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‘Wasist mir geshiehen?’dachteer.
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1 Intr oduction

In the 30sof the nineteenttcenturya famousbiological debatewas held be-
tweenthe two FrenchzoologistsCuvier and Saint-Hilaire(reviewedin refer
ences[18, 49]). Accordingto Cuvier, the animal kingdom was subdvided
in four branchesthe radiates(coelenterateand echinoderms)the molluscs,
the articulates(insectscrustaceanandannelids)andthe vertebrates Think-
ing aboutevolutionaryrelationshipdetweerspecief separatdrancheswas
senselessf oneof the partsof ananimalwould be exchangedor a compara-
ble partof aspecieof anothebranch the organisatiorof the organismwould
collapse.All the partsof anorganismweredependenbn all the otherparts,a
situationthatwascalled“integratedfunction” by Cuvier. Organssuchaslegs
andeyeshada similar appearancén differentphyla, just becausehey were
usedfor similar functions,not becauséhey really were similar.

Saint-Hilaires view wasdifferent. In his view animalanatomywasa con-
tinuum, the differentforms andfunctionsfound all over the animalkingdom
weremerevariationson a theme.“[Nature] wererestrictedto the sameprim-

itive ideas,oneseesheralwaystendto causethe sameelementgo reappear
1

Until recently a view similar to Cuvier’s ideashasbeenwidely heldin de-
velopmentabiology. Only with the greatestautioncould resultsobtainedin
experimentswith one speciesbe appliedto other species.Namesof embry-
ological structureswere often given separatenames(for instanceSpemanrs
organiserin amphibiansHensens nodein chickenand simply nodein mice
arein factall thesamestructures¥. Thesamewastruefor genes For instance,
long after experimentalevidencehad strongly suggestedheir orthology and
the “generalname”hadalreadybeenusedby mary authors scientistsvould
still scawl if theDrosophilaHOM-C complex wassimply calledHox-complex.

The last decenniunmevidenceis accumulatingsuggestinghat Saint-Hilaire
may have beenright afterall. In the searchfor the geneticbasisof develop-

1E. Geofroy SaintHilaire (1807)Citationtakenfrom referencg18], p. 623

2|llustrative for this Cuvierlike paradigmpr perhapshabit” is thatin theHubrecht_aboratory
animportantinstitutefor developmentabiology in Utrecht,the groupsarecircled— to sayit too
black-and-white— aroundthe modelanimalthatis studied. To nuancethis immediately: often
thisis donefor practicalreasongotherexperimentatechniquesreneededor frogsthanfor zebra
fishandmice),andthe groupsstudymostof thetime (but notalways!) separatesubjects.



ment,a generalpicturehasemepgedthatlinks basicdevelopmentaprocesses
in very differentanimal phyla, suchas chordatesand arthropods. More and
moretranscriptionfactorshave beenfound that seemto initiate the develop-
mentof similar organs(lik e eyes,or limbs) in animalsthatwerebelievedto be
completelydissimilar The similarity betweerthesetranscriptionfactorsoften
comprisesnothingmorethana similarity in the DNA binding domain. More
interestingly a growing numberof transcriptionfactorsis known that appear
to be “compatible”betweerspecies Striking is the caseof Pax-6, a transcrip-
tion factorknown to beimportantin eye developmentn mary differentphyla.
Eachof the Pax-6 orthologuessolatedfrom mice, from bagpipesandfrom
squidsis ableto induceectopiceyesin the fruit fly (for citations,seesection
4).

The identificationof moreand more consered patterningmechanism$as
led to the proposalof several hypotheticalancestorgo the animal kingdom,
anda mereabstractotion of the definingcharacteror synapomorphyf the
animalkingdom.

Sincea classof patterninggenesthe Hox genesmay“[...] encoderelative
positionin all animals”Slackandothers[56] proposedhatthe patterningsys-
tem,formedby the Hox genesandsomeothergenes;|..] shouldbeadoptedas
the definingcharacteror synapomorphyof the kingdomAnimalia”. A com-
monancestartheUrbilateralia of theanimalphylawasproposedy De Rober
tisandSasa[10], whichwould have dorsaventralandanteroposteriopolarity,
a centralneuralsystem,photoreceptoranda circulatory system. A genome
ancestrato the genomef the animalia,the Cambrianpananimaliagenome
wasproposeddy Ohno[45]. The pananimaliagenomewould containa gene
for the formation of ligamentsandtendonsa genecodingfor hemoglobin,a
Pax-6 genefor the formation of sensoryorgansand seriesof Hox genes.In
this paper | will discusssomeof the geneticsimilarities of the animaltaxa.
Several of thesegeneticsimilaritiesare challenged.l will thereforeconclude
with a proposakxtendingthe zootypeideaof Slacketal [56].

The dataavailable at presentcontrituting to a picture of the Urbilateralia
ancestorndto the more abstractnotion of the zootypearereviewed anddis-
cussed.The subjectof this paperis restrictedto the transcriptionfactors that
arethoughtto be conseredovertheanimalkingdom.Hence this text will not
coverthe“structural” genedik e hemoglobinandlysloxidasethatareincluded



in Ohno's notionof the pananimaliargenome.

Thereademightfeel distractedrom this mainsubjectin two sections.The
first of theseis the discussionof Garstangs hypothesison the origin of the
chordata.The secondoneis the sectiondiscussinggye regressionin the blind
cavefish Astyanax However, thesewo sectionhave beenincludedto criticise
somehypothesegoming up in the light of the mary molecularsimilarities
foundin theanimalkingdom.

In the next chapterthe patterningof the anteroposterioaxis by the HOM-
C/HOX clustemwill bedescribedTheHOM-C/HOX clustenwasthefirst system
in which molecularhomologieshetweenmice, flies andfrog wereidentified.
It will be discussedow “tinkering” with the HOM-C/HOX clustermay have
resultedin the diverseBaupkne of the vertebratesand the arthropods. The
third chaptemill discusgheevidenceandcriticismson arecentlyrevivedhy-
pothesisf Saint-Hilaireasto thatthedorsarentralbodyaxiswould have been
invertedin a chordateancestar The fourth chaptemwill discusshe dataavail-
ableat presensupportingthe notion of a possibleconsered systeminvolved
in eye development. This systeminvolvesthe highly consered transcription
factorPax-6, which is believedto be the “mastergene”thatwould turn on a
regulatorycascadeesultingin the developmenif eyes. Thisideais criticised
on several points. Furthermore the “caveats” of the ideathat a single gene
couldturn on or off aregulatorycascadarediscussedn thelight of adaptve
eyereductionin theblind cave fish. In chapteffive, anextensionto theideaof
a zootype[56] will be proposedanddiscussedThis zootypeis built up from
theinformationreviewedin this paper

Sometimedghe lists of geneticsimilarities betweenmetazoarphyla are ex-
haustve. In thesecasest hasmostlybeentriedto referto theimportantreview
articleson the subjectandto sketchthe generalpictureinstead.It could how-
evernotbeavoidedthatthereadeiis sometime®verwhelmedy theenormous
list of genesregulatingeachotherupstreamand downstream.Pleasekeepin
mindin thesecaseghat“it is notdifficult, it is justverycomple” (BenHesper
personatommunication).



2 The anteroposterior axis: consewation of the
Hox-complex

2.1 Hox genesspecifyposition in the embryo

In 1969, Wolpert proposedhis frenc flag mechanisn{64] by which a cell
would getinformationaboutits positionin thedevelopingembryoandexpress
theappropriategenedor acell in this position. The proposednechanisnton-
sistedof two stagesFirst, afield, for instancea morphogergradienthadto be
generatedfrom which the cell could “know” aboutits positionin theembryo.
Wolpertcalledtheinformationaboutacell’s positionin theembryo“positional
information”. Secondthe cellshadto interpret this information,for instance
by meansof dosesensitve promotorssensitve for the concentratiorof mor-
phogenjn orderto expressthe appropriategenes.

More andmoreis known abouthow “positionalinformation” is generatedh
anumberof speciesFor instancan Drosophilapositionalinformationis built
up in a cascadespecifyingmoreandmorespecificregionsof the embryo(for
anexcellentreview see[33]1. In thefrog Xenopusaevis mostof the positional
identitiesseemso be specifiedduringthe proceswof neuralinduction(seefor
a nonmolecularreview [44]). The generalpictureemeging from this is that
the way positionalinformationis generateds fairly variableover the animal
kingdom. In contrast,the last decenniumit appearghat the way in which
“positionalinformation”is fixedonceit hasbeengeneratedks strikingly similar
amongmary differenttypesof organismsincludingarthropodsandchordates.

Positionwasfirst known to befixedby thetranscriptiorfactorsbelongingto
theHOM-C/HOX-C classwhicharemoreandmorecollectively referredto as
theHox genes.

1L awrencewarnedthe readerthat his book“[...] should not be quoted for matters of fact”
(authors boldface).However, thebookpresents goodovervien of theearlyembryonicprocesses
in Drosophilaendingin the expressionof the Hox genes. It is referencechereassuch,a good
introductorytext.

20riginally, the term Hox-geneswas exclusively resered for vertebrateorthologuesof the
DrosophilaHOM-C comple (seefor examplereferencg40] or referencg12]) However, recently
thetermis usedmoreandmoreto indicatethe four vertebrateHox clustersandthe genesorthol-
ogousto thesein invertebratespeciesamongwhich the DrosophilaHOM-C comple) (seefor
instancereference$56, 35, 4, 55, 21,53)). In [6] eventhewords“[...] homeotic(or Hox) genes



Hox proteinsarepartof thelargerclassof transcriptionfactors thatall con-
tain a highly conseredDNA bindingdomain.This DNA bindingdomain,the
homeodomairis encodecdby a 180 base-paitong consered DNA sequence,
thehomeoboX

NMR andX-ray studiesof the homeodomairf severalHox-geneshave re-
vealedthat the homeodomairhasa very characteristidertiary structure,al-
thoughthe protein sequencéprimary structure)may differ strikingly among
differentthe Hox genes.It consistsof an N-terminalarm, followed by three
a-helices.TheN-terminalarmbindsstronglyto the minor groove of the DNA.
The third helix is essentiafor specificand successfuDNA binding and fits
completelyor looselyinto the majorgroove (reviewedin referencd53, 35)).

The coreDNA sequencéo which Hox proteinsbind is only four basepairs
long. The binding specificityis influencedby the basessurroundinghis core.
The DNA sequences$o which the homeodomairbinds are very simple and
thereforea genecaneasilygainor looseregulationby a Hox gene(reviewedin
[6]).

Hox genesareexpressedn a specificoverlappingdomainsalongthe antero-
posterioraxis. In general,anteriorexpressedHox-geneshave shorterexpres-
siondomains,andarelessoverlappedoy the expressionof Hox genesin the
sameregion than Hox genesexpressedmore posterior PosteriorHox genes
have longerexpressiordomainsandmoreHox genesareexpressedogetheiin
the samedomainthananterior(reviewedin [35]. Xenopus:[13]).

Interestingly Hox genesare clusteredon the genomein the samesequence
asthey areexpressean the anteroposterioaxis. Thisis calledthe colinearity
of the Hox-comple. In Drosophilathe Hox clusteris split up into two parts,
theBithoraxcomplex (BX-C) andthe Antennapedizomplex (ANT-C).

In Drosophilg a knockout of a Hox geneoftenresultsin the transformation
of a sggmenttowardsa moreanteriortype of sggment.lt is easyto seethatthis
resultsfrom the overlappingHox expressiordomainsandfrom a secondprin-
ciple, posteriorprevalence Posterioprevalencemeanghatif bothananterior
anda posteriorHox geneare expressedn a segment,it will getthe identity

[...]" (authorsitalics) werefound.

3To prevent confusionaboutthe terminologyaroundHox genes:the word homeoboxefers
to the 180 basepairslong DNA stretchthatcodesfor the homeodomainthe DNA binding motif
thatis characteristidor all homeodomairiranscriptionfactors. The groupof the homeodomain
proteins thatarecodedby homeoboxgenescontainsmary classe®f transcriptionfactors.[40]



of the mostposteriorgene.It is easyto understandhatin anoverlappingdo-
maintheidentity of this sggmentwould betransformedo amoreanteriorfate,
if the posteriorgeneis knocked out. Similarly, in gain-of-functionmutations,
anteriorsggmentsare often specifiedas a more posteriortype (reviewed by
[35, 40]).

Thehomeoborsof Hox genesarenot only well consered,the geneof one
speciegs alsoactive in otherspeciesFor example,the DrosophilaHox genes
sex combsreducedand Antennapediacan substitutefor 1in-39 and mab-5in
Caenorhabditielegans[28]. Secondlyit hasbeenshovn thathumanHox-4.2
cansubstitutefor Deformed39].

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

Aswe have seerabore,achangen theexpressiorof aHox genecanresultin a
homeotidransformationtherespecificatiorf abodysegment.In mary cases,
the more posteriorspecificationsoverride the more anteriorspecificationsa
processhatis called“posteriorprevalence”.

Thediversificationof body planssincethe cambrianexplosionis widely be-
lievedto bedrivenby Hox-geneduplicationevents.For example,in vertebrates
four Hox-clustersare present.Thesearethoughtto have originatedby dupli-
cationevents,bothof thewhole clusterandof individual Hox genegreviewed
in [26]).

The phylumof thearthropodsgs enormousgontainingsuchdifferentorgan-
isms as centipedesand crabs. Especially the enormousradiationof jointed
appendagem the arthropodss remarkable.Rangingfrom myriapods(cen-
tipedesand millipedes)with a row of identicaltrunk segments,eachof them
bearinga locomotorypair of legs,to crustaceansn which almostevery body
segmenthasa differentsetof appendagesisedfor feeding,locomotion,sens-
ing, defenceandgraspingthe arthropodphylum hasone of the mostdiverse
body plansof theanimalkingdom(reviewedin ref [55])

Onewould think thatthis enormousvariationof body plansis drivenby a
large diversificationin the Hox-cluster The enormousdiversificationof the
arthropodphylum would have beenaccompaniedy 1the expansionof the
Hox-geneclusterby duplicationevents(reviewed by [21]), suchasit is be-



lievedto have happenedn theevolution of thechordate$26].

However, recentresearctsuggestshatthe Hox-clusterremaineduntouched
during the diversificationof the arthropodbody plan. The whole cluster of
eightHox genesdis presentin centipedesaswell asin Onydophom in which
hardlyany segmentdiversityis presentCentipedesiresimplearthropodswith
homonomougrunk segments,eachof them bearingtwo legs. Onydophoia
belonggo aphylumthatis believedto becloselyrelatedto thearthropodsand
alsohashomonomousrunk segments.

Especially the presencef the Ultrabithorax (Ubx) andabdominal-A(Abd-
A) geneghatareunigueto arthropodsn the centipedeandin Onydophosan
is remarkable. In Drosophilg Ubx specifiesthe identity of the secondtho-
racic sgment,whereit transformsthe secondwing pair in a setof halteres
(reviewedin [33]. Abd-A specifyingthe fate of the abdominalsegment,sup-
pressedistall-less in this way preventing the formation of legs. Both the
studiedOnychophorarandthe centipeddack wings andhave appendagesn
all thetrunk sggments.

Study of the expressiondomainsof Ubx and Abd-Ain the centipedeand
in the Onychoporarsuggestwo interestingtrendsthat may have taken place
in arthropodevolution. Ubx and Abd-Aare expressedn the centipeden all
the sggmentswith walking legs. The boundaryof the Ubx and Abd-A ex-
pressioncoincideswith the transitionfrom walking legs to poisonclaws. In
the Onydophomn however, expressionof Ubx and Abd-Ais restrictedto the
last lobopodbearingsegmentand the terminus. The expressionof Ubx and
Abd-Ain thelastlobopodsggmentis somevhatproblematicsincethis sggment
would be expectedto have anotheiidentity inducedby the Ubx/Abd-Aexpres-
sion. However, in mary Onycophoman specieshe last lobopodsegmentis
vestigial, indicating that this boundarymay correlateto cryptic transitionin
segmentidentity [21].

Theseresultssuggestwo possiblemechanism$&y which theenormousey-
mentdiversityin thearthropodscould have evolved. First, changesn thereg-
ulation of downstreantargetsof Hox genesmay have occurred. An example
of this couldbetherepressiorof Distall-lessby Ubx andAbd-Ageneproducts
thatoccursin insectsresultingin limblessabdominalegments.In centipedes
Distall-lessis notrepressefl1], suggestinghatthetargetingof Distall-lessby
Ubx/Abd-Amayhave evolvedonly in theinsectlineage.Secondtheupstream
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regulationof the expressionof Hox genescould have changedduring arthro-
pod evolution, resultingin shifts of the differentdomainsof Hox-expression.
This, in turn, would resultin ashift of the borderbetweerdifferentappendage
types. Onecould imagine,for example,that the terminal appendagesf the
Onydtophomn would sene betterasa locomotoryorganthana lobopod. A
simpleshift of the expressiordomainof Ubx/Abd-Ato moreanteriorposition
couldresultin the transformatiorof lobopodsinto terminalappendages.

Very recently supporthasbeenfound for the ideathat shifts in Hox gene
expressiondomainscanbe animportantsourcein the evolution of segmental
diversity [4]. Crustaceato which speciessuchas shrimpsandwoodlice be-
long, area highly diversegroupof arthropods.They have a variablenumber
of often ramified appendageghat are usedand specialisech greatrangeof
functions.In mostarthropodspeciesthethoracicappendageareusedfor lo-
comotoryfunctions,but in a numberof crustacearspecieghe first two pairs
of thoraciclegs have amorphologyresemblinghat of the maxillae. Theseap-
pendages;alledmaxillipeds arespecialisedor food manipulation(reviewed
in [4]). The evolutionary changeof the more posterior thoracicappendages
towardsa more anterior maxillary fate, resembleshomeotictransformation
characteristiof Hox-genenull mutants(reviewedin [40]). This suggestshat
Ubx/Abd-Aexpressions absenin the segmentswith maxillipeds. Indeed,in
thethirteencrustaceaspeciestudiedthe Ubx/Abd-Aexpressiorappeato run
from the posteriortrunk up to, but excluding the segmentsbearingmaxillary
or maxillipedalappendages.

2.3 Evolutionary consequencesf the Hox data

Concluding,the Hox genesspecify anteroposteriopositionin mary animal
taxa. The Hox complees of the differentanimal phyla are likely to have
evolvedfrom a single,colinearHox cluster Within the chordatdineage two
duplicationsof thewhole Hox clustermay have occurred.Primitive chordates
— the urochordatesndthe cephalochordates- only have one Hox-cluster
Oneduplicationmay have taken placein the lineageleadingto the vertebrate
lineage.Of thesevertebratesvith two Hox-clustes only the hagfish,acranial
vertebratesareliving today A secondduplicationeventis likely to have taken
placein the ancestoiof the craniatevertebrates As a resultof theseduplica-
tions, redundang wascreated.This redundang may have freedseveral Hox-
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genesfrom essentiaregulative functions. As a result,paralogousHox genes
may have drifted apartandhave cometo sene differentfunctionsin develop-
ing vertebratesThis vastincreaseof Hox genefunction may have resultedin
theenormougadiationof vertebratespecies.

In thearthropodsthe Hox-clusteris highly consered. Only oneHox-cluster
is presentandin mosttaxa,the colinearityis presered. An exceptionto this
rule is Drosophila in which the Hox-clusteris likely to have split up in the
AntennapaediandBithorax clusters.An interestingevolutionarymechanism
in the arthropodss suggestedby the work of AverofandGrenier[4, 21]. The
radiationof body plansin the arthropodshave occurredby “natural homeotic
transformations”.Thesenaturalhomeotictransformationsrenot dueto dis-
functionor ectopicexpressiorof Hox geneshut by shiftsof theHoxexpression
domains.
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3 Consewation of dorsoventral patterning in bi-
lateral metazoa

3.1 Dorsoventral patterning is consevedbetweeninsectand
chordates

Not only the anteroposterioaxis seemsgo be patternedy orthologousyenes
in mary distantlyrelatedmetazoartaxa. Recently evidencehasbeenfound
suggestinghe existenceof a consered dorsoentralpatterningsystemin bi-
lateralmetazoa.Roughly this dorsorentralpatterningsystemconsistsof two
antagonistigatterningmolecules gxpressedat oppositesidesof the develop-
ing embryo. A moleculewhich is expressecht the neuralside of the embryo
is antagonisedby a TGF-3 relatedprotein,inhibiting neuralinduction, thatis
expressedat the oppositedorsaventralposition. Intriguingly, the elementsof
this patterningsystenmseento bespeciesndependentthedorsorentralpattern
of aninsectcanbe manipulatedvith vertebrategroteins,andvice versa.

Evidencefor this “universal’dorsoventralpatterningsystemhasbeenfound
in Xenopudaevis andDanio rerio (bothvertebratesa frog anda fish respec-
tively) andDrosophilamelan@aster(aninsect).

In Drosophilamelanaastershortgastrulation(sag) is expressedlorsally at
theneuralside.lt is antagonisethy a TGF-3 orthologue dpp, expressedtthe
abneurakide.

In Xenopudaevis, dorsaventralpatterningseemso take placein a similar
way. In dorsalectodermexplants,neuraltissueis inducedby several protein
factors,suchasfollistatin [24], noggin[57] andchordin[52]. All thesepro-
tein factorsareexpressedn dorsalmesodermthussuggestingrolein neural
inductionandin the specificatiorof dorsalfates.

Of thesethreeproteins,chordinhasa high sequencédentity to — andhas
actually beenidentified becauseof its similarity to — the short gastrulation
(sog)proteinof Drosophila

Someexperimentalresultshave suggestedhat alsoin Xenopusa neuralis-
ing factor(chordin),is antagonisedby a proteinof the TGF-3 family. Firstly,
dorsalectodermis preventedfrom adoptinga neuralfate by a protein of the
TGF-8 family: bone morphogenesigrotein 4 (BMP-4), closely relatedto
Drosophilds dpp. If the cells of anisolatedpieceof dorsalectoderm— nor-
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mally developinginto ciliated epidermatissue— aredissociatedthey will ex-
pressneuralspecificmarkers. This effectis antagonisetty BMP-4: dorsalec-
todermis notneuralisedn thepresencef BMP-4[63], suggestinghatBMP-4
is an epidermalinducer Moreover, theseexperimentssuggesthat neuralin-
ductionmighttake placeby theinhibition of anepidermafate,ratherthanthe
inductionof neuraltissue.

Secondly overexpressionof chordinresultsin severe dorsalisation(strong
developmentof dorsaltissues suchascementgland and neuraltissueat the
expenseof moreventraltissues).This effectcanberescuedy the overexpres-
sion of BMP-4 in early embryos,resultingin more or lessnormaltadpoles.
[52].

The strongestevidencefor consered dorsoentral patterningin bilateral
metazoansvas found when the Drosophila proteinsdpp and sag were in-
jectedin Xenopusand, vice versa,whenthe Xenopuschd and BMP-4 were
injectedin Drosophilaembryos. Say promotesa neural(dorsal)fatein ven-
tral cellsif its mRNA is injectedin Xenopusembryos. Similarly, if slightly
modifiedchd mRNA is injecteddorsally in Drosophilaembryosagaina neu-
ral fateis promotedfesultingin ventralisedDrosophilaembryos.The sameis
truefor the proteinsspecifyingabneual fates.Dpp promotesa ventralfatein
Xenopuswhereaghe XenopusbneurafactorBMP-4promotesiorsalfatesin
Drosophila The antagonisticitypbetweendpp andsag works aswell in Xeno-
pus Injectionof bothdppandsag in 4to 16 cell Xenopuembryogivesnearly
normalphenotype$27].

3.2 Inversionof the dorsoventral axisin the chordates

The similarity betweenthe sog/dppand the chd/Bmp-4systemhasresulted
in the revival of along forgottenhypothesison the evolutionaryorigin of the
chordatebody plan[3]. ThefamouszoologistGeofroy Saint-Hilairestudied
theanatomyof alobster In steadof looking atit in its normalorientation with

its belly orientedto the table, he turnedit upsidedown. In this orientation,
the lobsters anatomystroke him asvery similar to the body plan of a verte-
brate: a dorsalnene cord, underlainby a gut, lined by two lateral“rows” of

segmentednusclegFig. 3.1). This obsenationmadehim to hypothesisghat
thedorsarentralaxisof the“articulata” is thesameasin “vertebrata”although
it is inverted.
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Muscle

Gut Heart

Figure 3.1: The drawing of Saint-Hilaire, shaving that the orderingof the
centralnenous system,the muscles,the digestie tract and the heartin the
lobsteris the sameasin vertebrates.(Taken with permissionof the authors
from referencd10])

This hypothesishas beenpicked up after the abose describedresultson
dorswventralpatterninghadbeenfound. The dorsallyexpressedyeneof Xeno-
pusinducesaventralfatein Drosophilaandvice versa.This suggestshatthe
ventral part of Xenopuscorrespondso the dorsalpart of Drosophilaandthe
otherway around. Thereforeit was suggestedhatthe dorsorentralaxis was
invertedprior to chordateevolution [3, 52].

3.3 Garstang'shypothesis:an alternativeto dorsoventral in-
version

Althoughmuchof themoleculardatadescribediboveis in favour of dorsoven-
tral inversionhypothesisit hasbeenchallengedy alternatve hypotheses.
The auricularia hypothesisof Garstang[16] was picked up by Lacalli et
al [31, 32] asa lessradicalexplanationfor the inverteddorsosentralpattern-
ing systemin chordates.As a commonancestoifor the deuterostoméhyla
echinodermgseaurchinsandstarfish), enteropneustéhemichordatesacorn
worms)andchordategtunicates|anceletsandvertebratesfzarstangproposed
anancestoresemblinganauricularia type echinodermarva The auricularia
possessea ciliatedring, directly underlainby a nerve cord. This ciliatedring
separatesin aboralandan oral epithelialregion. During the evolution of the
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chordlatebranch,the ciliated ring would shift dorsally and fusein the mid-
dorsalregion. The ciliated ring of the auricularia would be homologousto
thevertebrateeuralridges.Theaboralepithelialfield, internalisedf the neu-
ral ridgesfuse, wereto evolve into the neuralplate. Evidencefor this view
wasfoundin comparatie microscopicanatomystudiesbetweerechinoderms,
hemichordatesaind amphioxus. Ultrastructuralcorrespondencesere found
betweerthe so-calledmultipolar cells— partof thelarval ciliated band— of
thestudiedechinodermandhemichordatespeciesThesemultipolarcellswere
relatedto similar cellsfoundin the Amphioxusienoussystem[32].

Centralto the hypothesisof Lacalli [31] is the fate of the aboralepithelial
field. In protostomesno counterparof the oralfield is presentThebody sur
faceof protostomewould thereforebe completelycoveredwith a homologue
of the aboralfield. The epitheliumin chordateshowever, would be derived
from the oral field. As the ciliated bandshifteddorsallyduring chordateevo-
lution, the aboralfield — the neuralplate now — would fold inwards. In this
way the neuralsideof the aboralfield would be directeddorsallyin chordates,
whereast is directedventrallyin protostomesin contrastthe sideof the ab-
oralfield correspondingo the dorsal regionin protostomesvould correspond
to the ventral part of the aboralfield (the ventral side of 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 eyesthat are found amongmetazoarphyla have long
beenseenasa classicalexampleof corvergentevolution. Basedon a study
ontheultrastructurapropertiesof photoreceptie animalcells,eyeshave been
estimatedo have evolvedindependentlyn forty to sixty-five phyla[51].

Indeedtherearelargedifferencebetweereyetypes.It would be hardlycon-
ceivablethatthecompoundeyesof insectsconsistingof mary smalleyeswith
separatdéensescouldbein ary way relatedto the camerdik e vertebratesye.
Similarly, theeyesof cephalopodandvertebratdave thesameoutsideappear
ance but their developments sodifferentthatthey have long beenthoughtto
be corvergentstructures.

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

Eakin(1979)challengedheargumentf [51] thatphotoreceptiecellswould
have independentlyevolved several timesin an updateof onehis earlier pa-
pers[14]. Eakinarguesthatphotoreceptie cellsarediphyleticin origin. Ac-
cordingto Eakin photoreceptorgan be groupedin rhabdomericand ciliary
types. Rhabdomericpr microvillic photoreceptorsvould be mainly foundin
protostomesndin echinodermsLight sensitve structuressettlein microvil-
lic bendsof the cell membrane. Ciliary photoreceptorsvould be found in
deuterostomewith the exceptionof echinodermgespeciallyseastars)Pho-
toreceptve pigmentswould resideat the baseof thecilium. Theforty to sixty-
five differentphotoreceptotypeswould derive from eitherthe ciliary or the
rhabdomerianotive, by meansof surfaceareaincrease®f the cell membrane.
For example,the membraneutgronth of vertebrataods, consistingof mary
supersededliscoid structuresjs thoughtto derive from a single cilium. As
Eakin putsit: “[...] | am holdingto 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 sensitve organshasrecently
gainedsubstantiabupport.Theidentificationof asinglegenethatappearso be
importantin eye developmenin mary distantlyrelatedspeciesn factsuggests
evenamonophyleticorigin of eye-like organs.

Pax-6,amembeiof aclassof transcriptiorfactorscontainingatleasta paired
box DNA-binding domainandsometimess homeoboxhasbeenshown to be
mutatedn atleastthreevertebrateongenitakye abnormalitiesMice andrats
heterozygougor the small eyesallele (reviewed in [48]) suffer from reduced
eyes. Humansheterozygou$or pax-6mutationssuffer from aniridia,absence
of theiris, or Peters anomaly a congenitalphysicalconnectionbetweenthe
lensandthecornea.

Homozygousnutationsin murinePax-6 arelethalandresultin theabsence
of eyesandnoseandin brainabnormalitied22], suggestinghat Pax-6is im-
portantin the developmentof the prosencephaloriprming noserelatedstruc-
tures,andin the diencephalorandthe eyes. Similar homozygougphenotypes
in humanshave alsobeenreported.

A similarmutantphenotypen thefruit fly Drosophilamelanaasteris known:
eyeless Eyelesanutantsare characterisethy the completeor partial absence
of eyes(reviewedby [23]). Interestingly a Pax-6 orthologuehasbeenshovn
to be affectedin Eyelesgpphenotype$48], suggestinghat Pax-6 mightbeim-
portantin eye developmentin mary differentmetazoarspecies.This view is
supportedy thegreatmary of animalsin Pax-6 orthologueshave beenidenti-
fied[48, 58, 5, 34, 19].

Experimentalesultshave led to theideathatPax-6 might be a “mastercon-
trol” gene,controlling eye developmentin mary species.Usinganingenious
experimentaketupthey wereableto ectopicallyexpressthe Pax-6 orthologue
eyelessin Drosphila Intriguingly the ectopicexpressionof eyelessswitched
oneye developmenin thewing, leg andantennaémaginaldiscs.

Ectopic eye expressionin Drosophilg using the sametechniqueappeared
alsoto be possibleif the murine Pax-6 orthologuesmall eyeswasectopically
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Figure4.1: Ectopiceyesin Drosophila inducedby the ectopicexpressionof
the DrosophilaPax-6 orthologueeyeless Interestingly non-DrosophilaPax-6
orthologuesare alsoableto induceectopiceyesin Drosophila. Amongthese
arePax-6orthologuesrom mouse squidandascidian.(Takenwith permission
of theauthorsfrom referencg23)])
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expressed23]. Additional pax-6 orthologuegthat could induce ectopiceye
expressiorin Drosophilg wereisolatedfrom the squidLoligo opalescen$s9]
andtheascidianPhallusiamammillata[19].

Summarising pax-6is known to be involved in the developmentof verte-
brate,insect,molluscanascidianandnemerteareyes. The pax-6orthologues
of Drosophila mousethe squidLoligo andthe ascidianPhallusiacaninduce
ectopiceyesin Drosophilaimaginaldiscs.

Theseresultshave led to the now widely held view that pax-6 would be
the metazoarfmastercontrol” geneof eye development. Pax-6 would stand
at the top of a cascadeof all the genesinvolved in eye development. The
specificdownstreangeneswvould have changeduring evolution, whereaghe
“switch”, turningon thedownstreamgeneswould have remainedunchanged.

4.3 Pax-6and adaptive eyereduction

How fartheideaof “mastercontrolgene”for eye developmenthaspercolated
in ashorttime into developmentabiology is illustratedby researctwhichwas
conductedy [5] oneyeregressiorin theblind cave dwellerAstynaxXasciatus

AstynaXasciatusasmallMexicanfreshwaterfish, hasseveralcave dwelling
populationghat mostprobablyhave split off during the pleistoceneln some
of thesepopulationseyeshave degeneratedwhereaghe norvisualsensesre
very well developed(Fig. 4.2) (reviewed[61]).

Froma certaindevelopmentaktageonwards,eye developmenin cave Asty-
naxeyesseemso bearrestedThecave form’s pigmentepitheliumis lesswell
developedthanthe surfaceform’s pigmentepithelium. Moreover, the produc-
tion of crystallinin the lensfibersis stronglyreducedin the cave form. As
it will be discussedelaw, crystallinsare animportantdownstreanmtarget of
Pax-6.

Sinceeye reductionin Astynaxresemblesn a way the mild eye anomalies
that occurin heterozygoudax-6 mutants,Behreng[5] hypothesisedhat in
the evolution of the cave forms of Astynaxrelative to the surfaceforms, the
expressiorof Pax-6 might have beenlost, or at leastaltered.

Their resultsclearly shaved thatthis is not the case. The predictedprotein
sequencesf the Pax-6 geneof the cave dwelling and of the surfaceAstynax
areidentical. Moreover, the Pax-6 proteinof Astynaxwas98%identicalto the
zebrafishs (Brachydaniorerio) Pax-6. This suggestshatthereis no difference
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in activity of the Pax-6 proteinbetweercave andsurfaceforms. Secondlyno

differencesn the expressionof Pax-6 in the developing eye and brain were
obsened. It wassuggestedhat an inability of Pax-6to bind to downstream
targetsdueto alternatve splicing could have causedhe cave phenotypgthe

causeof ahumancongenitakye diseasg15]. Nonethelesshegenerabicture
seemgo bethat Pax-6 functionsperfectlynormalin the studiedcave popula-
tionsof Astyanax

This negative resultis not surprising.The studyof murinehomozygousnu-
tantsof small eyessuggestshat Pax-6 playsa crucialrole in vertebratesnot
only in the developmentof eyes,but alsoin the developmentof the olfactory
organandpartof the centralnernoussystem[22. Thereforejt is likely thatan
alteredPax-6 expressionwill not only affect the eyes, but alsothe non-visual
sense@ndthe centralnenoussystem.Astyanaxcave forms even have better
non-visualsenseshantheir epigearconspecific$61]!

It would be hardto believe thatin thelittle time the Astyanaxcave forms
have evolved(sincethe pleistocene)sucha basictranscriptionfactorcould be
discardedwhereadt seemgo have persistedall over the metazoartaxasince
the precambrium. To say it in an “adaptionist”way: evolution could have
choserasaferwayto getrid of theeyes.

Crossedbetweercaveandepigearforms,thatresultedn phenotypesanging
from completelyreducedo nearlynormaleyesin the F», led to theassumption
thatat leastsix loci would be responsibldor the “eyeless”phenotype.lt has
beenarguedthat theseloci would more likely containregulatory genesthan
structuralgenessincemostof the component®f thearedevelopedin thecave
form (reviewedin [5]).

However, onecouldalsoarguethatit is morelikely thatthe expressiorof a
numberof structuralgenesis affectedduring eye reduction. First, therisk of
epistaticeffects, like the reductionof the olfactorysensesn the caseof Pax-
6, would be muchlower for mutationsin the regulationof downstreangenes.
Secondthis scenariovould be morelik ely whenthinking of the “selectional
adwantages”an organismwould get from the reductionof an unusedorgan.
Severaladwantagesvould befeasible.Onecouldthink of theenegeticadwvan-
tageof not having to waistunusedproteins,or of freeingthe “brain capacity”
normally allocatedby the visual systemfor other(sensory¥unctions.In both
of thesescenario®necouldimagineseveral “safe” mutationaleventsknock-
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Figure 4.2: Epigean(a) and cave-dwelling (b) forms of Astyanaxfasciatus

Someauthorshave hypothesised[5]) that the absenceof eyesin the cave-

dwellingform of Astyanaxmighthave beencausedy amutationin Pax-6(see

text). (Takenwithout permissiorfrom referencd61])
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ing out the productionof a proteininvolvedin eye development.For example,
| would suggesthatthelossof a neuralcellularadhesiommolecule(NCAM)

involvedin connectingneuronsof the optical nerve to the visual cortex could
resultin the abortionof the differentiationof photoreceptocells (reviewedin

[5]). This processwvould be similar to the deathof neuralcells not beingable
to make ary synapseso otherneuronssuchasit occursin the developmenbf
thebrain.

A candidatédor thefirst scenariojn which the synthesisof a costly protein
is suppressedyould be the inhibition of crystallin synthesis.Crystallinsare
importantproteingpresentn theeye lenseof mary vertebratendinvertebrate
species.They areimportantdowvnstreamgenesof Pax-6 [59, 9] andwill be
discussedn moredetaillater.

In the lenscells of the cave dwelling Astyanax no crystallinsare synthe-
sised[5]. One could explain this by loss of function mutationsin crystallin
promotors(seefor instance[58]). The lossof crystallin synthesismight be
enegeticallyfavourableandcouldbefollowedby the suppressionf othereye
specificproteins.In this scenaridheeye structuresvould be normallyformed.
I would suggestwo possibilitiesfor the suddenabortionof eye development
thatis obsenedin the cave dwelling Astynax Firstly, the synthesisor nor-
mal binding of animportantsignallingmoleculeneededht this stagecould be
absent.

Secondly in mary developmentalprocessephysicalforces play a major
role. Thedevelopmenif mary anatomicaktructureslik e tendonsonnecting
a muscleto a boneor joints betweentwo bones,is very much dependenbn
the physicalforcesactinguponthem. If theseinteractionsandforceschange
during development,the outcomeof the developmentalprocesscan change
completely For example,in birdsthetibia andfibula arenormally connected
via abory bridge. If thetibia andfibula areseparatedtby a pieceof gold, both
thetibia andthefibuladevelopajoint with thefemur. Thissituationgesembles
that of reptiles. Processesk e this have beensuggestedo play animportant
rolein theevolution of novel morphologicaktructureg43]. It is likely thatthe
exactshapeandstiffnessof several eye structuressuchasthe eye lensor the
vitrial bodyis affectedby thelossof anumberof structuralgenes Withoutthe
shapeandstiffnessof the normaleye, eye developmenimight notcomplete.

Concluding,careshouldbe taken with the ideaof a “mastercontrolgene”.
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Pax-6is certainlyvery importantin eye development. For, absencef Pax-6
resultsin severeeye abnormalities.But, asillustratedabove, it is dangerous
to turn this obsenationaroundandto suggesthatwhereeyesareabsentPax-

6 will be absent.First, Pax-6 is too importantin the developmentof a large
part of the central neural system(eye+diencephalonnose+prosencephalon)
to be missed,evenin a blind species. Second,in a developmentalprocess,
mary genesstructuresandprocessesvork andfit together Thelossof ary of
thesemary genesandprocessesight completelyor slightly disturbthe final
structure.A numberof transcriptionfactorsthat could competefor a position

in the“mastercommittee”aredescribecelow.

4.4 The "master committee” of eye development

“[..] Theall-powerful mastercontrollermaybe[...] amemberof acommittee
[...]" [50]. The positionof Pax-6 asthe “mastercontrolgene”is challenged
from severalsides.In this sectionseveraltranscriptionfactors playinga simi-
lar role in eye developmentasPax-6, arediscussed.

Apartfrom Pax-6, mary transcriptionfactorsareknown to play arolein eye
development. An exhaustve list of transcriptionfactorsexpressedn the de-
velopingmurineeye is givenin [9]. Anotherhomeoboxgenehasbeenfound
that may have conseredits role in eye developmentsincethe last common
ancestonf insectsandvertebrate. This geneis Six-3 the third identifiedver
tebrateorthologueof Drosophilasine oculis [46]. Six-3and sine oculis be-
long to a subclas®f homeoboxcontainingtranscriptionfactors,characterised
by the so-calledsix-domain,a highly consered aminoacid sequence&lomain
flanking the homeobox. Null mutantsof sine oculis are characterisedby the
completelack of the visual system[8], suggestinghatit is requiredfor eye
development . Six-3is expressednteriorin the neuralplateandits derivatives.
Importantly it is alsoexpressedn theventralpartof thediencephalorithepart
of the brain from which the optic vesicles'sprout”), in the optic vesiclesand
in the olfactory placodes. The expressionpatternof Six-3resembleghat of
Pax-6, suggestinghatit couldplay arelatedrolein eye developmentpr thatit
may interactwith it [46]. However, no experimentalresultshave beenableto
find any regulatoryinteractionshetweerthe two transcriptionfactors.Six-3is
expressedhormallyin small-e/e mutantgmice defective of Pax-6). Thiscould
meanthatit Six-3actscompletelyindependentf Pax-6, butit couldalsomean
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thatPax-6is actingdownstreanof Six-3

The actualregulatoryinteractionsbetweenSix-3and Pax-6 still wait for in-
vestigation,but what can be concludedis that “any geneticelementthat can
becomecritical canbe seenasa ‘masterregulator”, asit wasposedby Kevin
Mosesin [50].

Thepositionof Pax-6is severelychallengedy anothemgenethatcaninduce
ectopicexpressionof eyesin Drosophila dachshund (dad) [36] Dachshund
is amutationbothaffectingthelegsandthe placemenbf theommatidiain the
compounceye[3§. Althoughtheknock-outphenotypeof dachshunddoesnot
affecteye developmentissevereaseyelessioes overexpressiorof Dachshund
usingthesamemethodasin theoverexpressiorof eyelessinducesectopiceyes
in antennabiscsin 20% of the casesandlessfrequentlyin leg andwing discs
[54]. Theseresultscould meanthat dachshundis inducedof Pax-6 andthus
is positionedlower in possibleregulatoryhierarchy Several obsenationsare
consistentvith thisidea.First, dachshunds expressedctopicallyif eyelesds
ectopicallyexpressedSecondgectopiceyelesexpressiordoesnotresultin ec-
topiceyesin null-mutantsof dachshund This suggestsyelesgositively regu-
latesdachshundandthatdachshunds operatingdownstreanof eyeless How-
ever, this appearshot to bethe case.Eyelesss expressedn someof the cells
of the eyesinducedby ectotopicdachshundexpressionwhereaslachshunds
expressedn all thecellsexpressingeyeless This suggestshatdachshundand
eyelessarein a positive feedbackoop. They may have evolvedtogetherand
cooperatén the “mastercommittee”of eye development.

Summarisingtherole of Pax-6 asa “mastercontrolgene”is severely chal-
lenged. Firstly, alternatve “consened” transcriptionfactors,essentiain eye
developmentin both insectsandvertebratesre beingdiscovered. For exam-
ple, of Drosophilasineoculisthe murineorthologueSix-3hasbeenidentified.
Although the exact role Six-3andsine oculisin eye developmentstill needs
muchinvestigationthe evidenceatthemomentsuggestémaster’role for Six-
3. Secondlytherole of Pax-6is challengedy theidentificationof dachshund
dachshundandeyelesamight bein a positive feedbacKoop, facilitating each

1[50] shortly mentionsthatin Gehrings lab, a second‘challenge”to eyeless twin-of-geless
(toy) would have beencloned. toy would shav even more sequencénomologyto murine Pax-
6 thaneyeless Until the time of this writing however, cloning of twin-of-g/elessseemsto have
remainedunreported.For a discussioron twin of eyelessalsolistento Gehrings talk at the 13th
InternationalCongres®f DevelopmentaBiology [17]
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othar’s synthesis. Thus, the picture emeging from the presentexperimental
evidencesuggests role for Pax-6 asa “committee” member a network of
transcriptionfactorsregulatingeye development.

4.5 Ectopic expressionof Pax-6 in vertebrates

If Pax-6would really desere to be calledthe memberof a universal“master
control genecommittee” of eye development,Pax-6 should also be able to
induce ectopiceyesin other speciesthan Drosophila Recently the first of
suchexperimentswere conducted. It was testedwhetherectopicexpression
of Pax-6 would resultin the developmentof ectopiceyesin the frog Xenopus
laevis. First,aXenopudPax-6 homologwasisolated[25]. This Pax-6homolog
appeargo be expressedn neuralcells contributing to the eye, andto partsof
theforebrain hindbrainandspinalcord. This expressiorpatternresembleshat
of othervertebrates.

In this study early misexpressionof Pax-6in Xenopusmbryosresultedin
axis defects,but no eye structureswere obsened. If the expressionpattern
of Pax-6 waschangedsuchthatexpressionin the presumptie eye fieldswas
reducedno eye wereformed. Hence,althoughPax-6 is necessaryor the de-
velopmentof eyes, Pax-6 aloneseemechot to be sufficient to induceeyesin
Xenopus

However, in a secondstudy Pax-6wasoverexpressedn early Xenopusem-
bryosby injectingthe mRNA of Pax-6in thetwo cell stageembryo[2]. This
operationresultedn the ectopicdevelopmentof eye lensesn mary embryos.
This eye developmentoccuredin a cell autonomousvay. In otherwords,all
the extra lenstissuewasderived from the cell in which the Pax-6 mRNA 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-6seemdo beinvolvedin eye developmentn virtual all theanimalphyla.
Even, Pax-6 homologsof onespeciesansometimesnduceeyesin an other
speciesasdiscusse@bore.

At thesametime, however, we have to be prudentwith theterminology Pax-
6 is certainlynot the “mastercontrol gene”of eye development.As discussed
aborve, mary othergeneshave beenfound,and,probablywill befound,in the
sameway impairing eye developmentf their expressioris suppressedndin
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inducingeye developmentf 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 Robertisand Sasaiproposeda com-
monancestoto the arthropodsandthe vertebrate$52]. This commonances-
tor would have anteroposteriopolarity, regulatedby the Hox genecomplexes
(discussedh chapter?). It would have dorsarentralpolarity, determinedy the
sag/chd anddpp/BMP-4dorsorentralpatterningsystemgdiscussedn chapter
3). It would alsohave a subepidermaCNS, which is supportecby the pres-
enceof the conseredaxon-findingmoleculenetrin-1 (undiscussetiere). The
Urbilateralianwould have simple photoreceptorssupporteddy the consered
eye inducingfunctionof Pax-6 (discussedn chapter). Finally, the Urbilater
alianwasproposedo haveacirculatorysystenwith acontractve bloodvessel.
Thisis supportedy thefinding of vertebraterthologuesf two transcription
factorsinvolvedin thedevelopmenbf the Drosophila contractive vessel.

The Urbilateralianhypothesishas beenupdatedtwice [30, 11] to include
evidencefor asegmentedJrbilateralia. Thefirst updateappeareafterthedis-
covery of hairy in thefirst vertebrateorthologueof a pair ruled geneinvolved
in sggmentation.The secondupdatefollowed the discovery of an orthologue
of engriled, involvedin sggmentatiorin the cephalochordatdmphioxus

Although the datasupportingthe ideaof a complex bilateralianancestoiof
the protostomeandthe deuterostomédineageis becomingmoreand corvinc-
ing, careshouldbe takennot be corvincedto early. In this paper threeof the
argumentssupportthe Urbilateraliatheoryhave beenchallenged.

The Hox genesthatpatterncomparablgositionsin vertebratesindinsects,
are all presentin the Onycophom, but the Ubx/Abd-Bgenesare only ex-
pressedn a small posteriordomain. Onychophoraare believedto be a sister
phylum of the arthropoda. To explain the fact that the Hox genesin Ony-
chophoia have suchunusualexpressiordomains fwo alternatve explanations
would be possible. First, the expressionof the Ubx/Abd-Aclustermay have
beenshiftedto theterminusof the OnyhophoiasecondarilyAlternatively, the
analogousexpressiondomainsof the Hox genesin vertebratesandin arthro-
podsmaybe“semi-coincidental”.By this | meanthatthe similarity in expres-
sion may not be causedby descenfrom a commonbilateralancestarbut it
may be the resultof a lessdirect causeinstead. As suchan indirect causel
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would proposethe colinearityof the Hox-cluster The Hox genesareplacedin
the samesequencén the DNA astheir expressionrdomainson the anteropos-
terior accessThis colinearity of the Hox-clusteris very well consered (until
now only Drosophilaand Caenorhabditisare minor exceptionsto this rule),
suggestinghatit hasanimportantfunctionin development40]. It would be
feasiblethat a colinear clusterof Hox genesin an non-bilateralianancestar
would resultin the developmentof two bilateralianlineagesn which the Hox
genesare expressedn the colinearsequence.This proposalis supportedby
the presencef Hox-clustergenesn Hydra, a memberof the cnidariansthat
is widely believedto be primitively radialsymmetric.

A secondchallengeto the Urbilateraliahypothesisconcernsthe notion of
Pax-6orthologuen thecommorbilaterialianancestarAlthoughPax-6is more
andmorepushedn a role asa geneinvolvedin eye development(seechap-
ter4), it shouldnotremainunnotecthatis in factexpressedalsoin theanterior
centralneuralsystemaswell asin theanteriomon-visuakensonstructuresit
would hencebe possiblethat Pax-6 hasbheenimportantin all kinds of sensory
systemsdn a radial symmetricancestorf the protostomesand the deuteros-
tomes.

Consideringtheseobjectionsto the Urbilateraliatheory of Sasaiet al., it
shouldbe marked astoo preliminary for the moment. Evolutionary scenar
ios canbe thoughtup by which the protostomesndthe deuterostomewould
evolve from acommon primitively radialancestar

5.2 The extended“zootype”

Thedatacouldsupportanextensionof the zootypetheoryof Slackandothers.
Slack proposedan abstractnotion of the encodingof relative positionin the
embryoby the Hox-clustergenes.Every animal phylum studieduntil thustr
seemedo containacommonsetof Hox-genes. This abstracpositioningsys-
temis considerecdh definingcharacteror synapomorphyof the animalking-
dom, andit wasthereforecalledthe “zootype” (Fig. 5.1). Additionally it was
proposedhatthe zootypicstagewasvisible at the so calledphylotypicstage.
Slackproposedalreadythat otherpatterninggenescould beincorporatedn

1Recentlya Cnidarianhasbeentested andshovn to lack someof the Hox-geneghatarepart
of this “zootype”-cluste[37]
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Figure5.1: Slackandothersproposedhe“zootype” asthe synapomorphythe
definingcharacteiof the animalkingdom. They arguedthatin all the animal
phylainvestigatedintil now, the samesetof Hox-geneds present.Moreover,
theseHox-genesareexpressedn the sameanteroposterioorder (Takenwith-
out permissiorfrom referenceg56])

the zootypeaswell. | suggesthatthe following genescould be addedto the
zootype,provided that additionalevidencesupportshe ubiquity of thesepat-
terninggenesn the animalkingdom. (1) Dpp/Bmp-4andsag/chd, patterning
the axis perpendiculato the relative axis patternecoy Hox genes.(2) Genes
positioningsensorysystemssuchasPax-6. (3) Genesxpressedtalternating
positionsin sggmentlik e structures(4) Genegelatedto a circulatorysystem.



6 Regulatory evolution: rewiring the network.

6.1 Intr oduction

Evolution haslong beenseenasa processn which novel geneswould gradu-
ally evolve, addingmore andmore propertiesto the evolving organismsand
graduallychangingexisting structures. For exampleLewis hypothesisedhe
evolution of a “wing suppressinggene” and a “haltere promotinggene”in
Drosophila(reviewedin [6]).

Almost20yearsafter‘[Lewis’] landmark1978review” [6] thepictureseems
to bedifferent. Leg-suppressingenesandhalterepromotinggeneshave been
isolatedUbx/Abd-AandBc-xrespectiely), butthey arepresentn four-winged
insectsandmillipedesalike [6]. They have evenbeenfoundin Hydra [56]. It
would be hardly concevablethat Ubx and Abd-Awould be a “leg-suppressing
gene”in Hydra, let alonethatbithoraxwould have a “halterepromoting”func-
tion.

Henceit is clearthatin insectsno leg-suppressingenesandthatin diptera
no “halterepromotinggenes’evolved, at leastasfar asUbx/Abd-Aandbitho-
rax areconcerned.But thenwhat did evolve? More and more experimental
evidencesupportsthe idea that much of the evolution doesnot involve the
acquisitionof new genesbut the acquisitionof new regulativeinteractionsbe-
tweengenesaprocesd call “regulative rewiring” here.

Having discussedheconcepbf the“zootype”[56] in the precedingsection,
| proposeheretwo kindsof regulative rewiring. First, rewiring upstreanto the
genesbelongingto the zootyperesultsin the changeof the patternof expres-
sionof positioninggenessuchasthe Hox-genes Secondpnecandistinguish
rewirings downstreamto the positioningcomplemenbf genes.In regulative
change®f thiskind, thepatternof positioninggenegemainshesame put the
exactstructuresievelopingat the positionschange.

So,upsteamregulative rewiring changgpositionalvalues.or “segmentiden-
tities”. After downsteamrewiring the positionalvaluesremainunchangedut
theactualstructuredevelopingat this positionis altered.

Concerningregulative rewiring, several questionscanbe asled. First, are
thereexamplesknown of upstreananddownstreanregulative rewirings? Sec-
ond, how do regulative rewirings evolve, andin conjunctionto this point, is
this indeed“easier”modeof evolution thanevolution of new genes?Third, it
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will bediscussedvhatwill betheeffectof regulative rewiring on evolutionary
dynamics Finally, it will be discussedvhatthe conceptof regulative rewiring
meandor the notionof geneticinformationcontent.

6.2 Examplesof regulatory rewiring

Severalexamplesareknown of regulative changeslownstreanto the “phylo-
typic” positioninggenes.In Drosophilathe expressiornof Distall-less a gene
thatis crucial for the developmentof legs, is suppressetdy Ubx and Abd-A?
[60]

However, Distall-lessis not suppresseth the domainof Ubx and Abd-Ain
centipedeandOnychophorangArthropodrelatedanimalswith non-articulating
legs) suggestinghat the repressiorof Distall-lessby Ubx and Abd-Ain the
limblessabdomerof insectsevolvedonly in theinsectlineage.

A beautifulexampleof whatcould be called“upstreamregulative rewiring”
is theexampleof “expression-domaishifting” discussedh section2.2. These
examplesshaved thatin the evolution of arthropodsandin vertebrateavolu-
tion sggmentsmay have changedheir identitiesas a resultof a shift in the
expressiordomainof Hox genes Similar processesouldbefeasiblefor other
transcriptiorfactors.For example,achangean the expressiordomainof Pax-6
might recruitmoreneuro-structuredevotedto sensingunctions.

6.3 Evolution of newregulatory interactions

An importantquestionconcernedvith the evolutionarymechanisnof regula-
tive rewiring is how new regulative interactionsevolve. Again, this question
falls apartin roughly two questions:(i) How do new downstreamtargetsof

Hox genesavolve? (i) How canthe expressiondomainsof “zootypic” genes
be changed? needto stresgthatthis distinctionis highly artificial andthatit

only makessensén thelight of the“zootype”, discussedbove.

1akam [7] stresseshatthe suppressiomf Distall-lessby Ubx and Abd-Ais somavhat more
complicatedhanit is generallyassumedAt acertainstageUbxis expressedogethemwith Distall-
lessin T3. The expressiorof Distall-lessis initiated in an earlierdevelopmentaktage whenUbx
is expressednly in partof T3 but notat the positionof thefutureleg. Later, Ubx s expressedll
over T3, Distall-lessremainsexpressedsit inducestself in anautorgulatoryloop.
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The evolution of new Hox targets

In chapter2 it wasdiscussedhathomeoboxesbind to shortfour-basecorese-
guence®of the DNA. Thereis quite a lot of tolerancefor the actualsequence
surroundingthis core (reviewed by [6]). Little changesn this four-basese-
guencecould easilyresultin changesn affinity to Hox genesor could even
resultin the evolution of a binding site for anotherHox gene. The sequence
surroundinghefour-basecorecould easilymodulatethe bindingspecificityof
differenthomeoboxgenedreviewedin [6]).

Apartfrom theevolutionof new Hox-genebindingsites,onecouldalsothink
of othermechanismaddingor removing downstreamhomeoboxgenecontrol.
Oneof thesemechanismss suggestedby a comparatie studyof the structure
of Hox geneg53]. They found sequencemside but also outsidethe home-
odomainthatwerecharacteristidor a paraloguagroup.

Thefactthatalsoconseredsequencesutsidethe homeodomairarefound,
suggestghat they may have animportantfunction. Sharley and co-workers
[53] suggesthattheseconsereddomainsareevolvedin proteininteractions.
Allosteric regulationmight prohibit Hox-protein—DM\ binding or enhancét.

Upstreamregulative rewiring

Many differentmechanismsreconcevableto changehe expressiordomains
of homeoboxgenes.Akam recentlyestimatedat a conferencehe numberof
genegegulatinghox-genedbetweerseveraltensto seseralthousand®f genes
[1].

Thus, the geneticregulatorycircuit upstreanto a Hox-geneprovidesmary
opportunitiesby which its domainof expressioncould be readily modified.
One of ther mechanismdby which the domainof expressionof a Hox-gene
could be shiftedis suggestedy the differentialinducability of Hox-geneshy
retinoicacids(RA) in Xenopugaevis[13, 47]. Retinoicacidsarerelatedto the
steroidhormones.They areboundby nucleicreceptorsthatbindspairwiseto
the DNA, in thisway influencingthe expressiorof othergenes.

The expressionof Hox-genesis inducedby retinoic acidsin a differential
way. More anteriorexpressedHox-genesare betterRA inducablethanmore
posteriorexpressedHox-geneg13, 47]. In thisway modulationof RA-gradients
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— or at leastinhomogeneou&A-distributions— over the embryocould re-
sultin shiftsof Hox-expressiordomains.Modulationof RA-distribution could
occurfor exampleby inhomogeneoudistribution of proteinsinteractingwith
retinoic acidslike xCRABPsandRA receptordRARs and RXRs). Another
mechanismmight be modulationof RA diffusionby theintracellularpH [41].

Summarisingbodyplansmaybemaodifiedby evolutionaryrewiring of genes.
In the caseof homeoboxgeneswo extremeways of rewiring canbe distin-
guishedupstreamanddownstreanrewiring. DownstreamDNA binding sites
of homeoboxgenesareeasilygainedandlost. Protein-proteinnteractionscan
modulatebinding of homeoboxproteinsto DNA aswell. In the orderof tens
to thousand®f genesmay influencethe expressionof homeoboxgenes.Ex-
pressiondomainsmight be modulatedby distribution of “morphogens” such
asretinoicacids.

Regulativerewiring and evolutionary dynamics

It hasheendiscussedby mary authorshow evolutionarydynamicscanbeinflu-
encedf evolutionis seemasa processvhereregulative pathwaysaremodified,
ratherthanstructuralgenes.Theimportanceof regulatorymutationss stressed
by Wilson (1985)[62] andby Carroll (1995)[6].

Gould(1980)[20] suggestethatthe“bursts”of evolutionarychangethathe
obsenedin the fossil recordmight be explainedas“disruption of regulation”,
“[while] structuralgenesubstitutionsontrolmostsmallscalel...] variation”.

The mechanisnof “punctuatedevolution” asaresultof “disruption of regu-
lation” suggestedby Gould hasrecentlygainedsupportby obsenationsdone
in a paradigmsystemof the evolution of multicellular animalsthat | devel-
opedasa masters projectundersupervisiorof PaulienHogeveg [42]. In this
paradigmsystemthe developmentof simple, oligocellularcreaturess driven
by a simple regulatory network presentin eachcell. During evolution, the
geneticnetworks are mutatedin two ways: individual Booleanfunctionscan
changeandconnectiondetweengenesevolve. The creaturesareselectedor
thenumberof cell typesthey developin theirontogety. Three“types” of genes
evolve: regulatorygenesdownstreangenesandhouseleepinggenes.

Interestingly the evolution shavs metastablédehaiour. Periodsof stasisjn
which a characteristidype of developmentprevails, are intermittedby short
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periodsof changen which the populationis taken over by “animals” exhibit-
ing a new type of development.We have beenableto track down these'key
innovations” on changedn the “regulatory feedbackioops”. Small changes
in the ontogely canbe tracked down to changesddownstreanto the “regula-
tory feedbackioops”. The changesn regulatory partsof the network result
in new response®f the cells to inducing signals. Thesenew responsegan
resultin fundamentathangesn the developmentaprogramof the organisms.
Downstreamchangeson the other handresultin slight modificationsor im-
provementsof the outcomeof the developmentalprogram,while the actual
developmentaprogramremainsessentiallythe same.

Geneticinformation and regulative rewiring

The informationcontentof a DNA moleculeis often assumedo be equalto
its length,i.e. the numberof base®f the molecule.For example,the concept
of the “information threshold”statesthat thereis a maximumamountof in-
formationa replicatingRNA moleculecancontainexpressedn the lengthof
thismolecule.Thisamountof informationdepend®nthe mutationrateduring
replication(an excellentdiscussioron the “information threshold”is givenin
[38)).

However, onecouldsaythattheamountof informationstoredin agenomes
notonly dependenbn the numberof basepairsby whichit is coded but also
onthecompleity of theinteractionstructurebetweerthegenes.Thiscertainly
truefor “epigenetic”’information,theinformationthatis built up duringdevel-
opmentalprocessA genomen whichthe genesdo notinteractcanonly have
a single patternof geneexpression.If the connectvity of the genomeslowly
increasesmore and more epigeneticstatesare possible,while for very high
connectvity the system“percolates’and different epigeneticstates‘merge”
(seefor instancaeference[2].

Onecould extendthe notion of epigenetidnformationandconsiderthe po-
tential of geneticnetwork to build up epigeneticinformation as part of the
information contentof a genome. In otherwords,a genomecapableof “re-
membering”ten possibleepigeneticstateshasa higher information content
thana genomecodedby a DNA string of the samelengththatis capableof
storingonly oneepigeneticstate.
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This ideais nicely illustrated by the paradigmsystemof the evolution of
multicellular developmentwhich was shortly describedabose. The genetic
network of thesecreaturegonsistof a Booleannetwork of 24 nodespr genes
Eachof thesegenegyetstwo inputs(regulatoryinteractiong from othernodes.
Thesenumbersdo not changeover evolutionarytime. However, the number
of epigeneticstatesor “cell types”thatthe organismsdrivenby the networks,
developincreasesluringevolution. Althoughthe“length” of thegenomedoes
notincreasatall, | would still saythattheinformationcontentof thegenome
increasegluring the evolutionary processbecausehe numberof epigenetic
stateghe networkscanattainincreases.

6.4 Regulatory rewiring: a source of variation

For along time, the evolutionaryprocesshasbeenseenasa processn which
variationis generatedy the recombinationand randommutationof genes,
eachof thesegeneamoreor lessdirectly codingfor atrait of theanimal.

Now, thepictureof evolutionaryprocessemayhave beenchangedLooking
atanimalgenomedor an developmentabiological point of view, it seemsas
if they areall built up from the sameelements.Regulatoryfactorsoften have
the samefunctionsin animalsthat are separatedby a troughonly bridgedby
morethan500million yearsof evolution. Evolution might be a processf the
gradualchangeof connectiondetweenexisting elementsmorethanjust the
procesof gradualchangeof the geneticunitsthemseles. Note however, that
thisdoesnotwithstandthefactthatthe changeof thesegeneticunitsis avitally
importantprocessaswell.

This doesnt make the evolutionary procesdessDarwinian, though. The
picturehaschangednotonthelevel of theselectiorandfixation of new genetic
traits,but moreover, on the sourceof the variationon which selectioncanact.
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