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‘Wasist mir geschehen?’dachteer.

FranzKafka,Die Verwandlung
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INTRODUCTION

1 Intr oduction

In the 30sof the nineteenthcenturya famousbiological debatewasheld be-
tweenthe two FrenchzoologistsCuvier andSaint-Hilaire(reviewedin refer-
ences[18, 49]). According to Cuvier, the animal kingdom was subdivided
in four branches:the radiates(coelenteratesandechinoderms),the molluscs,
thearticulates(insects,crustaceansandannelids)andthe vertebrates.Think-
ing aboutevolutionaryrelationshipsbetweenspeciesof separatebrancheswas
senseless;if oneof thepartsof ananimalwould beexchangedfor a compara-
blepartof aspeciesof anotherbranch,theorganisationof theorganismwould
collapse.All thepartsof anorganismweredependenton all theotherparts,a
situationthatwascalled“integratedfunction” by Cuvier. Organssuchaslegs
andeyeshada similar appearancein differentphyla, just becausethey were
usedfor similar functions,not becausethey really were similar.

Saint-Hilaire’s view wasdifferent. In his view animalanatomywasa con-
tinuum, the differentforms andfunctionsfound all over the animalkingdom
weremerevariationson a theme.“[Nature] wererestrictedto thesameprim-
itive ideas,oneseesheralwaystendto causethesameelementsto reappear”
1.

Until recently, a view similar to Cuvier’s ideashasbeenwidely held in de-
velopmentalbiology. Only with thegreatestcautioncouldresultsobtainedin
experimentswith onespeciesbe appliedto otherspecies.Namesof embry-
ological structureswereoften given separatenames(for instanceSpemann’s
organiserin amphibians,Hensen’s nodein chicken andsimply nodein mice
arein factall thesamestructures)2. Thesamewastruefor genes.For instance,
long after experimentalevidencehadstronglysuggestedtheir orthology, and
the “generalname”hadalreadybeenusedby many authors,scientistswould
still scowl if theDrosophilaHOM-C complex wassimplycalledHox-complex.

The last decenniumevidenceis accumulatingsuggestingthat Saint-Hilaire
may have beenright after all. In the searchfor the geneticbasisof develop-

1E. Geoffroy SaintHilaire (1807)Citationtakenfrom reference[18], p. 623
2Illustrative for thisCuvier-likeparadigm,orperhaps“habit” is thatin theHubrechtLaboratory,

animportantinstitutefor developmentalbiology in Utrecht,thegroupsarecircled— to sayit too
black-and-white— aroundthe modelanimalthat is studied. To nuancethis immediately:often
this is donefor practicalreasons(otherexperimentaltechniquesareneededfor frogsthanfor zebra
fishandmice),andthegroupsstudymostof thetime(but notalways!) separatesubjects.
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INTRODUCTION

ment,� a generalpicturehasemergedthat links basicdevelopmentalprocesses
in very differentanimalphyla, suchaschordatesandarthropods.More and
moretranscriptionfactorshave beenfound that seemto initiate the develop-
mentof similarorgans(likeeyes,or limbs) in animalsthatwerebelievedto be
completelydissimilar. Thesimilarity betweenthesetranscriptionfactorsoften
comprisesnothingmorethana similarity in the DNA bindingdomain. More
interestingly, a growing numberof transcriptionfactorsis known that appear
to be“compatible”betweenspecies.Striking is thecaseof Pax-6, a transcrip-
tion factorknown to beimportantin eyedevelopmentin many differentphyla.
Eachof the Pax-6 orthologuesisolatedfrom mice, from bagpipesandfrom
squidsis ableto induceectopiceyesin the fruit fly (for citations,seesection
4).

The identificationof moreandmoreconservedpatterningmechanismshas
led to the proposalof several hypotheticalancestorsto the animalkingdom,
anda mereabstractnotion of the definingcharacter, or synapomorphyof the
animalkingdom.

Sincea classof patterninggenes,theHox genes,may“[...] encoderelative
positionin all animals”Slackandothers[56] proposedthatthepatterningsys-
tem,formedby theHox genesandsomeothergenes,“[..] shouldbeadoptedas
thedefiningcharacter, or synapomorphy, of thekingdomAnimalia”. A com-
monancestor, theUrbilateralia of theanimalphylawasproposedbyDeRober-
tis andSasai[10], whichwouldhavedorsoventralandanteroposteriorpolarity,
a centralneuralsystem,photoreceptorsanda circulatorysystem.A genome
ancestralto thegenomesof the animalia,the Cambrianpananimaliagenome
wasproposedby Ohno[45]. Thepananimaliagenomewould containa gene
for the formationof ligamentsandtendons,a genecodingfor hemoglobin,a
Pax-6 genefor the formationof sensoryorgansandseriesof Hox genes. In
this paper, I will discusssomeof the geneticsimilaritiesof the animal taxa.
Severalof thesegeneticsimilaritiesarechallenged.I will thereforeconclude
with a proposalextendingthezootypeideaof Slacket al [56].

The dataavailableat presentcontributing to a pictureof the Urbilateralia
ancestorandto themoreabstractnotionof the zootypearereviewedanddis-
cussed.Thesubjectof this paperis restrictedto the transcriptionfactors that
arethoughtto beconservedover theanimalkingdom.Hence,this text will not
cover the“structural” geneslike hemoglobinandlysloxidasethatareincluded

5



INTRODUCTION

in Ohno’� snotionof thepananimaliangenome.
Thereadermight feeldistractedfrom this mainsubjectin two sections.The

first of theseis the discussionof Garstang’s hypothesison the origin of the
chordata.Thesecondoneis thesectiondiscussingeye regressionin theblind
cavefishAstyanax. However, thesetwo sectionshavebeenincludedto criticise
somehypothesescoming up in the light of the many molecularsimilarities
foundin theanimalkingdom.

In the next chapterthe patterningof the anteroposterioraxis by the HOM-
C/HOXclusterwill bedescribed.TheHOM-C/HOXclusterwasthefirst system
in which molecularhomologiesbetweenmice,flies andfrog wereidentified.
It will be discussedhow “tinkering” with the HOM-C/HOX clustermayhave
resultedin the diverseBaupl̈aneof the vertebratesand the arthropods.The
third chapterwill discusstheevidenceandcriticismson arecentlyrevivedhy-
pothesisof Saint-Hilaireasto thatthedorsoventralbodyaxiswouldhavebeen
invertedin a chordateancestor. Thefourth chapterwill discussthedataavail-
ableat presentsupportingthenotionof a possibleconservedsysteminvolved
in eye development.This systeminvolvesthe highly conservedtranscription
factorPax-6, which is believed to be the “mastergene”that would turn on a
regulatorycascaderesultingin thedevelopmentof eyes.This ideais criticised
on several points. Furthermore,the “caveats”of the idea that a singlegene
couldturn on or off a regulatorycascadearediscussedin thelight of adaptive
eye reductionin theblind cavefish. In chapterfive,anextensionto theideaof
a zootype[56] will beproposedanddiscussed.This zootypeis built up from
theinformationreviewedin thispaper.

Sometimesthe lists of geneticsimilaritiesbetweenmetazoanphylaareex-
haustive. In thesecasesit hasmostlybeentriedto referto theimportantreview
articleson thesubjectandto sketchthegeneralpictureinstead.It couldhow-
evernotbeavoidedthatthereaderis sometimesoverwhelmedby theenormous
list of genesregulatingeachotherupstreamanddownstream.Pleasekeepin
mindin thesecasesthat“it is notdifficult, it is justverycomplex” (BenHesper,
personalcommunication).

6



THE ANTEROPOSTERIOR AXIS: CONSERVATION OF THE HOX-COMPLEX

2 The anteroposterior axis: conservation of the
Hox-complex

2.1 Hox genesspecifyposition in the embryo

In 1969, Wolpert proposedhis french flag mechanism[64] by which a cell
wouldgetinformationaboutits positionin thedevelopingembryoandexpress
theappropriategenesfor acell in thisposition.Theproposedmechanismcon-
sistedof two stages.First,a field, for instancea morphogengradienthadto be
generated,from which thecell could“know” aboutits positionin theembryo.
Wolpertcalledtheinformationaboutacell’spositionin theembryo“positional
information”. Second,thecellshadto interpret this information,for instance
by meansof dosesensitive promotorssensitive for the concentrationof mor-
phogen,in orderto expresstheappropriategenes.

Moreandmoreis known abouthow “positionalinformation” is generatedin
anumberof species.For instancein Drosophilapositionalinformationis built
up in a cascadespecifyingmoreandmorespecificregionsof theembryo(for
anexcellentreview see[33]1. In thefrog Xenopuslaevismostof thepositional
identitiesseemsto bespecifiedduringtheprocessof neuralinduction(seefor
a nonmolecularreview [44]). Thegeneralpictureemerging from this is that
the way positionalinformationis generatedis fairly variableover the animal
kingdom. In contrast,the last decenniumit appearsthat the way in which
“positionalinformation”is fixedonceit hasbeengeneratedis strikingly similar
amongmany differenttypesof organisms,includingarthropodsandchordates.

Positionwasfirst known to befixedby thetranscriptionfactorsbelongingto
theHOM-C/HOX-C class,whicharemoreandmorecollectively referredto as
theHoxgenes2.

1Lawrencewarnedthe readerthathis book “[...] should not be quoted for matters of fact”
(author’sboldface).However, thebookpresentsagoodoverview of theearlyembryonicprocesses
in Drosophilaendingin the expressionof the Hox genes. It is referencedhereassuch,a good
introductorytext.

2Originally, the term Hox-geneswas exclusively reserved for vertebrateorthologuesof the
DrosophilaHOM-Ccomplex (seefor examplereference[40] or reference[12]) However, recently
thetermis usedmoreandmoreto indicatethefour vertebrateHox clustersandthegenesorthol-
ogousto thesein invertebratespecies(amongwhich the DrosophilaHOM-C complex) (seefor
instancereferences[56, 35, 4, 55, 21, 53]). In [6] even thewords“[...] homeotic(or Hox) genes
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HOX GENES SPECIFY POSITION IN THE EMBRYO

Hox� proteinsarepartof thelargerclassof transcriptionfactors,thatall con-
taina highly conservedDNA bindingdomain.ThisDNA bindingdomain,the
homeodomainis encodedby a 180 base-pairlong conservedDNA sequence,
thehomeobox3.

NMR andX-ray studiesof thehomeodomainof severalHox-geneshave re-
vealedthat the homeodomainhasa very characteristictertiary structure,al-
thoughthe proteinsequence(primary structure)may differ strikingly among
differentthe Hox genes.It consistsof an N-terminalarm, followed by three� -helices.TheN-terminalarmbindsstronglyto theminorgrooveof theDNA.
The third helix is essentialfor specificandsuccessfulDNA binding andfits
completelyor looselyinto themajorgroove(reviewedin reference[53, 35]).

ThecoreDNA sequenceto which Hox proteinsbind is only four basepairs
long. Thebindingspecificityis influencedby thebasessurroundingthis core.
The DNA sequencesto which the homeodomainbinds are very simple and
thereforeagenecaneasilygainor looseregulationby aHoxgene(reviewedin
[6]).

Hoxgenesareexpressedin aspecificoverlappingdomainsalongtheantero-
posterioraxis. In general,anteriorexpressedHox-geneshave shorterexpres-
sion domains,andarelessoverlappedby the expressionof Hox genesin the
sameregion thanHox genesexpressedmoreposterior. PosteriorHox genes
havelongerexpressiondomainsandmoreHoxgenesareexpressedtogetherin
thesamedomainthananterior(reviewedin [35]. Xenopus:[13]).

Interestingly, Hox genesareclusteredon thegenomein thesamesequence
asthey areexpressedon theanteroposterioraxis.This is calledthecolinearity
of theHox-complex. In DrosophilatheHox clusteris split up into two parts,
theBithoraxcomplex (BX-C) andtheAntennapediacomplex (ANT-C).

In Drosophila, a knockout of a Hox geneoftenresultsin thetransformation
of asegmenttowardsamoreanteriortypeof segment.It is easyto seethatthis
resultsfrom theoverlappingHox expressiondomainsandfrom a secondprin-
ciple,posteriorprevalence. Posteriorprevalencemeansthatif bothananterior
anda posteriorHox geneareexpressedin a segment,it will get the identity

[...]” (author’s italics) werefound.
3To prevent confusionaboutthe terminologyaroundHox genes:the word homeoboxrefers

to the180basepairslong DNA stretchthatcodesfor thehomeodomain, theDNA bindingmotif
that is characteristicfor all homeodomaintranscriptionfactors. The groupof the homeodomain
proteins,thatarecodedby homeoboxgenescontainsmany classesof transcriptionfactors.[40]
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INTRODUCTION

of the� mostposteriorgene.It is easyto understandthat in anoverlappingdo-
maintheidentityof thissegmentwouldbetransformedto amoreanteriorfate,
if theposteriorgeneis knockedout. Similarly, in gain-of-functionmutations,
anteriorsegmentsare often specifiedas a more posteriortype (reviewed by
[35, 40]).

Thehomeoboxesof Hox genesarenot only well conserved,thegeneof one
speciesis alsoactive in otherspecies.For example,theDrosophilaHoxgenes
sex combsreducedandAntennapediacansubstitutefor lin-39 andmab-5 in
Caenorhabditiselegans[28]. Secondly, it hasbeenshown thathumanHox-4.2
cansubstitutefor Deformed[39].

2.2 Building new “body plans” by shifting Hox expression
domains

As wehaveseenabove,achangein theexpressionof aHox genecanresultin a
homeotictransformation,therespecificationof abodysegment.In many cases,
the moreposteriorspecificationsoverridethe moreanteriorspecifications,a
processthatis called“posteriorprevalence”.

Thediversificationof bodyplanssincethecambrianexplosionis widely be-
lievedto bedrivenby Hox-geneduplicationevents.For example,in vertebrates
four Hox-clustersarepresent.Thesearethoughtto have originatedby dupli-
cationevents,bothof thewholeclusterandof individualHoxgenes(reviewed
in [26]).

Thephylumof thearthropodsis enormous,containingsuchdifferentorgan-
ismsascentipedesandcrabs. Especially, the enormousradiationof jointed
appendagesin the arthropodsis remarkable.Rangingfrom myriapods(cen-
tipedesandmillipedes)with a row of identicaltrunk segments,eachof them
bearinga locomotorypair of legs,to crustaceans,in which almostevery body
segmenthasa differentsetof appendages,usedfor feeding,locomotion,sens-
ing, defenceandgrasping,the arthropodphylumhasoneof the mostdiverse
bodyplansof theanimalkingdom(reviewedin ref [55])

Onewould think that this enormousvariationof body plansis driven by a
large diversificationin the Hox-cluster. The enormousdiversificationof the
arthropodphylum would have beenaccompaniedby 1the expansionof the
Hox-geneclusterby duplicationevents(reviewed by [21]), suchas it is be-
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BUILDING NEW “ BODY PLANS” BY SHIFTING HOX EXPRESSION DOMAINS

lieved� to havehappenedin theevolutionof thechordates[26].

However, recentresearchsuggeststhat theHox-clusterremaineduntouched
during the diversificationof the arthropodbody plan. The whole clusterof
eightHox genesis presentin centipedesaswell asin Onychophora in which
hardlyany segmentdiversityis present.Centipedesaresimplearthropodswith
homonomoustrunk segments,eachof thembearingtwo legs. Onychophora
belongsto aphylumthatis believedto becloselyrelatedto thearthropods,and
alsohashomonomoustrunksegments.

Especially, thepresenceof theUltrabithorax (Ubx) andabdominal-A(Abd-
A) genesthatareuniqueto arthropodsin thecentipedeandin Onychophoran
is remarkable. In Drosophila, Ubx specifiesthe identity of the secondtho-
racic segment,whereit transformsthe secondwing pair in a setof halteres
(reviewedin [33]. Abd-A, specifyingthe fateof theabdominalsegment,sup-
pressesdistall-less, in this way preventing the formation of legs. Both the
studiedOnychophoranandthecentipedelack wingsandhave appendageson
all thetrunksegments.

Study of the expressiondomainsof Ubx and Abd-A in the centipedeand
in the Onychoporansuggesttwo interestingtrendsthatmayhave takenplace
in arthropodevolution. Ubx andAbd-Aareexpressedin the centipedein all
the segmentswith walking legs. The boundaryof the Ubx and Abd-A ex-
pressioncoincideswith the transitionfrom walking legs to poisonclaws. In
theOnychophoran however, expressionof Ubx andAbd-A is restrictedto the
last lobopodbearingsegmentand the terminus. The expressionof Ubx and
Abd-Ain thelastlobopodsegmentis somewhatproblematicsincethissegment
would beexpectedto have anotheridentity inducedby theUbx/Abd-Aexpres-
sion. However, in many Onychophoran speciesthe last lobopodsegmentis
vestigial, indicating that this boundarymay correlateto cryptic transitionin
segmentidentity [21].

Theseresultssuggesttwo possiblemechanismsby which theenormousseg-
mentdiversityin thearthropodscouldhave evolved.First, changesin thereg-
ulationof downstreamtargetsof Hox genesmayhave occurred.An example
of thiscouldbetherepressionof Distall-lessby UbxandAbd-Ageneproducts
thatoccursin insects,resultingin limblessabdominalsegments.In centipedes
Distall-lessis notrepressed[21], suggestingthatthetargetingof Distall-lessby
Ubx/Abd-Amayhaveevolvedonly in theinsectlineage.Second,theupstream
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regulation� of the expressionof Hox genescouldhave changedduringarthro-
podevolution, resultingin shifts of the differentdomainsof Hox-expression.
This, in turn,would resultin ashift of theborderbetweendifferentappendage
types. Onecould imagine,for example,that the terminalappendagesof the
Onychophoran would serve betterasa locomotoryorganthana lobopod. A
simpleshift of theexpressiondomainof Ubx/Abd-Ato moreanteriorposition
couldresultin thetransformationof lobopodsinto terminalappendages.

Very recently, supporthasbeenfound for the idea that shifts in Hox gene
expressiondomainscanbean importantsourcein theevolution of segmental
diversity [4]. Crustacea,to which speciessuchasshrimpsandwoodlicebe-
long, area highly diversegroupof arthropods.They have a variablenumber
of often ramifiedappendages,that areusedandspecialiseda greatrangeof
functions.In mostarthropodspecies,thethoracicappendagesareusedfor lo-
comotoryfunctions,but in a numberof crustaceanspeciesthe first two pairs
of thoraciclegshaveamorphologyresemblingthatof themaxillae.Theseap-
pendages,calledmaxillipeds, arespecialisedfor food manipulation(reviewed
in [4]). The evolutionarychangeof the moreposterior, thoracicappendages
towardsa more anterior, maxillary fate, resembleshomeotictransformation
characteristicof Hox-genenull mutants(reviewedin [40]). This suggeststhat
Ubx/Abd-Aexpressionis absentin the segmentswith maxillipeds. Indeed,in
thethirteencrustaceanspeciesstudied,theUbx/Abd-Aexpressionappearto run
from the posteriortrunk up to, but excluding the segmentsbearingmaxillary
or maxillipedalappendages.

2.3 Evolutionary consequencesof the Hox data

Concluding,the Hox genesspecify anteroposteriorposition in many animal
taxa. The Hox complexes of the different animal phyla are likely to have
evolvedfrom a single,colinearHox cluster. Within thechordatelineage,two
duplicationsof thewholeHox clustermayhave occurred.Primitive chordates
— the urochordatesandthe cephalochordates— only have oneHox-cluster.
Oneduplicationmayhave takenplacein the lineageleadingto thevertebrate
lineage.Of thesevertebrateswith two Hox-clusters only thehagfish,acranial
vertebrates,areliving today. A secondduplicationeventis likely to havetaken
placein the ancestorof the craniatevertebrates.As a resultof theseduplica-
tions,redundancy wascreated.This redundancy mayhave freedseveralHox-

11



EVOLUTIONARY CONSEQUENCES OF THE Hox DATA

genes� from essentialregulative functions. As a result,paralogousHox genes
mayhave drifted apartandhave cometo serve differentfunctionsin develop-
ing vertebrates.This vastincreaseof Hox genefunctionmayhave resultedin
theenormousradiationof vertebratespecies.

In thearthropods,theHox-clusteris highly conserved.Only oneHox-cluster
is present,andin mosttaxa,thecolinearityis preserved. An exceptionto this
rule is Drosophila, in which the Hox-clusteris likely to have split up in the
AntennapaediaandBithoraxclusters.An interestingevolutionarymechanism
in thearthropodsis suggestedby thework of Averof andGrenier[4, 21]. The
radiationof bodyplansin thearthropodshave occurredby “naturalhomeotic
transformations”.Thesenaturalhomeotictransformationsarenot dueto dis-
functionor ectopicexpressionof Hoxgenes,butby shiftsof theHoxexpression
domains.
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CONSERVATION OF DORSOVENTRAL PATTERNING IN BILATERAL METAZOA

3 Conservation of dorsoventral patterning in bi-
lateral metazoa

3.1 Dorsoventral patterning is conservedbetweeninsectand
chordates

Not only theanteroposterioraxisseemsto bepatternedby orthologousgenes
in many distantlyrelatedmetazoantaxa. Recently, evidencehasbeenfound
suggestingthe existenceof a conserveddorsoventralpatterningsystemin bi-
lateralmetazoa.Roughly, this dorsoventralpatterningsystemconsistsof two
antagonisticpatterningmolecules,expressedat oppositesidesof thedevelop-
ing embryo. A moleculewhich is expressedat the neuralsideof the embryo
is antagonisedby a TGF-� relatedprotein,inhibiting neuralinduction,that is
expressedat the oppositedorsoventralposition. Intriguingly, the elementsof
thispatterningsystemseemto bespeciesindependent:thedorsoventralpattern
of aninsectcanbemanipulatedwith vertebrateproteins,andviceversa.

Evidencefor this “universal”dorsoventralpatterningsystemhasbeenfound
in Xenopuslaevis andDanio rerio (bothvertebrates:a frog anda fish respec-
tively) andDrosophilamelanogaster(aninsect).

In Drosophilamelanogastershortgastrulation(sog) is expresseddorsally, at
theneuralside.It is antagonisedby aTGF-� orthologue,dpp, expressedat the
abneuralside.

In Xenopuslaevis, dorsoventralpatterningseemsto take placein a similar
way. In dorsalectodermexplants,neuraltissueis inducedby several protein
factors,suchasfollistatin [24], noggin[57] andchordin[52]. All thesepro-
tein factorsareexpressedin dorsalmesoderm,thussuggestinga role in neural
inductionandin thespecificationof dorsalfates.

Of thesethreeproteins,chordinhasa high sequenceidentity to — andhas
actuallybeenidentifiedbecauseof its similarity to — the short gastrulation
(sog)proteinof Drosophila.

Someexperimentalresultshave suggestedthatalsoin Xenopus, a neuralis-
ing factor(chordin),is antagonisedby a proteinof theTGF-� family. Firstly,
dorsalectodermis preventedfrom adoptinga neuralfateby a proteinof the
TGF-� family: bone morphogenesisprotein 4 (BMP-4), closely relatedto
Drosophila’s dpp. If thecellsof an isolatedpieceof dorsalectoderm— nor-
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INVERSION OF THE DORSOVENTRAL AXIS IN THE CHORDATES

mally	 developinginto ciliatedepidermaltissue– aredissociated,they will ex-
pressneuralspecificmarkers.Thiseffect is antagonisedby BMP-4: dorsalec-
todermis notneuralisedin thepresenceof BMP-4[63], suggestingthatBMP-4
is an epidermalinducer. Moreover, theseexperimentssuggestthatneuralin-
ductionmight takeplaceby theinhibition of anepidermalfate,ratherthanthe
inductionof neuraltissue.

Secondly, overexpressionof chordin resultsin severedorsalisation(strong
developmentof dorsaltissues,suchascementglandandneuraltissueat the
expenseof moreventraltissues).Thiseffectcanberescuedby theoverexpres-
sion of BMP-4 in early embryos,resultingin moreor lessnormal tadpoles.
[52].

The strongestevidencefor conserved dorsoventral patterningin bilateral
metazoanswas found when the Drosophila proteinsdpp and sog were in-
jectedin Xenopusand, vice versa,when the Xenopuschd and BMP-4 were
injectedin Drosophilaembryos.Sog promotesa neural(dorsal)fate in ven-
tral cells if its mRNA is injectedin Xenopusembryos. Similarly, if slightly
modifiedchd mRNA is injecteddorsally in Drosophilaembryos,againa neu-
ral fateis promoted,resultingin ventralisedDrosophilaembryos.Thesameis
truefor theproteinsspecifyingabneural fates.Dpp promotesa ventralfatein
Xenopus, whereastheXenopusabneuralfactorBMP-4promotesdorsalfatesin
Drosophila. Theantagonisticitybetweendppandsog worksaswell in Xeno-
pus. Injectionof bothdppandsog in 4 to 16cell Xenopusembryosgivesnearly
normalphenotypes[27].

3.2 Inversionof the dorsoventral axis in the chordates

The similarity betweenthe sog/dppand the chd/Bmp-4systemhasresulted
in the revival of a long forgottenhypothesison the evolutionaryorigin of the
chordatebody plan [3]. The famouszoologistGeoffroy Saint-Hilairestudied
theanatomyof a lobster. In steadof lookingat it in its normalorientation,with
its belly orientedto the table,he turnedit upsidedown. In this orientation,
the lobster’s anatomystroke him asvery similar to the body plan of a verte-
brate: a dorsalnerve cord,underlainby a gut, lined by two lateral“rows” of
segmentedmuscles(Fig. 3.1). This observationmadehim to hypothesisethat
thedorsoventralaxisof the“articulata” is thesameasin “vertebrata”,although
it is inverted.
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CONSERVATION OF DORSOVENTRAL PATTERNING IN BILATERAL METAZOA

Figure 3.1: The drawing of Saint-Hilaire, showing that the orderingof the
centralnervoussystem,the muscles,the digestive tract and the heart in the
lobsteris the sameas in vertebrates.(Taken with permissionof the authors
from reference[10])

This hypothesishas beenpicked up after the above describedresultson
dorsoventralpatterninghadbeenfound.Thedorsallyexpressedgeneof Xeno-
pusinducesa ventralfatein Drosophilaandvice versa.This suggeststhat the
ventralpart of Xenopuscorrespondsto the dorsalpart of Drosophilaandthe
otherway around. Thereforeit wassuggestedthat the dorsoventralaxis was
invertedprior to chordateevolution [3, 52].

3.3 Garstang’shypothesis:an alternativeto dorsoventral in-
version

Althoughmuchof themoleculardatadescribedaboveis in favourof dorsoven-
tral inversionhypothesis,it hasbeenchallengedby alternativehypotheses.

The auricularia hypothesisof Garstang[16] was picked up by Lacalli et
al [31, 32] asa lessradicalexplanationfor the inverteddorsoventralpattern-
ing systemin chordates.As a commonancestorfor the deuterostomephyla
echinoderms(seaurchinsandstarfish), enteropneusts(hemichordates:acorn
worms)andchordates(tunicates,lanceletsandvertebrates)Garstangproposed
anancestorresemblinganauricularia typeechinodermlarva Theauricularia
possessesa ciliatedring, directly underlainby a nerve cord. This ciliatedring
separatesan aboralandan oral epithelialregion. During the evolution of the
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chordate
 branch,the ciliated ring would shift dorsally and fuse in the mid-
dorsalregion. The ciliated ring of the auricularia would be homologousto
thevertebrateneuralridges.Theaboralepithelialfield, internalisedif theneu-
ral ridgesfuse,were to evolve into the neuralplate. Evidencefor this view
wasfoundin comparativemicroscopicanatomystudiesbetweenechinoderms,
hemichordatesand amphioxus. Ultrastructuralcorrespondenceswere found
betweentheso-calledmultipolarcells— partof thelarval ciliatedband— of
thestudiedechinodermandhemichordatespecies.Thesemultipolarcellswere
relatedto similar cellsfoundin theAmphioxusnervoussystem.[32].

Centralto the hypothesisof Lacalli [31] is the fateof the aboralepithelial
field. In protostomes,no counterpartof theoral field is present.Thebodysur-
faceof protostomewould thereforebecompletelycoveredwith a homologue
of the aboralfield. The epitheliumin chordates,however, would be derived
from theoral field. As theciliatedbandshifteddorsallyduringchordateevo-
lution, theaboralfield — theneuralplatenow — would fold inwards. In this
way theneuralsideof theaboralfield would bedirecteddorsallyin chordates,
whereasit is directedventrally in protostomes.In contrast,thesideof theab-
oral field correspondingto thedorsal region in protostomeswould correspond
to the ventral part of the aboralfield (the ventralsideof the neuraltube) in
chordates.
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4 Pax-6: The “master control gene” of eye devel-
opment?

4.1 Eyes: of poly- or oligophyletic origin?

The varioustypesof eyes that are found amongmetazoanphyla have long
beenseenasa classicalexampleof convergentevolution. Basedon a study
on theultrastructuralpropertiesof photoreceptiveanimalcells,eyeshavebeen
estimatedto haveevolvedindependentlyin forty to sixty-fivephyla[51].

Indeedtherearelargedifferencesbetweeneyetypes.It wouldbehardlycon-
ceivablethatthecompoundeyesof insects,consistingof many smalleyeswith
separatelenses,couldbein any way relatedto thecameralike vertebrateeye.
Similarly, theeyesof cephalopodsandvertebratehavethesameoutsideappear-
ance,but their developmentis sodifferentthatthey have long beenthoughtto
beconvergentstructures.

The last decadeshowever, evidenceis accumulatingsuggestingan oligo-
phyleticorigin of the metazoaneye. Metazoaneyessharea numberof com-
monstructuralproperties.First,opsin,aproteinexcitableby light, is exploited
in almostevery known animaleye. Second,crystallins,a classof hydrophilic
proteinswith highrefractiveindicesin densesolutions(reviewedby [59, 9] are
foundin many lenses.

Eakin(1979)challengedtheargumentsof [51] thatphotoreceptivecellswould
have independentlyevolved several times in an updateof onehis earlierpa-
pers[14]. Eakinarguesthatphotoreceptivecellsarediphyletic in origin. Ac-
cording to Eakin photoreceptorscan be groupedin rhabdomericand ciliary
types.Rhabdomeric,or microvillic photoreceptorswould bemainly found in
protostomesandin echinoderms.Light sensitive structuressettlein microvil-
lic bendsof the cell membrane. Ciliary photoreceptorswould be found in
deuterostomeswith the exceptionof echinoderms(especiallyseastars).Pho-
toreceptivepigmentswould resideat thebaseof thecilium. Theforty to sixty-
five differentphotoreceptortypeswould derive from either the ciliary or the
rhabdomericmotive,by meansof surfaceareaincreasesof thecell membrane.
For example,themembraneoutgrowth of vertebraterods,consistingof many
supersededdiscoidstructures,is thoughtto derive from a singlecilium. As
Eakin puts it: “[...] I am holding to the Darwinian principle of decentand
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modification.� ”

4.2 Pax-6 is important in eye development of many meta-
zoantaxa

Thisideaof anoligophyleticorigin of animallight sensitiveorganshasrecently
gainedsubstantialsupport.Theidentificationof asinglegenethatappearsto be
importantin eyedevelopmentin many distantlyrelatedspeciesin factsuggests
evenamonophyleticorigin of eye-likeorgans.

Pax-6,amemberof aclassof transcriptionfactorscontainingatleastapaired
box DNA-binding domainandsometimesa homeobox,hasbeenshown to be
mutatedin at leastthreevertebratecongenitaleyeabnormalities.Mice andrats
heterozygousfor the small eyesallele (reviewed in [48]) suffer from reduced
eyes.Humansheterozygousfor pax-6mutationssuffer from aniridia,absence
of the iris, or Peter’s anomaly, a congenitalphysicalconnectionbetweenthe
lensandthecornea.

Homozygousmutationsin murinePax-6arelethalandresultin theabsence
of eyesandnoseandin brainabnormalities[22], suggestingthatPax-6is im-
portantin thedevelopmentof theprosencephalon,forming noserelatedstruc-
tures,andin thediencephalonandtheeyes. Similar homozygousphenotypes
in humanshavealsobeenreported.

A similarmutantphenotypein thefruit fly Drosophilamelanogasteris known:
eyeless. Eyelessmutantsarecharacterisedby thecompleteor partialabsence
of eyes(reviewedby [23]). Interestingly, a Pax-6orthologuehasbeenshown
to beaffectedin Eyelessphenotypes[48], suggestingthatPax-6might be im-
portantin eye developmentin many differentmetazoanspecies.This view is
supportedby thegreatmany of animalsin Pax-6orthologueshavebeenidenti-
fied [48, 58, 5, 34, 19].

Experimentalresultshave led to theideathatPax-6mightbea“mastercon-
trol” gene,controllingeye developmentin many species.Usingan ingenious
experimentalsetupthey wereableto ectopicallyexpressthePax-6orthologue
eyelessin Drosphila. Intriguingly the ectopicexpressionof eyelessswitched
oneyedevelopmentin thewing, leg andantennaeimaginaldiscs.

Ectopic eye expressionin Drosophila, using the sametechniqueappeared
alsoto be possibleif themurinePax-6orthologuesmall eyeswasectopically
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Figure4.1: Ectopiceyesin Drosophila, inducedby theectopicexpressionof
theDrosophilaPax-6orthologueeyeless. Interestingly, non-DrosophilaPax-6
orthologuesarealsoableto induceectopiceyesin Drosophila.Among these
arePax-6orthologuesfrom mouse,squidandascidian.(Takenwith permission
of theauthorsfrom reference[23])
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expressed� [23]. Additional pax-6orthologuesthat could induceectopiceye
expressionin Drosophila, wereisolatedfrom thesquidLoligo opalescens[59]
andtheascidianPhallusiamammillata[19].

Summarising,pax-6 is known to be involved in the developmentof verte-
brate,insect,molluscan,ascidianandnemerteaneyes. Thepax-6orthologues
of Drosophila, mouse,thesquidLoligo andtheascidianPhallusiacaninduce
ectopiceyesin Drosophilaimaginaldiscs.

Theseresultshave led to the now widely held view that pax-6 would be
the metazoan“mastercontrol” geneof eye development.Pax-6 would stand
at the top of a cascadeof all the genesinvolved in eye development. The
specificdownstreamgeneswould havechangedduringevolution,whereasthe
“switch”, turningon thedownstreamgenes,would haveremainedunchanged.

4.3 Pax-6and adaptiveeye reduction

How far theideaof “mastercontrolgene”for eye developmenthaspercolated
in ashorttime into developmentalbiology is illustratedby researchwhichwas
conductedby [5] oneyeregressionin theblind cavedwellerAstynaxfasciatus.

Astynaxfasciatus, asmallMexicanfreshwaterfish,hasseveralcavedwelling
populationsthatmostprobablyhave split off during thepleistocene.In some
of thesepopulationseyeshave degenerated,whereasthenonvisualsensesare
verywell developed(Fig. 4.2)(reviewed[61]).

Fromacertaindevelopmentalstageonwards,eyedevelopmentin caveAsty-
naxeyesseemsto bearrested.Thecaveform’spigmentepitheliumis lesswell
developedthanthesurfaceform’s pigmentepithelium.Moreover, theproduc-
tion of crystallin in the lensfibers is strongly reducedin the cave form. As
it will be discussedbelow, crystallinsarean importantdownstreamtarget of
Pax-6.

Sinceeye reductionin Astynaxresemblesin a way the mild eye anomalies
that occur in heterozygousPax-6 mutants,Behrens[5] hypothesisedthat in
the evolution of the cave forms of Astynaxrelative to the surfaceforms, the
expressionof Pax-6might havebeenlost,or at leastaltered.

Their resultsclearlyshowedthat this is not thecase.Thepredictedprotein
sequencesof the Pax-6 geneof the cave dwelling andof the surfaceAstynax
areidentical.Moreover, thePax-6proteinof Astynaxwas98%identicalto the
zebrafish’s(Brachydaniorerio) Pax-6.Thissuggeststhatthereis nodifference
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in acti� vity of thePax-6proteinbetweencave andsurfaceforms. Secondly, no
differencesin the expressionof Pax-6 in the developingeye andbrain were
observed. It wassuggestedthat an inability of Pax-6 to bind to downstream
targetsdueto alternative splicing could have causedthe cave phenotype(the
causeof ahumancongenitaleyedisease[15]. Nonetheless,thegeneralpicture
seemsto bethatPax-6functionsperfectlynormalin thestudiedcave popula-
tionsof Astyanax.

This negativeresultis not surprising.Thestudyof murinehomozygousmu-
tantsof small eyessuggeststhatPax-6playsa crucial role in vertebrates,not
only in the developmentof eyes,but alsoin the developmentof theolfactory
organandpartof thecentralnervoussystem[22]. Therefore,it is likely thatan
alteredPax-6expressionwill not only affect the eyes,but alsothe non-visual
sensesandthecentralnervoussystem.Astyanaxcave formsevenhave better
non-visualsensesthantheir epigeanconspecifics[61]!

It would be hard to believe that in the little time the Astyanaxcave forms
haveevolved(sincethepleistocene),sucha basictranscriptionfactorcouldbe
discarded,whereasit seemsto have persistedall over themetazoantaxasince
the precambrium. To say it in an “adaptionist” way: evolution could have
chosenasaferway to getrid of theeyes.

Crossesbetweencaveandepigeanforms,thatresultedin phenotypesranging
from completelyreducedto nearlynormaleyesin the 
�� , ledto theassumption
thatat leastsix loci would be responsiblefor the “eyeless”phenotype.It has
beenarguedthat theseloci would more likely containregulatorygenesthan
structuralgenessincemostof thecomponentsof thearedevelopedin thecave
form (reviewedin [5]).

However, onecouldalsoarguethat it is morelikely that theexpressionof a
numberof structuralgenesis affectedduringeye reduction.First, the risk of
epistaticeffects,like the reductionof the olfactorysensesin the caseof Pax-
6, would bemuchlower for mutationsin theregulationof downstreamgenes.
Second,this scenariowould bemorelikely whenthinking of the “selectional
advantages”an organismwould get from the reductionof an unusedorgan.
Severaladvantageswouldbefeasible.Onecouldthink of theenergeticadvan-
tageof not having to waistunusedproteins,or of freeingthe“brain capacity”
normallyallocatedby thevisualsystemfor other(sensory)functions.In both
of thesescenariosonecould imagineseveral “safe” mutationaleventsknock-
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Figure 4.2: Epigean(a) and cave-dwelling (b) forms of Astyanaxfasciatus.
Someauthorshave hypothesised([5]) that the absenceof eyes in the cave-
dwellingform of Astyanaxmighthavebeencausedby amutationin Pax-6(see
text). (Takenwithout permissionfrom reference[61])
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ing out� theproductionof a proteininvolvedin eyedevelopment.For example,
I would suggestthat the lossof a neuralcellularadhesionmolecule(NCAM)
involvedin connectingneuronsof theopticalnerve to thevisualcortex could
resultin theabortionof thedifferentiationof photoreceptorcells(reviewedin
[5]). This processwould besimilar to thedeathof neuralcellsnot beingable
to makeany synapsesto otherneurons,suchasit occursin thedevelopmentof
thebrain.

A candidatefor thefirst scenario,in which thesynthesisof a costlyprotein
is suppressed,would be the inhibition of crystallin synthesis.Crystallinsare
importantproteinspresentin theeyelensesof many vertebrateandinvertebrate
species.They are importantdownstreamgenesof Pax-6 [59, 9] andwill be
discussedin moredetail later.

In the lens cells of the cave dwelling Astyanax, no crystallinsare synthe-
sised[5]. Onecould explain this by lossof function mutationsin crystallin
promotors(seefor instance[58]). The lossof crystallin synthesismight be
energeticallyfavourableandcouldbefollowedby thesuppressionof othereye
specificproteins.In thisscenariotheeyestructureswouldbenormallyformed.
I would suggesttwo possibilitiesfor thesuddenabortionof eye development
that is observed in the cave dwelling Astynax. Firstly, the synthesisor nor-
mal bindingof animportantsignallingmoleculeneededat this stagecouldbe
absent.

Secondly, in many developmentalprocessesphysical forcesplay a major
role. Thedevelopmentof many anatomicalstructures,like tendonsconnecting
a muscleto a boneor joints betweentwo bones,is very muchdependenton
thephysicalforcesactinguponthem. If theseinteractionsandforceschange
during development,the outcomeof the developmentalprocesscan change
completely. For example,in birds thetibia andfibula arenormallyconnected
via a bony bridge.If thetibia andfibula areseparatedby a pieceof gold,both
thetibia andthefibuladevelopajoint with thefemur. Thissituationsresembles
thatof reptiles. Processeslike this have beensuggestedto play an important
role in theevolutionof novel morphologicalstructures[43]. It is likely thatthe
exactshapeandstiffnessof severaleye structuressuchasthe eye lensor the
vitrial bodyis affectedby thelossof anumberof structuralgenes.Without the
shapeandstiffnessof thenormaleye,eyedevelopmentmight notcomplete.

Concluding,careshouldbe takenwith the ideaof a “mastercontrolgene”.
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Pax-6 is certainlyvery importantin eye development.For, absenceof Pax-6
resultsin severeeye abnormalities.But, asillustratedabove, it is dangerous
to turn this observationaroundandto suggestthatwhereeyesareabsent,Pax-
6 will be absent.First, Pax-6 is too importantin the developmentof a large
part of the centralneuralsystem(eye+diencephalon,nose+prosencephalon)
to be missed,even in a blind species.Second,in a developmentalprocess,
many genes,structuresandprocesseswork andfit together. Thelossof any of
thesemany genesandprocessesmight completelyor slightly disturbthefinal
structure.A numberof transcriptionfactorsthatcouldcompetefor a position
in the“mastercommittee”aredescribedbelow.

4.4 The “master committee” of eyedevelopment

“[..] Theall-powerful mastercontrollermaybe[...] a memberof a committee
[...]” [50]. The positionof Pax-6 asthe “mastercontrol gene”is challenged
from severalsides.In this sectionseveraltranscriptionfactors,playinga simi-
lar role in eyedevelopmentasPax-6, arediscussed.

Apart from Pax-6, many transcriptionfactorsareknown to playa role in eye
development.An exhaustive list of transcriptionfactorsexpressedin the de-
velopingmurineeye is givenin [9]. Anotherhomeoboxgenehasbeenfound
that may have conserved its role in eye developmentsincethe last common
ancestorof insectsandvertebrate.This geneis Six-3, the third identifiedver-
tebrateorthologueof Drosophilasineoculis [46]. Six-3andsineoculis be-
long to a subclassof homeoboxcontainingtranscriptionfactors,characterised
by theso-calledsix-domain,a highly conservedaminoacidsequencedomain
flanking the homeobox.Null mutantsof sineoculis arecharacterisedby the
completelack of the visual system[8], suggestingthat it is requiredfor eye
development.Six-3is expressedanteriorin theneuralplateandits derivatives.
Importantly, it is alsoexpressedin theventralpartof thediencephalon(thepart
of thebrain from which theoptic vesicles“sprout”), in theoptic vesiclesand
in the olfactoryplacodes.The expressionpatternof Six-3 resemblesthat of
Pax-6, suggestingthatit couldplayarelatedrole in eyedevelopment,or thatit
mayinteractwith it [46]. However, no experimentalresultshave beenableto
find any regulatoryinteractionsbetweenthetwo transcriptionfactors.Six-3is
expressednormallyin small-eyemutants(micedefectiveof Pax-6). Thiscould
meanthatit Six-3actscompletelyindependentof Pax-6, but it couldalsomean
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thatP
�
ax-6 is actingdownstreamof Six-3.

TheactualregulatoryinteractionsbetweenSix-3andPax-6still wait for in-
vestigation,but what canbe concludedis that “any geneticelementthat can
becomecritical canbeseenasa ‘masterregulator”’, asit wasposedby Kevin
Mosesin [50].

Thepositionof Pax-6is severelychallengedby anothergenethatcaninduce
ectopicexpressionof eyesin Drosophila: dachshund1 (dac) [36] Dachshund
is amutationbothaffectingthelegsandtheplacementof theommatidiain the
compoundeye[36]. Althoughtheknock-outphenotypeof dachshunddoesnot
affecteyedevelopmentassevereaseyelessdoes,overexpressionof Dachshund
usingthesamemethodasin theoverexpressionof eyelessinducesectopiceyes
in antennaldiscsin 20%of thecases,andlessfrequentlyin leg andwing discs
[54]. Theseresultscould meanthat dachshundis inducedof Pax-6 andthus
is positionedlower in possibleregulatoryhierarchy. Severalobservationsare
consistentwith this idea.First,dachshundis expressedectopicallyif eyelessis
ectopicallyexpressed.Second,ectopiceyelessexpressiondoesnotresultin ec-
topiceyesin null-mutantsof dachshund. Thissuggestseyelesspositively regu-
latesdachshundandthatdachshundis operatingdownstreamof eyeless. How-
ever, this appearsnot to bethecase.Eyelessis expressedin someof thecells
of theeyesinducedby ectotopicdachshund-expression,whereasdachshundis
expressedin all thecellsexpressingeyeless. Thissuggeststhatdachshundand
eyelessarein a positive feedbackloop. They mayhave evolved togetherand
cooperatein the“mastercommittee”of eyedevelopment.

Summarising,the role of Pax-6asa “mastercontrolgene”is severelychal-
lenged. Firstly, alternative “conserved” transcriptionfactors,essentialin eye
developmentin both insectsandvertebratesarebeingdiscovered. For exam-
ple,of DrosophilasineoculisthemurineorthologueSix-3hasbeenidentified.
Although the exact role Six-3andsineoculis in eye developmentstill needs
muchinvestigation,theevidenceat themomentsuggests“master”role for Six-
3. Secondly, theroleof Pax-6is challengedby theidentificationof dachshund.
dachshundandeyelessmight be in a positive feedbackloop, facilitatingeach

1[50] shortly mentionsthat in Gehring’s lab, a second“challenge”to eyeless, twin-of-eyeless
(toy) would have beencloned. toy would show even moresequencehomologyto murinePax-
6 thaneyeless. Until the time of this writing however, cloning of twin-of-eyelessseemsto have
remainedunreported.For a discussionon twin of eyelessalsolisten to Gehring’s talk at the13th
InternationalCongressof DevelopmentalBiology [17]
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other’� s synthesis.Thus, the pictureemerging from the presentexperimental
evidencesuggestsa role for Pax-6 as a “committee” member, a network of
transcriptionfactorsregulatingeyedevelopment.

4.5 Ectopic expressionof Pax-6 in vertebrates

If Pax-6would really deserve to be calledthememberof a universal“master
control genecommittee”of eye development,Pax-6 shouldalso be able to
induceectopiceyes in other speciesthan Drosophila. Recently, the first of
suchexperimentswereconducted.It was testedwhetherectopicexpression
of Pax-6would resultin thedevelopmentof ectopiceyesin thefrog Xenopus
laevis. First,aXenopusPax-6homologwasisolated[25]. ThisPax-6homolog
appearsto beexpressedin neuralcellscontributing to theeye, andto partsof
theforebrain,hindbrainandspinalcord.Thisexpressionpatternresemblesthat
of othervertebrates.

In this study, earlymisexpressionof Pax-6 in Xenopusembryosresultedin
axis defects,but no eye structureswere observed. If the expressionpattern
of Pax-6waschanged,suchthatexpressionin thepresumptive eye fieldswas
reduced,no eye wereformed. Hence,althoughPax-6 is necessaryfor thede-
velopmentof eyes,Pax-6 aloneseemednot to be sufficient to induceeyesin
Xenopus.

However, in a secondstudy, Pax-6wasoverexpressedin earlyXenopusem-
bryosby injecting themRNA of Pax-6 in thetwo cell stageembryo[2]. This
operationresultedin theectopicdevelopmentof eye lensesin many embryos.
This eye developmentoccuredin a cell autonomousway. In otherwords,all
theextra lenstissuewasderivedfrom thecell in which thePax-6mRNA was
injected. This indicatesthat Pax-6 inducesthe cells directly to develop lens
tissue,insteadof inducingcellsthatinduceothercellsto developlenstissue.

Theseresultsagainsuggesta role for Pax-6 as a universal“eye inducer”.
Pax-6seemsto beinvolvedin eyedevelopmentin virtual all theanimalphyla.
Even,Pax-6homologsof onespeciescansometimesinduceeyesin an other
species,asdiscussedabove.

At thesametime,however, wehaveto beprudentwith theterminology. Pax-
6 is certainlynot the“mastercontrolgene”of eye development.As discussed
above,many othergeneshave beenfound,and,probablywill befound,in the
sameway impairingeye developmentif their expressionis suppressed,andin
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inducing� eye developmentif they areoverexpressed.Indeed,it will be better
to look for a “mastercontrolcommittee”instead.
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5 “Urbilateralian” or “zootype”?

5.1 The “Urbilateralian”

Basedon the datadiscussedabove, De RobertisandSasaiproposeda com-
monancestorto thearthropodsandthevertebrates[52]. This commonances-
tor would have anteroposteriorpolarity, regulatedby theHox genecomplexes
(discussedin chapter2). It wouldhavedorsoventralpolarity, determinedby the
sog/chdanddpp/BMP-4dorsoventralpatterningsystems(discussedin chapter
3). It would alsohave a subepidermalCNS,which is supportedby the pres-
enceof theconservedaxon-findingmoleculenetrin-1(undiscussedhere).The
Urbilateralianwould have simplephotoreceptors,supportedby theconserved
eye inducingfunctionof Pax-6(discussedin chapter4). Finally, theUrbilater-
alianwasproposedto haveacirculatorysystemwith acontractivebloodvessel.
This is supportedby thefinding of vertebrateorthologuesof two transcription
factorsinvolvedin thedevelopmentof theDrosophila contractivevessel.

The Urbilateralianhypothesishasbeenupdatedtwice [30, 11] to include
evidencefor asegmentedUrbilateralia.Thefirst updateappearedafterthedis-
covery of hairy in thefirst vertebrateorthologueof a pair ruledgeneinvolved
in segmentation.Thesecondupdatefollowedthe discovery of anorthologue
of engrailed, involvedin segmentationin thecephalochordateAmphioxus.

Although thedatasupportingthe ideaof a complex bilateralianancestorof
theprotostomeandthe deuterostomelineageis becomingmoreandconvinc-
ing, careshouldbetakennot beconvincedto early. In this paper, threeof the
argumentssupporttheUrbilateraliatheoryhavebeenchallenged.

TheHox genes,thatpatterncomparablepositionsin vertebratesandinsects,
are all presentin the Onychophora, but the Ubx/Abd-Bgenesare only ex-
pressedin a small posteriordomain. Onychophoraarebelievedto be a sister
phylum of the arthropoda. To explain the fact that the Hox genesin Ony-
chophora havesuchunusualexpressiondomains,two alternativeexplanations
would be possible. First, the expressionof the Ubx/Abd-Aclustermay have
beenshiftedto theterminusof theOnychophorasecondarily. Alternatively, the
analogousexpressiondomainsof the Hox genesin vertebratesandin arthro-
podsmaybe“semi-coincidental”.By this I meanthatthesimilarity in expres-
sion may not be causedby descentfrom a commonbilateralancestor, but it
may be the resultof a lessdirect causeinstead. As suchan indirect causeI
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would� proposethecolinearityof theHox-cluster. TheHoxgenesareplacedin
thesamesequencein theDNA astheir expressiondomainson theanteropos-
terior access.This colinearityof theHox-clusteris very well conserved(until
now only DrosophilaandCaenorhabditisareminor exceptionsto this rule),
suggestingthat it hasan importantfunction in development[40]. It would be
feasiblethat a colinearclusterof Hox genesin an non-bilateralianancestor,
would resultin thedevelopmentof two bilateralianlineagesin which theHox
genesareexpressedin the colinearsequence.This proposalis supportedby
thepresenceof Hox-clustergenesin Hydra, a memberof thecnidarians,that
is widely believedto beprimitively radialsymmetric.

A secondchallengeto the Urbilateraliahypothesisconcernsthe notion of
Pax-6orthologuein thecommonbilaterialianancestor. AlthoughPax-6is more
andmorepushedin a role asa geneinvolved in eye development(seechap-
ter4), it shouldnot remainunnotedthatis in factexpressedalsoin theanterior
centralneuralsystem,aswell asin theanteriornon-visualsensorystructures.It
would hencebepossiblethatPax-6hasbeenimportantin all kindsof sensory
systemsin a radial symmetricancestorof the protostomesandthe deuteros-
tomes.

Consideringtheseobjectionsto the Urbilateralia theory of Sasaiet al., it
shouldbe marked as too preliminary for the moment. Evolutionaryscenar-
ios canbethoughtup by which theprotostomesandthedeuterostomeswould
evolve from acommon,primitively radialancestor.

5.2 The extended“zootype”

Thedatacouldsupportanextensionof thezootypetheoryof Slackandothers.
Slackproposedan abstractnotion of the encodingof relative position in the
embryoby theHox-clustergenes.Every animalphylumstudieduntil thusfar
seemedto containacommonsetof Hox-genes1. Thisabstractpositioningsys-
temis considereda definingcharacter, or synapomorphy, of the animalking-
dom,andit wasthereforecalledthe“zootype” (Fig. 5.1). Additionally it was
proposedthatthezootypicstagewasvisibleat thesocalledphylotypicstage.

Slackproposedalreadythatotherpatterninggenescouldbeincorporatedin

1Recentlya Cnidarianhasbeentested,andshown to lack someof theHox-genesthatarepart
of this “zootype”-cluster[37]
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Figure5.1: Slackandothersproposedthe“zootype”asthesynapomorphy, the
definingcharacterof theanimalkingdom. They arguedthat in all theanimal
phylainvestigateduntil now, thesamesetof Hox-genesis present.Moreover,
theseHox-genesareexpressedin thesameanteroposteriororder. (Takenwith-
outpermissionfrom reference[56])

thezootypeaswell. I suggestthat the following genescouldbeaddedto the
zootype,providedthatadditionalevidencesupportstheubiquity of thesepat-
terninggenesin theanimalkingdom. (1) Dpp/Bmp-4andsog/chd, patterning
theaxisperpendicularto the relative axis patternedby Hox genes.(2) Genes
positioningsensorysystems,suchasPax-6. (3) Genesexpressedatalternating
positionsin segmentlikestructures.(4) Genesrelatedto a circulatorysystem.
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6 Regulatory evolution: rewiring the network.

6.1 Intr oduction

Evolution haslong beenseenasa processin which novel geneswould gradu-
ally evolve, addingmoreandmorepropertiesto the evolving organisms,and
graduallychangingexisting structures.For exampleLewis hypothesisedthe
evolution of a “wing suppressinggene” and a “haltere promotinggene” in
Drosophila(reviewedin [6]).

Almost20yearsafter“[Lewis’] landmark1978review” [6] thepictureseems
to bedifferent.Leg-suppressinggenesandhalterepromotinggeneshavebeen
isolated(Ubx/Abd-AandBc-xrespectively),but they arepresentin four-winged
insectsandmillipedesalike [6]. They have evenbeenfoundin Hydra [56]. It
would behardlyconceivablethatUbxandAbd-Awould bea “leg-suppressing
gene”in Hydra,let alonethatbithoraxwouldhavea“halterepromoting”func-
tion.

Henceit is clearthat in insectsno leg-suppressinggenesandthat in diptera
no “halterepromotinggenes”evolved,at leastasfar asUbx/Abd-Aandbitho-
rax areconcerned.But thenwhat did evolve? More andmoreexperimental
evidencesupportsthe idea that much of the evolution doesnot involve the
acquisitionof new genesbut theacquisitionof new regulativeinteractionsbe-
tweengenes,a processI call “regulativerewiring” here.

Having discussedtheconceptof the“zootype” [56] in theprecedingsection,
I proposeheretwo kindsof regulativerewiring. First, rewiring upstreamto the
genesbelongingto thezootyperesultsin thechangeof thepatternof expres-
sionof positioninggenes,suchastheHox-genes.Second,onecandistinguish
rewirings downstreamto the positioningcomplementof genes.In regulative
changesof thiskind, thepatternof positioninggenesremainsthesame,but the
exactstructuresdevelopingat thepositionschange.

So,upstreamregulativerewiring changepositionalvalues,or “segmentiden-
tities”. After downstreamrewiring thepositionalvaluesremainunchangedbut
theactualstructuredevelopingat this positionis altered.

Concerningregulative rewiring, several questionscanbe asked. First, are
thereexamplesknown of upstreamanddownstreamregulativerewirings?Sec-
ond, how do regulative rewirings evolve, and in conjunctionto this point, is
this indeed“easier”modeof evolution thanevolution of new genes?Third, it
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will be
�

discussedwhatwill betheeffectof regulativerewiring onevolutionary
dynamics.Finally, it will bediscussedwhattheconceptof regulativerewiring
meansfor thenotionof geneticinformationcontent.

6.2 Examplesof regulatory rewiring

Severalexamplesareknown of regulativechangesdownstreamto the“phylo-
typic” positioninggenes.In Drosophilatheexpressionof Distall-less, a gene
that is crucial for thedevelopmentof legs, is suppressedby Ubx andAbd-A1

[60]

However, Distall-lessis not suppressedin thedomainof Ubx andAbd-A in
centipedesandOnychophorans(Arthropodrelatedanimalswith non-articulating
legs) suggestingthat the repressionof Distall-lessby Ubx andAbd-A in the
limblessabdomenof insectsevolvedonly in theinsectlineage.

A beautifulexampleof whatcouldbecalled“upstreamregulativerewiring”
is theexampleof “expression-domainshifting” discussedin section2.2.These
examplesshowed that in the evolution of arthropodsandin vertebrateevolu-
tion segmentsmay have changedtheir identitiesas a result of a shift in the
expressiondomainof Hox genes.Similarprocessescouldbefeasiblefor other
transcriptionfactors.For example,achangein theexpressiondomainof Pax-6
might recruitmoreneuro-structuresdevotedto sensingfunctions.

6.3 Evolution of newregulatory interactions

An importantquestionconcernedwith theevolutionarymechanismof regula-
tive rewiring is how new regulative interactionsevolve. Again, this question
falls apartin roughly two questions:(i) How do new downstreamtargetsof
Hox genesevolve? (ii) How cantheexpressiondomainsof “zootypic” genes
bechanged?I needto stressthat this distinctionis highly artificial andthat it
only makessensein thelight of the“zootype”,discussedabove.

1Akam [7] stressesthat the suppressionof Distall-lessby Ubx andAbd-A is somewhat more
complicatedthanit is generallyassumed.At acertainstageUbx is expressedtogetherwith Distall-
lessin T3. Theexpressionof Distall-lessis initiatedin anearlierdevelopmentalstage,whenUbx
is expressedonly in partof T3 but not at thepositionof thefutureleg. Later, Ubx is expressedall
overT3, Distall-lessremainsexpressedasit inducesitself in anautoregulatoryloop.
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The evolution of new Hox targets

In chapter2 it wasdiscussedthathomeoboxesbind to shortfour-basecorese-
quencesof theDNA. Thereis quitea lot of tolerancefor the actualsequence
surroundingthis core (reviewed by [6]). Little changesin this four-basese-
quencecould easilyresult in changesin affinity to Hox genes,or could even
result in the evolution of a binding site for anotherHox gene. The sequence
surroundingthefour-basecorecouldeasilymodulatethebindingspecificityof
differenthomeoboxgenes(reviewedin [6]).

Apartfrom theevolutionof new Hox-genebindingsites,onecouldalsothink
of othermechanismsaddingor removing downstreamhomeoboxgenecontrol.
Oneof thesemechanismsis suggestedby a comparativestudyof thestructure
of Hox genes[53]. They found sequencesinsidebut alsooutsidethe home-
odomainthatwerecharacteristicfor a paraloguegroup.

Thefactthatalsoconservedsequencesoutsidethehomeodomainarefound,
suggeststhat they may have an importantfunction. Sharkey andco-workers
[53] suggestthat theseconserveddomainsareevolvedin proteininteractions.
Allosteric regulationmightprohibit Hox-protein–DNA bindingor enhanceit.

Upstreamregulativerewiring

Many differentmechanismsareconceivableto changetheexpressiondomains
of homeoboxgenes.Akam recentlyestimatedat a conferencethe numberof
genesregulatinghox-genesbetweenseveraltensto severalthousandsof genes
[1].

Thus,the geneticregulatorycircuit upstreamto a Hox-geneprovidesmany
opportunitiesby which its domainof expressioncould be readily modified.
Oneof ther mechanismsby which the domainof expressionof a Hox-gene
couldbeshiftedis suggestedby the differentialinducabilityof Hox-genesby
retinoicacids(RA) in Xenopuslaevis [13, 47]. Retinoicacidsarerelatedto the
steroidhormones.They areboundby nucleicreceptors,thatbindspairwiseto
theDNA, in thisway influencingtheexpressionof othergenes.

The expressionof Hox-genesis inducedby retinoic acidsin a differential
way. More anteriorexpressedHox-genesarebetterRA inducablethanmore
posteriorexpressedHox-genes[13, 47]. In thiswaymodulationsof RA-gradients
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— or at leastinhomogeneousRA-distributions— over the embryocould re-
sult in shiftsof Hox-expressiondomains.Modulationof RA-distributioncould
occurfor exampleby inhomogeneousdistribution of proteinsinteractingwith
retinoic acidslike xCRABPsandRA receptors(RARs andRXRs). Another
mechanismmight bemodulationof RA diffusionby theintracellularpH [41].

Summarising,bodyplansmaybemodifiedbyevolutionaryrewiring of genes.
In the caseof homeoboxgenes,two extremewaysof rewiring canbe distin-
guished,upstreamanddownstreamrewiring. DownstreamDNA bindingsites
of homeoboxgenesareeasilygainedandlost. Protein-proteininteractionscan
modulatebindingof homeoboxproteinsto DNA aswell. In theorderof tens
to thousandsof genesmay influencethe expressionof homeoboxgenes.Ex-
pressiondomainsmight bemodulatedby distribution of “morphogens”,such
asretinoicacids.

Regulativerewiring and evolutionary dynamics

It hasbeendiscussedby many authorshow evolutionarydynamicscanbeinflu-
encedif evolutionis seenasaprocesswhereregulativepathwaysaremodified,
ratherthanstructuralgenes.Theimportanceof regulatorymutationsis stressed
by Wilson (1985)[62] andby Carroll (1995)[6].

Gould(1980)[20] suggestedthatthe“bursts”of evolutionarychangethathe
observedin thefossil recordmight beexplainedas“disruptionof regulation”,
“[while] structuralgenesubstitutionscontrolmostsmallscale[...] variation”.

Themechanismof “punctuatedevolution” asa resultof “disruptionof regu-
lation” suggestedby Gouldhasrecentlygainedsupportby observationsdone
in a paradigmsystemof the evolution of multicellular animalsthat I devel-
opedasa master’s projectundersupervisionof PaulienHogeweg [42]. In this
paradigmsystemthe developmentof simple,oligocellularcreaturesis driven
by a simple regulatory network presentin eachcell. During evolution, the
geneticnetworks aremutatedin two ways: individual Booleanfunctionscan
changeandconnectionsbetweengenesevolve. Thecreaturesareselectedfor
thenumberof cell typesthey developin theirontogeny. Three“types” of genes
evolve: regulatorygenes,downstreamgenesandhousekeepinggenes.

Interestingly, theevolutionshowsmetastablebehaviour. Periodsof stasis,in
which a characteristictype of developmentprevails, are intermittedby short
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periods� of changein which thepopulationis takenover by “animals” exhibit-
ing a new typeof development.We have beenableto trackdown these“key
innovations” on changesin the “regulatory feedbackloops”. Small changes
in the ontogeny canbe tracked down to changesdownstreamto the “regula-
tory feedbackloops”. The changesin regulatorypartsof the network result
in new responsesof the cells to inducingsignals. Thesenew responsescan
resultin fundamentalchangesin thedevelopmentalprogramof theorganisms.
Downstreamchangeson the otherhandresult in slight modificationsor im-
provementsof the outcomeof the developmentalprogram,while the actual
developmentalprogramremainsessentiallythesame.

Geneticinformation and regulativerewiring

The informationcontentof a DNA moleculeis often assumedto be equalto
its length,i.e. thenumberof basesof themolecule.For example,theconcept
of the “information threshold”statesthat thereis a maximumamountof in-
formationa replicatingRNA moleculecancontainexpressedin the lengthof
thismolecule.Thisamountof informationdependsonthemutationrateduring
replication(anexcellentdiscussionon the“information threshold”is givenin
[38]).

However, onecouldsaythattheamountof informationstoredin agenomeis
not only dependenton thenumberof basepairsby which it is coded,but also
onthecomplexity of theinteractionstructurebetweenthegenes.Thiscertainly
truefor “epigenetic”information,theinformationthatis built upduringdevel-
opmentalprocess.A genomein which thegenesdo not interactcanonly have
a singlepatternof geneexpression.If the connectivity of the genomeslowly
increases,moreandmoreepigeneticstatesarepossible,while for very high
connectivity the system“percolates”anddifferentepigeneticstates“merge”
(seefor instancereference[29]).

Onecouldextendthenotionof epigeneticinformationandconsiderthepo-
tential of geneticnetwork to build up epigeneticinformation as part of the
informationcontentof a genome.In otherwords,a genomecapableof “re-
membering”ten possibleepigeneticstateshasa higher information content
thana genomecodedby a DNA string of the samelengththat is capableof
storingonly oneepigeneticstate.
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This� idea is nicely illustratedby the paradigmsystemof the evolution of
multicellular developmentwhich was shortly describedabove. The genetic
network of thesecreaturesconsistsof aBooleannetwork of 24nodes,or genes.
Eachof thesegenesgetstwo inputs(regulatoryinteractions) from othernodes.
Thesenumbersdo not changeover evolutionarytime. However, the number
of epigeneticstatesor “cell types”that theorganisms,drivenby thenetworks,
developincreasesduringevolution. Althoughthe“length” of thegenomedoes
not increaseat all, I would still saythattheinformationcontentof thegenome
increasesduring the evolutionaryprocess,becausethe numberof epigenetic
statesthenetworkscanattainincreases.

6.4 Regulatory rewiring: a sourceof variation

For a long time, theevolutionaryprocesshasbeenseenasa processin which
variation is generatedby the recombinationand randommutationof genes,
eachof thesegenesmoreor lessdirectlycodingfor a trait of theanimal.

Now, thepictureof evolutionaryprocessesmayhavebeenchanged.Looking
at animalgenomesfor andevelopmentalbiologicalpoint of view, it seemsas
if they areall built up from thesameelements.Regulatoryfactorsoftenhave
the samefunctionsin animalsthatareseparatedby a troughonly bridgedby
morethan500million yearsof evolution. Evolutionmight bea processof the
gradualchangeof connectionsbetweenexisting elements,morethanjust the
processof gradualchangeof thegeneticunits themselves.Notehowever, that
thisdoesnotwithstandthefactthatthechangeof thesegeneticunitsis avitally
importantprocessaswell.

This doesn’t make the evolutionary processlessDarwinian, though. The
picturehaschanged,notonthelevelof theselectionandfixationof new genetic
traits,but moreover, on thesourceof thevariationonwhich selectioncanact.
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[43] M ÜLLER, G. B. Developmentalmechanismsat the origin of morpho-
logical novelty: a side-effect hypothesis. In EvolutionaryInnovations
(Chicago,U. C. P., 1990),M. H. Nitecki, Ed.,pp.99–130.

[44] NIEUWKOOP, P., JOHNEN, A., AND ALBERS, B. Theepigeneticnature
of earlychordatedevelopment. CambridgeUniversityPress,Cambridge,
1985.

[45] OHNO, S. Thenotionof thecambrianpananimaliagenome.Proceedings
of theNationalAcademyof SciencesUSA93 (August1996),8475–8478.

[46] OLIVER, G., MAILHOS, A., WEHR, R., COPELAND, N. G., JENKINS,
N. A., AND GRUSS, P. Six3, amurinehomologueof thesineocultisgene,
demarcatesthemostanteriorborderof thedevelopingneuralplateandis
expressedduringeyedevelopment.Development121(1995),4045–4055.

[47] PANNESE, M., DEKKER, E.-J., GODSAVE, S., HOLLING, T.,
DURSTON, A., AND BONCINELLI , E. XenopusHoxa andHoxb com-
plex comparison:differencesin theirspatio-temporalexpressionpatterns
andinducibility by retinoicacidduringembryogenesis.

[48] QUIRING, R., WALLDORF, U., KLOTER, U., AND GEHRING, W. J.
Homologyof theeyelessgeneof drosophilato thesmalleyegenein mice
andaniridiain humans.Science265(5 august1994),785–789.

[49] RAFF, R. A. Theshapeof life. TheUniversityof ChicagoPress,Chicago,
London,1996.

[50] ROUSH, W. A “mastercontrol” genefor fly eyessharesits power (edito-
rial). Science275(January, 31st1997),618–619.

[51] SALVINI-PLAWEN, S. V., AND MAYR, E. On theevolution of photore-
ceptorsandeyes.EvolutionaryBiology10 (1997),207–263.

[52] SASAI , Y., LU, B., STEINBEISSER, H., AND DE ROBERTIS, E. M. Reg-
ulationof neuralinductionof thechdandbmp-4antagonisticpatterning
signalsin xenopus. Nature376 (july 1995),333–336.

41



BIBLIOGRAPHY

[53] SHARKEY, M., GRABA , Y., AND SCOTT, MATTHEW, P. Hox genesin
evolution: proteinsurfacesandparaloggroups.Trendsin Genetics13, 4
(April 1997).

[54] SHEN, W., AND MARDON, G. Ectopiceye developmentin drosophila
inducedby directeddachshundexpression.Development124(1997),45–
52.

[55] SHUBIN, N., TABIN, C., AND CARROLL , S. Fossils,genesand the
evolutionof animallims. Nature 388(14August1997),639–648.

[56] SLACK , J. M. W., HOLLAND, P. W. H., AND GRAHAM , C. F. The
zootypeandthephylotypicstage.Nature361(February1993),490–492.

[57] SMITH, W., AND HARLAND, R. Expressioncloning of noggin,a new
dorsalizingfactor localizedto spemannorganizerin xenopusembryos.
Cell 70 (1992),829–840.

[58] TOMAREV, S. I ., DUNCAN, M. K., ROTH, H. J., CVEKL , A., AND

PIATIGORSKY, J. Convergentevolution of crystallin generegulationin
squidandchicken: theap-1/areconnection.Journalof MolecularEvolu-
tion 39 (1994),134–143.

[59] TOMAREV, S. I ., AND PIATIGORSKY, J. Lenscrystalllins of inverte-
brates:Diversityandrecruitmentfrom detoxificationenzymesandnovel
proteins.EuropeanJournalof Biochemistry235(1996),449–465.

[60] VACHON, G., COHEN, B., PFEIFLE, C., MCGUFFIN, M., BOTAS, J.,
AND COHEN, S. Homeoticgenesof thebithoraxcomplex represslimb
developmentin theabdomenof theDrosophilaembryothroughthetarget
genedistal-less.Cell 71 (1992),437–450.

[61] WILKENS, H. Evolution andgeneticsof epigeanandcave astyanaxfas-
ciatus(characidae,pisces).EvolutionaryBiology23 (1988),271–367.

[62] WILSON, A. C. the molecularbasisof evolution. scientificAmerican
253, 4 (1985),148–157.

42



BIBLIOGRAPHY

[63] WILSON, P. A., AND HEMMATI-BRIVANLOU, A. Inductionof epider-
mis and inhibition of neural fate by bmp-4. Nature 376 (July 1995),
331–333.

[64] WOLPERT, L . Positionalinformationandthe spatialpatternof cellular
differentiation.Journalof theoreticalbiology25 (1969),1–47.

43


