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Figure2.1

Title

AluminumtolerancescreeningWith20pMAICl3in0.2mMCaC12
匝H4.9, 24h).1,0ryzaglaberrimasp.;2,cv.Moyna;3,GV｡
BRRIdhan344,cv｡Asha;5,cv.Dulabhog;6,cv.BRRIdhan27;7,

cv｡Chandina;8,cv｡Niamat;9,cv.BRRldhan37;10,GV.Kiron;
ll,cv.NayaPajam;12, GV.Asha;13, cv.Mala;14,ev.
BRRIdhan29;15,cv.Gazi;16,ev.Sufala;17,cv.BRRIdhan36;
18,cv.B姐 dhan39;19,cv.Biplab;20,cv.Brribalam;21,ev.
BRRIdhan28;22,cv.Mukta;23, cv.BRRldhan41;24,GV｡
BRRIdhan24;25,cv.Akitakomachi;26,cv.Domannaka;27,ev｡
Haenuki;28, cv.Koshihikari;29, ev.Hitomebore;30, cv.
Sasanishiki.

Figure2.2 Altolerancetolerancesforlh(openbar)and24hAltreatments.
1hAltreatment,1htreatmentin士20pM AIC13in0.2mM CaC12
匝H4.9)andreculturinginAl丘eemedium(0.2mMCaC12atPH
5.2);24hAltreatment,continuoustreatmentwith士2(恒MAIC13in
O.2mMCaC12(pH4.9).Altolerancewascalculatedastheratioof
rootelongationinAltothatincontrol.Dataaremean 士SE(n≧

10).
Figure2.3 LocalizationofAlinトcmroot-tlPand2-3mm sections丘om

apexdetectedbyhematoxylinstalnlngmethod.Deeperbrownish
purplecolorindicateshigherAlaccum ulation

Figure2.4 Permeabilityofroot-tipcellsa洗erlhAltreatment(50pM AIC13
in0.5mM CaC12, PH 4.5)anda洗erreelongationinAl丘ee
mediumwasobservedbyFDA-PIstaining

Figure3.1 Relativerootelongationofancestorcultivarsofthesamefamily
lineofSasanishiki(A)andfamilytreeofcv.Sasanishikishown
withgradedblackdensitiesbasicallycorrespondenttodifferential
AltolerancesamongcultivarsinFig.lA(B).Four心Oldseedlings
werepretreatedin0.2mM CaC12for6h(pH 4.9)andthen
transferredto0.2mM CaCl2With(Altreatment)Orwithout
(control)20トIMAIC13(pH4.9)for24h.Altoleranceiscalculated
astheratioofnetrootelongationsofthelongestrootinAl

treatmenttothatincontrol･Valuesare誓eanS士SE (n>JO)･
Averagevalueswithsameletter(S)arenotslgniflCantlydifferent
at5%levelofsigniflCanCebyFisher'sLSD.

Figure3.2 AltoleranceoftheselectedSasanishikipedigreecultivarsfor24h
(whitebar)andforlhAltreatmentfollowedby12hreelongation

(closedbar)･Altolerances.werecalculatedasdescribedin
materialsandmethodsofprev10uSChapter.
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Figure3.3

Title

Plasmamembranepemeabilization inrootoftolerantand
sensitivecultivarswhichwereselectedfromSasanishikipedigree
byFDA-P柑uorescencemicroscopy.

Figure3.4 Alaccumulationinroot-tipsandroot-tlPSectionsintolerantand
sensitivecultivarswhichwereselected缶omSasanishikipedigree
byhematoxycilinstalnlngtechniquea洗er24h20トIM AIC13
treatmentin0.2mMCaC12atpH4.9.

Figure4.1

Figure4.2

Figure5.1

Figure5.2

TreatmentprocedureforcontrolandAltreatmentfororganicacid
exudation.Onlyselectedcultivarsofriceweretreated.
Citrateandmalateexuded丘om ricecultivarsRikuu-20and

Rikuu-132.Five-day-oldseedlingsweretreatedfor5hwithor
withoutAl(20トIM)in0.2mM CaC12(pH 4｡9)following5h
pretreatmentwith 0.2mM CaC12(pH 4･9).Exudateswere
collecteddudngthe5htreatment.Valuesaremeans土SE(n-3)
Chemicalcompositionofthesterolmetabolisminhibitorsusedin
thepresentstudy
Biosyntheticpathwayofsterolscompiledfrom Burdenetal.
(1987),Grandmouginetal.(1989)byChemDrawUltra7.0a:Site
ofaction forfenproplmOrPh which inhibitscycloeucalenol
obtusifbliolisomerase(COI);也:Siteofactionfわrpaclobutrazolor
uniconazole-Pwhichinhibitsobtusifolioト14α-demethylase(OBT
14DM).1,24-methylpollinastanol;2,24-dihydrocycloeucalenol;
3,cycloeucalenol;4,0btusifoliol;5,dihydroobtusifoliol;6,14a -

methyl-△8-ergostenol; 7, Campesterol; 8, sitosterol; 9,
stigmasterol.Lanosterolpathway begirmlng atthe step of
cyclizationof2,3-0Xidosqualenespecificallyindicotyledonous
plantswasrecentlyfoundbyKolesnikovaetall(2006).

Figure5.3 Inhibitionofrootelongationwiththeconcentrationofsterol
metabolism inhibitorfenpropimorph(A),paclobutrazol(B)and

uniconaxole .(C)･ Figures of roots swhows the PM
pemeabilizationoftherootsinselectedconcentrationofthe
inhibitos.

Figure5｡4 Alaccumulationvisualizedbyhematoxylinstaininga鮎r24hAl
treatmentwithsterolmetabolisminhibitors.Eachofthetreatment

solutionscontained0.2mMCaC12for24hatpH4.9,20トIMAIC13,
0.66トIMfenproplmOrPh,and1.02トIMuniconazole-P,accordingto
thefbllowlngtreatments:Al, Al+FenandAl+UnitPhotographs
arerepresentativeofatleastthreeindependentobservationsIBar-
1mm.

Figure5.5 PM permeability visualized using FDA-PI nuorescence
microscopya洗er24hAltreatmentwith s terolmetabolism
i血ibitors｡Eachofthetreatmentsolutions c ontained0.2mM

CaC12for24hatpH4.9,20トIM AICl3,0.66 ト I M fenproplmOrPh,
and1･02トIMuniconazole-P,accordingtothef o l l o wlngtreatments:
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Al,Al+FenandAl+Uni.Photographsarerepresentativeofat
leastthreeindependentobservations.Bar-1mm｡

Figure5.6 PhospholipidclassanalysisbyHPTLCa鮎rtreatmentincontrol,

Al,uniconazole-PandAl+uniconazole-PforRikuu-20andRikuu-

132.SampleswereextractedasdescribedinMaterialsand
Methods｡Developmentsolvent:chlorofom:methanol:aceticacid
- 65:25:8,colordevelopmentby20% H2SO4 inmethanoland
heating.

Figure5･7 △5-sterolanalysisbyHPTLC a触 treatmentincontrol, Al,
uniconazole-PandAl+uniconazole-PforRikuu-20andRikuu-

132.SampleswereextractedasdescribedinMaterialsand
Methods.Developmentsolvent:dichloromethane:methanol-

85:15,colordevelopmentby20%H2SO4inmethanolandheating.
Figure5.8 PhospholipidsandA5-sterolsinroot-tips(0-1cm 丑･om rooトtip

portion)of4-day-OldRikuuo20(A)andRikuu-132(B)seedlings.
Eachofthetreatmentsolutionscontained0.2mMCaC12for24hat
pH4.9,0or20トIMAIC13,0or0.66トIM fenproplmOrPh, and0or
l.02トIM uniconazole-P,accordingtothefollowlngtreatments:
control,Al,Al+FenandAl+Uni.ValuesaremeanS土 SE(n-2)｡
Valueswithsameletter(S)inthesamelipidclassesarenot
significantlydifferentat5%significancelevel(Fisher'sLSD).

Figure5.9 Relationshipbetweenlipidratio(phospholipids/△5-sterols)and
relativerootelongation(%,+Al/-Al),i.e.,Altoleranceofcv.
Rikuu-132(opencircles)andcv.Rikuu'20(closedcircles).Each
ofthetreatmentsolutionscontained20トIMAIC13in0.2mMCaCl2
for24h atpH 4.9,0.66トIM fenproplmOrPh, and 1.02トIM
uniconazole-P,accordingtothefollowlngtreatments:Al,Al+Fen
andAl+Umi.1& 4,AltreatmentofRikuu-132andRikuu-20,

respectively;2&5, Al+FentreatmentofRikuu-132andRikuu-

20,respectively;3&6, Al+UnitreatmentforRikuu-132and
Rikuu-20,respectively.ValuesaremeanS士 SE(n≧loforAl
tolerance,n-2forlipidratio).CircleswithoutSEindicatesmall
SEvalues.

Figure5.10 Relativerootelongation(%,+Al/-Al),i.e.,Altoleranceofrice
cultivarsRikuu-20andRikuu-132a洗erAltreatmentwithtwo

sterolmetabolisminhibitors(fenpropimorphanduniconazole-P)
(A).CultivarsAikoku,Kyoku,SasanishikiandKamenoounder
uniconazole-Ptreatment(B).ValuesaremeanS土 SE(n≧10).
Averagevalueswithsameletter(S)withinallcultivarsand
treatmentsare notslgnificantly differentat5% levelof
significance(Fisher'sLSD).

Figure5.11 Chemicalstructuresofthreetypicalsterols(A)andvanderWaals
confomations ofthese sterols withoutfatty acylchains
(constructedusingChem3DUltra7.0)(B,C).I,sitosterol;II,
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cyeloeucalenol;Ill,obtusifoliol.B,sideview.C,upperview.
Cycloeuealenolhasstraight(1)andbending(2)confomations
thatCoexist(Milonetal｡1989).Eachsterolstructureisseparated

fromfattyacylChainbydottedline･3p -Hydroxylgroupshown.in
black;α-methylgroupsshown inblue;9,19-cyclopropanemng
shown ingreen.Scalebarshowsthearbitraryunit.

Figure6･1 AltoleranceoftherepresentativecultivarSofsorghum,wheat,
triticale,ricemaizeandsoybean.Altreatmentforsoybean was
2.5pMAIC13,1nallothercasesAltolerancewasin2(恒MAIC13.
AltoleranceofsorghWn,maizeandsoybeanbasedonARinetal.
(2008).Altoleranceofwheat,triticalewerebasedonWagatsuma
etall2005andAltoleranceofficewasbasedonpreviouschapter

Figure6.2 Citrate(A)andmalate(B)exudedfrom sorghum,maizeand
soybean.Five-day-oldseedlingsweretreatedfor5hwithor
withoutAlin 0.2mM CaC12(pH 4.9)following 5h of
pretreatmentwith0.2mM CaC12(pH 4.9).Exudateswere
collectedduringthe5htreatment.Valuesaremeansj=SE(n-

3)･BarshavingdifferentlettersチresigniflCantat5% levelof
slgnificancewithinsamecropspecleS

Figure6･3 Plasmamembrane(PM)pemeabilitybyFDA-PInuorescence
microscopyandAlaccumulationbyhematoxylinstaininglight
microscopy.AltreatmentconditionsweresameasinFig.6｡1.
GreennuorescenceinFDA-PIstainingindicatesintactPM,red
nuorescenceindicatespermeabilizedPM.Darkpurplecolorin
hematoxylin staining indicates heavy accumulation ofAl.
Fluorescenceexcitationfilter450…490nm;barrierfilter520nm.
Photograph arerepresentativeofatleastthreeindependent
observations.Bar-1mm.

Figure6.4 PM pemeabilityandAlaccumulationwheat(Wagatsumaetal.
2005)andtriticale(Wagatsumaetal.2005).Treatmentconditions
weresam easinFig.6.1.Photographarerepresentativeofatleast
tbreeindependentobseⅣations.

Figure6.5 Am ountofphospholipidsintheroottipsforcontrolandAl
treatmentoftheselectedcultivaTS.Treatmentconditionswere

sameasdescribedinFig.6.1｡Dataareaverage土SE.
Figure6.6 Am ountofA5-ste,olsintheroot-tips(0-10mm)forcontrolandAl

treatment｡TreatmentconditionsweresameasdescribedinFig｡
6.1.Dataaremean土SE.

Figure6.7 Lipidratio(phospholipids/△5-ste,ol)inroottipportion.Dataare
ratioofaveragevaluesobtainedinFig.6.4and6.5.
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Figure7.1 SolubleAlandphosphorusconcentrationinthetreatmentmedia 100
inadequateandlownutrie山conditions

Figure7.2 Alionactivityintheculturesolution.Inshort-term(24h)added 101
AIconcentrationwas20pM.Inlong-ten experimentsaddedAl
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andPconcentrationwas370pM and230トもM respectively.AN■,

adequatenutrient;LN,lownutrient(addednutFientconcentration
is1/5也 ofAN).

Figure7.3 Shor t-ten Altoleranceofthericecultivars.Controltreatment:
0.2mM CaC12atPH4.9for24h.Altreatment:20pM AIC13in
O.2mMCaC12atPH4.9for24h.Relativenetrootelongationwas
usedasAltolerance.moltedlineindicatesaverageAltolerancein
allcultivars.DensercolorindicatehigherAltolerance.Bar
indicate士SE,孤-12.

Figure7.4 Relativetolerancesinlong-ten (35d)hydroponicsculturing
experiment.A.AltoleranceinANconditions,B｡Altolerancein
LN conditions, C.Low nutrienttoleTanCeandD.Combined
tolerance｡Definitionsofthetolerancesweredescribedinthe

chapterMaterialsandMethods.Colorofeachcolumnrepresents
sam ecultivarasshowninFig.2.Barindicatej=SE,n-4

Figure7.5 RelationshipofAl concentrationwithAltolerance(A)and
combinedtolerance(負)

Figure7.6 RelationsbipofshootCaconcentrationwithcombinedtolerance｡
OpencirclesareinLN condition, closedcirclesinLN+AI
conditions
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Figure7 .7 Catranslocationfromroottoshootoftypicalcultivars.Valuesare 107
meanof3replicatedsamples

Figure8.1 Schematicrepresentationoflipidbilayerwhichconfershigher 123
tolerancetoAI

Figure8.2 SchematicrepresentationofA1-tolerancestrategybyPM lipid 124
bilayerwithlessPMnegativityandlesspermeabilityinsorghum ,
triticaleandrice.

Figure8.3 SchematicrepresentationofAトtolerantPM tobeprepareinthe 125
futurewith lessPL,lesspemeability , greaterZ-isomerof
sphingolipidsandgreaterOAtransporter.



ln言iS甘粕,ult日ソも詰!ミ]1-,Jul,.rJ

TableNo.

Table6.1:

Table7.1:

Table7.2:

Title

MajorAltolerancemeehanismsincropspeciesusedinthisstudy

Correlations(rvalue)amongeachtolerances(wholeplant)

IsolationoftypicalcultivaTSandit'scause

町?喝の



ChdP†er･1

GeneralIntroduction



撒岬･:),,I:,aJi-'t･

(:L'二J,捌腫甘iJL.1侶Lfi涌..闇拙胴満帆.L

｣LIJTtlJlllFIJlnてtg!L'OWILtB.tl血 FliJlqlLdTl.雨oitnllll川前Ls吐血

Cropproductivityonacidsoilsisrestrictedbymultipleabioticstressfactors.Among

thosealuminum(Al)wouldbethemostimportantgrowth-limitingfactorsformostofthe

acidsoils｡Severalwildandcropplantspeciescanexhibitahighertolerancetothistoxic

elementthoughthistolerancevarieswidelybetweenthecroporplantspeciesevenwithin

thecultivarsandlinesinonespecies(Wagatsumaetal.2005a).

Rootsinjuredbyhigh al岨min岨marebecomestubbyandthick,darkcolored,bdttle,

poorlybranchedandrubberizedwithareducedrootlengthandvolume(Nguyenetal.

2001).Shootisalsoinhibitedduetolimitingsupplyofwaterandnutrients.Altoxicity

causedCadeficiencyorreducedCatransportwithintheplantbycurlingorrollingof

youngleaves,inhibitedgrowthoflateralbranchesoracollapseofgrowingpointsor

petioles.Youngseedlingsareaffectedmorethan olderplants(Thaworuwongandvan

Diest,1975).Butplantgrowthretardationinacidsoiloccursnotonlybytoxicelements

butalsobylowpH.Moreover,lowavailabilityofnutrientssuchasCa,Mg, KandMo

arereportedbyseveralresearchersinthenaturallyoccumngacidsoils.

1.2MechanismsofAltolerances

Therearevariousaluminum (Al)tolerancemechanismsinplants, suchasAl

exclusionandinternalAltolerancemechanisms(Kochian etal.2004,Poschenriederetal.

2008).Taylor(1991)alsocategorizedtheproposedAltolerancemechanismsintotwo

2



groupsasA)exclusionofAlfrom therootapex(secretionofAl-chelatingligands,

bindingofAIwiththecellwallandmucilage,plant-inducedpHbarrierintherhizosphere

orrootapoplasm,SelectivepemeabilityoftheplasmamembraneandAle用.ux)andB)

intemaltolerancewhenAlenterstheplantsymplasm (A1-chelatinginthecytosol,

compartmentationinthevacuole,AI-bindingbyprotein,andelevatedenzymeactivity).

1L,?,0ll0帽a】fnI'1q:atCT.Lull･tOA)副書l血i'1°.ir:･tml.('lu繭..1-ti.⑬!M 汀Il雨ha見壷lq11

0rganicacid(OA)(e.g.citrate,malateandoxalate)anionexudationhaswidelybeen

acceptedbyseveralrelatedresearchersaskeyAltolerancemechanism.TheAl-

dependentstimulationoforganicacide用.uxfromrootshasnowbeenreportedinmore

than tenspecies, andthisresponsehasbeenassociatedwithan incTeaSeinAlresistance

(Yangetal.2005).However,plantorcropspeciesareexistingwhichorganicacid

exudationdoesnotcorrelatewithAltolerance.Irrelavanceoforganicacidexudationalso

hasbeenreportedforsignalgrass(Brachiariadecumbens)(Wenzletal.2001), maize

(Piaeroseta1.2005),triticale(Wagatsumaetal.2005b)andoat(Avenasaliva)(Zhenget

al.1998a)andalsoforrice(Khan etal.2009, Maetal.2002).AlthoughseveralAl

tolerancemeChanismshavebeen reported, detailedinformation on Altolerance

mechanismsarelimitedexceptfororganicacidanion(OA)exudationmechanism(Maet

al.2001, Kochian etal.2004,Hoekengaetal.2006).Sasakietal.(2004)identified

aluminuminducedmalatetransporter(ALMT)intherootcellsoftolerantwheat(ET8)

whichwaslessabundantinAIsensitiveES8.0ntheotherhand,Delhaizeetal.(2004)

successhllymadeAltolerantplantbytransferringALMTfromArabidopsistobarley

plantbygeneticallyenglneemng.
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1.2.2AltolerancemechanismsotherthanOAexudation

TheFearealsootherreportsthatdonotsupportthehypotheisthatorganicacidsefnux

enhancesAlresistanceofplants(Ishikawaetal.2000,ParkerandPedleF1998,Wenzlet

al.2001)｡TherearealsoevidencestotheexistenceofAltolerancemechanismsother

thanOA anionexudationinmanycropse.g.Cassiafora(王Shikawaeta1.2000),

Brachiariadecumbens(Wenzletal.2001),Pea(Kobayashietal.2004)andbuckwheat

(Zhengetal.2005).Zhengetal.(2005)alsofoundiFTelevancebetweenAltoleranceand

oxalateefnuxinseveneultivaTSOfbuckwheatandsuggestedthatoxalatee用.uxplays

onlyaminorroleinhighAltoleranceofthatspecies.Piaerosetal.(2005)alsofoundno

coFTelationbetweendifferentialAlresistanceandrootcitrateexudationinmaizeand

suggestedthatrootorganicacidreleasemayplayaroleinmaizeAlresistanceinsome

extent,butitisclearlynottheonlyorthemainresistancemechanismoperatinglnmaize

rootsystem.TheyfurthertestedanumberofotherpotentialAl-resistancemechanisms

includingreleaseofotherAl-chelatingligands,Al-inducedalkalinizationofrhizosphere

pH,Changesin intemallevelsofAトchelatingcompoundsintheroot, and Al

translocationtotheshootandfoundnocorrelationofAltolerancewiththese

mechanisms.Therefore,theroleoforganicacidsecretioninAlresistanceshouldnotbe

overemphasized,asaltemativemechanismsmayplayanequalorevenmoreimportant

roleinsomeplants(Yangetal.2005).
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Zhangetal.(2007)identified37genesusingtwoconstricting(differentialresponseto

Al)inrieecultivarsbygenetranscriptionalresponsestoAl.Am ongthesegenes,five
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havebeenpreviouslyknownasAlregulatedpreviouslywhiletheothersarenovelgenes.

Amongtheup-regulatedgenes,fourencodeiontransporters,twoareinvolvedinslgnal

transduction,andfiveinthesynthesisofcysteineandmetallothionein.Theysuggested

thatthesecouldbemembersthatarepotentiallyinvolvedinAladaptationorresistance.

Furthemore,theystudiedtranscrlPtionof17genesandfoundstronginhibitionunderAI

stress.Thesegenesareassociatedwithcytoskeletaldynamicsandmetabolism,andcould

bepossibletargetsassociatedwithAltoxicity.InArabidopsis,ahomologueofthewheat

malatetransporter(TaALMTl;Sasakieta1.2004)AtALMTl(Hoekengaetal.2006)and

apossibleAltranslocator,ALS3(Larsenetal.2005)WereidentifiesascriticalAl

tolerancegenes.RecentmutantandQTL(quantitativetraitloci)Studiesindicatethat

multiplefactorscanregulateAltolerancewithinaplantspecies(Kobayashietal.2005).
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Wagatsum aetal.(1991)reportedlowerzetapotentialofprotoplasts&omAltolerant

plantspecies.Plasmamembrane(PM)negativityisthemainreasonofAltoleranceand

inadditiontothis,PMintactnessisalsoanimpoTtantfactortoregulatetheentranceofAl

intothecytoplasm.Furdler, Wagatsum aetal.(2005a)reportedthatPM lipidismore

powerfulstrategythan OA anionreleaseforinitialstageofAltoleranceintriticale

suggestingthatsterolsandglucocerebrosideplayvitalroletomakestrongerPM･

PM lipidsaretheprimarysiteforAトtoxicityduetoactivityofseveralkindsof

solubleandmembrane-boundenzymesinthisregion(JonesandKochian1997).Ishikawa

etal.(2001)investigatedAltolerancemechanismsinthecultivarsoffiveplantspecies
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andsuggestedthatPM isthepmmaTyfactortoin且uencetheA1-toleranceanditcan be

regulatedbymaintainingPMflexibility.Alrhizotoxicitymayberelatedtoadisruption

ofmembranefunction,probablyduetochangesinthestTuCtureand鮎nctionoftheroot-

cellplasmalemma(Zhaoetal.1987).PM ofthefoot-apexCellsseemstobeamajor

targetofAltoxicity(Mossor-PietTaSZeWSka2001).It(Al)alsocanbindtomembrane

proteinsandlipids(Campbelletal.1994;IshikawaandWagatsuma1998)andfinally

reducesmembraneintegrity(ToyandFleming1982).PM lipidlayerregulatesnotonly

theinnuxandefnuxofnutrientsbutalsoin爵uxoftoxieeationslikeAl.

Phospholipids,glycolipids,andsterolsgenerallymakeupthebiologlCalmembranes.

Otherlipids(relatively smallquantities)play crucialrolesin electroncarriers,

hydrophobicanchors,intracellularmessengersetc.(Lehningeretal.1993).Albindsto

thenegativesitesofthephosphategroupofphospholipids, makesthemembranerigid

andgellikeandfinallyPMbecomespermeable(Leshem1992).Fattyacidcompositions

areindependentamongtheplantspecies,cultivarsoTlinesandthatcompositioncontrols

the爵uidityofmembranes.IncTeaSeinshortfa枕yacidchainsandunsaturatedfattyacids

causesincreaseinPM且uidityanddecreasedbysaturatedlongfattyacidchains.Thisloss

ofwatermoleculealtersthePM且uidity(IshikawaandWagatsum a1998)thusmakesthe

permeablePM･HigherphospholipidscontentinthePMresultedthebindingmuchA13+

andfinallymakesgreaterpemeabilizedarea.

RoleofsterolsinthePMisofparticularinterestastheseareessentialcomponentof

biologlCal membraneandplayan integralroleinPM organization,dynamicsand

functionaswellasinthestructuralintegmtyofthelipidbilayer.IntheplantPMthereare

atleast4majorsterols,cholesterol,campesterolsitosteroandstigmasterol(Larsson
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1992)･AlthoughsteTOIsarenon-polaranddonotbindwithAlbutsmalldifferencein

sterolstruetuTeCanmarkedlydifferinmembranepropertiesespeciallyonmembrane

integrity(Henriksenetal.2004)｡FreesterolsinthePM contributetofluidityand

pemeabilityandalsoparticipatedinthecontrolofmembrane-associatedprocesses

(UmebayashiandNakan02003).Changeinsterolcompositionhavebeenreporiedto

alterthe sensitivity to certain drugs in yeastcells (Zweytick etal.2000)｡

Sterol/phospholipidsmolarratiowasconsideredtoregulatethemembrane月.uidityin

yeast(ShamaandDietz2006).

ModelingstudiesofA1310xicityinasolutionculturesystemshowedthat(Al3')pM

(activityattheplasmamembranesurface)isamorereliableindexthaniAl3')bulk

(activityinthesolution)toexplainAl-rhizotoxicity(KinraideandSweeney2001).Using

thismodel,SurfacenegativitycausedbydissociationofH'丘omtheanionicligand(e.g.,

phospholipids)WouldbeamajorfactorinalteringAlaccumulationatthePM surfTace,

andcouldpossiblyaffectAltolerance(KinTaide1999,Wagatsumaetal.2005a,b,

WagatsumaandAkiba1989,Yemiyahuetal.1997).As previouslyreported,Aトtolerant

plantspeciesshowlessmembranesuぬcenegativitythansensitiveones,asindicatedby

stainingwiththenon-phytotoxiccationicdye,methyleneblue(Wagatsumaetal.2005a).

Thisfactor,namelyPM negativity,isonemechanismthatmayunderlievariationsinAl

tolerancewithinspecies,Includingrice.inthemethylenebluemethod,asensitiveplant

showsamoredensebluestainthanatolerantone.Membranelipidcompositionhasnot

yetbeencompared,butthedifferenceinmethylenebluestainlngamongaWiderangeof

plantspecies,cultivars,andlinesindicatesthatmoreresearchshouldbecarriedoutto

clarifytheroleofmembranelipidsinAltolerance.
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Themake-upofPM lipidswouldalsoaffectphysicalandstTuCtWalpropertiesofthe

PM,whichwouldaffect且uidityandintegrity(Shinitzky,1984).Usingan ectopic

expressionsysteminyeastandArabidopsIS,aA8-Sphingolipiddesaturasewasidentified

asoneofthegenesuse鮎IforenhancingAltoleranceViamoleeulaFbreeding(Ryametal.

2007)｡Inthiscase,overexpTeSSionoftheenzymemightmodify thestructureOf

sphingolipidsandstabilizethePM stTuChTe(i.e.preventingmembraneleakiness).An

Arabidopsis mutantcarrying a dys鮎nctionalCYP51Gl,the obtusifolio1- I尋α-

demethylase,showeddefectsinmembraneintegrity(Rimetal.2005),buttheeffectsof

thisonAltoleranceareunknown.TheseresultssuggestthatlipidcompositionofthePM

isapotentiallyimportantfactorcontrollingAltoleranceinplants,especiallyforplantsin

whichthemechanismsunderlyingvariationsinAltolerancearestillunknown｡

1.2.5Altolerancemechanismsforrice

RieeisthemostimportantcropinSouthAsian eountrieswherepopulationdensityis

sohigh amdshortageoffoodoccurssoo洗en.Inrice,OAreleaseforAltolerancewasless

signific弧t(Maetal.2005,Yangetal.2008,Khan etal.2009),suggestingthatother

mechanismsunderliedifferencesinAltolerancebetweencultivars.Yangetal.(2008)

recentlysuggestedthatthefomationofcellwasmethylesterifiedpectinswouldprovide

theexclusionofAl&omtherootapex.Maetal.(2005)identifiedAIsensitivemutantfor

wildtyperice.

InpreviousscreenlngStudies,wefわundseveralAトtolerantricecultivarsamongthe

JaponicaandIndicacultivarS,mainly舟omBangladesh(Khanetal｡2005).Thisresult

suggestedthatJaponicagermplasmswouldbeause鮎lgeneticsourceforbreedingofA1-
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tolerantTicscultivars｡However,wealsofoundseveralAl-sensitivecultivarsamong

Japonicagermplasms(Khanetal.2005).Manycultivarsamongthesamefam ilylineare

availableforsomeJapanesemajorricecultivars.ThesemaybeusefulformoleGular

geneticsstudiestoidenti秒 keygenesregulatingAltolerance,ifAltoleranceis

segregatedamongthesamefamilyline.Anotherapproachistheuseofvarious

phamaceuticalsthatalterSterOIcontent.Suchmethodsarewelldeveloped,andhave

beenusedwidelye.g｡,instudiesongibberellinbiosynthesis(Rademacher2000)and

fungieidalfunction(Benveniste2004)｡Inthisstudy,IscreenedAltoleranceamongwell

chaTaCteTizedcultivarsinthefamilylineofJaponicarice,andinvestigatedAltolerance

withrespecttoPMlipidcomposition.BothanalysesofthePMlipidsandpharmaceutical

experimentsuslnginhibitorsofsterolbiosynthesisindicatedthatPM lipidcomposition

playsanimportantroleinAltoleranceinrice.

RiceisthemainfoodascarbohydratesourceespeciallyofAsianpeopleandisknown

asAトtolerantcropspeciesamongsmallgraincereals(Toy1988)｡Also,therearewide

variationofAltolerancesamongmanyJaponicaandIndicaricecultivars(Khan etal.

2005).Although severalAltolerancemechanismshavebeen reported,detailed

informationonAltolerancemechanisms-arelimitedexceptfororganicacidanion(OA)

exudationmechanism(Maetal.2001,Kochianetal.2004,Hoekengaetal.2006)｡Rice

hasbeenreportedtosecretecitFateandmalatewithAlinduction,howeverthesecreted

OApossessedlesssigniflCanCeforAltolerance(Ishikawaetal.2000, Maetal.2002,

Yangetal.2008).AsthealternativemechanismforAltoleranceofrice,Yangetal.

(2008)reportedtheimportantroleofcellwallpectinsthroughexcludingAl丘omtheroot

apeX｡
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Riceisknownasan A1-tolerantcrop(Ishikawaetal.2000)althoughitstoleranceis

widelydifferentam OngcultivarsandthemechanismofAltoleranceinriceisstilltobe

clarified･However,Organicacidsecretion倉omrootsisnotaprlmarymechanismforAl

toleranceinrice(Ishikawaetal｡2000,Maetal.2002).Inthisstudy,ricewasselectedto

studyAltolerancemechanism indetail.Further,toknow whetherthenewlyfound

mechanism isspecifictoriceornot,Selectedcultivarsorlinesofsorghum ,wheat,

triticale,maize,andsoybeanwereused.
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lnadditiontoAltoxicityinacid-soils,lownutrientconcentrationisalsoamajor

accompanyingpredicament.AIcan inhibituptaketheparticularnutrientelement(e.g.P)

byfbmlngCOmplexwithnutrientmakingunavailablefbm orbycompetingwith

cationicnutrientelementswithhigherpotentialsorbyblockingthecationchannels.

BlockageofK(GassmannandSchroeder1994)andCa(Huangetal.1993)channelsin

wheatrootcellsreportedlyaffectedbyAl.Okadaetal.(2003)reportedthattherelative

yieldofAl-sensitivevarietiesofuplandricewascorrelatedwiththeexchangeableCain

highlyweatheredsoilswithlow仁ationexchangecapacitysuggestingthatCahasan

importantroleinAltoleranceofriceinacidsoils.PhosphorusdeficiencylSamajoryield

limitingfactorinacidalfisols,oxisols,ultisols, andandepts(Clark1984).Inspiteof

consideringtrueacidsoilconditionsintropics,(i.e.,highAIwithlownutrientstress)Al

researchpopularlycarriedoutinhighnutrientconditions.Wenzletal.(2003)reported

usingBrachiariaspp.(B.decumbensandB.ruziziensis)thatAltoleranceinlownutrient

conditioncanonlybemimickedtoactualacidsoils.Therefore,clarificationofeachstress
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conditionisneededtodifferentiateAltoxicitywithotherstressfactorsoccumnglntrue

acidsoil｡

.ll.I,:;廿Je,Li…押紙 い甜A盲l紬瞳LTFll!m47g:lFol再.;'･.G･hD.[1脚il摘qjlsDliuF>

Methylenebluestainabilityofroot-tipprotoplastswasnegativelycorrelatedwithAl

toleranceamong18differentplantsamples(species,eultivarsandlines),suggestingthe

commonimportanceofpemeationcharacteristicsofplasmamembrane(PM)inaddition

toPM negativityf♭rAltolerance(Wagatsumaetal.2005a).Weproposedasan

importanttopicforfuturestudiesthenegativityandpermeationofPMforclarificationof

Altolerancemechanism.In thepresentpaper,weinvestigatedthe differential

compositionofphospholipidsandA5-sterolsinconnectionwithdifferentialAltoler-ces

betweenricecultivarsuslngSterOlmetabolism inhibitors.Thisstudyconclusively

suggestedforthefirsttimetheslgnificantroleofobtusifolio1-1舶 -demethylaseinAl

toleranceofrice･Fu血er,phospholipidsandA5-sterolscompositioninseveralCrop

specieswerestudiedandrecognizedsimilartendencyforthosecrops.

:!LSOlb錘rr雨V腔S

l. Toknowtheroleofplasmamembrane(PM)lipidinAltolerancemechanismin

門ce.

2. ToknowdiePMlipidcompositionconferrlngAltoleranceinricebychanglng

thePMlipidstatusphamace山ically.

3. Toknow whetherPM lipidcompositionalmechanism forAltoleranceis

underliewithinseveralcropspeciesornot.
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4. MostacidsoilinthetropiesandsubtropleSarelackofavailabilityofessential

nutrients｡TheTefoTe,ltWasmyIntentiontoknowthetolerancemechanismin

highAlandlownutrientConditionasinnature,acidsoilgenerallylackof

adequatenutrientforeTOPProduction.

5. ToknowthemineralabsorptioncharacteristicsofficeeultivarsinhighAland

lowfertilitycondition.

6. ToknowthedeterminlngfactorOrmineTalforAland/orlownutrienttolerance.
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2.1Introdut:lion

ThemajorsymptomofAltoxicityisarapidinhibitionofrootgrowth(Zhangetal.

2007)･Alinhibitsrootcellexpansionandelongationand,ifoverthelongterm,Cell

divisionaswell.AIcan inhibitcytoskeletaldynamics,and interactswith both

microtubulesandactinfilaments(SivaguTuetal｡1999,2003).Thisgrowthinhibitionof

rootfurthercausereducedplantvigorandyield(Rengel1992,Kochianetal.2005).

ToxicitysymptomsofAlaresimilartonutrientdeficiencies(Bennetetal.1986,Taylor

1988)thoughthesegeneralsymptomsappeartobetheconsequenceofinhibitionofroot

developmentcausedbytargetedactionofAlatroottips(Ryanetal.1993).Visible

symptomsofAltoxicityincludeidlibitionofrootgrowth(DelhaizeandRyan 1995),

swellingoftheroottip,and/orsloughingofftheepidermis, plasmamembrane

depolarization,alterationofCa2+nuxesattheroot-tip,Stimulationofcallosedeposition

(Schreineretal.1994,Zhangetal.1994),andinductionofrigorintheactincytoskeleton

(GrabskiandSchindler1995).

TherearecomplexitiestodefiniteidentificationofAltoxicity , however,theinitial

andmostdramaticsymptomofAltoxicitywouldbetheinhibitionofrootelongationasa

consequenceoftoxicitytotherootapex(Kochian 1995).DelhaizeandRyan (1995)also

revealedthatatypicalsymptom ofAltoxicitylnPlantsistheinhibitionofroot

elongation,andthishasbecomeawidelyacceptedmeasuresofAIsensitivity.Ingeneral,
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sensitiveplantsexhibitinhibitionoffootelongationafterapproximately0.5to2hof

exposuretoIJOmMofAl(BaTCeldandPoschenrieder2002,Wenzletal｡2001).

Alexclusionmechanismhasalreadybeenreportedinseveralcropspecies.Maetal.

(2005)reportedAlexclusionmechanisminA1-tolerantricecv･KoshihiaFicomparingto

A1-sensitivericeKasalath｡IshikawaandWagatsuma(1998)alsoreportedexclusionin

rice,maizeandpea°

ToknOwtheintactnessofthePM followedbyAltreatment,FDA-PItechniqueis

widelybeenusedbyresearchers.IshikawaandWagatsum a(1998)alsoreportedgreater

permeabilizationintheA1-sensitivecultivarsofrice,maizeandpea.Wagatsumaetal.

(2005a)showedthatA1-toleranttriticalelineST22possesmoreintactPM a洗erAl

treatmentwhereasA1-sensitivelineST2becamepemeabilizedaseTibedasthemorered

nuorescencefromtheroots.

Tostudythemechanism(S)ofAltoleranceinrice,selectionofextremetolerantand

sensitivecultivarswouldbecontributive.Inthiscontext,studyonAltolerancescreening

ofBangladeshiandJapanesericecultivarshasbeenconductedtoselectextremetolerant

andsensitivericecultivars.

:),0.'JJIVila,ilLL馴瓶!ls.LTiln11滴1tlJit雨ii･slOすjls

2.2.ISourceofseeds

SeedsofIndicatypeBangladeshrice(OryzasalivaL･)cultivars(Chandina,Mala,

Biplob, Dulabhog,BTribalam ,Asha,Shufola,Mukta,Moyna,Gazi, Shahjalal,Niamot,

Kiron, Rahmat, NoyaPajam,BRRヱdhan27,BRRIdhan28,BRRIdhan29, BRRIdhan34,

BR配dhan36,BRRIdhan37,BRRidhan39,BRRIdhan41)werecollected from the
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BangladeshRiceResearchlnstitute, Gazipur,Bangladesh｡SeedsofJaponicatype

Japanesericecultivars(Akitakumaehi, Domannaka, Haenuki, KoshihikaTi, Hitomebore,

Sasanishiki)werecollected&omKantoSeedCo.Ltd.,Japan.

2.2.2Growthconditions

Seedsofriceweresoakedwithtapwaterfor24hunderaerationandthenspreadona

nylonmeshover9Loftapwaterforgerminationwithan averagelightintensltyOf0.6

cd･m21m一年(klux)｡Thistapwatercontains(mgLvl)8.0Ca,2.92Mg,1.95Kandminor

quantityofotherelements･Alltreatmentexperimentswerecarriedoutat250Cunder

aeration.

2.2.3Altreatment

Twelveseedlingshavingalmostsamerootlength(ca.4cm)Wereselectedfor

treatmentsinallscreeningexperiments.Rootswerepretreatedwith0.2mM CaCl2atPH

4.9for6h, andtherootlength ofeachseedlingwasmeasuredbyaruler.ARerwards,

Seedlingsweretreated continuouslywith (2(恒M AIC13)Orwithout(control)AI

containing0.2mM CaC12for24hatpH4.9.Justa洗er24hrootlengthsweremeasured

agalnandrootelongationincontrolandAltreatmentswascalculated.

TosearchearlyeffectofAl,lhAltreatmentwaseaTriedinthefollowingWay.

SeedlingswereprlmarilyConditionedwith0.2mM CaC12atPH4.9for5h.Seedlings

werethensubjectedtopretreatmentswithorwithoutAl(20pMAICl3)containing0.2mM

CaCl2atPH4.9forlh.A洗errinslngOfrootswithdeionizedwater,rootsofseedlings
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werere-elongatedinAlfreemedium(0.2mMCaC12)for12h.Altolerancewascalculated

asfbllows:

Altolerancein24hofAltreatment(%)-

RootelongationinAltreatmentduring24h(cm)

Rootelongationincontroltreatmentduring24h(cm)
×100

AltoleranceinlhofAltreatmentfromthestartOflhAltreatmentuntilthefinishingof

12hofre-elongationperiod-
RootelongationinAltreatment(cm)

RootelongationincontrolwithoutAl(em)
×100

Morethan12SeedlingswereusedforeachsereenlngeXPerimentandhighestand

lowestvalueswereabandonedtogetmoreauthenticresult.
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A免ergrowlng4daysonthenylonscreenintapwater,selectedricecultivarswere

pretreatedwith0.2mMCa(pH4｡9,6h)followedby20トIMAlin0.2mMCa(pH4.9,24

h).A免erwashingtherootswithdeionizedwater,rootswereilrmerSedinhematoxylin

solution for15min.Hematoxylinsolutionwasmadeusing0.2% hematoxylin(W/V)

(Wako,Japan),0.02%sodium iodated(W/V)(JunseiChemialCo.,Japan),pH4.8.A免er

stainlng,rootsWereWashedseveraltimeswithdeionizedwatertoremovetheextradye.

WateronthesurfaceoftherootswereremovedbyKimwIPeSandrootswereobserved

underlightmicroscope(Nikon,Japan)andphotographedbyadigitalcamera(Coolpix

4000,Nikon,Japan).Thisexperimentwasreplicated3-4times.
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Freehandrooトtip(1-3mm)sectionsweremadebyrazorblade, stainedwith

hematoxylinandobservedunderlightmicroscopea鮎rcoverlngWithacoveTSliplikein

thecaseofintactroot｡Thisexperimentwasreplicated3-4times.

弐JJ'･.I'ul.;17,肝-描!tlltTTL!V-tT脚心摘吋sfL-iut涌y

Rootsweretreatedwithorwithout20pM AlC13inO･2mM CaC12atPH4.9forlh

followedbyreelongationinAlfreeCaC12medium atpH5｡2for12h｡A氏er1-hAl

treatmentanda氏er12-hre-Cultivation,therootswerestainedfor5minwithnuorescein

diacetate-propidiumiodide(FDA-PI)(12.5mgI-1FDA,5mgrl pI)followinglshikawa

etal.(2001).A氏erremovingextra-dyeswithdeionizedwater,theroot-tipswere

observedundeFafluorescentmicroscope(SMZ-10,Nikon,Japan)equippedwithaUV

light(Nikon,Japan)(ex.390rm ,ba｡520nm)andphotographedwithadigitalcamera｡

2.3R esults
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AltoleranceofBangladeshricecultivarsvariedwidely(Figure2.1).Am ong23

Bangladeshrieecultivars,Rahmat(BR24)(51.3%)andBRRidhan41(49.8%)were

tolerant,Gazi(BR14)(36.6%)andBRRIdhan29(35.0%)wereintermediateandMoyna

(BR12)(24.8%)andBRRヱdhan34(24.8%)werefoundsensitivewhereasamong

JapanesericeSasanishiki(50.0%)foundtolerantandDomarmaka(26.5%)wasfound

sensitivetoAl.Anotherricespecies丘omA倉ica,Oryzaglaberrimawasfoundsensitive
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toAl.Amongthetestedricecultivars,SasanishikiwasfoundhighlytoleranttoAlthough

itstolerancewasalmostsimilartoBangladeshitolerantcultivaTS.WidevadationofAl

toleranceofBangladeshiricecultivarswereremarkable.Thiskindofwidev肝iationof

AltoleranceamongricecultivarsalsohavebeenreportedbyJan andPettersson,(1993).

:?･n:13..I),A拍iDJILeli-恥はieStPI代剛R!ot"TIがか Ⅲll

AsinhibitionofrootelongationisthepmmarytargetforAltoxicitywhichisfollowed

byseveralothertoxicsyndromes,AltolerancestudyuslngShortertimewouldbecrucial.

Therefore,selectedricecultivarswerescreenedforトhAltolerancetOisolateearly

expressionofAltoleranceandfoundthattolerantandsensitivecultivarsexpressed

similartendencyoftolerance.ResultspresentedinFigure2.2indicateAltolerance

screenlngWithトhofAltreatmentfollowedbyre-elongationinAl丘eemedium

suggestingthateven1-hofAltreatmentisenoughtomakedifferentialAltolerancein

rice.Ishikawaetal.(2000)alsofounddifferentialAltolerancehaving1hofAltreatment

amongtolerantandsensitivecultivars｡

2.3.3Alaccumulation

A氏erstainingbyhematoxylinitwasfoundthatrootsofAl-tolerantcultivars

(SasanishikiandBR41)accumulatedlessam OuntofAIwhichisindicatedbylightpurple

colorinintactrootandroottipsections(Figure2.3).Ontheotherhand,intactrootsand

root-tipsectionsofA1-sensitivecultivars(DomannakaandBR34)accumulatedAlmore

denselyindicatedbydenserpurplecolor.ThisresultindicatethatriceprlmarilypossesAl

exclusionmechanism.Thiskindexclusionmechanismhasalreadybeenreportedinsome

19



OthercropsincludingTice｡Maetal.(2002)foundAlexclusionmechamismintolerant

KushihikaTi(Japonicatype)ricecultivarwhencomparingsensitiveKasalath(Indicatype)

cultivar･Inmystudy,IusedtwoJapaneseandtwoIndicatypecultivarsofsameOryza

salivaandfoundsimilartrendofexclusion.

∫)IJ.臥,&':l削､恒trDCl.I,hir.･1紺!.tn'tlliLT{l私雨O-∩

Immediately a洗er lh Altreatment, Only Domamaka showed slight PM

pemeabilization,asshownbyweakrednuoTeSCenCe(Fig.2.4).WhenlhAltreatment

wasfollowedby12hre-elongationinAl亜eemedium ,thePM pemeabilityofAト

tolerantcultivars(SasanishikiandBR41)wasalmostunChanged, butA1-sensitive

cultivars(DomamakaandBR34),ontheotherhand,exhibitedstrongrednuorescence.

WhenstainedwithFDA-PI,FDAenteredintactcellsandexhibitedgreen且uorescence

underUVlight.Ontheotherhand, PIwasabsorbedonlybypermeabilizedcellsthat

exhibitedrednuorescencewhenexcitedwiththesameUVlight.Thisrednuorescence

correspondstoPM pemeability.TheweakrednuorescenceexhibitedbySasanishiki

suggestshigherPMstrengthcomparedwithDomannaka.
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FlgUrC2IA)uminumtoJeraL)CeSCreenlngW･th20pM AlCJ3)n02mM CaCl2(pH4･9,
24h).l,01･yZug/aberrJmOVP,2,cv.Moyna,3,cvBrm dhan344,cv･Asha,5,cv
Dulabhog;6,CvBRRJdhan27,7,cvCharldin･1,8,cvNlalTlat,9,cv･BRRldharl37,10,
cvKlrOn,ll,cvNayaPaJam,12,cvAsha;)3,cvMaLa,14,cvBRRldhan29,15,cv
Gazi,16,cvSufala,】7,CvBRRLdhan36,IB,CvBRRJdhan39,19,cv･BIPIab;20･cv
Brribalam,2I,cv BRRIdhan28,22,cv Mukta;23,cv BRRldha･141,24,Cv
BRRldhan24,25,cv Akllakomachi;26,cv.Domanjlaka,27,cv.Haenuk1,28,cv
Koshlhjkarl;29,cvHltOmebore,30.cvSasanlShlkl
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Figure2.2:Altolerancetolerancesfわrlh(openbar)and24hAltreatments.lhAl
treatment,1htreatmentin土20トIMAIC13inO･2mMCaC12(pH4.9)andreculturingin
Alfreemedium(0.2mM CaC12atPH5.2);24hAltreatment,continuoustreatment
with士20pM AIC13in0.2mM CaC12(pH4.9).Al tolerancewascalculatedasthe

ratioofrootelongationinAltothatincontrol･Dataaremeanj=SE(n≧10).
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SaSanishikj(T) Domanrlah (S)
Japon】carlCe

BR41(T) JlR34(S)

Flgure23LocaJIZaLlonorAl)nI-cmrooHlPand2-3mmsectLOnSfromapexdetected
byhenlatOXyllnSlalnlngmethod Deeperbrown]shpulp)eco】orlnd】cateshlgherA]
accumulatIon
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Flgure24 Pemleab1111yofrooHlPCellsafterlhAltreatment(50いM AIC131n
05mM CaC12,PH45)andaRerreelongatlOnlnAJfreened)umwasobservedby
FDA-PISlamlng

24



2.4Discussion

Though,relativerootelongation(Altolerance)variedwidelyam ongthecultivarS,

widervariationwasobseTVedam ongthelndicarice(Bangladeshirice)cultivars.Among

theJapanesericeeultivars,SasanishikishowedadistinctgreaterAltoleranGe(Fig｡2.1).

Toknow theprlmarymechanism ofAltolerance,Alaccumulationwasstudywas

conduGedbyhematoxylinstainlnglightmicroscopy.Thistechniqueiswidelybeenused

byseveralresearcherstodetectAlintheroots.PrimaryAltolerancemeGhanism was

foundtobeexclusion.

ImmediatelyafterlhAltreatment,thePM ofroot-tlPCellswasbarelypemeabilized

irrespectiveofAltolerance.Therea免er,whenre-elongatedinAljreemedium,roototip

cellsofsensitivecultivarsirrespectiveoftheirtypes(IndicaorJaponica)became

permeabilized, indicatingthatan irTeVerSiblearrangementofPM lipidmolecules

ocGurredinsensitiveplants.AlbindstoPM lipidsduringlhAltreatment,alteringPM

nuidityandmakingitpermeabletoAl(IshikawaandWagatsum a,1998).Wepreviously

reportedthatPM strengthplaysapotentialroleinAltoleranceintriticales(Wagatsum a

eta1.,2005a).TheresultsofthisstudysuggestthatPM intactness/Strengthisthekey

factorofAltoleranceinSasanishiki.

Theresultsonhematoxylinstainingofroottipsectionsshowsalargenumbersof

coTteXCellsespeciallyinthecytoplasmofsensitivecultivarswereheavilystainedwith

hematoxylin-AIcomplexofpurplecolor.Yangetal.(1988)foundthatthesurfTaceofroot

cellsofG.triacanthosandP,taedaboundlargeram ountsofAlimmediatelyafter

exposuretoAlions.Cronan (1991)reportedthattheaccum ulationofAlinrootcoTteX

cellswallsofPicearubenswaspHdependent.SteinenandBauch(1988)foundout
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highestamountofAlinthecortexofP.abieswhereassmallquantitiesinthexylem.In

thecortexcellwallofP.rubens(Schroeder1988,Schlegeletal｡(1992)andP.albies

(Godbold1988)wasfoundtobethemajoraccumulationsite.Ofei-Manu(2001)also

foundsameaccumulationpa低eminwoodyplants.

WhenstainedwithFDA-PI,cellswithnormalpemeabilitycan excludePIfromtheir

PM'slipidlayer;insuchcells, FDApassesthroughthePM andishydrolyzedby

intracelluloaresterasestoproducenuoresceln, andexhibitsgreennuorescencewhen

excitedbyUVlight.Ontheotherhand,thepemeabilizedcellsexhibitabrightred

nuorescenceduetothepassageofPIthroughtheirPM'SandintercalationwithDNAand

RNA｡AltolerantcultivarsshowedlightredcolorindicatingintactPM a免er1-hAl

treatmentandevena洗erreelongation(Figure2.4).Eventhough,a且er1-hAltreatment,

sensitivecultivarsexhibitedlittleincreaseinPMlipidpermeabilitybuta洗erreelongation,

itshowedwidevariationofpemeabilitylntheroot-tipcells･

To,knowtheearlyresponsetoAl,1hAltolerancescreenlngWasCOnducted･This

resultshowedincreaslngtendencyofAltoleranceforlhAltreatmentthan24hthough

similartendencywasobservedbetweenthesetwotolerancesfortolerantandsensitive

cultivars.Eventhoughriceisrelativelytolerantcropspecies,butroottipofsensitiverice

becamepermeabilizedevenaRer1hofAltreatmentandsubsequentreelongationinAl

斤eemedium.Duringshor t-termAltreatment,PM ofthecellstransfbrmed倉omcrystal

liquidphasetorigidphase･ThiskindoftransfomationoccursduringAltreatment･

RigidifiedPM can notbeobservedbyFDA-PIstalnlngjusta免erAltreatmentasthese

arenotpermeabilized.OncethiskindofrigidificationoccursduetoAl,itcannot

retransformedintoliquidphaseduetoperm anenceofalteration･Duringreelongation
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period,cellstrytoelongatebutPM 触 hercannotbeelongatedduetoitsdgidness;

ratheryuptuFeoccursOnthePM andfinallyitbecomesitbecomespermeabilized｡This

permeabilizedPM canpermitPItoenterintotheeytoplasm andfinallyemitred

爵uorescence｡A洗er24hAltreatment,Pemeabilizationpa寓emwasalsochanged.In24

h, Altreatmentmakespemeabilizednotonlythelimitedroottipbutalsoproximalpart

oftheroot.Thisresultindicatesthatevenshorttem Altreatmentmakesirreversible

alterationofPMbydecreasingthe爵uidity.Altreatmentandreelongationhaslittleeffect

onthePMoftolerantcultivaTSWhichisemittinggreen盟uorescence｡

LesspermeabilityaRer1-hAltolerancemaybeascribedastherigidificationofth軍

liquidPM layer.Duringshorttimetreatment,AlbindswiththePM lipidsandPM lipid

lossesitscrystalliquidfom bydehydration(Leshem etal.1992, Ishikawaand

Wagatsuma1998).Thstime,thoughPMbecomeleakybutthespacewasnotenoughto

enterPI.Duringreelongation,leakyspaceongellikerigidPM enlaTgedandenough

spacecreatedtoenterPI.

Thisresultsuggeststhatevena洗er1-hofAltreatmentinsensitivecultivars, Al

makessomeirreversiblechangeinthePMlipidstructurewhichmakesitpemeabletoAl.

Ishikawaetal.(2001)showeddifferentialpemeabilityam ongtolerantandsensitive

cultivarsofrice, maize,pea, wheatandsorghum cropspeciesbyFDA-PIstaining

techniqueandfoundnoinductionofchangeinpe-eabilityofthePMjusta洗ershorト

term Altreatment.But,whenshor t-termexposuretoAIwasfollowedbyre-elongationin

Al丘eemedium,thePM ofroot-tipCellswasclearlypemeabilizeddependingontheAl

tolerance.IshikawaandWagatsuma(1998)suggestedthatPM oftheAIsensitive

cultivarsbecam erigidandreducesitsextensionbutitbecomespermeabilizedduringthe

27



re-elongationtimeandinhibitselongation.

WhenrootoftheplantscoexistwithAlinthemedium,thenegativesiteofplasma

membrane(PM)斤om root-tippo血Onbindsaluminum (Al)covalently.Thisnegative

ChargeoFiginated丘omthephosphategroupsOfphospholipidsandearboxylgroupsofthe

proteininthePM困agataandMelchers1978).ByusingTb3'phosphorescenceCaldwell

(1989)demonstratedthatPMofAIsensitivewhatcultivar(Anza)bindsAlwithahigher

affinitythan anAltoleranteultivar(BHI146).WagatsumaandAkiba(1989)suggested

thatAltoleranceincreasesWiththeincreaseofaveragezetapotentialofrootprotoplast･

Wagatsumaetal.(1995)proposedanewtechnique(PCSM-positivelychargedsilica

microbed)toisolateAトtolerantprotoplastbasedonDLVOtheoryandsuggestedthatthe

areasofPMrichinnegativelychargedsitesareSPeCificallyandpreferentiallysusceptible

toAトtoxicity.FigureshowlngthelesserpemleabilitylnintactrootsindicatethatAl

tolerantriceposseshigherstrengthinPMlipidlayer(Figure2.4).Ishikawaetal(1996)

studiedcomparativeresponsetoothertrivalentmetalions(e.g.Yb3+,La3+)totheroot-tip

cellsdifferinginAltoleranceandsuggestedthatAlbindstothenegativesitesofPM

withhighestionicpotentialandthereaRerdehydrated.

ButinmembranesofAトtolerantplantspecies,theotherlongchainmaterialsofPM

mayalsobeinvolvedwhichmakesthemembranehighertoleranceagainstAl-stressand

preventthemembranestomakeeasyentrypointsevena洗erbindingwithAl.Verylong

Chainsofglucocerebrosideinthephospholipidsbilayeroverlapseachotherandalso

overlapswithotherphospholipids.LesspemeablePM alsocanbeattributedby

inereaslngthecontentof丘eesterolsinthePMlayer.Assterolshasacomplexplatelike

structure,higheramountofsterolsmakesthePMmorerigidbydeereasing且uidity.And
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finallyitmakeslesspemeablePM.

AlthoughsimilarAltolerance, AlaccumulationandPM pemeabilizationwas

observedamongAトtolerantcultivarsofJaponieaandIndicaandAI-sensitivecultivarsof

bothtype,AltoleranceofSasanishikiwasextraoTdinaFy.Therefore,Iconsideredthat

theremightbesomegeneunderliewithintheSasanishikiandthattolerantgeneis

orlglnatlng丘om aneestorcultivars.Toknow thebasisofthishightoleranceOf

Sasanishiki,IdecidedtostudySasanishikipedigreeCultivarsasthesewillconferAl

tolerancemechanismwithgeneticclarification.
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3.IIntroduction

lnmypmmaTyStⅦdywithseveralTiGeGultivarsofIndicaandJaponicatypes,IGOuld

concludethattheTemightbesomecultivarseonsistlngAltolerantgeneandtransferingto

theSasanihsiki.ClarificationofbackgroundsourceofAltoleranceinSasanishikiwould

clarifyfurtherthegeneticconnectionofAltolerance｡ItwasalsoconsideredthatAl

toleranceincloselyrelatedcultivarswouldbemoreeontTibutivetomakeAltolerantcrop

species｡ConsideringthispointIdecidetochecktheAltolerancemechanisminthese

pedigreecultivarsandcollectpedigreecultivarsofSasanishiki｡Furtheritwasmy

intentiontoknowwhetherexclusionmechanismisalsounderlieinthecultivarsofsam e

fam ilyline.

3.2MaterialsandMethods

3.2.1Sourceorseeds

SeedsofSasanishikipedigreecultivarsi°e.,Sen-ichi,Rikuu-20,Nourin-8,Tougou,

Joushu,Nourin-1,Aikoku,Asahi,Moritawase, Kam enoo14,Ginbouzu,Nourino22,

Sasanishiki,Asahi(Kyoku),Hatsunishiki,Sasashigure,Kam enooandRikuu - 1 3 2 were

collected倉omtheFacultyofAgriculture,YamagataUniversity,Japan;ShonaiBTanCh

YamagataRegionalPrefecturalAgriculturalStation,Japan;andNationallnstihtefor

AgriculturalandEnvironmentalScience,Japan.TheseedsofTouhoku -24andNourin - 6

couldnotbefound倉omallrelatedinstituteswithinJapan .
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AltoleranceOfthepedigreeCultivarsofSasanishikiwereGOndueedfollowlngthe

sameprocedureasdescribedinthepreviouschapter(Chapter1).

こうJj･｡3A且劉相即･lll汀雨l範Hi-a･hLil馴 涌j円叫_IDC)l'･iLA!l(egLrLバ胴和一

Alaceum ulationandPM pemeabilitywasstudiedfollowingsameproGeduTeaS

describedinthepreviouschapter.

3.3Results

3,3.llA摘olrtcT''… K糟がS飢SL4;1!雨sll測長点がq:朗g-rf把…油長Ⅴ馴'S

WidevariationofAltoleranceswerefoundamongSasanishikipedigreecultivarsin

therangefTOm 23も0 60%:Rikuu-132 (18), Kamenoo (17), Sasashigure (16),

Hatsunishiki(15)>Asahi(Kyoku)(14),Sasanishiki(13)>Nourin'22(12), Ginbouzu

(11),Kameno0-4(10),Moritawase(9),Asahi(8)>Aikoku(7),Nourin-1(6),Joushu(5),

Tougou(4),NouTin-8(3),Rikuu-20(2)>Sen-ichi(1)(Fig.3.1A).Tomyknowledge,

therearenoseedsofNourin-6andTouhoku-24inJapan.BasedonthedifferencesinAl

tolerance,allthecultivarsweregroupedforconveniencesakeinto5categorieswhich

wereshownasthedepthofblackcolordensity, I.e.,thedenserthecolorthehighef払e

tolerance.Sasanishiki(13)hadbeenbred丘omSasashigure(16)andHatsunishiki(15)as

parents;bothweremosttoleranttoAl (Fig｡3.1B).Additionallytothesetwocultivars,

Kamenoo(17)andRikuu-132(18)werefoundtobemostA1-tolerantcultivars.Rikuu-

132(18)hadbeenbred丘om A1-sensitiveRikuu-20(2)andintemediateA1-tolerant

Kameno0-4(10)asparents.AlthoughthefomerhadbeenbredfromAトsensitiveAikoku

32



(7),thelatterhadbeenbred丘ommostAトtolerantKamenoo(17).Ontheotherhand,

therewere7sensitivecultivars,i.e｡,Senlchi(1),Rikuu-20(2),Nourin-8(3),Tougou(4),

Joushu(5), Nourin-1(6)andAikoku(7)(Altolerancerangedfrom 23-32%).A1 -

toleranceofsomecultivarswereconsideredtobeintermediate,i.e.,Asahi,MouTitawase,

Kam eno0-4,GinbousuandNourin-22.

Kam enooandRikuu-132weresignificantlymoreA1-tolerantthanAikokuandRikuu-

20a洗er24hofcontinuousAltreatment(Fig.3.2).Toknowthetimingtoinducethe

differentialAltolerancebetweenthesetwogroupsofcultivars,wefurtherscreened

cultivarsforlhwith20匹M AIC13,followedby12hin0.2mM CaC12.Althoughthe

differenceinAltolerancewaslessthan thatinContinuous24hAltreatment,theformer

twocultivarswerealsofoundtobemoreAltolerantthanthelattercultivars:Altolerance

wasconfirmedtobeexpressedwithinlhofAltreatment(Fig･3.2).

3.i:lS｡?.it.-･;lVilJl州'hilJlのdTnibⅢ吋札HldtlAn劉爪q"lJq!LmunILl摘①h-･l

GreaterAlaccum ulationandPM permeabilizationwasobservedinthesensitive

Rikuu-20andAikokucultivarsthan tolerantRikuu-132andKam enoo(Fig.3.3).This

resultfbllows血esimilaftendencytotheresultsinthepreviousexperimentwhere

differenttypesofrice(IndicaandJaponica)hadbeenused.Fromthisresultitcan be

concludedthatAl exclusion(asprimarymechanism)underlieinthesepedigreecultivars

whichisascribedastheintactnessofthePM(Fig.3.4).
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Fig.3.1:Relativerootelongationofancestorcultivarsofthesamefamilylineof
Sasanishiki(A)andfamilytreeofcv.Sasanishikishown with gradedblackdensities
basicallycorrespondenttodifferentialAltolerancesamongcultivarsinFig.1A (B).
Four-d-Oldseedlingswerepretreatedin0.2mM CaC12for6h(pH 4.9)andthen
transfTerredto0.2mM CaCl2with(Altreatment)orwithout(control)20トIM AIC13(pH
4.9)for24h.Altoleranceiscalculatedastheratioofnetrootelongationsofthelongest
rootinAltreatmenttothatincontrol.ValuesaremeanS土SE(n≧10).Averagevalues
withsam eletter(S)arenotsignificantlydifferentat5%levelofsignificancebyFisher's
LSD.
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Fig.3.2:AltoleranceoftheselectedSasanishikipedigreecultivarsfわr24h(whitebar)
andf♭rlhAltreatmentfollowedby12hreelongation(closedbar).Altoleranceswere
calculatedasdescribedinmaterialsandmethodsofpreviouschapter.
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3ADiscussion

lnapreviousst岨dy,wefoundthatsomeJaponicaeultivars,suchasSasanishiki,are

highlyAltoleT弧t(Khanetal｡2005,Chapter1)｡Inthepresentstudy,ICharacterized

mechanismsunderlyingvariationsinAltolerancebetweenthetolerantcultivarRikuu-

132andthesensitivecultivarRikuu-20,boihofwhichareancestorCultivaESOfthesame

Sasanishikifamilyline(Fig.3.1B).AncestorcultivarsshowedawiderangeOfAl

tolerance, andorlglnatedfrom Aトtolerantand-sensitiveancestors.Thefamilytree

suggeststhatAltoleranceofKamenoowastransmittedtoRikuu-132.

DifferentialAlaectmulationwasfounda免er24hofAltreatment,i.e.,lessAl

accumulatedintheAトtolerantcultivarsRikuu-132andKomenoo(Fig.3.4)｡Al

accumulationwasassociatedwithpemeabilizationofthePMattheroottip,whichwas

greaterinthesensitivecultivarRikuu-20(Fig.3.3).Itwasconsideredthat,thesensitive

cultivaTRikuu-20hadagreaterproportionofphospholipidsinthePMthanthetolerant

cultivarRikuu-132.Greaterphospholipids(consistingthenegativesiteinthePM)

confTershighersensitivitytoAl.IshikawaandWagatsuma(1998)suggestedgreater

negativesite(phospholipids)inthesensitiveeultivars.Wagatsum aandAkiba(1991)also

reportedgreaternegativesitesintheALsensitivecropplantspecieswhilestudyingAl

toleTanee in4CropshavingvadationinAltolerance.Recently, Wagatsumaetal.(2005b)

reportedgreaternegativesitesinA1-sensitivecropsascribedasgreatermethyleneblue

stainabilityusing18cultivarsorlinesofseveralcrops.Theirresultsareinaccordance

withthepresentstudy.HighernegativesitesinthePM (ascribedasthehigher

phospholipids)bindswithAlandmakesclusterofphospholipidsandfinallyPMbecome

cracked･NomalPM donotpemlitPItoenterduetoitshydrophobicnatureandlarge
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size(moleGulaTWeightofPIis668.39)｡OntheotherhandFDAcanenterthroughthePM

duetohydrophilicnatureandrelativesmallsize(molecularweightofFDAis416.38).

ThiscovalentbondingofphospholipidsandsubsequentGraCkingcould触 herinGTeaSe

greaterAlaccumulation.FinallyitcouldbeeoneludedthatpmmaFyeXelusionmechanism

ofAltoleranceisalsounderlieinthecultivaTSOfSasanishikipedigree.Representative

tolerantandsensitivecultivarswereselectedfrom thisexperiment,i.e.,Aikokuand

Rikuu-20weresensitiveandKam enoo andRikuu-132weretolerant, forhrther

clarificationofAltolerancemechanism.
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4.1Imtrodut:一ion

AltolerancemechanismhasbeensuggestedbymanyreseaTehers.Amongthose,

mostdeliberateclarificationwasbasedonorganicacid(OA)exudation｡Forexample,

malatefromwheat(Delhaizeetal.1993,Sasakieta1.2004),oat(Zhengetal.1998a),rye

(Lietall2000a),扇ticale(Maetal.2000),sun爵ower(Saberetal.1999),radish(Zhenget

al.1998),rape(Zhengetal.1998b),Arabidopsis(Hoekengaetal.2003);citrate丘om

maize(Kiddetal.2001),sorghum (Magalhaesetal.2007),tobacco(Delhaizeetal.

2001);andoxalatefrom も甜0(MaandMiyasaka1998),弧dbuckwheat(Zhengetal.

1998a)hasbeenreportedasprobableAltolerancemechanism.SecretedOA inthe

rootingbathmaybindwithAlandbecomeunavailable.

Resistaneeincertainwheatandmaizegenotypeshasbeencorrelatedwiththe

abilitytoreleaseorganicacids,suchasmalieandcitTicacid,inresponsetoAl(Delhaize

etal.1993b,Ryanetal.1995).ReleasedorganicacidsarethoughttocomplexwithAl3'

andpreventitsuptake.CitrateismuchmoreeffectiveatdetoxiB,ingAlthanismalate,

andtherearedistinctadvantagestoemploylngCitrateexudationtoexcludeAl,Compared

withmalateasfomationconstantforAl.･citrateof9.6Comparedt05.7forAl:malate.

Polleetal.(1978)andRyanetal｡(1995)foundinwheatgenotypesthatarangeofAI

sensitivitieswerecorTelatedwiththeirCapabilitytoreleasemalate.Theyalsofoundthat

Alresistancegenerallycorrelatedwiththereleaseofmalatefromrootsinthepresenceof

Al.Wheatgenotypesrankorderwithrespecttomalatereleasesuggeststhatmalate
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releaseisan importantmechanismbywhichwheatgenotypesdifferinthecapabilityof

resistlngthegrowth-inhibitingeffectsofAl｡

IntemaldetoxificationbyorganicacidanionshasalsobeenreportedasanAl

tolerancemechanism insomecropspecies.Zhengetal.(2005)reportedhigherAl

accumulationinAl-tolerantbuckwheat(cv.Jiangxi)thaninA1-sensitiveone(cv.Shan xi)

andsuggestedthatthegreaterAlresistanceinbuckwheatisduetoimmobilizationand

detoxificationofAlbyphosphorusintheroottissue.Maetal.(1998)alsoreportedthat

oxalateisinvolvedinbothextemalandintemaldetoxifieationofAlinbuckwheat.

Consideringthesepoints,experimentwasConducedwhetherthisOAexudation

mechanismalsoexistinglnriceornot.

4.2MaterialsandMethods

Rikuu-132 andRikuu-20seedsweregeminatedandpreculturedasdescribed

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

o.2mM CaC12(pH4.9)for5h(10seedlings300mL-Isolution)｡Thereafter,rootswere

treatedwithorwithout20pMAIC13in0.2mMCaCl2(pH4.9)for5h(300mL~lsolution).

Bothpretreatmentandtreatmentwasconductedunder250Ctemperature,aerationand

constantlightasdescribedinChapter2.Apictureofexperimentalprocedurehasbeen

shovm inFig.4.1.Exudedorganicacidsinthesolutionwerethenmeasuredbythe

enzymecyclingmethod(Kiharaetal｡2003).Shortly,Citrateandmalatewereconverted

to lyase/citrate dehydrogenase and malate dehydrogenase/glutamate oxaloacetate

transaminase(Roche,Basel,Switzerland),respectively.TheNAD'andNADHwerethen
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measuredaccordmglothemethoddescnbedbyKatoetal(1973).ThlSeXPerlmentand

measurementwasreT)llCatedthreetlmeS

= 3- =一 三 二 mTm i

FJg.4ITreatmentprocedureForcontrolandAJtreatmenlfororganlCaCldexudaLIOn
OrJysclecledcull】varsofLnceweretreated

4.3Rcsu)ts

ToexamnewhetherOAre)easecouldaccountfTordlfferenllalAllo)erance,major

OAacldre)easedn10m rice,C)irate,wasquantlrLedforbothcontraslmgAltolerance

cult.γarsw'thAJtreatmentGreaterexudatLOnOfc]trate(182nmo)h-'seedLing1-)was

detectedinAItreiltmenthlAl-sensltlveRJkuu-20thanthatlnAl-lolerantRJkuu-】32

(046nm0lhT■sccdllng-J)(Fl8.42̂)Exudat10nOrmalalewaslessthanLhalorcltrate,

110WeVerthetendencywassameasc)Irate(FIB42B)Theseresullssuggesledlha10A

releasecamotexplalnAlto一erancedlLrerenccbetweenthesecultlVarS
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Fig.4.2:Citrate(A)andmalate(B)exuded舟omricecultivarsRikuu-20andRikuu-132.
Five-day-oldseedlingsweretreatedfor5hwithorwithoutAl(20LLM)in0.2mMCaC12
匝H 4.9)following5hpretreatmentwith0.2mM CaC12(pH 4.9).Exudateswere
collectedduringthe5htreatment.Valuesaremeans土SE(n-3)
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4.4Discussion

OrganieacidexcretionhasbeendescribedasoneofthemajorAltolerant

mechanismsofseveralcropplantspecies,thismaynotfittoexplainAltolerance

variationbetweenRikuu-20andRikuu-132｡ThoughKikuietal.(2007)recentlyreported

gFeateTOAexudation免･omtolerantrieethansensitiverice,inthiscase,sensitiveeuliivar

Rikuu-20excretedgreateramountofCitratethanRikuu-132,whilenodifferencewas

observedinmalateexcretion(Fig.4.2).ThisindicatedthatotherAltolerantmechanisms

wouldmakedifferentialAltoleranceI)etweentheseeultivars.Thiswouldaccotmtfor

previousresearchinriceAltolerancevariationthatwasnotassociatedwithOArelease

(Ishikawaetal.2000,Maetal.2002,Yangetal｡2008).ContrarytOthisresult,Hayes

andMa(2003)foundthattoleranttriticalelineexudemoreOAthansensitiveline(ST2,

tolerantlineexuded19.8nmolmalateand9.6nmolcitrateperplantwhereas,ST22,Aト

sensitivelineexuded3.8nmolmalateand3.1nmolcitrateperplantover20h).Moreover,

Ryanetal.(1995)showedaclosecorrelationbetweenthedegreeofAlresistanceandthe

magni紬deofAトactivatedrootmalatereleasein36differentwheatgenotypesdifferingln

Alresistance.

ResistancetoAIcan beachievedviaexclusionofAl免･omtherootapexand/orvia

intracellulaTtolerancebysequestrationofAlintheplant'ssym plast.Inastudy,Shenet

al.(2004)observedintemal OA exudation(citrateandoxalateintheleaves)in

buckwheat,ahighlyAトresistantCTOPspecies.AlthoughrecentevidenceforanAl-

resistancemechanism involvingintemaldetoxificationandsequestrationisstartingto

emerge,themostcompellingevidencehasfocusedonaresistancemechanismbasedon

chelationandexclusionofextracellularbasedonchelationandexclusionofextracellular
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AIviaAl-activatedrootOFganieacidrelease(Kochian etall2004).Although,inthe

presentst岨dy,IdidnotmeasureintemalOAexudationinshootoTleavesorricecultivars,

butinanotherStudy(Chapter70fthisthesis)itwasobservedthatleavesofricedidnot

accumulateAl｡Therefore,itcouldbereferthatintemaldetoxificationisnotthe

mechanismforAltoleranceofrice.Finally,Iwouldliketosuggestbothintemaland

extemaldetoxificationisnotinvolvedforAltoleranceinTice｡Theseresultsledmeto

clarifytheroleofPMlipidCompositionforAltolerancemechanisminrice･
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HigheTPlantspredominantlycontainsmixturesOfcholesterol,stigmasteroland

sitosterol.Burdenetal｡(1987)foundthatsterolbiosynthesis-inhibitingAmgieides

increasesmembranepemeabilityinbarley.Grandmouginetal.(1989)foundthat

fenpropimorphtreatedmaizerootsarelackofA5-slerolsandarereplacedby9β,-19-

6yclopropylsterolssuchascycloeucalenoland24-methylpollinastanolwhichwere

absentincontrolplant｡DuetolackofabsolutesubstTatespecificityofmanyenzymes

involvedinthecycloartenoltoA5-terolpathway,theblockingofcycloeucaleno1 -

0btusifoliolisomeTaSe(Col)causestheaccumulationofabnom･alsterols(Grandmougin

etal.1989,Cerdonetal.1996).Blockingtheimmediategeneralsterolsynthesisprocess

isnottheonlyfactor,butalsoofsterolsderived&om itthatarenotinthenormal

pathway ofsteTOlbiosynthesis.Thisunusualnewly synthesized sterolmainly

accumulatesinmembranefractionandregulatethemembranenuidityandconsequently

theactivityofmembraneboundenzymes.Thiskindofchangeinmembranefraction

changestherigidityofthemembranewhichinturnregulatespermeationofAl.

Thereareseveralster｡lmetabolisminhibitorswhichcan reducetheA5句Sterolsinthe

PM.hthepresentstudy,3sterolmetabolisminhibitorsfromtwogroupswereselected.

Fenpropimorphisamorpholinetypeof鮎ngicidewhichprimaryuseistoreducerustand

powderymildewofcerealcrops.Chemicalcompositionofsterolmetabolisminhibitors

usedinthepresentstudyhasbeenshowninFig.5.1.FenproplmOrPhinhibits
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cycloeucaleno1 -0btusifoliolisomerase(Col)(Cerdonetal.1996).Ontheotherhand,

(2RS,3RS)-paclobutrazolanduniconazole-ParetriazoletypeAlngicidewithhighplant

grov沌hregulatoryactivityonawidevarietyofcrops(Sugavanam 1984)｡Althoughthere

are several stereoisomeTS Of paclobutTaZOl of paclobutrazol but (2RS,3RS)-

diasterioisomeTismosteffectiveforplantgrowthregulatoryactivity(Sugavanam1984).

Both2RS-3RS-paclobutrazolanduniconazole-Pinhibitobtusifoliolisomerase(Burdenet

al.1987).Thoughall3inhibitorsdecreaseA5-steTOIsinthePMbutultimateaccum ulation

ofabnormalsterolsandtheirroleinPMpermeabilizationaredifferentamongthespecies.

Fenfi)ropimorph accumulates cycloeucalenol, 24-methylpollinastanol and 24-

dihydrocyeloeucalenolandtheseeffectonPMpermeabilizationaremoderate(Dahletal.

1980)｡Ontheotherhand,(2RS,3RS)-paclobutTaZOlanduniconazole-Paccumulates

obtusifoliol,dihydroobtusifolioland14α -methyl-△8-eTgOStenOlandtheseeffectonPM

permeabilizationaresevere(Dahletal｡1980).Both2RS-3RS-paclobutrazoland

uniconazole-PalsohaveainhibitoTyeffectonent-kauTene(CYP51A2)｡

FenproplmOrPh Nuノl､朴J
.

H-N ＼tN
(2RS,3RS)-PadobutrazoI Uniconazole-P

Fig｡5.1:ChemicalcompositionofthesterolmetabolisminhibitoTSusedinthepresent
study
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Inthisexperiment,thesesterolmetabolisminhibitorswereusedtochangethelipid

compositioninthePMofroots.Itwasobservedinthepreviousstudy(Chapterland2)

thatPMintactnessofleakinesswouldbetheAltolerancestrategylnrice.Phospholipids

andsterolsarethemajorCOmPOnentOfthePMandmayhavegreaterContributionfopPM

lipidpermeabilization｡ItwasmyintensiontoknowwhathappenedonthePM lipid

permeabilitya鮎rehanglngthesterolcontent.ARercheckingthePMpemeabilityand

Alaccumulation,further,majorlipidsweremeasuredtoknowtheactualcontributionsof

eachlipidclasses｡

5.2Materialsandmethods

i;.,.I)..ll LF.飴q:IllOftt'S血,oこlnnc抽b･LDuis;州 緑心拍紬o主t】S tlJ]11jJ･49(rD舌でnOid.咽摘馴 ll dn雨l_iP朗
吐9C1'つ,"Th把細浦hr/t痛olT!l

Fenpropimorph ((2R,6S)-rel-4-[3斗4-(1,1-dimethylethyl)phenyl]-2-methylpropyl十

2,6-dimethylmorpholine;Schott DuT弧,Germany)wassolubilizedwithwater,but

0.0005%Tween20wasusedforPreparationof1.7ト1M paclobutrazol((2RS,3RS)-1-(率

chlorophenyl)-4,4-dimethy1-2-(1H-1,2,4-triazo1-1-yl)pentan -3-ol;WakoPureChemical

industriesLtd.,Japan)anduniconazole-P((E)-(RS)-ト(4-chlorophenyl)-4,4-dimethy1-2-

(1H-1,2,4-triazo1-1-yl)pent-1-en-3-01;WakoPureChemicallndustriesLtd.,Japan).Fou r -

d-oldseedlingsweretreatedfor24hwithgradedconcentrationsupto5,1.7,or1.7ト1Mof

fenproplmOrPh,paclobutrazol,oruniconazole-P,respectively,intheexistenceof0.2mM

CaC12atPH5.2.Thereafter,rootelongationwasmeasuredandPM permeabilitywas

checked｡inhibitionofrootelongationwascalculatedastherelativepercentagetothatin

controlmediumwithoutinhibitor.
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Phytosterols

→→Cholesterol

il㌦..∴‥..1

Fig.5.2:Biosyntheticpathwayofsterolscompiled免･omBurdenetal.(1987),Grandmougin
etal.(1989)byChemDTaWUltra7.0a:Siteofactionforfenpropimorphwhichinhibits
Cycloeucalenolobtusifoliolisomerase(Col);b:Siteofactionforpaclobutrazol
uniconazole-P which inhibits obtusifolioト14かdemethylase (OBT 14DM). 1,
methylpollinastanol;2, 24-dihydrocycloeucalenol;3,cycloeucalenol;4, 0btusifoliol;
dihydroobtusifoliol;6, 14α-methyl-△ 8-ergostenol;7,campesteTOl;8,sitosterol;
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stigmasterol.Lanosterolpathwaybeginnlngatthestepofcyclizationof2,3-0xidosqualene
specificallyindicotyledonousplantswasrecentlyfoundbyKolesnikovaetall(2006)I
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Fou r 壷Oldseedlingsweretreatedwith0.2mMCaC12(Cont),0.66pMfenpropimorph,

0.68pM paelobutTaZOlor1.02ト朗 unieonazole-Pin0.2mM CaC12(pH 4.9).These

eoneentrationsoftherespectiveinhibitoTSinducedthegreatestdifferenceintheinhibition

ofrootelongationbasedonthefoFmeFexperimentuslnggradedconcentrationsofeach

inhibitor.Rootelongationwasmeasuredbeforeanda免eTthetreatments.Nolessthan ten

seedlingswereusedforeachexpeFiment｡PMpermeabilitywasalsoobservedbeforeand

a洗erthetreatments.Altoleranceinpresenceofinhibitorsweremeasuredfollowlngthe

equationbelow.

TolerancetoXinhibitors(%)-

RootelongationininhibitorXduring24h(cm)

RootelongationinControlwithoutinhibitor24h(cm)
×100

iiJj,｡:Z'.jPM 押 ∫'ll打は右心孟乱和 訳TLldIA,q馴三g!q:lhr'lmnA雨om摘 An柑相加m剛雨滴仙hLlh弛雨oR'S

A免ergerminationandprecultumng,Seedlingoftheselectedcultivarsweretreated

withinhibitorsin0.2mM CaCl2for24h(pH4.9)｡Concentrationofeachinhibitorwas

O･66pfenproplmOrPh,0･68pMpaclobutrazoland1･02pMuniconazoleP･Inparallelway,

rootsweretreatedwithinhibitorsinAIsolution(20ト朗 AIC13in0.2mMCaCl2)for24h

匝H 4.9).A免erwards,rootsWereWaShedandtreatedwithFDA-PIfor5minand

observedundermicroscopeequlppedwithUVlight･

Havingtreatmentsinsimilarway,rootswerestainedwithhematoxylinsolutionand

observedunderlightmicroscope.

Alltheseexperimentswererepeated3-4times.
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Rootsof4-d-oldseedlingsweretreatedwithcontrol(0｡2mM Ca),Al(20LLM Alin

O｡2mM Ca), (2RS-3RS)-fenpropimorph (0166pM fenpropimorph inO･2 mM Ca),

uniconazole-P(1｡02い.M uniconazolein0.2mM Ca), Al+fenpropimoTPh(20LLM Al,

0.66LLM fenpropimorph in 0.2mM Ca)andAl+uniconazole(2(恒M A1,1｡02い･M

uniconazole,0.2mM Ca)for24hatpH4.9.TreatmentsolutionwasChangedevery8

hourstoequalizethetreatmentconditions.Justa洗erthetreatment,tip1cmrootswere

collected.AdheredwaterwasremovedbyKimwIPeSa洗erwashingthesam plesseveral

timeswithdeionizedwaterundervacuum pressure.Twogram 丘eshweightofroot

samplewaspreservedinkeezer(A 8oC)beforeextraction.

f:;,2,｡射F/,血那雨⑬I.･相加滴ll.rng!FLSMnL一軒'l札l爪音nlCo柑益虫OS曲浦附加脂訊"lldlg証971COCe雨b,L'･巾S洞6!Ei

ToextractPLsandcerebosides,2.5,2.5and1.25mlofn-propan01,chloroform and

waterwasadded,respectivelywiththerootsamplesandwashomogenized.A鮎r

standingfor10minutes,extra2mlofchloformwereaddedandfilteredthroughfilter

paperNo.6.Thisextractionwasrepeatedtwomoretimesandcollectedtogether.

Extractedfiltratewasshakenwithsimilarvolume0.1MKCltoremoveproteinandwater

solublemolecules(e.g.ATP)andthenseparated.TengramofNaSO4Per100mlextract

wasaddedandshakenvigorously(toremovewatermoleculesfromtheextract)andwas

filtered.Theextractwasconcentratedbyrotaryevaporator,transferredtoavialanddried

withN2gas.Finallyitwasresolubilizedwith40(恒Lofchloroform.

50LLlofextractedphospholipidsweretransferredinabeakerandwasdried.Digestion

wascarriedoutwithHNO3:HCIO4(5:3,V/V)mixturefollowedbyheatingonthesand

bath.Justafterdrying,1mloflM HCIwasaddedandwasheatedagaln.Thenitwas
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transferredtoatesttube.Deionizedwater(1ml)waspouredintothebeaker,heatedand

transferredtothesametesttubeandwaspooled.Thisprocedurewasrepeatedtwomore

times｡Twodropsofα-dinitrophenolindicatorwadaddedtothetesttube.pHadjustment

wasGaTTiedout(justbelowpH3.3)byaddinglMNH40H.A鮎rwaFds,Pwasmeasured

withmolybdenumbluemethodspectrophotometricallyatA660.

StatisticalanalysisofFisher'sleastsignificancedifference(LSD)waseaTriedout

usingKaleidaGraph4.0(SynergySofiware,USA).

PhospholipidsandglucoGerebosideswereextractedbasicallybyBligh-myermethod

(1959)modifiedpartiallybyUemuraandYoshida(1984).Eachportionof2.5mLn-

propanol,2.5mLchloroformand1.25mLH20wasaddedtotherootsampleandthe

mixturewashomogenized｡Homogenizationwasrepeatedadditionallytwice.A鮎r

filtering,thefiltratewasshakenwithsimilarvolumeof0.1MKCltoremoveproteinsand

watersolublemolecules(e.g.ATP)｡Recoveredchloroformlayerwasdehydratedwith

Na2SO4(logperlOOmLsolution),concentratedat40oC,andfinallypurgedwithN2gas.

Thisconcentratewasresolubilizedwith200mLpergram offreshrootweightwith

chloroformandstoredaレl80Cbeforemeasurement･Analiquotofresolubilizedsolution

wasevaporatedand, digestedwithacidmixture(HNO3:60%HCIO4- 5:3, V/V).

PhospholipidswereestimatedafiertheanalysISOfphosphorusbymolybdenum blue

spectrophotometricmethod.

SU?,I,S刑!l⑬紳輔l緬yi115剛仙rllq:即Ctip-ros孟舶S4:!lLnSS.･ttaJ血Lys晶slbyiHilPlrlLiC

ExtractedphospholipidsandglucocerebrosidesweredevelopedonHPTLC(Silicagel

60 F254, Merck Ltd., Japan) and using a development solvent mixture of
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chlorofom:methanol:aceticacid- 65:25:8followlngtheprocedureOfUemuraetal.

(2004)･Amountofeachlipidspecieswerequantifiedqualitativelybydevelopingcolor

with20%H2SO4inmethanolandheatlng.

S､.摘 ILq:;).I(lh耶血 mtt･..).!l灯Iliu(il把凱SMつ剛fnCluせo甘AS.S紬.･OJI

ExtractionoffreesteFOIsfractionoftheroot-tipplasmamembranewascarriedout

followingHaTtmam andBenveniste(1987)withslightmodification.Freesterolsand

sterolconjugatesOfmembranefractionswereextractedfrom2goffrozenroot-tipwith

12mlofdichloFOmethane-methanol(2:1,V/V).Extractionwasrepeated3timesandwas

filtered.ThecombinedsolventextractswerevigorouslyshakenwithmlXlngSame

volum eof0.1M KCltoremoveprotein.Adheredwatermoleculesweredriedover

anhydroussodium sulfate.Theextractwasconcentratedwith rotary eVaPOratOr,

transferredtovialandevaporatedtodrynessWithN2gas.Finallyitwasresolubilized

with200plofchlorofom.

△5-sterolmeasurementwascarriedoutfollowlngtheprocedureofZlatkisandZak

(1969)method.Shortly,5plofextractedsamplewastakeninavialandadded95plof

aceticacid.Twomlofo-pthelaldehydesolution(3.73mM inglacialaceticacid)was

addedfollowedby1mlcone.H2SO4andwasshakenvlgOrOuSly.A鮎T10minutes,

SpectrophotometricmeasurementwascarriedoutatA550｡Concentrationofsterolswas

calculatedbycomparlngwiththestandardones.

StatisticalanalysisofFisher'sLSDwascarriedoutusingKaleidaGraph4.0(Synergy

So免ware,USA).
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ExtractedphospholipidsandglucocerebrosidesweredevlopedonHPTLC(Silicagel

60 F254, Merek Ltd., Japan) and using a development solvent mixture of

dichloromethane:methanol-85:15followlngtheprocedureofHaTtmannandBenvenisie

(1987)withsomemodifications,Amountofeachlipidspecieswerequantifiedwith

standardonesqualitativelybydeveloplngCOlorwith20%H2SO4inmethanolandheating

onsandbath｡

S｡望｡SA且を⑳脂『盈meeO宮地ese且ecをe姐C闇畳食iv盈『容量飽田『eSe取舵O雷畳取払孟敵組o『s

Four-d-Oldseedlingsweretreatedwith0.2mMCaC12(Cont),0.66トIMfenpropimorph,

0.68pM paclobutrazolor1.02トIM un iconazole-PinO｡2mM CaC12Whichinducedthe

greatestdifferenceintheinhibitionofrootelongationbasedonthefomerexperiment

uslnggradedconcentrationsofeachinhibitor.Alltreatmentsolutionswererenewedat

every8h.Nolessthantenseedlingswereusedforeachexperiment.Altoleranceinthe

presenceofinhibitorwascalctllatedasfわllows:

RootelongationinAltreatmentwithinhibitor(cm)
Rootelongationincontroltreatmentwithinhibitor(cm)

/

StatisticalanalystsOfFisher'sLSDwascarriedoutuslngKaleidaGraph4.0.

×100

5.3Results

AstwosterolmetabolisminhibitorsweresolubilizedinTween20,previouschecking

wasdonewhetheritmakesanyharmfuleffectonrootgrowthornot.Theconcentration

of0.0005%ofTween20exhibitedsimilargreaterrelativerootelongation(90.4-95.4%)

indicatingalmostnoharmfuleffectsonrootelongation(datanotshown).Consequently,
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PMpemeabilityandfollowingtothis,rootelongationinhibitionwasstudiedusingthese

stero1metabolism inhibitoFS.Greaterrootelongationinhibitionwasobservedinthe

tolerantcultivarsirrespectiveofthespeciesofinhibitor(Fig｡5.3).Concentrationof

inhibitorwhichmakesthegreatestdifferenceinrootelongationwasselectedfornext

stageofexperiment.Here,0.66トとM fenproplmOrPh,0.68匹M paclobutrazoland1｡02pM

uniconazole-PwasselectedforsGreenlngandotherexperimentswithinhibitors.Atthis

stageeffectofthesterolmetabolisminhibitorsonPMpermeabilizationwasalsostudied.

Itcan beobservedthatallthecultivaTSShowedmostlygreennuorescencewhichasGribed

intactPM(Fig.5.3).

Allricecultivarsshowedan increaseinPM permeabilizationafterA1-treatmentin

presenceoflipidmetabolism inhibitors(Fig.5A).Infact, Aトーreatmentwithlipid

metabolisminhibitorsshowedalmostsimilargreaterPMpermeabilizationirrespectiveof

thecultivarhavingdifferentialAltolerance.IncreaseinPMpermeabilizationwasgreater

inA1-tolerantcultivar(鮎kuu-132).Ontheotherhand,allricecultivarsshowedan

increaseofAlaccumulationafterA1-treatmentinpresenceOflipidmetabolisminhibitors

(Fig.5.5).TheresultsshowsalmostsimilargreaterAlaccum ulationinAltreatmentwith

lipidmetabolisminhibitorsirrespectiveoftheAltoleranceam ongtheGultivars.Italso

canbeobservedthatincreaseinAlaccum ulationwasgreaterinAltolerantcultivaTS.

Amongthephospholipids,PC,PEcontentwasgreaterincontrolofRikuu -20(Aト

sensitive)than thatofRikuu-132(AI-tolerant)(Fig.5.6).Amongthelipidspecies,PE

contentwasgreaterthanPCforin鮎kuu-20andwasreverseinRikuu-132.However,

totalphospholipidscontentsweregreaterinRikuu-20thanthatof鮎kuu-132.AlthoughI

didnotmeasureotherlipidspecieslikephosphatidylseTine,phosphatidylglycerolor
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phosphotidylinositolbyHPTLC,thesemayconstitutefewer丘actionswithinthePM

consideringthetotalcontentofPCandPE｡Ontheotherhand,however,cerebrosides

contentwasgreaterinthePM ofRikuu-20(Fig.5｡6).Thisresultindicatesaless

contributionofcerebrosidesforAltoleranceinrice.

△5-SterolcontentwasgreaterincontrolofRikuu-132thanthatofRikuu-20,however,

differentiationwasnotclearduetosimilard.f.inthedevelopmentsolventusedinthe

presentstudy(Fig.5.7).Severalotherunknownsterols(possiblyabnomalsteTOIs)were

alsodetected.

OnepossiblemechanismunderlyingthevariationinAltolerancebetweenthese紬o

cultivarsisdifferentialcompositionoflipidsinthePM,aslipidcompositioncan affect

surfacenegativityandmembranetightness.Totestthispossibility,Iquantifiedthemajor

neutrallipid△5-sterolsandnegativelychargedlipidsphospholipidsintheroot-tipsof

cultivarswith contrastingAltolerance.Inthecontroltreatment,Rikuu-20 had

significantlyless△5-steFOIs(2.63j=0.05pmolg-1FW ofroot-tips)thanRikuu-132

(2.94j=0.20 pmolg-1FW ofrootJips),whileRikuu-20 had significantly more

phospholipids(1.33j=0.01pmolg~lFWofroot-tips)thanRikuu-132(1.20j=0.02pmolg~l

FW ofrooトtips)(Fig.5.4A,B).IntheAltreatment,thesam etendencywasobserved,

although Altreatmentdecreased△5-ste,olsandincreasedphospholipidsinbothcultivaTS.

TheseresultssuggestthatRikuu-132'sPMislessnegativethanthatofRikuu-20,withor

withoutAltreatment.

AsitwasevidentthatnegativelychargedabundanceofphospholipidsinthePM

makesmoreAトsensitiveand,onthecontrary,neutral△5-sterolsmakesmoreintactPM,

therefore,Icalculatedthelipidratiotomakeameanlngfulclarificationontheselipid
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classes.LipidFatio匝hospholipids/△5-sterols)showedasignificantnegativeexponential

relationshipwithAltolerance(y-33.8XpO･67,R2-沌 667*)(Fig.5.7).

Tomakethegeneralclarificationontheeffectofrootelongation,Imeasuredrelative

rootelongation(Altolerance)inpresenceofsterolmetabolisminhibitors.InpresenceOf

inhibitors, AltolerancedidnotchangesignificantlyforRikuu-20(31a血d29% for

Al+FenandAl+Uni,respectively)whereasSignificantdecreasewasobservedforRikuu-

132(48and35% forAl+FenandAl+Un i,respectively)(Fig.5.8A).Although,Al

toleranceinpresencefenproplmOrPhdecreasedseverelybutfurseveredecreasewas

observedinpresenceofuniconazole.Infact, AltoleranceinAl+Unitreatmentwas

almostsimilartothatinRikuu-20.Therefore,AltoleranceinAl+Unitreatmentwasalso

studiedinothercultivarswithinthepedigree.Similarslgnifieantdecreasingtendencywas

observedinothertolerantcultivars,i.e.,Sasanishiki,KyokuandKamenoo(Fig.5.8B).

Ontheotherhand,AltoleranceofotherAI-sensitivecultivar(Aikoku)didnotdiffer

amongAlandAl+Unitreatments.
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5.4Discussion

FenproplmOrPh, N-substitutedmorpholine,lSaSyStemicfungieideforcontrolling

powderymildew andrustincerealGrOPS, andinhibitscycloeuealenolobtusifoliol

isomerase (Col)as primary target:As a result, abnomalsterols, i°e., 24-

methylpollinastanol, 24-dihydrocycloeucalenol,alld cycloeucalenolwhich can be

detectedonlyatraceamountinnormalconditionsarehighlyenrichedinPM,butonthe

contrary, normalfinalsterolproduGtS(phytosterols), i.e.,campesterol,Sitosteroland

stigmasterolareconsiderablydecreased(Burdenetal.1987, Grandmouginetal.1989)

(Fig.5.2).Ontheotherhand,(2RS,3RS)opaelobutrazolanduniconazole-P , triazole-type

heterocyGlecompounds, areplantgrowthregulatorswithanti鮎ngalactivity,andinhibit

obhsifolio1-1触-demethylase(OBT14DM)(Haughan etal.1988, Rademacher2000).

Thoughthereareseveralisomersofpaclobutrazol,inthisexperimentldecidetouse

(2RS,3RS)-paclobutFaZOIwhichhasbeenreportedtoinhibitsterolmetabolism more

severelythanotherisomers.A免erinhibitioninspecificstage,considerabledecreasein

nomalphytosterolswithsimultaneousincreaseinabnomalsterol,i.e., obtusifoliol,

dihydroobt岨Sifolioland14か methy1 -△8-ergostenolandtheseabno-alsteFOIsmostly

accum ulatedinthePM｡Kolesnikovaetal.(2006)reportedforthefirsttimeanew

dicotyledonousphytosterolmetabolicpathway,倉om 2,3-0Xidoqualenetolanosterol,

whichhadbeenconsideredasthespecificpathwayforfungiandanimals.

FenproplmOrPhinhibitedrootelongationsforAikoku,Rikuu-20,Kamenooand

lukuu-132, 弧dinhibitionwasgreaterforA1-toler弧ttwoCultivarsthanforAl-sensitive

twocultivars(Fig.5.3A).At0.66pM fenpropimorphwhichinducedthegreatest

differencesintheinhibitionofrootelongationsbetweenaveragevaluesofeachtwo
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CultivaTSWithdifferentAltolerance.Inthisstage,PM ofboththecultivaTSWasalmost

intactirrespectiveoftheinhibitors｡AlthoughonlyonepictureisplacedonY-axis,PM

intactnesswascommonforallcultivaTS,andthereforeotherthreepictureswereomitted.

(2RS,3RS)-paclobutrazoltendstoinhibitrootelongationsgreaterforA1-toleranttwo

cultivarsthan forA1-sensitivetwocultivaTSandat0.68pM (2RS,3RS)-paclobutrazoI

whichinducedthegreatestdifferenceintheinhibitionofrootelongations,similarPM

permeabilizationwasrecognizedforallcultivars(Fig.5.3B).

Umiconazole-PtendstoinhibitrootelongationsgreaterforA1-toler弧tRikuu-132than

forA1 -sensitiveRikuuo20andatl･02pM uniconazole-Pwhichinducedthegreatest

differenceintheinhibitionofrootelongationssimilarPM pemeabilizationwas

recognizedf♭rallcultivars(Fig.5｡3C).

AlthoughPM pemeabilizationwasgreaterorleastforRikuu-20orRikuu-132

withoutinhibitorsrespectively,thoseweregreaterforbothcultivarsafterAltreatment

irrespectiveofinhibitorstoexhibitsimilarpermeabilizations(Fig.5.5).Corresponding

similarresultswereobservedinAlaccumulationsinroot-tipportions:Alaccumulation

wasgreaterorlessforRikuu-20orRikuu-132a洗erAltreatmentwithoutinhibitors

respectively,howeverthoseweregreaterforbothcultivarsafterAltreatmentirrespective

ofinhibitorstoexhibitsimilarAlaccumulations｡

Inlaterstageofexperiments,IselectedRikuu-132astherepresentativeofAl-tolerant

cultivarandRikuu-20astherepresentativeofA1-sensitivecultivar.Altolerancesin

Rikuu-20inthepresenceofallinhibitorswerenotdifferentbutonthecontrary, Al

toleranceforRikuu-132Withoutinhibitorswasgreatestfollowedbythatinthepresence

offenpropimorphor(2RS,3RS)-paclobutrazol,andthatinthepresenceofuniconazole-P
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wasleast(Fig.5.8A).InhibitoFyeffectoffenpropimorph,however,wasnotseverelikein

caseofuniconazole-P｡AltoleranceforRikuu-132inthepresenceofuniconazole-Pwas

notdifferentsignificantly免omthatforRikuu-20withoutinhibitors.

signifieantlylesser△5-SterolsweremeasuredincontrolofRikuu-20(2.63pMg-1FW

ofroot-tip)thanthatofRikuu-132(2.9叫M g~lFW ofroot-tips)(Fig.5.8).Forboth

cultivars△5-Sterolswasdecreasedsignificantlybyeachtreatmentinthefollowlngorder:

Al>inhibitorwithoutAl>inhibitorwi也Al.ReversegeneraltendencieswereobseⅣed

inphospholipids.PhospholipidsweregreaterincontrolofRikuu-20(1.33pM g-1FW of

root-tip)thanthatofRikuu-132(1.20pM g~lFW ofroot-tip).InAltreatment,although

phospholipidswereincreasedforRikuu-20,thosewerenotincreasedforRikuu-132.

1nhibitorsincreasedphospholipidsforRikuu-132significantly,howeverthegreatest

increasewasobservedforbotheultivarsinthetreatmentswithAl.Althoughno

slgnificantrelationshipswererecognizedbetweenAltoleranceand A5-sterolsor

phospholipidsinroot-tipsofbothcultivaTSamOngal16samples,i.e.,treatmentswith(1)

Al,(2)AIwithfenpropimorph,or(3)AIwithuniconazole-P(datanotshown),significant

negativeexponentialrelationswasrecognizedbetweenAltoleranceandmolarlipidratio

匝hospholipids/△5-sterols)(R2-0.668*)(Fig.5.9).

AllinhibitorsdecreasedtheamountofA5-sterolsandincreasedphospholipidsinthe

membranesofbothcultivars(Fig.5.6)｡ThesechangesinthetolerantcultivarRikuu-132

wererelativelylargerthan inthesensitivecultivarRikuu-20.Treatmentwithinhibitors

resultedinan increaseintheratioofphospholipidsto△5-sterolsinRikuuJ32,toalevel

similartothatofRikuu-20(Fig.5｡4)｡Thismadetheroot-tipcellsofRikuu-132leaky

duringAltreatment,asshownbyFDA-PIstaining,anditincreasedAlaccumulationtoa
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levelsimilartOthatofsensitiveRikuu-20(Fig.5.5).AltoleranceofRikuu-132,judged

byrootelongation,wasalsosuppressedbybothinhibitors,whilethatofRikuu-20was

unchangeda鮎 rinhibitortreatments(Fig.5｡8A)｡Ofthetwoinhibitors,theOBT14DM

inhibitoruniconazole-PdecreasedAltolerameeofRikuu-132toagreaterextent,resulting
insimilarAltolerancetotheA1-sensitiveRikuu - 2 0 ｡ Asimilarlystronginhib itoTyeffect

wasobservedinothertolerantCultivaTS(Sasanishiki, Kyoku,andKamenoo)in

Al+unieonazole-Ptreatment(Fig.5.8B).However,thesensitivecultivarAikokuwasnot

inhibitedintheseconditions,similarlytoRikuu-20(Fig.58B).

DiffeTenCeSincapacitiestoinducecooperativeintemolecularvan derWaals

interactionswithneighbourlngPhospholipidswithinmembraneshavebeenpointedout

(Milonetal.1989).Figure5.11Showsthechemicalstructuresandcorrespondingvander

WaalsconfTomationsoftypicalsterolscalculatedanddrawnbyChem 3DUltra7.0

60mputerprogram .Sitosterol(inFig.5.ll)isan examplefortypiealandnomal

phytosteTOIs(7inFig.5.2),cycloeucalenol(ⅠIinFig.5.11)isanexampleforabnomal

sterolswhichareenrichedafiertreatmentWithfenpropimorph(3inFig.5.2),and

obtusifoliol(ⅠⅠⅠinFig.11)isanexampleforabnormalsterolswhichareemicheda鮎T

treatmentwith (2RS,3RS)-paclobutrazoloruniconazole-P (4 in Fig.5.2).Two

confomationsII(1)andIⅠ(2)Weredrawnoncycloeucalenolastwoconformationsm(1)

andII(2)coexist,differingmainlyatringC(Milonetal.1989).Thesterolringsystemof

cycloeucalenolisbent,forcedintoanon-planarconformationbythe9,19-cyclopropyl

groupontheβ-faceofthismolecule(Dahletall1980)｡Asα-faceiscurvilinear,thel触 -

methylgroupISnotexposed.Finally,compamngeachvanderWaalsvolume,ObtusifToliol

isgreatestfollowedbycycloeucalenol, andsitosterolwasconfirmedtobeleast.
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Conclusivelyitcanbesaidthatobtusifolio1-14a-demethylase(OBT-14DM)isoneofthe

maintargetforAltoleTaneein貞ce.

73


