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GraftingofCenterCellsofHorseshoeCrabEmbryosinto

HostEmbryosatDi恥rentDevelopmentalStages
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ABSTRACT－Thecentercellsofhorseshoecrabembryosattheearlygastrulastageinducedsecondary

embryosaftergraftinglntOembryosatsamestageandintolateblastulastages・However，Whenthe

CenterCellsofembryosatearlygastrulastageweregraftedintoembryosatthestageofearlycleavage，

SeCOndaryembryoswerenotformed・Secondaryembryoswerenotinducedaftergraftingcentercells

intoembryosatthelategastrulastageorafter・Theseresultsindicatethatthecentercellsoftheearly

gastrulacannotinducesecondaryembryosatstagesotherthantheearlygastrulaandlateblastula．

However，CenterCellsofembryosatstageslaterthantheearlygastruladidinducesecondary

embryos・Thesecentercellsoflaterembryosweregraftedintoembryosattheearlygastrulaandlate

blastulastage，andsecondaryembryoswereinduced・Thisindicatesthatcentercellsofembryosafter

theearlygastrulastageretaintheabilityofembryonicinduction．

INTRODUCTION

The mechanism ofinduction by the prlmary

OrganizerisnowoneofthemostexcltlngPrOblems

tobeanalysedindevelopmentalbiologyl1，9，10，

13，14］・However，repOrtSOftheprimaryorganizer

inanimalsexceptChordataaresparse［2，6，7］．

Surface cleavages occurin horseshoe crab

embryosasinotherArthropoda，andtheblasto－

poreappearsattheearlygastrulastage・Surface

Cells mlgrate tOWard the blastopore and enter

there．Acellmassisformed beneath the blasto＿

poreattheearlygastrulastage（Fig．1）．Thecell

mass at the gastrula stageis called the prlmary

Cumulusinspiderembryos・MorphologlCalobser－

Vations and previous experimentalstudies have

Shownthatthegermdiscisformedaroundthecell

mass，and that cell massislater situated at the

FIG・1・A：Anembryoofhorseshoecrabattheearlygastrulastage（Stage7）・B：Anembryoofhorseshoecrabatthe

lategastrulastage（StagelO）・C：Anembryoofhorseshoecrabattheearlyneurulastage（Stage12）．cc；Center
Cells・PC；POSteriorcumulus．
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POSteriorendoftheventralplate（theembryonic

area）andsuccessivelyformssegmentprimordia【3，

4，5，12］．Thecellmassattheposteriorendofthe

embryonic areais sometimes called the growth

If the cell mass of the embryo at the early

gastrulastageiselectricallycauterized，thetreated

embryocannotdevelopfurther．Ifthecellmassis

dividedintotwoorthreepleCeSbyelectrocauter－

ization or cell dissociation，the treated embryo

developsinto double or triple embryos【8，11］．

Theseexperimentssuggestthatthecellmassplays

a central rolein embryogenesis，and thatitis

similar to the mesodermal teloblast of Annelida

and Crustacea．Therefore the massis referred to

asthecentercells．Tofindoutmoreabouttherole

Ofthecentercells，WeattemPtedgraftingexperi－

mentsl6，7］．Wefoundthatsecondaryembryos

COuldbeinducedbyinterspecificgraftsofcenter

Cells，indicatlngthatcentercellshavethecapaci－

tiesofprlmaryinduction．

ItwouldbeverylntereStlngtOknowwhetherthe

Center Cells（the primitive cumulus）ofthe early

gastrulacaninducesecondaryembryosinembryos

at different stages．Can the center cells（the

growthzone）ofstageslaterthantheearlygastrula

inducesecondaryembryosinembryosattheearly

gastulastage？Thispaperdealswiththisquestion．

MATERIALS AND METHODS

Adult horseshoe crabs，7bchypleus（Carcinos－

POq）ius）rotundicauda，WereCOllectedintheGulf

OfSiaminThailandandsenttoJapan．LimuLus

PO如hemus were obtained from Woods Hole
Marine Laboratoryln Massachusetts，the Duke

UniversltyMarineLaboratoryinNorthCarolina，

andtheGulfSpecimenCompanyinFlorida．They

WeretranSferredtoShizuokaUniversltyWherethe

presentstudywasconducted．Eggswerefertilized

by artiBcialinsemination．The developmental

StageS Wereidentified according to the normal

Criteria【12］．

For the grafts，a Small hole（diameter about

O．05－0．075mm）wasopenedinthechorionofhost

horseshoecrabembryosatthelateblastula（Stage

6）andearlygastrulastage（Stage7）．Theholewas

POSitionedonthesideoppositetothecentercells．

Thecentercellsandothertissueswerecutoffthe

donorembryos，andinsertedthroughthehole・In

the case of embryos at stages earlier than the

gastrula，thesurfacelayerandsurfacecellsofthe

Same VOlume as the grafted center cells were

removed at the early gastrula stage・For the

lnJeCtionofhomogenizedcentercells，CenterCells

Of25－50eggsatdifferentstageswereremovedand

homogenizedinO．5mldistilledwaterorseawater．

Theconcentrationofhomogenatesofcentercells

from embryos at Stage7was about O・5－5・Omg

（dryweight）／mL Absorptiongranules（Collagen，

Spongel【YamanouchiCo．，Tokyo】）wereaddedto

theresultinghomogenates，andthesolutionswere

againhomogenized・Morethan10－6mlofsolu－

tionincludingthegranuleswasthenlnJeCtedinto

hostembryosatdifferentstages，Onthesideoppo－

Sitetothecentercells・Thetreatedembryoswere

CulturedinasmalllaboratorydishinaboutlOml

SeaWaterCOntainlngantibioticssuchasO・5FLg／ml

StrePtOmyClnandO・5unit／mlpenicilline．

Normalandtreatedembryoswerevitallystained

Withl／20，000－1／400，000neutralredandobserved

uslngaStreOmicroscope・Secondaryembryoswere

judgedtobeatstage20，Stage21（thestageof

hatching），andthestageafterhatching．Whenthe

treated embryo had an extra ventral plate

（embryonic area），Where there were often extra

appendages，itwasassumedasecondaryembryo

had been formed．

Somenormalandtreatedembryoswerefixedin

Bouin，s or Carnoy，s solution，embeddedin ce1－

loidinandparaffinandsectionedat5－10FLm・The

SeCtionswerestainedwithMayer，shaematoxylin

and eosin．

RESULTS

Grq担げce〃Jer ce肋α日加ビワやgd∫加わ・J〃わ
emあけ0∫dJ∫αme∫′αge

The grafts of center cells were madein the

American horseshoe crab，Limulus po（岬hemus

andin theAsian species，7bchypleus rotundi－

Cauda・The results were similarin both species

（Tablel）・Although the experiments were per－

formed uslng mainly Limulus poケphemus，the

resultsofexperimentsuslngbothspeciesarede－
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TABLEl・Resultsoftransplantationofcrudecentercellsfromearlygastrulae（Stage7）intoembryosat
the same stage

DONOR・．HOST
Total number

Ofoperated

On embryos

No ofembryos
developed

upto St．20

（percent of

the total）

No ofembryos
With secondary

embryos

（percent of

the developed）

87

⊥fm〟J揖→Lfm〟J弘一

乃Cん押Je〟∫→mc力押k揖

山肌〟J〟∫→mcんγ〆e揖

mcんγ〆e揖→山川〟山∫

162

191

166

211

83（51．2）

20（10．5）

22（13．3）

38（18．0）
一日一一一…一一一一一一一一一一一一一…一一一一一一…一一一一一一一一一日一一一一一一一一一一一一一一一一一一一－一一一一一一一一一…一一一一一一一一一一一一…＝一一一‥一一一一一日一一一一日一一一一一一一一一一日一一一一一一‥一一一一日一一一一一一一日一一一一

踪苛erCells→Limulus lO7　　　　47（43・9）　　0（0・0）

18（21．7）

4（20．0）

3（13．6）

6（15．8）

TABLE2・ResultsoftransplantationofcrudecentercellsandinJeCtionofhomogenizedcentercells．

ThecentercellsatStage7Weregraftedintoembryosatthesamestage

METHODS
OF
GRAFrINGS

Total number

Ofoperated

On embryos

No ofembryos

developed

upto St．20

（percent of

the total）

No ofembryos
With secondary

embryos

（percent of

the developed）

TRANSPLANTATION　　　　1536　　　　　188（12・2）　　　　37（19．7）

INJECTION　　　　　　　　569　　　　　243（42・7）　　　　23（9．5）
■日日一一一一一一一一一一一一一一日一一一一一…一一一一一一一一…一日一一一一一一一一一一一日一一一一一一一一一一一…一一一一一一日一一一一一一一一一‥＝一一一一一‥一一一一一一一一一一一一一一一日一一一一一一一一一一一一一一一一日一一一一一一一一一一一一一一一一

Injectionofhomogenized　　　121　　　　　72（59・5）　　　　1（1．4）

non－Center Cells【Control】

The controlfortransplantation experimentsisshownin Tablel．

TABLE3・Graftsofcentercellsfromearlygastrulae（Stage7）intoembryosatthelateblastulastage
（Stage6）and Stage7

STAGE OF
HOST EMBRYOS

Total number

Of operated

On embryos

No ofembryos
developed

upto St．20

（percent of

the total）

No ofembryos

With secondary

embryos

（percent of

the developed）

Lateblastula（Stage6）　　　1878　　　　504（26・8）　　　71（14．1）

Earlygastrula（Stage7）　　　1503　　　　504（33・5）　　　60（11．9）
‾‖■一一一一日一一一一一一一一日一一一一一一一一一－一一日一一一一一一一一一一日一一一一一一一一一一一一日＝一一日一一一一一一‥一一一日一一一一一日一一一一一一一一一日一一一一一一一一一一一一一一一日一一一日一一一一一一一一一一一一一日一一‥一一一一日一一

Injection ofseawaterlControl】

Stage6

Stage7

SCribedtogether．

The rate of formation of secondary embryos

followlngtheinJeCtionofhomogenizedcentercells

WaSlowerthanthatresultingfromthetransplanta－

tionofintactcentercells（Table2）．However，aS

thelnJeCtion methodis simpler，the followlng

SeCtiondescribestheresultsobtainedbythistech－

137（37．8）

373（41．2）

0（0．0）

1（0．3）

nlque・

Whenthecentercellsweregraftedintoembryos

at thelate blastula stage（Stage6），SeCOndary

embryoswereinducedataratesimilartothatin

embryos at the early gastrula stage（Stage7）

（Table3andFig．2）．

Thesecondaryembryosinducedaftergrafting
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FTG．2．A：Secondaryembryoaftergaftingofthecorticalcytoplasm（surfacelayer）ofanembryoatStage3intoan

embryoatStage7・B：HistologlCalfeaturesofthesecondaryembryo・C：Secondaryembryoaftergraftingofthe

midgutgland（liver）ofanadultintoanembryoatStage7．SE；SeCOndaryembryo・nS；nerVOuSSyStem・

CenterCellsfromtheearlygastrulastage（Stage7）

intoembryosatthesamestagehadthefollowlng

characteristics．The size and structure of secon－

daryembryosdiffered・Thesmalleroneshadonly

a smallventralplate without appendages．The

largeroneshadthesamesizeandformasthehost

embryos．The alimentary canals and hearts of

SeCOndaryembryosoftenfusedwiththoseofthe

hostembryos．Themedialbodyaxisofthesecon－

daryembryowassometimesorientedintheoppo－

Site direction tothat ofthe hostembryo．These

characteristics differed from those of double and

tripleembryosinducedbyelectrocauterizationand

Cell dissociationl11］．In thelatter case，the

POSterior ends ofinduced double and triple

embryosfacedtowardsthepolntWherethecenter

TABLE4・Grafts ofcenter cells from early gastrulae（Stage7）into embryos at different stages

STAGE OF
HOST EMBRYOS

Total number

Of operated

On embryos

No of embryos

developed

upto St．20

（percent of

the total）

No of embryos

With secondary

embryos

（percent of

the developed）

Immediately after fertilization

Early cleavage（Stagesl＆2）

Late cleavage（Stages3＆4）

Early blastula（Stage5）

40

230

118

149

21（52．5）

62（27．0）

30（25．4）

66（44．3）

2（9．5）

0（0．0）

1（3．3）

2（3．0）

Late blastula and early gastrula lOO5　　　　　　194（19．3）　　　　　26（13．4）
（Stages6＆7）

Late gastrula and early neurula　　　　　　57　　　　　　　29（50．9）　　　　　　0（0．0）

（StageslO to12）

Later stages　（Stages14to17）　　　　26　　　　　　18（69．2）　　　　　　0（0．0）

Injection ofsea water【Control】

Immediatelyafterfertilization

Stagesl＆2

Stages3＆4

Stage5

Stages6＆7

StageslO to12

Stages14to17

0

ノ

　

3

　

1

　

5

　

8

　

0

ノ

　

7

5

　

1

　

1

　

5

　

′

h

U

　

4

　

0

1

　

1

　

　

　

　

　

2

　

つ

J

　

3

1

24（40．7）

13（11．5）

41（36．9）

26（47．3）

510（40．2）

231（66．2）

274（89．3）

2（8．3）

0（0．0）

0（0．0）

0（0．0）

1（0．2）

0（0．0）

0（0．0）
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Cellshadbeen・Inthesecondaryembryosresulting

from grafting，the clearJunCtion part was often

ObservedinthereglOnbetweenthehostembryo

andthesecondaryone．Thesecharacteristicswere

not observedin the double and triple embryos

inducedbyelectrocauterizationandcelldissocia－

tion．More detailed characteristics of the secon－

daryembryoshavebeendescribedintheprevious

paperl6］．

Grq担げce〃ferce肋ル0mg力eeα巾gα∫什〟Jα加わ

emムヮ0∫加重炉re〃J∫J〟ge∫

When the center cells（primitive cumulus）of

embryosattheearlygastrulastage（Stage7）Were

homogenized andinJeCtedinto embryos at early

Cleavagestages（StagelandStage2），SeCOndary

embryoswere rarelyinduced，eXCeptinembryos

injectedimmediatelyafterfertilization（Table4）・

Forthe controlexperiments，We OPenedsmall

holesin the chorions of embryos at different

developmentalstages，Withoutgrafting・Inthese

CaSeS，SeCOndary embryos were notinduced，eX－

Ceptin embryosimmediately after fertilization・

When the host embryos were operated onim一

mediately after fertilization，21of40　treated

embryos（52．5％）developed，and　2　0f them

89

（9．5％）hadsecondaryembryos・Theproportionof

treated embryos which developed secondary

embryosdidnotdifferslgnificantlyfromthatofthe

COntrOlembryoswithsmallholesbutnografts・

Whenthehostembryoswereinthelatecleavage

StageS（Stage3andStage4）andtheearlyblastula

Stage（Stage5），SeCOndaryembryoswereinduced

ataverylowrate（Fig．3）．Thecharacteristicsof

thesecondaryembryosdidnotdifferfromthoseof

SeCOndary embryosinduced aftergraftingcenter

Cellsofearlygastrulaeintoembryosattheearly

gastrulastage（Stage7）・

Thecentercellsofearlygastrulae（Stage7）Were

graftedintoembryosatstageslaterthanStage7

（Table4）．Secondaryembryoswereneverformed・

Gr坤∫げ∫〟ゆcece地が肋ge∫eαrJferJ加〃gα∫加わe

加わegがdJe。ゆg〟∫Jr〟Jα∫Jαge

Thegraftingofcorticalcytoplasm（surfacelayer）

andsurfacecells（blastodermcells）fromunfertil－

izedeggsandembryosattheearlycleavagestages

（Stagel and Stage2）into the embryos atlate

blastulaandearlygastrulastages（Stages6and7）

never resultedin the formation of secondary

embryos（Table5）．Thegraftingofcentercellsof

embryosatlatecleavagestages（Stage3andStage

TABLE5・Graftsofthecorticalcytoplasm（surfacelayer），Surfacecellsandcentercellsatdifferent

StageSintolateblastulae（Stage6）andearlygastrulae（Stage7）．Thewholetissueoflarvaeand

different tissues from adults were also graftedinto embryos at the same stages

STABE OF
DONOR EMBRYO

Total number

Of operated

On embryos

No of embryos

developed

upto St．20

（percent of

the total）

No of embryos

With secondary

embryos

（percent of

the developed）

Unfertilized eggs

Early cleavage（Stagesl＆2）

Late cleavage（Stages3＆4）

Blastula　　（Stages5＆6）

76

120

116

159

25（32．9）

113（94．2）

66（56．9）

84（52．8）

0（0．0）

0（0．0）

5（7．6）

3（3．6）

Earlygastrula（Stages7）　　　　　　1153　　　　　238（20・6）　　　　2＆，（11・8）

Late gastrula（Stages9toll）　　　　　360

Later stages　（Stages13to20）　　　　629

1st＆　2ndlarvae　　　　　　　　　　　　　　　179

Tissues of adults cartilage　　　　　　　238

midgut gland　　　　　55

0Vary llO

blood　　　　　　　　　　　80

95（26．4）

294（46．7）

61（34．1）

76（31．9）

14（25．5）

42（38．2）

39（48．8）

9（9．5）

29（9．9）

9（14．8）

4（5．3）

4（28．6）

5（11．9）

0（0．0）
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了XヽJ01′Xヽ

Stage2 Stage7

㌧Xノ
FIG．3．Summaryofresults

4）andblastulastages（Stage5andStage6）into

embryos at Stage6and Stage7resultedin the

formation ofsecondaryembryos，but the rateof

formationwasverylow（Table5）．Thecharacter－

isticsofthesecondaryembryosdidnotdifferfrom

thoseofsecondaryembryosinducedaftergrafting

CenterCellsofearlygastrulaeintoembryosatthe

earlygastrulastage（Stage7）．

Grq桓qf ce〃Jer ce肋qf∫Jαge∫JαJerJ力〟〃eαrけ

gα∫什〟Jαei〃Joemあり0∫αJJ力eeαゆgd∫Jr〟J〟∫J〟ge

When the center cells（growth zones）of

embryosatstageslaterthanearlygastrulaewere

graftedinto embryos at thelate blastula stage

（Stage6）andearlygastrulastage（Stage7），SeCOn－

daryembryoswereinducedatahighrate（Table

5）．Cells other than center cells did notinduce

SeCOndary embryos after similar grafting・For

example，Whentheposteriorcumuluswasgrafted

intoembryosatStage60rStage7，180f92treated

embryosdevelopedandnoneofthemhadsecon－

daryembryos．

The homogenates of whole tissues oflarvae

induced secondary embryos at a high rate after

graftinginto embryos at Stage60r Stage　7・

Severaltissues ofadult horseshoe crabs were also

abletoinducesecondaryembryos，includingcartil－

age（endoskeleton），midgutgland（liver）andov－

Stage13

＼○ノ

ary・Injectionofblooddidnotinducesecondary

embryos．

The characteristics of the secondary embryos

inducedaftergraftsoftissuesofadults，larvaeand

embryosatstageslaterthanStage7didnotdiffer

from those of secondary embryosinduced after

graftingcentercellsofearlygastrulaeintoembryos

attheearlygastrulastage（Stage7）．

Theabove－mentionedresultsaresummarizedin

Fig．3．

DISCUSSION

Secondaryembryoswereformedatahighrate

aftergraftsofcentercellsofembryosattheearly

gastrulastage（Stage7）intoembryosatthelate

blastulastage（Stage6）andStage7（Tablel）【6，

7］・Therateofinductionofsecondaryembryosin

embryosreceivlnggraftsatStage6wasashighas、

thatingraftedStage7embryos、Thismuslmean

that the cellsofthe embryos atthelateblastula

Stage（Stage6）havethecapacitytorespondtothe

Slgnalforembryonicinduction．

Secondaryembryosrarelydevelopedaftergraft－

1ng Center Cells of Stage　7　embryosinto the

embryos at other stages，eXCePt Stage6．This

indicatesthatonlyembryosatStages6and7have

thecapacltytOreSPOndtotheslgnalforembryonic
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induction．

Whensmallhole亨WereOpened，Withoutgraft－

1ng，Onthechorionsofembryosimmediatelyafter

fertilization，SeCOndary embryos sometimes de－

Velopedin the treated embryos・Iinterpret this

Phenomenonasfollows・Thechorionsofembryos

immediately afterfertilization are stillvery soft．

The distribution of substancesin these eggsis

thought not to be stable，and the distribution of

Cellsisdeterminedlater，aCCOrdingtothedistribu－

tionofsubstances・Theshockofopenlngahole

SeemStOderagnethenormaldistributionofsubst－

ances and cells，and treatedembryos maysome－

timesdevelopsecondaryembryos．

Whenthecentercellsweregraftedintoembryos

at the stages oflate cleavage and early blastula

（Stages3to5），SeCOndary embryos were some－

timesinduced，althoughatalowrate．Iinterpret

these results as follows・One possibilitylS that

embryosatStages3to5haveaweakcapacltytO

respond to the slgnal for embryonicinduction．

AnotherposibilitylSthatthegraftedcentercellsor

thesubstanceforinduction are retainedintreated

embryosuntilthelatterdeveloptoStages6and7．

Thecorticalcytoplasms（surfacelayers）ofun－

fertilizedeggsandembryosatearlycleavagestages

（Stagesl and　2）did notinduce secondary

embryonsinembryosatStage60rStage7．The

COrticalcytoplasmsofsucheggsmaynotyetpos－

SeSStheinductionsubstanceforembryogenesis．

Ontheotherhand，thesurfacecellsofembryos

atlatecleavageandblastulastages（Stages3to6）

inducedsecondaryembryosinembryosatStage6

and Stage7，although the rate of formation of

SeCOndary embryos waslow．Thefinding may

meanthatthesurfacecellsofembryosatStages3

to6contain the substance for embryonicinduc－

tion．

Whencentercellsofembryosattheearlygastru－

1astage（Stage7）Weregraftedintoembryosatthe

late gastrula stage and after，SeCOndary embryos

WereneVerinduced．Butthecentercells（growth

ZOne）of embryos at thelate gastrula，Orlater，

StageSdidinducesecondaryembryosaftergrafting

into embryos at Stage60r Stage7．This must

indicatethatthecentercellsofembryosatstages

later than the early gastrula stage（Stage7）still

COntainthesubstanceforembryonicinduction．

91

Thehomogenatesofwholetissuesoflarvaeand

SOmetissuesofadultsinducedsecondaryembryos

afterlnJeCtionsinto embryos at early gastrula・

Thisindicate that the substance for embryonic

inductionis containedin tissues oflarvae and

adults．
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