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intervalsatarateof5kR/h)attheInstituteofRadia-

tionBreeding,NationalInstituteofAgrobiologicalRe-

sources,inJapan.Afterirradiation,theseedswere

sowninagreenhouseattheFacultyofAgriculture,

IwateUniversity,Moriokain1987.Theseedlingsinthe

firsttrifoliate stage were transplanted in the ex-

perimentalfield.Atmaturity3,500M2seedswerehar-

vestedfrom eachofthe423M 1plantsderivedfrom

theseedstreatedwith40and50kRγ-rays･
Detectionofseedproteinmutantswasperformedby

SDS-PAGE foralloftheharvestedM2seeds.For

SDS-PAGEsamplesolutionasmallportion(5.0mg)of

partiallycutoffM2seedwasused.Preparationofsam-

plesolutionsanddetectionofmutantsbySDS-PAGE
followedthemethodofLaemmli(1970).Avariantwith

averylowproductionofαandβsubunitsofp-conglyci-

ninwasdetectedinaM2seed･TheM2plantwasgrown
a'ndsevenM3seedswerecollected.Theseseedssh～)wed

adistortedsegregation forthemutationaltrait.In
ordertodeterminethemodeofinheritanceofthetrait,

thesegregationratiofromM4toM8wasdetermined,

usingindividualseedsfromtheheterozygousphenotype

seedsselectedfromtheprecedinggenerations.

Rec砂rocalhybridizationsforthedetmnination ofgame一

秒hyteylatiosbetu)eenthemuhmtandnmnalgenes
Asdescribedintheresults,themutanttraitshoweda

peculiardistortedsegregationfornormal:intermediate

:nullproductionofαandβsubunitsofβ-conglycinin.
Thefrequencyofmaturegametophyteswiththemutant

ornormalgenesvariedduetodistortedsegregation.

Therefore,reciprocalhybridizationswereconductedas

shownbelow.Frequencyoffemalegameteswiththe

mutantornormalgeneswasinvestigatedbasedonthe

segregationratioofFlplantgenotypesobtainedfrom

hybridizations between the heterozygous genotype

(female)and一̀Keburi'(male).Likewise,thefrequencyof

malegametesharbouringthemutantornormalgenes

wasanalysedbasedon thesegregationofFlplant

genotypes obtained from the hybridization between

K̀eburi'(female)andtheheterozygousgenotype(male).

InordertoobtainhybridizedFISeeds,twospecific

markerswereutilized:normalornullα'subunitofβ-
conglycinin,anddifferenceinelectrophoreticmobility

ofKunitztrypsininhibitors,TiaorTib.Thecultivar

'Keburi'1acksthea'subunitandshowstheTibmobility.

In contrast,theheterozygoustypeoriginatingfrom
'Wasesuzunari'harboursthea'subunitandshowsthe

Tiamobility.BothtraitscanbediscriminatedbySDS-

PAGEandDaviessystemPAGEforasmallportionof
thehybridizedseeds.

Electronmicroscopicobservationsofleafcellorgans

Soybeanseedswiththethreegenotypes(normal,in-

termediateandnullproductionofαandβsubunitsofβ-
conglycinin)harvestedfromanM7heterozygousgenoty-

peplantweresowninthegreenhousein1992.̀Wasesu-

zunari'(originalcultivar)wasusedforcomparison.Small

leafportionsfrom thefirsttrifoliateleavesofeach

genotypewerecutatthreegrowthstagescorresponding

to15,25and35daysaftergermination.

Theseleafsampleswerefixedin2% glutaraldehyde

in0.2Mcacodylatebuffer(pH7.20)for3hoursat4oC,

followedbypostfixationin1%osmiumtetroxidein0.14

MVeronalbuffer(pH7.25)for2hours.Thenthefixed

samplesweredehydratedinagradedethanolseriesand

infiltratedwithpropyleneoxideandthenembeddedin

Epon-Aralditeresin(Mollenhauer1964).Thesamples

cutwithglassknivesonaPorterBlumMTIultramicro-

tomewerestainedwith1%uranylacetateand2.5%lead

citrate.Atleasttwopreparationsweremadeforelec-

tronmicroscopyfromeachofthethreegenotypesanda

cultivar Ẁasesuzunari'atthe three growth stages
listed above.Hitachi H-800 transmission electron

microscopewasusedforobservationat8000to15000
Ⅹ.

Numbersofchloroplastsandmitochondriapercell
weredeterminedinatleast50cellsinbothpalisadeand

spongy tissues. Numbers of starch deposits and

osmiophilicbodiesperchloroplastwerecountedin10

chloroplasts(llⅩ15cmphotographs).Changesinthe

chloroplastultrastructureduringchlorosiswerealso
observed.

Results

Detectionandmodeofinhen'tanceofαandβsubunits-null
mutantgene

IntheSDS-PAGE analysesof3,500M2seedshar-
vestedin1987,wedetectedonemutantseedwitha

markedlydecreasedproductionofboththeαandβsub-

unitsofβ-conglycinin(lane2ofFig.1)･Theseedwas

derivedfrom theMIseedtreatedwith40kR γ-rays.
TheM2plantderivedfromthisseedwasgrownand7
M3seedswereharvestedin1988.SDS-PAGEofthese

M3seedsshowedasegregationof2normaland5in-

termediatefortheproductionoftheαandβsubunitsof

β-conglycinin･Thenwegrew5M3plantsderivedfrom
the5M3intermediatevariantseedsandharvested55

M4seeds.Theysegregatedintheratioof20normal,31

intermediateand4mullfortheproductionofbothαand

βsubunitsofβ-conglycinin(Fig･1)･
WeinvestigatedtileSegregationratioofnormalvs.

intermediatevs.nullproductionofthesubunitsamong

thesetseedsoftheplantsderivedfromtheseedswith

theintermediateproductionfromM4toM8generations.

Theobservedsegregationfrequenciesshowedobviously

significaLntdifferencefrom1:2:1ratioforasingle
codominantgenetraitasshowninTable1.Thenwe

tentativelyassumedthat3:4:1Segregationratiomay

becausedbytheunequalformationofmaleorfemale

gametophytesbetweenthenormalandmutantgenesat

theratioof3:1,respectively(Table2),considering

thatthenullproductiontypesshowedextraordinarily

decreasedfrequenciescomparedwiththenormalpro-

ductiontypes･Asindicatedbyx21teSt,thesegregation
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Table1.SegregationfrequenciesoftheSDS-PAGEban°ingpattel･nSforthea.♂subunits-nullmutantgenefromthe

M4toM8heterozygotlSSeedgeneratlOnS

GroIVn No.of Set
seed seeds seed

generation gl･OWn generation

No.of
set
seeds
analvzed

Mぅ 5 MJ 55

MI 13 入,1° 172

M5 14 M b 515

Mb 13 M7 381

M7 25 M8 726
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Fig.1.SI)S-slabPAGEofβ-conglyclnln(7S)andglycinln
(llS)globulinsfromtheoriginal,Wasesuzunariand
threeger10typeSforthenulltraitfol･αandβsubunltS
ofβ-conglycinirLSo.vbeanflour(5mg)wasdissolved柑
0.5mlof50mMTris-HCL(pH8.0)containlng0.2%
SDS,5Mtlreaand0.1M2-mel･CaptOethanoLProtein
samples(about7ILL)wel･ee】ectrophoresedinlO%
polyacrylamldeseparategelwithconstantcurrentof
15mAfol･4hours.1:Wasesuzunarl:2:intermediate

typelVlthαandβsubtlnltS(Aa);3:αandβnulltype
(aa);4:αandβnormaltypeviA).

frequencies statistically fitted to 3normalvs.4in-

termediatevs.1nullproductionathigherprobabilities

thano.30(Table1).Ontheotherhand,weconfirmed

that ther･e was no segregation in the progeny seed

populationsderivedfrom thenormalplants.

However,allthe plants grown from the nulltype

seedsdevelopedlethalchlorosissoonaftergermi nation,

anddidnotsetseedsofthenextgeneration,although

55

Table2.HypothesISfor3AA(normal):4Aa(intel･mediate):1aa

(n1-ll)segregationI･atiooftheαand♂subunits-nullmutantgeneof

β-conglycininintheheterozygousplants

Formationof

gametesinparents

Maleorfemale:

Femaleormale

3/4A i/4a
(Domhlant) (Recessive)

1/2A(Dominant) 3/8AA(normal) 1/8Aa(intermediate)

1/2a(RecesslVe) 3/8Aa(intel･mediate) 1/8aa(null)

maturenulltypeseedswereobtainedintheplantsde-

rivedfrom theseedsbelongingtotheintermediatetype.

Toaccourltforsuchadistortedsegregationratio,We

assumed thatgametophyteformationwasirregularas

indicatedinTable2.

1mgulargametophyteformationdetected砂analysisofrecか
Focalcrosses

lr1Order to determine the frequencies of male and

femalegametesbearingthemutantandnormalallelesin

theheterozygousplantsweconductedsevera一reciprocal

hybridizationsbetweentheheterozygousindividualsand

K̀eburi'.Since K̀eburi'producesonlythenormalallele

gametesforthetraitinbothsexualgametes,thenum-

berofFIPlantsinheritingthemutantalleledependson

ther･atioofthemaleandfemalegametesharbouringthe

normalandmutantallelesintheheterozygousparents.

Inhybridizationinwhich theheterozygotlSindividuals

wereusedasamotherparent,thenumberofFlhybrid

plantscarryingamutantalleledependedonther･atioof

femalenormalandmutantgametesinthemotherparent.

Inthereciprocalhybridizationof'Keburi'Xheterozy-

gousindividuals,thenumberofFlhybridplantscar-

ryingthemutarltalleledependedonthemalenormaland
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Table3.UnequalformatlOnOfmalegametophytesdemonstratedyreciprocalhybridizationbetweenAA

(Keburi)andAα(heterozygouslndlVlduals)

≡:cibP:aCtail.ns Fe:sfelb:enrtsof

No.FIGenotypeswlth Expected

AA Aa

x2 p

AA(辛)×Aa(令) 31

Aa(辛)×AA(含) 38

22 9

(23.25) (7,75)

20 18

(19.00) (19.00)

3:1 0.269 >0.50

1:1 0.105 >0.70

Datain()showtl一eexpectednumbersforratio.

mutantgameteratio.Theresultsofreciprocalhybri-

dizationanalysisareshowninTable3.

TheF2 Seedpopulationsfromeachofthe31Selfed

Flplantsderivedfromthehybridizationof̀Keburi'as

femaleandtheheterozygousindividualsasmale'were

analyzedbySDS-PAGEtodeterminewhetherthedis-

tortionofthesegregationratiowascontrolledbythe

malegametophyte.Asexpected,nineFlplantscontain-

ingF2Segregatingseedsfortheαandβ-subunits-null
traitweretransmittedwitIlthemutantallelethrough

thepollengametes.Agoodfittoa3:1ratioforFl

homozygous,normalandheterozygousplantnumber,re-

spectively,wasobtained.However,18ofthe38Fl

plantsfrom theheterozygousindividualsX K̀eburi'

werefoundtoharbourthemutantgeneinheterozygous
conditionwithagoodfittoa1:1ratio.

Thesefindingsimpliedthattheproductionofmale

gameteswiththemutantgenewaslowerthanthatofga-

meteswiththenormalgene,though theproductionof

femalegameteswiththemutantgeneandoffemalega-

meteswitIlthenormalgenewasidentical.

Abnoymali&ofthechlwoPlastultrastructure
Theultrastructureofthechloroplastswasdifferentbe-

tweenthenullmutantgenotypeandthenormalgreen

plants.AsshowninFig.2,thechloroplastsofthenor一

maland heterozygous plants showed normalultra-

structuralcharacteristicssimilartothoseoftheorigin-

alcultivaratthethreegrowthstages.Thegranaand

stromalamellarsystemswerewelldeveloped(Fig.2A,
BandC).However,inthenullmutantyellowplantsthe

ultrastructureofthechloroplastswasabnormalwith

disorientation,swellinganddisruptionofgrana.The

granaandthylakoidmembranesofthechloroplastsin

thenullmutantgenotypeshowedanabnormaldevelop一

mentcharacterizedbystackinginirregularandlooser

formscomparedwiththeothergenotypes(Fig.2D).

Therelativesizeandfrequencyofthechloroplasts

percellandstarchdepositsperchloroplastdidnotvary

significantlyamongthethreegenotypesandtheoriginal

cultivarinboththepalisadeandspongytissuesat15

and25daygrowthstages.However,therewasanin-
creaseintherelativenumbersofmitochondriaand

osmiophilicbodiesinthetissuesoftheyellowplants

(Table4).Theabnormalitiesinthechloroplastultra-

Structurewhichwerealreadypresentatthe15day

seedli喝 Stage (Fig.3A)when chlorosis started to

appearwithverysmallyellowspotsalloverthesurface

ofthefirsttrifoliateleafwereenhancedatthe25day

stagewhenchlorosisprogressedleadingtotheforma-

tionofuniformlyyellowleaves(Fig.3B).Thechloro-

plastsandothercellorganellesby35daysunderwent

completedegeherationintheleaftissues(Fig.3C).At

thisstageseedlinggrowthwasmarkedlydelayedand

theplanteventuallydiedat45daysaftergermination.

Discussiom

Detectionandmodeofinheritanceoftheαandβsubunits
nullmuhmt

Theseedswithintermediatecontentsofαandβsub-

unitsofβ-conglycininineverygenerationweregrown
tomatureplantsandthesetseedsofthenextgenera-

tion were harvested and subjected to SDS-PAGE

analysis.AsshowninTable1,thesegregationratioof

thenormalvs.intermediatevs.nullproductionoftheα

andβsubunitsofβ-conglycininwas3:4:1,respec-
tivelyfromtheM 4toM 8generations.Thesetseeds

ofthenormaltypeplantshowedauniformandnormal

productionoftheaandpsubunitsofp-conglycininand
didnotsegregateforthattrait.

Interestingly,theαandβsubunits-nulltraitwasin-
herited together throughoutthe generations tested.

Therewerealwaysthreekindsofphenotypesandphe-

notypeswiththeα-subunit-nulltraitonlyortheβ-
subunit-nulltraito.nlywerenotobserved.Thismutant

traitwasconsideredtobecausedbyasinglegenemuta-

tion.Therefore,weusedthegenesymbol̀ ὰ",forthe

mutatedgene("A",forthenormalorwildgene).

However,ifthisdesignationiscorrect,itisneces-

sarytoexplainwhythepeculiarsegregationratioof3
normalvs.4intermediatevs.1nulloccurredinsteadof

the1:2:1ratio,respectively.Itwassuggestedthat
thisratiocouldbedescribedtotheunequalformation

ofmalegametophytes(-pollen)inaheterozygous(Aa)

plant.

Itiswellknownthatanydecreaseinthecontentof

β-conglycininsubunits(α',αand/orβ)isrelatedtothe

decreaseoftheconversionofβ-conglycinintoglycinin,
andresultsintheincreaseoftheamountofsulfur-con-
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Fig･2･Transmissionelectronmicroscopyofthegreennormaltype(AA)andaamutantchloroplastsgrolVnat25da-V.s
andheterozygousone(Aa)at15da,vs.A.NormalchloroplastfromleaftlSSueOftheoriginal, Wasesuzunarl,
showsnormalstackingofthelamellaeintograna.Starchdepositsaccumulate.B.Chloroplastofhomozygous

planH4A)ShowingnormalchloroplastultrastructurealmostsimilartothatofWasesTzunarl･C･Normalchloro-
plastfromtheheterozygousplant(Aa).D.Chloroplastfromntlllmutant(aa)ShowingSOmedisorlentationof
granastacks(= ).S,starchdeposit:G,gllana;OS,osmiophilicbody;Mt,mitochondria;CW,cellwall:V,
vacuole.Barrepresents0.5pm.

tainingaminoacids(KitamuraandKaizuma1981,Ogawa

etal.1989,Mizunoetal.1994,Kitamura1995).

Thismutantgenecouldbeanappropriatematerialfor

researchonchromosomalchangesrelatedtotheαandβ

subunitsgenes.Tsukadaetal.(1986)revealedthepre-

senceofastronglinkagebetweentheαandβsubunits

genes,whichsupportsourfindingsthattheαandβ

subunits-nullcharacteristiccorresponded toasingle

mutationgene.Thissuggeststhataβ-conglycininnull

typecouldbeinducedbyaslightmutationwithoutcon-

comitantchlorosisunlikeinthisstudy.Recently,Taka-

57

hashietal.(1994)havesucceededininducinganull

mutantfortheαsubunitonly.Theyobtainedaviable

strainlackingαandα'subunits.

Unequalfwmationofmalegametophytedemonstylated妙re-
cli)Vocalkybn-dilationtoheterozygousPlants(Aa)
Thedistortedsegregationr･atioofthe3normal的A):4

intermediate(Aα):1null(αα)fortheαandβsubunits

ofβ一COnglycininwasobtainedbasedonSDS-PAGE
analysisofthe setseedsoftheheterozygous(Aa)

plantsinM3toM8generations.Weassumedthatthe
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Table4.Nllmel･lCaldifferencesinsometraitsofpalisadetissuesbetlVeengenOtypeSandgrowthstages

ohsel･Vedundel･theelectronmicroscope

Mitochondria Osmiophilicbodies Chloroplasts Stal･Chdeposits
Genotypes peltCell perchloroplast percell perchlol･OPlast

15* 25* 15* 25* 15* 25* 15* 25*

Wasesuzunal･1 6.38 6.30 5.20
(AA)

Normal

(AA)
Intermediate

(Aa)

Null
utl11

(0.42) (0.92) (0.77)

5.92 5.83 5.00
(0.54) (0.64) (068)

5.98 542 5.42
(0.86) (047) (0.41)

ll.50 8.33 6.94
(0.97) (064) (0.85)

*:Davsaftergermination.
Allthedataareexpressedasmeanvaluesandstandarddeviationsin().

Fig.3.Ultrastructureofaamutantchloroplastsatthreegrowthstages.A.Abnormalchloroplastat15daysShowedoverlappingofseveralthylakoid
membrances.SomegrandstacksshoIVdisorientation,disruptionandseemtobedegraded.Starchdepositsal･einitiallydeveloped.B.Chloroplast
at25daysshowingseveredeg1･adationofthylakoidsystemandosmiophilicbodies.C.Chloroplastat35daysWlthcompletedegradationofstarch
deposits,granaandosmiophilicbodies.-.- :normalgrana,= :disorientedgrana,≡ :swollengrana･･･-ラ;degradedgrana.S,starchdeposit;
G,grana;OS,osmiophilicbody;Mt,mitochondria;CW,cellwall;V,vacuole.Barrepresents0.5FLm.

unequalformationofthemaleorfernalegametophytes

between"a"and"A''ledtothedistortedsegregation

ratio.

Thenwedeterminedexperimentallywhichsexwasre-

sponsiblefortheunequalformation.Reciprocalhybrid-

izationsbetweentheheterozygous(Aa)andthenormal

(AA)plantswerecarriedoutandtheFISWereanalysed

forthedeterminationoftheratioofhomozygous(ju )

vs.heterozygous(Aa)amongthesetseedsinFIPlants

bySDS-PAGE.

Thedistortedsegregationratioof3:4:1appeared

when three-fourth A and one-fourth a gametophytes

wereformedinonesexandone-halfA andoneJlalfa

gametophytesintheothersex(Table2).Asshownin

Table 3,the male gametophytes in the heterozygous

(Aa)Wereproducedattheratioofthree-fourthA and

one-fourthabecausetheFISSegregatedinto3AA and

1Aaonlywhentheheterozygousはa)individualswere

usedaspollenparents.

Thereasonwhytheproductionofmalegametophytes

with"a''waslowerremainsunknown.Microscopicstud-

iesonpollendevelopmentintheheterozygous(Aa).are

inprogress.Atleastnoabnormalitywasdetecteduntil

tetradformation(datanotshown).Distortedsegregatiorl

due topartialabortion ofthemalegameteshasalso

beerlreportedinseveralhigherplantssuchasrice(Lin

etal.1992,Linandlkehashi1993),maize(SariGorla

andRovida1980),andbarley(Zivyetal.1992),suggest-
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ingthatsomegametophytelociwereresponsiblefor

thesephenomena･

Electronmicroscopicobservationsofchlwopktdegradation

Theαandβsubunits-nullseeds(αα)developedlethal

chlorosisattheseedlingstagesoonaftergermination.

Overallappearancewassimilartothatofothergeno-

typesはaandAA)･However,chlorosisbeganatfirst
witlltheformationofsmallyellow spotsscatteredon

theprimaryleaves･Then,theyellow spotsrapidlyen-

larged and yellowing became more pronounced･The

growthoftheseedlingsceasedabout2weeksafterger一
minationandallofthem eventuallydiedabout4to5

Weekslater.

Therefore,homozygous(αα)for the mutated gene

couldnotbeobtainedasaplant,presumablyduetothe

disorganization(- deletion)Overawideareaofthe

chromosomesegmentwiththeaandpsubunitsgenes･

Thischromosome segmentmay contain an important

DNAsequencerelatedtochloroplastdevelopment.

Wecomparedthecharacteristicsoftheultrastruc-

tureofthechloroplastand some other intracellular

organsamongthethreegenotypes(aa,AaandAA)as

shown in Table 4.The changes in the chloroplast

ultrastructureinvolvedmainlyabnormalitiesofintrach-

loroplastorganelles such asgrana and lamellae.As

sl10WninFig.3,Swellingofthegranaanddisorderly

st礼ckingofthelamellaeinthechloroplastsoftheαα

genotypestartedattheveryearlyseedlingstage,15

daysaftergermination Suchabnormalphenomenawere

notobservedintheAaandAA genotypes.Development

ofnormalchloroplastsappearedtobestronglyinhibited

onlyintheααgenotypesandcompletedestructionofthe

chloroplastsoccurred25daysaftergermination.

AsseeninTable4,thereweremajordifferencesin

somecharactersuntiltheseseedlingstages.However,

thenumberofmitochondriapercellandthenumberof

osmiophilicbodiesperchloroplastincreasedsignificant-

ly,presumablyduetochloroplastdestruction.
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