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6.1Introduction

Asinrice,PMlipidcompositionhasbeenclarifiedasoneofthemainAltolerance

mechanism,Ifu鵡hertriedtoclaTify whetherthatmechanismisuniqueforriceornot.I

selectedsorghum ,wheat,triticale,maizeandsoybeanCrops.Amongthecultivarsofthe

selectedcropspecies,OAexudationmechanismhasalreadyclarifiedforsomeeultivaus.

Forexample,wheatOAexudationasAltolerancemechanismhaswellreported(Sasaki

eta1.2004).Inwheatandtriticale,PMintactnesshasbeenreportedasmainAltolerance

mechanism(Wagatsumaetal.2005a,b).Therefore,itwasmyintensiontoknowwhether

lipidcompositionconfersAltolerancetothesecropsasclarifiedinthepreviouschapter

forrice.TolerancemechanismotherthanOAreleaseneedtobeclarifiedyet.

6.2Materialsandmethods

く6..7,,,'LIS曲浦ItDji川冊測点柑王''SOm.ih思LC.tL10hう叩貯壷s

lchosetolerantandsensitivecultivarsinthesecropspecies.A1-tolerantand-sensitive

cultivarsofsorghum(KanekoassensitiveandSuperSugarastolerant),soybean(Enrei

andsensitiveandRyokuhekiastolerant)andmaize(GolddentKD850assensitiveand

GolddentKD520astolerant)wereselectedbasedonA丘inetal.(2009)andthoseof

wheat,triticaleandmaizewereselectedbasedonWagatsumaetal.(2005a, b).Al

toleranceofsorghum wasbasedonthescreenlngin2.5PMAIC13inO･2mM CaCl2for
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24h(pH5･0)｡ForallotherCropSPeCies,Altolerancewasbasedonscreeningin2(恒M

AICl3inO｡2mMCaCl2for24h匝H4.9).

･bJ2,,:),Stiljllt.ilさ′別.llOA呼)(.tlld如血 il

Seedsofsoorghum,maizeandsoybeanweregerminatedandpreeulbTedasdese蕗bed

previously｡Five-day-oldseedlingswithsimilarrootlength(5cm)werepretreatedin

o.2mMCaCl2(pH4｡9)for5h(10seedlings300mL~lsolution)｡ThereaAer,root.swere

treatedwithorwithout20pMAIC13inO｡2mMCaC12(pH4.9)for5h(300mL-1solution).

BothpretreatmentandtreatmentwasconductedundeT250Ctemperature,aerationand

const弧tlightasdescribedinChapter2.Exudedorganicacidsinthesolutionwerethen

measuredbytheenzymecyclingmethod(Kiharaetal.2003).Shortly,citrateandmalate

wereconvertedtolyase/Citratedehydrogenaseandmalatedehydrogenase/glutimate

oxaloacetatetransaminase(Roche,Basel,Switzerland),respectively.TheNAD'and

NADHwerethenmeasuredaccordingtothemethoddescribedbyKatoetal.(1973).This

experimentandmeasurementwasreplicatedthreetimes.

応02｡3SlttJ.IR;ly①加iP'M IPClrntllの約1測栂 &llulq丑Å八割Cq?.1Ⅶ州!1劉血Il'1

PMpermeabilityofsorghum,soybeanandmaizehasbeenstudiedaRer24htreatment

incontrolandAlatpH4.9.A点erwashingtheTootsWithdeionizedwater,rootswere

stainedwithFDA-PIforPM pemeabilizationstudyorwithhematoxylinforAl

accumulationstudy.ThesestudyprocedureshasbeendescribedinChapter1.
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A鮎TCOntrOlandAltreatment(20匹MAIC13in0.2mMCaC12for24hatpH4.9),root

tips(0-10rrm)werecollected.A免erwashingwithdeionizedwaterandremovingexcess

water,rootswerestoredin倉eezerat-18oCbeforeanalysis･Extraction,puTification and

measurementofphospholipidsandA5-Sterolswereperformedasdescribedinthe

previouschapter(Chapter-5).

6.3Results

Altoleranceoftherepresentativecultivarsofsorghum ,wheat,triticale,rice,maize

andsoybeanhasbeenpresentedinFig.6.1basedonthealreadyreporteddata(shownin

caption).Altoleranceofthecropspecieswasinorderofmaizi>rice,soybean>triticale,

whe如>sorghum(AltoleranceOfsorghumwasexpressedin2.5匹M AIC13atPH5.0).

TherewaswidevariationofAltolerancesamongthecultivarsofeachcropspecies.

Citrateandmalateexudationofsorghum,maizeandsoybeanhasbeenpresentedin

Fig.6.2.Citratewasmainorganicacidexudedbythecultivarsofthesecropspecies.For

sorghum,CitrateormalateexudationdidnotshowanydifferenceirrespectiveofA1 -

tolerantandAトsensitivecultivarsincontrolorinAltreatment.Formaize,greatercitrate

exudationwasobservedforAl-tolerantGolddentKD520inAltreatmentindicating

involvementofcitrateexudationforAltolerance.Althoughmalateexudationdidnot

correspondsimilartendencytocitratebutconsideringthegreaterexudationofcitrate,

thismalateexudationmayhavelessimpact.Ontheotherhand,soybeanshowedalmost

reversetendencyofOAexudationtoAトtoelrance｡Bothcitrateandmalateexudationin

soybeanfollowedalmostsiliarirrelevancetoAl-tolerance.
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Fig｡6.1Altoleranceoftherepresentativecultivarsofsorghum,wheat, triticale,rice
maizeandsoybean.Altreatmentforsorghum was2.5PMAICl3,1nallothercasesAl
tolerancewasin20pMAICl3.Altoleranceofsorghum ,maizeandsoybeanbasedon
ARinetal.(2009).Altoleranceofwheat,triticalewerebasedonWagatsum aetal.2005
andAltoleranceofficewasbasedonKhanetal.(2009).
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PM pemeabilizationofsorghum,maizeandsoybean cultivaTSShowedsameintact

PMincontrolirrespectiveoftheirtolerancetoAi(Fig.6.2).Ontheotherhand,inAl

treatment,OnlyAl-sensitivecultivarsorlinesshowedgreaterpemeabilizationwhichis

ascribedasthered且uoreseence.Alaccum ulationinthesecultivarsweregreaterthan

toleranteultivarsascribedasbrownishpurplecolor(Fig.6｡3).

ThistendencyofgreaterPMpemeabilizationandAlaccumulationinthesensitive

cultivaTSWereSimilartothatinrice(Khanetal.2008),wheat(Wagatsumaetal.2005a)

andtricale(wagatsumaetal.2005b)(Fig.6.4).

TotalphospholipidcontentwasgreaterinthecontrolofsensitivecultivaTSthanthat

oftolerantcultivars(Fig.6.5).ExceptforAl-tolerantsoybean cultivar,allthecultivars

andlinesiShowedageneralincreaseofphospholipidsfollowingAltreatmentirrespective

oftheirAltolerance.Aslightdecreaseinphospholipidswasobservedf♭rAltolerant

Ryokohekicultivarthoughthisdecreasewasnon-slgnificant.Followingthecontrol,Al

treatmentalsoshowedalessphospholipidsContentinAトtolerantcultivarsorlinesforall

thecropspeciesexceptforsoybean｡However,tolerantsoybean cultivar(Ryokuheki)

Showedgreaterphospholipidcontentthan sensitiveandfuTthershoweddecreasing

tendencywhiletreatedwithAl(Fig.6.5).

ontheotherhand,△5-Sterolcontentshowedwidevariationamongthecropspecies,

i.e.,leastwasinAltreatmentofKaneko(sorghum)(0.8pmol)andhighestincontrolof

Rikuu-132(rice)(2.86pmol)(Fig｡6.6).Withinthesamecropspecies,△5-Sterolwas

greaterincontrolofA1-tolerantcultivarsorlinesexceptforsoybean (Fig.6.6).InAl

treatment,△5-SteTOIcontentdecreasedinallcultivarsorlinesexceptforsensitivemaize
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Gultivar(KD850)andsoybeaneultivaTS(botheultivars)｡Infact,tolerantSOybean

eultivaTSShowedaninereaslngtendencyforA 5-sterolinAltreatmentthanthatincontrol･

AsnegativelychangedphospholipidsmakeslesstolerantPMandneutralA5-sterolmakes

strongPM,toconsidertheinnueneeonPMpem.eabilizationofthesetwolipids,lipid

ratio(phospholipids/△5-sterol)wasConsideredtobemoreinBuential.Though lipidratio

withintheCropspeciesdidnotshowanyspecifictrend,butwithinthesamecropspecies,

lipidratiowasgreaterforAIsensitivecropspeciesexceptforsoybean.TolerantWheat

showedleastlipidratiowhereastolerantsoybeanshowedhighestlipidratio(Fig.6.7).In

Altreatment,lipidratioshowedincFeaSlngtendencyexceptforsoybean｡Insoybeanlipid

ratiowasgreaterintolerantcultivaT(Ryokuheki)thansensitivecultivarwhichfurther

showeddecreaslngtendencyinAltreatment.
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6.4Discussion

AmongdieeTOPSStudiedinthisexperiment, greaterPemeabilizationandAl

accumulationwasobservedinthesensitivecultivarsorlinesforallcropspecies(Fig.

6.2-6｡3)whichisascribedtohigherphospholipids(Fig.6.4)contentinsensitiveeultivars

orlines｡Ontheotherhand,aneuもぎallipid,A5-steぞ0lcontributegreaterintactnessinthe

PM whichwasgreaterinthetolerantcultivaTS(Fig.6.5)andfinallylipidratio

匝hospholipids/A5-sterol)wasgreaterincontrolandinAltreatmentforsensitiveeultivars

than thatoftolerantcultivaTS.Thistendencyfollowstheresultsshownintheprevious

Chapter5wherelipidratioshowedaslgnifieantcorrelationwithAltoleranceinrice.In

Figs･6搬6･6･, ltCouldbeobservedthatphospholipids,A5-sterolandlipidratioare

independentamongthecropplantspecies.Ontheotherhand,resultsshowedclear

tendencywithinthecultivaTSOfsam ecropspecies.SuggestedAltolerancemechanisms

bytheresearchersamongdleSeCropspecieshasbeenstmmariZedinTable6.1.

Table6.1:MajorAltolerancemechanismsincropspeciesusedinthisstudy

Crop Altolerancemechanism(S)

sorgh um :LessPL/A5-sterol(presentstudy),ciもぎateeXudation(Magalhaeset
al.2007)

wheat :LessPL/A5-sterol(presentstudy),malateexudation(Sasakietal.
ニ),004)

TTiticale :LessPL/A5-sterolbresentstudy)

鮎ce :LessPL/A5-sterol(presentstudy),lesspectinmethylesterase(Yang
etal.2008)

Maize :LessPL/A5-sterol(presentstudy),ci&ateexudation(Pi免erosetal.
2002)

Soybean :OtherthanOAexudation(presentstudy)
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Although OAexudationhasbeenreportedasoneoftheAltolerancemechanismin

wheat,thepresentstudyclearlyshowstheslgnificanceofPMlipidcompositionforAl

tolerance.ItcouldbepossiblethatbothAltolerancemechanism(lessPL/A5-sterolratio

andgreaterOAexudation)isfunctionsimult弧eOuSlyforwheatAltolerance.Insorghum,

CitrateormalateexudationdidnotshowanyrelevancewithAltoleranceamongthe

cultivarsinthisstudy(Fig.6.2)ratheritpossesamechanismoflesslipidratioforAl

tolerance.AlthoughCitrateexudationhasbeenreportedasAltolerancemechanism

(Magalhaesetal.2007),eultivarsstudiedbyMagalhaesetal｡(2007)weredifferent丘om

thepresentstudy･Moreover,SorghumcultivaTSinthepresents紬dywereselectedby

sereenlngWhichwerewidelyusedinJapanandwerehighlysusceptibletoAIwhereas

cultivarsusedbyMagalhaesetal血(2007)weresostrongagainstAIstress.

Intriticale,tillnow,Altolerancemechanismotherthanlessphoshpolipid/△5-sterol

ratiohasnotyetbeenproposed.Inmaize,greatercitrateexudation(Fig.6.2)aswellas

lesslipidratio(PL/A5-sterol)maysimult弧eOuSlyactingforgreaterAlresistance.In

someotherstudy,CitrateexudationhasbeensuggestedasoneAltolerancemechanismin

maize, butPiAerosetal.(2005)reportedanonrelevanceofOAexudationwithAl

tolerance.TheyalsostudiedsomeotherpossibleAltolerancemechanism inNorth

AmeFican andColombian maizecultivaTSbutcouldnotdrawanypositiveresultsforAl

tolerance.Consideringalltogether,lesslipidratiowouldbeprlmaTymechanismforAl

toleranceandthiswouldbefirstclearreporttoshowAltolerancemechanisminmaize.

Soybean ,however,showeddifferenttendencytoothercropspecieswhichwereused

inthepresentstudy.MoreoveritdidnotsnowanycorrelationofAltolerancewithcitrate

ormalateexudation.Yangetal.(2001)showedthatcitrateexudationwouldbetheAl
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tolerancemechanism insoybeanthoughcultivarsstudiedinthepresentstudywere

diffeTent丘omthoseusedbythem.hmys紬dy,Icouldnotconfim theAltolerance

mechanismforsoybean.hanotherstudywithotherdicotleguminuousplant(pea)we

couldfindrelationshipofAltolerancewithlesslipidratio(PL/△5-sterol)｡Basedonthis

point,IcansuggesttheAltolerancemechanismforsoybean wouldbedifferenteven

fromanotherleguminousplant(datanotshown).
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SoilacidifyhaslongbeenconsideredasoneofthemajorconstraintforagTicultuTal

production｡About40%ofworldaFablelandConsistsoflowpHcondition(Kochianetal.

2005)andthisareaisineTeaSingdaybyday.Causesofsoilacidificationareintensive

weathering(Oxisols,Ultisols,AndisolsandAlfisols),acidsulfatesoil(hceptisolsand

Entisols),parentmaterialspoorinbasiccations(Spodosol,HistosolandEntisol),acid

deposition,intensivelymanagedrowcropagricultureandpasturesystem(Summerand

Noble2003).IntensiveweatheringofparentmaterialsisthemajoracidsoiloccMTing

factorinthehumidtropleS,leavlnghigheramountofironandaluminum oXidesinstead

ofothernutrients(SurrmerandNoble,2003)e.g.,Ferralosols,Acrisols,Andosols(FAO-

UNESCOsoilclassification).Therefore,theseacidsoilsconsistofhigh Alandlow

nutrientasaccompanylngPredicament.Besidethis,otherkindsofacidsoilsareoccurred

duetoparentmaterialspoorinbasiccations,acidsulfateindeltaareasofthegreatrivers,

aciddepositionthroughacidprecipitationowlngtOfossilfuelcombustion,acidifiedasa

consequenceofagnculturalpracticeespeciallyduetoammoniacalN fertilization.

Though therearemanyacidsoilsbuttheextentofacidityandnutrientcontentorionic

strengthwidelyvaried.Lownutrientisoneofthemajoraccompanyingpredicamentin

naturauyoccurredacidsoilswithhighconcentrationofAl.
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RiceisespeciallygrownintheareaswhereAltoxicityandlownutrientstress

hampersriceproductionsimultaneously.Ontheotherhand,populationincreaslngratein

thatricegrowlngreglOnisveryhigh.RiceisratherAltolerantcropspecies.Tillnowwe

donotknowthepmmarystressfactorreducingthericeyield.VmilesimulatingAland

lownutrientstresssyndromeinnutyientsolutions,Wenzletal.(2003)foundthatless-

adaptedB.ruziziensisbecamemoresensitivetoAltoxicityasthelevelofnutyientsinthe

growthmediumwasreduced.WatanabeandOkada(2005)studiedinteractiveeffectof

AlandothercationsinIndicaandJaponicaricecultivarsandsuggestedthattheprlmary

mechanismofAltoxicityinricechangesdependingontheionicstrengthhencethe

nutrientcontentwhereitisgrown.PintroandTaylor(2004)alsopointedoutthatthe

nutrientconcentrationshouldbeconsideredcarefullytosimulatenaturalsoilsolutions

whenscreenlngfわrAltolerance.

'/｡11｡:'),iL;一血相Cli.a⑬lL110圧}AM⑬flnWlllIRn.:Dttr(n即五⑬!LAS最M抽cglJl⑬W抽 古狐肥d鹿

HighconcentrationofAlinhighnutrientsolutionmightbealleviateddueto

physicochemicalinteractionsbetweenAlandotherionsandfbmationofnontoxic

complexeswithanions(e.g.OH-,SO.2-)andsilicateions(Blameyetal.1991).AIcan

inhibituptakeofparticularnutrientelement(e.g.P)byfomingcomplexwithnutrient

makingunavailablefom orbycompetingwithcationicnutrientelementswithhigher

potentialsorbyblockingthecationchannels.NotonlythebindingofAIwidlOther

anionsatlowpHconditionsbutothermetalionslikeCu,Cdshowedinteractioninthe

mediumandalsopromotedorinl1ibitedAlaccumulationdependingonbarleygenotypes

(Guoetal.2007).Moreover, Alionactivityisalsoregulateddependingontheionic
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strengthofthemedium｡GiventhatadditionofsimilaramountOfAltothedifferentionic

strengthmediummakesthedifferentionicactivityof(Al)3'.

GiventhatamongthemonomericAlions(Al)3'isthemosttoxictoplantswhichis

followedbyotherions｡PhosphorusdeficiencyhasalsobeenTePOFtedasamajoryield

limitingfactorinacidalfisols,oXisols,ultisols,aridandepts(Clark1984).

F/'乱31F'血 L,Aぬ!l･yg.rt10WiJlmlほ11浦 J.'t!噌臨耐oII瓶 1iTtl叩長軸Il耶摘S⑬瓦II

SoilmineralogylSOneOfthemajorfactorsregulatingtherelationshipsbetweenpH,

exchangeablearidsolubleAl,andforaglVenPHtheamOuntofsolubleAlmayIncrease

threetimeswithincreaseinclaycontent(Sierraeta1.2005).Inspiteofmimickingtrue

acidsoilconditionsintropics,Alresearchtypicallycarriedoutinnutrientconditions

higherthanthosetypicallyfoundinacidsoilsolutions(GillmarLandBell1978,Blamey

etal.1991,Edmeadesetal.1985,Wenzletal.2003)｡Unfertilizedsoilsolutionof

ColombianSavannasacidsoilsareextremelypoorinnutrients(<1.7mM)(Parkerand

Norvell1999)thoughexperimentsdesignedforlowionicstrengthnutrientsolutionsare

5.4-13.4mM(GillmanandBell1978,Edmeadesetal.1985)..ActualAltoxicityinsuch

highnutrienthydroponicculturealtersbybuildingbetterrootingenvironment(PintTOand

Taylor2004)andflnallyreducestheactivityofmetalionsinsolution(Pintroeta1.1999).

Wenzletal.(2003)reportedthatAltoleranceinlownutrientconditioncan onlybe

mimickedtoactualacidsoilsfortwotropicalgrasses,BrachiariadecumbensandB.

ruziziensis.Okadaetal.(2003)reportedthattherelativeyieldofAl-sensitivevarietiesof

uplandricewascorrelatedwiththeexchangeableCainhighlyweatheredsoilswithlow

cationexchangecapacitysuggestingthatCahasanimportantroleforAltoleranceinacid
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soils.ManysolutionculiurestudieshaveusednutrientandAIconcentrationswhichare

farfromthosefoundinthesoilsolutionsofacidsoils.Moststudieshavefocusedonthe

effectofAl toplantadaptation(Foy1992,Kinraide1997)｡Tomyknowledge,

deteminationofprimaryfactorforbettercropproductioninacidsoilnotyetbeencarried

outexceptforWenzletal.(2003)fortwoBrachiariaspp.Therefore,Clarificationof

eachstressconditionisneededtodifferentiateAltoxicitywithotherstressfaetoTS

occumngintrueacidsoil.

ソJjiù壬Ntew乱叩杷雨o)-Lt'Ail加曲柑】紳輔 沌勺叩克爪劉盲lac洞so最JfLs

lonicstrengthofSavanasacidsoilhasbeenreportedaslowas<1.7mM (1.3-1.7mM

ingeneral)whichuponfertilizationincreased5.4-13｡4トIM(Edmeadesetal.1985)｡This

ionicstrengthwasfarlowerthan theacidsoil'sinAustraliaandNewZealand(Gillman

andBell,1978).Itwasimperativetoknowtheactualsituationofcropproductionin

actualacidsoil.ThereareSOmanyWOrksonAltoleranceorAltoxicitywhichwas

mainlycarriedoutinnutrientmedium.Onthecontrary,tillnow,veryfewresearchers

focusonthisaspectofAltoleranceinlownutrientmedium.

r/｡11.5Oibjcc雨ves

TropicalacidsoilcontainsnotonlythetoxicconcentrationofAlbutlownutrient

availabilityisalsoamajorfactortobeconsidered.Wedonotknowwhatistheprimary

factorfortheselownutrientacidsoilsandtheregulatingfactortotoleratebothstress

simultaneously.Objectivesofthepresentstudyweretoknowthepmmarystressfactor
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amongbothstressconditionsandtoknowtheroleofmineralstoregulatecombined

stressconditions.

7.2MaterialsandMethods

'/｡:')･JLSttD岨:r代冊S⑬:f-sq!e舶aiL'i滴h･eぬgmllds

TheseedsoflndieatypeBangladeshriceeultivarswerecollectedfrom the

BangladeshRiceResearchlnstitute,Gazipur,Bangladesh.SeedsofJaponicacultivars

werecollectedfromtheFacultyofAgriculture,YamagataUniversity,Japan.Seedsof

Sasanishikipedigreecultivarswereeollected丘omtheFacultyofAgriculture,Yamagata

University,Japan;ShonaiBranchStation,YamagataPrefecturalAgricultureExperiment

Station,Yamagata,JapanorNationallnstituteofAgro-EnvironmentalScience,Tsukuba,

Japan.Allthechemicalswerepurchasedfrom WakoPureChemicalhdustriesLtd.,

Japanunlessotherwisestated.

'/.71｡?.lLo7L.rlgL･せejtl.nJlnlLtO臨･凱ILAC把SITol.q･A3L9兄ovyitn,LIJqCltlaCMr洞見仙拍Ou甜胞克巳!l既成sltntlqtSSCS:

SeedgerminationandpreculturingwascarriedoutfollowingOfei-Manuetal.(2001).

Brieny,seedspreliminarilysoaked1dwerespreadonnylonscreenthatwasputona

polypTOPylenecontainerfilledwith9Loftapwaterunderaerationat27oCincultivation

rootandgermination.JustaReTsprouting,Seedlingsweretransferredtotheglasshouse

forpTeCultuTing.

Seedlingswerepreculturedfor5daysina40Lcontainerfilledwithtapwaterunder

aeration.Thetapwaterwasrenewedevery2daystopreventthenutrientdeficiency.

ThentheseedlingsweretransplantedinapleCeOfPVCtubesupportedbysaf&on.ARer
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transplanting,seedlingswereculturedin1/5thfu11nutrientsolution(compositionofhll

nutrientsolutionhasbeengivenhereafter)inthe40Lcontainer.Fullnutrientsolution

composedof2.86mM NH4NO3,1.43mM NaNO3,0,26mM NaH2PO4･2H20(Kanto

ChemicalC0.,Inc.,Japan),0･77mM K2SO4,2mM CaCl2･2H20,1｡7mM MgS04｡7H20

(KantoChemicalCo｡,Inc., Japan),36トIM FeS04｡7H20,18LIM MnS04｡5H20,37トIM

H3BO3(KantoChemicalCo.,Inc.,Japan),3トIMZnC12,0｡16トIMCuS04｡5H20,0｡05トIM

(NH4)Mo7024･4H20.Fourtreatmentswereappliedasfollows:1)Control(adequate

nutrient,AN;pH5.2);2)AlinAN(a洗erfiltrationwithamembranefilterhavingpore

sizeofO･45トImSOlubleionicAIrangedfkom48LIMto37トIMandsolublePranged丘om

6.1to5.2;pH4.3);3)lownutrient(LN)(1/5thconcentrationofnutrientsusedforAN;pH

5.2)and4)AlinLN(afterfiltrationwithamembranefilterhavingporesizeof0.2トIm

solubleionicAlrangedfrom45トIMto37トIMandsolublePrangedfrom 6｡1to4.0;pH

4.3).

IntheAltreatments,themean solubleionicAIconcentrationof42.6LIM Al was

obtainedbymixlng370トIMAland230トIMPandallowlngStandingfor1d｡Thesoluble

ionicconcentrationsofAlandPweremeasuredeverydaybyinductivelycoupledplasma

atomicabsorptionspectrophotometer,ICP-AES(Libe氏y220,VarianAustraliaPtv｡Ltd.,

Australia)andhavebeenpresentedinFig.1AandB.IfthesolublePconcentrationgoes

belowtheaskinglevel(0.2ppm)requiredamountofPwassupplementedtothesolution.

ionicactivityofAlinthesolutionswerecalculatedbycomputerprogram byWadaand

Seki(1984).Theseedlingswith4replicationsweretreatedfわr5wkunderaerationwith

dailypHmaintenanceandweeklyrenewaloftheculturesolutions.Seedlingswere
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separatedintoshootsandrootsa鮎FhaⅣest,thoroughlywashed,driedfor3dat70oCin

dra氏oven,andweighed.

7.2.3Calculationoftolerances

Thestresstolerancesof蝕erespectivecropswerecalculatedas%relativegrowthwith

respecttotheplantdryWeight,i.e｡

%AltoleranceinAN-

%AltoleranceinLN-

DryweightinAN+AL

DryweightinAN

DryweightinLN+Al

Dryweightin L N

%lownutrienttoleFanCe=

%Combinedtolerance-

DryweightinLN

DryweightinAN

×100

×100

×100

DryweightinLN+Al

DryweightinAN
×100

I/｡?,e′:1AI.帽InyS;lS①1'FlT.(!lilLは山,61!l摘雨iA¢MrDlb!lLV:i-St%jr!TnTl'D帖S

Dryyootandshootsampleswerehomogenizedand0.1gofeachsampleswereせaken

foranalysis.Wetashingofsamplesweredonebyadding4mlofacidmix吐汀e

(HNO3:60%HCIO4=5:3,Ⅴ/V)tothesampleandhealing.Theashwasresolubilizedwith

1MHClfollowedbydeionizedwaterwithrepetitionsandfiltered｡MeasurementofP,K,

Ca,Mg, Fe, MnandAIconcentrationinthesamplewascarriedoutbyinductively

coupledplasmaatomicabsorptionspectrophotometer(ICP-AES, Liberty220, VaFian

AustraliaPvt.Ltd｡,Australia).

Calcium tranSlocationcapabilitywascalculatedasbelow-
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Catranslocationcapability=
Cacon°.inshoot
Caconc｡inroot

7.3Results

AveTageAltoleranceinshort-tem slnglenutyientsolutionofallthecultivarswas

43.3% (Fig.7.3).AltoleranceWasintheorderofRikuu-132, Kamenou>Sasanishiki,

BR41>>>Aikokuu,fukuu-20, Domannaka,BR34.h long-term experimentthewhole

plantaverageAltoleran cewas83% and72% inANandLNconditionrespectively(Fig

7,4A,B).AIstressinbothnutyitionalconditionsdecreasedtheplantgrowth,buttoler弧t

andsensitivecultivarsmaintainedidenticaltendency1.e.WholeplantAltoleranceinAN

wasin theoTdeTOfBR41,Sasanishiki>fukuu-132,Kamenou>>> Domannaka>

Aikoku>fukuu-20,BR34andwholeplantAltoleranceinLNwasintheorderOfBR41>

鮎kuu-132, Sasanishiki>Domannaka>Kamenou>>>BR-34,fukuu-20>Aikoku(Fig.

7.4A,B).

LownutrienttolerancewasalmostreverseconditiontoAltolerancesexceptfor

fukuu-132(Fig7.4C)andAIsensitiveplantsshowedratherhigherlow nutrient

tolerances.Incombinedstresscondition,1.e.COmbinedtolerancedidnotfわllowedany

trendandareinrandom orderwhencomparedwithAltoleranceandlownutrient

tolerance.Further,thecombinedtolerancedidnotshowanycorrelationwithAltoleran ce

orlow nutrientconditions(Table7.1).Short-tem Altoleranceshowedsignificant

positiverelationshipwithAltolerancesinbothnutyition(ANandLN)conditions(Table

7.1).Significantnegativecorrelation(R2--0.884**)wasobservedbetweenrootAl
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concentrationandAltoleranceinLNcondition(Fig｡7.5A).Ontheotherhand,rootAI

concentrationdidnotshowedanyrelationshipwithcombinedtolerance(Fig.7.5B).

Caconcentrationintheshootshowedsignificantpositivecorrelationwithcombined

toleranceofshoot(R2-0.507*)indicatingtheCaintheshootplayingthemostimpo頭ant

roletoameliorateorminimizethecombinedstresscondition(Fig.7.6).However,

withoutcombinedstressconditionthisCadidplayhisenthusiasticrole(Fig.7.6).

Typicalcultivarswereisolated丘omtheresultsobtainedinthisexperiment‥Itcould

befoundthatRikuu-132istoleranttohighAlandcombinedstresscondition.BR34was

mostsensitivetoAlbuttoleranttolownutrientconditionfinallythisgreatertoleranceto

lownutrientmakesithighcombinedtolerant.Ontheotherhand,Sasanishikiistolerantto

highAlbutsensitivetolowmtrientstresswhichfinallyshowsitslowertoleranceto

combinedstresscondition｡ConsideringlownutrientasthemainregulatingfactortO

determinecombinedtolerance,CatranslocationcapabilitywashighestinRikuu-132for

low nutrientstressconditionwhichwasfollowedbyBR34(Fig.7.7).LeastCa

translocationfromroottoshootwasobservedinSasanishiki.
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AI AI Sh◎招魂eFm 』◎W e◎mbiRed
息◎leFanee を◎leFa円ee Al 円u緬e雨 竜◎leFaRee
iRAN j円』N を◎leFaRee 官◎BeFaRee

尉官◎leFa円eei円
AN

Al官◎leFa円eei円
LN

Sh川-ト的nyli'射
tolerance

Lownutrient
to一erance

0.711★ 1

0.88車 軸 0.808虫 1

凋.638 -8.389 -0.609 1

eombined -8,塾卑9 -0.187 -◎｡30◎ 8.605
tolerance

Table7.2:IsolationoftypICalcultivarsandit'scause

Rikuu-132

Sasamishiki

BR34

:Altolerantandcombinedtolerant

:Altolerantbutcombinedsensitivedueto

highsensitivitytolownutrientstress

:AIsensitivebutcombinedtolerancedueto

hightolerancetOlownutrientstress
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7.4Discussion

loniestrengdlOfSavanasacidsoilhasbeenreportedaslowas<1｡7mM (1ふし7mM

ingeneral)whichuponfertilizationincreased5.4-13｡軸M(Edmeadesetal｡1985).This

ionicStrenghwasfarlowerdlan theacidsoilsinAustraliaandNewZealand(Gillman

andBell,1978)｡WatamabeandOkada(2005)alsofoundlessAlionactivitywhile

ineTeaSedCaGOneentrationinthemedium.Inthepresentexperiment,AltoleranceinLN

islowerthan thatwasfoundinANConditions.hthisexperiment,Ⅰusedasolution

havingionicstrengd14｡5mMwhichmimicksAustralianandNewZealandaeidsoil.

AIconcentrationintherootisslgnific弧tlyrelatedwithAlConcentrationintheroots.

Pinerosetall(2005)alsofoundnegativecorrelationAltoleranceWithrootAI

concentrationinmaizecultivars.Altolerancedidnotshow anyrelationshipwith

combinedtolerance(Table7.1).ThemechanismforAltolerancewouldbedifferent&om

themechanismoftoleranceincombinedstressconditions.PlantphysiologlCalfunction

mightdifferentlyresponsetothesestressconditions.Combinedtolerancedidnotshow

anysignificantcorrelationwithAltoleranceinLNP2-0.187)orlow-nutrienttoleF弧 Ce

(R2-0｡605)(Table7.1).AlthoughtheseAltoleranceandlow-nutrienttolerancedoes

effectindependentlytocombinedtolerancebuteffectoflow-nutrienttoleranceisgreater

than Altolerance(0.605>>0.187)｡Thisresultsuggeststhatbothfactor,Altoleranceand

low-nutrienttolerancesimultaneouslyinteractwithcombinedtoleranceandcontdbution

oflow-nutrienttoleranceisf血greaterthan thatofAltoleranceforrice.Akhteretal.

(2008)alsofoundsimilargreatercontributionoflownutrienttolerancethan Altolerance

tocombinedtolerancewhileusing

108



Inthepresentstudy,rootAIcontentshowedsignificantpositivecorrelationwithAl

tolerance(R2-0.884**)(Figure7.5A).CleardifferentialAIcontentwasalsofoundin

tolerantandsensitivegroupofcultivars.InANnutrientconditionAltoleranceincreases

withthedecreaseinrootAIconnectwhichwasalsoreportedbyseveralresearchers

(Wagatsumaetal.1991,Ofei-Manuetal｡2001,Pinerosetal.2005).

Although,AltoleranceisrelatedmainlywiththeAIstatusintheplantinanynutrient

condition,inthepresentexperimentwhileuslngOnlyrlCeCropforAltolerancestudy,Al

toxicitywasnotfoundasamainfactorinCombinedcondition(Figure7.5B.For

combinedtolerance,CastatuscanbeascribedasthemainfactorforbetterTi£egrowlng

(Figure7.7).Othercoexistingfactorsmayalsohaveimportantrelations.Caalsoshowed

significantrelationpositivelywithMgandFeintheshoot(datanotshown).

Asmoreimportantfactorforplantgrowthinacidsoils,ShootCacontentwasfound

tobeascdbedfわrcombinedtolerance(Figure7.6)｡inthepresentstⅦdy,itwasobseⅣed

thatCatranslocation斤omroottoshootwasgreaterinreasonablyincombinedtolerant

cultivar(Rikuu-132)(Fig.7.7).Ontheotherhand,leastCatranslocationwasobservedin

AltolerantbutcombinedsensitiveSasanishiki.Amongtheselectedtypicalcultivars,

BR34wasAIsensitivebutcombinedtolerantwhichshowsintemediatetype ofCa

translocation.TheorderofCatranslocationfollowsthesameorderofcombined

tolerancebutnottheAltolerance(Figs.7.阜and7.7).FurtherCashowedsignificant

positivecorrelationwithMgandFecontent(datanotshown)whichindicatethatuptake

ofthesetwonutrientsalsoregulatedbyuptakeofCa.Wenzletal.(2003)foundthatin

thetropicalsubhumidsavannashavinghighlyweatheredacidsoil,thesusceptibleCrop

plantgrowthisreducednotonlyforAIconcentration,soilpHbutalsoexchangeableCa.
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Babourinaetal.(2005)investigatedpotassium transportintherootelongationzoneof

ArabidopsisseedlingsandsuggestedthatelevatedextemalCaactivitiescansustainK

influxintherootelongationzoneduringAlexposureeitherbymaintaininglCa2']cytor

byaffTectlngAluptakeacrosstheplasmamembrane｡Nutrientuptake&omthemediumis

nottheonlymechanismforefficientgrowinginlowfertilesoilbututilizationefficiency

oftheuptakennutrientswhichimpliesspeeifiephysiologlealmechanism isalso

important(Renge12003,Sattelmacheretal.1994)｡

7.5Conclusion

Consideringthecomplexstressconditionoftropicalacidsoils, highAlandlow-

nutrientwouldbediemajorgrowthlimitingfactors｡Forcombinedtolerance(toleranceto

highAlalongwithtolerancetolow-nutrient), although bothfactoriscontribution

simultaneously,low-n血 ientto且erameeis血epmmaFyregulatingfactor.Thislow-nuiFient

toleranceisControlledbytheCauptakeandtranslocationfromroottoshoot.Further

considerationisneededtoknowtheroleofothernutrientsforcombinedtolerance.
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AltoleranceofIndicarice(fromBangladesh)cultivarsweremorewidelydistributed

than JaponicariceeultivarsthoughIndicariceweremoresensitivetoAlthanthatof

Japonicaricecultivars(Fig.2.1).Maetall(2005)alsoreportedsimilarhighersensitivity

toAlforlndicaricecv.KasalaththanJaponicacv.Kushihikari.ThesensitivecultivaTS

alsoshowedgreaterAlaccum ulation(Fig.2.2)andPM permeabilization(Fig.2.3)

indicatinghighernegativesiteinthePM (greaterAlaccumulation)andfinallyPM

showedgreaterpemeabilization.A洗erhigheraccum ulationofAlintherooトtipcells,

PM ofthecellsbecamepermeabilizedwhichisshowninpermeabilityexperimentby

FDA-PIstaining(Figure5).Higherzetapotentialoftheroot-tipcellsPM ofsensitive

cultivarsisliabletobindmoreAlonitssurface(Wagatsum aetal.1991)whichintem

makesthePM pemeablea洗ermakingpartialrigidificationinthePM (Ishikawaand

Wagatsuma,1998)｡Yemiyahuetal.(1997)andAhnetal.(2004)alsostatedthatthe

differencesinthemagnitudeofnegativechargesonthesurfaceofthePMdifferentially

attractthepositivelychargedAlionandaltersphospholipidsprofile.

Ingeneral,Alremainsashexahydratedfom inaqueousmedium .Ontheotherhand,

phospholipidsofthePM remaindispersedintheliquidcrystalstateandembedded

proteinswhichmanifestmaximalbiologicalactivitymovesfreelyinthisnuidphase

(Leshemetal.1992).Whennegativelychargedphosphategroupofphospholipidscomes

incontactoflAl(H20)6]3',theybindtogethercovalently(Caldweu1989)allthewater

moleculesofhexahydratedAlandmaximum watermoleculesofphosphategroup(7-8
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moleculesofwater,Cevc1982)dehydratedbyEigenmechanism (Ishikawaand

Wagatsuma1998).Thistypeofbindingcharaeteristiesofphosphatesandproteingroups

ofthePMhavebeenreportedbyseveralresearchers(Ahnetal.2004,Chenetal.1991,

Ishikawaetal.1996,ⅠshikawaandWagatsuma,1998,JonesandKochian1997,

Wagatsumaetal｡1991).Bydehydrating,dispersedphospholipidmoleculesinthenomal

PM,looseit'shydratedfom asaresultmembraneinaliquidcTyStalstatebecomesdgid

andgel-like(HauserandPhillips1979,Chenetal.1991,Leshem 1992).Thepa£king

areabecomesmorehydrophobica洗erthisdehydration(IshikawaandWagatsuma1998).

ThistypeofdecreaseinmembranenuiditywasalsoreportedforThermoplasma

acidophilumforisolatedandintactcellmembranes(VierstraandHaug1978)｡

AmongthecultivarspresentedinFig.2.1,SasanishikishowedoutstmdingAl

tolerance.Ⅰnthenextstage,characterizationofthemechanismsunderlyingvariationsin

AltolerancebetweenthetolerantcultivarRikuu-132andthesensitivecultivarRikuu-20,

bothofwhichafeanCeStOrCultivarsofthesameSasanishikifamilylinewerestudied(Fig.

3｡1B).Thisriceev.SasanishikiwasbredatFurukawaAgriculturalExperimentStation,

Japanin1963,cultivatedvastlyasoneofthemostfamousandpopularricecultivaT

especiallylnTohokudistrict, northeastareainJapan,in1980'S-1990'S.Ancestor

cultivarsshowedawiderangeofAltolerance(from 23to60%)(Fig.3.1A),and

originatedfromAトtoleTantand-sensitiveancestors.Thefamilytreesuggeststhatgreater

AltoleranceofSasanishikiisConsideredtobeomginatedbasicallyfromtheーmostA1-

tolerantKamenoo(17)whichwasbredbyafarmingbreederin1893.Basedonthe

resultsinFig｡3.1B,IselectedKamenoo(17)andRikuu-132(.18)asthemostAトtoleFant
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eultivarsandRikuu-20(2)andAikoku(7)astheAトsensitiveeultivarswithintimate

geneticconnectionsforthelaterStageOfmoredetailedexperiments.

DifferentialPM permeabilitieswerefounda鮎F24hofAltreatment, i.e., less

permeabilizationofPMinAトtoleranteultivarsKamenoo(17)andRikuu-132(18)(Fig.

3｡4).DifferentialAlaccumulationwerealsofounda洗er24hofAltreatment,i.e.,lessAl

accumulationinthefomertwoA1-tolerantcultivars･Consequently,PMpemeabilities

a洗er24hofAltreatmentWasConsistentwiththosea洗erlhofAltreatment(Fig.3｡4)｡In

astudy,Ofei-Manuetal.(2001)FePOTtedsimilartendencies:lessAlaccumulationand

lessPMpemeabilizationinA1-tolerantwoodyplantspeciesalsoa洗ershort-termOfAl

treatment.Ishikawaetal.(2001)reportedlessPM pemeabilizationinAl-tolerant

cultivarsthanthatofAl-sensitivecultivarsamongfiveCrops.Finally,ltisobviousthat

AトtolerantplantsandcultivarsaccumulatelessAlandshowedlessPMpermeabilization.

ThereareseveralexpectedmechanismsforAltolerance.Amongalreadyreported

mechanismsforAltolerance,OAexudationismost丘･equentlyreported(Kochian etal.

2004).AlthoughOAexcretionisconsideredasamajorandwidelyapplicablemechanism

forAltoleranceinmanyplantspecies,cultivarsandlines,thisdidnotexplainthe

variationinAltolerancebetweenRikuu-20andRikuu-132.Inthiscase,thesensitive

cultivarRikuu-20exeretedmorecitratethanRikuu-132, whilenodifferencewas

observedinmalateexcretion(Fig.4.2).ThissuggeststhatotherA1-tolerancemechanisms

mayaccountforthedifferenceinAltolerancebetweenthesecultivars.Previousresearch

inricehasindicatedthatvariationsinAltolerancearenotassociatedwithOArelease

(Ishikawaetall2000,Maetal｡2002,Yangetal.2008).WhilestudyingOAexudationin

sorghum,maizeandsoybean,Iidentifiedthatonlymaizecitrateexudationmaypartially
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beexplainedforgreaterAltolerance(Fig.6.2)｡Althoughcitrateexudationformaizealso

beenreportedbysomeotherresearchers, Pinerosetal.(2005)couldnotfindany

correspondenceofAltolerancewithcitrateormalateexudationthoughtheycouldnot

suggesttheactualmechanism.

Toidentify themaincausestoinducelessAlaccumulationandlessPM

permeabilizationinAトtolerantricecultivars(Fig.5.4and5｡5), Iinvestigatedthe

relationshipbetweenAltolerance, PM permeabilization,Alaccumulationandlipid

compositionofrootJipportionaswehavealreadynoticedtheslgnificanceofPM and

relatedcharacteristicsinAltolerance(IshikawaandWagatsuma1998,Ofei-Manuetal.

2001,Ishikawaetal.2001,Wagatsum aetal.2005a,b).

Whiletreatmentswithsterolmetabolisminhibitorsespeciallywithuniconazole-P,

decreased>AltolerancepredominantlyofAl-tolerantRikuu-132, butonthecontrary,

therewerenosignificantinhibitoryeffectforA1-sensitiveRikuu-20(Fig.5.10A).

Althoughweinvestigateduslngtheselectedtwocultivarswithboth extremeAl

tolerances,similarresultscanbeexpectedbasedonthesimilarresponsesofothertwo

cultivarswithbothextremeAltolerancestosterolmetabolisminhibitors(Fig.5.10B).All

sterolmetabolisminhibitorswerefoundtoinducealsogreaterPMpermeabilizationand

AlaccumulationonlyforA1-tolerantRikuu-132(Fig.5.4,5.5).Exceptforphospholipids

inAltreatmentforRikuu-132, △5-Sterolsweredecreasedandconverselyphospholipids

wereincreasedbyallthetreatmentswithAl,inhibitorsandAIwithinhibitors(Fig｡5.8).

However,thecausesfortheincreaseinphospholipidsafterinhibitortreatmentwasnot

clear｡Tomyknowledge,thisisthefirstreporttOShowtheincreaseinphospholipidsa鮎r

idIibitortreatment.
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ThesensitiveeultivarRikuu-20hadagTeateTPFOPOTtionofphospholipidsthanthe

tolerantcultivarRikuu-132.ThisisonepossibleexplanationforthedifferenceinAl

tolerance(negativeCorrelationbetweenAltoleFanCeandlipidratio,i.e｡,R2-0.667*,Fig.

5.9).Althoughididnotdeterminelipidcompositionintheisolatedpus,ineFeaSed

pemeabilityandAlaccumulationintheroottipofRikuu-132suggestedthatPMlipids

mightbemodifiedastoincreasetheratioofphospholipids.Thispossibilitywas触 heF

supportedbypharmaceuticalCharacterizationofAltoleranceinRikuu-20,Rikuu-132,

andtheparentcultivarsKamenooandKyoku,whichsuggestedthatmembranelipid

make-upcontributedtohigherAltoleranceinRikuu-132(Fig.5.8)｡ARerinhibitingA5-

SterolssynthesisinthetolerantRikuuo132,therelativeratioofphospholipidsinroottip

membraneswasincreased(Fig.5.9).Thegreaterproportionofphospholipidsinthe

sensitive～cultivarRikuu-20maye血anceAlaccumulationandPM permeabilityviaa

complexmechanism.AccordingtotheGouy-Chapmann -StemmodelofAIThizotoxicity,

agreateramountOfphospholipidsinRikuu-20couldleadtoincreasedAIconcentration

atthePMsurfacethaninRikuu-132,duetothegreaternegativechargeofthePMsurface

createdbyphospholipids(Kinraide1999).Ontheotherhand,theDeljaguiかLandau-

Verway-Overbeek(DLVO)theorywouldpredictthatagreateramountofphospholipids

increasesmembraneleakinessinRikuu-20,becausethegreateramountofpackedAl-

phospholipidsincreasespermeabilityofthemembrane(Wagatsumaetal.1995).This

couldbethemechanismbywhichthesensitivecultivarRikuu-20accumulatedmoreAl

thanthetolerantcultivarRikuu-132.

ThedifferentialresponsetoinhibitorsofA5-sterolssynthesisinRikuu-132suggests

thatanaltemativemodelmayexplaindifferentialAltolerance.BothfenpTOPlmOrPhand
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uniconazole-PenhancedAIsensitivltyinRikuu-132.However,theseinhibitorsinhibit

differentenzymesinthe△5-sterolssynthesispathway(Fig5.2)｡Fenpropimorphinhibits

cycloeucalenolobtusifoliolisomerase(Col)astheprimarytarget(Burdenetal｡1987;

Grandmouginetal.1989), whileuniconazole-Pinhibitsobtusifoliol-1触-demethylase

(OBT14DM)(Haughanetal.1988;Rademacher2000).As aresult,eachinhibitor

producesadifferenttypeofabnormalsterols.FenproplmOrPhtreatmentproduces24-

methylpollinastanol,24-dihydrocycloeucalenol,andcycloeucalenol, anduniconazole-P

treatmentproducesobtusifoliol,dihydroobtusifoliol,and l触 -methyト△8-ergostenol･

BecausetheseabnormalsterolshavelargerVanderWaalsvolumes(Milonetal,1989),

theymayincreasepermeabilityofthePM (Dahletal.1980)｡ Basedoncomputer

modeling,abnormalsterolsresulting丘om uniconazole-PhavelargerVanderWaals

volumethanthoseresultingfromfenpropimorph(seeAppendixSlinSupplementary

material).Thismayaccountforgreaternegativeimpactofuniconazole-PonAltolerance

ofRikuu-132.

Inthepresentstudy, weidentifiedthedifferenceinmembranelipidcompositions

betweencontrastingAトtolerantand-sensitivericecultivars.Thesensitivecultivar'sPM

hadagreaterproportionofphospholipidscomparedtothetolerantcultivaT,Whichmay

accountforAltoleran ceinthetolerantcultivar.Ourresultssuggestthattherelative

amountofA5-sterolsisanimportantfactorinAltoleranceinsomericecultivars･

AlthoughthedifferencebetweentolerantandsensitivecultivaTSWasSmall,similardata

hasbeenreportedpreviouslyforwheatcultivaTS･Thatis,alowerphospholipids/△5-

sterolsratioincontrolrooトーipswasobservedintheA1-tolerantcultivar(Zhangetal.

1996).Inaddition,Ryanetal.(2007)recentlyreportedthatgeneticallymodified
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ArabidopsisthalianawithalteredmembranelipidsshowedgreaterAltolerance｡Inthis

case,overexpressionofthe△8-Sphingolipiddesaturasealteredtheglucocerebrosideside

Chain,whichmayhavereducedpemeationofAlintothecytosolbystabilizingPM

duringAltreatment･TheseresultsalsosuggestthatPM lipidcompositionplaysa

slgnifieantroleinAltolerance･Furtherresearch, suchasComparisonofPM lipid

compositionamongdifferentplantspecies, mayleadtogreaterunderstandingofthe

slgnificanceofPMlipidsinplantAltolerance.

FenpropimorphconsiderablydecreasesphytosterolswithleastvanderWaalsvolume

(Milon et al｡ 1989), instead considerably increases in cycloeucalenol, 24-

dihydrocycloeucalenoland24-methylpollinastanolwithintermediatevanderWaals

volume(Grandmouginetal.1989).Ontheotherhand,(2RS,3RS)-paclobutrazoland

uniconazole-Pconsiderablydecreasesinphytosterols,insteadconsiderablyincreasesin

obtusifoliol,dihydroobtusifoliolandl触 -methyl-△8-ergostenolwithgreatestvander

Waalsvolume(Figs.5.2and5.ll).AtleastapartOfthedecreaseinthesummarized

amountsof△5-sterolsandphospholipidsascomparedwiththoseincontrolisconsidered

astheincreaseinabno-alsterolsinPM a洗erAlwithinhibitortreatments(Fig.5.4).

Abnormalsterolshavingl舶 -methylgroupsuchasobtusifoliolinducesthegreatestvan

derWaalsvolume(Milonetal.1989);thisinducesthegreatestnexibilityorpemeability

(Dahletall1980)･Abno-alsterolshaving14α-methylgroupaccompaniedwitha9β,19-

cyclopropanenngsuchascycloeucalenolinducestheintermediatevan derWaals

volume;thisinducestheinte-ediatenex阜bilityorpermeability(Schuleretal･1991,

Cerdonetal.1996).Phytosterolswithout14α-methylgrouphastheleastvanderWaals

volume;thisinducestheleastnexibilityorpemeabilityofthemembrane(Dahletal.
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1980,Milonetal｡1989).DiffeTeneeSinAltolerancesa洗erthetreatmentswith

paclobutrazolanduniGOnaZOle-PinspiteofsameinhibitorytargetwillbeasGribedtothe

complexityoftheirstereochemicalstTuC餌eswhichinduGecomplicatedsidereactions

relatedtoplanthomone(GA),steTOIsandodlerPlantconstituents(Burdenetal.1987,

RahierandTaton1997,Rademacher2000).

SignificantexponentialnegativecorrelationwasobservedbetweenAltoleranceand

themolarratioofphospholipids/A5-sterols(Y- 81.1e-0･88x,R2- 0.668*)(Fig｡5.9).

However, noslgnificantrelationshipcouldbefoundbetweenAltoleranceand

phospholipids(R2-0.604NS)orA5-sterols(R2-0.548NS)(datanotshown).Fromthese

relationships,itissuggestedthatthesimultaneousstatusoflipidcompositionwithless

phospholipidstogetherwith greateTA5-sterolsismoreeffectiveforAltolerance;the

formersta仙swillcontributetothelessAlbindingsiteswithlipidlayers,andthelatter

statuswillcontributetothelesspermeabilizationoflipidlayers.Evenincontrol

treatmentPhospholipids/△5-slerols(0.41土0.003)waslessinA1-tolerantcultivarthanthat

ofAトsensitivecultivar(0.51土0.007).ThistendencyagreedwithZhangetal.(1996)

wherephospholipids/A5-sterolsofmicrosomes丘omroot-tipsofAトtolerantwheatwas

slightlylessthan thatofAl-sensitiveone.ThisindigenouslipidGOmPOSitionwillalso

beneficialforthelesspemeabilizedmembranekom thestartofAltreatment.

HigherglucocerebrosidesinAhtolerantcultivar(Rikuu-132)andconsiderabledecrease

inglucocerebrosidesa洗ertreatmentwithAl+inhibitoralsosuggeststheslgnificanceof

theglucocerebrosidesinAltolerancebyHPTLC(Fig.5.5)｡Althoughglucocerebrosides

withnomalfattyacylchainisreportedtobeabletocontributetotheless

permeabilizationandhigherAltoleranceinArabidopsis(Ryanetal.2007),greater
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contribution of A5-sterols as compared with glueocerebrosides to the less

pe-eabilizationisexpectedbecauseofthegreateroccupationofA5-SterolswithinPM

relativetoglucocerebrosides.Finally,wespeculatedasfollows:a洗erbindingAlions,

dispersedphospholipidsmoleculesinthenomalPM willbedehydratedandfom a

partialpackingareaasaresultofsalting-outeffectbasedonDL'votheory(Wagatsuma

etal｡1995).LessfomationofpackingpreaafterdehydrationandgTeateFA5-SteFOIswill

inducelesspemeabilizationwhichismorebeneficialforgreaterAltolerance.The

greatestadverseeffectsofuniconazole-PonPMpermeability,AlaccumulationandAl

tolerance(Figs.5.4,5.55.10)conclusivelysuggestOBT14DMasapromisingtargetfor

futureresearchonAltoleranceatleastinrice.Thesefindingswasalsosupportedbythe

laterstageofexperimentswhereseveralcrop specieswereanalyzedforPM

pemeabilization,Alaccumulationandlipidanalysis(Figs.6.2-6.6).Theseresultsshows

thatexceptforsoybean,tolerantandsensitivecultivarsorlineswithinthesamecrop

speciesshowedsimilartendencytotolerantandsensitivecultivarsOfrice,respectively.

Thenegativesiteofplasmamembrane(PM)fromrootJipportionbindsalum inum

(Al)covalently.Thisnegativechargeofiginated丘om thephosphategroupsof

phospholipidsandcarboxylgroupsoftheproteininthePM(NagataandMelchers1978).

Okaetal.(1988)estimatedsurfacenegativityofrootsofVignamungobyusingabasic

nuorescentdye,9-aminoacridine.ByusingTb3'phosphorescenceCaldwell(1989)

demonstratedthatPMofAIsensitivewhatcultivar(Anza)bindsAIwithahigheraffinity

thananAltolerantcultivar(BH1146).WagatsumaandAkiba(1989)suggestedthatAl

toleranceincreaseswiththeincreaseofaveragezetapotentialofrootprotoplast.

Wagatsumaetal.(1995)proposedanewtechnique(PCSM-positivelychargedsilica
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microbed)toisolateAトtolerantprotoplastbasedonDLVOtheoryandsuggestedthatthe

areasofPMrichinnegativelychargedsitesarespecificallyandpreferentiallysusceptible

toAトtoxicity.Ishikawaetal(1996)studiedComparativeresponsetoothertrivalentmetal

ions(e｡g.Yb3',La3')totheroot-tipcellsdifferinginAltoleTaneeandsuggestedthatAl

bindstothenegativesitesofPMwithhighestionicpotentialandtherea免eTdehydrated.

Wagatsumaetal.(1991)demonstratedthatAltoleranceofroot-tipprotoplastscanbe

measuredbyuslngmethylenebluewhichisabasicdyeandcanbindwiththenegative

sitesofPMandexhibitablueColorandsuggestedthatwiththeincreaseofA1-tolerance

bluecolorintensityincreasesindicatingalowsurfacenegativityintheseprotoplasts.

PhospholipidsofPM istheprimarySiteforAltoxicity(TakabatakeandShimmen

1997,JonesandKochian,1997).Yemiyahuetal.(1997)suggestedthatPM suyface

negativityandAIsorptivecapacltyProbablyresponsibleforsomeofthesensitivityto

A13+･A鮎rbindingwithA13+ions,dispersedphospholipidmoleculesintheno-alPM,

looseit'shydratedfom asaresultmembraneinaliquidCrystalstatebecomesrigidand

gel-like(HauserandPhillips1979,Chenetal.1991,Leshem1992).Thepackingarea

becomesmorehydrophobica洗erthisdehydration(IshikawaandWagatsuma1998).This

typeofdecreaseinmembranenuiditywasalsoreportedforThermoplasmaacidophilum

forisolated and intactcellmembranesuslng electron paramagneticresonance

spectroscopy(VierstraandHaug1978).

Basedontheabovediscussion,aschematicrepresentationofAトtolerantandA1 -

sensitivePM ofwheatandmaizehasbeenpresentedinFig.8.1.Aswheatmalate

exudationonsamelinehasalreadyclarified(Sasakieta1.2004)andmaizecitrate

exudationwaspartlyconnectedwithAltolerance,lnthisfigure,PMlipidbilayerwith
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lessPMnegativity,lesspemeability(duetogreateramountof△5-sterols)aswellasOA

exudationhasbeenascribedforhigherA1-tolerance.SchematicrepresentationforA1-

toleranceinsorghum,tTiticaleandricehasbeenpresentedinFig｡8.2.Forthesethree

cropspecies,tillnow,OnlysuggestedAltolerancemechanismislessPM negativity

(ascribedaslessphospholipids)andlesspemeability(ascribedasgreateramountof△ 5-

sterols)couldbesuggestedasthemechanismofAltoleFanCe｡Futuremodellipidlayer

withgreaterAltolerancehasbeenrepresentedschematicallylnFig.8.3｡ItCanbe

suggestedthatAl-tolerantPM containsgreaterOAtransporter,lessphospholipids/△5-

steTOlratioandgreatersphingolipids(Z-isomer).ThesePMfeaturesmayberegulatedby

thegeneswhichfinallydeteminesthesespecialfeatures.EventhoughICouldnot

suggestspecificmechanismofAltoleranceforsoybean ,butitcouldbesuggestedthatAl

tolerancemechanisminsoybean isneitherOAexudationnorlesslipidratio.Molecular

andgeneticanalysISishrtherneededtomakecropplantwiththesespecialfeatures

whichconfersA1-tolerance.
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Inpracticalsense,tropicalacidsoilsconsistsnotonlythetoxiclevelofAlbutthere

areothermajorgrowthlimitingfactorslikelow nutrient.Afterinvestigationina

CombinationofhighAlandlow-nutrientConditionforlong-tem,itwasalsofoundthatin

combinedstressConditions(highAlandlow-nutrient),bothfactorssimulbneouslya錯Teet

onthegrowth(Table1).

Inthepresentstudy,rootAIcontentshowedsignificantpositivecorrelationwithAl

tolerance(Figure7.5A)｡CleardifferentialAIcontentwasalsofoundintolerantand

sensitivegroupofcultivars.InANnutrientconditionAltoleranceincreaseswiththe

decreaseinrootAIconnectwhichwasalsoreportedbyseveralresearchers(Wagatsuma

etal.1991,Ofei-Manuetal.2001,Pinerosetal.2005).

Although,AltoleranceisrelatedmainlywiththeAIst如usintheplantinanynutrient

condition,inthepresentexperimentwhileuslngOnlyricecropfわrAltolerancestudy,Al

toxicitywasnotfoundasamainfactorinLNcondition(Figure7.5B,Table7.1).Inother

words,contdbutionoflow-nutrienttoleranceisfurgreaterthanthatofAltoleranee｡A鮎r

findingthistruth,Isearchedthenutritionalreasonsforlow-nutrienttolerance.Icould

findthat,low-nutrienttoleranceismainlycontrolledbyCastabsinplantandcan be

ascribedasthemainfactorforbetterriGegrowing(Figure7.6).Othercoexistingfactors

mayalsohaveimportantrelations.Further,CashowedsigniflCantrelationpositivelywith

MgandFeintheshoot(datanotshown)indicatinggreaterinnueneeofCaforother

nutrientalso.

Asmoreimportantfactorforplantgrowthinacidsoils,ShootCacontentwasfound

tobeascribedforcombinedtolerance(Figure7.6).FurtherCashowedsignificant

positivecorrelationwithMgandFecontent(datanotshown)whichindicatethatuptake
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ofthesetwonutrientsalsoregulatedbyuptakeofCa.Wenzletal.(2003)foundthatin

thetropicalsubhumidsavarmashavinghighlyweatheredacidsoil,thesusceptiblecrop

plantgrowthisreducednotonlyforAIconcentration,soilpHbutalsoexchangeableCa.

Inthepresentstudy,itwasobservedthatCatranslocation倉omTOOLtOShootwasgreater

inreasonablyincombinedtolerantcultivar(Rikuu-132)(Fig･7.7)｡Ontheotherhand,

leastCatTanSlocationwasobseTVedinAltolerantbutcombinedsensitiveSasanishiki.

Amongtheselectedtypicalcultivars,BR34wasAIsensitivebutcombinedtolerantwhich

showsintemediatetypeofCatranslocation.TheorderofCatranslocationfollowsthe

sameorderofcombinedtolerancebutnottheAltolerance(Figs.7｡4 and7.7)｡

Basedontheresults,itwasconcludedthatbothfactor,Aトtoleranceandlowonutrient

toleranceshouldsimultaneouslybeconsideredtosolveacidsoilproblemsinthetFOPICS

butgreateremphasisshouldbeglVentOlow-nutrienttolerance.
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Summary
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Aluminum(Al)tolerancemeChanismshavebeenTePOTtedbymanyresearchersfor

differentcropPlantspecies.Organicacid(OA)anionexudationhasbeenclarifiedas

mainAl-tolerancemechanisminwheat, maize,buckwheat,soybeanandsomeother

cropplantspecies.Ontheotherhand,itwasalsosuggestedthatonlyonemechanismis

notenoughtoexplainAltoleranceeveninonecropplantspecies.Rice,oneofthe

prlmaryCropPlantspeciesintheworld,isfamousforAl-tolerantcropplantspecies,

howeverits.tolerancemechanismisalmostunknown.hthefirststage,Altolerance

mechanismwasinvestigatedwithspecialinterestinplasmamembrane(PM)lipidlayer

usingriceroot-tips(1cm)｡ThereaRer, Altolerancemechanismforothercropplant

specieswasinvestigatedwhetherthesametolerancemechanismisworkingornot.

Inthefirststageofexperiments,investigationswerecarriedouttodeterminetheAl

tolerancemechanismin貞ce(OryzasativaL.)using23Bangladeshi(Indica)and6

Japanese(Japonica)cultivars｡Altolerancewasscreenedwith20トIMAIC13in0.2mM

CaC12solution(pH4.9)for24h.OftheBangladeshicultivars,BRRidhan41andRahmat

werefoundtobemostA1-tolerant,andMoynaandBRRヱdhan34tobemostAl-sensitive

cultivars.OftheJapanesecultivars,SasanishikiandDomannakawerefoundtobeboth

extremesoftolerantandsensitivecultivars,respectively.Hematoxylinstainingofroot-

tlPPOTtionsandroot-tlPSectionsfromAトtolerantcv.Sasanishikiandcv.BR配dhan41,

andA1-sensitivecv.Domannakaandcv.BRRヱdhan34indicatedthatricepossessesan Al

exclusionmechanism.Stainingwithnuoresceindiacetate-propidium iodide(FDA-PI)
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indicatedthatPM pemeabilityofA1-tolerantricecultivarsremainsalmostintact,

whereasevena鮎T1-h Altreatment, thePM ofsensitivedceeultivarsbecomes

permeable.TheseresultssuggestthatPMpemeabilityisthekeyfactorinearlystageof

Altoleranceofrice.

AmongmanyricecultivaTSeverScreened,Sasanishikiwasfoundtobeoneofthe

mosttoleranteultivartohighconcentrationofAlinmedium.However,widevariationof

AltolerancewasfoundinalmostallpedigreecultivarsofSasanishiki.Iselectedand

investigated鮎rtherusingmainlytwocultivaTSWithbothextremetolerancestohigh Al.

ThecultivarRikuu-20wasAIsensitive, whereasacloselyrelatedcultivarthatisa

descendantofRikuu-20, Rikuu-132, wasAltolerant.ThesensitiveeultivarRikuu-20

ShowedincreasedpermeabilityofPMwithin1hofAltreatment.Furthermore,greaterAl

accumulationwasobservedintheroot-tipportionofsensitiveRikuu-20.DifferentialAl

toleranceandAluptakeCouldnotbeexplainedbythedifferenceinthereleasecapability

ofmalateandcitrateassensitivecultivarsecretedmoremalateandcitratethantolerant

cultivarevena洗erAltreatment.LipidcompositionofthePM differedbetweenthese

cultivars･SensitivecultivaTcontainsmorephospholipidsandlessA5-sterolsthantolerant

cultivarsincontrolandAltreatment｡Ingeneral,phospholipidscontentincreasedand△ 5-

sterolsdecreaseda洗erAltreatmenteompaTedtothatincontrolirrespectiveoftheirAl

tolerance.A免erinclusionofsterolmetabolisminhibitorswithAl,greatestincreaseof

phospholipidswasobservedintheAl+uniconazoletreatmentforsensitivecultivar'sroot-

tipcomparedtocontrolandAltreatment･Conversely,greaterdecreaseof△5-sterolswas

observedinAl+uniconazoletreatmentfortolerantRikuu-132｡Also,thetolerantcultivar

Rikuu-132hadalowerratioofphospholipidstoA5-Sterolsthanthesensitivecultivar
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Rikuu-20,suggestingthatthePM ofRikuu-132islessnegativelychargedandless

permeabilized than thatofRikuu-20･Iused inhibitorsofA5-steTOIsynthesis

(uniconazole-P,an inhibitorofobtusifolioH舶-demethylase lOBT 14DM],and

fenpTOPimorph, an inhibitoTOfcycloeuealenolobtusifoliolisomeTaSe)tolowerthe

contentofA5-steTOIsinbothcultivaT･Rikuu-132ShowedasimilarlevelofAIsensitivity

whentheratioofphospholipidstoA5-SterolswasincreasedtomatchthatofRikuu-20

a洗ertreatmentwithuniconazole-P.ThisinhibitorreducedAltoleranceinRikuu-132and

itsA1-tolerantancestorcultivaTSKamenooandKyokutothesamelevelofAltoleTanee

forAl-sensitiveRikuu-20andAikoku.Altolerancewasnegativelycorrelatedwiththe
ratioofphospholipidstoA5-sterolsinroot-tipportionsofbothcultivaTSintheexistence

ofAlandinhibitors｡Thisindicatesthatgreatercontributionofthislipidratioas

phospholipidsmakesmoreSensitive(negativeimpact)andA5-sterolsmakesintact

bositiveeffect)OnPM permeabilizationwhichofferstolerancetoAl.Differentially

inducedpermeabilizationscouldbediscussedbasedonvan derWaalsconformational

differencesinphytosterols(stigmasterol)andabnomalsterols(cycloeucalenoland

obtusifoliol)synthesizedgreateraRerthetreatmentwithinhibitors.Thisisthefirst

investigationwhichsuggeststheslgnificantrolesofrelativeabundanceofA5-sterols

withinPMandofOBT14DMinAltoleranceofrice｡

Inthesecondstageofexperiments,furtherinvestigationswerecarriedoutuslngOther

cropplantspeciestoclaTifywhetherthesameAltolerancemechanismisworkingornot.

IusedtheA1-tolerantandA1-sensitivecultivarsorlinesofsorghum (Supersugarand

Kaneko,respectively),wheat(ET8andES8,respectively),triticale(ST22andST2,

respectively),maize(GolddentKD520andGolddentKD500,respectively)andsoybean
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(EnreiandRyokuheki,respectively)fortheseexperiments.Amongthecropspecies

studied, OnlymaizeshowedgreaterCitrateeXudationforAl-tolerantcultivarinAl

treatment.Forwheat, malateexudationhasbeenreportedasoneoftheAl-tolerance

mechanismuslngSamelines｡Asamatter,icouldconcludethatgreaterOAexudationis

partiallyconnectedwithAl-toleranceforwheatandmaizeonly.Ontheotherhand,

greaterAlaccumulationandPMpemeabilizationwerealsoobservedintheAl-sensitive

cultivarsofallthecropplantspeciesstudied･GreaterA5-sterolandlessphospholipids

contentwerealsofoundintolerantcultivarsorlinesforallthecropspeciesexceptfor

soybean ,althoughthistendencydidnotshowanytrendamongdifferentcropplant

species.Additionally,itwasobservedthatAltreatmentincreasedphospholipidsand

decreasedA5-sterolforallthecropplantspeeies･Thisresultsurelyshowstheexistenceof

thedifferentmechanismforAltoleranceadditionallytothemechanismonOArelease

formaizeandwheat.Noexceptionshavebeenobservedyetinmonocotplantsonthe

greaterlipidratioforAl-tolerance.

Inpracticalsense,majorgrowthlimitingfactorsintropicalacidsoilsarenotonlythe

toxiclevelofAlbutalsolownutrients｡A鮎rinvestlgationunderthecombinationofhigh

Alandlow-nutrientconditionsinlong-term ,itwasfoundthatAltoleranceinfullnutrient

conditionisgreaterthanthatoflow-nutrientconditionsindicatlngSimultaneouseffectof

toxicAlandlow-nutrient｡ThoughAIconcentrationinrootscan explainAltolerance,

however,itcannotexplaincombinedtolerance(highAlandlownutrienttolerance)or

lownutrienttolerance.Fromtheaboveresults,itwassuggestedthatcontributionoflow-

nutrienttoleranceisgreaterthanthatofAltoleranceforrice.TransportcapabilityofCa

toshootswassuggestedasanimportantcomponentforlow-nutrienttoleranceinrice.
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Inconclusion,Idemonstratedforthefirsttimethesignificantroleofplasmamembrane

lipidlayer(especially,sterolmolecule)inAltoleranceandsuggestedalsothesignificant

roleoftranspoytcapabilityforCatoriceshootinbe鴇eTgrowthontTOPICalacidsoils｡
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要 約

アルミニウム (Al)耐性機構は種々の植物で多数報告されている｡有機酸放出はコムギ､ト

ウモロコシ､ソバ､ダイズなどの植物での主要なAl耐性機構とされている｡しかしながら､

A l耐性機構は単一でないことも解っている｡イネは重要作物であり､Al耐性作物として

も有名であるが､その耐性機構は不明である｡そこで､まず最初にイネを用い､根端細胞膜

(pM)脂質層に注目してA l耐性機構を､ついで､イネ以外の植物での同様の機構の関与

を調査した｡

バングラデシュのイネ23品種と日本のイネ6品種のAl耐性を調査した｡その結果､A

l耐性はBRRldhan41､Rhamatが最強で､Moyna､BRRユdhan34が最弱であり､日本のイネ

ではササニシキが最強で､どまんなかは最弱であった｡根端の-マトキシリン染色とFDA-

pI蛍光典色結果から､Al耐性品種はAl排除機構が共通して認められ､また､PM透過性

はA l存在下でも増大しにくいことが明らかとなった｡

Al耐性の強いササニシキのほぼ全部の系統品種に該当する18品種に関してAl耐性を

調査した結果､広範な耐性差を認めた｡それらのなかで､陸羽20号は著しく感受性なのに

対し､その直系の子孫である陸羽 132号は著しく耐性であった｡これら両品種間にも上記

のAl耐性機構の違いが認められたが､根端からのリンゴ酸やクエン酸放出能には差が認め

られず､有機酸放出機構でA l耐性を説明できなかった｡

根端のリン脂質/△5-ステロール (PL/S)比はA l耐性品種の陸羽 132号で小さか

った｡ウニコナゾ-ルPは､obutusifolio1-14α-demethylase(OBT14DM)の阻害剤であり､通

常は極く微量しか含まれていないobutusifbliolなどの含量を増大させ､他方最終生成物であ

るSの含量を低下させることが既に解っている｡また､フェンプロピモーフは､
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CycloeucalenolobutusifoliolisomeTaSe(Col) の阻害剤であり､同様にcycloeucalenolなどを増

やし､他方Sを減らす｡これら二つの阻害剤処理で､陸羽132号根端部のS含量は低下し､

他方pL含量は増加し､その結果pL/S比､A l含有率､膜透過性のいずれもが増大し､A

l耐性は低下した｡ステロール合成阻害剤は根端細胞膜脂質層中のステロール含量を低下さ

せることによって､膜の負荷電性を高め､その結果A lの膜脂質層-の結合能を高め､同時

にabnomalステロール量の増大により膜の透過性を高めるため､A l耐性を低下させると

解釈された｡ステロール合成阻害剤とAlの同時処理のデータを総合した結果､pL/S比と

Al耐性の間に負の相関が認められた｡また､ウニコナゾ-ルP処理でAl感受性品種であ

る陸羽20号､愛国のA l耐性値は変わらないのに対し､A l耐性品種である亀の尾､旭､

ササニシキのA l耐性値は､感受性品種の値にまで低下した｡以上の結果､イネのA l耐性

におけるPM中の△5-ステロールと､0Ⅰ∋T14DMの重要な役割が示唆された｡本研究は､A

l耐性における根端細胞膜脂質の重要な意義を示した最初のものである｡

っぎに､このイネのA l耐性機構が他の植物でも関与しているのかを調査した｡まず､A

l耐性の最強 (T)､最弱 (S)をあらかじめ選抜した｡すなわち､ソルゴーではカネコ｡

ハイブリッド (T)とスーパーシュガー (S)､コムギではET8(T)とES(8)､ライコムギ

ではST (2)とST (22)､ トウモロコシではKD520(T)とKD850(S)を用い

た｡その結果､A l耐性品種間差と根端のA l集積性､膜透過性､pL/S比の品種間差の

間に､イネと同様の傾向を認めた｡しかしながら､ダイズ品種間では､この機構の関与が認

められなかった｡

最後に､典型的酸性土壌である熱帯酸性土壌での作物生育支配要因を検討した｡実際のこ

れら酸性土壌に似せたA lと養分の濃度に各種組み合わせ､多くのイネ品種を長期間水耕栽

培し､生育量と体内養分組成を調査した｡その結果､A l耐性植物であるイネでは､低養分

耐性が生育をより大きく支配し､カルシウム (Ca)の茎葉部-の輸送能力が品種間生育差

の大きな要因であることを示唆する結果を得た｡
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