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Introduction
Insectsaccountforthreequartersofallanimal

species,andmorethan９９percentofthemareofthe
wing-acquiredtypeorthePterygota.Theevolutionof
insectsorpterygotes,whichhaveattainedspectacular
diversityandradiation,isaninterestingsubject.

Thephylogenyofthebasalcladesofpterygotes
remainscontroversial.Threephylogeneticalhypotheses
havebeenproposedconcerningtheinterrelationships
between the major pterygote groups,i.e.,the
Ephemeroptera,theOdonata,andtheNeoptera.Hennig
(１９５３,１９６９)frommorphologicalevidenceandRohden-
dorfetal.(１９６２)basedonpaleontologysupportedthe
phylogeny[Palaeoptera(=Ephemeroptera+Odonata)
+ Neoptera].Kristensen(１９７５,１９９１)mainlyfrom
morphologicalevidenceandWheelerandCarpenter
(１９９６)fromanoverallanalysissupportedthephylogeny
[Ephemeroptera+ (Odonata+ Neoptera)].Lemche
(１９４０) and Matsuda (１９８１) through studies of
comparativemorphology,andBoudreaux(１９７９)basedon
functionalmorphologicalevidenceandthedevelopment
ofwingbudssupportedthephylogeny[Odonata+
(Ephemeroptera+ Neoptera)].Recently,arangeof
molecularphylogeneticalapproacheshavebeenadopted
tofurtherexaminethisproblem.However,solutionsto
the“Palaeoptera”or“Metapterygota”problem remain
controversial(Wheeleretal.,２００１;Hovmölleretal.,

２００２;OgdenandWhiting,２００３;Kjer,２００４;Regieretal.,
２００５;TerryandWhiting,２００５;Kjeretal.,２００６;Mallat
andGiribet,２００６).Thus,thestudyofEphemeroptera
appearstobecriticaltoattemptstoelucidatethevarious
evolutionarytransitionsandchangestothebasicbody
planandthegroundplanofmorphogenesisininsectsor
pterygotesandtoreconstructtheirphylogeny.

Acomparativeembryologicalapproachisusefulfor
understandingthegroundplan,elucidatingtheevolution-
arytransitionofthebodyplan,andspeculatingon
phylogeny.DespiteanumberofstudiessuchasJoly
(１８７６),Heymons(１８９６a,b,c),Murphy(１９２２),Andoand
Kawana(１９５６),Wolf(１９６０),Bohle(１９６９)andTsuiand
Peters(１９７４),ephemeropteranembryologyisstillnot
wellunderstood.Ihavebeenconductingacomparative
embryologicalstudy ofthe Ephemeroptera,using
severalspeciesasmaterials:primarilytheephemerid
mayflyEphemerajaponica(e.g.,TojoandMachida,１９９６,
１９９７a,b,１９９８a,b,２００１,２００３;MiyairiandTojo,２００７).

Inthispaper,basedoncomparativeembryological
studies,Iwilldiscusstheevolutionarytransitionsofthe
bodyplanandgroundplanofembryogenesisofinsectsor
pterygotes,soastore-examinethepterygotephylogeny,
withspecialreferencetotheaffinityofthethreemajor
pterygotegroups,theEphemeroptera,Odonataand
Neoptera.
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Abstract
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Re-evaluationofembryologicalcharacters
Thefollowing１３embryologicalcharacterswere

usedtoelucidatethephylogenyofbasalcladesofthe
Insecta,andtherelationshipsbetweenEphemeroptera,
OdonataandNeoptera:[１]theamnioserosalfold,[２]the
germbandtype,[３]thecleavagetype,[４]theeggtooth,
[５]theformationofmidgutepithelium,[６]themodeof
embryonicinvagination,[７]theformationofproctodae-
um,[８]themicropyle,[９]theformationofgerm
rudiment,[１０]theformationofclypeolabralrudiment,
[１１]thedevelopmentofhypopharynx,[１２]thecaudal
filament,and[１３]theexitestructuresonthoracic
appendicularbases.

[１]Theamnioserosalfold
Inmyriapodsandentognathaninsects,theembry-

onicmembraneisrepresentedbytheserosa,andneither
theamnionnortheamnioserosalfoldisdeveloped.
ThesestructuresfirstappearedintheEctognatha
[=Archaeognatha + Dicondylia (= Zygentoma +
Pterygota)]asanautapomorphy(cf.Machidaetal.,１９９４,
２００２;MachidaandAndo,１９９８;MasumotoandMachida,
２００６).

In the Dicondylia,the amnioserosalfold is
completely fused,forming the amnioserosalfold-
amnioticcavity,whichhadbeenconsideredanautapomor-
phyofthegroup.Theamnioserosalfoldwasinheritedby
the archaeognathan and dicondylian (including the
Ephemeroptera)lineagesasasynapomorphy,andinthe
latterittransformeditselfintotheamnioserosalfold-
amnioticcavitysystem.

Astothefunctionofthissystem,certainmechanical
advantages,suchasprotectionoftheembryo,havebeen
assumed(Sharov,１９６６;Ando,１９７０,１９８８;Zehetal.,
１９８９),butnothingdefiniteisknown(cf.Anderson,
１９７２a).However,Machidaetal.(１９９４,２００２)and
MachidaandAndo(１９９８)haveextendeddiscussionon
thefunctionalroleoftheamnioserosalfold,basedon
theevolutionarytransitionoffunctionalspecialization
betweentheembryoproperandembryonicmembranes
in the Atelocerata (= Myriapoda+ Insecta)or
Pancrustacea(=Crustacea+Insecta).Theyconcluded
thatthefoldwasacquiredduringtheevolutionofinsects
inordertosecretetheserosalcuticlebeneaththe
embryo,afunctionbeinglostinthecourseofatelocerate
orpancrustaceanevolution.Ithasbeenconfirmedthatin
theephemeropteranEphemerajaponica,theserosal
cuticleisnotsecreteduntilthecompletionofanatrepsis;
thatis,untiltheembryoisventrallycoveredbythe
amnioserosalfoldandtheentiresurfaceoftheeggis
occupiedbytheserosa(Figs.１,２;TojoandMachida,
１９９７a,２００１).Thismaysupporttheassumptionof
Machidaetal.(１９９４,２００２)andMachidaandAndo(１９９８)
thattheprincipalfunctionalroleoftheamnioserosalfold
andtheamnioserosalfold-amnioticcavitysysteminits

advancedformliesinthesecretionoftheserosalcuticle
beneaththeembryo.

Traits１and１’infigure１２refertotheamnioserosal
foldandtheamnioserosalfold-amnioticcavitysystem,
respectively.

[２]Thegermbandtype
TheembryoofEphemeropteracanbecategorized

asatypicalshortgermbandtype,characterizedbythe
sequentialproliferationofsegmentsanteriortoposterior
(cf.Krause,１９３９)[e.g.,baetidsBaetisrhodaniandBaetis
vernus(Bohle,１９６９);ephemeridsEphemerastrigata
(AndoandKawana,１９５６)andEphemerajaponica(Fig.１;
TojoandMachida,１９９７a,b,１９９８a,b);polymitarcyids
Tortopusincertus(TsuiandPeters,１９７４),Ephoronshigae
andEphoroneophilum (TojoandSekiné,unpublished
data)].

Thegermrudimentoftheshortgermbandtype
firstappearedintheArchaeognatha(Machida,１９８１)
andwasinheritedbythedicondylianlineage[e.g.,
odonates Epiophlebia superstes (Ando,１９６２) and
Euphaeayayeyamana(Suzukietal.,２００８);plecopteran
Kamimuriatibialis(KishimotoandAndo,１９８５);higher
orderssuchasparaneopterans(Anderson,１９７２a)].It
mayberegardedasanautapomorphyofEctognatha(cf.
Sander,１９８４).
Traits２infigure１２representstheshortgermband

type.
Appendix:Inthehigherneopterans,thegermtypeis
transformedintothelongform,whichisrecognizedas
anapomorphy(shownby２’;cf.Krause,１９３９).

[３]Thecleavagetype
Cleavageisfundamentallyholoblasticinarthropods,

andtotalcleavageispredominantinprimitiveinsects,at
leastintheinitialstage[e.g.,proturanBaculentulus
densus(FukuiandMachida,２００６);collembolansIsotoma
cinerea (Philiptschenko,１９１２)and Tetrodontophora
bielanensis(Jura,１９６５);archaeognathan Pedetontus
unimaculatus(Machidaetal.,１９９０)].Thefertilizedeggs
oftheephemeridmayflyEphemerajaponica(Fig.１;Tojo
andMachida,１９９８a,b)andthepolymitarcyidmayfly
EphoronshigaeandEphoroneophilum(TojoandSekiné,
unpublisheddata),however,undergoatypicalsuperficial
cleavage,whichischaracteristicofdicondylianinsects
(Johannsen and Butt,１９４１;Sharov,１９６６).The
superficialcleavageininsectsisrecognizedasan
autapomorphyofDicondylia(cf.Machidaetal.,１９９０).

Traits３and３’in figure１２indicate totaland
superficialcleavage,respectively.

[４]Theeggtooth
InthefinalembryonicstageofEphemeroptera,the

larvalcuticleissecretedbeneaththeembryoniccuticle,
andasclerotizedeggtoothappearsinthefrontal

４４ K.TOJO
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Fig.１ SuccessivestagesofembryonicdevelopmentintheephemeridmayflyEphemerajaponica.Lateralviews.A.Stage１(eggcleavage).B.
Stage２(blastdermformation).C.Stage３(germdiscformation).D,D’.Early(D)andlate(D’)stage４(pear-shapedembryo).E,E’.Early(E)
andlate(E’)stage５(startofinvaginationofgermband).F,F’.Early(F)andlate(F’)stage６(S-shapedembryo).G.Stage７(longest
embryo).H.Stage８(segmentationofembryo).I.Stage９(proctodaeumformation).J.Stage１０(revolution).K.Stage１１(postrevolutionI).
L.Stage１２(postrevolutionII).M.Stage１３(postrevolutionIII).
AbS４,１０,１１:fourth,tenth,and１１thabdominalsegments,Am:amnion,An:antenna,BdC:blastodermcell,CE:compoudeye,Ce:cercus,
CF:caudalfilament,CN:cleavagenucleus,ET:eggtooth,GD:germdisc,HL:headlobe,Lb:labium,Md:mandible,Mx:maxilla,Oc:ocellus,
Pc:protocephalon,Po:protocorm,PsAm:presumptiveamnion,SDO:secondarydorsalorgan,Se:serosa,ThL１:proleg,Y:yolk,I–IV:
abdominalregionsI–IV.Bar=５０µm.



region[e.g.,siphlonuridSiphlonuruslacustris,hepta-
geniidsHeptageniasulphureaandHeptagenialateralis
(Degrange,１９６０);polymitarcyidTortopusincertus(Tsui
andPeters,１９７４);ephemeridEphemerajaponica(Fig.５;
Tojo,１９９９)].

Theeggtoothisnotfoundinentognathaninsects
andarchaeognathans(cf.Jura,１９７２;Machida,１９８１),but
ispresentinthezygentomans(cf.Sharov,１９５３).Thusit
canberecognizedasanautapomorphyofthedicondylian
lineage(cf.Sharov,１９６６;AndoandKobayashi,１９９６).
Traits４and４’infigure１２indicatetheabsenceand

presenceofaneggtooth,respectively.

[５]Formationofthemidgutepithelium
Themidgutepitheliumisexclusivelyderivedfrom

yolkcellsinapterygotesotherthanthedicondylian

apterygoteZygentoma,i.e.,theCollembola(Uljanin,
１８７５;Claypole,１８９８;Uzel,１８９８;Prowazek,１９００;
Jura,１９７２;JuraandKrzysztofowicz,１９７７),Diplura
(Heymons,１８９７;Ikeda,２００１)and Archaeognatha
(MachidaandAndo,１９８１).Ontheotherhand,inthe
pterygotes,morestrictlytheneopterans,themidgut
epithelium is entirely derived from the midgut
epithelialrudimentsarisingfromtheblindendsofthe
stomodaeum andproctodaeum,andisectodermalin
origin(cf.JohannsenandButt,１９４１;Anderson,１９７２a,b;
AndoandKobayashi,１９９６).

Tojo(１９９９)revealedthatthemidgutepitheliumin
theephemeropteranEphemerajaponicahasadualorigin:
the anteriorand posteriorparts are respectively
stomodaealandproctodaeal,i.e.,ectodermalinorigin,
andthemiddlepartoriginatesfromyolkcells(Fig.６).

４６ K.TOJO

Fig.２ FormationoftheamnioserosalfoldintheephemeridmayflyEphemerajaponica.A.Sagittalsectionofanegg,atlatestage６,inwhich
anatrepsisisjustcompleted.B.Enlargement.Theamnioserosalfoldsfusewitheachotherbeneaththeembryoatthelevelofthelabrum
(arrow),andanatrepsisiscompleted.
Am:amnion,AmC:amnioticcavity,AmSeF:amnioserosalfold,An:antenna,A-P:anterior-posterioraxis,Ch:chorion,Em:embryo,Md:
mandible,Se:serosa,Y:yolk.Bars=A:５０µm;B:１０µm.

Figs.３–５ SEMsshowingthecephalicmorphogenesisintheephemeridmayflyEphemerajaponica.
Fig.３ Embryoatstage９,justbeforekatatrepsis,ventralview.
Fig.４ Embryoatstage１１,justafterkatatrepsis,ventro-lateralview.
Fig.５ Embryoatstage１３,justbeforehatching,ventro-lateralview.
Ab:abdomen,An:antenna,Cl:clypeus,Cllr:clypeolabrum,ET:eggtooth,Gl:glossa,Hp:hypopharynx,Lb:labium,Li:lingua,Lr:labrum,Md:
mandible,Mx:maxilla,Pgl:paraglossa,Sli:superlingua,Th:thorax.Bars=３,５:１０µm;４:１００µm.
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Suchaformationofthemidgutepitheliumhasalsobeen
reportedfortheZygentoma(e.g.,Lepismasaccharina:
Sharov,１９５３)andOdonata(e.g.,Epiophlebiasuperstes:
Ando,１９６２),thatis,themostancestraldicondylian
Zygentoma,andanotherrepresentativeofthemost
primitivepterygotes,theOdonata.

Ananageneticaltransitionintheformationofthe
midgutepithelium occurredininsects:themidgut
epithelium isformedexclusivelybyyolkcellsin
entognathaninsectsandinarchaeognathans,whereas
itisectodermalin origin in neopterans.In the
zygentomans,ephemeropteransandodonates,itis
formedbybothyolkcellsandtheectoderm.

Thisanageneticaltransitioncanbeinterpretedin
termsofthecharacterstates.First,theformationofthe
midgutepithelialformationbyyolkcellsisrecognizedas
aplesiomorphiceventwithininsects(cf.Machidaand
Ando,１９８１),becauseitisbasictothemyriapodsand
crustaceans(JohannsenandButt,１９４１;Anderson,１９７３;
MachidaandAndo,１９８１).Theparticipationofthe
ectodermintheformationofthemidgutepitheliumis
apomorphicforDicondylia.IntheNeoptera,themidgut
epitheliumisexclusivelyectodermalinorigin,implying
alossofabilitytodifferentiatebytheyolkcells,a
characterwhichcanberecognizedasbeingapomorphic
tothegroup.

Traits５,５’and５”infigure１２indicate,respectively,
thatthemidgutepitheliumisformedexclusivelybyyolk
cells,theectodermplaysaroleintheformation,andthe

midgutepithelium is formed exclusively by the
ectoderm,i.e.,theyolkcellslosttheabilityto
differentiateintothemidgutepithelium.

[６]Themodeofembryonicinvagination
Theinvaginationoftheembryointotheyolkis

consideredtohavefirstoccurredintheDicondylia,
becauseitappearstobecloselylinkedtotheacquisition
oftheamnioserosalfold-amnioticcavitysystem(cf.Tojo
andMachida,１９９７b;MachidaandAndo,１９９８).Thus,the
invagination ofembryoscan be recognized asa
synapomorphy ofZygentoma and Pterygota.The
Archaeognatha(e.g.,Pedetontusunimaculatus:Machida
etal.,１９９４;Machidaand Ando,１９９８)have an
amnioserosalfold,butitdoesnotdevelopintoacavity
system.

ThedeepinvaginationwithS-shapedembryosof
the ephemeropterans [e.g.,ephemerid Ephemera
japonica(Figs.１,２;TojoandMachida,１９９６,１９９７a,b);
polymitarcyidEphoroneophilum (TojoandMachida,
２００１);potamanthidPotamanthusformosus(Tojoand
Machida,２００１);caenidBrachycercusjaponicus(Tojoand
Machida,２００１)]alsooccursin representativesof
primitivepterygotessuchasodonates(cf.Ando,１９６２)
andpolyneopterans(cf.Anderson,１９７２a)[aswellasin
somehigherpterygotessuchastheparaneopteran
orders(cf.Anderson,１９７２a)],whereasintheZygentoma
(e.g.,Lepismasaccharina:Sharov,１９６６),theinvagination
isnotsoextensive.Itmaybesafelyassumedthatthe

Fig.６ FormationofthemidgutepitheliumintheephemeridmayflyEphemerajaponica.A.Asagittalsectionofaneggatstage１１.B.Across
sectionofaneggatstage１１,throughthemetathoracicsegment(dorsalsideofegg:bottom)andaboutthe４thto５thabdominalsegment
(ventralsideofegg:top).Yolkcellsmigrateontotheentalmembraneandsettlethemselvesthere(e.g.,arrows).
Ab１:firstabdominalsegment,BC:bloodcell,Cb:cardioblast,Ch:chorion,EM:entalmembrane,H:head,LM:lumenofmidgut,MMER:
middleregionofdevelopingmidgutepitheliumderivedfromyolkcells,MpTu:malphigiantubule,Np:neuropile,Sd:stomodaeum,SoM:
somaticmuscle,SpMe:splanchnicmesoderm,Th１:prothorax,YB:yolkblock,YC:yolkcell.Bars=A:５０µm;B:２０µm.



deep invagination isbasicto the pterygotesand
apomorphictotheirstem.

Traits６,６’and６”infigure１２respectivelyindicate
theprimitiveconditionfoundinArchaeognatha,the
invaginationofembryosinZygentoma,andthedeep
invaginationofS-shapedembryos.
Appendix:Insomehigherneopterans,theinvagination-
typeofembryoistransformedintootherforms,which
arerecognizedasapomorphic(shownby６”’;cf.Johannsen
andButt,１９４１).

[７]Formationoftheproctodaeum
Inapterygotes,i.e.,theentognathans,archaeogna-

thansandzygentomans,theproctodaeumisformedasa
simpleectodermalinvaginationlikeinmyriapodsand
crustaceans.Thisfeatureisrecognizedasplesiomorphic
withininsects.

Inpterygotes,however,theproctodaeumisformed
bythefusionofbelt-likeproctodaealrudiments,suchas
intheEphemeroptera[e.g.,baetidBaetisrhodani(Bohle,
１９６９);ephemeridsEphemeradanica(Heymons,１８９６a),
Ephemera strigata (Ando and Kawana１９５６)and
Ephemerajaponica(Figs.１,２,７;TojoandMachida,１９９６,
１９９７a,b);polymitarcyidsTortopusincertus(Tsuiand
Peters,１９７４)andEphoroneophilum(TojoandMachida,
２００１);caenidBrachycercusjaponicus(TojoandMachida,

４８ K.TOJO

Fig.７ DiagrammaticrepresentationoftheproctodaealformationintheephemeridmayflyEphemerajaponica.A.Stage８.B,B’.Earlystage９.In
B’,regionsIIIandIVarepulledapartfromregionIItoshowthedevelopingproctodaeum.C.Latestage９.Theproctodaeumisenclosedby
thedefinitivedorsalclosureofregionII.
AbS１–１１:firstto１１thabdominalsegments,Ce:cercus,CF:caudalfilament,Pd:proctodaeum,I–IV:abdominalregionsI–IV.
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２００１)],Odonata(e.g.,Epiophlebiasuperstes:Ando,１９６２;
Euphaeayayeyamana:Suzukietal.,２００８)andsome
neopterangroups[e.g.,hemipteransPyrrhocorisapterus
(Seidel,１９２４),Oncopeltusfasciatus(Butt,１９４９)and
Pyrillaperpusilla(Sander,１９５６);mecopteranPanorpa
pryeri(SuzukiandAndo,１９８１);trichopteranStenopsyche
marmorata (Miyakawa,１９７５);lower lepidopterans
Endoclitasignifer(Kobayashietal.,１９８１)andNeomicro-
pteryxnipponensis(KobayashiandAndo,１９８８)].This
mannerofproctodaealformationcanberegardedasbasic
inpterygotesandapomorphictotheirstem.

Traits７and７’infigure１２representaproctodaeum
formedbysimpleinvaginationandbythefusionofbelt-
likerudiments,respectively.
Appendix: In some groups of neopterans, the
proctodaeumisformedbysimpleectodermalinvagina-
tion,whichmayberegardedasanewcharacterofeach
group(shownby７”;cf.JohannsenandButt,１９４１).

[８]Micropyle
Manyephemeropteransdevelopmicropyles(Figs.

８–１０;Degrange,１９６０;Koss,１９６８;KossandEdmunds,

１９７４;Hinton,１９８１;GainoandMazzini,１９８４,１９８７,
１９８８;Gainoetal.,１９８７,１９８９;TojoandMachida,１９９８b,
c;TojoandMatsukawa,２００３;Tojoetal.,２００６),asin
otherpterygoteinsects(Hinton,１９８１;e.g.,plecopteran
Perlodesmicrophala;phasmidCarausiusmorosus;hemi-
pteransTriatomainfestans,Belostomasp.andLethocerus
indius;mecopteran Harpobittacusaustralis;lepido-
pterans Crambus pascuellis and Lycaena phlaeas;
dipteransPsilarosaeandFanniacanicularis).

Micropyleshavenotbeenreportedinapterygotes
asinmyriapods,andtheabsenceofmicropylesmaybe
regardedasplesiomorphic.

Traits８and８’infigure１２indicatetheabsenceand
presenceofmicropyles,respectively.

[９]Formationofgermrudiment
IntheEphemeroptera,averybroadembryonicarea

isformed,toproduceasmallgermdiscbycondensation
[e.g.,baetidBaetisrhodani(Bohle,１９６９);ephemerids
Ephemera strigata (Ando and Kawana,１９５６)and
Ephemerajaponica(Fig.１;TojoandMachida,１９９７a,b,
１９９８a,b);polymitarcyidsEphoronshigaeandEphoron

Figs.８–１０ Eggsandmicropylesofthreeephemeropterans.
Fig.８ Egg(A)andmicropyle(B)oftheephemeridmayflyEphemerajaponica.
Fig.９ Egg(A)andmicropyle(B)ofthecaenidmayflyCaenissp.
Fig.１０ Egg(A)andmicropyle(B)ofthepotamanthidmayflyPotamanthusformosus.
Mp:micropyle,MpO:micropylaropening,PC:polarcap(attachmentapparatus),SG:spermguide.Bars=８A,９A,１０A:１００µm;８B,９B,１０B:１０µm.



eophilum (TojoandSekiné,unpublisheddata)].This
broadembryonicarea,inwhichcondensationresultsin
the formation ofgerm rudiments,is unique to
insects,andisregardedasanautoapomorphyofthe
Ephemeroptera.

Traits９and９’infigure１２indicatetheembryonic
areacommontoectognathansandthebroadembryonic
areafoundintheEphemeroptera,respectively.

[１０]Theformationofclypeolabralrudiment
Inmyriapodsandapterygotes,theclypeolabrum

arisesasasinglestructure[e.g.,chilopodanScolopendra
cingulata (Heymons,１９０１);symphylan Hanseniella
agilis(Tiegs,１９４０);pauropodanPauropussilvaticus
(Tiegs,１９４７);diplopodanGlomerismargirata(Dohle,
１９６４);collembolanTomocerusishibashii(Uemiyaand
Ando,１９８７);dipluransJapyxmajor(Silvestri,１９３３)and
Lepidocampaweberi(IkedaandMachida,１９９６,１９９８);
archaeognathanPedetontusunimaculatus(Machida,１９８１);
zygentomanLepismasaccharina(Sharov,１９６６)],the
sameasin theEphemeroptera(e.g.,ephemerid
Ephemerajaponica:Figs.３,４;Tojo,１９９９),andthe
clypeolabrumasasingleunpairedstructureisregarded
asplesiomorphicwithintheinsects.IntheOdonata(e.g.,
Epiophlebiasuperstes:Ando,１９６２)andNeoptera[cf.
Eastham,１９３０;Rempel,１９７５;e.g.,raphidiodean
Inocellia japonicus(Tsutsumiand Machida,２００６);
lepidopteranEndoclitasignifer(Kobayashietal.,１９８１)
andEndoclitasinensis(Tanakaetal.,１９８５);mecopteran
Panorpapryeri(Suzuki,１９９０);trichopteransNemotau-
lius admorsus (Kobayashiand Ando,１９９０)and
Stenopsychemarmorata(Miyakawa,１９７４)],theclypeo-
labrumisformedbythefusionofpairedrudiments,and
thisistoberegardedasapomorphictotheOdonataand
Neoptera.

Traits１０and１０’infigure１２indicateclypeolabral
rudimentsformedasasingleunpairedstructureandasa
pairedstructure,respectively.

[１１]Thedevelopmentofhypopharynx
Inmyriapods,apterygotesandephemeropterans,

thehypopharynxdifferentiatesintothesuperlinguaeand
lingua[e.g.,pauropodanPauropussilvaticus(Tiegs,
１９４７);symphylan Hanseniella agilis(Tiegs,１９４０);
collembolanTomocerusishibashii(UemiyaandAndo,
１９８７);dipluranLepidocampaweberi(IkedaandMachida,
１９９６,１９９８);archaeognathanPedetontusunimaculatus
(Machida,１９８１);ephemeropteranEphemerajaponica
(Figs.３-５;Tojo,１９９９)],whereasintheodonatesand
neopterans,superlinguaedonotdevelop.Thedifferentia-
tionofsuperlinguaeistoberecognizedasplesiomorphic
withintheinsects,andthelossofdifferentiationas
synapomorphictotheodonatesandneopterans.

Traits１１and１１’infigure１２indicatethedifferentia-
tionofsuperlinguaeandthelossoftheirdifferentiation,

respectively.

[１２]Thecaudalfilament
Previousstudieshaverevealedthatthecaudal

filamentoftheEphemeropteraisanelongationofthe
telson(Fig.７;TojoandMachida,１９９６,１９９７b).Machida
(１９８１)madeasimilarinterpretationforthecaudal
filamentofthearchaeognathanPedetontusunimaculatus.
Structurescloselyresemblingthecaudalfilamentof
EphemeropteraarepresentintheZygentomaand
PaleozoicmonuranDasyleptusspp.,theoriginofwhich
couldbesimilartothatintheEphemeroptera:the
Monura constitutes the Dicondylia together with
theZygentomaandPterygota(Kukalová-Peck,１９８７).
Structuresresemblingthecaudalfilamentsinthese
insectsarenotfoundinanyotheratelocerates,sothe
caudalfilamentcanberecognizedasanautapomorphyof
theEctognatha.

Ectognathans other than the Archaeognatha,
Monura,ZygentomaandEphemeroptera,namely,the
OdonataandNeoptera,donotdevelopthecaudal
filament,andthiscondition,i.e.,thelossofthecaudal
filament,mayberecognizedasasynapomorphyofthe
OdonataandNeoptera.

Traits１２and１２’in figure１２represent the
acquisitionandthelossofcaudalfilaments,respectively.

[１３]Exitestructuresonthoracicappendicularbases
Recently,structuresregardedastheremnantsof

subcoxaland coxalexiteswere observed in the
heptageniidmayflyBleptusfasciatus(Fig.１１;Miyairiand
Tojo,２００７).Coxalexitesareobservedonthepro-,meso-,
andmetalegs,andsubcoxalexiteswerealsoobservedon
themeso-andmetalegs.Thesecoxalandsubcoxalexite
structuresdevelopedduringtheembryonicstage.

Theseexitestructuresareconsiderdassignificant
indicatorsofthegroundplanofpterygoteinsectsand
establishfirmlytheoriginofinsectwings,andthe‘gill
origintheory(=epicoxalorigintheory;Kukalová-Peck,
１９７８,１９９１)’orpresentlythemostacceptedtheoryis
wellexplained.Furthermore,recentdevelopmental
biologicalevidencealsosupportsthistheorywhena
comparisonismadebetweentheexpressionofgenes
foundincrustaceangillswiththecorrespondinggenes
foundinthewingsofinsects(AverofandCohen,１９９７).
Amongmodernpterygoteinsects,onlyephemero-

pteranshavethese‘exite’structures.Similar(probably
homologous)structuresareobservableinsomePermian
fossilsofinsects(Kukalová-Peck,１９７８,１９９１),i.e.,these
structuresarerecognizedasplesiomorphic.Inaddition,
thedorsalprojectionfoundinthedorso-middlepartof
thecoxalsegmentoftheapterygotearchaegnathans’
meso-and metalegs (i.e.,stylus)may also be
homologoustothecoxalexitefoundonBleptusfasciatus
(seetrait１３*infigure１２A;cf.Tillyard,１９３２).

５０ K.TOJO
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Solid-linedopenoblongsanddotted-linedopen
oblongsfortrait１３infigure１２representthepossession
andthesubsequentlossofexitestructures,respectively.
However,thesubsequentlossofthischaractercouldnot
beconsideredasynapomorphy(i.e.,itshouldbetreated
astheparalleldeletionofaplesiomorphiccharacter).

Affinities between the major three pterygote
groupsevidencedbyembryologicaldata
Thestatesof１３characterswereexaminedand

determined.Infigure１２,thesecharactersaremappedon
thethreephylogeniescurrentlyproposed:PhylogenyA
issupportedbyauthorssuchasKristensen(１９７５),
Wheeler and Carpenter (１９９６).Phylogeny B is
supportedbyauthorssuchasHennig(１９６９).Phylogeny
CissupportedbyauthorssuchasBoudreaux(１９７９).
The lineages leading to the Archaeognatha,the
ZygentomaandthestemofPterygotaareshownonlyin
figure１２A,becausethesephylogeniessupportthe
monophyliesofEctognatha,DicondyliaandPterygota.

Althoughthecharactersexaminedheremaynotbe
sufficienttopositivelyelucidatethesethreegroups’
relationshipsphylogenetically,theyareusefultoindicate
theirphylogenycladistically.Theresultssupportthat
both Dicondylia(= Zygentoma+ Pterygota)and
Pterygota(=Ephemeroptera+Odonata+Neoptera)
aremonophyletic,characterizedbyfive(characters１,
３–６)and three (characters６–８)autapomorphies,
respectively.

RegardingtheinterrelationshipswithinPterygota,
phylogenyA infigure１２ provestobethemost
parsimonious.BothphylogeniesBandCsupposethree
parallelacquisitions,characters１０–１２,i.e.,the
clypeolabralrudiment,thesuperlinguaandthecaudal
filament(thesecharactersaremarkedbylargeoblongs
withgrayshading):nosuppositionoftheparallel

acquisitionofcharactersisneededinphylogenyA.
Consequently,thecomparativeembryologicalexami-

nationpresentedherestronglysupportsphylogenyA
(Fig.１２A)formulatedas[Pterygota(=Ephemeroptera
+Metapterygota(=Odonata+Neoptera))],preferred
byauthorssuchasKristensen(１９７５)andWheelerand
Carpenter(１９９６).
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