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INTRODUCTION

Theinsectsaccountforthreequartersofallanimalspecies′andmore

than99percentofthemarethewmg－aCquiredinsectsorthePterygota・For

elucidatingtheevolutionofinsectsorpterygoteswhichhaveattainedtheir

SPeCtaCularprosperityandradiation，theunderstandingoftheirgroundplanS

Ofbodyandmorphogenesisisthemostinterestingsu句ect・Inthisaccotlnt′

themayfliesorEphemeropteraisoneofthemostsignificantgrOuPS′because

theEphemeropteraiswidelyacceptedasoneoftherepresentativesclosestto

earlypterygoteancestors（cf・Hermig，1953）・

Thephylogenyofinsectsorthebasalcladesofpterygotesstillremains

COntrOVerSial・Thatis′threepossiblephylogeniesarepresentedconcernlng

theinterrelationshipsofthreema］OrPterygOtegrOuPS′i・e・′the

Ephemeroptera′theOdonata′andtheNeopterawhichincludesallthe

PterygOtegrOuPSOtherthantheformertwo・Hemig（1953，1969）

morphologicallyandRohdendorfetal・（1962）paleontologiCalbTSuPPOrtedthe

Phylogenyformulatedas【Paleoptera（＝Ephemeroptera＋Odonata）＋

Neoptera］・Kristensen（1975′1991）mainけfromthemorphologicalbasesand

WheelerandCarpenter（1996）fromtheltotalevidencelanalysissupportedthe

PhylogenyformulatedaslEphemeroptera＋（Odonata＋Neoptera）］・Lemche

（1940）andMatsuda（1981）morphologicallyandBoudreaux（1979）functional
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morphologicallyandfromthedevelopmentofwlngbudssupportedthe

PhylogenyformulatedaslOdonata＋（Ephemeroptera＋Neoptera）］・In

attemptingtoelucidatetheevolutionarytransitionofthebasicbodyplanand

groundplanofmorphogenesisininsectsorpterygotesandtoreconstructtheir

Phylogeny′theexa血ationofEphemeropteramaybeespeciallyslgnificant・

ComparativeembryologylSOneOfthemostpromlSmganduseful

methodsforunderstandingthegroundplansofbodyaLndmorphogenesis′for

elucidatingtheevolutionarytransitionofgroundplanandforspeculatingthe

Phylogeny・Whereasforanothermostprlmitivepterygoterepresentativethe

Odonatawecanrefertocomprehensivee血bryologiCalstudies（Ando′1962；

etc・）′Oure血bryoIogicalknowledgeontheEphemeropteraremainsrather

fragmented′althoughwehavesomestudiesonitsembryology：Joly’S（1876）

briefnoteontheembryologyofPalingeniavilgO（Palingeniidae）′Heymonsl

（1896a′b′C）generalembryologicalstudiesonEphemenlV痩ata（Ephemeridae）′

Murphy－S（1922）embryologicalstudyonBaetissp・（Baetidae）focusingonthe

extemalmorphology′AndoandKawana－S（1956）embryologicalstudyon

Epheme7mtrigatabyextemalobservation′Wolf－S（1960）karyologicalstudyon

thematurationandcleavageofCloeondipferum（Baetidae）′Bohle’S（1969）

developmentalphysiologicalstudyonEpheme7maigniia（Ephemerellidae）′

andTsuiandPeters一（1974）noteonembryonicdevelopmentofTortqpus

incertus（PobTmitarcyidae）・
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Forthisreason′ⅠbegananembryologiCalstudyoftheEphemeroptera′

usingEphememjaponiazMcLachlan（Ephemeridae）asmaterials・Thepurposes

Ofthepresentstudyare：1）todescribetheembryogenesisofthespecies′

COVerlngthewholedevelopmentalprocess′and′COmParlngtheresultswith

thepreviousstudies′tOreCOnStruCtandrevaluatetheephemeropteranbody

Planandembryologicalgroundplan；2）basedonthis′tOdiscussthebasic

bodyplanandthegroundplanofembryogenesisininsectsorpterygotes；3）

toinustratetheevolutionarytransitionofthebodyplanandgroundplanof

embryogenesis′SOaStOre－eXaminethephylogenyofinsectsorpterygotesin

higherlevel・
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MATERIAI．SANDMETHODS

ThematurefemalesofEpheme7mjaponialMcLachlan（family

Ephemeridae）alreadycopulatedwerecollectedattheKakumaandthe

NakanOSaWaRivers′andabranchoftheKarasawaRiver′Sanada′Nagano

Prefecture′andtheUchimuraRiver′Maruko′NaganOPrefecture′andthe

HakiiRiver′Minobu′YamanashiPrefecture′inJunetoAugustof1993to1998′

andeggswereobtainedinthelaboratory・Unfertilizedeggsweredissected

OutOfmature′unCOPulatedimagosorsubimagos′OrultimateinStarnymphs・

Theeggswereincubatedinwateratroomtemperature（20±2℃）・Most

OfeggswerefixedwithalcoholicBouin．sfluid（saturatedalcoholicsolutionof

Picricacid：formalin：aCeticacid＝15‥5‥1）atroomtemperaturefor24hours．

Thefixedeggswerestoredin70％ethylalcohol・AsmallopenlngWaSmade

by丘neforcepsinthechorionofsomeeggsprlOrtOfixation′andtheseeggs

WerethenfixedwithKarnovsky－sfixative（2％paraformaldehyde＋2．5％

glutaraldehyde）buLferedatpH7・2withHCl－SOdiumcacodylateat4℃for2

hours′andthenstoredintheHCl－SOdiumcacodylatebuLferat4℃・

ThefixedeggswereprocessedintomethacrylateresinTechnovit7100

（Kulzer′Wehrheim）：Stylene＝4‥lorTechnovit8100（Kulzer′Wehrheim）

SeCtionsof1－2pmthickness′inaccordanCewithMachidaetal．（1994a′b）．

Someeggswereimmersedinasolutionof70％ethanol：50％ammonium
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mercaptoacetate＝9：1forafewhours′PrlOrtOtheinfiltrationofresirbin

ordertosoftenthechorion．

SectionswerestainedwithDelafieldtshematoxylinandeosin（insome

CaSeSSuPPlementarilystainedwithO・1％fastgreenFCF）′OrwithAzan

（Domagk’smodification）・Fortatalstainingofeggsorembryos′0・1％thionin

WaSuSed・SomenewlylaideggswerestainedwithaDNAspecific

fluorescentdyeHoechst33342（CalbiocheⅡtLaJolla）′Priortothestaininga

Smallopenngwasmadeinthechorion・

Forexaminationofthefertilizationandblastokinesis′atime－lapseVTR

SyStem（Olympus′Tokyo：CK－2invertedmicroscope；Victor′Tokyo‥SR－9070

Videotaperecorder；andKenis′Osaka：QBCCDcamera）wasemployed・

Forscannlngelectronmicroscopy′fixedeggsorembryosdissectedout

Ofeggsweresonicatedforafewsecondswithanultrasoniccleaner′

dehydratedinagradedethylalcohoIseries′andthentransferredtoacetone．

Theeggsorembryosweredriedinacritical－POintdrier′COatedwithgold′and

Observedunderascanningelectronmicroscope（JEOL′Tokyo：JSM－T200）・
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OBSERVATIONS

1・EggstmChre

AfemaleofEpheme7mJaPOnicadepositseggsofabout3′000to5′000ina

formofeggmassatime・TheegglSellipsoidaLabout200pminlengthaLnd

aboutlOOpminwidth，COlorlessandtranslucent：theegglongaxISPrOVeStO

COrreSPOndtotheanterior－POSterioraxis′fromtheobservationofdeveloped

eggs（Fig・1A′C）・Theadhesivelayerorgelatinouslayeronchorionisvery

thin′aboutO・1pⅡ㌧andithasaweakrugged－meShpatternaboutlpmin

diameteronitssurface：themeshpatternofthislayerderivesfromand

COrreSPOndstothatofchorion（Fig・1A′B′D）・

Chorionis3－4pminthickness′andithasaweakrugged一meShpattern

aboutlpmindiameter（Fig・1D）・Onemkropyleisontheequatorofegg′and

itprovestobelocatedinthemid－dorsalsideofeggfromtheobservationof

laterstages（Fig・1A－C）・IntheeggofEphememjaponica′thespermguideisnot

developed′Whichisoftenfoundtowelldevelopintheotherephemeropteran

eggs・MicropylaropenmglSaboutl・5pmindiameter・Micropylarcanal

about20匹minlengthobliqvelypenetratesthechorionalongtheequatorof

egg・
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2・Eadydevelopment

2．1．Maturation

Atthetimeofoviposition′theeggnucleus（00CytenuCleuss・Str・）′

Whichisinthepolarplasm（cytoplasmicisland）thatprovestobelocatedin

themid－Ventralsideoftheeggfromtheobservationoflatereggs′isatthe

metaphaseofthefirstmaturation（meiotic）division′withitsspindleaxis

beingverticaltotheeggsurface（Figs・3′4A′C，5′15A）・Thefirstmaturation

divisionhasalreadystartedattheultimateinstarnymphalstage′butitis

arrestedatthemetaphase′SOthatthedivisionisequationalinphase・Amale

PrOnuCleus′intowhichaspermatozoonconverteditseliisfoundjustbeneath

themkropylewhichissituatedattheoppositetopolarplas叫′Ontheequator

Ofegg（Figs・3′4B′D′15A）・

AtO・5－1hourafterovIPOSitiorbthefirstmaturationdivisionfinishes′

andthefirstpolarbodyisformed′tOmOVejustbeneaththechorioninthe

POlarplasm（Figs・6A′15B）・Thefirstpolarbodyisbegimingtodegenerateat

thispoint′andwecouldnotdetermineitsfate′i・e・′Whetheritundergoesthe

followlngdivision・

Atl・5hoursafterovIPOSition，thesecondmaturationdivisiohoccurs′

PrOducmgthefemalepronucleus′andthesecondpolarbodyisglVenOff

towardtheouterperipheryofthepolarplasm（Figs・6B′15B′C）・Thefemale

PrOnuCleussoonstartstomlgrateintotheyolktowardthecenteroftheegg′

●
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accompaniedbyapartofthepolarplasm（Figs・7′15D）・Duringthesecond

maturationdivision′themalepronucleusstartstomlgratetOWardtheanterior

POleintheperiplasm（Figs・8A′B′9A′B′15B－D）・

2．2．Fedilizadom

Durlngthesecondmaturationdivision′themalepronucleusstartsto

migratetowardtheanteriorpoleintheperiplasm（Figs・8A′B′9A′B′15B－D）・

At2－3hoursafterovIPOSition′thefemaleandmalepronucleiarriveat

thecenterandtheanteriorpoleofegg′reSPeCtively（Figs・8A′B′9A′B′15D）・

Inalivingegg′themalepronucleusaccompaniedbycytoplasmisrecognized

asadepressionofyolkattheanteriorpoleoftheegg（Fig・9A）・Onarriving

there′themalepronucleuschangeSitsdirectioninwardsintotheyolk′and

PrOCeedsalongthelongaxisoftheeggtoapproachthefemalepronucleus′

accompaniedbysurroundingcytoplasm（Figs・10′15E′F）・Asaresultthe

anterioryolkdepressiongraduallybecomesshallow′andthesurrounding

CytOPlasmofthemalepronucleusisobservedtobepartialbleftbehindonthe

Paththatthemalepronucleushastracedfromtheanteriorpoletothecenter

Oftheegg（Figs・10′15F）・

Thus′themalepronucleusapproachesthefemalepronucleus′andthe

femalepronucleusexhibitsanapproachingmovement′althoughslightbT′

towardthemalepronucleus′justbeforetheircon］ugation・At5－6hoursafter

●
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OVIPOSition′themaleandfemalepronucleicorqugatewitheachothernearthe

CenterOfegg′andthefertilizationiscompleted（Figs・11′15G）・

Thetime－1apseVTRrevealsnotonlythemlgrationofpronucleiinthe

yolkbutalsoayolkstreamwhichcoordinatesintimeanddirectionwiththe

mlgrationofthemalepronucleusmentionedabove・Durlngthe

Prefertilizationstage′theyolkstreamfirstmovesanteriorwardsattheegg

Surface′andthenentersandsinksiIIWardsintotheyolkfromtheanteriorpole

Oftheegg（Fig・16A－C）・Thefertilizationthenoccurs′andareversalstream

involvingthewholeyolktakesplace（Fig・16D）・

InunfertilizedeggsofEpheme7m］aPOnica′Whichareactivatedby

immerslnglnWater′adepressionofyolkisalsoobservedtobeformedatthe

anteriorpoleoftheegg2－3hoursafteractivation（Fig・17A′B）・Time－lapse

VTRshowsthatinunfertilizedeggs′ayOlkstreamlSgeneratedwhichis

Similartothatobservedintheprefertilizationstageoffertilizedeggs′

althoughtheunfertilizedeggyolkstreamissligh叫lessextensive（Fig・18A－

C）．

2・3・Cleavage

ThecleavageofEpheme7mjaponicaisofthetypicalsuperficialtype・

AboutlOhoursafterovIPOSition′thefirstcleavagetakesplaceatthesiteof

fertilizationoratthecenteroftheegg′withitsspindleaxisobliquetothelong
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axisoftheegg（Figs・12′15H）・Thesecondcleavageoccursverticallytothe

directionofthefirstcleavage（Fig・15Ⅰ）′andthefollowingcleavagesoccurat

intervalsofapproximately9hours・Thefirstfivecleavagesaresynchronized

inphase′andthenumberofnucleiaccordswiththe2n－rule（Fig・15H－J）・nle

CleavagenucleimlgrateCentrifugally′andsomemldeiareobservedtoreach

theeggsurfaceorperiplasmbythefifthcleavagestage・

Afterthesixthcleavage′thesynchronyofdivisionfades′andnucleiof

Variousphasesareencountered（Fig・15K－M）∴hthesixthcleavagestage′

manycleavagenucleiarefoundintheperiplasm（Figs・13′15L′M）′and

thereaftertheperipheralcleavagenucleiareobservedtotmdergoradial

divisions・Asaresultofeightcleavages′about250cleavagenucleiarriveat

theperiplasmtoformthesyncytialblastoderni・e・′theblastema（Fig・15N）・

Abouttencleavagenucleiareobservedtobeleftbehindintheyolk′andthey

aretheprimaryyolkcells（cf・Figs・150′19）・

3・Externalfeaturesofembryosandblastokinesis

TheeggperiodofEphemenlJaPOniazrangeSfrom15to17daysatroom

temperature（20士2℃）・Herein，Idescribeitsembryonicdevelopmentafterthe

fertilization′Whichisdividedinto13stages′andthefirstinstarnymphal

Stage′withspecialreferencetoextemalfeaturesofembryosandblastokinesis・
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Stagel Eggcleavage（Figs・2A′11－13′15G－M）

Thefertilizedeggstartstodividemitotically，andundergoesthetypical

SuPerficialcleavage′aSdescribedindetailin‖2・3・CleavageH・Theprocessof

Cleavagecanbeexternallyobservedthroughthechorion・

Stage2Bhstodermformation（Figs・2B′14′15N－q19）

Cleavagenucleiarriveattheeggperipheryaftereightcleavages′and

thesyncytialblastoderm（blastema）isformed（Fig・15N）・Cellmembranes

SOOnaPPearbetweenthesyncytialblastodermalnuclei，andtheblastoderms・

Str・iscompleted（Figs・14′150′19）・

Stage3Formationofgermdisc（Figs・2C′15P′20A′B）

Eveninthenewけformedblastoderm′thethickposteriorhalf

embryonicandthinanteriorhalfextraembryonicareasaredistinguishable

（Figs・150′19）・Theposteriorcellsconcentrateattheposteriorpoleoftheegg′

toformthegermdiscofabout80pmindiameter・Theanteriorcellsbecome

moreflattened′andformthefutureserosa（Figs・2C′15P′20A′B）・

Stage4Pear－Shapedembryo（Figs・2D′Dl′21A′B）

Thegermbandstartstoelongatebackwards・Itassumesapearshape′

andtheanteriorbroadprotocephalonandposteriorprotocormdifferentiate
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（Figs・2D′D一′21A′13）・

Stage5Startofinvaginationofgermband（AnatrepsisI）（Figs・2E′E一′

22A′B）

Thegermbandfurtherelongates′anditscaudalendstartstoproceed

intotheyolk・Atthesametime′theamnionstartstobeproducedfromthe

embryonicmargm′reSultinginthestartoftheamioserosalfoldformation・

Thisamioserosalfoldisderivedmainlyfromtheposteriorarea′theanterior

amioserosalfoldbeingnotwell－developed（Figs・2E′E’′22A′B；Cf・Fig・32A－

C）．

Stage6S－Shapedembryo‥COmPletionofinvagination（AnatrepsisII）

（Figs・2F′F′23A－C）

WithactivecellproliferatiorT，theembryofurtherelongatesanddeeply

invagnatesintotheyolk・Thecaudalendoftheembryoreachesthemiddleof

theegglongaxis′andtheembryoacquiresanS－Shape（Figs・2F′F’′23A－C）・At

thisstage′theposterioramioserosalfoldextendsanteriorlytothecephalic

level′andanatrepsiscompletes（cf・Fig・33A′B）・Theventralsideofthe

embryoiscompletelycoveredbytheamnionortheamioserosalfold・
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Stage7Longestembryo（Figs・2G′24A－F）

Theembryofurtherelongates′anditacqulreSitsmaximmlength，

reachingneartheanterioreggpole（Figs・2G′24A－F；Cf・Figs・35A′36A′B）′

withitsposteriorhalfbendingthreetimes・Withthebendings′theposterior

halfofembryoorthefutureabdomenisfoldedanddividedintofourreglOnS‥

regionsItoIVfromtheanteriortoposterior（Figs・2G′24E′F′35A′48A）・In

CrOSSSeCtion′reglOnSIandIIandreglOnSIIIandIVarerespectivelycornected

toeachotherbytheamnion（Fig・35B）・Thestomodaeumappears（Figs・24E′

35A′36A′B′37）．

AsaresultofcompletionofanatrepsISintheprecedingstages′the

entireeggsurfaceisoccupiedbytheserosa（Fig・33A′B）′andthelatter

SeCreteStheserosalcuticlebeneaththechorion（Figs・43A－D′44A′B）・

Stage8Segmentationofembryo（Figs・2H′25A－E）

Thesegmentationofembryocommences（Fig・2H）・Itproceedsfromthe

headtotherear′andsimultaneouslyappendagerudimentsappearinthe

CePhalicandthoracicsegments：aPalrOfantemaLmandibular′maXillaryand

labial，andthreepalrSOfthoracicappendages・Aclypeolabralrudiment′aS

notpairedbutsingleswelling′aPPearSanterioIサtothestomodaeum・The

intercalarysegmentwhichappearsbetweentheantemalandmandibular

SegmentS′ismuchshorterthantheothersegments′anditisdevoidof
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appendage（Fig・25A′B′E）・Withtheprogressivecephalicformationinlater

StageS′thissegmentbecomesobliterated，aLnditisfinallyundetectableinand

afterstage12・

InreglOnSIandIIoftheabdomen′Whichisnowdividedintofour

reg10nS′thefirsttofifthandthesixthtoeleventhabdominalsegments

developrespectively（Figs・25D′48A；Cf・Figs・39B′40′42）・Lateinthisstage′

neuroblastsandneuropilescanbeclearlyobservedinallthefirsttoeleventh

abdominalsegments（cf・Figs・39A′B′40′45）・Incontrast′nOattributes

ShowlngSegmentalnaturecanbefoundinreglOnSIIIandIV・Noappendages

developintheabdomenofEphemenlJaPOnica′eXCePtfortheeleventhsegment，

atwhichthecercidevelopasitsappendagesinthenextstage・

Stage9Startofappendicularannulation（Figs・2Ⅰ′26A－F′34A′41）

Theappendagesoftheheadandthoraxareenlargedandsegmented・

Theantennaisdividedintotwoparts′i・e・，theproximalscapusanddistalpart

Whichlaterdevelopsintopedicellusandflagelhm・ThemaxillaandlAbium

arealsodividedintotwoparts′i・e・，theproximalpartofwhichmedialreglOn

laterdevelopsintogaleolacinia（maxillaryendite）anddistalmaxillarypalp′

andtheproximalpartofwhichmedialreglOnlaterdevelopsintoglossaand

Paraglossa（labialendites）anddistallabialpalp′reSPeCtively・The

mandibularappendage′however′neVerundergoessuchapartitionintothe

14



PrOXimalanddistalasobservedinantenna′maXillaandlabium′nOrdevelops

thestructuresidentifiablewiththemaxillaryandlabialpalps（Figs・26A－C′

34A）。

Theepairedbulgesappearinheadlobe′namedthebulgesl′2and3

fromthelateraltomedial・Thesecorrespondtotheprotocerebrallobil′2and

3‥themostmedialandmostlateralpairsarethepreantennalganglia（lobi3）

andopticganglia（lobil）′reSPeCtively（Fig・26C）・Thesternalareaofthe

mandibulartomaxillarysegmentsbeglnStObulgeout′anditleadstothe

formationofhypopharynx（Figs・26C′41）・

Eachofthoracicappendagesisdividedintotheproximalanddistal

PartS′Whichareidentifiedtobethecoxopoditeandtelopodite′reSPeCtively

（Fig・34A）・

ReglOnSIIIandIVoftheabdomenfusewitheachothertoformthe

PrOCtOdaeum（Fig・26D′E；Cf・Figs・40′42′43A－D′48B′BT）・Then′the

PrOCtOdaeumitselfissoonenclosedbythedefinitivedorsalclosureofreglOn

II（cf・Figs・43A－D′48B′B，）・Thecaudalfilamentdevelopsattheapexofregion

Ⅳ（Fig・26E′F；Cf・Figs・39A′B′40′42′43A－D′48B′B’）・Apairofcercidevelop′

asappendagesoftheeleventhabdominalsegmentwhichistheextremityof

regionII（Figs・26E′F；Cf・Figs・43A－D′46A－C′48B′Bl）・Withtheprogression

Ofdefinitivedorsalclosure′thecercimovefromtheorlglnalventrolateralto

thedorsolateralposition′tOreaChtheirdefinitivepositionatthesamelevelas
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thecaudalfilament（Figs・46A－C′48B′B’vs・Figs・26F′41′47′48C）・

StagelO Revolution（Katatrepsis）（Figs・21′27A－C）

Theamioserosalfoldtearsnearthelabru叫′andtheembryoappears

Ontheeggsurface・Theembryo′Whichissligh叫shortenedtemporarily′

movesalongtheventralsurfaceoftheeggtowardtheanteriorpole′withits

headtothetravelingdirection′andtheanteroposterioraxisoftheembryo

reverses（Fig・2J）・

Inthisstage′thecけPeOlabrumenlargesandisdividedintotwoparts′

i・e・′theproximalclypeusanddistallabrum：thisproximal－distalpartitionof

Cけpeolabrumisobviouslydelayed′incomparisonwiththosefoundinthe

appendicularstructuressuchasantemaLmaxillary′labialandthoracic（Fig・

27Bvs・Fig・27C）・Thedistalpartoftheelongatedantemaissubdividedinto

twoparts′i・e・′theproximalpedicellusanddistalflagellum：theantenna

acqulreSthecompositionbythreepartsJi・e・／SCaPuS＋pedicellus＋flagellum

（Fig・27C）・Themandibleenlarges′andtheincisorandmolarappear・The

incisorandmolardonotdevelopintosuchstructuresastoughteethuntilthe

middlepostembryonicstages・Themaxillaryendite′Whichnowdevelopsinto

thegaleolacinia′andlabialonesenlarge′andgathertowardtheventral

medianline・Thedeveloplnghypopharynxfurtherswellsandextendsits

area′withitsposteriorextremityreachingthelabialsegment（Fig・27B′C）・
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Stagell Post－reVOlutionI（Figs・2K′28A′B′34B）

Theserosalcellsarecondensedattheanterodorsalpartoftheegg′tO

formthesecondarydorsalorgaLnjustposteriorlytothehead・Withthe

PrOgreSSivecondensationandwithdrawalofserosalce皿S′theamnionreplaces

theserosaandfinallyspreadsoverthedorsalyolkasaprovisionaldorsal

Closure（Figs・2Ki44A′B）・

Theflagellumofantennaelongates′tObethesameasthescapusplus

Pedicellusinlength・Thelabialappendagesofbothsides′Ofwhichendites

enlargeanddevelopintothemedialglossaandlateralparaglossa′mOVetO

mediallineandapproacheachother・Therotationoflabialappendagesis

invoIvedintheirapproach′aSareSulttheglossaandparaglossadirect

themselvesanteriorwardsaswellasthelabialpalp（Fig・28A′B）・

Eachofthoracicappendages′eSPeCiallytelopodialreglOn′muCh

elongates・Lateinthisstage′annularpartitionsbecomeobservable′although

faint′aSarethesubcoxa＋coxa′thetrochanter′thefemur′thetibiaandthe

tarsus＋pretarsus（Fig・34B）・

Stage12Post－reVOlutionII（Figs・2L′29A－D′34C）

Theflagellumfurtherelongates′anddividesintofourannuli（Fig・29A）・

Themandibleandmaxillaelongatetowardthemedianline′andthemaxillary

PalpdividesintotwoaLnmli（Fig・29C′D）・Thelabialappendagesofboth

17



Sidesmiteswitheachotherattheirproximalreg10nS′reSultinginthe

formationoftheprementumandpostmentum（Fig・29D）・ThelAbialpalp

dividesintotwoannuli（Fig・29C′D）・Thehypopharynxisdividedintothree

PartS′i・e・′themediallinguaandlateral′Pairedsuperlinguae（Fig・29B－D）・The

headfundamentallyacquresitsdefinitiveconfiguration・Themaxillary

enditeorthegaleolaciniaremainStobesolid′andthedifferentiationintothe

galeaandlaciniaasiscommonintheotherinsectsdoesnotoccur・

Lateinthisstage′thetarsusandpretarsusandthesubcoxaandcoxa

differentiateinthoracicappendages′andtheannulationsbecomeobviousand

COmPlete（Figs・29C′34C）・Thesubcoxaandcoxaandthefemur′tibia′tarSuS

andpretarsusarederivedfromthecoxopoditeandthetelopodite′reSPeCtively

（cf・Fig・34A－D）・Becausethetrochanteroriginatesfromtheboundaryzone

betweenthecoxopoditeandtelopodite′itisdifficulttodeterminewhetheritis

COXOPOdialortelopodial・

Thesecondarydorsalorganwhichformedatthepreviousstagesinks

intotheyolkanddisappears・Thedefinitivedorsalclosurefurtherproceeds

anteriorwards（cf・Fig・48C）・Apairofcerciandcaudalfilamentelongateand

becomesegmented・Lateinthisstage′COmPOundeyesandthreeocellicanbe

Clearlyobserved（Fig・2L）・
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Stage13Post－reVOlutionIII（Figs・2M′30A′13）

Earlyinthisstage′a丘neembryoniccuticleissecretedoverthe

embryonicbody・Thedefinitivedorsalclosureiscompleted′andtheembryo

acqulreSitsdefimitiveform・Lateinthisstage′thelarvalcuticleissecreted

beneaththeembryoniccuticle′andasclerotizedeggtoothwhichassumesa

longitudinalfringedridgeisvisibleonthefrons（Figs・2M′30A′B）・Inthe

imersideofmandible′tWOSmalllobesappear′Whichareprobablyidentical

tothestructuresMurphy（1922）calledthegaleaandlacinia・

Firstinstarnymph（Fig・31）

In15to17daysafterovIPOSitiorT，thefirstinstarnymphbreaksthrough

thechorion′uSlngtheeggtooth′andhatchesout・Atthesametimeof

emergence′thenymphmoultstheembryoniccuticle′withexuvialeftonthe

egg・

Thefirstinstarnymphisabout500pminbodylength（caudalfilament

andantennaOmitted）・Asmallprocess”mandibulartuskHappearsattheouter

Sideofmandible・Thetrachealgillsonabdomenwhicharecharacteristicof

ephemeropterannymphshavenotbeenwell－developed′butremaintobe

filamentousprocessesonthethirdtosixthabdominalsegments（Fig・31）・The

rudimentsofwlngSOrthewlngbudsarenotdevelopeduntilthelater

nymphalstages・Themidgutformationhasnotbeencompleted′andthe
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midgutisstillfilledwithyolkmaterials・The・nymPhofEpheme7m］aPOniaz

feedsforthefirsttimeinthesecondinstarnymph，Ofwhichmidgutbecomes

functional．

4・Embryonicmembranes

4．1．Serosa′amnionandammioserosalfold

InEpheme7mJaPOnica′thegermdiscisformedbytheconcentrationof

broadandthickblastodermareadistinguishedattheposteriorhalfofegg

Surface（Fig・20A）・Therestofblastodermorthethinextrae血ryonicareais

nowcalledtheserosa（Fig・20A）・Instage5′theembryostartstoinvaginate

intotheyolk′aCCOmPaniedbytheproductionofasecondembryonic

membranecalledtheamnionfromtheembryonicmargin（Figs・2E′El′32A－C）・

Asaresultoftheinvaglnationofembryoandtheproductionofamion′a

foldedstructureHamioserosalfoldHisformed′anditstartstospreadoverthe

embryonicventer′tOfinallyclosethereinstage6（cf・Fig・33A′B）・Thus′the

entireeggsurfaceistobeoccupiedbytheserosa′andtheembryoisdoubly

COVeredbytheserosaandamion・Thespacesurrotmdedbytheentbryoand

amnionofamioserosalfoldistheamiOticcavity（Fig・33B）′Whichisbuttoo

narrowtodistinguishbyextemalobservation′andtheamioserosalfold－

amioticcavitysystemcompletes（cf・MachidaandAndo′1998）・Soonafter
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thecompletionofanatrepsISOrthecompletionofamioserosalfold，theserosa

SeCreteSaCuticularlayerortheserosalcuticlebeneaththechorion（cf・Figs・

43A－D′44B）．

hstagelO′theamioserosalfoldwhichisformedinstages5to6

beglnStOregreSSinthereversewaytotheprocessofitsformation′tObe

withdrawn′andfinallytheamnionandthentheembryoreachtheeggsurface

（Fig・2J）・Itisnotunusual，however′thattheamioserosalfoldsare

PreCOCiouslyregressedearliertostagelO′aSeXtremeeXamPles′instage8（Fig・

49A－C）．

4・2・Dorsalclosureandsecondarydorsalorgan

ThekatatrepsISOrthewithdrawalofamioserosalfoldoccurs′andthe

SerOSalcellsbegintobecondensedanterodorsallyontheeggsurface′tOform

thesecondarydorsalorganjustposteriorlytothehead（Fig・44A′B）・Withthe

PrOgreSSivecondensationandwithdrawalofserosalcens′theamnionreplaces

theserosaandspreadsoverthedorsalyolkasaprovisionaldorsalclosure

（Fig・44A′B）・Thesecondarydorsalorganfinallysinksintoyolkandis

COnSumedtherebylatestage12・

Thedorsalclosurebytheamnionis′however′temPOral・Theamnion

itselfisreplacedbytheextensionoflateralplatesoftheembryo′Whichis

calledthedefinitivedorsalclosure．Thedefinitivedorsalclosurefirstoccurs
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attheabdominalregioninstage9（Figs・43A－D′48B′B一′C）′atthegnathal

reglOninstagell′andthedorsalclosureattherestreglOnPrOCeedsfromthe

reartowardtheanterior．Thedefimitivedorsalclosurefinishesattheanterior

thoracicareaandcompletesjustbeforehatchingorinstage13・

5．Formationofinnerlayerandmesodermalsomites

5．1．Formationofinnerlayer

Instage5′athin′Cellularlayerisfoundtobesegregatedonthedorsal

Sideofgermbandwhichisinitiallycomposedonlyoftheectoderm・Thisis

thecommencementofirLnerlayerformationormesodermalsegregation（cf・

Figs・33B′35A′B′36B）・Thiscellularlayerorinnerlayerextendsandspreads

OVertheectoderm（embryoproper）′keepingastepwiththeelongationof

embryo・Asaresult，theentiredorsalsideofelongatedembryoislinedwith

theinnerlayerormesoderm′includingthenon－SegmentalreglOnSIIIandⅣ

ofabdomen．

Newlysegregatedinnerlayeristhip′butinstages6to7thereg10nSOn

bothsidesthicken′tOformapalrOfthicklongitudinalmesodermalbands・

ThereglOnOfinnerlayerbetweenthesethickmesodermalbandsisthe

medianmesoderm′anditremainsthirT，eSPeCiallyatthestomodaealareaand

atthejunctionofthereglOnSIIIandⅣofabdomenwhichisthefutureblind
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endofproctodaeum（Fig・35A）・

5・2・Segmentationofinnerlayerandmesodermalsomites

Instage8′inwhichtheectoderm（embryoproper）issegmented′the

innerlayerislikewisesegmented・Thesegmentationofinnerlayerproceeds

fromtheanteriortoposterior′thesameastheectoderm・Thesegmentationof

innerlayeris′however′nOtSOdefinite・Namely′theadjacentmesodermal

SegmentSOrmeSOdermalsomitesarenotdemarcatedcleaIサ′buttheyare

COmmunicatedwitheachotherbythinlayerofmesoderm・Thissituationis

VerytrueOfinpreoralareaandintercalarysegment／inwhichthemesodermal

somitesareincontactwiththeadjacentonesbynotathinbutratherthick

mesodermallayer′aSknownfortheotherinsects′forexample′themost

Primitiveectognathaninsect′Archaeognatha（Larink′1969；Machida′1981b）・

Thecellsofmesodermalsomitesassumearadialarrangementin

section．Thecoelomiccavitiesarei11－0runderdeveloped′0nlyinthoracic

SegmentSaSmalllumenisdiscemedatthecenterofradialcellarrangement

（Fig・38）・

ThecellsofsomitefacingthedeveloplngmidgutareofsplanChnic

mesoderm′andlaterdevelopintoalimentarymusculature（Fig・38）・Therest

ofsomitecellsisthesomaticmesoderm′andtheylaterdevelopintothe

mesodermalorgansortissuesotherthanthealimentarymuscutature（Fig・38）・
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Instage9′thesomaticmesodermofsomitesentersthecavityofappendage′

anditiscalledtheappendicularmesoderm・Beforelong′themesodermal

SOmitesofallsegmentsbegintocollapse′andthecoelomiccavitiesare

mlngledwiththeeplneuralsinus，tObeconvertedintomixocoel′Whichis

Characteristicofthearthropods・

6・Organogenesis

6・1・NeⅣOuSSySkm

6・1・1．CentralneⅣOuSSyStem

6．1．1．1．VentralnerveCOrd

ExtemanyapalrOfsweningsappearontheventralsideofeach

Segmentinstages8to9・Itrepresentsthefirstsignofdifferentiationof

ganglionrudiments′andthemidventralgroovebetweenpairedsweningsIS

theneuralgroove・InsectiorT，theneuroblasts′Whicharecharacterizedbythe

large－Sizednucleiandlessbasophilickaryoplasm′arefoundtoappearinthe

Ventralregionofeachsegment（Figs・39B′50′53）・Differentiationofganglion

rudimentisprogressiveintimeintheanteriorsegments′andalittledelayed

intheposterior：itoccursatthegnathalandthoracicsegmentsinstage8′and

attheabdomeninstage9・

TheneuroblastsbeglnaSeriesofdivisions′withthespindleaxis
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approximateb，atrightangletothesurfaceofembryo′tOglVerisetodaughter

Cellsorganglioncens′Whichhavesmallernucleiandmorebasophilic

karyoplasminComparisonwiththoseofneuroblasts（Fig・53）．Witheach

Subsequentdivision′thepreviouslyformedganglioncellsarepushedfarther

awayfromtheneuroblast′formingastraightrowabovethelatter（Fig．53）．

Theganglioncellsthusincreaseinnumber′andgraduallybecome

COnCentratedintotheformofgangliawhichacqulreSegmentalarrangements

COrreSPOndingtotheextemaldemarcationofbodysegment・

Lateinstage9′Whentheventralnervecordisobservedtoconsistof

threegnathal′threethoracicaLndelevenabdominalganglia′aPalrOffibrous

StruCtureS′i・e・′neurOPiles′beglnStObeproducedatthedorsalsideof

ganglionofeachsegment（Figs・40′45′56A′B′57A－C）・Apairofneuropilesof

eachsegmentfusemedialbwitheachother′withtheirextension．Twothick

bundlesareobservedbetweenapalrOfneuropilesintheircomicating

area（intheeleventhabdominalsegmentonlyonecommissureisfound）（Figs・

40′45）・Thesebundlesaretheanteriorandposteriorcommissures′andeachis

Observedtobecomposedoftwosubbundles・Atthesametime′the

COmmunicationofneuropilesbetweentheanteriorandposteriorsegmentsis

establishedwiththeconnectives・Eachganglionisobservedtobesurrounded

Witha丘necellularmembraneOrtheneurilemma（Fig・39B；Cf・Figs・39A′40′

44A′B′50）′butIcouldnotpreciselydesignateitsoriginanddescribethe
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PrOCeSSOfitsformation・

Threegnathalorthemandibular′maXillaryandlabialgangliaare

initiallyformedseparately′butinstage9theyfusewitheachother，tOforma

Slnglesuboesophagealganglion′WhichisnowsituatedinthereglOn

SurrOundedanteroventralbTwiththedevelopmghypopharynxand

POSterOVentrallywiththedevelopingpostmentum（Figs・40′55A′57B′C）・nte

Suboesophagealganglionbecomesshortandthick′andthreethoracicganglia

alsoincreaseinthickness・Atthesametime′theeleventhabdominalganglion

isfusedwiththeganglionofthetenthabdominalsegment・

Lateinstage12′theterminalabdominalgaLnglionformedbythefusion

Ofthetenthandeleventhgangliamovesforwardintotheprecedingsegment，

tofusewiththeninthganglion・Then′theventralnervecordacqulreSits

definitiveconstructiorbi・e・′OneSuboesophageal，threethoracicandnine

abdominalganglia（Fig・56A′B）・

6．1．1．2．Brain

6．1．1．2．1．Tritocerebrum

Thetritocerebrumisderivedfromtheganglionofintercalarysegment

（Fig・44A；Cf・Fig・40）・Theintercalaryganglionundergoesthedevelopment

Similartothatinventralnervecord′butitisdifficulttodistinguishtwo

COmmissures′i・e・′thesuboesophagealcommissures′andpracticallyonlyone
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COmmissurecanbeobservedintheintercalaryganglion・

TheintercalaryganglionorlglnateSinpostoralarea′butwithits

PrOgreSSivedevelopmentintothetritocerebrum′itmovestothepreoral

POSition′andtightlyumiteswiththedeveloplngdeutocerebrumthere′aSa

result，thecircumoesophagealcomectivesaremuchelongated・

6．1．1．2．2．Deutocerebrum

Thedeutocerebrumisderivedfromtheganglionofantennalsegment・

Theantennalganglionundergoesthedevelopmentverysimilartothoseof

ventralnerve cord．

Thepairedantennalgangliaaresituatedjustanteriorlytothe

StOmOdaeum′andareanteriorlyincontactwiththeprotocerebralganglialobi

3（Figs・55A′56A′57A′C′60）・

6．1．1．2．3．Proto（：erebrum

Instage7′theanteriorbroadreglOnOftheprotocephalonisdividedinto

threepairedlobes′fromthelateraltomedial，thelobusl′lobus2andlobus3

（Fig・37）・Thesearethefuturethreepairsofprotocerebralganglia・Thelobus

listheopticganglionandlobus3istheganglionofpreantemalsegment・

Thestructurescalledthebulgesl′2and3inextemalobservationscorrespond

tothelobil′2and3′reSPeCtively・
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Earlyinstage9′theneuropilesareformedinthedorsalreglOnSOfeach

Ofthelobilto3（Figs・40′55A）・Theneuropilesofthreepairedlobiextend

andfusewitheachother・Instagell′theepidermisventraltothelobusl

becomesthick′andisthefutureopticplateorrudimentarycompoundeye′

Whichislaterinnervatedfromthelobilwiththepostretinalfiber（Fig・60）・

Threeocelliareformedandarrangedininvertedtriangleonthefronsinstage

12′buttheirimervationscouldnotbepreciselydesignated・

Eachofthelobil′2and3enlarges′弧dtheirneuropilesincreasein

VOlume・Theseprotocerebralgangliabegintofusewitheachother，tOform

theprotocerebrum（Figs・57A′C，60）・Inparallelwiththefusionof

PrOtOCerebralganglia′thedevelopmgprotocerebrumfuseswiththe

deutocerebrum・Thefusionofprotocerebralgangliamakesitdifficultto

distinguishthelobil′2and3fromeachother′butitisnotimpossible′because

eachofprotocerebrallobiisseparatelysheathedwithaneurilemma・

6・1・1・2・4・Morphogenesisofbrain

Asaresultofdorsal－CurVingandextendingoftheheadlobe（cf・Fig・37）′

theheadcapsuleisformed′anditacquresthedefirdtiveforminstage12・

Withthisprocessandtheenlargementofcerebralgangliathemselves′the

relativepositionsofeachganglionofthebrairT，i・e・′theprotocerebrallobil′2

and3′theantennal（deutocerebral）andtheintercalary（tritocerebral）ganglia′
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areconsiderabbTaltered・ThedeutocerebrummOuntSthetritocerebrum′and

thedeutocerebrumitselfismountedbytheprotocerebralganglialobi3・The

lobi2shifttheirpositionsposteromedially（Fig・50）′keepingthe

comicationswiththemedianlobi3andwiththedeutocerebrum

anteroventrally・Thelobilhangmgoverthelobi2moveposteromediallyin

accompanywiththelobi2′tOfusewiththemedianlobi3・Thus′thesolid

brainiscompleted（Fig・60）・

6・1・2・StomatogastricnervOuSSyStem

Instagell′thefrontalganglionandrecurrentnervearerecognized

（Figs・57A′C′60）・Thefrontalganglionisderivedfromthedorsalwallofthe

StOmOdaeumandliesonthemiddlepartofthelabrum・Thereccurentnerve

COrdorlglnateSfromthefrontalganglion′tOrunbackwardsalongthe

stomodaeum．

6・2・Apodeme

6．2．1．Tentodum

ThetentoriumistheendoskeletalbraceofthecramiumglVlng

attachmentstotheantennalandgnathalmuscles・Thetentoriatypicalto

PterygOteSareCOmPOSedoftheanteriorandposteriortentoria′andthecentral

bodyisformedbythefusionofthem・
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hstage9justbeforetherevolution′tWOPalrSOfectodermal

irNaglnationsappearmedialbtothemandibularbasesintheintersegmental

groovebetweentheintercalaryandmandibularsegments（Fig・51）and

betweenthelateralbasesofthemaxillaryandlabialappendages（Fig・52）・

Thesearerespectivelytherudimentsofanteriorandposteriortentoria・

Withtheprogressivecephalization′theanteriorandposteriortentoria

Ofbothsideselongateandspreadmedially′andfusewiththoseofanother

Side・TherT，theanteriorandposteriortentoriaapproachandfinallyunitewith

eachother′tOformthecentralbody・Instage12′thetentoriumacqulreSthe

definitiveformofHshape（cf・Fig・54）・

6・2・2・Salivarygland

Instagellwhenthelabialappendagesofbothsidesstartthemedial

extensionleadingtotheformationofmentum′aPalrOfectodermal

invaginationsariseclosetomediansideofeachlabialbase（Fig・52）・Theyare

therudimentsofsalivaryglands・

TherudimentsofsalivaryglandselongateanddeveloplnWards・The

Prementumandpostmentumareformedbythefusionoflabialappendagesof

bothsidesinstage12′andtheductalreglOnSOfdevelopmgsalivaryglandsof

bothsidesunitewitheachother′tOformacommonsalivaryduct（Fig・5713′C）・

TheapICeSOfinvaglnationsofsalivaryglandsdifferentiateintoglandular
●　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■
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tissues．

6・3・Alimentarycanal

6．3．1．Stomodaeum

Thestomodaealinvaglnation′WhichhasaunlLormlythickwall，aPPearS

nearthecephalicendofthegermbandjustbeforesegmentationofthegerm

bandinstage7（Figs・35A′37）・Forawhile′thestomodaeumelongatesand

develops′aSitis・

Shortlybeforekatatrepsis′lateinstage9′thestomodaeum′Which

initiallydirectsitselfdorsally′CurVeSPOSteriorlyandbecomestubular′andits

blindend′directlycontactingtheyolk′isthimed（cf・Fig・57A′C）．Onthe

dorsalwallofthestomodaeum′therudimentofthefrontalganglion

differentiates（Fig・55A）・Atthesametime′amaSSOfectodermalcellswhich

latertakespartintheformationoftheanteriorpartofmidgutepitheliumis

foundtodifferentiatefromthestomodaealventralwallneartheblindend

（Fig・55A）・

WhilelittlereglOnaldifferentiationisseeninthestomodaeumin

PreViousstages′itacqulreSthedefinitiveconstructionastheforegutinstage

13′andinthestomodaeumthevariousreg10nSSuChasthepharynx′

OeSOPhagus′PrOVentriculusandcardiacvalvearedistinguished（Fig．60；Cf．

Fig・61A）・
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6．3．2．Proctodaeum

Instage7′invaglnatingembryofurthergrows′withitsposteriorhalf

bendingthreetimes・Withthebendings′theposteriorhalfofembryoorthe

futureabdomenisfoldedanddividedintofourreglOnS：reg10nSItoⅣfrom

theanteriortoposterior（Figs・35A′39B′40′42′48A）・Incrosssection′regions

IandIIandreglOnSIIIandⅣarerespectivelyconnectedtoeachotherbythe

amnion（Fig・35B）・

Instage9′theproctodaeumisformedbythefusionofthereglOnSIII

andⅣoftheabdomen・Then′theproctodaeumitselfissoonenclosedbythe

defimitivedorsalclosureofregionII（Figs・43A－D′48B′B’′C）・

Afterkatatrepsis′theproctodaeumOrthehindgutelongates

extensively・Theproctodaealwallbecomesthick′eXCePtfortheblindend

Whichisconverseけthinned・ThelumenoftheproctodaeumWhichwas

narrowbeforekatatrepsISisenlarged・Amassofectodermalcellssimilarto

thatfoundonthestomodaealblindenddifferentiatesfromtheproctodaeal

Ventralwallneartheblindend（Figs・55B′57B）・Thesecellslaterformsthe

POSteriorregionofmidgutepithelium（cf・Fig・63A′B）・

Instage9′themiddlereglOnOfthedorsalwalloftheproctodaeum

beglnStOthickerT，tOformtherectalpad・Thecellsofrectalpadarevacuolated

andhavealargenucleus・hstagell′afterthekatatrepsIS′therectalpad

furtherdevelops′anditscellsbecomecolumar（Fig・57A′13）・Inthefirst
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instarnymphalstage′therectalpadcellsincreaseinvolume′andtheir

CytOPlasmbecomeshigh1yvacuolated・Asfortheformationofrectalpad′We

haveonlyonereportforaplecopteranKamimuriatibialis（Kishimoto′1987）・

ThestructureanddevelopmentofEphemenlJaPOnicacloselyresemblesthosein

K・tibialis・Nothingdefiniteisknownforthefunctionoftheorgan・

6・3・3・Midgut

ThemidgutepitheliumofEphemenz］aPOnialhasadualorlgln：the

anteriorandposteriorpartsectodermal′andthemiddlepartofyolkcellin

Origin（Fig・63A′B）・

Amassofectodermalcellswhicharisesfromthestomodaealventral

Wallnearthestomodaealblindendspreadsposteriorlyanddorsallyoverthe

entalmembraneaSaformofflap′withtheprogressionofdefinitivedorsal

Closure′anddevelopsintotheanteriorpartofmidgutepithelium（Fig・55A；

Cf・Fig・63A′B）・

Likewise′amaSSOfectodermalcellsdifferentiatesfromtheproctodaeal

Ventralwallneartheproctodaealblindend（Figs・55B′57B）・Thismassfirst

SeParateSbilateranyatitsproximalreglOrbandassumestheformofapalrOf

ribbons・Theribbonsbegintospreadanteriorlyanddorsallyovertheental

membrane′andthentheywidenandcontacteachother′tOformtheposterior

PartOfmidgutepithelium・Theformationofmidgutepitheliuminthe
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POSteriorpartismoreprogressivethanintheanteriorpart（Fig・63A′B）．

Themiddlepartofmidgutepitheliumisformedbyyolkcens・First′in

Stage9′theyolkmassbeginstobeencircledbytheentalmembrane（cf・Figs・

39B′55）andsegmentedintoyolkblocks（cf・Figs・44A′B′56A′B′58A′B）・

EncirclementofyolkmassbyentalmembraneCOⅡWletesbytheendofstage

ll．

Eachyolkblockcontainssomeyolkcellsinside′Whichwere

differentiatedinthecleavagestageandthenhavegraduallyproliferated・A

PartOfyolkcellsmlgrateOntOtheentalmembraneandsettlethemselvesthere

（Figs・56A′B′58A′B′59）・Yolkmaterialsinsidetheyolkblocksaregradually

COnSumed・Asaresult，theyolkblocksregressordecreaseinvolume′andthe

lumenofmidgutappears（Fig・58B）・Withtheprogressiveconsumptionof

yolk′yOlkcellssettledontheentalmembraneaccumulatecytoplasm′and

developintothemidgutepithelium（Fig・63A′B）・Themidgutepithelium

COmPletesalsoinitsmiddlepartbytheendofthefirstinstarnymphalstage・

6・3・4・Malpighiantubule

Themalpighiantubules′Whichfunctionasanexcretoryorgart′Orlgnate

fromtheevagmationsappearedinStagellontheboundaryreglOnbetween

thedevelopingmidgutandproctodaeum（Figs・58A′B′59；Cf・Fig・61B）・The

malpighiantubulesofEpheme7m］aPOniαareeCtOdermalinorlgln，aSinthe
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otherinsects．

Inthisstage′themalpighiantubulesofEphememJaPOnicaareonlytwo′

withtheirorlglnSOnthebothsidesoftheboundaryreglOn・Eachtubule

branchesoutdurlnglaterdevelopmentalstagesincludingthepostembryomiC′

andthetubulesarefoundtobecomposedofnumerousbranchesinthe

ultimateinstarnymph・

LandaandSoldan（1985）studiedthenumberandbranchingpattemOf

malpighiantubulesintheEphemeropteraandreportedtheirhighdiversity・

6・4・DerivativesofsplanchnicandsomaticmesodermS

6・4・1・SplanchmiCmesodermandmusⅢlatureofalimentarycanal

ThesplanChnicmesodermisthedorsalwallofmesodermalsomites

（Fig・38）′thatis′themesodermalwalldirectlyfacingthedeveloping

alimentarycanal・

Instagell′thesplanclmicmesodermofgnathaltoanteriorabdominal

SegmentSStartStOSPreadmedialbanddorsallyonthe（outersurfaceof）

developmgentalmembraneofwhichformationisclose吋1inkedwiththe

（definitive）dorsalclosure・Withtheprogressivedorsalclosureandformation

Ofentalmembrane′thesplanchnicmesodermmoreextendsontheental

membrane′andfinallyitencirclesthedevelopmgmidgutup′tOformthe

midgutmusculature′atthecompletionofdorsalclosureandformationof
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entalmembrane（stage13）（Fig・58B）・Thedorsalclosureandformationof

entalmembraneareprogressiveintheposteriorabdominalandgnathal

reglOnS′SOthattheformationofmidgutmusculatureisalsoprogressivein

thesereg10nS・Itisprobablethatthemedianmesodermalsoparticipatesinthe

formationofmidgutmusculature・

ThemusculatureofstomodaeumorlgmateSfromapartoftheantennal

andintercalarymesoderms・Themesodermwhichisinitiallylocated

aqacentlytothestomodaeumspreadsonthedevelopmgstomodaeum′

keeplngaStePwiththeelongationofthelatter′tOformthestomodaeal

musculature．

Aspreviouslydescribed′theproctodaeumisformedbythefusionof

reglOnSIIIandIVofabdomen′Whicharelinedwiththemesodermalsheets

（Fig・35A′B）・ThemesodermalsheetsontheregionsIIIandⅣfusewitheach

Otheratthetimeofthefusionoftheseregions（stage9）′tOformthe

mesodermalsheathofproctodaeumandlatertodevelopintotheproctodaeal

musculature．

6．4．2．Derivativesofsomaticmesoderm

Thesomaticmesodermistheventralwallofsomites（Fig・38）′andfrom

thesomaticmesoderm′alltheorgansortissuesotherthanthemusculatureof

alimentarycanalorlgmate′SuChasthesomaticmusculature′heart，fatbody′
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andsoon．

Majorpartofsomaticmesodermdifferentiatesintothesomatic

musculatureandfatbodywhichisfoundinthespacebetweenthedefinltive

dorsalcIosureandmidgut（Figs・56A′B′58A′B′59）・

Thesomaticmesodermalcellssituatedmostlaterallycontributetothe

formationofcirculatorysystem・Withtheprogressionofdorsalclosure′these

mesodermalcensarecarrieddorsalbT・Atthecompletionofdorsalclosure′a

PalrOfmesodermalcells′Calledthecardioblasts′COntaCtwitheachotheron

thedorsalsideofbody′tOformtheheart（Figs・58A，B′59）・Theheartis

accompaniedbythecellscalledthepericardialcellswhicharealsoderived

fromthesomaticmesoderm（Figs・58A′B′59）・

Instagell′thegonadsarefoundtobesituatedlateroventrallytothe

developingproctodaeumaSPairedstructures（cf・Fig・61A′B）・Thisisonlythe

informationobtainedinthepresentstudyonthedevelopmentofgonadsin

Epheme7m］aPOnica′andnothingdefiniteisknownfortheirorlglnandfurther

development・Generalbininsects′itisknownthatthegonadisformedby

thegenitalridgeorlglnatedfromthesomaticwalls・

ThemesodermofthepreoralreglOnOrtheantemalandpreantennal

SegmentSisnotwe11－definedsegmentarily・Themesodermalcellsofthis

reglOndifferentiateintothemusculatureoftheantennaandlabrum：aPartOf

mesodermalcellsofantennalsegmenttakespartintheformationof
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stomodaealmusculature．

Instagell，aPalrOfclumpedglandularcellsarefoundtodifferentiate

beneaththestomodaeum・Thesearethesuboesophagealbodies′aLndderived

fromtheintercalarymesoderm（Figs・50′57C′60）・

6．5．OtherstruCtureS

6・5・1・Entalmembraneandeplneuralsinus

Instage9′theembryoisfoundtobecovereddorsallywitha丘nelayer

（Figs・39A′B′55A′13′58A′B′59；Cf・Fig・56A′B）・Itcoverstheembryo

throughoutallitsdorsalsurface′anditsanteriorandposteriorextremitiesend

atthemargnofheadandtipofabdomen・Thestructuressimilartoitare

reportedforArchaeognatha（Machida′1981b）′Odonata（Ando′1962）′

Orthoptera（Graber′1888；Roonwal′1937）′Plecoptera（Miller′1940）′

Hemiptera（Sander′1956）andsoon′andtheyarenamedtheentalmembrane・

ThestructurehereobservedforEphemem］aPOnialmaybeidentifiedasthe

entalmembrane′butIcouldnotrefertoitsorlgln・AsfortheorlglnOfental

membrane′theargumenthasnotbeensettled‥forexample′aSPOSSible

Candidatesfortheoriginofentalme血brane′forOrthopteraGrAber（1888）and

Roonwal（1937）referredtothelateraledgesofectoderm′forHemiptera

Sander（1956）andforOdonataAndo（1962）totheblindendsofstomodaeum

andproctodaeum′andforPlecopteraMiller（1940）tothelateralectodermand
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COelomicsacs・Miller（1940）alsospeculatedthattheentalmembraneservesa

Mrail”forthespreadofmidgutepithelialrudiments・

Thespacebetweentheentalmembraneandgangliaistheeplneural

Sinus′buttheepineuralsinusisrathernarrowinEpheme7mjaponica（Fig・39A′

B）・Asaresultofthecollapseofmesodermalsomitesoccurredaboutinstage

lO′theeplneuralsinusismmgledwiththecoeloms′tObecomeamixocoel．
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DISCUSSION

1・Eggstrutture

KossandEdmunds（1974）generalizedthefeaturesoftheeggsof

EphemeridaeorEpheme7maSfollows：1）possessingathickadhesivelayer′2）

lackingwell－developedattachmentstructures（otherthantheadhesivelayer）′

and3）possessingaspermguide・Theyalsopointedoutthattheeggof

EphememjaponicaisexceptionalwithineggsofEphemeridaeorEpheme7min‥1）

POSSeSSingaverythinadhesivelayerand2）lackingaspermguide・Their

referencetoE・japonicalSJuStifiedinthepresentstudy・However′the

dissimilaritiesofE・japonialtOtheotherephemeridsorEphememshouldnot

alwaysbesoessential′becauseregardingtheadhesivelayer′HthickHorHthinH

maybeamatterofdegree′andthepresenceorabsenceofmicropylemay

COrrelatetothethicknessoftheadhesivelayer・KossandEdⅡⅥmds（1974）

enumeratedHsmoothchorion”forE・japonicaeggasanotherexceptional

featurewithintheEphemeridaeorEpheme7m・However′SEMrevealsthatthe

ChorionofE・japonicahasameshpatternonitssurface′althoughitis

ambiguous（Fig・1D）・

Asisclearfromtheabove′itisofnousetoregardEpheme7mJaPOnicaas

anexceptionwithintheEphemeridaeorEphemem・Thus′theeggsofthe

genusEpheme7mOrthefami1yEphemeridaecanbere－Characterizedasfollows′
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alsowithreferencetopreviousworks（Degrange′1960；Koss′1968；Kossand

Edmunds′1974）・1）TheeggisellipsoidalandistranSlucentandcolorless′2）

theegghasanadhesivelayeronitssurfaceregardlessofthickness，3）theegg

developsnoattachmentstructuresotherthantheadhesivelayer′4）theegg

hasasinglemicropyleonitsequator′and5）thechorionhasameshpatternon

itssurface．

2・Eadydevelopment

Wehavehadlittleknowledgeontheearlydevelopmentof

Ephemeroptera・Thepresentstudyisthefirstcomprehensivecontributionto

thisaccotmt．

2．1．Maturation

ThenewlylaideggofEphemenzJaPOnica′Ofwhichnucleusisinthepolar

Plasmlocalizedatthemid－Ventralsideoftheegg′lSatthemetaphaseofthe

firstmaturation（meiotic）division′withitsspindleaxisbeingverticaltothe

eggsurface′aSiscommonintheinsects（cf・JohannsenandButt′1941；

Schwalm，1988；AndoandKobayashi′1996）・

Thesecondpolarbodyheadsfordegeneration′SOthatIcannot

determineitsfatewhetheritundergoesafurtherdivision′name吋′Icannot
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determinethenumberofpolarbodies′Whethertwoorthree．

2．2．Fertilization

ItisquitestrikingintheearlyembryonicdevelopmentofEpheme7m

］aPOnicathatanextensiveandcircuitousmlgrationofthemalepronucleusis

involvedinthefertilizationprocess：themalepronucleusgoestothefemale

PrOnuCleusnotinastraightpath′butcircuitously′first′anteriorwardsinthe

PeriplasmfromtheentranCe（i・e・，micr？Pyle）onthemid－dorsalsideoftheegg

totheanteriorpoleoftheegg′andthen′Changmgitsdirection′

POSteriorwardsintheyolkalongtheegglongaxistothesiteofsyngamy′near

thecenteroftheegg・

Thetime－lapseVTRrevealsthatintheprefertilizationeggofEpheme7m

］aPOnicathereexistsayolkstreamthatmovesinaccordwiththemlgrationof

themalepronucleusintimeanddirection（Fig・16A－D）・Hence′itmaybe

COnCludedthatthemlgrationofthemalepronucleusinE・japonicaisdirected

byorcloselyrelatedtotheobservedyolkstream・Theyolkstreamisalso

generatedinactivatedunfertilizedeggs′areSultimplyingthattheyolkstream

OCCurSregardlessoftheentryofspermorthepresenceofamalepronucleus

andthatitmaybeintrinsictotheegg（Figs・17A′B′18A－C）・However′the

mechanismgeneratingtheyolkstreamisunknown′andinvestigations

especiallyofthecytoskeletalsystemareneededtoelucidatethisissue・
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RempelandChurch（1965）foundacytoplasmicstreamintheearlyeggs

OfameloidcoleopteranLyttaviriddnabytheexamhationofsectioned

materials′andtheyadm出edthepossibilitythattheyolkstreamisclosely

relatedtothemalepronucleusmovement・ThecytoplasmicstreamofL・

ViriddnastrikinglyresemblestheyolkstreamofEpheme7m］aPOnicaindirection

andphase・ThefindingsinthepresentstudymaytlmsverifyRempeland

Church．Scorrelationofthemalepronucleusmovementandcytoplasmic

Stream．

Itmaybeinteresting′inthelightofphylogeny′thataunlquebehavior

Ofthemalepronucleusinassociationwithfertilization′Whichmaybe

COntrOlledbyoriscloseけrelatedtotheextensive・yOlkorcytoplasmicstream′

iscommonlyfoundinbothaprlmitivemayflyEphemera］aPOnicaandaremote

advancedcoleopteranLyttaviriddna・Thephylogeneticimplicationofthistype

Ofmalepronucleusbehavior′however′remainstobeclarified′becausethis

behaviorhasnotbeenreportedinanyotherinSectgroups′andourknowledge

Offertilizationthroughouttheinsectsitselfstillremainsinsufficient．

Sauer（1966）usedtime－lapsecinematographytoobservethefertilization

OfacricketG7yllusdomesticus・Hefoundthatinthisspeciestheapproachof

maleandfemalepronucleLwhichdoesnotinvoIveanextensivecircuitous

mlgrationofthemalepronucleusasobservedinEphemem］aPOnialbutis

fulfilledintheshortestway′lSCauSedbycontractionwavesoftheyolk・

●
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2・3・Cleavage

ThefertilizedeggofEpheme7mjaponicaundergoesatypicalsuperficial

Cleavage′Whichischaracteristicofdicondylianinsects（＝Zygentoma＋

Pterygota）OohamsenandButt，1941；Sharov′1966）′andthesuccessiveeight

Cleavages′Ofwhichthefirstfivearesynchronized′reSultintheformationof

theblastoderm・Thenumberofcleavagesrequiredforthecompletionof

blastemamaybesmallinE・japonicaincomparisonwiththatintheother

insects（cf・Anderson′1972a′b）・ThisprobablyresultsfromthesmallsizeofE．

］aPOnialegg′becauseevenarelativelysmallnumberofcleavagenucleimaybe

enoughtocovertheentireeggsurfaceinsuchasmallegg・

3．Germdiscformationandblastokinesis

ThegermdiscofEphemenl］aPOnicaisformedwithaconcentrationof

Cellsattheembryonicareawhichisbroadlydefinedattheposteriorhalfofthe

blastoderm・Asimilarmannerofgermdiscformationisobservedinother

ephemeropterans′i・e・′Epheme771St7igata（AndoandKawana′1956）′Baetis

rhoddniandB・VernuS（Bohle′1969）andTbrtopusincertus（TsuiandPeters′

1974）′andthismannerofgermdiscformationmayberegardedasan

importantcharacteristicofephemeropteranembryogenesis・

TheembryoofEpheme7mjaponicacanbecategorizedintothetypical
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Shortgermtype（cf∴Krause′1939）′Characterizedbythesequential

PrOliferationofsegmentsfromtheanteriortoposterior・Becausetheshort

germtypedominatesinprimitivepterygotes（e・g・，Odonata：Ando′1962；

Plecoptera：KishimotoandAndo′1985）aswellasinectognathanapterygotes

（cf・Sander′1984）′thistypeofgermbandmayberegardedasanancestral

feature．

AsaresultofanatrepsISandelongationofthegermband′theembryo

OfEphemem］aPOnicaacqulreSanS－Shape′aSObservedinOtherprlmitive

PterygOteSSuChasanodonatanEpiophebiasuperstes（Ando′1962）anda

PlecopteranKamimuriatibialis（KishimotoandAndo′1985）【andas

SPOradicallyfoundalsoinhigherorderssuchasparaneopterans（Anderson′

1972a）］′andthistypeofblastokinesismaybeconsideredtobebasictypein

thepterygotesandapomorphictotheirstock・

4．Ammioserosalfold

IntheembryogenesisoftheDicondylia（＝Zygentoma＋Pterygota）or

tbeEctognatha（＝Archaeognatha＋Dicondylia）′OneOfthemostoutstanding

istheformationofamioserosalfoldinassociationwiththeblastokinesis

OoharnsenandButt′1941；Andersorb1973；Zeheta1．，1989；Andoand

KobayashL1996；MachidaandAndo′1998）・First′theembryosuperficially
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formedstartstosinkintotheyolk′andcompletelyinvagmatesorimmersesin

theyolk（anatrepsis）・Duringthisprocess′theamioserosalfoldisformedby

theproductionoftheamnionfromtheembryonicmarglnandbytheinvasion

Ofserosaunderneaththeembryo′andtheamioserosalfoldthenfuses

beneaththeembryo・IntheDicondylia′theamioticporeiscompletely

Closed′tOformaamioticcavity′andtheamioserosalfold－amnioticcavity

SyStemisestablished（MachidaandAndo′1998）・Foratime′e血bryogenesis

COntinuesinthesamesituation（diapause）・Therbtheamnioserosalfoldis

withdrawn′andtheamnionandthentheembryoappearattheeggsurface

（katatrepsisorrevolution）′tOleadtothedegenerationofserosaandformation

Ofsecondarydorsalorgan・Theabovealsooccursandisverytrueofin

Ep力ememJ甲0〝f肌

Theamioserosalfold－amnioticcavitysystemintheDicondyliaseems

tobesofirmlyincorporatedinthedevelopmentalprocess′thatitshouldbe

recognizedasasynapomorphyofthegroup（Machidaetal・′1994a；Machida

andAndo′1998）・Asforthefunctionofthissystem′SOmemeChanical

advantages′SuChasprotectionofembryo′havebeenassumed（Sharov′1966；

Ando′1970′1988；Zehetal・′1989）′butnothingdefiniteisknownaboutits

functionalrole（cf．Anderson1972a）．

However′Machidaetal・（1994a）andMachidaandAndo（1998）recently

extendedaninterestingdiscussionconcernngthefunctionalroleofthe
■
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amioserosalfold，basedontheevolutionarytransitionoffunctional

SPeCializationbetweentheembryoproperandembryonicmembraneSinthe

Atelocerata（＝Myriapoda＋Insecta）・Theydeducedthattheamioserosal

foldshouldhavebeenacquireddurlngtheevolutionofinsectsinorderto

SeCretetheserosalcuticlebeneaththeembryothathadlostthisabilityindue

courseofatelocerateevolution．

IthasbeenconLirmedthatinEphememJaPOnica′theserosalcuticleisnot

SeCreteduntilthecompletionofanatrePSis′thatis′untiltheembryois

Ventrallycoveredbytheamioserosalfoldandtheentireeggsurfaceis

OCCuPiedbyserosa・Thismaybeveryfavourabletotheassumptionof

Machidaetal．（1994a）andMachidaandAndo（1998）thattheprincipal

functionalroleoftheamioserosalfoldandtheamioserosalfold－amniotic

CaVitysystemasitsadvancedformshouldlieinthesecretionofserosalcuticle

beneaththeembryo・

Machidaetal．（1994a）andMachidaandAndo（1998）indeedadmitted

thattheevolutionarilyestablishedamioserosalfold－amnioticcavitysystem

indicondylians′Whichistemporariけmaintainedatafixedenibryogenetic

Stageforeachgroup（asadiapausestage）′Shouldberecognizedtohavea

SPeCialroleine血ryogenesisand′aShasbeenoftensuggested′mightbe

relatedtotheprotectionoftheembryo・They′however′furtherassumedthat

inearlyformsofdicondylianstheamioserosalfold－amnioticcavitysystem
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Shouldhavebeenanephemeralstructurewhichisnotsofirmlyfixedin

duration′becausethepr皿aryfunctionalroleoftheamioserosalfoldorthe

amioserosalfold－amnioticcavitysystemshouldonlylieinthesecretionof

Cuticularlayerbeneaththeembryo・Thepresentdataontheamioserosalfold

inEphemeropterawhichisoneofthemostancestralpterygotegroupsseemto

bealsoveryfavorabletotheirassumptionofthis・Thatis′thediapausestage

inE・japonicaconsiderablyrangesintime‥thebreakofdiapauseisfromthe

lateofstage8tostagelO・Moreover′aneXamPlethattheamioserosalfoldis

withdrawnintheearliestperiodatthelateofstage8doesimplythatthefold

musthavebeenregressedjustafterthesecretionofserosalcuticleoccurred

duringstage7（Fig・49A－C）・

5・Bodyplan

5・1・Cephdicconstmcdon

5．1．1．Metamerism

Theheadsegmentationorcephalicmetamerismininsectsisoneofthe

mostinterestingandcontroversialsubiectsintheinsectmorphology・Detailed

reviewsonthissubjecthavebeengivenbyMatsuda（1965）andRempel（1975）・

AccordingtoRempel（1975）′thetotalnumberofsegmentshasbeenplacesas

lowasthreeandashighasseven・Regardingtothecephalicmetamerismin
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insects′thereisnodoubtforthevalidityofthethreegnathal′Orthe

mandibular′maXillaryandlabialsegments′andthecontroversymayconcern

thepregnathalreglOn・Fortheelucidationofmetamerismandthe

determinationofasegment′thefollowlngthreecriteriaaregenerallyutilized：

thepresenceofl）apairofappendages′2）apairofgangliaand3）apairof

COelomicsacs・HereIdiscussthepregnathalmetamerism′basedonthe

PreSentdataobtainedfromtheembryonicdevelopmentofEphemenZJaPOnial′

accordingtothesethreecriteria・

InEphemem］aPOnica′aPalrOfantennalgangliaisformedindependently

Oftheothers′andtheantennalsegmentpossessesapalrOfwel1－developed

appendagesaswellasmesodermalsomites′althoughtheircoelomiccavities

arenotwelldeveloped・Thesearegoodenoughtopostulatetheantennal

SegmentaSaeuSegment・TTlismustbe′inallpossibility′trueOfalltheother

insects・Thefactthattheantennalgangliaareformedindependentlyofthe

Othergangliadeservesspecialemphasis・Thearthropodmorphlogistssuchas

Holmgren（1916）′Hanstr6m（1927′1928）andSnodgrass（1935′1960）supposed

thattheantennalganglionisnotindependentlypresent，tObeahomologueof

apartoftheamelidarchicerebrum：thatis′theydidnotregardtheantemal

ganglionordeutocerebrumaSrePreSentinganeuromereofeusegment・

However′thee血bryologiCaldataincludingthepresentworkssuggestthatit

isnotnecessarytocorrelatetheantennalganglionwiththearchicerebrum・
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InEpheme7m］aPOnica′theintercalarysegmentfundamentallyfulfillsthe

Criteriaformetamerism：itpossessesapalrOfwen－developednuromeres

differentiatingintothetritocerebrumandamesodermalsheetwhichmay

representitssegmentalmesoderIn′butitisdevoidofappendages′aSinmost

Ofinsects・However，aPalrOfwell－developedappendagesarefoundinsome

insectssuchasananopluran肋ematopinussuis（Young′1963）′ahemipteran

OncopeltusPsciatus（Butt，1949）′aCOleopteranLyttaviriddna（Rempeland

ChruCh′1971）′alepidopteranPie7isnlPae（Eastham′1930）′anda

hymenopteranPimplaturionellae（Bronskin′1959）′anditiswellknownthat

CruStaCeanSdevelopapalrOfsecondantennaeinthesegmenthomologlZable

totheintercalarysegmentofinsects（cf・Snodgrass′1935）・Takingthesefacts

intoaccount′theintercalarysegmentmaywellberegardedasaeusegment・

InEpeheme7mJaPOnial′aSintheotherinsects′threepalrSOfgangliaare

recognlZedanterioIサtotheantennalsegment・Thesegangliaarethe

PrOtOCerebrallobil′2and3′tOformtheprotocerebrum・Onthebasisofthe

COmParativeneuroanatOmyOntheArticulata（＝Annelida＋Onychophora＋

Arthropoda＋theothersmallgroups）（cf・Hanstr8m′1928；Scholl，1969；

Rempel′1975）′maybesettledtheargumentonthelobiland20finsects′

althoughthedataobtainedfromthepresentstudyprovidelittlebasesforthe

discussiononthem：thatis′thelobusIcorrespondstotheopticlobeoflower

articulatesorannelids′thelobus2ischaracterizedbythecorpus
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PedunCulatum′andthelobiland2constitutetheneuromerehomologizable

tothearchicerebrumofannelids′tOrePreSenttheacronasitsneural

COnStituent・InE・japonica′ameSOdermalsheetwhichprobablyrepresentsa

SegmentalsomiteisfoundtoextendfromtheantennalmesoderⅡ㌧itmaybe

POSSibletoadvocatesupposlnganadditionaleusegment′Ofwhichcandidate

Ofsegmentalganglionislobus3′anteriorlytotheantemalsegmentasthe

Preantennalsegment・

Adifficultproblem′however′remainSwhatistheappendageofthe

Preantennalsegment・InanodonatanEpiophlebiasupersfes（Ando′1962）′an

anopluranHaematopinussuis（Young′1953）′ahemipteranOncopeltusPsciatus

（Butt，1949）′aCOleopteranLythlViriddna（RempelandChruCh′1971）′a

lepidopteranPierismpae（Eastham′1930）aLndsoon′thelabrumisfoundto

formedfrompairedrudiments′andtheauthourssuchasSnodgrass（1935′

1938）′Butt（1957′1960）andRempel（1975）regardedthelabrumasthe

Preantennalappendage・However′itshoulddeservemuchattentionthatin

alloftheprlmitive′aPterygOteinsectswhichhavehithertobeenstudied

embryologica11ysuchasCollehbola（Jura′1972；UemiyaandAndo′1987）′

Diplura（Uzel′1898；Silvestri，1933；IkedaandMachida′1998）′

Archaeognatha（Larink′1969；Machida′1981a′b）andZygentoma（Heymons′

1897a；Sharov′1953；Wellhouse′1954；Woodland′1957；Larink′1970）′the

labrumdoesnotariseaspaired′butasaslnglestruCture′andthepresent

■
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Studyrevealsthatthelabrumisalsoderivedfromaslnglelabralrudimentin

theEphemeropterawhichisoneofthemostprlmitivepterygote

representatives・Moreover′inthemyriapodsSymphyla（Tiegs′1940）and

Chilopoda（Heymons′1901）′theunpairedlabralrudimentforms・

Furthermore′Heymons（1901）Observedapairofsmallstructures′Whichmay

representthepreantennalsegmentasitsappendicularconstituent′tObe

formedindependentlyofthelabralrudimentinChilopoda・Thus′itmaybe

morelikelytoconcludethat‥1）thelabrumcannotbeattributedappendicular

natureto′intheAtelocerata（＝myriapods＋insects）′and2）thepreantemal

appendagesaredegenerateininsects（andvestigialinmyriapods）・

AsthemostunlqueOfthetheoriesforcephalicmetamerismininsects

（cf・Rempel′1975）′WeCanrefertoFoIsomls（1900）andChaudonneretls（1966）：

bothofthemrecognlZeaSegmentOfwhichappendagesaresuperlinguae・The

SuPerlinguaearefoundinlowerinsectssuchasapterygotesand

Ephemeroptera′andtheyseemtofunctionastongues・Thepresentstudy

revealsthatinEpheme7mJaPOnicathesuperlinguaeorlglnateSfromthesternaof

mandibularandmaxillarysegmentasisconfirmedinapterygotes（cf・

Machida′1981a）′thisimplyingthatthestructuresarenotappendicularbut

SternalandthatFoIsom．SandChaudonneretIssuperlingualsegmentisnot

acceptable・

Consequently′theheadofEpheme7m］aPOnimisconcludedtobe
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COmPOSedoftheacronplussixsegments′i・e・′thepreantennal，intercalary′

mandibular′maXillaryandlabialsegments・Thisiscoincidentwiththe

interpretationsofinsectcephalicmetamerismbyTiegs（1940′1947）′Imms

（1957）′Weber（1952）′Manton（1960′1964）′Machida（1981b）′Kishimoto（1987）

andUemiya（1987）・

5・1・2・Appendage

5．1．2．1．Antenna

Theantennalrudimentisdividedintotheproximalanddistalparts′

andthescapusandthepedicellusplusflagellumorlglnatefromtheformer

andthelatter′reSPeCtively・Thispartitionoccursatthesametimeasdoesin

thethoracicappendages（seeH5・2・Thoracicappendage”inDiscussion）′andin

thelightofserialhomology′itmaybesafelyassertedthattheproximaland

distalpartsareregardedasthecoxopoditeandtelopodite′reSPeCtively′that

is′thescapusandthepedicellusplusflagellumarerespectivelycoxopodial

andtelopodial・

Thisisthefirst′directreferencetotheantemalcoxopodial－telopodial

Partitiort，fromthemorphologicalbasis・Niwaetal・（1997）′Whomolecular

enibryologiCallyinvestigatedtheappendageformationinacricketG7yllus

bimaculatus′rePOrtedthatanexpressionofahomeoboxgeneDistal－less（Dll）is

foundonlyatthepedicellusandflagellumintheantennathesameasinthe
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telopoditeofthoracicappendages・

5．1．2．2．Mandible

Themandiblehadbeenrecognizedascoxopodial（B6rner′1909；

Crampton′1921；Matsuda′1965）′butManton（1977）functional

morphologicalbandKrausandKraus（1996）myriapodologicallyclaimedthat

themandibleofUniramia（＝Atelocerata）isofwhole－limbinoriginorthatit

COntainsnotonlycoxopoditebutalsotelopodite・Theargumenthasnotbeen

se仕led．

ThepresentobservationonthemandibleformationinEpheme7m］aPOnial

mayglVeagOOdbasistothisargument・Thatis′themandiblenever

undergoesanypartitionasoccursintheantemal，maXillary′labialand

thoracicappendages・Itneverdevelopsitspalp′andentirethemandible

SeemStOSerial－homologouslycorrespondtothecoxopoditeofother

Segmentalappendages・Machida（1996′inpreparation）investigatedthe

developmentofmandibleandmaxillaofanarchaeognathanPedetonfus

unimaculafus′tOdeterminetheserialhomologleSbetweeneachpartofthem：

hecametothesimilarconclusiontothepresentstudy′andconcludedthatthe

mandibleofinsectsiscoxopodialinorlgln・Recentmolecularembryological

StudiesoninsectmorphogenesisusingDll（Carroll′1994；Panganlbanetal・，
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1994；Popadiletal．′1996；Niwaeta1．，1997）alsorevealthatthemandibleis

COXOPOdial・Thus′itismoreprobablethatthemandibleofinsectisnotof

Whole－limb′butcoxopodialinorlgm・

FromhisobservationonthenymphalmandibleofEpheme7mV痩ata，

Heymons（1896a）regardedthemandibulartuskasthepalp・Similarstructure

isobservedinthefirstinstarnymphofE・japonica′butitarisesmuchdelayed

tothestagethemaxillaryorlabialpalpsdifferentiate（stage9）′SOthatthe

COrrelationofthemandibletothemaxillaryandlabialpalpsmaybe

misleading′aSMurphy（1922）consideredthatthemandibulartuskshouldbe

asecondarystruCture・

Ontheotherhand′Murphy（1922）recognizedthestructures′Whichhe

CalledthegaleaandlaciniaandhomologlZedwiththestructuresbearlngthe

SamenameSinthemaxilla′inthenymphalmandiblesofanephemeropteran

P0秒mitarcyssp・ThestructureswhicharetobeidenticaltoMurphy－s

mandibulargaleaandlaciniaarealsoobservedtobeformedatstage13in

Epheme7mJaPOnica・However′itismorereasonablethatthesestructuresare

understoodasthespecializationofmandibularincisor′becausethese

StruCtureSandthemaxillarygaleaandlaciniaorgaleolacinia′Whichdevelops

instagelO′aremuChdifferentinthetimeofformation・
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5．1．2．3．Maxilla

InEpheme7m］aPOnim′instage9inwhichthethoracicappendagesdivide

themselvesintotwopartsorthecoxopoditeandtelopodite（see”5・2・Thoracic

appendage1－0fDiscussion）′themaxillaryrudimentisalsodividedintotwo

PartS′latertheproximalpartdevelopmgintothemaxillaproper′i・e・′the

Cardo＋stipes＋theirendite′andthedistalpartintothemaxillarypalp・The

PrOXimalanddistalpartsofmaxillainE・japonicamayberespectively

homologlZedwithandregardedasthecoxopoditeaLndtelopodite′inthelight

Ofserialhomologywiththethoracicappendage・Theresultofthisiswell

SuPPOrtedbytherecentmolecularembryologicalinvestigationsoninSect

appendageformationusmgtheexpressionofahomeoboxgeneDistal－less

（Dll），inwhichonlythepalpalregionisstainedasisthetelopodialregionof

thoracicappendage（CohenandJtirgens′1989；Cohenetal・′1989；Carro11，

1994；Panganibanetal・，1994；Niwaetal・′1997）・Thesimilarpr、OXima1－distal

PartitionofmaxillaisalsoconfirmedehbryologicalbTintheCollembola

（UemiyaandAndo′1987）′Archaeognatha（Machida′1981a′b′1996）and

Plecoptera（Kishimoto′1987）・

Generallyininsects′thecoxopodialendites′i・e・′themedially

PrOtrudinglobesofcoxopodites′Ofmaxillaaretwoinnumber′Calledthe

galea（outer）andlacinia（inner）・Itis′however′Wellknownthatthemaxillary

COXOPOdialenditeinEphemeropteraisaslnglelobe′anditiscalledthe
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galeolacinia・

IntheOdonata′themaxillarycoxopodialenditeisalsoaslngleand

Calledthegaleolacinia・Ando－S（1962）comparativeembryologicalstudyof

OdonatansconfirmedthatthedifferentiationofgaleaaLndlacinianeveroccurs

throughoutthedevelopmentalprocessesofallthespeciesexamined・Taking

importanceontheslngle－lobedcoxopodialenditeofmaxillaandregardingit

asitsautapomorphy′Hemig（1969）supportedthePaleoptera（＝

Ephemeroptera＋Odonata）・

Indeed′inEpheme7m］aPOnica′thedifferentiationofgaleaandlaciniawas

notobserved・However′Murphy（1922）didconfirmthatinaephemeropteran

Baetissp・theslnglenessofmaxillarycoxopodialenditeisbroughtaboutbythe

SeCOndaryfusionofoncedifferentiatedgaleaandlacinia・Ontheformationof

maxillarycoxopodialendites′furtheranddetailedinvestigationsareneeded・

5．1．2．4．Labium

AclosehomologybetweenthelabiumaLndmaxillaisrecognlZedand

demonstratedininsects（Snodgrass′1935；Matsuda′1965）・InEpheme7m

JaPOnica′instage9inwhichthethoracicappendagesdividethemselvesinto

twopartsorthecoxopoditeandtelopodite（seef－5・2・ThoracicappendageHof

Discussion）′thelabialrudimentalsodividesintotwopartsasthemaxillary

rudimentdoes′andlatertheproximalpartdevelopingintothementum（＝
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Prementum＋postmentum）＋theirenditesortheparaglossaandglossa′and

thedistalpartintothelabialpalp・Theproximalanddistalpartsoflabiumin

E・japonialmayberespectivelyhomologizedwithandregardedasthe

COXOPOditeandtelopodite′inthelightofserialhomologywiththethoracic

appendage・Theresultofthisiswellsupportedbytherecentmolecular

embryologicalinvestigationsoninsectappendageformation（Niwaetal・′

1997；etC・）′andthesimilarproximal－distalpartitionoflabiumis

embryologicallyconfirmedintheotherinsects（Machida′1981a′b；etC・）．

InEphemem］aPOnica′instage12′thecoxopoditesoflabialrudimentsof

bothsidesapproachandfusewitheachother′tOformthementuⅡいhis

implyingthatthementumiscoxopodialinorlgln・Itisconfirmedthatthe

mentumderivesfromthecoxopodialelementalsointheotherinsects′i・e・，

Collembola（UemiyaandAndo′1987）′Diplura（IkedaandMachida′1998）′

Archaeognatha（Machida′1981a），Orthoptera（Roonwal′1937）・

5・2・Thoracicappendage

Instage9′thethoracicappendagedividesintotheproximalanddistal

PartS′andlaterinstage12thesubcoxaandcoxa′andthefemur′tibia′tarSuS

andpretarsusdifferentiatefromtheformerandthelatter′reSPeCtively（Fig・

34A－D）・Becausethetrochanteroriginatesfromtheboundaryzonebetween

theproximalanddistalparts′itisdifficulttoattributeittowhichparts・
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ForsomeinsectssuchasArchaeogna血a（Machida′1981a）′Collembola

（UemiyaandAndo′1987）′Plecoptera（Kishimoto′1987）′inwhichalsothe

thoracicappendageisfirstdividedintotwoparts′andtheproximalanddistal

PartSarereSPeCtivelyidentifiedasthecoxopoditeandtelopodite′however′it

isreportedthatthetrochanterderivesfromthedistalpart・Takingthisinto

accotmt，itmaybeassumedthattheproximal－distalpartitionofthoracic

appendageinEpheme7m］aPOnicacanbeunderstoodtobethecoxopodia1－

telopodial′andthatthetrochanterbelongstothetelopodialpart・

5．3．Abdominalconstruction

5・3・1．Formationofproctodaeum

Inthelongest－embryostage（stage7）′theabdomenofEphemenljaponica

isfoldedanddividedintofourreg10nSItoIV・ReglOnSIIIandⅣfuse

togethertoformtheproctodaeum：theventralanddorsalwallsrespectively

OrlglnatefromreglOnSIIIandIV・Asimilarmannerofproctodaeum

formationisfoundinanotherpaleopterangroup′theOdonata（Ando′1962）′

andthistypeofproctodaeumformation′inwhichtheproctodaeumisformed

bythefusionoftwobelt－likerudiments′mayberegardedasthemostbasicin

Pterygota・

Theproctodaeumformationscategorizedintothistypearesporadically

foundinsomeneopteranorderssuchashemipteransPyrrhocorisapferus
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（Seidel′1924），OncopeltusPsciatus（Butt，1949）andPyrillape777uSilla（Sander′

1956）′ameCOPteranPano777ar7yeri（SuzukiandAndo′1981）′atrichopteran

Stenopsycheg7iseipennis（Miyakawa，1975）′andlowerlepidopteransEndoclita

Sなn酵r（Kobayashiet・al・′1981）andNeomicropte7yXnipponensis（Kobayashi

andAndo′1988）・Intheseinsects′regionⅣhasbeenregardedasamioticin

Orlgln，becauseofitslackofinnerlayer′andtheirproctodaeumhasbeen

recognlZedtobedualinorlglrbi・e・′thedorsalwalloftheamnionandthe

Ventralwalloftheembryoproperinorigin（Seidelobservedthatboththe

dorsalandventralwallsofP・aPteruSPrOCtOdaeumlacktheinnerlayer′andhe

COnCludedthewholeproctodaeumofthisinsecttobeamioticinorigin）（cf・

PaPerSmentionedabove）・hthelightofthis′itmayalsobesaidthatregion

IV′nameけthewholeproctodaeum′OfthePaleopteralEphemeroptera：herein；

Odonata：Ando（1962）】isembryonicproperinorigirt，becausetheinnerlayer

isfoundtobesegregatedalsoonreg10nIV′nameけontheentire

PrOCtOdaeum・

Accordingly′thedifferenceinproctodaeumformationmaybe

recognlZed′COnCernlngthedifferentiationoftheinnerlayer′betweenthe

Paleopteransandneopterans・However′itissuggestedthatthedifferenceis

notsoessentialastospecificanydesignatethepartial吋differentorlglnOfthe

PrOCtOdaeum・Ibelievethatthedifferencecanbeexplainedmerelybythe

termofheterochronyconcernlngthetimingofthesegregationoftheinner
●
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layerandthemorphogenesisoftheproctodaeum，OrbythetermHsubstitution

inthedevelopmentalprocess”ofMatsuda（1976）′name吋′theevolutionary

alterationofthemannerofmesodermalsupplytothewallofthe

PrOCtOdaeum・SofarasanynewbasesfortheamioticnatureofreglOnⅣin

neopteranscannotbefound′itisbettertorecognlZethereglOntObeof

embryoproperinorlglnaSWell・

5．3．2．Formationofcaudalfilamentandabdominalmetamerism

Heymons（1896a′b′C）deducedthatthecaudalfilamentisthe

elongationoftheeleventhabdominaltergum・Hisideahasbeenfollowedby

manyinsectmorphologistssuchasCrampton（1917′1918）′Snodgrass（1935）′

Brinck（1957）′Birket－Smith（1971）andMatsuda（1976）′andhasremained

largelyunchallenged・

hthepresentstudy′itisclarifiedthatthecaudalfilamentofEpheme7m

japoniazoriginatesfromtheposteriorextremityofregionⅣandhasitsorigin

muchawayfromtheeleventhabdominalsegment′withreglOnSIIIandⅣor

theprecursorofproctodaeuminterposlng・ThismaybecriticalofHeymonsI

interpretation・Thatis′ifthecaudalfilament′aSHeymonsdeduced′isa

derivativeoftheeleventhabdominalsegment′WeShouldregardreglOnSIII

andⅣortheproctodaeumaSaPartOftheeleventhabdominalsegmentas

Well′andweshouldsupposeanenormouslylongeleventhabdominal
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Segment・Regardingthederivationofthecaudalfilament′anOther

interpretationmaybemoreplausible・Thatis′thecaudalfilamentShouldnot

beattributedtotheeleventhabdominalsegmentbutshouldbecorrelatedto

theso－Calledtelsonwhichhasbeenthoughttoberepresentedininsectsonly

bytheproctodaeumandanallobes（cf・Snodgrass′1935；Matsuda′1976）・

TheabdominalformationandmetamerismofEpheme7Ⅵ］aPOnicacanbe

Summarizedasfollows・ItsembryonicabdomeniscomposedoffourreglOnSI

toIV・FromreglOnSIandII′thefirsttofifthandthesixthtoeleventh

abdominalsegmentsarerespectiveけorlglnated・Eachoftheseeleven

SegmentSischaracterizedbyapa甘Ofganglia′andtheeleventhalsobyapalr

Ofcerciasappendagesaswell・ReglOnSIIIandⅣfollowlngtheeleventh

abdominalsegmentaredevoidofanyattributessuggestiveof一一segmentsH・

ReglOnSIIIandⅣdevelopintotheproctodaeum・AttheterminalofreglOn

IV′thecaudalfilamentformsasaderivativeofthetelsonwhichmaybe

representedbytheproctodaeumandanallobes・

6・Formationofmidgutepithelium

Themidgutepitheliumisexclusivelyderivedfromtheyolkcellsinthe

apterygotesotherthanthedicondylianapterygoteZygentoma′i・e・′the

Collembola（Uqanin′1875；Claypole′1898；Uzel′1898；Prowazek′1900JJura′
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1972；JuraandKrzySZtOfowicz′1977）′Diplura（Heymons′1897b）and

Archaeognatha（MachidaandAndo′1981）・Ontheotherhand′itiswell

knownthatinthepterygotes′mOreStrictlytheneopterans′themidgut

epitheliumisentirelyorlglnatedfromthemidgutepithelialrudimentsarlSlng

fromtheblindendsofstomodaeumandproctodaeum′andthatitis

ectodermalinorigin（cf・JohamsenandButt′1941；Andersorb1972a′b；Ando

andKobayashi′1996）・

¶lePreSentStudyrevealsthatthemidgutepitheliuminEpheme7m

］aPOnialhasadualorlgln：theanteriorandposteriorpartsarerespectively

StOmOdaealandproctodaeal，i・e・，eCtOdermalinorlgln′andthemiddlepartis

Ofyolkcellinorlgm・WecansaythatthemidgutepitheliuminE・japonialis

formedintheblendingorintermediatewayoftheapterygoteandpterygote

types・Suchamidgutepitheliumformationasobservedhereinfor

EphemeropterahasbeenalsoreportedfortheZygentoma（Heymons′1897a；

Sharov′1953）andOdonata（Ando′1962）′thatis′themostancestral

dicondylianZygentoma′andanotherrepresentativeofthemostprlmitive

PterygOteStheOdonata・

ThepresentresultsthatthemidgutepitheliumintheEphemeropterais

formedintheintermediatewayoftheapterygoteandpterygotetypesseemto

bemoresignificantinillustratingtheanageneticalchangesofmidgut

epitheliumformationininsects・Thatis′theZygentoma′Odonataand

63



EphemeropterarepresentthebasalcladesofDicondylia′anditisrevealedthat

allofthemhaveanintermediatetypeofmidgutepitheliumformation・The

PreSentStudyontheEphemeropteramaycoverapleCeunknownbutrequisite

foranageneticallyelucidatingthemidgutepitheliumformationininsects・

7・ProposedaffinityofEphemeropterabasedontheembryological

knowledge

Inthepresentstudy′Ihaveexaminedtheembryonicdevelopmentofan

ephemeropterarbEpheme7711aPOnicaindetail，eXtendeddiscussionsonthe

insectorpterygotebodyplanande血bryogenesisinthelightofevolution′and

referredtothegroundplanofbodyconstructionandembryogenesisaswell

astheirevolutionarytransition・

Inthissection′basedontheembryologicaldataobtainedfromEphemenl

］aPOnica′COmParlngwiththepreviousworksontheotherinsects′Ireconstruct

theaffinityofEphemeropteraorthephylogenyofPterygotainhigherlevel

Whichconcernsthem年10rPterygOtegrOuPS′i・e・′theEphemeroptera′Odonata

andNeoptera・Fortheinterrelationshipsamongthem′thereexistthree

POSSibilities′thatis′1）Paleoptera（＝Ephemeroptera＋Odonata）＋Neoptera

（cf・Hennig′1969）′2）Ephemeroptera＋（Odonata＋Neoptera）（cf・Kristensen′

1975；WheelerandCarpenter′1996）′and3）Odonata＋（Ephemeroptera＋
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Neoptera）（cf・Boudreaux′1979）′buttheargumenthasnotbeensettled・

ForthebasalcladesofinsectsisadoptedHennlg－sHEntognatha－

Ectognathasysteml’whichmaybecurrentlythemostreliable（cf・Hermig′

1969；Kristensen′1975）・Althoughthephylogeneticaldiscussionhere

PreSentedisaimedtoexaminethephylogenyofPterygotainhigherlevel′the

Zygentomashouldbealsotakenintoaccollnt‥unlessbedone′itwouldbeas

muchasunconditionallyconfesslngtheEphemeroptera－Odonata－Neoptera

tobemonophyletic：themonophy吋ofthemorPterygotashouldbeprlmarily

examined′aStheprerequisiteforthediscussionontheiraffinities・For

determinationofcharacterstateofeachcharacter′theArchaeognathaissetas

theout－grOuPOfDicondylia（＝Zygentoma＋Pterygota）・

HerethefollowlngtWelvecharactersareexaminedandutilizedfor

elucidatingthephylogeny：1）amioserosalfold′2）germtype3）cleavage′4）

eggtooth，5）formationofmidgutepithelium′6）invaginationtypeofembryo′

7）formationofproctodaeum′8）micropyle′9）broadly－formedembryonic

area′10）C吋peolabralrudiment′11）superunguaand12）Caudalfilamentasan

elongationoftelson・13ecausethecharactersmaybetooshortinmhberto

imlStratethephylogenydirectlyandcladistically′Iadoptthewaytomap

thesecharacterseachofwhichcharacterstateisdetermined onthethree

Phylogeniesabove一mentioned′tOeXaminetheirvalidity：thesephylogenies

agreeinsupportingmonophyliesofPterygota′DicondyliaandEctognatha・In
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Figure64AtoC′thesolidandopencirclesrespectivelyimplytheapomorphic

（derived）andtheplesiomorphic（ancestral）characterstates；thedouble－

headedandsingle－headedarrowsrespectivelyimplythesynapomorphic（or

SynPlesiomorphic）relationshipandthetransformationofcharacter；the

double－headedshadedlineimpliestheparallelacquisitionofthecharacterby

thegroupspointedwiththearrows・¶learrOWednumeralsinparentheses

implythatthecharacteristransformedintoanotherforminoneorsome

groupsofthelineage・

1）Ammioserosalfold

hthemyrlaPOdsandentognathousinsects′theembryonicmembraneis

representedonlybytheserosa′andtheamnionandtheamioserosalfoldare

notdeveloped・ThesestructureshavefirstappearedintheEctognatha（＝

Archaeognatha＋Dicondylia）asitsautapomorphy（cf・MachidaandAndo′

1998）．

hDicondylia（＝Zygentoma＋Pterygota）′theamioserosalfoldis

COmPletelyfused′tOformacIosedamiOticcavity′reSultingintheformation

Oftheamioserosalfold－amnioticcavity′Whichisconsideredtobean

autapomorphyofthegroup・Theamioserosalfoldisinheritedintothe

archaeognathananddicondylian（includingtheEphemeroptera）1ineagesasa

SynaPOmOrPhy′andinthelatterittransformsitselfintotheamioserosalfold一
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amioticcavitysystem・

Th2numeralslandl．respectivelyimplytheamioserosalfoldandthe

amioserosalfold－amnioticcavitysystem・

2）Gem呼pe

Thegermrudimentofshortgermtypeisfirstappearedinthe

Archaeognathaandalsoinheritedintothedicondylianlineage′anditisan

autapomorphyofEctognatha（cf・Sander′1984）・

Thenumera12impliestheshortgermtype・

Appendix‥InthehigherneopteranS′thelonggermtypeappears′Which

isrecognizedasanapomorphyofthem（shownby21）・

3）Cleavage

Thecleavageisfundamentallyholoblasticinthearthropods′andin

PrlmitiveinsectsincludingtheArchaeognathathetotalcleavageisperformed・

Thesuperficialcleavageininsectsisrecognizedasaautapomorphyof

Dicondylia（cf・Machidaetal・，1990）・

Thenumerals3and3Irespectivelyimplythetotalandsuperficial

deavages・
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4）Eggtooth・

Theeggtoothisnotfoundintheentognathousinsectsand

archaeognathans（cf・Jura′1972；Machida′1981a）・Itisfirstappearedinthe

dicondylianlineage′Whichcanberecognizedasanautapomorphyofthe

lineage（cf・Sharov′1966；AndoandKobayashi，1996）・

Thenumerals4and41respectivelyimplytheabsenceandthepresence

Ofeggtooth・

5）Formationofmidgutepithelium

Aspreviouslymentioned（see一一6・FormationofmidgutepitheliumHof

Discussion）′theanageneticaltransitionconcerningthemannerofmidgut

epitheliumformationininsectsisfound：themidgutepitheliumisformed

exclusivelybyyolkcellsinentognathousinsectsandarchaeognathans′

Whereasitisectodermalinorlglninneopterans′andinthezygentOmanS′

ephemeropteransandodonatansitisformedbytheintermediateorblending

Way・

Thisanageneticaltransitionconcernlngthemidgutepithelium

formationininsectscanbetranSlatedasfollows′intermsofthecharacter

StateS・First′themidgutepitheliumformationbyyolkcellsisrecognizedasa

Plesiomorphictoinsects（cf・MachidaandAndo′1981）′becausethemidgut

epitheliumformationbyyolkcellisbasicinthemyrlaPOdsandcrustaceans
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Whichcanberespectivelyacceptedastheout－grOuPOfinsectsandAtelocerata

（＝Myriapoda＋Insecta）OohamsenandButt′1941；Anderson′1973；Machida

aLndAndo′1981）・Theparticipationofectodermintheformationofmidgut

epitheliumisapomorphictothestemofDicondylia・IntheNeopterathe

midgutepitheliumisexclusivelyectodermalinOrlglrbthisimplyingthe

renouncementofabilityfordifferentiationintothemidgutepitheliumbythe

yolkcens′Whichcanberecognizedasapomorphictothegroup・

Thenumerals5′51and5－trespectivelyimplythemidgutepithelium

formationexclusivelybyyolkcens′theparticipationofectoderminthe

midgutepitheliumformation′andthemidgutepitheliumformation

exclusive吋bytheectoderm′i・e・，therenouncementofabilitybytheyolkcells

forthedifferentiationintothemidgutepithelium・

6）Invaginationtypeofembryo

Theinvaglnationofembryointotheyolkis′inallpossibilities′

COnSideredtobefirstacquiredbythestockofDicondylia′becausethis

PhenomenonshouldberecognlZedtobecloseけlinkedtotheacquisitionof

amioserosalfold－amnioticcav址ysystem（seeH4・Arrmioserosalfold．一of

Discussion）′SOthattheinvaginationofembryocanberecognizedasa

SynaPOmOrPhyoftheZygentomaandPterygota・

TheS－Shaped′deeplnVaglnationofembryoasfoundinEphemeroptera

●
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alsooccursintherepresentativesofthemostprimitivepterygotes（and

besidesinsomehigherpterygotessuchastheparaneOPteranOrders）′Whereas

intheZygentomatheinvaglnationisnotsoextensive・Itmaybesafely

assertedthattheS－Shapedinvaglnationisbasicinthepterygotesand

apomorphictotheirstem・TheArchaeognathahasanamioserosalfold′butit

doesnotdevelopintoaformofamioserosalfold－amnioticcavitysystem′SO

thatitsembryodoesnotperformtheinvaglnationcomparabletothat

discussedhere．

Thenumerals6′61and6日respectivelyimplytheprlmitivecondition

foundinArchaeognatha′theinvaglnationofembryonotextensiveasin

ZygentomaandtheS－Shapedinvaglnationofembryo・

Appendix：InsomehigherneopteranS′thetypeofinvaginationof

embryoistransformedintotheotherforms，WhicharerecognlZedas

apomorphictoeachofthem（shownby6”．）・

7）Formationofptoctodaeum

hmyrlaPOdsandapterygotes′i・e・′theentognathans′arChaeognathanS

andzygentOmanS′theproctodaeumisformedasasimpleectodermal

invaglnationasfoundinmyrlaPOdsandcrustaceans′andthismannerof

PrOCtOdaeumformationisrecognizedasplesiomorphictotheinsects・

IntheEphemeroptera′OdonataandsomeneopterangrOuPS，the
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PrOCtOdaeumisformedbythefusionofbelt－likeproctodaealrudiments′the

mannerofformationcanberegardedasbasicinpterygotesandapomorphic

totheirstem（see”5・3・1・FormationofproctodaeumH）・

Thenumerals7and71respectivelyimplytheproctodaeumformations

bythesimpleinvaglnationandbythefusionofbelt－likerudiments．

Appendix：Insomegroupsofneopterans′theproctodaeumisformed

bythesimpleectodermalinvagmation′Whichmayberegardedasanew

Characterofeachgroup（shownby7一一）・

8）Micropyle

ThemicropyleisthestructureonlydevelopedinthePterygotawithin

theAtelocerata（＝Myriapoda＋Insecta）′anditisregardedasan

autapomorphyofthegroup・

Thenumerals8and8－respectivelyimpけthelackingofmicropyleand

theacquisitionofit・

9）Broadly－formedembryomicarea

IntheEphemeroptera′aVerybroadembryonicareaisformed′tOforma

Smallgermdiscbyitscondensation・Thisbroadembryonicareaofwhich

COndensationresultsintheformationofgermrudimentisunlquewithin

insects′andisregardedasanautapomorphytotheEphemeroptera・
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Thenumerals9and91respectivelyimplytheregularembryonicarea

Ordinarytoectognathansandthebroadembryonicareafoundinthe

Ephemeroptera・

10）Clypeolabralrudiment

InmyrlaPOdsandapterygotes′thec吋PeOlabrumarisesasasmgle

StruCture′thesameasintheEphemeroptera′andthisisregardedas

Plesiomorphictotheinsects・IntheOdonataandNeoptera′thecけpeolabrum

isformedbythefusionofpairedrudiments′andthisistoberegardedas

apomorphictotheOdonataandNeoptera・

ThenumeralslOandlOlrespectivelyimplythec吋peolabralrudiment

asasmglestructureandthataspairedstruCture・

11）Supedingua

InmyrlaPOds′aPterygOteSandephemeropterans′thehypopharynx

differentiatesintothesuperlinguaeandlingua′Whereasintheodonatansand

neopteransitremainStobesmgleanddevelopsonlyintoalingua・The

differentiationofsuperlinguaeistoberecognlZedasplesiomorphicinthe

insects′andthelossoftheirdifferentiationasapomorphictotheodonatans

andneopterans・

Thenumeralsllandlllrespectivelyimplythedifferentiationof
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SuPerlinguaeandthelossoftheirdifferentiation・

12）CaudalfilamerLtaSanelongationoftelson

ThepresentstudyrevealsthatthecaudalfilamentOfthe

Ephemer′OPteraisanelongationoftelson・Machida（1981b）alludedasimilar

interpretationforthecaudalfilamentoftheArchaeognatha・Thestructures

CloseけresemblingthecaudalfilamentOfEphemeropteraarepresentinthe

ZygentomaandPaleozoicmonuranDasyleptusspp・′OfwhichorlglnCOuldbe

SimilarlyidentifiedtothatintheEphemeroptera：theMonuraisregardedto

COnStitutetheDicondyliawiththeZygentomaandPterygota（Kukalova－Peck′

1987）．Suchstructuresasthecaudalfilamentsfoundintheseinsectsarenot

reportedforanyotherinsectsoratelocerates′SOthatthecaudalfilamentCan

berecognlZedasanautapomorphyoftheEctognatha・

TheectognathanSOtherthantheArchaeognatha′Monura′Zygentoma

andEphemeroptera′namely′theOdonataandNeoptera′donotpossessthe

Caudalfilament′andthischaractercondition′i．e．′thelossofcaudalfilament′

mayberecognizedasanapomorphytotheOdonataandNeoptera・

Thenumerals12and12－respectivelyimplytheacqplrementOfcaudal

filamentandthelossofit．

Thecharacterstatesofcharacterslto12aredeterminedasdiscussed
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above・hFigure64AtoC′thesecharactersaremappedonthreephylogenies

Currentlyproposed：A）thephylogenysupportedbyKristensen（1975）and

WheelerandCarpenter（1996）′B）thephylogenysupportedbyHemig（1969）′

andC）thephylogenysupportedbyBoudreaux（1979）・Thelineagesleading

totheArchaeognatha′ZygentomaandthestemofPterygotaareshownonly

inA（Fig・64＝A）′becausethesephylogeniesagreeinsupportingthe

monophyliesofEctognatha′DicondyliaandPterygota・

Althoughthecharactershereexaminedmaybenotmuchinnumber

enoughtopositivelyehcidatethephylogeny′Itrytoreadthedistributionof

Characters・First′itseemstobewellshownthatbothoftheDicondylia（＝

Zygentoma＋Pterygota）andthePterygota（Ephemeroptera＋Odonata＋

Neoptera）shouldbemonophyletic′Whicharecharacterizedbyfive

（charactersl′3－6）andthree（Characters6－8）autapomorphies′reSPeCtively・

RegardingtheinterrelationshipswithinthePterygota′thephylogenyA

（Fig・64A）provestobethemostparsimomious・BothofphylogeniesB（Fig・

6413）andC（Fig・64C）requirethesuppositionofparallelacquisitionsthree

times′COnCernlngthecharacters10－12，i・e・′theclypeolabralrudiment′the

SuPerlinguaandthecaudalfilament：anySuPPOSitionsofparallelacquisition

OfcharactersarenotneededinthephylogenyA（Fig・64A）・

Consequently′thecomparativeembryologicalexaminationpresented

heresupportsthephylogenyA（Fig・64A）thatissupportedbyKristensen
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（1975）andWheelerandCarpenter（1996）andwhichisformulatedas

lEphemeroptera＋（Odonata＋Neoptera）】concerningthePterygota・
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SUMMARY

1・Theembryonicdevelopmentofamayfly′Epheme7mJaPOnicaMcLachlan

（Insecta：Ephemeroptera′Ephemeridae）wasdescribedindetaiLdivided

intothirteenstages′andtheresultsobtainedwerediscussedincomparison

withthepreviousworks′tOeXaminethegroundplanSOfbodyand

morphogenesisintheEphemeropteraaswellasintheinsectsand

PterygOteS・

2・Theeggisellipsoidalabout200pminlengthandaboutlOOpminwidth，

andcolorlesstranslucent・Onemicropyleisontheequatorofmid－Ventral

Sideoftheegg・

3・Theeggnew吋0VIPOSitedisatthemetaphaseoffirstmaturationdivision′

andtheeggnucleusissituatedinthepolarplasmorcytoplasmicisland

localizedatthemid－dorsalsideofegg・

4・AnextensiveandcircuitousmlgrationofthemalepronucleusisinvoIved

inthefertilizationprocess・Itisdemonstratedthatthemovementofmale

PrOnuCleusisgeneratedbytheyolkstreamintrinsictotheeggitself・

Similarbehaviorofmalepronucleustothiswasreportedfor acoleopteran

Lyttaviriddna（RempelandChurch′1971）・Fordiscussingthebasicplanof

fertilizationininsects′it maybeinterestingthataunlquebehaviorofthe

malepronucleusiscommon吋foundinbothaprlmitivemayflyanda
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remoteadvancedcoleopteran・

5・Thecleavageisofthetypicalsuperficialtype・Thesuccessiveeight

deavages′Ofwhichthefirstfivearesynchrordzed，reSultintheformation

Oftheblastoderm′andabouttenprlmaryyOlkcellsareleftbehindinthe

yolk・

6・Eveninthenewlyformedblastoderm′thethickposteriorhalf，embryonic′

andthethinanteriorha岨extraembryonicareasaredistinguished・

7・Thecellsofembryonicareaconcentratetotheposterioreggpole′tOforma

germdiscthere′andthecellsofextrae血bryonicareabecomethimedtobe

aserosa・Thisbroadly－formedembryonicareaischaracteristicof

Ephemeroptera′andisrecognizedasitsautapomorphy・

8・Thegermdiscundergoesthefollowingembryonicdevelopmentoftypical

Short一germtyPe′Whichmayberecognizedasanancestraltypewithin

insects．

9・meblastokinesisisextensive・AsaresultofanatrepsIS′theembryodeeply

invaglnateSintotheyolk′tOaCqulreanS－Shape・ThisS－Shapedembryois

Characteristicofthelowerpterygotes′anditmayberecognizedasan

ancestralfeaturewithinthepterygotes・

10・Asecondembryonicmembraneortheamnionisproducedfromthe

marglnOfembryo′inassociationwiththeprogressiveanatrepsis′tOform

theamioserosalfold・Thefoldiscompletelyclosedtoformanamiotic
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CaVity′thisleadingtotheestablishmentoftheamioserosalfold－amniotic

CaVitysystem・

11・AsaresultofthekatatrepsISOrthewithdrawalofamioserosalfold′the

SerOSalcellsbegintobecondensedanterodorsalけontheeggsurface′tO

formthesecondarydorsalorgarT′Whichisdegeneratebythehatching・

12・Withtheprogressivecondensationofserosalcems′theamnionreplacesthe

SerOSa′tOfunctionasaprovisionaldorsalclosure・Theprovisionaldorsal

Closureisitselfreplacedbytheprogressivedefinitivedorsalclosurebythe

growthoflateralwallsofembryodurlngthelatedevelopmentalstages・

13・JustafterthecompletionofanatrePSis′theserosasecretesacuticularlayer′

i・e・′theserosalcuticle′beneaththechorion・AIsotakingitintoaccountthat

thet血ingofthekatatrepsISisconsiderablydeviated′itmaybepossibly

assumedthattheprlnCIPalandprlmaryfunctionofamioserosalfoldliesin

thesecretionofserosalcuticle（beneaththeembryo）・

14・Theinnerlayerorthemesodermissegregatedintheentiredorsalsideof

developlngembryo・

15・Theclypeolabrumarises′aSnOtPairedbutanunpaired′SinglestruCture′

anditsappendicularnatureisr句ected′thisimplyinglikewisether句ection

Oflabralsegment・

16・Thesuperlinguaearederivedfromthemandibularandmaxillarysterna′

andarenotappendicularbutsternalinorlglrt，thisleadingtotherejection
●　　　　　●
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Ofsuperlingualsegment・

17・Onthebasisofserialhomology′thecephalicappendagesarerecognlZedas

follows・Theantennaisdividedintotheproximalanddistalparts′Which

arehomologlZedwiththethoraciccoxopoditeandtelopodite′andfrom

eachthescapusandthepedicellus＋flagellumdifferentiate′reSPeCtively・

Thepalpiofmaxillaandlabiumarehomologouswiththetelopoditesof

thethoracicappendages′andtheotherpartsproximaltothepalpiare

homologouswiththecoxopodites・Themandiblelacksthetelopodial

elementorthepalp′SOthatitisdeterminedtobecoxopodial・

18・Thelabialcoxopoditesofbothsidesapproacheachother′tOformthe

Prementumandpostmentum・

19・Thegaleolaciniaandtheglossa＋paraglossadevelopfromthemedial

PartSOfmaxillaryandlabialcoxopoditesastheendites′reSPeCtively・

20・Noappendagesdevelopnanyabdominalsegmentsatleastdurlngthe

embryonicstages′eXCePtfortheeleventhabdominalsegment′Ofwhich

appendageslargelydevelopintoapalrOfcerci・

21・Inthelongest－e血bryostage′theabdomenisfoldedandisdividedinto

fourregions（regionsI－Ⅳ′fromanteriortoposterior）・Allthefirstto

eleventhsegmentsarederivedfromreg10nSIandII・ReglOnSIIIandIV′

Whichhavenoattributesgoodenoughtospeculatetheirsegmentalnature′

fuSetogethertoformtheproctodaeum′andtheyrepresentthetelson・
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22・Thecaudalfilamentwhichhasbeeninterpretedastheelongationof

eleventhabdominaltergumisrevealedtobeoftelsoninorlgln・

23・ThemetamerisminEphemem］aPOnimisembryologicallydeterminedtobe

COmPOSedoftheheadl＝aCrOn＋sixsegments（＝Preantemal＋antemal＋

intercalary＋mandibular＋maxillary＋labialsegments）］＋thethorax（＝

threethoracicsegments）＋theabdomen（＝elevensegments＋telson）・This

interpretationmaybeapplicabletotheotherectognathousinsects・

24・TheprotocerebrumCOnSistsofthreepairsofganglia（lobil′2and3）・The

deutocerebrumisderivedfromtheantennal′andthetritocerebrumfrom

theintercalaryganglia・Theprotocerebrallobiland3arerespectively

regardedastheopticandpreantennalganglia・

25・TheventralnervecordconsistsofseventeenpalrSOfganglionfromthe

mandibulartotheeleventhabdominalganglia・Themandibular′maXillary

andlabialgangliafusewitheachother，tOformthesuboesophageal

ganglion・Thegangliaofthetenthandeleventhabdominalsegmentsare

incorporatedintotheganglionoftheninth・

26・Thefrontalganglionisderivedfromthedorsalwallofthestomodaeum・

27・TもeanteriorandposteriOrtentoriaarisefromtheintersegmentalgroove

betweentheintercalaryandmandibularsegmentsandthatbetweenthe

maxillaryandlabialsegments′reSPeCtively′andtheyfusewitheachother′

toformthecentralbody・
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28・ThesalivaryglandisformedfromapalrOfectodermalinvaglnations

arlSlngClosetomediansideofeachlabialbase・

29・Thestomodaeumarisesasasimpleinvaglnationofectoderm・The

PrOCtOdaeumisformedbythefusionofreglOnSIIIandⅣofabdomen・

30・Themidgutepitheliumhasadualorlgln・Itsanteriorandposteriorparts

arederivedfromtherudimentsarlSlngfromthestomodaealand

PrOCtOdaealblindends′．andtheyareectodermalinorlgln・Themiddlepart

Ofmidgutepitheliumisformedbythemlgrationofyolkce皿S′anditisof

yolkcellinorlgln・ThemarLnerOfformationofmidgutepitheliumis

regardedasanintermediatetypebetweenorblendingtypeofthosefound

intheapterygotesandpterygotes・

31・Themalpighiantubulesarisefromtheboundarybetweenthedevelopmg

midgutandproctodaeumaSaPalrOfevaglnations・

32・Themusculaturesofthestomodaeumandthemidgutarerespectively

derivedfromtheantennalandintercalarymesodermsandthesplanChnic

mesodermofthegnathaltoabdominalsegments・Themusculatureof

PrOCtOdaeumisdevelopedfromtheinnerlayerappearedinthedorsal

SurfaceofreglOnSIIIandⅣofabdomen・

33・Thedevelopmentofsomaticmesodermswasdescribed′Which

differentiateintovariousorganSOrtissuessuchas：thesomatic

musculature′heart′Pericardialcell′fatbodyandsuboesophagealbody・
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34・Intheembryosoflaterstages′theentalmembraneaPPearS′Whichentirely

COVerSthedorsalsurfaceofembryo′tOformtheeplneuralsinus・

35・FromthecomparisonoftheresultsobtainedhereinforEpheme7m］aPOnica

withtheknowledgefortheotherinsects′theevolutionarytransitionofthe

groundplanSOfbodyandmorphogenesisintheinsectsorpterygoteswas

discussed′andtheinterrelatiOnshipsofthebasalcladesofpterygoteswas

elucidated・Usingthetwelvecharacters′i・e・′1）amioserosalfold′2）germ

type′3）cleavage′4）eggtooth，5）formationofmidgutepitheliu叩′6）

invaginationtypeofembryo′7）formationofproctodaeum′8）micropyle′9）

broadbT－formedembryonicarea′10）CけPeOlabralrudiment′11）

SuPerlingua′and12）caudalfilamentaSanelongationoftelson′the

Phylogeniesofpterygotebasalcladescurrentlyproposedwereexamined′

andthephylogenyformulatedaslEphemeroptera＋（Odonata＋

Neoptera）］wasstronglysupported・
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FIGURES



Fig・1・Newlylaideggsof坤hememJarOnibz・StIMmicrographsoftheegg

笹′B，D）′andlivingegg（C）・

1A・Dorsalview（anteriortotheleft）・Amicropyle（Mp）islocatedon

thedorsalsideoftheegg・Bar＝50トLm・

1B・Enlargementofeggwithadhesivelayer′Showlngthemicropyle・

Bar＝5匹n．

1C・Lateralview（anteriortotheleft，dorsaltothetop）・Bar＝50pm・

1D・Enlargementofeggwithadhesivelayer・Bar＝5Llm・

Ch′Chorion；Mp′maicropyle；MpO′micropylaropenlng；Y′yOlk・
●
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Fig・2・Successivestagesofembryonicdevelopment・Lateralviews・

Bar＝50匹m．

2A・Stagel（Eggcleavage）

2B・Stage2（Blastodermformation）

2C・Stage3（Formationofgermdisc）

2D′D■・Early（D）andlate（D■）stage4（Pear－Shapedembryo）

2E′El・Early（E）andlate（E．）stage5（Startofinvaginationofgerm

band′anatrePSisI）

2F′F．・Early（F）andlate（F，）stage6（S－Shapedembryo：COmPletionof

invagination′anatrePSisII）

2G・Stage7（Longestembryo）

2H・Stage8（Segmentationofembryo）

2Ⅰ・Stage9（Startofaappendicularannulation）

2J・StagelO（Revolution′katatrepsis）

2K・Stagell（Post－reVOlutionI）

2L Stage12（Post－reVOlutionII）

2M・Stage13（Post－reVOlutionIII）

Ⅰ一Ⅳ′abdominalreglOnSItoIV；AbS4′10′11′4th，10thandllth

abdominalsegments；Am′amion；An′antenna；BdC′blastodermal

Cell；CE′COmPOundeye；Ce′CerCuS′CF′Caudalfilament；CN′Cleavage

nucleus；ET′eggtOOth；GD′germdisc；HL′headlobe；Lb′labium；Md′

mandible；Mx′maXilla；Oc′OCellus；Pc′PrOtOCePhalon；Po′PrOtOCOrm；

PsAm′PreSumPtiveamion；SDO′SeCOndarydorsalorgan；Se′SerOSa；

ThLl′PrOleg；Y′yOlk・
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Figs・3－7・EarlyembryonicdevelopmentI・

Fig・3・Anewlylaidegg・Lateralview（anteriortothetop′Ventraltotheleft）・

TheeggwasstainedwithHoechst33342′andobservedthroughagreen

filter（UVexcitation′fluorescencemicroscopy）・Theeggnucleus

（00CytenuCleuss・Str・）andmalepronucleuscanbeseenattheventral

（arrowhead）andoppositeordorsal（arrow）sidesoftheegg′

respectively・Thevaguefluorescencesattheanterioreggpolewas

artificiallycausedbyprickingthechorion・Bar＝50pm・

Fig・4・AlongitudinalsectionsoftheeggshowninFigure4・

4A・Asectionthroughpolarplasm・Bar＝50Llm・

4B・Asectionthroughmalepronucleus・13ar＝50pm・

4C・EnlargementofA・Bar＝10pm・

4D・EnlargementofB・Bar＝10匹m・

Fig・5・LongitudinalsectionofanewbTlaideggthroughthepolarplasm

（metaphaseofthefirstmaturationdivision）・Bar＝10pm・

Fig・6・Alongitudinalsectionsofanegg′atthetelophaseofthesecond

maturationdivision′1・5hoursafterovIPOSition・AandBare4pm

apart・13ar＝10pm・

6A・Asectionthroughfirstpolarbodyandeggnucleus・
6B・Asectionthroughsecondpolarbody・

Fig・7・Alongitudinalsectionofanegg′1・5hoursafterovIPOSition・The

SeCOndmaturationdivisionfinishes′andthefemalepronucleusstarts

itsmlgrationtowardthecenteroftheegg・Bar＝10匹m・

●

Ch′Chorion；Chr′ChromatirT；FPn′femalepronucleus；MPn′male

PrOnuCleus；PBl′firstpolarbody；PB2′SeCOndpolarbody；PP′POlar

Plasm；Y′yOlk・
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Figs・8－14・EarlyembryonicdevelopmentII・

Fig・8・Alongitudinalsectionofaneggabout2hoursafterovIPOSition・The

malepronucl占usismlgratingtowardtheanteriorpoleinthe

Periplasm′andthefemalepronucleusarrivesatthecenteroftheegg・

8A・AnteriorreglOnOfthesection・Bar＝50pm・

8B・Enlargement′Showlngthemalepronucleus・Bar＝10Llm・

Fig・9・AnteriorreglOnOfeggs′about2・5hoursafterovIPOSition・Themale

PrOnuCleusarrivesattheanterioreggpole・Bar＝20pm・

9A・Alivingegg・Thecytoplasmsurroundingthemalepronucleusis

recognlZedasadepressionofyolkattheanteriorpoleoftheegg

（arrow）．

9B・Asectionedegg・

Fig・10・Alongitudinalsectionofanegg3hoursafterovIPOSition・Themale

PrOnuCleusmlgrateSintheyolkalongtheegglongaxis′aPPrOaChing

thefemalepronucleus・Bar＝20pm・

Fig・11・Alongitudinalsectionofaneggatfertilization′about5・5hoursafter

OVIPOSition・Bar＝20トIm・

Fig・12・Alongitudinalsectionofaneggatfirstcleavagedivision′7hours

afterovIPOSition・Bar＝20Llm・

Fig・13・Alongitudinalsectionofaneggatthesixthcleavagestage′2days

afterovIPOSition・Bar＝20pm・

Fig・14・AlongitudinalsectiOnofaneggatthecellularblastodermstage′

about3daysafterovIPOSition・Bar＝20pm・

●

BdC′blastodermalcell；Ch′Chorion；CN′Cleavagenucleus；FPn′female

PrOnuCleus；MPn′malepronucleus；RCMPrt，remnantOfcytoplasmof

malepronucleus；Sk′Synkaryon；Y′yOlk・
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Fig・15・Diagrammaticrepresentationofthedevelopmentalprocesshom

OVipositiontogermdiscformation（A－P）．Seetext．

BdC′blastodermalcell；Ch′Chorion；CN′Cleavagenucleus；EN′egg

nucleus（oocytenucleus）；FPrt，femalepronucleus；GD′germdisc；Mp′

micropyle；MPn′malepronucleus；PBl′firstpolarbody；PB2′SeCOnd

POlarbody；PP′POlarplasm（cytoplasmicisland）；PYN′Primaryyolk

necleus；RCFPruemnantofcytoplasmoffemalepronucleus；RCMPn′

remnantofcytoplasmofmalepronucleus；Se′SerOSa；Sk′Syhkaryon；Y′

yolk・

108



√

M

C



Fig・16・Diagrammaticrepresentationoftheyolkstreamoftheeggln

associationwiththefertilization（A－D）・Arrowsrepresenttheyolk

stream．See text．
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Figs・17，18・Activatedunfbrtilizedeggs′Whichweredissectedoutof

Subimagos′2－3hotLrSafteractivation・

Fig。17。AnteriorreglOnOfegg・Bar＝20Llm・

17A・Alivingegg・Adepressionofyolkisobservedtobeformedat

thepole・

17B・Asectionedegg・Condensedcytoplasmdevoidofmale

PrOnuCleuscanbeseenattheanteriorpoleoftheegg・

Fig・18・Time－lapseVTRobservationofanactivatedunfertilizedegg（A－C）・

Theeggwasactivatedabout135minbeforeA（21：15′July24′1997）・A

depressionofyolkappearsattheanteriorpoleoftheegg（A）′deepens

（B）′andfinallyattainsitsmaximumdepth（C）・Arrowsshowthe

depressionofyolkorcondensedcytoplasm・Bar＝20Llm・

CCp′COndencedcytoplasm；Ch′Chorion；Y′yOlk・
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Figs・19－22・ExtemalfeaturesofembryosI・Bar＝50pm・

Fig・19・Stage2（blastodermformation）・Asectionaldiagram・Inthisstage′

theposteiorhalfembryonicandanteriorhalfetraembryonicareasare

distinguishable・

Fig・20・Stage3（Formationofgermdisc）・

20A・Asectionaldiagram・

20B・Lozenge－Shapedgermdisc・

Fig・21・Stage4（Pear－Shapedembryo）・

21A．Anterolateralview．

21B．Ventralview．

Fig・22・Stage5（Startofinvaginationofgermband′AnatrepsisI）・

22A．Anterolateralview．

22B．Ventralview．

BdC′blastodermalcell；EmA′embryonicarea；GD′germdisc；Pc′

PrOtOCePhalon；Po′PrOtOCOrm；PsArnlPreSumPtiveamion；Se′SerOSa；

Y′yOlk；YN′yOlknecleus・
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Figs・23′24・ExtemalfeaturesofembryosII・Bar＝50pm・

Fig・23・Stage6（S－Shapedembryo‥COmPletionofinvagination′anatrePSisII）

23A．Ventralview．

2313．Ventrolateralview．

23C．Lateralview．

Fig・24・Stage7（LongestembryoI）・

24A′B・Earlystage7・

24A．Ventrolateralview．

24B．Lateralview．

24C′D・Middlestage7・

24C．Ventrolateralview．

24D．Lateralview．

HL′headlobe；PsAm′PreSunPtiveamion・
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Figs・24′25・ExtemalfeaturesofembryosIII・Bar＝50pm・

Fig・24・Stage7（LongestembryoII）・

24E′F・Latestage7・

24E．Ventrolateralview．

24F．Lateralview．

Fig・25・Stage8（Segmentationofembryo）・

25A－C・Earlystage8・

25A．Venrolateralview．

25B．Ventralview．

25C．Lateralview．

25D′E・Latestage8・

25D．Lateralview．

25E．Ventralview．

Ⅰ一IV′abdominalreglOnSItoIV；AbSl′6′11′1st′6thandllthabdominal

SegmentS；An′antenna；Cllr′Clypeolabrum；HL，headlobe；IcS′

intercalarysegment；Lb′labium；Md′mandible；Mx′maXilla；Sd′

StOmOdaeum；ThLl′PrOleg・

118



▲▲●　●

25C

25D

25B

Lm

HL

ThLl



Fig・26・tixtemalfeaturesofembryosIV・Bar＝50pm・

Fig・26・Stage9（Startofappendicularamllation）・

26A′B・Earlystage9・

26A・Ventralviewofheadto2ndabdominalsegment・

26B・Lateralviewofheadto2ndabdominalsegment・

26C－E・Middlestage9・

26C・Ventralviewofheadto2ndabdominalsegment・

26D．Ventrolateralviewofabdomen．

26E．Ventrolateralviewofabdomen．

26F・Latestage9・Ventrolateralviewofabdomen・

I－IV′abdominalreglOnSItoIV；AbS1－11′1sttollthandllthabdominal

SegmentS；An′antenna；Ce′CerCuS；CF′Caudalfilament；Cllr′

Clypeolabrum；Fl′flagellum；HL／headlobe；Hp′hypopharynx；IcS′

intercalarysegment；L1－3′PrOtOCerebrallobilto3；LbP′labialpalp；Md′

mandible；MxP′maXillarypalp；Pd′PrOCtOdaeum；Pe′Pedicellus；Sc′

SCaPuS；ThLl′PrOleg・
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Figs・27，28・tIxtemalfeaturesofembryosV・Bar＝50pm・

Fig・27・StagelO（Revolutiort，katatrepsis）・

27A′B・EarlystagelO・

27A．Lateralview．

27B．Ventralviewofhead．

27C・LatestagelO・Ventralviewofhead・

Fig・28・Stagell（Post－reVOlutionI）・

28A・Earlystagell・Ventralviewofhead・

28B・Latestagell・Ventralviewofhead・

III′IV′abdominalreg10nSIIIandIV；AbS5′10′11′5th，10thandllth

abdominalsegments；An′antenna；Ce′CerCuS；CF′Caudalfilament；Cl′

Clypeus；Cllr′Clypeolabru叫Gl′glossa；Fl，flagellum；HL′headlobe；

Hp′hypopharynx；Irbincisor；LbP′labialpalp；Lr′labrum；Md′

mandible；Mo′mOlar；MxP′maXillarypalp；Pe′Pedicellus；Pgl，

Paraglossa；Sc′SCaPuS；ThLl′PrOleg・
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Figs・29－31・Extemalfeaturesofembryosandfirstinstarnymph・

Bar＝10匹m．

Fig・29・Stage12（Post－reVOlutionII）・

29A・Earlystage12・Ventralviewofhead・

29B・Earlystage12・Ventralviewofhypopharynx・

29C・Middlestage12・LateralviewofhedaLndthorax・

29D・Latestage12・Vetrolateralviewofhead・

Fig・30・Stage13（Post－reVOlutionIII）

30A・Lateralviewofheadandprothorax・

30B．Ventrolateralviewofhead．

Fig・31・Firstinstarnymph・Dorsalview・

AbSl′5′10′1st′5thandlOthabdominalsegments；An′antenna；CE′

COmPOundeyeJCe′CerCuS；CF′Caudalfilament；Cl′Clypeus；Co′COXa；

ET′eggtOOth；Gl′glossa；Fe′femur；Fl，flage11um；LbP′labialpalp；Li′

lingua；Lr′labrum；Md′mandible；MxP′maXillarypalp；Oc′OCellus；Pe′

Pedicellus；Pgl，Paraglossa；Prm′　Prementum；Psm′POStmentum；Pta′

PretarSuS；Sc′SCaPuS；Sco′Subcoxa；SILsuperlingua；Ta′tarSuS；ThLl′

PrOleg；Ti，tibia；Tr′trOChanter・
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Fig・32・Invaglnationofembryoandammioserosalfoldformation・

Bar＝20Pm．

32A・Asagittalsectionofaneggatstage5・

32B′C・Enlargement・

Am′amion；Ch′Chorion；Pc′PrOtCePhalorT；Po′PrOtOCOrmJPsAm′

PreSumPtiveamion；Se′SerOSa；Y′yOlk・
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Fig・33・Amnioserosalfoldformation．

33A・Asagittalsectionofanegg′atlatestage6′inwhichanatrepsISis

justcompleted・Bar＝50pm・

33B。Enlargement・Theamioserosalfoldfusewitheachofthose

beneaththeembryoattheleveloflabrum（arrow）′and

anatrepsISiscompleted・Bar＝10pm・

Am′amion；AmC′amiOticcavity；AmSeF′amioserosalfold；An′

antenna；Ch′Chorion；Em′embryo；Md′mandible；Me′meSOdermノSe′

SerOSa．
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Fig・34・Successivestagesofannulationofcephalicandthoracic

appendages（A－D）・

34A・Stage9・Telopoditesaredotted・

34B・StageslOaLndll・

34C・Latestage12toearlystage13・

34D・Latestage13・

An′antenna；Cllr／Clypelabru叫Co′COXa；Cp′COXOPOdite；Fe′femur；

HL，headlobe；IcS′intercalarysegment；LbP′lAbialpalp；Md′

mandible；MxP′maXillarypalp；Pta′PretarSuS；S′Sternum；Sco′

Subcoxa；Ta′tarSuS；ThLl′PrOleg；Ti′tibia；Tp′telopoditeJTr′

trochanter．
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Figs・35－37・Embryosofstages7・

35A・AsagittalsectiOnofembryo・hthisstage′thestomodaeum

invaglnationstarts′aLndtheabdomenisfoldedanddividedinto

fourreglOnS：reglOnSItoⅣfromtheanteriortoposterior・

Bar＝20日皿．

35B・Acrosssectionofembryothroughabdomen・ReglOnSIandIIand

reg10nSIIIandIVarerespectivelyconnectedtoeachotherby

amion．Bar＝20pm．

36A・Asagittalsectionofeggthroughembryo・Bar＝20pm・

36B・Enlargement・Bar＝20匹m・

Fig・37・Acrosssectionofheadthroughtheplaneshownwith”37一一inFig・

35A．

Fig・38・AcrosssectionthrDughthorax，attheearlystage8・

Ⅰ－Ⅳ′abdominalreglOnSItoIV；Am′amion；Ch′Chorion；HL′head

lobe；L1－3′lobilto3；Me′meSOderⅡV Nb′neurOblast；Sd′

StOmOdaeum；SoMe′SOmaticmesoder叫SpMe′SPlanChnicmesoderm；

Y′yOlk・
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Fig・39・Justbeforerevolution（stage9）・

39A・Asagittalsectionofembryo・Bar＝50pm・

39B■Enlargement・Elevenabdominalsegmentsandproctodaeumare

Visible・CaudalfilamentOrlgmateSinabdominalreglOnIV・

Bar＝2011m．

Fig・40・Diagrammaticsagittalsectionofembryojustbeforerevolution

（stage9）・

AbSl′5－11′1stand5thtollthabdominalsegments；Am′amion；CF，

Caudalfilament；EM′entalmehbrane；EpSn′ePlneuralsinus；IcG′

intercalaryganglion；L1－3′lobilto3；Nb′neurOblast；Nl′neurilemma；

Np′neurOPile；Pd′PrOCtOdaeum；SbG′Suboesophagealganglion；Sd′

StOmOdaeum；ThLprothorax・
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Fig・41・AnSEMmicrographofanembryojustbeforerevolution（Stage9）・

Bar＝20匹m．

Fig・42・Asagittalsectionofanembryo（POSteriorregion）justbefo工で

revolution（stage9）・Bar＝10pm・

Fig．43．SerialcrossSeCtionsofanembryoatstage9ノthroughtheplanes

Shownwithl143A－43DllinFig・42・

I－Ⅳ′abdominalreglOnSItoIV；AbS1－11，1sttollthabdominal

segments；An／antenna；Ce′CerCuS；CF′Caudalfilament；Ch′Chorion；

Cllr′Clypeolabru叫Hp′hypopharynx；Lb′labium；Md′mandible；Mx′

maxilla；Pd′PrOCtOdaeum；Se′SerOSaJSeC′SerOSalcuticle；Thl′

PrOthorax；ThLl′PrOleg・
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Fig・44・Justafterrevolution（stagell）．Bar＝20pm・

44A・Asagittalsectionofanegg・

44B・EnlargementofitsanterodorsalreglOn・

Fig・45・Asagittalsectionofabdomen．Amwsshowtheneuropiles・

Bar＝10匹m．

AbSl′5－11′1st′5thtollthabdominalsegments；Am′amion；CF′

Caudalfilament；Ch′Chorion；Dc′deutocerebrum；L1－3′lobilto3；Np，

neuropileJSbG′Suboesophagealganglion；Sd′StOmOdaeum；SDO′

SeCOndarydorsalorgan；SeC′SerOSalcuticle；Tc′tritocerebrum；Thl／

PrOthorax；YB′yOlkblock・
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Figs・46′47・SEMmicrographsofabdomensatStage9・Bar＝30pm・

Fig・46・Earystage9・

46A．Lateralviewofthethoraxandabdomen．

46B．Ventrolateralviewofthethoraxandabdomen．

46C・Enlargementfromadifferentangle′demonstratingthedifferent

OrlglnSOfthecerciandthecaudalfilament・

Fig・47・Latestage9・Ventrolateralviewoftheabdomen′mOredeveloped

thaninFig・46・Thecercimovefromtheirorlglnalventr0－1ateralto

thedorsolateralposition・

AbS1－11′1sttollthabdominalsegments；Ce′CerCuS；CF′Caudal

filament；Pd′PrOCtOdaeum；ThLl′PrOleg・
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Fig・48・Diagrammaticrepresentationofabdominaldevelopment・

48A・Stage8・

48B′BI・Earlystage9・InBllreglOnSIIIandⅣarepulledapartfrom

reglOnIItoshowtheproctodaeuminformation・

48C・Latestage9　Theproctodaeumisenclosedbythedefimitive

dorsalclosureofreglOnII・

Ⅰ－Ⅳ′abdominalreg10nSItoIV；AbS1－11′1sttollthabdominal

SegmentS；Ce′CerCuS；CF′Caudalfilament；Pd′PrOCtOdaeum・
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Fig・49・Precociousrevolution（katatrepsis）．Embryosofstage8areinthe

COu指eOfkatatrepsIS・Seetext・
●

49A′B・Ventrolateralandventralviewsofanegg・Bar＝20pm・

49C・Aphotographofanegg′Ofwhichembryoisstainedwith

thionin．Bar＝20匹m．

Ⅰ－Ⅳ′abdominalreglOnSItoⅣ；An′antenna；Cllr′Clypeohbrum；HL′

headlobe；IcS′intercalarysegment；Lb′labium；Md′mandibleJMx′

maxi11a；PsAm′PreSumPtiveamion；ThLl′PrOleg・
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Fig・50・AcrosssectionofheadthIりughmandibularsegment，atStagell・

Bar＝20Pm．

Fig・51・Acrosssectionofheadthmughmandibularsegment，atStage9・

Arrowsshowtheanteirortentorialinvaglnations・Bar＝20pm・

●

Fig・52・Acrosssectionofheadthmughlabialsegmenもatstage9・liar＝20

Pm・Arrowsland2respectivelyshowtheinvaglnationsofthe

POSteriorterLtOriumandthesalivarygland・

Fig・53・Acrosssectionofprothorax・Neuroblastsappearedintheventral

regionofthesegmentgiverisetodaughtercellsorganglioncells・

Bar＝20Pm．

Fig・54・TentorialstruCtureOfthelstinstarnymph・tSar＝20pm・

Am′amion；AT′anteriortentorium；C13′Centralbody；L2′3′lobi2and

3；Lb′labium；LbP′labialpalp；Md′madible；Me′meSOder叫Nb′

neuroblast；Pd′PrOCtOdaeum；PT′POSteriortentorium；ReNv′reCurrent

nerve；SbB′Suboesophagealbody；Sd′StOmOdaeum；SDO′SeCOndary

dorsalorgan；－ThLl′PrOthorax・
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Fig・55・Sagittalsectionsofanembryoatstage8・Bar＝10pm・

55A・Amassofectodermalcells（AMER）differentiatesnearthe

stomodaealblindend．

55B・Amassofectodermalcells（PMER）differentiatesnearthe

PrOCtOdaealblindend．

Fig・56・Sagittalsectionsofaneggatstagell・Bar＝20pm・

56A・YolkcellsmlgrateOntOtheentalmembraneandsettle

themselvesthere（e・g・′arrOWS）・

56B・Enlargement・

AbSl′5′6′8′10′11′1st5th，6th，8th，10thandepitheliumrudiment；Ce′

CerCuS；CF′Caudalfilament；Dc′deutocerbruⅡV EM′entalmembrane；

FB′fatbody；EpSrt，ePneuralsims；FG′frontalganglion；L1－3′lobilto

3；LbS′hbialsegment；Np′neurOPile；MME′developmgmidgut

epithelium；Pd′PrOCtOdaeum；SbB′Suboesophagealbody；SbG′

Suboesophagealganglion；Sd′StOmOdaeum；PMER′POSteriormidgut

epitheliumrudiment；Thl′PrOthorax；ThLl′PrOleg；YB′yOlkblock・
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Fig・57・Sagittalsectionsofaneggatstagell・

57A・Asagittalsection・Bar＝20LIm・

57B・Enlargementofabdomen・Bar＝20pm・

57C・Enlargementofhead・Bar＝20匹m・

AbSl′5′11′1st′5thandllthabdominalsements；Dc′deutocerebrum；

FG′frontalganglion；Hp′hypopharynx；L1－3′lobilto3；LbS′labial

Segment；Np′neurOPile；Pd′PrOCtOdaeum；PMER′POSteriormidgut

epitheliumrudiment；RcP′reCtalpad；ReNv′reCurrentnerVe；SaGl′

Salivarygrand；SbB′Suboesophagealbody；SbG′Suboesophageal

ganglion；Sd′StOmOdaeum；SDO′SeCOndarydorsalorgarT；Thl′

PrOthorax；YB′yOlkblock・
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Figs・58′59・Crosssectionsofaneggatstagell・

58A・Acrosssectionthroughmetathorcic（dorsalsideofegg）and

4th－5thabdominalsegments（ventralsideofegg′arrOWhead）・

Bar＝20けm．

58B。Enlargement・

Fig・59・Acrosssection6匹maPartfromFig・58・Bar＝20pm

BCbloodcell；Cb′Cardioblast；Ch′Chorion；EM′entalmembrane；FB′

fatbody；LM′lumenofmidgut；MMER′middlereglOnOfdeveloplng

midgutepitheliumderivedfromyolkcens；Mptu′malpighiantubule；

Np′neurOPile；PcC′Pericardialcell；SoM′SOmaticmuscle；SpMe′

SPlanChnicmesoderⅡV YB′yOlkblock；YC′yOlkcell・
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Fig・60・Headreg10nOfasagittalsectionofaneggatstage12・
●

Fig・61・Sagittalsectionsoflstinstarnymph・

61A・Headto2ndabdominalsegment・Bar＝50pm・

61B・Enlargement・Bar＝20pm・

Fig・62・AcrosssectionoflstinstarnymPhthIpughmesothomx・

Bar＝20匹m．

AME′anteriorreglOnSOfmidgutepithelium；BCbloodcell；Cb′

Cardioblast；CdV′CardiacvalveJCh，Chorion；Dc′deutocerebrum；FG′

frontalganglion；GC′germCell；Hg′hindgut；L1－3′lobilto3；Mg′

midgut；MgEp′midgutepithelium；MME′middlereglOnOfmidgut

epithelium；MpTu′malpighiantubule；Np′neurOPile；OpP′OPticplate；

PME′POSteriorreglOnOfmidgutepithelium；Sb13′Suboesophageal

body；SbG′Suboesophagealganglion；Sd′StOmOdaeum；SpMe′

SPlaLnClmicmesoderⅡV Th2′3′meSO－andmetathorax；ThLl′Preleg；YB′

yolkblock・
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Fig. 63. Diagrammatic representation showing the development of mi

epithelium. See text.

dgut

63A.

,63B.

Anterolateral views of developing midgut (anterior to the left,

doTsal to the top).

$ectional diagrams of midgut formation.

AME, anterio.r region of midgut epithelium; AMER, anterior midgut

                       ,-
epithelium rudiment; Fg, foregut; Hg, hindgut; Mg, midgut; MME,

middle region of midgut epithelium; MMER, rudiment of midgut

epithelium of middle region; PME, posterior region of midgut

epithelium; PMER, posterior midgut epithelium rudiment; YB, yolk '

block; YC, yolk cell.
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Fig. 64. Mapping the embryological characters on the currently proposed

    phylogenesis of EctognathaA'terygota (A-C). See text. '
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