroughoneof theshortcutsvolvedin epoch7 (seetable5.5).
Thisnew 6 gendoop appears$o beunableto generata stablebandingpattern. The“embryonal”
patternthatis formedresembleshe patternof beast508 (epoch3): a period8 cycle in the NB
cell andthe B cellstouchingthe NB cells. Thesecellsin turninducea periodicsequenc®f a
stablestateanda period2 cycle in theremainingB cells.

In contrastto whatwe would expect— a severedropin cellular diversity— extra diversity
is producedn collaborationwith the epibolymechanisndescribedn chapters.5.

It wasdiscusse@bove how epibolyof theNB cellsis ableto keepthe patternin acontinuous
transientowardsa stablecell type pattern.The epibolicNB cell engulfsthe B cells,disattaches
from the otherNB cells, differentiatesjnducesits surroundingcells, reattache$o anotherNB
cell anddedifferentiates.

In beastl655(epochB8), this“tickling” mechanisnis ableto generat@muchhigherdiversity.
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Figure5.7: The black NB cells engulfthe orangeB cells, resembling‘epiboly”, expansionof
ectodermaprecursorover the embryo,taking placeduringthe gastrulatiorof mary metazoans
(reviewed in (Gilbert, 1991)). The lower right black cell is aboutto disattachfrom the other
blackcells. It will differentiateandinducea numberof new cell types(figure5.8).

Figure5.8: “Induction” in beastl389:thelowerredcell is adifferentiatecblackcell, disattached
from theotherblackcells. It hasinducedthefour brown cells.
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() (b)

Figure5.9: A second‘tickling” mechanisncan be obsened in beast1655. The greencells
in 5.9(a) are derived from the bicoid cell and have mixed with the brown non-bicoid cells.
In 5.9(a)the greencells all touch anothergreencell. In 5.9(b) someof the greencells have
lost contactto thetheothergreencells. As aresulta higly percolatingpatternof othercell types
isinduced.

Becausef the decreasedtability, the “tickling” resultsin a patterndestabilisationpercolating
into aconsiderablgartof the organism(seefigure5.9(b)).

Whereasn epoch3 thelack of stability led to a periodicdiversitydrop, causinga decreased
fitness hereacomparabléack of stability resultsin anincreasedellulardiversityaslong asthe
epibolicNB cellskeepon “tickling” the B cells.

A second'tickling”-lik e mechanismappeardaterin the ontogely of beast1655. Most ap-
parentlyafterthe lastdivision, a numberof B cells mixeswith the NB cells (seefigure 5.9(a)).
If, asa resultof the cell mixing process,one of the B cells loosesthe contactto anotherB
cell, it differentiatesand, asa result,a new cell type is inducedin the surroundingNB cells
(figure5.9(b).

Thesediversifyingmechanism#ighly dependon the cells’ ability to move. In figure 5.10,
oneof thebrown surfacecellsattachedo aredcell. As aresult,the surroundingcells differenti-
ate.
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(a) One of the brown surface cells is (b) At time step2000 the red cells, the
aboutto loosecontactto the otherbrown surfacebrown cell and one of the green
cellsattime step1999 cellshasdifferentiated.

Figure5.10:“Tickling mechanism’atanearlierstageof the development.
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(a) A knock out phenomeof beast258.
Cell cell communicationvia receptor3
was prevented by a substitutionof the
Booleanfunction = of gene3 for ALLO.
Onecouldunderstandhis asa knockout

of the expressiorof ligand3. Theresult-

ing phenomdacksthetwo newly evolved
cell typesof epoch3

CHAPTERS5. AN EVOLUTIONARY RUN

(b) A knock out phenomeof beast508.

The four generegulatory loop running

through receptor3 was knocked out by

blocking connection: 13 to 23. There-

sulting phenomeaesembleshe phenome
of epoch2. The black non-bicoid cells

donotdifferentiataf they diffuseintothe

bicoidpartof theorganism.

Figure5.11: A zooof knockout phenomesln mostof the knock-outs shovn herethe genomic
“key innovation” (seetable5.5) wasknocked out, resultingin aregressiorto the morphotypeof

anearlierepoch.
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(c) A secondknockout phenomef beast
508. The mutation20:A to ALLO blocks
the connectionfrom receptor3 to gene
20, resultingin a fitnessdrop from 4.75
to 3.25. Morphotypicallythe metazoaris

identicalto the “wildtype”. The connec-
tion of gene20to receptor3is anexam-

ple of a smallscaleevolutionarychange,
just affectingthe cell typesfrom which a
morphotypss “build”.

(d) A knock out phenomeof beast751.

The new connectionl16 to 18 from the

four generegulatoryloop to the six gene
loop plays a role in the formation of a
“positional” bandingpatternof four cell

typesin the eight cell stage. This is

shavn by theknock-outmutant18:0R to

A. Theresultingphenomecloselyresem-
blesmorphotypes.

Figure5.11: continued
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Table5.5: Evolutionaryinnovations
Evolutionaryinnovations

Epoch | Phenomicinnovations Genomicinnovations

1 Zygotic cell polarity is used.Two cell | Regulatoryloop of 6 gene& containing
linesarise.Thecellsderivedfrom the | thebicoid bit
bicoid inducedcell (B) andthecells
from the non-bicoidinducedthecell
(NB).

2 Two new cell typeshave arisen.Four | Genel8is coupledto receptor3.
cell typesarepresennow: B (bicoid
lineage)cellsnottouchingNB cells,

B cellstouchingB cells.NB cells
touchingNB cellsandNB thatdo not
touchanNB cell.

3 Temporalsequencef 4 period6 Genel8is coupledto gene24,in this
cyclesin theB cellsis drivenby a way closingthe new four gene
period24 cyclein theNB cells. The | regulatoryloop 3—? 13— 23—
differentiatedB cellsdifferentiateinto | 18— 3.
anew cell typeif they diffuseinto the
otherB cellsand,asaresult,disattach
from theNB cells.

4 “Positionalinformation” hasevolved. | Secondconnectiorfrom thesix gene
An embryonabandingpatternatthe | regulatoryloop ontothefour gene
eightcell stageconsistingof period regulatoryloop seemgo “phaselock”
six statecycleshasevolved,resulting | thecycle generatedby thefour gene
in amorestablediversity (seetext). regulatoryloop. As aresult,thecells

arein aperiodsix cyclein steadof a
period24 cycle.

5A (i) NB cellsareslightly better (i) New connectior2—> 20 putsthe
engulfedby the B cells. two gene 8 and17 undercontrol of
(i) Mechanism®f epoch4 arestill receptor2.
usedbut producencreasedliversity. | (i) Connectionl6— 18is

substitutedby 11— 18.

5B In theadultstagefive cell type (i) New connectior20— 11 puts
“bands”arepresentattheborder genell undercontrolof receptor2.
betweertheB andtheNB cells. The | (ii) New connectior6=> 5 generates
patternis preseredevenif thecell new cell-cellinteractioncontrolling
shiftin positionrelatve to eachother | genes 5 and14.

continuedon next page

2= indicatesareceptoigandinteraction
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continuedfrom previouspage

aresultof thebrokenconnection
16— 22. Connectionwasbroken
becausef the mutation16— 22:
12— 22, causinggene22to be
constantlyturnedon.

Epoch | Phenomicinnovations Genomicinnovations

6 (i) Morphotype5A “won” over (i) Themutation2—> 20t0 2—> 8
morphotypebB in epoch5. Using putsthesix generegulatoryloop
anothemechanismthe “fi ve band undercontrolof receptor2.
pattern”lik e thatof morphotypesB is | Additionally analternatve routefor
againgeneratedThe“bandremixing” | thesix generegulatoryloopis
mechanisnof epoch4 is generated2—> 8 — 15.
superimposedn this “fi ve band (i) Thenew connectiorB— 15adds
pattern. asecondlternatve routeto the six
(ii) Increasecdkngulfmentof NB-cells | generegulatoryloop: 24— 23 — 8
by B cells. — 15. Moreover, this connection

putsthe six gendoop undercontrol of
thefour geneloop.

7 (i) engulfmentof B cellsby NB cells | (i) Thetwo shortcutsonthesix gene
is dramaticallyimproved. (fig) As a loop (2= 8 — 15and24 — 23
resultNB cellskeepon “tickling” the | — 8 — 15) have disappearedsa
outerB cellsthatdid nottheNB cells | resultof the mutation:8 — 15to
before,resultingin continuous 19— 15.
destabilisatiorof the pattern. (i) Mutation19:ALL1 — OON
(i) Embryonic*bandingpattern”of generateswo shortcutsto the six
period6 cycleschangedn patternof | gendoop: 16— 19 — 24and21
period8 cycles. — 19— 24.

8 6 generegulatoryloop haschangedas | Four band“positional” patternhas

disappearedndhasbeensubstituted
for embryonicpatternof threecell
types:period8 cyclein theNB cells
andin the B cellstouchingthe NB
cells,aperiodicsequencef aperiod
1 cycleandaperiod2 cyclein the
remainingB cells.

Cell typesareformedasaresultof
the“tickling” mechanism(i) TheNB
cellsengulftheB cells. If oneof the
NB cellsloosescontactto the other
NB cellsit differentiatesandinducesa
patterndestabilisatior{figure’5.10(a)
andfigure5.10(b)).(ii) B cellsmix
with NB cells. IsolatedB cellsinduce
anextracell typein theNB cells
(figure5.9(a)andfigure5.9(b)).
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Chapter 6

Discussionand conclusions

A paradigmsystentfor the evolution of multicellularanimalshasbeenconstructed.

Theaim of the paradigmsystemwastwofold. Thefirst aimwasto understandhow thehighly
comple genotype-phenotypmappinggeneratedby the developmentzygoteto adultmay effect
evolutionarydynamics.The seconcaimwasto “breed” hypothesesn how cellulardiversitycan
be generate@dndmaintainedn multicellularanimals.

6.1 Summary of the results

Mor photypic metastabiltity

The evolution of our metazoanshaved very characteristidbehaiour. Although therewasa
constanspeedn the evolution at the geneticlevel, evolution at the fitnesslevel andat the mor-
phologicallevel progressestepwise.

Most importantly mostof thetime a fithesschangewascorrelatedo a large scalemorpho-
logical change asif new “Bauplan” emege. It is proposedo call this behaiour morphotypic
metastability

Networks are hierarchically structured

The analisisof the networks describedn chapter4 hasled to the distiction of threetypesof

gene: regulatory genes— embeddedvithin a regulatory loop — controlling the expression
of downsteamgene. Finally, housekepinggena that are constantlyexpressedcanbe distin-

guished.

Key mutations are mutations in the regulatory part of the network

Key mutations,the mutationsmarkingthe transitionfrom one epochto anothey arein general
mutationsin theregulatorypartof the network.
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6.2 Discussionand speculationon the results

Evolution of regulatory gena and downstream gene may have resultedin
morphotypic metastability

In this sectionit is hypothesisethatthe evolveddistinctionbetweerregulatoryloopsanddown-
streamgena mayhaveresultedn thecharacteristienorphotypicmetastabilitythatwasobsened
in our model.

In the fossil recordof the evolutionaryrun, two typesof phenotypicchangecanbe obsered.
On the one hand,large scalephenotypicchangesphenotypidnnovations are apparent.Such
a phenotypicchangeis in generalcausedoy a fundamentathangein the metazoars develop-
mentalpathway. In this report,| have focusedon theselarge scaleevolutionarychangesWhile
observinghebeastsvithin asingleepoch thesecondkind of evolutionarychangebecomesp-
parent.Althoughthe morphotyperemainsby definitionunchangeavithin anepoch the colours
in which the morphotypesare “painted” changea numberof times. Hence,althoughthe “de-
velopmentalprogram”of the metazoas doesnot evolve within an epoch,the setof cell types
“building” themkeepschanging.

Theanalysisof themorphotypicchangesn chapterd hasshavn thatit is possibleto find for
eachepocha “key mutation” that was mostprobablyresponsibldor the morphotypicchange.
The greaterpart of these*key mutations”were changesn one of the regulatory loops of the
genome In epoch3, a new regulatoryloop wasformed,in epoch4 this new regulatoryloop is
put underthe control of the first regulatoryloop, in epoch6 the first geneloop is connectedo
a receptor(cell cell interaction)andtwo alternatve routesto this loop areformed. In epoch7
thesetwo shortcutsonthefirst regulatoryloop have beensubstitutedor two othershortcuts. In
epoch8 thefirst gendloop hasbeenremoulded.

Althoughthis wasnot (yet) tested|t is highly probablethatthe smallscale— within epoch
— phenotypicchangeswvere were driven by mutationsin the “downstream”gene andin the
“houseleeping”’gene. For example,a mutationchangingan ALLO functioninto anALL1 func-
tion would changethe expressionof one of the houseleepinggenea. Obviously however, the
developmentaprogramwould remainidenticalbecauseo regulatorygena would be changed.

In this way one could imaginethat the morphotypicmetastabilityresultsfrom the evolved
distinctionbetweerregulatorygens anddownstreanmgene. Mutationsin thedownstreangens
andin thehouselkeepinggenea do notresultvery oftenin afithesschangewhereasa mutationin
theregulatorypartcanresultin alarge scalemorphotypicchange.

The analysisof the geneticbasisof developmentof the lastdecennichasshonn thatbiolog-
ical geneticnetworks are hierarchicallystructured.Relatvely few regulatorygenescontrol the
expressionof the downstreant'structural” genes.It hasalreadybeenhypothesisedby [18] that
the “punctuated”evolution often obsered in the “real” fossil recordmay be the resultof the
hierarchicalstructureof biological regulatorynetworks. “We mayfind [...] thatstructuralgene
substitutionscontrol mostsmallscale,adaptve variation|[...] while disruptionof regulationlies
behindmostkey innovationsin macro&olution” [18].
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6.3 Mutational robustness

In this sectionit is discussedhow the evolved structuralpropertiesof the geneticnetworks may
influencethe mutationalsensitvity of the metazoandt is hypothesisethattwo structuralprop-
ertiesof the networks may resultin increasednutationalstability. Firstly, the ratio between
regulatory gena and downstream/houseaepinggene could be changedin the favour of the
downstreamgena. Secondly the numberof interactionswithin a regulatoryloop may be in-
creasedin this way “spreadingof therisk” of a mutationin the regulatorypartof the network.
Theresultsavailableatthe momentthatsupporttheseideasarediscusse@ndadditionalexperi-
mentsaresuggestedkinally, a biologicalinterpretatiorof this hypothesiss suggested.

Mutational stability asa result of the ratio betweenregulatory gene and
downstream/houselkeepinggene

It would be feasiblethat the mutationalstability of a metazoans increasedy decreasinghe
amountof regulatorygena. Imaginea fully connectedyenomen which thereis no distinction
betweerregulatorygene anddownstream/housedepinggene. In sucha genomeall the genes
would be embeddedn a regulatoryloop. Furtherimaginethata highly sophisticatedievelop-
mentalprocessvereimplementedoy this genomeresultingin a high fitness. Undoubtly this
genomewould bevery proneto mutation,sinceall the genes andgeneinteractionwould be part
of onebig complicatedegulatorynetwork.

However, if thesamedevelopmentaprogrammaevould beimplementedn only afew gene,
theothergenes would be “free” to be mutated.

Geneticredundancy: “Spr eadingthe risk”

An almostcontradictorystratey to increasehe stability againsimutationswould beto increase
theredundanyg of theregulatoryloops. Two eventsin theevolutionaryrundescribedn chapte#
suggesthat (i) this mechanismhasevolvedand(ii) thatit increaseshe mutationalstability. In
epoch6 two alternatve routesto the six generegulatoryloop have evolved. Thefirst oneruns
via a receptorthe secondnerunsvia aninternalgeneinteraction.

Already in the next epoch,thesetwo connectionshave disappeareds a resultof a single
mutation. However, heretwo alternatve shortcutsin the six generegulatoryloop arepresent,
both runningvia intracellulargeneinteractions.lt still needgo be investigatedvhetherone of
the intermediatemetazoag possessethe four shortcutsat the sametime. In epoch8 a gene
interactionthatwasconseredsinceepochl hasdisappeareddowever, thesix gendoopis still
presentpecausdt now runsthroughoneof the alternatve routesevolvedin epoch?.

Thesepreliminarydatasuggestshatgeneticredundang hasevolvedin the metazoarevolu-
tion asdescribedn chapter4. However, certainlymoreanalysisanda numberof experiments
needto becarriedoutin orderto supportthis hypothesis.

First, morerepresentatiesof the epochsshouldbe analysed.Theseanalysesnight answer
thefollowing questions(i) Is thetrendsketchedabovefor thefirst eightepochsontinuedduring
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therestof theevolutionaryrun? (i) Whathappensluringoneevolutionaryepoch?Are genomes
attheonsetof anepochlessredundanthanlaterrepresentatiesof anepoch?

Second) would proposea numberof “bulk data”experiments.Thefirst onewould beto test
thebeastsn the evolutionaryrun on mutationalstability. At regulatoryintervalsin evolutionary
time, a genomecould be extractedfrom the fossil record Eachof the gene of this genomeas
thanmutateda fixed numberof times. A “mutationalstability map” could be constructed.The
seriesof mutationalmapscould shov whathappengo the mutationalstability of the metazoans
over evolutionarytime andwithin oneepoch.Togethemwith the dataobtainedfrom the genome
analysisthesedatacould be specifiedwith respecto regulatory gene, dovnstreamgene and
houseleepinggens. It is expectedthatthe mutationalstability will increasepresumablyfor the
regulatorypartof the network.

Additional dataonthenetworks’ structuresouldbeobtainedf the“network-stripping”pro-
cedurewould beautomatedUntil now, in orderto understandhenetwork’s structurethehouse-
keepinggena were strippedoff from the network manually As this is a very time-consuming
job only very sparsealatacould be obtainedaboutthe structureof the networks (seetable5.5).

The*“stripping” procedureeanbeautomatedn thefollowing way. Firstall thenon-functional
connectionareremoved, suchasthe B-connectiorof afunctionA. Then,the“obvious” house-
keepinggenes ALL1 andALLO aresearchedThe connectionganningoutfrom thesefunctions
aretracked down. A function suchasxB with the A connectionconstantlyturnedon is setto
0. In this way a secondevel of houselkeepinggenes hasbeenfound. The procedurds repeated
until no morehouselkeepinggene arefound.

6.4 Caveatsof the fithesscriterion:

Optional division led to faster creatures

In adifferentversionof themodelthe geneticnetworks couldcontrolwhetherthey would divide
or not. Thiswasachievedasfollowing: ateach“division signal” only the cellsdividedthathad
their socalleddivision bit set.

Initially to ourastonishmentepeatedlthe metazoarcellsevolvedthehabitof only dividing
only alimited numnerof times. The division bit wasinvolvedin the statecycle suchthatit was
only turnedon oncein afew timesteps.

It is quiteeasyto seewhy this strateyy evolves.In theevolutionarysimulationsabeasis able
to reproduceassoonasit hasfinishedits development.In the developmentakimulationsbeasts
with fewer cellsconsumdesscomputettime. Hence we wereconfrontedwith some“good old”
evolutionarydynamics:fasterreproductiorleadsto moreoffspring.



Chapter 7

Futur e work

7.1 Buggy“atol” suggestgo include chemotaxis

On errors and ideas

In somecaseghe mostinterestingscientificresultsare producedoy stupidmistakes. Famousis
the exampleof the slobbyAlexanderFlemingwho discoveredthe antibiotic penicillin on oneof
thedirty petridishese hadleft rottingin thesink for severalweeks.

In the constructionof the paradigmsystemof metazoardevelopmentthe mostspectacular
exampleof metazoardevelopmentappearedo be producedby alogical errorin the algorithm
determiningthe valueof the enegy bondbetweenwo cells having a differentstatevector

The bug

The phenomeof this organismis shavn in figure 7.1. Interestingly it shavs considerablenor-
phogenetianovementgesultingin an oblongshape andthis wasall — accordingto our ideas
atthatmoment— producedoy enegy minimisation.

Thelogical errorthat producedhis interestingphenotypeavasthe following. The algorithm
computingthe enegy bondbetweentwo cells, takesthe statevectorof both cells, mirrors one
of them and takesthe AND of thesetwo vectors. The resultingvector the “match vector”,
representshe matching“key-lock” pairs. The morekey-lock pairs,the higherthe enegy bond.
The logical error was that the right handfive bits wherenot mirrored. Instead,the bits were
ORedpairwise the 10thwith the 9th, the 8th with the 7th, etceteralt is easyto seenow (but not
before)thatthe consequencef this procedurds thatthe outcomedepend®n whetherthe state
vectorof thefirst cell or the statevectorof the secondcell is mirrored.

In the presenmodel,thelogical OR of theright handfive bits andthe mirroredleft handfive
bits givesthe enegy bondbetweertwo cells.

During every cellularautomatg CA) updateonly the neededenegy bondvalueswerecom-
puted. Thesewere storedin a symmetricalmatrix, so thatthe enegy bondbetweentwo cells
neededo be calculatedonly oncea time step. Sinceit matteredwhetherthe bondbetweenA
andB or the bondbetweenB andA wascalculatedjn someCA updateghe highervaluewas

54
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(a) Age: 7000time stepg(128cells) (b) Age: 19000time stepg(128cells)

Figure7.1: Theoblongshapeof this organismwasascribedo enegy minimization. However, it
appearedo bedueto abug, thatinadwertly introducedchemotaxis-lile processes themodel.
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usedandin someCA updateghe lower valuewasused. This would meanthat the interesting
morphologyof the“atol” wasproducedoy “trembling” enegy bonds. Experimentdoweverin

which theenegy bondswerechoseratrandombetweerthe higherandthelower value,shaved
thatin this casethe oblongmorphologycompletelydisappeared.

The solutionto the problemappearedo be quite simple. If two sitesarepickedup from the
CA plane,andit is testedwhetherthe first site’s stateshouldbe copiedin the secondsite, the
enegy bondbetweenthetwo cellsto which the sitesbelong,is calculatedf it is unknawn.

As aresult,every first copuingstepbetweertwo cellsis biased.If J4 5 =20 andJg 4 =5
afirst copy from cell B into A will alwaysusethelower value,andvice versa.As aresult,B is
copiedslightly moreofteninto A thanA is copiedinto B.

Interestingly asa resultof this bug, chemotaxishasbeenintroduced.In this casecell B is
attractecby cell A.

The idea: “chemotaxis”

After thefirst disappointmenthatthe“atol” morphologywasaresultof thebug describedbove,
PaulienHogewneg cameup with thefollowing idea: includechemotaxisn the paradigmsystem.

Chemotaxisis nicely modelledin the Glazierand Granermodel [17] using the extension
constructedy [37]. In this extension,cells have a slightly highercopying probabilityin the di-
rectionof thegradientandaslightly lower copying probabilityagainsthegradient. Thegradient
is modelledin a PDElayer.

It is proposecdherethatthe cells shouldbe ableto producea metabolite. This metabolieis
“excreted”by the cellsand“diffuses”in the PDE layer. At the sametime, cells are“allowed”
to evolve the possibility to usethis metaboliteasa chemoattractantThey may alsouseit asa
signallingmolecule.In this way diffusingsignalsareincludedin the modelaswell.

Thecellsmay producechemoattractan@ndreactto themin two ways.

As afirst try, the metaboliteswill beexcretedif oneof thebits of the Booleannetwork is set.
Thecellswill beattractedo the metabolitesvhenever anothelbit, the “receptor”,is set.

If the resultsof theseexperimentsare promising,it might be a goodideato proceedto a
more dramaticalchangeof the model. In this ideathe work of professorKanelo [27] onisol-
ogousdiversificationwill be combinedwith the work presentedn this paper In this work the
geneticnetworks of cells are modelledas metaboliccontinuousnetworks. As a first try, some
metabolitegmay diffuseinto the mediumandfrom the mediuminto othercellsthrougha selec-
tive membraneThis will allow thecellsto communicateisingdiffusive signals.Later, thecells
will be attractedalong metabolitegradientsfrom other cells, againonly if the cells possesa
“receptor’metabolite.

In this paradigmsystem,it will be not only possibleto study how patterningand cellular
diversificationprocesseareguidedby thegenomeandhow they evolve, but alsohow the devel-
opmentof complicatednorphologiess directedby theinformationstoredin thegenome.
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