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１.Introduction
ThegeneralmodeofreproductionofHymenoptera

is arrhenotokous parthenogenesis, also called
haplodiploidy:fertilizedeggsgiverisetodiploidfemales
and unfertilized eggsgive rise to haploid males
(Suomalainenetal.,１９８７).Itisapparentinthisgroup
thateggactivationandfertilizationareindependent
phenomena,althoughtheyusuallyoccursimultaneously.
Eventsoccurringatandaroundeggactivationand
fertilizationhavebeenextensivelystudiedinmany
animals(Hardy,２００２).Ininsects,however,thestudiesin
thesefieldshavebeensparselydonemainlyduetothe
technicaldifficultiesofartificialcontrolofeggactivation
andfertilization,eveninthemodelspecies,Drosophila
melanogaster.Ontheotherhand,itispossibletoinduce
parthenogeneticdevelopmentbymerelyimmersing
matureunfertilizedeggsindistilledwaterinmorethan
２００sawflyspeciesthatbelongtotheprimitivegroupof
Hymenoptera,Symphyta (Naito,１９８２).Thus,the
hymenopteranspecieswiththeeasymanipulationofegg
activation serve as an experimentalsystem for
answeringquestionsrelatedtooocytematuration,egg
activation,fertilizationandearlyembryonicdevelop-
mentininsects.

Oishietal.(１９９３,１９９５,１９９８)selectedthesawfly,
Athaliarosaeruficornis(Fig.１),anddevelopedthis
speciesasamodelinsecttounravelthemechanisms
underlyingeggmaturationandtheeventsleadingto
earlyembryonicdevelopment.Artificialactivationof
unfertilizedeggsprovidesembryoswithsynchronized
developmentalstages(SawaandOishi,１９８９a).Thisisan

advantagetoinvestigateearlyembryonicdevelopment
onmorphology,biochemistryandmolecularbiology.One
ofthemostremarkabletechnicalachievementswiththis
speciesisinvitrofertilizationbymicroinjectionofsperm
intoeggs(SawaandOishi,１９８９b).Thetechniqueisthe
sameasintracytoplasmicsperminjection(ICSI),andis
commonly used in humansand experimentaland
domesticanimals(Yanagimachi,２００５).ICSIinA.rosae
ruficornisenablestoevaluatethepotentialofimmature
malegametesonsyngamyininsects.

Recently,gene functionalanalysis has been
acceleratedininsectsotherthanthemodelspecies,D.
melanogaster.Genomesequencinghasbeenproceeding
inmanyinsects,andtheaccumulationofgenomic
informationmakesiteasiertoisolatespecificgenesofa
certainspeciesbyusingPCR-basedcloningmethods.
Transgenesisisaprerequisitetechnologyforanalyzing
genefunction,andthathasbeenestablishedinmore
than２０speciestodatespanningfourinsectorders.
Molecularanalysesofgenefunctionhavethusbeen
facilitatedinnon-modelinsects.A.rosaeruficornisis
oneofsuchspecieswiththesuccessofgermline
transformation(Sumitanietal.,２００３).

Inthisreviewwedescribefindingsonthepotential
ofmalegametestoparticipateindevelopment,the
regulatorypathwayinmeioticcellcyclearrestduring
oocytematuration,andtheformationofabdominal
appendagesduringembryonicdevelopment.Recent
progressintheestablishmentofmoleculartoolsfor
genefunctionalanalysis,suchastransgenesis,RNA
interference(RNAi)andsystemsforregulatinggene
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expression,arealsomentioned.

２.Potentialofmale gametesto participate in
development
A.rosaeruficornisistheonlyinsectspeciesin

whichartificialfertilizationisfeasiblebymeansof
intracytoplasmicsperminjection(ICSI).Thistechnique
isquiteusefultoexaminethepotentialofmalegamete
toparticipateindevelopmentandinteractionwith
cytoplasmicfactorsinrecipienteggs.Toachieveartificial
fertilizationbyICSI,weusuallymicroinjectmature
spermattheanteriorendoftheeggwherethemicropyle
openstomimicnormalspermpenetration(Fig.２A).The
malegametegenerallyparticipatesindevelopmentonly
whenitsnucleusuniteswitheggnucleus.ICSI,however,
enablestheunusualpenetrationofspermintoeggsinA.
rosaeruficornis.Syngamynevertakesplacewhensperm
areinjectedintotheposteriorendofeggs,theopposite
side ofthe micropyle opening,butindependent
participationofgametenucleioccursinasmallfraction
oftheinjectedeggs,resultingintheproductionof
haploid-haploidchimeras(Hatakeyamaetal.,１９９４a)(Fig.

２B).Eitherdiploidembryosorhaploid-haploidchimeras
areproducedwhenspermareinjectedintothelateral
side(Fig.２C).Thesefindingsindicatethatmature
sperm,aswellasmatureeggshavepluripotency,and
thatstrictgenomicimprintingseemsunlikely.Itisalso
suggestedthateggcytoplasmicfactor(s)responsiblefor
thepromotionofpronucleiformationandtheprevention
ofsupernumerarynucleifromdevelopmentareinvolved.
Oneofthecandidatefactorstopromotepronuclei
formationistheHirageneproduct,whichwasfirst
identifiedinXenopuslaevistohavecriticalfunctionin
nucleosomeassembly(Ray-Galletetal.,２００２).Hira
proteinisrequiredforthereassemblyofnucleosomesof
sperm chromatininD.melanogaster,andthemale
pronucleusisnotformedwithoutthisprotein(Loppinet
al.,２０００,２００１,２００５).Itisdemonstratedthatamaternal
effectlethalmutation,sesame(ssm)ofD.melanogasteris
causedbyapointmutationintheHiragene(Loppinet
al.,２００５).Possiblefactorstoexcludesupernumerary
nucleiarethespindlecheckpointproteins,Bub１-related
kinase(BubR１)andmonopolarspindle１(Mps１).Polar
bodynucleiareusuallyexcludedduringsyncytial
divisionsininsecteggsandshowntoform unique
condensedchromosomesinD.melanogasterandA.rosae
ruficornis(Campos-OrtegaandHartenstein,１９８５;Page
andOrr-Weaver,１９９７;Yamamotoetal.,２００８).Both
BubR１andMps１accumulateatkinetochoresofpolar
bodychromosomesofD.melanogastertomaintain
condensedconformationandtopreventthem from
participatingindevelopment(Perez-Mongiovietal.,
２００５;Fisheretal.,２００４).Somecytoplasmicfactorsare
temperature-sensitive,sinceheattreatmentofmature
eggsuponactivationdisturbsthefactorsandallowspolar
bodynucleitoparticipateindevelopmentofA.rosae
ruficornisandthesilkworm,Bombyxmori(Astaurov,
１９６７;Hatakeyamaetal.,１９９０).

ICSIinanimalsisdevelopedprimarilyaimingat
remedy ofmale-factor infertility in humans and
preservationofendangeredspecies.Forthisreason,
immaturemalegametesaswellasmaturesperm
have been used forICSI.There are successful
reportsdemonstratingproductionofoffspringbyusing
prematuresperm,spermatidsandevenspermatocytes
forICSIinsomemammalianspecies,includinghumans
(Yanagimachi,２００５).Theresultsrevealthecapacityof
prematuremalegametestofertilizeeggsinmammals.A
questionthenarisesastowhetherthispotentialis
generalinprematuremalegametesofinsects,and
whetherthepresumedcytoplasmicfactorshaveasimilar
effect.ThisisansweredusingICSIinA.rosaeruficornis
(Hatakeyamaetal.,２０００).

Mostspermatocytes complete meiosis before
pupation,andspermiogenesisproceedsintesticular
cystsinpupaofA.rosaeruficornis(Fig.３A).Spermatids
areroundintheearlypupalstage,andtermedround
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Fig.１ Anadultmale(left)andfemale(right)ofthesawfly,
AthaliarosaeruficornisJakovlev(Hymenoptera,
Symphyta,Tenthredinidae)undercopulation(A).A
femalefifthinstarlarvafeedingonaleafofthe
brassicaceous(cruciferous)plant,Raphanussativus
(B).Generalbiology ofA.rosaeruficornisis
describedinSawaetal.(１９８９).
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Fig.２ Mannerofparticipationofmalegametesindevelopment.Injectionofmaturespermandelongatedspermatidattheanteriorendofeggs
resultsinproductionofdiploidfemaleduetosyngamyofmaleandfemalepronuclei(A).Maturesperm,whenitisinjectedintoaneggatthe
posteriorend,participatesindevelopmentindependentoffemalepronucleusresultinginhaploid-haploidchimera(B).Eitherdiploidfemale
orhaploid-haploidchimeraisproducedwhenmaturespermisinjectedintothelateralsideofanegg(C).Roundspermatidandelongating
spermatidparticipateindevelopmentindependentoffemalepronucleiresultinginhaploid-haploidchimeraswhentheyareinjectedinto
eggsattheanteriorend(D).Nucleiderivedfrommaleandfemalegametesareinblueandyellow,respectively.Greenshowszygoticnuclei
derivedfrombothmaleandfemalegametes.Smallblackdotslocatedattheanteriordorsalregionofaneggrepresentpolarbodynucleithat
areexcludedfromsyncytialdivisions.Orientationofaneggismarkedwith”a”and”p”fortheanteriorandtheposterior,respectively.

Fig.３ Apairoftestesandinternalreproductiveorgansdissectedfromaone-day-oldadultmale(A).Morphologyofmalegametesinvarious
developmentalstagestakenfromtestesorseminalvesicles(B-E).Spermatidsintesticularcystsofearlypupaareroundinshape,theround
spermatids(B).Elongatingspermatids(C)ofthatheadsandtailsbeginelongatingareseenintestesatmid-tolate-pupalstage.Mostof
spermatidsinadulttestesareelongatedspermatids(D).Theyarefullyelongatedandresidualcytoplasmsarecompletelydiscarded,while
theyareimmotile.Motilematurespermformbundle(E)andaretransferredtoseminalvesicles.AC:accessorygland,SV:seminalvesicle,
T:testis.Barsindicate５００µmin(A)and２０µmin(E).



spermatidsfollowingthenomenclatureinmammals
(Fig.３B).Roundspermatidselongatetheirheadsand
tails,andresidualcytoplasmsarediscardedinthemid-
pupalstage.Thesespermatidsaretermedelongating
spermatids(Fig.３C).Themajorityofspermatidsinadult
testesare fully elongated,and the cytoplasm is
completelydiscarded,whiletheyareneedle-likein
shapeandimmotile(Fig.３D).Maturemotilesperm
formingspermbundlesaretransferredtoandstoredin
themaleseminalvesicles(Fig.３E).Thepotentialofeach
spermatidcanbeexaminedbyinjectingthem into
matureeggsattheiranteriorend.Injectionofelongated
spermatidsresultsinproductionoffertilizedembryo
(diploidfemales)asthecaseinmaturesperminjection
(Fig.２A).Roundandelongatingspermatidsnever
producefertilizedembryos,butparticipateindevelop-
mentindependentoftheeggnuclei,resultinginhaploid-
haploidchimeras(Fig.２D).Inthesechimeras,both
spermatid-derivedandegg-derivednucleicontributeto
theirgermlinecells.Prematuremalegameteshave
pluripotency,asdomaturesperm.Theseresultsindicate
how injectedspermatidsparticipateindevelopment
(syngamywitheggnucleusorindependentparticipa-
tion),dependsonthestagesofdifferentiation.

Whatarethedifferencesbetweenspermatidsand
maturespermthataffectthemannerofparticipationin
development?Oneofthemarkeddifferencesisthe
condensationofchromatin.Thechromosomalproteins,
histones,aresubstitutedbybasicprotaminesduring
spermiogenesis.Thissubstitutionoccurssoonafterthe
completionofspermatidelongationinD.melanogaster
(Jayaramaiah-RajaandRenkawitz-Pohl,２００５;Rathkeet
al.,２００７).MaturespermandelongatedspermatidsofA.
rosaeruficornisshouldhaveprotamine-based,condensed
chromatin,whileroundandelongatingspermatidsstill
havehistone-basedchromatin.Ithasbeendemonstrated
thatroundspermatidsformpronucleifasterthansperm
whentheyareinjectedintoeggsinmurinespecies
(OguraandYanagimachi,１９９３).Coordinationofthe
timingofmalepronucleusformationiscriticalfor
synchronizationwiththefemalepronucleustoachieve
syngamy.Independentparticipation ofround and
elongatingspermatidsindevelopmentwouldbethe
outcomeofprecociouspronucleusformationinthese
spermatids.Organizationofcentrosomeswouldalso
affectthetimingofsyngamy.Eachmaturesperm
possessesonlycentriolessincepericentriolarmaterials
arelostduringspermiogenesis,whereasoocyteshave
pericentriolarmaterialswithoutcentrioles.Thefunc-
tionalcentrosomeisusuallyreconstitutedwithpaternal
centriolesandmaternalpericentriolarmaterialsafter
spermentry(Callainietal.,１９９９).Ontheotherhand,
spermatidsmightproceedtosyncytialdivisionswithout
centrosomereconstitutionsincetheyretainfunctional
centrosomes.Anotherobviousdifferenceistheshapeof

tail.Maturespermandelongatedspermatids,bothof
whichareabletoachievesyngamy,havefullyexpanded
flagellaassociatedwithmitochondrialderivatives(Odai
etal.,１９９５).Inthefertilizationofdrosophilidspecies,a
wholespermwithextraordinarylongflagellumenters
theeggcytoplasm.Althoughsomepost-fertilization
functionsofthespermflagellum,suchasassistingthe
male pronucleus to closely juxtapose to female
pronucleushavebeenproposed(Karr,１９９６),these
functionshavenotyetbeenelucidated.

３.Molecularmechanismsofmeioticarrestduring
oocytematuration
Prematuremalegameteshavethepotentialto

achievesyngamywitheggnucleusand/orparticipatein
developmentindependentofeggnucleus,asmentioned
above.Ontheotherhand,therecipienteggsshouldbe
fullymatured.FullymaturedeggsofA.rosaeruficornis
awaitfertilizationbyarrestingmeiosisatthemetaphase
ofthefirstdivision(MI-arrest),sodootherinsecteggs.
Themechanismsofmeioticmetaphasearresthavebeen
studiedextensivelyinvertebrates,inwhichmeiotic
arrestgenerallyoccursatthesecondmetaphase(MII-
arrest).Incontrast,littleisknownaboutthemolecular
mechanismsofmeioticarrestatthefirstmetaphase(MI-
arrest)inmostinvertebrates,includinginsects.One
reasonisthescarcityofappropriateorganismsinwhich
fertilizationoreggactivationcouldbeeasilymanipu-
lated.A.rosaeruficorniswiththeeasymanipulationof
eggactivationservesasagoodmodelrepresenting
invertebratestoelucidatethemolecularmechanismsof
MI-arrest.

Thecytoplasmicactivityaccomplishingmetaphase
arrestbystabilizingmaturation-promotingfactor/M-
phasepromotingfactor(MPF)istermedcytostaticfactor
(CSF)(Masui,２０００).MII-arrestisestablishedand
maintainedbytheconsecutivephosphorylationofprotein
kinases,mitogen-activatedproteinkinase(MAPK)via
MAPK/extracellular signal-regulated protein kinase
(MEK).Theserine/threonineproteinkinase,Mosthatis
theproductofc-mosprotooncogenehasanessentialrole
asanupstreamregulatoroftheMEK-MAPKpathway
(Sagata１９９６;Kishimoto,２００３;TunquistandMaller,
２００３;Liuetal.,２００７).Recently,oneofthedownstream
effectors ofthe Mos-MEK-MAPK pathway was
identified.Emi-related protein１(Erp１)inhibits
theactivityofanaphase-promotingcomplex/cyclosome
(APC/C)tokeepMPFactiveduringMII-arrest(Shojiet
al.,２００６;Nishiyamaetal.,２００７;Inoueetal.,２００７)(Fig.
４).Ininvertebrates,mostofthefindingsonmeiotic
metaphasearresthavebeenobtainedusingafewmarine
species,such as starfish and jellyfish,and the
requirementoftheMos-MEK-MAPKpathwayhasbeen
shown(Tachibanaetal.,２０００;Morietal.,２００６;Kondoh
etal.,２００６).
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MI-arrestofinsecteggshasbeenexaminedintwo
species,A.rosaeruficornisandD.melanogaster.We
demonstratedthattheMos-MEK-MAPKpathwayisalso
conservedandplaysacentralroleinMI-arrestinA.
rosaeruficornis(Yamamotoetal.,２００８).BothMEKand
MAPK areinactive(dephosphorylated)inimmature
oocytes.Theseareactivated(phosphorylated)inmature
(MI-arrested)eggs,andtheactivityissustaineduntil
eggsareactivated.MI-arrestisreleaseduponegg
activation,andmeiosisproceedstoanaphaseI(２０min),
metaphaseII(４０min),anaphaseII(６０min)andis
completed９０minaftereggactivation(Fig.５).Oneofthe

fournucleiproducedbymeioticdivisionsmigratesinside
theeggcytoplasm tobecomethefemalepronucleus,
whiletheotherthreeremainontheperipherytobecome
thepolarbodynucleithatform uniquecondensed
chromosomes.TheactivitiesofbothMEKandMAPK
decreaseasmeiosisproceedsanddisappearwithin４０
min.WhenMI-arrestedeggsaretreatedwiththe
chemicalinhibitorofMEK,MAPKisinactivatedandMI-
arrestisreleased.Thus,MEKactivatesMAPKasshown
in otheranimals and establishes MI-arrest.Mos
orthologueofA.rosaeruficornisfunctionsasthe
upstream regulatoroftheMEK-MAPK pathway,as

Fig.４ Regulatorypathwayofmeioticcellcyclearrestinanimals.TheMos-MEK-MAPKpathwayisaconsecutivephosphorylationofprotein
kinasesandplaysacentralroleinmeioticmetaphasearrestinanimaleggs.Thedownstreameffectorsareidentifiedinvertebratesand
starfish.Invertebrates,MII-arrestisestablishedbyinhibitionofAPC/CwithErp１.p９０ribosomalS６kinase(p９０rsk)isconsideredtobethe
factorconnectingtheMos-MEK-MAPKpathwayanditsdownstreameffector,Erp１inthefrog(X.laevis).Althoughp９０rskfunctions
downstreamoftheMos-MEK-MAPKpathwayinstarfish,itinhibitsDNAreplicationresultinginG１-arrest.InvolvementoftheMos-MEK-
MAPKpathwayinMI-arresthasbeenshownintwoinsects,A.rosaeruficornisandD.melanogaster;however,thedownstreameffector(s)
havenotyetbeenidentified.

Fig.５ Progressionofmeiosisuponartificialeggactivation.Chromosomesarevisualizedwith４’,６-diamidino-２-phenylindole(DAPI)staining.
Meiosisisarrestedatthefirstmetaphaseinafullymaturedegg(MI-arrest).Onceaneggisactivated,meiosisresumesandproceedsto
anaphaseI(after２０minofeggactivation),metaphaseII(４０min),andanaphaseII(６０min).Meiosiscompletesat９０minaftereggactivation
andfournucleiareproducedineggcytoplasm.Oneofthefournucleimigratesinsideandbecomesafemalepronucleusandtheotherthree
becomepolarbodynucleiremainingperiphery.MI:metaphaseI,AI:anaphaseI,MII:metaphaseII,AII:anaphaseII.Femalepronucleus
(FP)andpolarbodynuclei(PB)areindicatedbyanarrowandarrowhead,respectively.



showninthevertebratesandinvertebratesexaminedto
date.InjectionofMosproteinintoactivatedeggsin
whichbothMEKandMAPKhavelosttheiractivities,
MEKandMAPKareactivatedagain.IntheseMos-
injectedeggssyncytialdivisionsarearrestedagainat
metaphase.Thesefindingsindicateunequivocallythe
requirementofthe Mos-MEK-MAPK pathway for
maintainingMI-arrest.

Incontrast,interpretationoftheresultsobtainedin
D.melanogaster using mos mutation is different
(Ivanovskaetal.,２００４).BothMEKandMAPKareactive
inimmatureoocytesandmatureMI-arrestedeggs.
CytostaticactivityofMosorthologueofD.melanogaster
isdemonstratedbyabiologicalassayusingembryosof
Xenopuslaevis.WhenDrosophilaMosisinjectedintoone
blastomereoftwo-cell-stageXenopusembryo,theMos-
injectedblastomereceasesitscleavagedivisionsat
metaphase.Intheeggsofmosmutantfemales,the
activitiesofMEKandMAPKaremarkedlyreduced;
however,meiosisisarrestedatMIasinwild-typeeggs.
Eggslaidbythesemutantfemalesdevelopnormally.
Ivanovskaetal.(２００４)concludedthattheMos-MEK-
MAPKpathwayisnotessentialforMI-arrestinD.
melanogaster and suggested the presence ofan
independentpathway.

Additionalinformationisneededtofullyunderstand
themolecularmechanismsofMI-arrestinthesetwo
species.InD.melanogaster,forexample,monitoringthe
activitiesofMEKandMAPKduringmeioticprogres-
sion,inhibitory experiments ofthe MEK-MAPK
pathwayandin vivoassayofMosfunctionsare
necessary.Artificialmanipulationofeggactivationis
indispensablefortheseanalyses.Activationofeggsis
possiblebyartificialmeansinD.melanogaster,whileup
to５０%ofeggscompletemeiosis(Mahowaldetal.,１９８３;
HornerandWolfner,２００８).Ontheotherhand,theloss-
of-functionanalysesofMos,suchasmosmutantanalysis
inD.melanogasterarerequiredtoprovethenecessityof
theMos-MEK-MAPKpathwayforMI-arrestinA.rosae
ruficornis.ThedownstreameffectorsoftheMos-MEK-
MAPKpathwayhavenotbeenidentifiedininsects.Itis
stillunknownwhethertheregulatorymechanismsof
insectMI-arrestarecommonordivergedamonginsects.

４.Modelforabdominalappendagedevelopment
Diversifiedlarvalformsarecompletedduring

embryonicdevelopment.Inparticular,appendagesare
extremelymodified,reflectingthelifestyleofspecies,
althoughtheyshareserialhomology.Mostresearcheson
appendage developmenthave focused on cephalic
(antennaeandmouthparts)andthoracic(legsandwings)
appendages.Lessattentionhasbeenpaidonabdominal
appendagessincetheabsenceofabdominalappendages
is one ofthe derived characteristics in insects.
Nevertheless,primitivegroupsofspecies,suchasthe

springtails(Collembora),bristletails(Archaeognatha)
andsilverfish(Thysanura),retainabdominalappendages
inadults(UemiyaandAndo,１９８７;PalopoliandPatel,
１９９８;Machida,１９８１;Grimaldiand Engel,２００５).
Manyholometabolousspeciesindeedhaveabdominal
appendagesduringembryogenesis,andinmostcases
theydisappearbeforelarvalhatching.Theabdominal
appendagesinembryosarethereforeusefultraitsto
understand morphologicalevolution (Angeliniand
Kaufman,２００５).ThelarvaeofA.rosaeruficornishave
remarkableabdominalappendages,knownasprolegs,as
wellasothermembersofthesymphytanHymenoptera.
Somelepidopteranlarvaealsohaveprolegs,whereas
theyappearindifferentarrangementsintermsof
numberanddistribution.Wefocusonthedevelopmentof
abdominalappendagesduringembryogenesisofA.rosae
ruficornis.Embryoswithsynchronizeddevelopmental
stagesareobtainedinA.rosaeruficornisbecausea
numberofeggscanbeartificiallyactivatedatonce.This
isanadvantagetoinvestigatemorphogenesisand
underlyingtemporalmolecularregulation.

TheabdomenoftheembryoofA.rosaeruficornis
consistsofelevensegments,A１toA１１(Yamamotoetal.,
２００４).Apairofappendageprimordiafirstappearsin
allabdominalsegments,exceptsegmentA１０.The
primordiaofsegmentsA２toA８elongatewithoutfurther
segmentation and develop to larvalprolegs.The
primordiaofsegmentsA１andA９areprominentinitially,
butdiminishasembryonicdevelopmentproceedsand
finallydisappear.Morphologicalobservationrevealsthat
theprolegshaveserialhomologywithcephalicand
thoracicappendages(Okaetal.,２００７).Thegene
expressionpatternofdecapentaplegic(dpp),oneofthe
essentialupstream regulatorsofappendagedevelop-
ment,supportsthisidea.dppisexpressedinsegments
whereappendageprimordaappear,correspondingto
theprimarydeterminationofembryonicappendages
(Yamamotoetal.,２００４).Ithasbeendemonstratedintwo
sawflyspeciesthattheDistal-less(Dll)geneproduct
isabsentfrom the prolegs,and the Hoxgenes,
Ultrabithorax (Ubx)and abdominal-A (abd-A),are
expressedinallprolegstorepressDllexpression
(SuzukiandPalopoli,２００１).TheDllgeneorthologueis
notexpressedintheprolegsofA.rosaeruficornis(Okaet
al.,unpublishedresults).Thesefindingssuggestthatthe
prolegsofhymenopteranspeciescorrespondtothe
proximalparts(coxopodites)ofthethoraciclegslacking
distal(telopodite)regions.Ourobservationofembryonic
appendagedevelopmentrevealsthattheappearanceof
prolegprimordiaisdelayedbyabout１５hcomparedto
thoseincephalicandthoracicsegments(Okaetal.,
２００７).Theappearanceofprolegprimordiacorresponds
tothetimewhentheenditesofthemandible(incisorand
molar),maxilla(galeaandlacinia)andlabium(glossa-
paraglossacomposite)areformedfrom coxopodite
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swellingsineachcephalicappendage.Inaddition,the
arrangementoftheprolegsseemsnottoalignwiththose
ofthecephalicandthoracicappendages,implyingthat
theprolegsareequivalenttotheenditesofthe
coxopoditesofappendages.Furtherinvestigationsto
figureouttheidentityoftheprolegsofA.rosaeruficornis
areunderway.

TheprolegofHymenopteracorrespondstothe
coxopodite,whereasthatofLepidopteracorrespondsto
awholelimb(coxopoditeandthedistaltelopodite)
(SuzukiandPalopoli,２００１).Inlepidopteranspecies,Dll
isexpressedinallprolegstoformdistalstructures.Ubx
andabd-ArepressDllexpressionintheabdominal
segmentswhereprolegsarenotformed(Panganibanet
al.,１９９４;Warrenetal.,１９９４;Uenoetal.,１９９５;Suzuki
andPalopoli,２００１).ItisinterestingthattheHoxgenes
suppressonlytelopoditesofprolegsinHymenoptera,
whereastheysuppresswholeprolegs(bothcoxopodites
andtelopodites)inLepidoptera.Moreover,theHox
genesdonotrepressDllexpressionintheabdominal
appendagesofthecollembolans(PalopoliandPatel,
１９９８).Althoughabdominalappendagesseemtoshare
directhomology,theunderlyingmolecularregulatory
mechanismsfortheirdevelopmentaredifferentamong
differentgroupsofinsects.Itishypothesizedthat
derepressionofabdominalappendagedevelopmenthas
occurredindependentlyinholometabolousinsects(Nagy
andGrbic,１９９９;SuzukiandPalopoli,２００１).Itisnotyet
clearwhatfactorsareresponsibleforthederepressionof
prolegdevelopment,andhowtheyinteractwiththe
essentialgenesinvolvedinappendagedevelopment.
Unraveling the molecular mechanisms ofproleg
developmentinHymenopterainwhichprolegsremain
derepressedirrespectiveofHoxgeneexpression,will
offercluestounderstandthemorphologicalevolutionof
thelarvalform.
Aquestionraisedconsideringmorphologicalevolu-

tioninholometabolousinsectsiswhetherthemolecular
mechanismstoform larvalandadultappendagesare
governedbyasimilarpathwaywithconservedgenes
(Tanaka and Truman.２００５;Niimietal.,２００５).
Comparativeanalysisofappendagedevelopmentin
embryos(larvalappendage)andpupae(adultappendage)
ofonespeciesisrequired.D.melanogasterseemstobe
aninappropriatemodelfromthisaspect.Themolecular
mechanismsofadultappendagedevelopmenthave
beenextensivelystudiedandwellunderstoodinD.
melanogaster,inwhichmostadultstructuresareformed
fromtheimaginaldiscs(Cohen,１９９３;Rauskolb,２００１;
Kojima,２００４).Incontrast,informationaboutappendage
developmentinembryosislimited,sincelarvaeofD.
melanogasterlackappendagesotherthanthesense
organs,suchasKeilin’sorgans(Panganiban,２０００).On
theotherhand,expressionpatternsofthegenes
involvedinembryonicappendagedevelopmenthave

beenstudiedinavarietyofinsects,whereaslittleis
knownabouttheformationofadultappendagesduring
metamorphosisatthemolecularlevel,otherthanD.
melanogaster(AngeliniandKaufman,２００５).Recently,
molecularpatterningmechanismsofadultlegswere
examinedinManducasexta(TanakaandTruman,２００７).
InLepidoptera,adultlegsareproducedwithinthelarval
legsfromnon-imaginaldisc-likeprimordiaoccupyinga
smallregionoflarvallegs(Svacha,１９９２;Tanakaand
Truman,２００５;Singhetal.,２００７).TanakaandTruman
(２００７)demonstratedthatsomegenesinvolvedin
patterningoftheproximodistalaxisinadultlegswere
notexpressedinlarvallegsduringembryogenesis.They
concludedthatlarvallegsareformedbytransientarrest
intheconservedadultlegpatterningprocess.Itis
consideredthatadultlegdevelopmentfrom imaginal
discsobservedinDiptera(Cohen,１９９３)andthe
apocritanHymenoptera(WheelerandNijhout,１９８１)is
thederivedmode.Incoleopteranspecies,adultleg
primordiaarenotobservedandtheentirelarvallegs
contributetotheadultlegs(TrumanandRiddiford,
２００２).TheadultlegsofA.rosaeruficornisareformed
fromnon-imaginaldisc-likeprimordiaunderthelarval
legcuticles(Sawa,personalcommunication),whilethe
modeofdevelopmenthasnotbeenascertainedineither
theLepidoptera-typeorColeoptera-type.Itremainsto
beelucidatedhowadultlegdevelopmentisregulatedin
A.rosaeruficornis,andcomparisonoftheoutcomewith
otherholometabolousinsectswillprovideinformationto
understand the evolutionary aspectoflarval-adult
transition.

５.Developmentoftoolsforgenefunctionalanalysis
Severalgeneswithcriticalrolesindevelopmentand

reproductionhavebeenclonedandpartiallyanalyzedin
A.rosaeruficornis,asmentionedabove.Inaddition,the
accumulationofgenomicinformationbywholegenome
sequencingandexpressedsequencetag(EST)analyses
ininsectsenablestheisolationoforthologousgenesof
interestrelativelyeasilyfrom A.rosaeruficornis.An
effectiveapproachforfunctionalstudiesofthesegenes
istoinducemisexpressionofthegenes,namelyloss-
of-function and gain-of-function analyses.We have
developedmoleculartoolsforinterferingwithgene
function (gene knockdown),introducing exogenous
genestothegenome(transgenesis),andregulating
expression ofintegrated genes(binary expression
system)inA.rosaeruficornis.

RNAiisoneofthewidelyusedgeneknockdown
methods,introducing short double-stranded RNA
(dsRNA)ofthetargetinggeneintocellstodegradeits
transcripts(Fireetal.,１９９８;Montgomery,２００４).RNAi
hasbeenemployedinavarietyofinsects(Tomoyasuet
al.,２００８).TheeffectivenessofRNAiininsectswas
firstdemonstratedinD.melanogasterbytheinjection



ofdsRNA into blastoderms before cellularization
(KennerdellandCarthew,１９９８).Thismethodistermed
embryonicRNAisincedsRNAisinjectedintoeggsor
earlyembryos.EmbryonicRNAiworksinA.rosae
ruficornis(Sumitanietal.,２００５).Thewhitegene
orthologueofA.rosaeruficornis,thatencodesanATP-
bindingcassettemembranetransporterresponsiblefor
theimportationofpigmentprecursorstoeyepigment
cells(Ewartetal.,１９９４),hasbeen isolatedand
examined.TheeyepigmentationofA.rosaeruficornisis
detectablefrom themid-embryonicstage(Leeetal.,
１９９８).Embryosthathavebeenmicroinjectedwith
dsRNAtargetingwhitetranscriptshowthephenocopyof
whitemutationintheireyepigmentation.Interfering
effectsarecausedbythedegradationofendogenous
whitemRNAinadose-dependentmanner.

EmbryonicRNAiisappliedformanyinsectspecies,
thoughtheinterferingeffectsarenotdurabletoallow
analysisinpost-embryonicstages.Alternativemethods
toembryonicRNAihavebeendevelopedintheredflour
beetle,Tribolium castaneum andtheladybirdbeetle,
Harmonia axyridis.In these coleopteran species,
injectionofdsRNA intolarvalhemocoeleffectively
interfereswiththetargetedgenefunctionsintheentire
bodyofpupaeandadults(larvalRNAi)(Tomoyasuand
Denell,２００４;Niimietal.,２００５).Themethodtermed
parentalRNAi,inwhichdsRNAisinjectedintohemocoel
offemalepupae,resultingingenesilencingintheir
embryos,hasbeendevelopedinT.castaneum(Bucheret
al.,２００２).IneachcaseofRNAi,dsRNAinjectedinto
extracellularregionsistakenupintocells.Systemic
uptakeofdsRNAoccursinvirtuallyalltissuesinT.
castaneum(Milleretal.,２００８).LarvalRNAiisoneofthe
desirablemethodsforA.rosaeruficornistoknockdown
themosgeneandthegenesinvolvedintheformationof
adultappendages,suchasdppandDll.mosisexpressed
during oogenesisin nurse cellsofpupalovaries
(Yamamotoetal.,２００８).dppandDllareexpressedduring
notonly embryogenesis,butalso metamorphosis
(Yamamotoetal.,２００４;Okaetal.,２００７).Wearenow
workingonestablishinglarvalRNAiusingatransgenic
straininwhichthegreenfluorescentprotein(GFP)geneis
constitutivelyexpressed(Sumitanietal.,２００３).

An importantprerequisite forgain-of-function
analysesisamethodtointroduceexogenousgenesinto
individuals.Transgenesisthatintegratesthegeneof
interestintothehostgenomeisthemostfavorable
technique.Theinitialsuccessofinsecttransgenesis
hasbeendemonstratedinD.melanogasterusinga
transposon,thePelement(RubinandSpradling,１９８２),
whilePelement-derivedvectorsdonotworkoutsideof
drosophilidspecies.Broadlyapplicablesystemsfor
insecttransgenesishavebeenestablishedusingvectors
derivedfrom transposonsotherthanPelementand
markerfluorescentproteingenesdrivenbyanartificial

promoter,３xP３(threetandemrepeatofthePax６binding
site:P３)(HornandWimmer,２０００;Hornetal.,２００２).
Amongthetransposon-basedvectors,piggyBac-derived
vectorsarethemostpromising,andtransgenesishas
beenachievedinmorethan２０insectspecies(Fraser,
２０００;Handler,２００２;Condonetal.,２００７).A.rosae
ruficornisisoneofthese,andtheonlyspeciesin
Hymenoptera(Sumitanietal.,２００３).AsshowninFigure
６,apiggyBac-derivedtransformationvectorcarryinga
geneofinterestanda３xP３-drivenfluorescentprotein
gene,and a helper plasmid producing piggyBac
transposaseareinjectedtogetherintomatureeggs.
Theseeggsareallowedparthenogeneticdevelopmentto
maleadults,andcrossedwithfemales.About５%ofthese
malesproducetransgenicoffspringasrevealedby
markerfluorescentexhibition.The３xP３-drivenfluores-
centproteingenesaredetectableinmid-embryos,pupae
andadults.Eachfluorescentproteingenemarkercould
beusedtodistinguishtherespectivetransgenicstrains.
Oncetransgenseisbecomesfeasible,anotherissue
wouldarise:how tomaintainalargenumberof
transgenicstrainstobeestablishedwithaminimal
effort.WehaveananswerinA.rosaeruficornis.Artificial
fertilizationbyICSIemployingcryopreservedsperm,
insteadofintactsperm,ispracticable(Hatakeyamaetal.,
１９９４b).Ithasbeendemonstratedthatthetransgeneis
stablyinheritedwhenspermfromtransgenicmalesare
frozen,thawedandusedforICSI.Thetransgeneremains
whereithasbeenoriginallyinserted(Hatakeyamaand
Sumitani,２００５).
Transgenesisisindeedthepowerfultoolforgain-of-

functionanalysis,whileitisnotsufficientbyitselffor
gene functionalstudies.Systemsto regulate the
expressionoftransgenesarerequired;however,thereis
theissueofthescarcityofendogenouspromotersto
drivespatialandtemporalgeneexpressioninA.rosae
ruficornisaswellasothernon-modelinsects.One
solution isto use well-characterized heterologous
promoters,suchastheheat-shockprotein７０(hsp７０)
genepromoterofD.melanogaster.Thehsp７０gene
promoterworksinA.rosaeruficornis,whileitisnotable
toregulategeneexpressionstrictly,butratherinduces
ubiquitousexpressionwithoutheat-shock(Sumitaniet
al.,２００３).Then,binaryexpressionsystemsinwhich
geneexpressionisinducedbycrossingtwoseparate
transgenicstrains(transactivatorandresponder)will
overcome the issue ofdirected gene expression
(McGuireetal.,２００４;ViktorinovaandWimmer,２００７).
Binary expression systems also enable functional
analysisofthegenesthataffectviabilityandfertility.A
systembasedontheyeasttransactivatorGal４andits
upstreamactivatingsequence(UAS)isthewell-known
Gal４/UASsystem commonlyusedinD.melanogaster
(BrandandPerrimon,１９９３).Thispopularsystemstill
requiresspecificpromoterstodirecttheexpressionof
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thetransactivator.Incontrast,specificpromotersarenot
alwaysnecessaryinthesystem basedonabacterial
tetracycline-resistanceoperon,knownastheTet-Off
system.Thetetracycline-controlledtransactivator(tTA)
promotesgeneexpressionbybindingtothetTA-
responseelement(TRE)placedupstreamofatargeted
gene(GossenandBujard.１９９２).Theadvantageofthis
systemisthattheexpressionofthetargetedgenecanbe
negativelyregulatedbytheapplicationoftetracycline.
TetracyclineformsacomplexwithtTAandthecomplex
preventstTAfrombindingtoTRE,keepingthetargeted
geneunexpressed(Fig.７).

OurpreliminaryresultssuggestthattheTet-Off
systemworksinA.rosaeruficornis,althoughitseemsto
belimitedtogenefunctionalanalysisduringembryonic
stages(Hatakeyama,etal.,２００７).Thetransactivator
strainbearingthehsp７０genepromoter-driventTAand
theresponderstrainbearingthereporterenhancedGFP
(EGFP)geneplaceddownstreamofTREareproduced.
The respective strainsare marked with different
fluorescentproteingenesdrivenby３xP３fordifferentia-
tion.ThetTAisexpressedconstitutivelyregardlessof

heat-shock,asmentionedabove.ThereporterEGFP
geneisexpressedonlyinindividualscarryingboth
transgenes(tTAandTRE-EGFP)producedbycrossing
thetwostrains.EGFPfluorescenceisdetectablefrom
themid-embryonicstageandthereafter.Thesystem
inducesgeneexpressionintheabsenceoftetracycline.
Expression ofthe reporterEGFP gene can be
suppressedwhentetracyclineisorallysupplementedto
theparentalmothersofeitherstrain;unfortunately
however,thissuppressiondoesnotcontinuetopost-
embryonicstages.

Although the Tet-Offsystem isvery useful,
promotersandenhancersofknownexpressionpatterns
areindispensabletocontrolthespatiotemporalexpres-
sion ofthetargeted genes.A transgenesis-based
enhancertraphasbeendevelopedinD.melanogaster
(Bellenetal.,１９８９)andimprovedforapplicationinnon-
drosophilidspecieswithacombinationofpiggyBac-
mediatedmethodandbinaryexpressionsystem(Horn
etal.,２００３).The improved enhancertrap could
immediatelybeapplicabletoA.rosaeruficornis.When
promotersandenhancersavailablefortargetedgene

Fig.６ Schematicpresentationofthemethodsofgermlinetransformationandpreservationoftransgenicstrains.Twokindsofplasmidsare
prepared.OneisapiggyBactransposon-basedvectorplasmidcarryingageneofinterestanda３xP３-drivenmarkerfluorescentproteingene
insertedbetweeninvertedterminalrepeat(ITR)sequences.TheotherisahelperplasmidproducingthepiggyBactransposase.Theyare
injectedtogetherintotheposteriorendofmatureunfertilizedeggsdissectedfromfemaleadults.Injectedeggsareallowedparthenogenetic
developmenttobecomehaploidmales(G０).SomeG０malesproduceafractionofspermofwhichgenomeatransgeneisintegrated(germline
chimeras).WhentheG０maleisagermlinechimera(asteriskingreen)bearingatransgene,someofhisdaughters(G１)showtheexpression
ofmarkerfluorescentproteingene(greencircle).Middlepanelsshowexamplesoftransgenicsawfliesexpressingvariousmarker
fluorescentproteingenesinembryoandadults.TransgenicmalesoftheG２generationandthereaftercanbecryopreservedbyfreezing
directlyinliquidnitrogenandstoredat－８０̊C.Uponmicroinjectionofspermtakenfromthawedtransgenicmalesintoeggs,fertilized
diploidfemalesbearingthetransgenearerecovered.



expressionareobtained,genefunctionalanalysisinA.
rosaeruficorniswilladvancesignificantly.
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