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Thesperm structureoftenindicatestheanimal
relationshipsand phylogeny betterthan doesthe
externalmorphology,whichisinfluencedbyselective
pressuresandthusliabletovariations.Thebestexample
insupportofthisclaimcomesfromtheanalysisofsperm
structure in animalparasites.Pentastomids were
retainedasadistincttaxonofPanarthropodaclosely
relatedtoTardigradaandOnychophora(Walosseketal.,
１９９４).Accordingtospermmorphologytheyare,instead,
tobeplacedinagrouprelatedtobranchiurans,within
Crustacea.Thisconclusion,firstproposedbyWing-
strand(１９７２)isnowsupportedbymolecularstudies
(Abeleetal.,１９８９;GiribetandRibera,２０００).Similarly,
Myzostomida(anectoparasitictaxonlivingonCrinoidea
andOphiuroidea)werepreviouslyregardedtoberelated
toAnnelida,butarenowconsideredtobelongtoaclade
oforganisms(Syndermata)includingalsoRotiferaand
Acantocephala.ThenameProsomastigozoawassup-
posedforthisnewsuperphylumcharacterizedbysperm
thathaveananteriorlydirectedflagellum(Zrzavýetal.,
２００１).Similarconsiderationscanalsobedrawnfor
insects;Braulacaeca,thedipteranparasiteofhoneybee,
haslostmanyofthecharacterstypicaloftheorder.
However,itsspermisremarkablysimilartothatofthe
suborderbrachyceranssuchasDrosophilamelanogaster
orCeratitiscapitata.Similarly,Coptosomascutellatumisa
peculiarHeteropterathatlookslikeabeetle,butits
spermstructureisthattypicaloftheorder,quitesimilar
tothatofPyrrhocorisapterusorEurydemaoleraceum
(Fig.１).Inallheteropteranspecies,irrespectiveoftheir

morphologicalhabitus,thespermtailaxonemeshows
bridgesbetweendoublets１and５andthemitochondrial
derivatives(DallaiandAfzelius,１９８０;Afzeliusand
Dallai,１９８９).

Theseconsiderationsdonotnecessarilyimplythat
spermstructurecanresolveallphylogeneticproblems;
thespermdiversificationobviouslyindicatesthatsperm
structureisalsoatargetofspeciation,althoughits
modificationsarelessconspicuousthanthosedealing
withtheexternalmorphology.Thus,incertaingroups
spermareofverydiverse.Thisoccurs,forinstance,
amongbasaldipteransoramongthecaddis-flies,wherea
greatnumberofsperm modelshavebeenfoundand
spermcellsgivereliablecuesforestablishingdifferent
taxa.

Spermdiversificationmaybeduetoanadaptationto
differentmodesofspermtransfer;toovercometheloss
offemaleseminalreceptacleoreventomatchthe
sequenceofapost-copulatorysexualselection(Pitnicket
al.,２００３).Justforanexample,thebasalhexapodgroup
Collembola,oneofthemainmembersofthesoilfauna,
havediscoidalspermatozoaatmaturitywiththesperm
componentsrolledaroundacentralmassofextracellular
material.Thisparticularappearanceofthespermcellis
clearlyanadaptationtoincreasetheefficiencyofthe
indirectspermtransferbyspermatophores,whichare
laidonthesoilbythemaleandthenpickedupbythe
female(Dallaietal.,２００３a).

Theinsectspermisanelongatedcellthatconsists
ofafew structures,allspecializedtotransportthe
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haploidsetofchromosomestotheegg.Itisprovided
withalongnucleusthatoftenshowsahydrodynamic
shape,welladaptedforswimminginaviscousmedium.
Theacrosomeusuallyoccupiesan apicalposition
anteriortothenucleus,whichfacilitatesthepenetration
oftheegg.Thespermatidmitochondriafuseinthe
maturesperm toform tworigidrodsparalleltothe
sperm axoneme.A carefulexamination ofinsect
spermatozoon,however,revealsagreatnumberofother
featureswhichmakethesperm cellacomplexcell-
organism:theglycocalyx,thecentrioleadjunct,the
accessorybodies,theaccessorytubules,theintertubular
materialandotherminordetailsaroundtheflagellar
axoneme.

Animportantconsiderationderivedfromcompara-
tivestudiesoftheseveralsperm componentsinthe
differentinsectordersisthatalltheabovestructuresdo
notalwaysevolveinsynchrony,thusthespermcells
havenotbeenmodifiedasawhole;rathereachfeature
hasbeentransformedindependentlyfromtheothers.
Forexample,theaxonemeofzygentomanspermshows

thesamepatternsinallmembersofthegroupand
resemblesthatofthepterygotes;however,intherelic
speciesTricholepidiongertschi(Lepidotrichidae),aswell
asinNicoletidaeandLepismatidae,theacrosomeis
bilayeredasitoccursintheplesiomorphicstatusofthe
character,whileAteluridaehaveaderivedpattern,
providedwithamonolayeredacrosome(Dallaietal.,
２００４a).Similarly,inthedipterancecidomyiidsthe
flagellaraxonemeishighlymodifiedandthe９+２pattern
isnomorerecognizable,butmitochondriaretaina
conventionalpattern(BaccettiandDallai,１９７６;Dallaiet
al.,２００６).Theresultofthisindependentevolutionofthe
severalsperm componentsisthatthesperm cellis
unmodified,andretainsabasicconfigurationforcertain
characters,while,forothercharacters,itischanged.
Thissituationisofverycommonoccurrenceandneeds
tobecarefullyconsideredwhenphylogeneticrelation-
shipsarediscussed,toavoidwrongconclusions.

Moreover,a fact that has been previously
underlined(Dallai,１９７９)isthatseveralinsectorders
displayatendencytowardsaprogressiveaxoneme
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Fig.１ a.HabitusofCoptosomascutellatum(Heteroptera,Platispidae).b.HabitusofEurydemaoleraceum(Heteroptera,Pentatomidae).c.Cross
sectionthroughtheheteropteranPyrrhocorisapterus(Pyrrhocoridae)spermflagellum.Notethetwobridges(arrows)connectingthe
axonemaldoublets１and５tovesiclesadherenttothemitochondrialderivatives.

Fig.２ SchematicdrawingofthespermevolutioninHomoptera(fromDallai,１９７９).
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degeneration.Withineachoftheseordersabnormalities
intheflagellaraxonemearefound,e.g.,lackoftheouter
ortheinnerarms,lackofboththesestructures,orofthe
centraltubules.Theoccurrenceofanaflagellateand
immotilespermisthefinalstepofsuchadegenerative
process.ThespermevolutionamongHomopteraisa
typicalexampleinthisrespect(Dallai,１９７９)(Fig.２).
SimilarresultscanbefoundalsoamongProtura,
Isoptera,Ephemeroptera,Trichoptera and Diptera
(Dallaietal.,２００６).

Theaccessorymicrotubulesofinsects:asynapo�
morphicfeature;theirstructureanddiversity
Whilea９+２axonemalpatternisawidespreadand

invariantfeatureoccurringindiverseorganisms,many
insectordershaveanextrasetof９singletmicrotubules,
outsidethecentral９+２complex,henceknownasa
９+９+２axoneme (Fig.３a).These nine accessory
microtubulesareformedduringspermiogenesisas
outgrowthontheB-subtubuleofeachmicrotubular
doublet(Cameron,１９６５;DallaiandAfzelius,１９９３)(Fig.
３b,c).Duringtheprocessoftheaccessorymicrotubule
formation,anelectrondensematerialisalsostoredinthe
intertubularspace(DallaiandAfzelius,１９９３).The
extensionofthismaterialvariesaccordingtotheinsect
ordersandinfewcasesmaybemissing,asitoccursin
Ephemeroptera(Fig.７a).

Accessorytubulesusuallyhave１６protofilaments
(Figs.１c,３a),butmicrotubuleswith１３orother
differentprotofilamentnumbershavebeendescribed
(Lanzavecchiaetal.,１９９４;DallaiandAfzelius,１９９９).
Thosewith１３protofilaments,thussimilartocytoplas-
micmicrotubulesoccurinafewinsectorders,such

asDiplura,Ephemeroptera,Psocodea(Fig.７a)and
brachyceranDiptera(Fig.１１).Quiterecently,accessory
microtubuleswith４０protofilamentswerefoundinthe
atypicalspermoftheneuropteranPerlamantispaperla
(Dallaietal.,２００５a).

Theimportanceofaccessorytubulesderivesfrom
theconsiderationthat,whilethecentral９+２ofthe
axonemehasafairlyconservedultrastructure,thereisa
remarkablediversityinthestructureoftheaccessory
tubulesandinthedensematerialbetweenthem.This
diversity,ifwellconsidered,seemstobeausefulmarker
ofinsectrelationship,asthecharacterisunderstrict
geneticandmolecularcontrol.Raffetal.(１９９７)have
studiedthespermiogenesisofasteriletransgenic
Drosophila,inwhichaslittleas１０%oftheβ-tubulinwas
replacedbyitshomologueisoformHvβtfromthemoth
Heliothis.Theseauthorsobservedthattheorganization
ofsomeaccessorytubulesintheflyaxonemewasof
mothtype,accessorytubulesshowing１６ratherthan１３
protofilaments.Themothproteinthusimposesamoth
specificaccessorymicrotubulearchitectureon the
equivalentstructureoffruitflycell,eventhoughonlya
smallamountofthetotalβ-tubulinpoolwaspresent
(Fig.４).Moreover,recentdatahaveshownthatahighly
specializedβ-tubulinisneededtoconstructDrosophila
spermtailaxoneme(Dutcher,２００１;Nielsenetal.,２００１;
NielsenandRaft,２００２).

Insects in which accessory microtubules are
missing

Severalinsectspecies and whole taxa have
axonemesdevoidofaccessorymicrotubules.Forsome
groups,thelackofaccessorymicrotubulesislikelytobe

Fig.３ a.CrosssectionthroughthelepidopteranApopestesspectrumspermflagellum.Notethereticulate(R)andtheleciniate(L)appendages
formingtheglycocalyxintheeupyrene(functional)spermatozoa.b,c.CrosssectionsthroughthewinglessdipluranCampodeasp.(b)and
themedfly(Ceratitiscapitata)(c)earlyspermatidsshowingtheformationoftheaccessorytubulesfromtheaxonemaldoublets.



２６ R.DALLAI

Fig.４ SchematicdrawingtoshowtheexperimentbyRaffetal.(１９９７).Thepresenceofalowconcentrationofβ２tubulinhomologueisoformfrom
themothHeliothisvirescensduringthespermiogenesisofDrosophilaimposestheformationofanaccessorytubulewith１６ratherthan１３
protofilamentsintheflyspermaxoneme.

Fig.５ a.CrosssectionthroughthecollembolanAllacmafuscaagedspermatids.Notethesingle９+２axonemeandthethreemitochondria.b.
ComputeraidedreconstructionofthespermaxonemeoftheproturanAcerentomonmajus.Thetwocentralmicrotubulesarelacking.The
numberofaxonemaldoubletexceedstheconventional９doublets.Onlyinnerdyneinarmsarepresentoneachdoublet.
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consideredaplesiomorphictract;thisisthecaseofthe
winglessCollembolaandProtura,formingthetaxon
Ellipura.Collembolahaveaconventional９+２axoneme
(Fig.５a)(Dallai,１９７０);Protura,however,exhibit
anunusualflagellaraxonemeconsistingofseveral
microtubuledoublets(Fig.５b).TheproturanAcerento-
monmajushasamotile,flagellatedspermprovidedwith
１６microtubulardoubletsbutlackingcentraltubules;the
doubletsaredevoidofouterdyneinarms;similarsperm
axonemalpatternsareshowninrelatedfamilies,even
thoughthenumberofdoubletscanbevariablefrom１２
to１６.In the derived familiesSinentomidae and
Eosentomidae,however,theaxonemeismissing,the
sperm havebecomespheroidalordiscoidalandare
immotile(DallaiandYin,１９８３;Dallaietal.,１９９２).

Infewotherinsectgroups,the９+２patternseems
tobeduetoasecondarylossofaccessorytubules.
AmongIsoptera,onlyMastotermesdarwiniensisshowsa
flagellatespermatozoonconsistingofabout１００flagella,
eachonewithasimple９+２axoneme(Baccettiand
Dallai,１９７８).TherhynchotoidorderThysanopterais

regardedasthesistergroupofHemiptera.However,
theyhaveanoddaxonemalpatternconsistingofan
amalgamation of２７microtubular structures,none
ofwhichcorrespondstoanaccessorytubule.This
aberrantaxonemederivesfromthefusion,duringlate
spermiogenesis,ofthreeflagellaraxonemesofthe９+０
typepresentineachsinglespermatid(Fig.６a–d).This
bizarreaxonemeis,however,motile(Bode,１９８８;Dallai
etal.,１９９１;Paccagninietal.,２００７).Therelationshipsof
thripswithPhthiraptera(Mallophaga+ Anoplura)is
supportedbythepresenceoftwocentriolesinthe
spermatidsattheendofthespermiogenesis(Paccagnini
etal.,２００６).Athirdcentrioleis“denovo”formedonlyin
thripsjustbeforespermiogenesisandthustheprocess
startswithatri-flagellatedcell,eachflagellumprovided
with９+０axoneme(Paccagninietal.,２００６).

AmongHolometabola,inadditiontoMecopteraand
Siphonaptera,accessorymicrotubulesarealsomissing
inafewbasaldipterans,thelargefamilyCecidomyiidae
included,some Trichoptera Annulipalpia,and the
MicropterygidaeamongLepidoptera.

Fig.６ a.CrosssectionthroughAgrostothripsmeridionalisspermatidsshowingthestillevidentthreeaxonemesinonecellandtheprogressive
fusionofthem.b–d.Schematicrepresentationoftheprogressiveamalgamationofthethreespermatidaxonemesintoanaberrantcomplex
ofmicrotubularelements.N:nucleus,m:mitochondrion(fromPaccagninietal.,２００７).



Comparative spermatology among pterygotan
insects

Paleoptera(Ephemeroptera+ Odonata)isan
artificialgroup(Kristensen,１９９８).Mostphylogenetic
analyses ofhexapod relationships have suggested
paraphylyofthepaleopterans,withOdonataasthesister
grouptoNeoptera(Hennig,１９５３;Kristensen,１９８１,
１９９８;Whitingetal.,１９９７;CarpenterandWheeler,
１９９９;Wheeleretal.,２００１).Membersdonotexhibit
anysharedspermatologicalfeatures(synapomorphies).
Furthermore,Ephemeropterahaverealizedseveral
sperm autapomorphies:amonolayeredacrosome;a
９+９+０axonemewithmicrotubulardoubletsprovided

withonlyinnerarms;thepeculiaraccessorymicrotu-
bules with１３protofilaments,intertubularmaterial
missing(Fig.７a).Moreover,allLeptophloebidaehave
ovoidalimmotilesperm devoidofsperm flagellum
(GainoandMazzini,１９９１;DallaiandAfzelius,１９９９),a
factthatcouldbeexpectedfrom themodification
occurredintheflagellaraxoneme.Onthecontrary,
Odonatahaveaconventionalsperm modelwitha
flagellumtypicalofpterygotaninsects(Fig.７b).

Quiterecently,anew insectorderhasbeen
describedfrom SouthAfrica:theMantophasmatodea
(Klassetal.,２００２).Assuggestedbythenamethe
externalmorphologyofthenewtaxonisreminiscentof
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Fig.７ a.ComputeraidedreconstructionofthespermaxonemeoftheephemeropteranCloëondipterum.Notethelackofcentraltubulesandthe
presenceofonlyinnerdyneinarmsonmicrotubuledoublets(fromDallaiandAfzelius,１９９９).b.Crosssectionthroughaspermatidofthe
dragonflyCalopteryxsp.Notethe９+２axonemepatternflankedbytwodenseaccessorybodies.
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MantodeaandPhasmatodea.A carefulcomparative
spermatologicalanalysis(Dallaietal.,２００３b)hasallowed
theconclusionthatthenewordercouldberelatedto
Mantodea,asbothgroupssharethepeculiarfeatureof３
connectingbandsbetweentheflagellaraxonemeandthe
mitochondrialderivatives.Onthecontrary,Phasmatodea
arenotrelatedtoMantophasmatodea,asthegroup
exhibits severalderived characters:the lack of
mitochondria,thepresenceof１７protofilamentsinthe
tubularwalloftheiraccessorytubules;expanded
intertubularmaterialandaccessorybodiesofunusual
shapeanddimensionnotobservedinanyotherinsect
order.Mantodea,however,haveanapomorphiccharacter
intheiraxonemethatmakesthemeasilydistinguishable:
thepresenceofarow ofninefilamentsthatare
connectedtotheB-subtubule,somewhatsimilartoan
extraaccessorytubuleduringitsformation(Dallaiand
Afzelius,１９９９).Therecentfindingofthesperm
structureoftheorderGrylloblattodeahasallowedusto

suggestthatthistaxon,togetherwithMantophasmato-
dea,MantodeaandOrthoptera,couldformaclusterof
relatedorders(Dallaietal.,２００５b)(Fig.８).

Themoleculardatasupportthemonophylyof
Psocodea.TheydonotgroupwithHemipteraandcould
bethesistergroupofThysanoptera(Whitingetal.,
１９９７).Psocodea(Psocoptera+ Phthiraptera)sperm
sharethepeculiarfeatureofellipticaccessorytubules
providedwith１３protofilamentsintheirtubularwalland
areducedintertubularmaterial.Theseareimportant
charactersthattogetherwiththetendencyinPsocoptera
towardsthepresenceofabiaxonemalflagellumsupport
wellthemonophylyofthegroup(KingandAhmed,
１９８９).Infact,Phthirapteraalsoshareabiaxonemal
flagellum.

AmongEndopterygota(Holometabola)thesperm
structuresupportstherelationshipsbetweenNeuropte-
rida (Megaloptera,Raphidioptera,Planipennia)and
Coleoptera.Theyshareaspermaxonemeofalmostthe

Fig.８ Spermcladogramoftherelationshipsbetweenorthopteroidordersasresumedfromtheirspermstructure(fromDallaietal.,２００３b).



same kind:theiraccessory microtubuleshave１６
protofilaments,andtheintertubularmaterialisdividedin
twoportions:onepartisincontactwiththeexternalside
ofthedoubletsandanotheroneprojectsasabeak

protrudingfrom theaccessorytubules(Afzeliusand
Dallai,１９９４;DallaiandAfzelius,１９９９).Furthermore,
bothgroupshavewelldevelopedaccessorybodies(Fig.
９).
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Fig.９ CrosssectionsthroughtheneuropteranAscalaphussp.(a)andthecoleopteranNemonyxlepturoides(b)spermtails.Notethesimilar
organizationoftheintertubularmaterialinthetwotaxa,thetwomitochondrialderivatives(MT)andthetwolargeaccessorybodies(AB)
(fromJamiesonetal.,１９９９).
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The presumed sister groups Mecoptera and
Siphonaptera share some somatic synapomorphies
(Kristensen,１９９１),eventhoughsomedoubtswere
raisedonthemonophylyofMecoptera.Suchdoubts
werereinforcedbymolecularanalysis(Whitingetal.,
１９９７;Whiting,２００２)whichsupportedtheparaphylyof
Mecopterawith Boreidae asthe sistertaxon of
Siphonaptera.Arecentstudyonthespermstructureof
bothmecopteranandsiphonapteranspecies(Dallaietal.,
２００３c)haveevidencedthreeapomorphiccharacter
statessupportingthemonophylyofMecoptera.These
consistin:１)asimilarorganizationoftheexternal
glycocalyx,２)thepresenceoftwoextra-axonemalrods
and３)thepresenceofashortacrosome.Thesefindings
donotsupporttheplacementofBoreushyemaliswithin
theSiphonaptera,assuggestedbyWhiting(２００２).

Dipterahaveavariablesperm structure.Inthe
basalnematocerans,theaccessorytubuleshave１６
protofilaments,the mostcommon numberamong
insects;ithasbeenfoundinMycetophilidae(Dallaiet
al.,１９９５),whereasChironomidae,Dixidae,Culicidae,
BibionidaeandSimulidae(Dallaietal.,２００７)allhave
accessorytubuleswith１５protofilaments,irrespectiveof
thenumberofcentraltubulesintheiraxonemes
(Fig.１０a).Thisfinding clearly indicatesaclose
relationshipbetweenthesenematocerantaxa.Tipulidae
andTrichoceridae,whichalsobelongtothenematoceran
suborder,bycontrast,have１３protofilamentsinthe
tubularwall(Fig.１０b).Thisnumberissharedbyall
higherbrachycerandipterans(Dallaietal.,１９９３;Dallai

andAfzelius,１９９９).Thisfeatureisofgreatinterestasit
supportsthehypothesisthatthebrachyceranshave
evolvedfrom atipulimorphgroup(White,１９７３)with
somefurthermodificationsoftheaxoneme,suchas
theextensionoftheintertubularmaterial,whichis
reducedinTipulidae,butislargeandcontainsperipheral
featuresinthedifferentbrachycerangroups(Fig.１１).
Interestingly,inthebrachyceransuborder,whatseems
tohavegreatlychangedisthespermlengthratherthan
thecrosssectionedaxonemalprofile.Forexample,
withinthegenusDrosophila,sperm lengthvariesby
morethantwoorderofmagnitudeandgiganticsperm
(i.e.,upto５.８cm)haveindependentlyevolved(Pitnick
etal.,２００３).

Among nematoceran dipterans,the gall-midge
familyCecidomyiidaeisthelargestone.Accordingtothe
conventionalsystematics,itssubfamilyCecidomyiinae
consistsoffoursupertribes:Stomatosematidi,Asphondy-
liidi,Cecidomyiidiand Lasiopteridi(Gagné,１９８１;
１９９４;Skuravá,１９８６)(Fig.１２).The supertribes
Asphondyliidiand Cecidomyiidiare characterized
bygiantsperm axonemesprovidedwithnumerous
microtubulardoublets(Fig.１３);amongcecidomyiidi
doubletsareorderlyarrayedtoformsinglerows,while
inAsphondyliiditheygiverisetoadoubleparallelspiral.
Inbothgroups,however,eachdoubletisprovidedwith
onlytheouterarm,afeaturethatisuniqueintheanimal
kingdom (Dallaietal.,１９９６).Spermatologicalstudies
usingthequickfreezedeep-etchingtechniqueallowthe
characterizationoftheouterdyneinarm(Lupettietal.,

Fig.１０a.CrosssectionthroughthebibionidBibiosp.spermtailtoshowtheaxonemepatterncharacterizedbythepresenceintheaxonemeofa
centralcylinderratherthantwomicrotubulesandbythepresenceofaccessorytubulesprovidedwith１５protofilamentsintheirtubularwall
(fromJamiesonetal.,１９９９).b.CrosssectionthroughthenematoceranTipulasp.withaccessorytubulesprovidedwith１３protofilamentsin
thetubularwall.Ci:centrioleadjunctmaterial,MT:mitochondrion(fromDallaietal.,２００８).



１９９８;Mencarellietal.,２００１).

Finalconsiderations
Theoriginandphylogeneticrelationshipsofthe

hexapodsisoneofthemostcontroversialissuesinthe
animalkingdom.Thisisduetotheancientoriginofthe
groupthatoccurredalreadylongagointheDevonian
(WhalleyandJarzembowsky,１９８１)oreveninthe
Silurian(GrimaldiandEngel,２００５).

Accordingtotherecentmoleculardata,itis
estimatedthattheradiationofArthropodabeganbefore
Ordovician(Pisanietal.,２００４).Moreover,thetimeof
divergencebetweenMyriapodaandCheliceratawas
estimatedtobeabout６４２±６３Myagoandthatbetween
InsectaandCrustaceaabout６６６±５８Myago.Thus,ina
relativelyshortperiodthemain arthropodan taxa
differentiated.Theconsistentsupportofmoleculardata
foracloserelationshipbetweenCrustaceaandInsecta
ononeside(Booreetal.,１９９５,１９９８)andbetween
MyriapodaandChelicerata(Myriochelata)ontheother
(Cooketal.,２００１;Hwangetal.,２００１;Negrisoloetal.,
２００４),hasprovidedanew scenarioofhexapodan
evolution.

Moreover,itisnowclearthathexapodyhasbeen
realized more than once;itiscertainly notthe
consequenceofwater-to-landtransition which has

occurredatleastthreetimes,ifnotmore,during
Arthropodaevolution(Haasetal.,２００３;Nardietal.,
２００３;Negrisoloetal.,２００４).

Findingofancestorofhexapodsisthusaquite
difficultmatter.ItisdebatedwhetherHexapodaevolved
from amyriapodanoracrustaceanorganism.Sperm
structuredoesnotgiveanyclueinthisrespect:among
myriapods,theflagellatespermofSymphyla,Pauropoda
andChilopodahavedifferentstructuresthantheinsect
spermhasandnoneofthemisprovidedwithaccessory
tubules.Onlythesymphylaneuspermhasasuperficial
similaritywiththatofsomebasalzygentomaninsects
(DallaiandAfzelius,２０００;Dallaietal.,２００４a).The
presence oftwo centriolesin Scutigerella sperm,
however,indicatesthatspermiogenesisproceedsina
differentwayfrom thatofinsects.Furthermore,all
examinedmillipedshaveaflagellate,immotilespermato-
zoa(Baccettietal.,１９７９;Jamieson,１９８７).Within
Crustacea,Ascothoracicahaveflagellatedspermwitha
９+２axoneme.Thisflagellateconditioniselsewhere
restrictedtotherelatedmaxillopodgroup.Thus,the
Crustaceaspermstructuredoesnothelptofindaclear
relationshipwithanyotherarthropodangroups.Even
moreimportant,Malacostraca,whichareconsideredto
bethesistergroupofHexapoda(Wilsonetal.,２０００;
Hwangetal.,２００１;Nardietal.,２００３)haveavery
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Fig.１１ Computeraidedelaborationsofaxonemedetailofdipterans.a.ThenematoceranTipulidae.b–d.ThebrachyceransEmpididae,
DrosophilidaeandScatophagidae,respectively.Allmembersareprovidedwithaccessorytubuleswith１３protofilaments,butthe
intertubularmaterialismoreelaboratedinbrachyceransthaninthenematocerans.
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modifiedaflagellatesperm.
Thus,no convincing spermatologicalevidence

occurstoestablishfromwhichgroup,eitherCrustacea
orMyriapoda,theancestorofHexapodaarisen.

Nevertheless,consideringthebasalHexapoda,the
spermstructurehighlightsthefollowingquestions:

１)AreProturareallyhexapods?Canthistaxon
withoutantennaebelongtotheAntennata?Arethey
reallyrelatedtoCollembola?Fewexternalmorphologi-
calcharactersindicatearelationshipbetweenthesetaxa
(Ellipura),butbothhavedifferentiatedapomorphic
characteristics(BitschandBitsch,２０００).Theycouldbe
relicsoftherichpalaeozoicfaunasomewhatrelatedto
the cheliceratans,and in particularto Pantopoda,
togetherwithwhichtheyshareunusualsperm;an
hypothesisthatwasprimarilysuggestedbyYin(１９８４).

Berlese(１９１０),longago,suggestedthenew taxon
MyrientomatatoemphasizetherelationshipofProtura
withMyriapoda.Recentmoleculardatahaveindicated
arelationship between Myriapodaand Chelicerata
(FriedricandTautz,１９９５;Cooketal.,２００１;Hwangetal.,
２００１;Negrisoloetal.,２００４),asuggestionthatwould
havebeenconsideredhereticafewyearsago.Ifthisis
thecase,itisreasonabletohypothesizearelationship
betweenProturaandPantopoda:theformerbeing
aberranthexapods,andthesecondaberrantchelicer-
atans(DunlopandSelden,１９９８).Bothexhibitacommon
andpeculiarmotilespermflagellaraxonemeconsisting
ofacrownofdoubletsdevoidofouterarmsandalso
lackingcentraltubules.Furthermore,sperm ofboth
Protura and Pantopoda have severalconventional
mitochondria,afeaturethatisunusualfortrueinsect

Fig.１２ Cladogramofthephylogeneticrelationshipsamongthegall-midgedipteransofthesubfamilyCecidomyiidae(fromDallaietal.,１９９６).



sperm(VanD’Eurs,１９７４a,b;Dallaietal.,１９９２)andhave
asinglecentriole,whichisunusualforacheliceratan.
Finally,inbothtaxaatendencytowardsaflagellarityand
spermimmotilityisevident.

２)AstoCollembola,theycouldbeanindependent
evolutionary lineage that possibly colonized the
numeroussoilhabitatsduringtheearlyDevonian
(Ghilarov,１９５８;D’Haese,２００２).Theirspermstructure
showsthe９+２patternintheirflagellaraxoneme,but
theyhavealsosomeapomorphies,suchasthelong
peduncleextendingovertheacrosome,thepresenceof
threepostnuclearmitochondriaandapeculiarrolling
processinlatespermiogenesis(Dallaietal.,２００３a,
２００４b),leadingtotheformationofdiscoidalsperm.
RecentmoleculardataobtainedwithmitochondrialDNA
suggestedtheirpositionoutsideinsects(Nardietal.,
２００３).

３)DiplurasharewiththewholeEctognathathe
synapomorphicfeatureofaccessorytubulesoutsidethe
central９+２sperm axoneme.BothCampodeidaeand
Japygidaehaveaccessorytubuleswith１３protofila-

ments.InJapygidae,however,onlyfiveaccessory
tubulesarevisibleallalongthespermtail;theremnant
fourtubulesareconfinedonlyinashortpost-nuclear
region.Thedislocationoftheaccessorymicrotubules,
whichmigratefromtheirusualpositionaroundthe９+２
axoneme,isacharactersharedbythetwogroups,
CampodeidaeandJapygidae(DallaiandAfzelius,１９９９).
Thefindingssuggestthemonophylyofthetaxon,in
contrastwithdataproposingtheparaphylyofDiplura
(ŠtysandBiliński,１９９０).TherelationshipofDiplura
withEctognathawasalreadysuggestedbyKukalová-
Peck(１９８７).Thisisanimportantpointthat,ifvalidated
byfurtherresults,wouldconfirmthehypothesisthat
Entognathaarenotamonophyleticassemblage.

Inconclusion,accessorytubulesappearedearlyin
hexapodevolution(Fig.１４).Theirpresencemaybe
consideredtobeasynapomorphicfeatureunitingall
ectognathan orders plus Diplura,thus excluding
CollembolaandProtura.Afterthe１３-protofilament
accessorytubulesofDiplura,aperhapsmorestable１６-
protofilamentmodelmighthaveevolved,priortothe
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Fig.１３ CrosssectionsthroughthespermtailsofGephyraulussp.(Lasiopteridi)(a),Placochelanigripes(Asphondyliidi)and(b)Massalongia
bachmaieri(Cecidomyiidi)(c)(fromBaccettiandDallai,１９７６;Dallai,１９８８;Dallaietal.,１９９７).
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diversificationofectognathanorders.Thefactthatthe
１６-protofilamentmodelisthemostcommonone,may
suggestthatthisistheplesiomorphicconditionamong
pterygotaninsects;itneeds,however,tohypothesize
thattheprotofilamentnumbercouldsecondarilybe
changed,asitoccurredinPhasmatodeaandTrichoptera.
Thesechangesalsoincludeeitherlossofaccessory
tubulesoranindependentreturntoa１３-protofilament

condition,asinEphemeroptera,Psocodeaandhigher
Diptera.

Asafinalremark,itcanbesaidthatsperm
structure,asitoccursforothercharacters,agreesin
manycaseswiththeresultsofsystematicsbasedon
externalmorphology,whilstinafewothercases,it
contradictsconsolidatedpositionsestablishedbymany
convergentmorphologicalor/andmolecularobserva-

Fig.１４ PhylogeneticrelationshipsamongHexapodabasedontheaccessorytubulestructureofthespermtail.



tions.Why,for instance,do Trichoptera,which
undoubtedlyarecloselyrelatedtoLepidoptera,showso
manyspermmodels,whileLepidopterahavearather
uniformtypeofspermatozoon?Analogously,whyhave
NematoceraDiptera,butnotBrachyceradifferentiated
intosomanydifferentspermaxoneme?

Newtechniquesandnewimprovedmethodsforthe
preparationofthematerialwillprovideus,infuture,with
additionalsperm characterstobeusedforabetter
understandingofHexapodaevolution.

“Evolutionarybiologyisanendlessfrontierand
thereisstillplentytobediscovered”(Mayr,２００４).We
mustbeawarethatthefascinatingstoryofHexapoda
evolutionis,inmanyaspects,stillunknownbutthatnew
perspectivesconflictwithwhatweoncethoughtwe
knew.Inthenextfuturewehavetostudythisdifficult
matterwiththeaimofreconcilingmorphologicaldata
withthenewfindingsfrommolecular,embryologicaland
paleontologicalstudies.
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