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Introduction
Recentresearchprovidesevidencediscountingthe

monophyleticstatusofEntognatha,which include
Diplura,suggestingasistergrouprelationshipbetween
DipluraandEctognatha(Kukalová-Peck,１９８７;Koch,
１９９７;IkedaandMachida,１９９８,２００１;Machidaetal.,
２００２;Machida,２００６).Inaddition,thecomparative
morphologyofovarian(Biliński,１９９４)andspermatozoal
structures(Jamieson,１９８７)castssomedoubtonthe
monophylyofDiplura,whicharecomposedoftwo
subordersRhabduraandDicellurata.Thus,Diplura
contributesignificantlytoreconstructinghexapodbasal
clades.Comparativeembryologyisoneofthemost
usefulmethodsforelucidatingphylogeneticproblems;
however,mostofourknowledgeondipluranembryology
mainlyconcernsRhabdura,andinformationondicellu-
ratanembryologyremainsscantyandfragmented:we
haveonlyGrassi’s(１８８５)andSilvestri’s(１９３３)brief
studies.

Forthisreason,weinitiatedanembryologicalstudy
ofDicellurata,usingOccasjapyxjaponicus(Enderlein),
andhaveoutlineddicelluratanembryogenesis.Inthis
paper,werefertosomenotableembryologicalfeatures
ofDicellurata,comparingthemwiththosereportedfor
Rhabduraandotherhexapods.

MaterialsandMethods
WecollectedadultOccasjapyxjaponicus(Enderlein)

inTsukuba,IbarakiPrefecturefromMaytoAugust２００６
and２００７.They were separately reared atroom

temperature(about２４℃)ina１０cm×１０cm×３cm
plasticcasewithasoilbottomonwhicha６cm×６cm×５
mmglassplatewasplacedforrefuge.Femalesbuilttheir
nestundertheglassplate,andlaidtheireggsasanegg
mass,whichcomprised２０ to５０ eggs.Eggswere
isolatedfromtheeggmass,puncturedwithafineneedle
andfixedinCarl’sfluid(aceticacid:formalin:ethyl
alcohol:DW=２:６:１５:３０)orKarnovsky’sfixative
(２% paraformaldehyde+２.５% glutaraldehydepH７.２
０.１MHCl-sodiumcacodylatebuffersolution)overnight.
Fixedeggswerestoredin７０%ethylalcohol.

Forexternalobservation,fixedeggswerestained
with DAPI,and observed under a fluorescence
stereomicroscope(LEICAMZFLⅢ+FLUOCOMBI,
UV-excitation),orthechorion wasremovedwith
forceps,stainedwithDelafield’shematoxylinorborax
carmine,andobservedunderabiologicalmicroscope
equippedwithELWDX１０or２０objective(Nikon).For
histologicalobservation,thefixedeggswereprocessed
intomethacrylateresinserialsectionsof２µmthickness
[Technovit７１００(Külzer,Wehrheim):styrene=４:１],
accordingtoMachidaetal.(１９９４a,b),andstainedwith
Delafield’shematoxylinandeosin.

Observations
TheeggperiodofOccasjapyxjaponicusrangesfrom

１６to１９daysatroomtemperature(about２４℃).The
earliestobservedembryowasdumbbell-shaped,about
７００µmlongand３００µmwide,constrictedinitsmiddle
(Fig.１).Theembryosoonstartstoelongateposteriorly
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withprogressivesegmentation(Figs.１,２),andin
embryosofwhichsegmentationiscompleted,the
abdomeniscomposedof１０segments(Figs.３,６A).The
germbandtypeofOccasjapyxjaponicusiscategorizedas
oftheshortgermbandtype.

Theblastoderm areathatdidnotparticipatein
embryo formation is the serosa (Fig.１).With
progressivesegmentationoftheembryo,serosalcells
concentratedorsalwards(Figs.２,５,６A,B),finally,after
thecompletionoftheabdominalsegmentation,intoa
hemisphericalstructure.Thisistheprimarydorsal
organ,whichisabout１００µmindiameterandisinitially
situatedmidwaybetweentheembryo’scephalicand
caudalends(Figs.３,７).Simultaneouslywiththe
concentrationofserosalcells,athincellularmembrane

isproducedandsegregatedfromtheembryonicmargin
tooccupytheeggsurfacefromwhichtheserosahas
receded.Thisthincellularmembraneisasecond
embryonicmembraneoramnion(Fig.５).

Aftertheprimarydorsalorgan iscompleted,
blastokinesisoccurs.TheblastokinesisofOccasjapyx
japonicusisasimpleflexionoftheembryo.Theembryo
bendsventrallyatthethoraxtotheanteriorabdomen.
Blastokinesisiscompletedwithinhalfaday,withthe
cephalicandcaudalendsfacingeachother(Fig.４).

Thedefinitivedorsalclosurestartsandproceeds,
replacingtheamnion,whichdiminishesandfinally
degenerates.Theprimarydorsalorgan,placedbetween
cephalicandcaudalendsinthepreviousstages,is
pushedawaytowardsandsituatedjustbehindthehead
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Figs.１–４EggsofOccasjapyxjaponicus.
Fig.１ Ventralviewofaneggattheearlieststageobserved,DAPIstaining,UVexcitation.
Fig.２ Lateralviewofaneggatthestagewheretheembryoissegmenteduptotheanteriorabdomen,thechorionremoved.Theserosahas

startedtoconcentratedorsallyandtheamnionbeginstosegregatefromtheembryonicmargin:arrowsshowtheboundaryoftheserosaand
amnion,boraxcarminestaining.

Fig.３ Lateralviewofaneggwhensegmentationiscomplete,thechorionandantennaremoved.Primarydorsalorganiscomplete,Delafield’s
hematoxylinstaining.

Fig.４ Lateralviewofanembryowhenblastokinesishasjustcompleted,thechorionremoved.Duetothecompletionofblastokinesis,thecephalic
andcaudalendsfaceeachother,Delafield’shematoxylinstaining.

Ab:abdomen,Am:amnion,An:antenna,Ce:cercus,DDC:definitivedorsalclosure,Em:embryo,H:head,Lb:labium,PDO:primarydorsalorgan,
Se:serosa,Th１–３:firsttothirdthoracicsegments,１–１０:firsttotenthabdominalsegments,▽:cephalicend,▼:caudalend.Scales=１００µm.
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(Fig.４),andfinallycoveredbyprogressivedefinitive
dorsalclosure(Fig.８A,B).Theembryoextendsby
progressivedevelopment,takingaspiralposture.

Aroundthestagesofblastokinesis,entognathy
formationoccurs.Themouthfoldsareformedbyventral
extensionofthemandibularandmaxillaryterga,andan
elementoftheintercalarysegmentisalsoinvolved.
Keepingstepwiththeformationofthemouthfolds,the

labialappendages,whichwerelaterallydirectedin
previousstages(Fig.９A,B),rotatebyabout９０degrees,
andconsequentlythelabialpalpitaketheirdefinitive
positionintheposteriorpartofthelabialsegmentand
faceposteriorly(Fig.１０A,B).

Discussion
InOccasjapyxjaponicus,theabdomenwasrevealed

Figs.５–８SagittalsectionsofeggsofOccasjapyxjaponicus.
Fig.５ Aneggwhentheamnionstartstobeproduced,enlargementofdorsalregion.
Fig.６ A.Aneggwhensegmentationhasjustcompleted.B.Enlargementofconcentratedserosa.
Fig.７ Completedprimarydorsalorgan.
Fig.８ A.Aneggattheearlypostblastokinesisstage.B.Primarydorsalorgan,ofwhichtheposteriorparthasbeencoveredbytheprogressive

definitivedorsalclosure.
Am:amnion,Ce:cercus,DDC:defenitivedorsalclosure,H:head,Lb:labium,Md:mandible,Mx:maxilla,PDO:primarydorsalorgan,Se:serosa,Th
１–３:firsttothirdthoracicsegments,１–９:firsttoninthabdominalsegments.Scales=１００µm.



tobecomposedof１０abdominalsegments,asin
Rhabdura(Uzel,１８９８;IkedaandMachida,１９９８).In
Hexapoda,thereisnorepresentativewith１０abdominal
segments:otherEntognatha,i.e.,Collembolahavesix
abdominalsegmentsandProtura,theprelarvaeofwhich
hatchwithnineabdominalsegments,increasetheir
abdominalsegmentsupto１２duringpostembryonic
development;inEctognatha,thenumberofabdominal
segmentsisfixedas１１.Abdominalmetamerismwith１０

segmentsisacommonimportantcharacteristicfor
DicellurataandRhabdura.

TheprimarydorsalorganofOccasjapyxjaponicusis
formedbytheconcentrationofserosalcellsaftergerm
bandformation.Initsmannerandtiming,theformation
oftheprimarydorsalorganinOccasjapyxjaponicus
completelyagreeswiththatinRhabdura(Ikedaand
Machida,１９９８),butdiffersgreatlyfrominCollembola
andProtura.Collembolanandproturanprimarydorsal
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Figs.９,１０ VentralviewsofembryosofOccasjapyxjaponicus,illustratingtherotationoflabialappendagesduringentognathyformation,
Delafield’shematoxylinstaining.

Fig.９ A.AnearlyembryoequivalentinstagetothatshowninFig.２.B.Enlargementofgnathalregion.Notethatthelabialappendagefaces
laterally(anarrow).

Fig.１０ A.Afull-grownembryo.B.Enlargementofgnathalregion.Notethatthelabialappendagetakesitspositionattheposteriorpartofthe
segmentandfacesposteriorly(anarrow).

An:antenna,Lb:labium,LbP:labialpalp,Lr:labrum,Md:mandible,Mx:maxilla,MxP:maxillarypalp,ThL１–３:firsttothirdthoraciclegs.Scales
=１００µm.
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organsweredirectlyformedfromtheblastoderm,before
thestageofgermbanddifferentiation(Jura,１９７２;Fukui
andMachida,２００６).Grassi(１８８５)madeasketchyreport
oftheprimarydorsalorganinJapyxsolifugus.

Withtheprogressiveformationoftheprimary
dorsalorgan,theamnionisproducedfromtheembryonic
margininOccasjapyxjaponicus,asinRhabdura(Ikeda
andMachida,１９９８).InCollembolaandProtura,the
embryonicmembranesarerepresentedonlybyserosa,
andthesecondaryembryonicmembraneoramnion
neverdifferentiates(UemiyaandAndo,１９８７;Fukuiand
Machida,２００６).

Therotationoflabialappendagesbyabout９０
degreeswasrevealedtobeinvolvedintheentognathy
formationofOccasjapyxjaponicus,asinRhabdura(Ikeda
andMachida,１９９８):observingtheembryosoflimited
stagesinJapyxmajor,Silvestri(１９３３)brieflydescribed
themovementoflabialappendages.Sucharotationof
thelabialappendagesneveroccursinCollembolaand
Protura,(UemiyaandAndo,１９８７;FukuiandMachida,
２００９),andthiscanbecountedasauniquefeatureof
Diplura.

Somecomparativereproductivebiologistssuchas
Jamieson(１９８７)andBiliński(１９９４)havedisputedthe
monophylyofDiplura;however,thepresentstudy
revealedthatDicellurataandRhabdurasharesignificant
embryologicalfeatures,asaddressedabove:i.e.,１)
abdominalconstructionof１０segments,２)formationof
primarydorsalorganbytheconcentrationofserosalcells
inalaterstageofembryogenesis:itscompletionbeing
aftertheabdomenhasbeencompletelysegmented,３)
productionofamnion,and４)entognathyformation
accompaniedwiththerotationoflabialappendages.
Fromoutgroupcomparison,features１,２and４canbe
safelyassertedasbeingsynapomorphiesofRhabdura
andDicellurata,andthemonophylyofDipluraisstrongly
supported.

BasedontheirembryologicalstudiesofRhabdura,
IkedaandMachida(１９９８,２００１)mentionedthat１)the
monophylyofEntognathaisnotalwayssubstantiated,
becausetheentognathyisformedinadifferentmanner
inCollembolaandDiplura,andthat２)thepossessionof
anamnioninDipluraissignificantenoughtopostulate
theirsistergrouprelationshipwithEctognatha.The
presentstudyrevealedthattheentognathyinDicellurata
isformedasinRhabdura(feature４intheprevious
paragraph)andthattheamnionisalsoproducedin
Dicellurata(feature３inthepreviousparagraph).Thus,
IkedaandMachida’s(１９９８,２００１)ideahasbeenfurther
reinforced.

ThepresentstudyrevealedthatDicelluratadiffer
greatlyfromRhabdurainthegermbandtype(cf.Krause,
１９３９).InOccasjapyxjaponicus,asmallembryoisinitially
formed,anditelongates,accompaniedwithsequential
differentiationofsegments,asSilvestri(１９３３)described

inJapyxmajor,andsotheembryogenesisofDicellurata
iscategorizedastheshortgermbandtype.Ontheother
hand,inRhabdura,theembryosareinitiallypropor-
tionedsimilarlytodefinitiveembryosinlength,andthe
fullsetofsegmentsdifferentiatesintheearlieststageof
embryogenesis;hence,rhabduranembryogenesisis
categorizedasthelonggerm bandtype(Uzel,１８９８;
IkedaandMachida,１９９８).Itiswellknownthat
Collembolaand“Myriapoda”exhibitembryogenesisof
thelonggermbandtype(JohannsenandButt,１９４１;Jura,
１９７２;Anderson,１９７３),andrecently,Proturawere
revealedalsotoundergoembryogenesisofthelong
germbandtype(FukuiandMachida,２００６).Althoughthe
embryogenesisofhighercrustaceansisapparentlyofthe
shortgermbandtype,thegermbandtypeofcrustaceans
mightberegardedasbasicallyandoriginallyofthelong
type (cf.Anderson,１９７３;Machidaetal.,２００２).
Therefore,thelonggermbandtypeshowninRhabdura
maybeconsideredtobeplesiomorphic,andtheshort
germbandtypefoundhereinforDicelluratashouldbe
regardedasapomorphicinDiplura:acquisitionofthe
shortgerm bandtypeinDicellurataandEctognatha
shouldbeelucidatedasahomoplasy,becausethe
monophylyofDiplurahasbeenstronglysupported
herein.
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