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Chapter1

GENERALINTRDUCTION

Duringtheirlifecycle,mostplantsarefrequentlyexposedtooneormoretypesofbiotic

orabioticstresses.Bioticstressesarecausedbypathogenicorganismssuchasbacteria,

fungi,insects,nematodes,andviruses(DanglandJones2001),whileabioticstressesare

resultsofexposuretounfavorablephysicalandchemicalenvironmentalconditionssuch

asextremelyhightemperature,radiation,drought,salinity,heavymetals,andothers

(NilsenandOrcutt1996).Thesestressorsaremainenvironmentalfactorsindetermining

thedistributionandproductivltyOfplants.

Inthisstudy,planttolerancetohigh temperaturestresswasfbcusedbecausethe

anticipatedclimatechangeisexpectedtocauseseriousdamagestothegrowthandyield

ofC3Crops(LobellandAsner2003;TesterandBacic2005;LobellandField2007).

Heatorhigh temperaturestressisexpectedtobemorelikelyoccurringasaresultof

globalclimatechangeresultingfromthesubstantialincreasesinthe■concentrationof

greenhousegasescausedbyhuman activities.Solomonetal.(2007)reportedthat

temperature丘.om1995to2006excluding1996rankedthellwamestyearsamongthe

pasthistoricalrecordssince1850.Thereportalsopredictedthatglobalairtemperature

willriseby0.20Cperdecadetoreach1.8oCto4.00Cabovethecu汀entlevelby2100

dependingonclimatechangescenario.

Developmentofnewcultivarsthataretoleranttohighsummertemperahresisa

majorChallengetobreedersworkingonmanycrops,especiallyC3Crops,underongolng

climatechange(Zhangetal.2006;BamabAsetal.2008;SemenovandHaltlord2009).

Highsummertemperahrecaninduceoxidativestressaswellasthemalstress(Basra

2001;Wahidetal.2007).Clear-skyinsolationduringmiddaycanincreaseleaf

temperahreabove40oC(SingsaasandSharkey1998),whichcouldcause血emal

damagetoleaftissuesresultingfrom protein denaturationandfluidityincreaseOf

membranelipid(Wahidetal.2007;HuangandXu2008).Ontheothefhand,functional

decreaseinphotosyntheticlightreaction,whichislikelytooccurevenunder

moderatelyhightemperahres,caninduceoxidativestressbyproduclngreactiveoxygen

species(ROS)thatismainlycausedbyincreasedelectronleakage丘omthethylakoid

membrane(Pelvluelasetal.2005;Almeselmanietal.2006;Camejoetal.2006)･



Inthisstudy,stressresultingkomhigh temperatureduringsummerisreferredtoas

heatstress･Theimpactofheatstressincludes;stmc山ralchangesatthetissue,cellular

andsub-cellularlevels(Wahidetall2007),reductionofphotosynthesisbyaffecting

photochemicalandbiochemicalreactionsaswellasphotosymtheticmembrane

(Schraderetal.2004;Wiseetal.2004;HaldimarmandFellel･2005),integrityand

fluidityofmembraneaswellasperoxidationofmembranelipids(LiuandHuang2000;

LarkendaleandHuang2004;Xuetal.2006),degradationanddenaturationofproteins

(HeandHuang2007;HuallgandXu2008;ⅩuandHuang2008),andchangesinthe

scavengingsystemeitherantioxidantsormetabolites(JiallgandHuang2001;Xuand

Huang2004;Almeselmanietal.2006;Guoeta1.2006).Althoughthesephysiological

mechanismsofheatstresstoleranceofplanthavebeenextensivelyreviewed(Wahidet

al.2007;Bamabasetal.2008),thekeytraitsthatconfTergreatertolerancetoheatstress

havenotbeenclearlyidentiBedbecauseofcomplexeffectsofheatonplant

physiologicalprocesses(TesterandBacic2005;Zhangetal.2006;Wahidetal.2007;

Barnabasetal.2008).

Photosynthesis,leafpropertiesandheattolerance

ReductionofphotosyntheticrateunderheatstresswasobseⅣedinmanycrops.This

decreaseinphotosyntheticrateisthemaincausefわrreducedgrowthandloweryield

(Kureketal.2007),andthusincreasingtoleranceofphotosynthesistoheatstressisan

imperativechallenge(Raines2011).TheincreaseinthecarbonflOw towardthe

photoresplratOrypathwaylSanimportantcausefわrreductionofphotosyntheticrate.

Onemechanism tomaintainhigh photosymtheticcapacityunderheatstressinC4

pathwayistheconcentrationofCO2inthebundlesheathcellsandresultingsuppression

ofthephotoinhibition(TaizandZeiger2002).Inhibitionofphotosynthesisunderheat

stressinC3speciesisalsocausedbydecreasedactivltyOfribulosell,5-bisphosphate

carboxlase/oxygenase(Rubisco)duetoinactivationofRubiscoactivase(Law and

Crafts-Brandner1999;Cra氏S-BrandnerandSalvucci2000;HaldimannandFeller2005;

SalvucciandCrattsIBrandner2004;Yinetal.2010).Ontheotherhand,structuralleaf

propertiesplaylmpOrtantrolesinresponsesofphotosynthesistoenvironmentalstress

bymaintaininghigh CO2concentrationinthechloroplaststroma･(Bussotti2008;

Atkinsonetal.2010)and/OrbyincreasingRubiscoactivityandmesophyllsurfacearea
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perunitleafarea(EvansandPoorter2001;Terashimaetall2006,2011)･

EffectofprolongedinhibitionofRubiscoactivltyunderelevatedtemperatureisthe

generationofROSresultingfrom disruptedbalancebetweenphotochemicaland

biochemicalreactions,whicharemajorcauseforhighermortalityunderabioticstress

conditions(Wahidetal.2007).Additionally,photorespirationalsoproduceshydrogen

peroxide(H202)asanendproductofmetabolicprocessinaperoxisome.

Reactiveoxygenspeciesandantioxidants

Onemechanismofinjuryduringheatstressinvolvesthegenerationandreactionsof

ROSinplanttissue(LiuandHuang2000;Kocsyetal.20()4;Xuetal.2006).ROSare

reducedfbmsofatmosphericoxygenincludingsingletoxygen(021),superoxide

radical(02~),hydrogenperoxide(H202),andhydroxylradical(OH~)(Mittlel･2002).

PlantsproduceROSthroughspecificmetabolicpathwaysincludingphotosynthesis,

throughelectrontransportchain,andphotorespiration(Noctoretal.2002;Quevaletal.

2008).AlthoughtherearemanysitesfわrproductionofROSsuchaschloroplast,

mitochondriaandperoxisomes(Mittler2002),thereactioncentersofphotosystem I

(Pst)andphotosystem II(PSII)aremainsitesofROSproductionwhichenhanced

whenphotonintensityisinexcessofthatrequiredf♭rCO2assimilation(Asada2006).

TheROSplayadualroleinplantseitherastoxicby-productsleadingtooxidative

damagestoplantcellorasslgnalingmoleculestocontrolprocessessuchas

programmedcelldeath,abioticstressresponses,pathogendefTenseandsystemslgnaling

(Mittler2002;FoyerandNoctor2005).TheaccumulationofROScausesperoxidation

ofmembranelipidswhichisconsideredtobeoneofthemostimportantdamagestocell

membrane(Xuetal.2006).

PlantsexposedtoheatstressfrequentlysufFerfromoxidativestress(Kluevaetal.

2001;Sharkey2005;VelikovaalldLoreto2005;Barnabasetal.2008;Locatoetal.

2008).SuⅣivalofplantsunderstressconditionsisdete-inedmainlybyprotection

againstoxidativestress(Wahidetal.2007).Fortunately,plantshavedeveloped

enzymaticandnon-enzynaticantioxidantsystemstoprotectplantcellbycontrolling

theintracellularROScontent(LiuandHuang2000;FuandHuang2001).Thereare

antioxidantenzym essuchassuperoxidedismutase(SOD),ascorbateperoxidase(APX),

glutathionereductase(GR),andcatalase(Mittler2002;Almeselmanietal･2006)and
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metaboliteslikeglutathioneandascorbicacid(Mittler2002;Xuetal.2006).Oxidative

stressoccurswhentherateofROSproductionisgreaterthanthecapacltyOfscavenglng

defencesystemtodetoxifythem.

Chloroplasthasacrucialsystem tocontrolthelevelofROSinPSI,namely

water-watercycle(Mittlet2002;Guoeta1.2006).Theprimarystepofthewater-water

cycleinPSIofthechloroplastisthereductionofO2tOO2~whichisrapidlycatalyzedto

H202WithSOD.TheH202generatedbySODisreducedtowaterbyascorbate(AsA)

catalyzedwithAPX(Asada1999;Asada2006)･Theabilitytocopewithheatstressis

associatedwithhigheractivitiesofcatalaseandSOD,higherAsAcontentandless

oxidativedamage(SairamandTyagi2004;Almeselmanietal.2006).

Mechanismofheattolerance

Theheattoleranceofplantisacomplextraitcontrolledbyacomplexarrayofmetabolic

process.Twomechanismsareinvolvedintoresistancetoheatstress;avoidanceand

tolerance.Avoidancemechanism includestranspirationalcooling,morphologlCal

changes,leaforientationanddiffTerencesinreflectionofsolarradiation(Nilsenand

Orcutt1996;Buchananetal.2000).Oncetheplanttissuesareheatedtosupra-optimal

temperahre,heattolerancemechanismbecomesrelevant.Tわlerancemechanismimplies

variousmechanisms,includingmaintenanceofmembranestability,scavenglngROS,

productionofantioxidantsandchaperoneslgnalingandtranscnptionalactivation

(Wahidetal.2007).Heat-tolerantgenotypesrespondtostressbyincreasingthe

expressionofgenesparticIPatlnglnPhotosynthesis,proteinsynthesisandpreservation

ofcellstatus,andtranscriptionfactors(Barnabasetal.2008).Athightemperatures,

plantsinduceproductionofnewtypeofproteinscalledheatshockproteinswhichhelp

tocopewiththestressthroughactingaschaperone(TaizandZeiger2002;Wangetal.

2004).Thecompositionsandsaturationlevelofmembranelipidsalsoplayimportant

rolesinplanttolerancetoheatstress(LarkindaleandHuang2004).Heatstressreduces

theproportionofunsaturatedfattyacidlipids･Decreaseintheproportionofdouble

bondsincreeplngbentgrasswasassociatedwithincreasesofthemembraneleakageand

membranelipidperoxidationunderthestress(LarkindaleandHuang2004).
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Geneticbasisforheattolerancetrait

Theseverityofheatstressonplantscanbereducedbygeneticimprovementand

agncul仙･alpractices･Thegeneticimprovementmeansthedevelopmentofnew

cultivarswhicharetolerancetoheatstress.Breedingprogramsf♭rsuchcomplextrait

dependonunderstandingthephysiologlCalmechanism andgeneticbasisofstress

tolerancenotonlyatthewholeplantlevelbutalsoatthecellularandmolecularlevels

(Wahidetal,2007).Themolecularandgeneticapproachescontributesubstantiallyto

understandthecomplexityofplantresponsetostress(Sreenivasuluetal.2007).Agreat

numberoffunctionallycharacterizedgeneswereintroducedintocropplantstoimprove

itstolerancetovariousabioticstressconditions.Mostofthestudiesrecordedhigher

tolerancetostressofthetransgeniclinesindifferentcropplantscomparedtothe

controlsinthelaboratory(Sreenivasuluetal.2007).Heattoleranceiscontrolledbysets

ofgenes,notasinglegene,incereals(Maestrietal.2002)andinthecommonwheat

(Yangetal.2002).Thegeneticapproachtoenhancecroptolerancetoheatstresscan

leadtoeconomicallylnCreaSlngCropyield.However,infbmationaboutthegenetic

basisofheattoleranceinplantsexcludingthemajorcropsisrare(Zhangetal.2006;

Wahidetal.2007).Thereareseveralmethodsofgeneticapproachesincerealsreviewed

recently(Bamabasetal.2008),suchasusingofmolecularmarkers,functional

genomics,proteomicsandgeneticenglneenng.

Methodsusedtostudylleattolerance

VariousmethodshavebeenusedtoassessthephysiologlCaldamageonplantsexposed

toheatstress.ThemaximalefficiencyofPSIIrepresentedbychlorophyllfluorescence

(Fv/Fm)isawidelyusedtechniquetomeasurethephysiologicaldamageunderthe

stress.Fv/FmgivesinfbmationaboutthestateofPSIIreactioncenters(Maxwelland

Johnson2000).Understressconditions,Fv/Fm decreasesasaresultofdamageto

reactioncentersofPSIIandinductionofphotoinhibition(Longetal.1994).

Measurementofionleakage(IL)alsohasbeenusedwidelyasanindexofcellular

membranethermostabilitytoidentifyheattolerantpopulationsinmanyspecies(Liuand

Huallg2000;Xuetal.2006)･InadditiontoFv/FmandIL,measurementoftheend

productoflipidperoxidationbymalondialdehyde(MDA)isawelトknownmethodto

provetheoccurrenceoflipidperoxidationandthushasbeenusedwidelyasanindicator
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ofoxidativestress(LarkindaleandHuang2004;Xuetal.2006).Ontheotherhand,

measunngthephotosynthesisanditsparametersglVeinfわrmationnotonlyaboutthe

InjuryObservedunderstressconditions,butalsoaboutoccurrenceofimbalancebetween

photochemicalandbiochemiCalreactionswhichisasourceofROSg.eneration(Wahid

etal.2007).Theelectrontransferrate(ETR),whichestimatestheactualfluxofphotons

drivingPSII,andnon-photochemicalquenching(qN),Whichrepresentsexcessenergy

dissipationthroughthexanthophyllcycle(MaxwellalldJohnson2000),areusedtotest

thepossibilityofexcessenergyflowthroughthylakoidmembraneintoROSproduction.

Incontrast,H202content,themoststableoftheROS(畠lesaketal.2007),isused

widelytoexaminetheinductionoroxidativestress.ScavenglngSystem,amechanismof

tolerancetooxidativestress,isexaminedbymeasunngtheactivityofantioxidantssuch

asAPXwhichhasaffinityfわrH202andisconsideredasthemajorH2021metabolizing

enzymes(Asada1999)aswellasAsAwhichplaysimportantrolesinthebiochemical

functionsnotonlyasanantioxidantbutalsoplaysacentralroleinphotosynthesisasan

electrontransportordonor,andinvolvesincellwallmetabolismandcellexpansion

(Smirnoff1996)･Also,structuralleaftraitsaremeasuredbecauseoftheirimportant

rolesinacclimationofplantsundertheenvironmentalconditions一(Bussotti2008;

AtkillSOlletal.2010;Terashima2006,2011).
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TlleObjectivesortlleStudy

Theplantresponsetoheatstressvariesdependingonthespecies,genotypeswithin

species,thedurationandseverityofthestress,theageanddevelopmentstage,organ,

andtypeofcellsandsubcellular(Basra2001).Hereanimportantquestioniswhether

thecauseofdamageand/Orthetolerancemechanismaresimilarordifferentamong

species,populationsorgenotypes?Giventhedifferences,howhierarchiesofvariability

influencetolerancemechanism?

Perennialryegrass(LoliumperenneL.)ismajorfわrageandturfgrassusedin

temperateclimatesandis丘equentlyexposedtoheatstressastemperahⅠ･eincreasein

globalwarmlng.L.perenenisknOwntobemoresensitivetoheatstresscompareto

otherturfgrasses(Xuetal.2006).Inthisstudy,mainattentionwillgivetoheat

toleranceofL.perenneinthefirstfわurexperiments.

Thisstudyconsistsofsixexperimentstoenhanceunderstandingonthephysiological

mechanismofheatstresstolerance.ThediffTerencesinresponsetoheatstresswere

examinedatdiffTerentlevelincluding;amongcultivars(Chapter2-3),amongprogenies

(Chapter4)andamongspecies(chapter5)aswellasploidydiffTerences(Chapter3)and

diffTerencebetweenC3andC4species(Chapter5.2).Themainpurposesofthisstudy

weretounderstand(1)themaincauseofphysiologicaldamageunderheatstress,(2)the

intra-andtheinter-Specificvariationsinresponsetoheatstress,(3)howthepopulations

indifferentlevel(progenies,cultivarsandspecies)responsetoandcopewiththestress,

and(4)thegeneticbasisofheattoleranceinL.perenne.

Chapter2demonstratestwoexperimentsthatattemptedtoexaminetheresponseof

photosynthesisanditsparameterstoheatstress(36/30oC)fTor10days(Chapter2･1)and

toexaminethephysiologlCalmechanismoffunctionaldamagesundertwotypesofheat

stress;36/300Cfわrtwomonthsand40/360Cfわrtwoweeks(Chapter2.2).Chapter3

fTocusesonthetolerancemechanismofheattolerance.Inthepreviousthreeexperiments,

L･perennecultivarswhichdifferintheirheattoleranceunderfieldconditionswereused･

Chapter4describesthegeneticbasisofheattoleranceinL･perenneprogeniesderived

fromacrossbetweentolerantandsensitivegenotypes･Chapter5statestwoexperiment.s

andpaysspecialconcemabouttherelationshipbetweenheattoleranceandoxidative

toleranceatinterspecificlevelbothamongC3species(Chapter5.1)andbetweenC3and

C4Species(Chapter5.2).
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Chapter2

PATTERNOFPHYSIOLOGICALRESPONSESTOHEATSTRESS

INLoliumperenne

2.1IIHOTOSYNTHESISRESPONSESTOHEATSTRESS

INTRODIJCTION

Photosynthesisisoneofthemostsensitivephysiologicalprocessestoclimatewarmlng,

asshownbyalargereductionofphotosyntheticrateunderheatstressreportedinmany

species(SalvucciandCrafts-Brandner2004;SageandKubien2007;NagaiandMakino

2009).Theexpectedincreaseintemperatureattheendofthiscenturyislikelytohave

adverseeffectsonphotosyntheticrateofC3Crops.Although theregulationmechanism

ofphotosynthesisattheoptlmumtemperatureiswellunderstood,themechanismof

photosynthesisreductionunderheatshasnotbeenclearlyidentifiedsofar(Sageand

Kubien2007).Photosynthesisrateislargelydeteminedbyelectrontransportrate(light

response)andribulose-1,51bisphosphatecarboxylase/oxygenaseactivity(Rubisco,dark

response).Theresponseofgasexchangeratetoaseriesofdifferingconcentrationof

intemalCO2providesthetwokeyparameterslimitingthesetwoprocesses(Longand

Bemacchi2003):Vc" x,whichrepresentsthemaximum rateofRubisco,andJmax,

whichrepresentsthemaximum rateofregenerationofribulose-1,5-bisphosphate

(RuBP).However,itisnotwellclarifiedhowthesetwoparametersareinfluencedby

heatstress.Atpresent,twohypotheseshavebeenproposedtoexplainheat-induced

declineinphotosynthesis:(1)limitationofcapacityofRubiscothrough inactivationof

Rubiscoactivaseand(2)increasedelectronleakagefrom electrontransportchain

drivingregenerationofRuBP(LawandCrafts-Brandner1999;LongandBernacchi

2003;SageandKubien2007;Sageetall2008)･

Perermialryegrass(LoliumperenneL.),Widelyusedaspasturegrassaswellasturf

grassintemperateclimates,issensitivetoheatstress(Xuetall2006).Inthischapter,

photosymtheticrateanditstwoparameterswerecomparedbetweentwocultivarsofL･

perenne,oneknOwntobetoleranttosummerstressinthefieldandtheotherknownto

besensitivetoit.Also,Imeasuredchlorophyllfluorescence(Fv/Fm)andmembrane

lipidperoxidation,asindicatorsofphysiologlCaldamage,aswellashydrogenperoxide
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(H202)content,areactiveoxygenspecies,toexaminecontributionofoxidativestress.

M TERIAIJSANDMETIIODS

Fieldevaluation

Fieldtoleranceof100differentcultivarsofperermialryegrass,whichweredevelopedin

differentcountries,wasevaluatedattheYamanashiDairyAgriculturalStation,Japan,

wheresummertemperaturesarehigherthan whatisoptimal丘)rthespecies.Ten

seedlingsofeachcultivarwereplantedinarowon4October2000.Therowspaclng

was0.8mandtheinter-plantdistancewithineachrowwas0.5m.Arandomizedblock

layoutwasusedwi血tworeplications(rows).Theplantswereraiseduntil也efわllowing

summ er,andeachplantwasvisuallyassessedf♭rshootgrowthonascaleranglngfrom

0(poorest)to9(best)on13September2001.ThemeanmaximumtemperatureinJuly

andAugust2001was30.4oC,whichwas2.6oChigherthanthatinan･averageyear;the

meanmonthlyprecipitationduringthesameperiodwas106mm,whichwas57mm

lowerthantheaverage.

Plantmaterials

Fromthosecultivars,themostandtheleasttolerantpopulationswerechosenforthis

study.Yatugadake-24CYa-24)tunedouttobethemosttolerantcultivartoheatstress

andNorleatunedouttobetheleasttolerantcultivar.Ya-24isatetraploidcultivar

recentlydevelopedinJapan,whereasNorleaisadiploidcultivaroriginally丘om

Canada.

Growthconditions

SeedsofthetwocultivarsweregerminatedonwetfilterpaperinPetridishes.Wh enthe

coleoptilewasatleast2cmlong,theseedlingsweretransplantedintopots.Eachpot

was7.5cmindiameterand8cmdeep,filledwithsandyloamcontaining0.35geachof

N,P205andK20foreverykilogram ofsoil.Theplantsweregrowninacontrolled

growthchamberwithday/nighttemperaturesof23/16oC,a16-h(4:00to20:00h)

photoperiodwithphotonfluxof250pmolm12sllandrelativehumidityof70%during

thedayandatmight.Fortydaysaftertransplanting,alltheplantswereexposedto30oC
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fTor3daysforacclimation,afterwhichplantswereexposedtohightemperaturestress

(36/30oC)for10days･Waterwassupplieddailytoavoidwaterstress･Theexperiment

wassetuplnarandomizedblocklayoutincorporatlngSixreplications･

Gasexchangemeasurements

Gasexchangeratesweremeasureduslngaportablephotosynthesismeasunngsystem

(LI-6400,Li-cor,Lincoln,Nebraska,USA).LeafCO2assimilationrate(A)versus

intercellularCO2concentration(Ci)curves(A/Cl)Wereobtainedusingtheprotocol

describedbyLongandBernacchi(2003).Firstly,CO2 assimilationrate(A)was

measuredatairCO2concentration(Ca)of400岬101mol~lco2andphotonflux(1200

LlmOlmJ2S-1)untilAissteady-state.ValuesofAandCiWererecordedandthenCa

wasdecreasedto200,100,50LlmOlmol-1･valuesofAandCIWererecordedassoonas

caisconstant･Cawasretumedto400pmolmol-1torestoretheonglnalAandthenCa

wasincreasedstepwiseto600,800,1000and1200pmolmol-1recordingAandClat

steady-stateofeachstep.A/CiresponsesWeremeasuredbefわreexposuretostressand

twiceafterexposuretostress,at5dayand10day.

ThecapacityofRubiscoactivltyWasObtainedaomtheinitialslopeofA/CiCurve.

TheequationsofLongandBernacchi(2003)wereusedtoestimateVc,macandJmax

valuesandexpressedas;

A-f'Vc,ITuX-Rd (1)

A-g'Jmax-Rd (2)

wherefTandg'werecalculated&om fittingA/CiCurveWiththefollowing

equations;

′'-

gI-

CL･-r*

CI+Kc(1+0/Ko)

CJ-r*

4･5CJ+10･5r*

(3)

(4)

wherer*isthephotosyntheticcompensationpolntWhenphotoresplratOryefnux

ofCO2equalstophotosyntheticCO2uptakerate,KcandK.aretheMichaelisconstant

ofRubiscofわrcarboxylationandoxygenation,and0isthepracticalpressureofoxygen

atRubisco.
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Physiologicalmeasurements

Chlorophyllfluorescence(Fv/Fm),peroxidationofmembranelipidsandhydrogen

peroxidecontent(H202)Weremeasuredbefわreexposuretostressandat5dayand10

dayofexposureto36/300Ctreatment.Sixindividualplantsofeachcultivarwere

maintainedinthedarkfor20minfTordarkadaptationandthentheminimum(Fo)and

maximal(Fm)levelsoffluorescenceweremeasuredwithaportabl.ephotosynthesis

measuring system (Lト6400,Li-co一,Lincoln, Nebraska,USA).The maximal

photochemicalefficiencyofphotosystemII(PSII),themostheat-sensitivecomponent

inphotosynthesis,wascalculatedasF,/Fm-(Fm-Fo)/Fm.

Membrane lipid peroxidation was estimated by deteminlng the levelof

malondialdehyde(MDA)usingthemethoddescribedbyLiuandHuang(2000)witha

slightmodification.Freshleaves(50mgsamples)weregroundin1.5mLof0.1%

trichloroaceticacid(TCA)solution.Thehomogenatewascentrifugedat10,000rpm

(8,385g)at3oCfわr5minand1mLofthesupematantwasmixedwith2mLofO.5%

21thiobarbituricacid(TBA)in20%TCA.ThemixturewasheatedinawaterbathfTor20

mln,quicklycooledinanicebathandthesupematantwasusedforspectrophotometric

determinationofMDA.Absorbanceat532nm wasrecordedandcorrectedfわr

nonspecificabsorbanceat600nm.MDAconcentrationsuslnganextinctioncoefficient

of155mm ol~1cmllwerecalculatedbythefollowingformulaonaa.eshweight(FW)

basis(Xuetal.2006):

MDA(LlmOlgFW~1)-[(A532-A60.)/155]×103

Hydrogenperoxide(H202)contentofleaveswasmeasuredusingamodifiedversionof

the ferrousammonium sulphate/xylenolorange (eFOX)method described by

Cheeseman(2006)andQuevaletal.(2008).Leafextractswerepreparedbygrinding50

mgleafsamples丘rstinliquidnitrogenandthenin500ト止 of0.1M potassium

phosphatebuffTer(pH6.5)containing5mM NaN3.Theextractswerecentrifugedat

10,000rpm(8,385g)at5oCfわr5min.Forevery200トLLoftheextractwasadded5mL

ofthesolutioncontainlng250い.M ferrousammoniumsulphate,100トLM sorbitol,100

LIMxylenolorange,1%ethanoland25mMH2SO4.Theassayconsistedofmeasunng

thediffTerenceinabsorbancebetween550nm and800nm after15minwitha

spectrophotometer.H202COntentWasCalculatedbyastandardcuⅣeuslngaSeriesof

dilutedsolutionsofcomm ercial,high-grade30%H202.
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Statisdcalanalysis

ThedifferencesbetweenthecultivarSandbetweenthedaysweretestedbyanalysisof

variance(ANOVA)･StatisticalanalysiswascamiedoutusingJMP(ver4･SASInstitute,

Cary,NC,USA).

REStJLTS

Figure2.1.1showedtheA/CiresponseOfthetwocultivarsbeforeandaftertheexposure

ofstress.Ya124hadhigherassimilationrateofCO2(A)thanNorleainmostintemal

CO2(Ci)concentrationbefbreandafterthestress･Thephotosynthetic.rateat400LLmOl

morlandRubiscoactivitywasmuchhigherinYal24thanNorleainallmeasurement

times(Figures2.1.1aand2.1.2b).Photosynthesisrateshowedslightdecreases,butnot

besignificant,understressrelativetothecontrolforbothcultivars(Figure2.1.2a).In

contrast,Rubiscoactivityshowedslightincreases,butnotsignificant,afterexposureto

stressrelativetothecontrolforbothcultivars(Figure2.1.2b).Vc,maxandJmaxvalues

estimatedfromtheequation(1and2,respectively)showedsigmifiCantincreasesunder

stressconditionsforthetwocultivarS,whiletheratioofJNmaxdecreasedunderstress

conditionsforthetwocultivarsexceptfわrat10dayfTorNorlea(Figure2.1.3).Vc,max

showednosigmifiCantdifferencesbetweenthetwocultivarsbeforestressandat10day

ofthestress,butYal24hadsigmifiCantlyhigherVc,maxthanNorleaat5dayofthestress.

Ontheotherhand,Ya-24hadhigherJmaxvalueandJNmaxratiothanNorleabeforethe

stressandat5dayoftheexposuretostress,whileNorleahadsignificantlyhigher

valuesofbothtraitsthanYa-24at10dayofthestress.

Analysisofvariance(ANOVA)inTable2.1.1showedthattherewerehighly

slgmifiCantdifferencesbothbetweencultivarsandbetweennumberofdaysa洗erthe

exposuretostressf♭rchlorophyllfluorescence(Fvnm)andhydrogenperoxide(H202),

butnotf♭rmalondialdehyde(MDA).ThetwocultivarsshowedsigmifiCantdecreasesin

Fv仔mandsiglifiCantincreasesinH202beginnlngat5day,butnoslgmifiCantChanges

wereshowninMDAcontentaRertheexposuretostress(Figure2.1.4).Also,sigmificant

differencesbetweenNorleaandYa124appearedat10dayofthestressforFv/Fmand

H202butnotforMDA(Figure2.1.4).Norleahadsigni丘CantlylowerFv/Fmvalueand

sigmifiCantlyhighercontentofH202at10dayofthestressthanYa124(Figure2.1.4a

and2.1.4C,respectively).
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DISCtJSSION

Although Ya-24hadhigherphotosynthesisrateandRubiscoactivitythanNorleaboth

beforeandaftertheexposuretostress(Figure2.1.2),bothcultivarsdidnotshow

declinesinbothtraitsunderheatstress.Maintenanceofhighphotosymthesisrateunder

stressconditionswasresultsofmaintaininghighRubiscoactivityandincreasingVc,max

andJmax(Figure2.1.2b,2.1.3aand2.1.3b,respectively).Incontrast,Ya-24showeda

significantdecreaseinJNmaxratiounderstress,whileNorleashoweddecreaseinJNmax

ratioat5dayfollowedbyslgli丘Cantincreaseat10dayofthestress.Theseresults

suggestthat10daysofexposuretoheatstress(36/30oC)doesnotlimitphotosynthesis

andRubiscoactivity.Ontheotherhand,becauseoftechmiCalproblemandstomata

closure,itwasdifnculttomeasureA/Ciresponseafter10daysoftheexposuretostress.

AlthoughthetwocultivarsmaintainedhighlevelofphotosynthesisfateandRubisco

activityunderstress,theyshowedphysiologicaldamagesunderthestressasexplained

byslgmifiCantlydecreasesinFv仔maswellasslgmifiCantlyincreaseinH202content

(Figure2.1.4aand2.1.4C).SignificantdifferenceswerefToundbetweenthetwocultivars

inFvrFmandH202content.Norleawhichissensitivetosummerstressunderfield

showedlowervalueofFv/Fm andhighercontentofH202than thetolerantcultivar,

Ya-24,at10dayofthestress.Nosigni丘CantchangeanddifFerencewereobserved丘)r

MDAcontentbetweenthetwocultivarS.ThedeclinesinFv/Fmunderstresscondition

seemedtobeassociatedwithincreasesinH202content.Theseresultssuggestthat

oxidativestressisrelatedtophysiologicaldamageunderheatstress.Furthermore,even

sensitivecultivarhadtheabilitytoprotectmembraneagainstlipidperoxidationuntil10

daysofexposureto(36/30oC)stresswhichmightpreventdecreaseinphotosynthesis.

Tosummarizetheresults,highertoleranceofYa124thanNorleaisconsistentwith

theresultoffieldconditionsinYamanashiExperimentalStation･Thedifferencein

physiologicaldamageunderstressseemstobeassociatedwiththeexcessivegeneration

ofreactiveoxygenspecies(ROS).
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Table2.1.1AnalysisofVariance(ANOVA)ofchlorophyllfluorescence(Fv/Fm),malondialdehyde(MDA)and

hydrogenperoxide(H202)ContentfわrtwoLoliumperennecultivars.

Fv/Fm MDA
Source df

SS Fvalue Prop SS Fvalue Prop SS Fvalue Prop

cultivars l 0.0017 10.10 0.0033 0.7482 0.05 0.83 0.1024 11.60 0.0018

days 2 0.0193 56.42 <0.0001 1.3939 0.04 0.96 0.5131 29.05 <0.0001
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2.2HEATSTRESSANDOXIDATIVEDAMAGEINLoliumperenneCULTIVARS

INTRODUCTION

ManystudieshaveexploredthemolecularandphysiologlCalmechanismsthatgovem

heattoleranceinresponsetoshort-term exposuretoheatstress(Scharaderetall2004;

HaldimannandFeller2005;Xuetal.2006;XuandHuang2010).However,such

responsestoshort-term stressmaynotrepresentthephysiologlCalmechanismsofheat

toleranceunderfieldconditionsbecauseinsummers,field-grownplantsareexposedto

temperaturestressesthattaketheform oflong-term exposuretomoderatelyhigh air

temperatureandintensemiddaysolarradiation.TbunderstandphysiologlCalmechanism

ofsummertoleranceinfields,itiscrucialtoexamineplantresponsestoprolonged

exposuretoheatstress.

Inthischapter,IusedthesamecultivarsofLoliumperennegrassasChapter2･1to

monitorthephysiologicaldamageandthecontentofhydrogenperoxide(H202)in

leavesofplantsexposedtotwotypesofhigh -temperaturestress,namelymoderately

hightemperature(36/30oC;day/nighttemperatures)for60daysandextremelyhigh

temperature(40/36oC)for14days･Thepurposesofthisstudywereto-examine(1)how

H202accumulationandphysiologicaldamagechangeunderprolongedstress,(2)how

therelationshipbetweenH202accumulationandphysiologicaldamagediffTersbetween

thetolerantandthesensitivepopulations,and(3)how thedifferenttemperature

treatmentsinfluenceH202accumulationandphysiologlCaldamage.

MATERIALSANDMETIIODS

Plantmaterials,growthconditionsandheatstresstreatments

Thesamecultivarsusedinthepreviouspart(Chapter2･1),NorleaandYa-24,were

geminatedandgrowninthesameconditionsasmentionedpreviously A洗er

acclimationoftheplantsat30oCfわr3days,thetwotreatmentswereintroduced,namely

exposureto36/30oCfor60daysorto40/36oCf♭r14days(referredtorespectivelyas

36oCand400Ctreatmentshereafter).Thetwotreatmentsdidnotrun-concurrentlybut

hadtobeconductedatdifferenttimesbecauseoflimitedspace.Waterwassupplied

dailytoavoidwaterstress･Theexperimentwassetuplnarandomizedblocklayout
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incorporatlngthreereplications･

Physiologicalmeasurements

Physiologicaldamagewasassessedintermsofchlorophyllfluorescence(Fv/Fm),

peroxidationofmembranelipids(malondialdehyde,MDA)andcellmembranestability･

Theseparametersaswellashydrogenperoxidecontent(H202)wererecordedat5-day

inteⅣalsfわrthe360Ctreatmentandat2-daylnteⅣalsfわrthe400Ctreatment.Fv/Fm,

MDAandH202contentWeremeasureduslngthesamemethodsdescribedinChapter

2.1.

Cellmembranestabilitywasmeasuredbyionleakage(IL)fromleaftissuesusingthe

methoddescribedbyJiangalldHuang(2002).Thesampledleaveswerecutintodiscs2

mmindiameter.Thediscswererinsed3timeswithdistilledwaterand10-15discswere

putinatesttubecontainlng6mLdistilledwater.Thetesttubeswereagltatedona

shakerf♭rabout1handconductivity(C1)ofthesolutionwasmeasuredwitha

conductivitymeter(CyberscanlOO,Iuchi,Tbkyo,Japan).Leafdiscsthenwereheatedin

anovenat70-80oCf♭r1也,andtheconductivityofthesolutioncontainlngthedead

tissue(C2)wasmeasuredafterthetubeshadcooleddowntoroomtemperatureandhad

beenagitatedonashakerfわr1h.Therelativeionleakagewascalculatedas(C1/C2)×

100.

Statisticalanalysis

Becausethesameindividualplantswereusedrepeatedlyfわreachmeasurement-which

meantthatthedatabetweendifferentmeasurementtimeswerenotindependentofeach

other-Iusedrepeatedmeasuresofmultipleanalysisofvariance(MANOVA)totest

whetherthetwopopulationsweresignificantlydifferent(Weinfurt2004).Thestatistical

differencebetweenthetwopopulationsf♭reachmeasurementwastestedbythei-test.

TheanalysiswascamiedoutusingJMP(ver4･SASInstitute,Cary,NC,USA).

RESULTS

Thetwopopulationsrevealedhighlysigmificantdifferencesinthechlorophyll

fluorescence(Fv/Fm),cellmembranestability(ionleakage%),lipidperoxidation
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(MDA)andH202COntentunderthe360Ctreatment,butnoneexceptFv/Fmunderthe

400Ctreatment(Table2.2.1).Although thedifferencesinFv/Fm betweenthetwo
populationswerenotevidentattheearlystageofthetreatments,slgnifiCantdifferences

betweenthetwopopulationsappearedat10daysforthe400Ctreatmentandat45days

fTorthe360Ctreatment(Figures2.2.1aand2.2.2a).ForionleakageandMDA,
sigmifiCantdifferencesappearedat40daysand35daysrespectively(Figures2･2･1b,

2.2.1C)andforH202contentat15daysforthe360Ctreatment(Figure2.2.1d).Onthe
otherhand,asmentionedearlier,noslgmifiCantdifferenceswerefToundfTorthe400C

treatment(Figures2.2.2b,2.2.2Cand2.2.2d).H202contentWasmuchhigherinthe
360Ctreatmentthaninthe400Ctreatment.FinalH202contentinNorleawas4pmol

mg-1FW ofleaftissueforthe360Ctreatmentandl･Opmolmg-1FW forthe400C

treatment.

ThemagnitudeofplantfunctionaldamagebyH202isinfluencedbythetotalamount

ofexposureoveraglVentimeofperiodratherthan byalevelatacertaintime･I

examinedtherelationshipsofFvnm,ionleakageandMDAwithH202contentateach

measurementtimeaswellaswith accumulatedH202COntent(aH202),Whichwas

calculatedbyaddinguptheH202contentsdeterminedonalltheearlieroccasions

(Figure2.2.3).Fv/Fm,ionleakageandMDAdidnotshowclearrelationshipswithH202

contentateachmeasurementtimeforatolerantcultivar,Ya124.Althoughnoconsistent

relationshipswerefounduntil20days,linearrelationshipsofallthethreeparameters

withaccumulatedH202contentWereevidentthereafterfTorthetwocultivarS.ANCOVA

showedthatiftheeffectsofaccumulatedH202contentsWereremoved,thetwo

populationsshowednosignificantdifferencesafter20dayswithrespecttoanyofthe

threeparameters(Table2.2.2).TheseresultsindicatethatthedifferencesinFvnm,ion

leakageandMDAbetweenthetwopopulationswereduetothedifferenlCein

accumulatedH202COntentratherthantothedifferenceintolerancetoH202.

DISCUSSION

Inthischapter,theplantswereexposedtotwotypesofhigh-temperaturestress:36/30oC

for60daysand40/36oCfor14days.Theslgmificantdifferencebetweenthetwo

populationswas丘)undonlyunderthe36/300CtreatmentexceptFvrFmunderthe400C

treatment.Plantsexposedtothe40/360Ctreatmentshowedphysiologicaldamageonthe
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seventhdayofexposuretothestress(Figure2.2.2a).However,leaftemperaturesunder

fieldconditionsrarelyremainat400CfTorlongevenonsunnydaysbecauseofthe

combinedeffectsoftranspirationalcoolingandwind(Wiseetal.2004).Theseresults

demonstratethattheprolongedexposuretomoderatelyhightemperatureinsummercan

simulatesummerdamageunderfieldconditionsmoreefficientlythanshort-term

extremelyhightemperaturedoes.

AlthoughROSinleavesaregeneratedmainlylnOrganellessuchaschloroplasts,

peroxisomesandmitochondria,thereactioncentersofphotosystem I(PSI)and

photosystem II(PSII)inchloroplastsarethemajorsitesofROSgeneration(Asada

2006).UnderstressconditionswherephotonintensityabsorbedbyPSlandPSIIisin

excessofthatrequiredfわrCO2assimilation,surpluselectronsserveasthesourceof

toxicoxygenspecies.ThelinearrelationshipbetweenmaximalefrlCiencyofPSII

(Fv/Fm)andtheaccumulatedH202COntent(Figure2.2.3a)suggeststhatprolonged

generationofROSunderlong-ten exposuretomoderatelyhightemperaturescaused

physiologicaldamage.Ontheotherhand,plantsthathadbeenexposedtohigher

temperaturesfわrashorterdurationcontainedlessH202intheirleaves,probablybecause

the-aldamagetophotosystemsundersuchhightemperaturesresultedinlessphoton

beingabsorbedand,consequently,inlowerrateofH202generation.Thedegreeoflipid

peroxidationandionleakageshowedtemporalfluctuationsuntil20daysbutincreased

thereafterandwasslgnificantlydifferentinthetwopopulationswithmarkedlygreater

levelsofH202inthesensitiveone.Alltheseresultsdemonstratethatoxidativestressis

themaincauseofphysiologlCaldamageseenunderlong-ten exposuretomoderately

hightemperature.

PlantsdevelopseveraldefTensemechanismsagalnSttoxicreactiveoxygenmolecules.

ThesemechanismsincludesuppresslngROSproduction,scavenglngtheproducedROS

andrepairingthedamagecausedbyROS(Asada1999).TheresultsofANCOVA,

includingtheaccumulatedH202COntentaSaCOVariateinleaves(Table2.2.2),suggest

thatthedifFerenceintheextentofphysiologlCaldamagebetweenthetwopopulations

wasmainlyduetotheabilitytosuppressH202accumulationinleavesratherthantothe

differenceintolerancetoH202accumulation.ThedifferenceinH202contentinleaves

suggeststheinvolvement of the丘rsttwomechanisms,namely suppressionand

scavenglngOfROS.
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UnderstandingthephysiologicalmechamismsinvolvedinthetoleranceofC3CropstO

heatstressiscrucialtotheimprovementofthesecrops･Thisstudysuggeststhat

oxidativestressresultingfrOmgenerationofROSisamajorCauseOfdamagetoL.

perennepopulationsinsummer･
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Table2.2.1EffTect(F-value)ofpopulation(NorleaandYatugadake-24)on

chlorophyllfluorescence(Fv/Fm),ionleakage,MDAandH202contentin36oCand

400Ctreatments.

Ⅵ血able Treatment

360C 40oC

Fv/Fm

Ionleakage

MDA

H202COntent

114.5***

64.0***

27.9***

66.3***

**P<0.01,***P<0.001.
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Table2.2.2EffTect(F-value)ofpopulation (NorleaandYatugadake-24)and

accumulatedH202contentOnChlorophyllfluorescence(Fv/Fm),ionleakage(IL%)

andMDA,withoverallcoefncientofdetermination(R2)(dataaRer20daysin360C

treatment).

Item df Fv/Fm IL% MDA

FIValue

Population

aH202

R2(%)

1 0.6 1.4 0.3

1 239.5*** 97.4*** 35.1***

94.0 82.6 62.9

***P<0.001.

25



0 10 20 30 40 50 60
Days

0
0
00
0

0

0

7
6
Lr)4
3

2

1

(きLL1610
u
Tl)
V
凸
M

0 10 20 30 40 50 60

Days

0 10 20 30 40 50 60 ●~0 10 20 30 40 50 60
Days Days

(主
L

L16
u

]ou
.1
)
一u
O
lu
O
O
Z

oEH

Figure2.2.1TemporalchangesinchlorophyllflOrescence(Fv/Fm,a),ionleakage(IL%,
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Cllapter3

TOLERANCEMECHANISMSTOHEATSTRESSINC3GRASS,

Loliumperenne

INTRODUCTION

PlantsaremorelikelytosuffTerfromoxidativestressthananimalsbecausereactive

oxygenspecies(ROS)∬eproducednotonlybyaerobicrespirationinmitochondriabut

also by photosyntheticlightreaction in chloroplastsand ph6torespiration in

peroxisomes(Mittleretal･2004;Milleretal.2010).ContentofROSinleavesiskeptin

balancebyproductionandscavenglngOfROS.However,theoxidativebalancein

leavesisregulatedbyaredundantandcomplexbiochemicalnetwork,notbyasystem

composedofalimitednumberoffactorsworkingindependentlyofoneanother.

Rizhskyetal.(2002)andMilleretal.(2007)haveshownthatabreakdownofgene

expressionintwomajorscavengingenzym es,namelyascorbateperoxidase(APX)and

catalase,doesnotbringsubstantialchangesinoxidativebalance.Fu仙emore,ROScan

playadualrole,asdamaglngtoxiccompoundsandasbeneficialsignalmoleculesthat

activatethedefensiveresponsetooxidativestress(Mittler2002;FoyerandNoctor

2005;SuzukiandMittle1-2006;JaspersandKangasjarvi2010).Tounderstanda

complexsystemsuchasoxidativebalance,anyglVenmeasureinasystemhastobe

analyzedinrelationtochangesinrestofthecomponentsofthesystem(H6rakand

Cohen2010).Buildingastructuralequationmodel(SEM),whichisa;tatisticalmethod

toconstmctcausalrelationshipsamongthecomponentsofasystem(Shipley2000),is

particularlysuitablefわranalyzlngtheregulationofoxidativebalanceinplants.

Plantsexposedtoheatstressfrequentlysufferfromoxidativestress.Afterahot

summ erin2002,alargedifferencewasobservedamongcultivarsofLoliumperenneL.

intheextenttowhichthegrowthinfieldhadbeenaffected,andthischapterseeksto

clarifythephysiologlCalmechanismsofthedamagecausedbyheatstressinrelationto

oxidativestressinthespecies.Iexaminedthevariationinfunctionaldamage,

photosyntheticproperties,antioxidants,andH202contentsin25cultivarsthatdiffTered

intheirdegreeoftolerancetoprolongedexposuretomoderatelyhightemperaturesin

thelaboratoryandthen,byconstmctlngSEMs,Ianalyzedthecausalrelationships

amongthefactorsthataffectH202accumulationinleavesanditsinfluenceon
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functionaldamageinthelaboratoryaswellasinthefield.

M TERIALSANDMETⅡOI)S

Plantmaterials

Twenty一点vecultivars(fTourteendiploidandeleventetraploid)ofL.perennewereused

inthisstudy(Table3.1).Thosecultivarswereselectedfromthecultivarswhichwere

evaluatedforfieldtoleranceattheYamanashiDairyAgriculturalStationasdescribedin

Chapter2.1.

Growthconditionsandheatsh･ess

Grow血 conditionswerethesameasdescribedinChapter2.1.Theplantswere

acclimatedat30oCfor3daysandthenwereexposedtoheatstress(36/30oC,day/night)

fTor40days,whenthedifferencesinheattoleranceamongthecultivarsbecameapparent

(Chapter2.2).Theexperimentwassetupinarandomizedblocklayoutincorporating

threereplications.

Chlwophylljluwescencemeaswements

Chlorophyllfluorescence(FvrFm)weremeasuredinthreeindividualplantsofeach

cultivarWithaportablephotosynthesismeasuringsystem(LI16400,Li-cor,Lincoln,

Nd)raska,USA)asdescribedinChapter2.1.Measurementsweremadebefbre血e

acclimation(control)andat10-dayintervalsduringtheperiodofexposuretoheat

stress.

Themimimal(Fo'),steady-state(Fs),andmaximum (Fm')1evelsfluorescenceinthe

light-adaptedleavesweremeasuredunderactimiclightof200LlmOlmA2S~lbeforethe

acclimationandat40daysofstresstreatment.Theelectrontransferrate(ETR)driving

PSIIwasdeterminedbythefollowlngformula:

ETR-(莞 竺 )paleaf

wherefisthefractionofabsorbedquantabyPSII(0･5),Iisincidentphotonflux

(1200LLmOlm-2S-1),andαleafisleafabsorptance(0.85).ETRwascalculatedonfresh

weight(FW)basisbymultiplyingthespecificleafareaandleafwatercontent･
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Non-photochemicalquenching(qN),Whichrepresentsexcessenergydissipation

throughthexanthophyllcycle,iscalculatedbythefわllowingfb-ula:

qN =
F m -Fm'

Fm -FJ

Physiologicalmeasurements

Membranelipidperoxidation(MDA),H202content,aSCOrbicacid(AsA)content,and

APXenzym eactivltyWererecordedtwice,beforetheacclimationandat40daysof

stressexposure.Membranelipidperoxidationwasdeteminedbymalondialdehyde

(MDA)contentusingthethiobarbituricacid(TBA)methodandamodifiedversionof

thefTerrousammoniumsulphate/Xylenolorange(eFOX)methodwasusedtomeasure

H202COntentOfleavesasdescribedindetailsinChapter2.1.

ThecontentofAsAwasassayedasdescribedbyKampfTenkeleta.l･(1995)･Frozen

leafmaterial(50mg)wasgroundin0.8mLofcooled6% TCA solution.The

homogenatewasmadeupto2mLuslng6% TCAandcentrifugedat15,000rpm

(18,866g)for5minat4oC.Thehomogenate(0･2mL)inaglasstubewasmixedwith

0.6mL0.2M phosphatebuffer(pH7.4),0.2mLdouble-distilledwater,1mLIO%

TCA,0.8mL42% H3PO4,0.8mL4% 2,21dipyridyl,and0.4mL3% FeC13.The

solutionwasincubatedat420Cinawaterbathfわr40minandtheabsorbancewasread

at525nmuslngaSpeCtrOphotometer.

TotalAPXactivitywasmeasuredbythemethoddescribedbyAmal(oetal.(1994).

Frozenleaftissue(50mgsamples)washomogenizedwith200LILofthehomogenizing

solutioncontaining1mM AsA,1mM EDTA,and50mM potassiumphosphate(pH

7.0).The3mlreactionmixturecontained50mMpotassiumphosphatebuffer(pH7.0),

1mM ascorbicacid,andanaliquotoftheextract.Thereactionwasstartedbyadding

0.5mMhydrogenperoxide.Decreaseinabsorbanceforaperiodof30swasmeasured

at300r- usingaSPeCtrOPhotometer,withanabsorptlOncoefficientofO･49mM-Icm-1･

Therelativeincreaseinactivityfわllowingthestresstreatment(APX%)wascalculated

asfbllows:

APX%-(APX40-APXc.nt,.I)/APXc.ntr.IX100.
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moderateheatstressand(2)how H202COntentandscavengingsystemsleadto

physiologicaldamage(summ erdamageseeninthefieldandFv/Fm)asaresultofheat

stress.Themodelswerere負nedbyminimizlng血eroot-mean-squareerrorof

approximation(RMSEA)andAIC.Maximumlikelihoodchi-square(i)wasusedto

testthegoodnessoffitofthemodels(probability(p)≧0.05isconsideredacceptable).

SEManalysiswasperformedbyusingAm os(ver.18,SPSSInstitute,IBM,NewYork,

USA).

RES~ULTSノ二

Fieldtolerance,whichranged丘om l･5(Norlea)to｡=7･0(Y如ugadake-24),was

significantlydifferentamongthe25cultivars(P<0.001,,Table3.1).Therewasalsoa

highlysignificantdifferencebetweenthediploidandthetetraplbidcultivars(P<0.001):

themeanvalueoffieldtoleranceofthetetraploidcultivarswas5.0comparedtothatof

2.80fthediploidcultivars.

Figure3.1showstemporalchangesin也emaximalPSIIactivity(Fv/Fm)duriI鳩

Stresstreatmentinthelaboratory.TherewereslgnifiCantdifferencesinFv/Fmamong

thecultivarseverytimeitwasmeasured(Table3.2).ThevalueofFv/Fmdecreased

graduallywithincreaslngdurationofthestresswhereasdifferencesamongthecultivars

widenedatthesametime,peakingat40days,andrangedfrom0.58to0.75.Thevalue

ofFvrFm at40daysofstresswasnotsigmifiCantlycorrelatedwiththatbefわrethe

treatment(r-0.26).Althoughthedifferencebetweenthediploidandt占traploidcultivars

wasnotsignificantbefTorethetreatment,thetetraploidcultivarsrecordedsigmifiCantly

highervaluesofFv/Fm whensubjectedtoheatstress(Table3.2).Although the

correlationbetweenfieldtoleranceandFv/Fmwasnotstatisticallyslgmificantbefわrethe

treatment(r-0.08),thecorrelationbetweenthembecamesignificant10days(r-

0.53**)afterthetreatmentbeganandthenincreasedgraduallyfromr-0.47(P<0.05)

at20daystor-0.70***(P<0.001)at40days(Table3･2).Thesepattemsofcorrelation

demonstratethatthevalueofFv/Fmunderprolongedexposuretomoderateheatstress

in血elaboratorylSagoodindicatorof鮎ldtolerance.

AlthoughH202COntentandthemagnitudeoflipidperoxidation(MDA)didnotshow

anyslgni丘cantdiffTerencesamongthe25cultivarsbeforethetrLeatment,thedifferences

weresigmifiCantat40daysofstressexposure(Table3.3),withthetetraploidcultivars
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recordingsignificantlylowerH202COntentandMDAthanthediploidcultivars(Figure

3.2).

H202COntentShowedasignificantcorrelationwithfieldtolerance(r--0.66**)and

withFv/Fmvalueat40days(r--0.78**),asshowninFigure3.2;MDAalsoshoweda

significantcorrelationwith丘eldtolerance(r--0.65**)andwithFv/Fmvalue(r-

-0.62**).TheseresultsdemonstratethatROSgeneratedunderprolongedexposureto

moderateheatstressareamajorCauseOfthedifferencesinheattoleranceamongthe

cultivars.

Electrontransportrate(ETR)',SLA,anditscomponentsalsoshowedsignificant

differencesamongthe25cultivars,butnoslglificantdifFerencewasfoundf♭r

non-photochemicalquenching(qN),aSShowninTable3.3.Onlyleafthickness(IJ)

showedaslgni丘cantdi飽rencebetween也ediploidsand也etetraploids.H202COntent

showedasignificantlypositivecorrelationwithETR(r-0.56**)butnotwithqN(r-

-0.17),asshowninFigure3.3andTable3.4.0ntheotherhand,H202contentShoweda

negativecorrelationwithIJ(r--0.63**),apositivecorrelationwithleafdrymatter

concentration(LD,r-0.41*),andanegativecorrelationwithleafwatercontent(LWC,

r-10.48*)butnotwithSLA(r-0.19).Thecontentofascorbicacid(ASA),an

antioxidant,showedsigni丘CantdifFerencesamongthecultivarsbefわrethetreatmentas

wellasat40daysofstressexposure.However,AsAdidnotshowanyslgnificant

correlationwithH202content(r--0.ll).Stress-inducedchangeintheactivityof

ascorbateperoxidase(APX%)alsodidnotshowasignificantcorrelationwithH202(r-

-0.30).

AstepwisemultipleregressionofH202contentaSadependentvariableselectedLT

andETRandexplained50.0%ofthevariationinH202content(Table3.4).Amultiple

regressionofFv/Fmasadependentvariableselectedonlytwovariables,H202content

andAsA,whereasfieldtoleranceselectedsevenvariables(H202,MDA,qN,AsA,

APX%,SLA,andLWC).

IconstructedSEMsexplainingthevariationinFv/Fmand丘eldtoleranceamongthe

25cultivarS(Figure3.4a,b).Themodelsselectedsixindependentvariables:H202

content,MDA,AsA,APX%,ETR,andLT.Themodel(a)explained68% ofthe

variationinFv/Fmandshowedthatthemaximum likelihoodtestwasnotsignificant(i

-8.578,13df,-p-0.804),whichshowstheconsistencyofthemodelwiththedata.
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Mainsitesf♭rROSproductioninleavesarePSIandPSIIinchloroplasts(Asada

i999).Theredoxstateoftheelectrontransportchaininthylakoidsisdete-inedbythe

totalamountofphotonstrappedbythephotosystemandbythesystem'scapacityto

dissipateexcessenergythrough thexanthophyllcycle.Electrontransportrate(ETR),

whichestimatestheactualfluxofphotonsdrivingPSII,showedaslgnificantcorrelation

withH202COntent,Whereasnon-photochemicalquenching(qN),Whichrepresentsthe

capacityofthexanthophyllcycle,didnotshowaclearco汀elationwithH202COntent,

suggestingtheinvolvementofexcessflow oflightenergythroughthethylakoid

membraneintoROSproduction.Ontheotherhand,leafthicknesscontributedthemost

toH202content.Leafthicknesscharacterizesthedifferencesbetweensunandshade

leavesintensoftheiranatomyaswellastheirphotosyntheticresponsestolight

intensity(Terashimaetal.2006).Underhigh irradiance,therateofphotosynthesisin

leavesundershade,whichare血in,isrestrictedbylowRubiscocontentperunitleaf

area(EvallSandPoorter2001).LowerRubiscocontentofthinleavesunderheatstress

seemstoleadtoimbalancebetweenbiochemicalactivltyandphotochemicalactivlty

and,intum,toaccumulationofROS.Furthemore,lnthilmerleaves,thethinner

mesophyllandtheresultingsmallersurfaceareaofchloroplastsleadstolowC02

difhsiontoRubisco(Terashimaetal.2006).SuchdecreasedCO2difhlSiontoRubisco

isalsolikelytoincreasetherateofphotorespiration,whichresultsingreaterH202

generationinperoxisomes(Sharkey2005).Although nosignificantreductionin

RubiscoactivitywasobseⅣeduntil10daysofthestress(Chapter2.1),Isuggest

occurrenceofimbalancebetweenRubiscoactivityandelectrontransportcapaclty,

whichislargelydeteminedbyleafthickness,a鮎rprolongedexposuretothestress.

LeafthicknessplayedapivotalroleindeterminlngthevariationinH202contentin

leavesunderprolongedexposuretomoderatelyhightemperatures.

Antioxidantactivity(AsA contentandAPX%)didnotshow anysignificant

correlationwithH202COntent.However,theselowco汀elationsdonotimplythatthe

effectsoftheseantioxidantsonheattolerancearenegligiblebecauseantioxidantactivity

wasslgnificantlycorrelatedwithfieldtolerance･Theinconsistentcontributionofthe

twoantioxidantswithFv/Fm inthelaboratoryandwithfieldtolerancesuggests

complexnetworksoftheantioxidantsysteminplants･

Thecomparisonofploidydifferenceinheattoleranceshowedthatthetetraploid
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cultivarswereslgnificantlymoretolerantinthefieldthandiploidcultivars.Thelower

H202COntentandlowerlipidperoxidationsinthetetraploidssuggestthattheirgreater

abilitytocopewithheatliesintheirhighercapacitytosuppressH202accumulation.

TherewerenosignificantdiffTerencesinETR,qN,AsA,andAPX%betweenthediploid

andtetraploidcultivars(Table3.3);thetwodifferedinIJ,however,andevenamong

thetetraploids,cultivarswiththinnerleaveshadhigherH202COntentandlowerheat

tolerance(Figure3.4).Theseresultsdemonstratethatthehigherheattoleranceof

tetraploidisduetotheirthickerleavesratherthantogeneticeffectsofchromosome

doubling.

Waines(1994)reportedthatpolyploidspeciesinwildwheatandspringwheattendto

havehigherheattolerancethandiploidspeciesdo･Thehighertoleranceoftetraploid

cytotypetodroughtstresshasalsobeenreportedinArabidopsisthaliana(Bouhamont

andMace1972),Phloxdrummondii(GarbuttandBazzaz1983),andChamerion

angustljuium(Maheralietal.2009).Polyploidplantshaveawidergeographicalrange

than theirdiploid ancestors(Stebbins1971;Levin 2002),and theincreased

physiologlCaltoleranceofpolyploidstoabioticsourcesofstress,whichisprobablydue

totheirgreaterabilitytosuppressROSproduction,islikelytoplayaroleintheir

greatertolerancetoecologlCalamplitudetocopewithstressinnaturalhabitats.

Sincefield-grownplantsduringsumm eraresubjecttocomplexsourcesofabiotic

stressincludinghigh irradiance,Prolongedheatstress,andunpredicta.blewaterdeficit,

plantsrequlrearangeOfmechanismstoprotectthemfromheat-inducedoxidativestress.

ThisshdydemonstratesthatlowH202productionandhighantioxidantactivity(AsA

andAPX%)contributetogreaterheattolerance.Furthemore,heat-shockproteinshave

beenshowntoplayamajorroleinheattoleranceinC3grassesunderfieldconditions

(Parketal.t996;Queitschetal.2000).Am ongthesepotentialmechanismsinfluencing

heattolerance,theroleofstructuralpropertiesofleavessuchasleafthicknessandleaf

drymatterconcentrationhasbeenneglected･Leafstructure,particularlyspecificleaf

area(SLA),isakeytraitmediatingthetrade10ffbetweentherateofphotosynthesisper

unitleafmassandthelifTespanofaleaf(Reichetal･1997)whichistheworldwideleaf

economicspectrum (Wrightetal.2004).Thesignificantcorrelationbetweensuch

structuralpropertiesofaleafasthicknessanddrymatterconcentrationandH202

contentsuggeststhatstructuralpropertiesplayanimportantroleintoleranceto
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oxidativestressbychapglngthebalancebetweentheelectrontransportcapacityof

thylakoids(photochemicalresponse)andRubiscoactivityinthestroma(biochemical

response)underheatstress.
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Table3.1CultivarsofLoliumperenneandthedegreeoftheir

fieldtolerancetohigh summ ertemperaturesevaluatedatthe

YamanashiDairyExperimentalStation.Thehighvaluesoffield

datarepresenthightolerance.

Cultivar Countryoforigin Fieldtolerance

Norlea

Bamilka

Paddok

Pagode

Mongita

Olaf

Record

Synerga

llirka

Raidi

Sponsor

Tobago

Weigra

GrasslandsSamson

Raigt

Phoenix

Roderick

Mere仕i

Yatsuyutaka

Yatukaze

Merlov

PomeroI

Yatugadake-2

MerkemR.V.P

Yahgadak6-24

Statisticaldifference

Population

Ploidy

Diploids(2n)
Canada

TheNetherlands

Belgium

TheNetherlands

TheNetherlands

CzechRepublic

TheNetherlands

TheNetherlands

SlovenlJら
[Slovenia?]
Estonia

TheNethedands

TheNetherlands

Gemany

NewZealand

Tetraploids(4n)

Norway

Netherlands

Nethedands

Belgium

Japan

Japan

Belgium

Belgium

Japan

Belgium

Japan

5

･
5

2

2

2

2
･
5

2
･
5

2
･
5

2
･
5

3

3

3

3

3

6
･

日日

2

2
･
5

2
･
5

3

5

6

6
･
5

6
･
5

6
･
5

7

7
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Table3.2One-wayANOVAofchlorophyllfluorescence

(Fv/Fm)among25cultivarsofLoliumperenneandbetYeen

theirdiploidandtetraploidpopulationsaswellasthechanges

incorrelationcoefBcientbetweenchlorophyllfluorescence

andfieldtoleranceatdifferentdurationsofcontinuous

exposuretoheatstress.

Daysof Fvalue Correlation

exposure Cultivars P1oidy coefrlCient

0 3.93*** 0.92 0.08

10 2.31** 7.39** 0.53**

20 2.48* * 2.78 0.47*

30 5.52* ** 6.31* 0.67***

40 14.28 *** 23.98*** 0.70***

*,**,and***representsignificanceatprobabilitylevelsof

5%,1%,andO･1%,rtespectively･
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Table3.3Hydrogenperoxidecbptent(H202),malondialdehyde(MDA),electrontransportrate

(ETR),non-photochemical;quenching(qN),aSCOrbicacid(AsA),ascorbateperoxidaseactivity

(APX),leafarea(LA),specificleafarea(SLA),leafwatercontent(LWC),leafthickness(LT),

andleafdrymatterconcentration(LD)of25cultivarsofLoliumperenneandmeanvaluesfor

thediploidandtetraploidgroups.ANOVAwasconductedamongthe25cultivarsandbetween

thediploidsandthetetraploids.

Variable
Population Meanvalues

range 2n 4n

Fvalue

Cultivars Ploidy

H202(LtmOlmgJ

H202(LLmOlmg-1FW,40day)

MDA(LlmOlg-1FW,0day)

MDA(LLmOlg-1FW,40day)

ETR(LlmOlg-1FWsll,oday)

ETR(pmolg~lFWs-1,40day)

qN(0day)

qN(40day)

AsA(LlmOlmgllFW,0day)

AsA(pmolmg-IFW,40day)

APX(Unitmg-IFW,0day)

APX(UmitmgJIFW,40day)

Leaftrait(0day)

LA(cm2)

SLA(mm2mgll)

LWC

LT(LLm)

LD(mgcm~3)

0.34-0.57

0.61-0.99

8.42-18.98

15.97-31.30

0.51-0.97

0.27-0.65

0.79-0.84

0.85-0.93

21.72-50.89

44.83-68.54

22.35-41.64

30.33-55.03

0.43 0.42

0.82 0.70

15.42 13.46

24.90 19.57

0.79 0.70

0.43 0.37

0.82 0.82

0.89 0.88

37.21 38.73

53.15 56.2

29.97 27.45

42.89 42.02

5.88-15.42 8.79 10.97

18.35-38.75 29.00 27.ll

0.69-0.83 0.77 0.79

153-217 175 193

141-305 210 202

0.91 0.61

2.32** 15.86***

1.33 3.73

5.51*** 22.11***

2.87*** 7.13**

2.15* 3.74

1.14 0.19

0.82 2.88

7.59*** 0.50

2.54** 2.61

1.16 2.22

1.08 0.15

6.00*** 16.17***

9.06*** 1.66

10.92*** 2.31

2.75** 13.96***

6.59*** 0.42
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Table3･4Correlationcoefncients(r)offieldtoleranceandFvnm withhydrogen

peroxidecontent(H202),malondialdehyde(MDA),electrontransportrate(ETR),

non-photochemicalquenching(qN),aSCOrbicacid(AsA),ascorbateperoxidasechange

(APX%),leafarea(LA),speci丘cleafar ea(SLA),leafwatercontent(IWC),leaf

thickness(IX),andleafdrymatterconcentration(LD).Standardizedregression

coefncient(S)oftheselectedvariablesbystepwisemultipleregressionanalysisandLtheir

proportionofvarianceexplained(R2)andAkaike'sinformationcriteriadiBTerence鮎m

thefullmodel(AAIC) areshown.Thecorrelationsandthemodelexplaimingthe

variationinH202contentarealsoshown.

Fieldtolerance Fvn7m H202

r S r S r S

-0.66** -0.46 -0.78** -0.74

-0.65** -0.31 -0.62**

-0.37 -0.34 0.56** 0.31

-0.42* -0.34 -0.09 0.17

-0.43* 0.29 0.39 0.31 -0.11

0.38 0.24 0.05

10.07 0.02'

0.40 0.76 0.20

0.53** -0.67 0.39

0.43* 0.59**

-0.54** -0.44*

76.0

5.39
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0 10 20 30 . 40

Daysafterheatstress

Figure3.1Responsepattemsofchlorophyllfluorescencein25cultivarsofLolium

perenneatdifFerentdurations(days)ofcontinuousexposuretoheatstress.
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F:鮎1-a:.Toler叩坪 r-駄70串*阜 r-:-.臥.醇 串*串 r.--0.,6_6*-**

感リ.._Fv/軌弧 rJニー0-.62*由 ∫-..ー0..7番傘-車券

2 34 58 78 台 ー85 .7 _75 20 25 30 _7_75 _85 _951

Figure3.2Scatterplotmatrixoffieldtolerance,chlorophyllfluorescence(Fv/Fm),

malondialdehyde(MDA),andhydrogenperoxide(H202)of25cultivarsofLolium

perenne(oand+arediploidcultivarsandtetraploidcultivarsrespectively).Dataat40

daysofheatstresswereusedforFv/Fm,MDAandH202(***representssignificanceat

p<0.001).
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Figure3.3Scatterplotmatrixofhydrogenperoxide(H202),electrontransportrate

(ETR),non-photochemicalquenching(qN),andascorbicacid(AsA)at40daysofheat

stressaswellasrelativechangeinascorbateperoxidaseduetostresstreatment(APX%)

andleafthicknessbefTorestressin25cultivarsofLoliumperenne(○and●arediploid

cultivarsandtetraploidcultivarsrespectively)･**and***representsignificanceatp

<0.01and0.001respectively).
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Chapter4

GENETICBACKGROUNDOFHEATTOLERANCEIN

PROGENIESFROMACROSSBETⅥ/芯ENTOLERANTAND

SENSITIVEGENOTYPESINLoliumperenne

INTRODUCTION

Thepotentlalforimprovlngheattoleranceofplantsthrough breedlnglSencouraginglf

thevanationinheattolerancelSgeneticallycontrolled･Knowledgeofthegeneticbasis

ofvanattonlnheattolerancewouldhelptoestlmatethehentabilltyOfthetraitandto

selecteffectlVelytolerantplants.Theextentofdamagecausedbyexposuretoheatstress

dlffersbetweenthegenotypes(Basra2000).h thepreviousstudy,Loliumperenne

cultlVarSlnCludlngdlploidsandtetraploidswerecompared(Chapter3)･1nthlSStudy,the

dlfferenceslnresponseOfgenotypesdenvedfromacrossbetweenaheat-tolerantanda

heat-sensltlVeCultlVarWereeXamlned.Thepurposeofthisstudywa.stoexamlnethe

genetlCbasISOfvariationinheattolerance.

MATERIALSANDMETHODS

Acrossbetweenatolerant(Kangaroo)andasensltivecultlVar(Norlea)wasconducted

lnYamanashiExperimentalStationandinthisStudy72genotypesdehved丘omacross

betweenthemwereused.KangaroowasdevelopedlnAustralla,WhlleNorleawas

developedlnCanadaandbothofthemarediplolds.AILplantsweregrownlnthesame

condlt10nSaSmentionedlnChapter21A洗eraccllmationat300Cforthreedays,the

plantsexposedtoheattreatments(36/30oC,day/nighttemperatures)for40days,

Chlorophyllnuorescence(Fv/Fm)wasmeasuredbeforetheacclimatlOnandat

10-dayIntervals,whilehydrogenperoxide(H202)contentwasmeasuredtwICe,before

andat40dayorthestressTheleartraltSWeremeasuredbefわrethestressThemethods

ofmeasurementweredescnbedindetallprevlOuSly(Chapter2･1andChapter3).

StatistL'CaLanalysL's

Analysisofvariance(ANOVA)wasusedtotestthesignlficanceofdifferenceselther

betweenthetwoparentsoramongthegenotypesfわreachmeasurement･ThestatlStical
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analysiswascamiedoutusingJMP(vcr4.SASInstitute,Cary,NC,USA).

RESUIXS

Therewerenosigni丘Cantdifferencesbetweenthetwoparentgenotypesbeforethethe

exposuretostressinchlorophyllfluorescence(Fv仔m)andhydrogen･peroxide(H202).

ThetwoparentsshowedsigmifiCantdecreasesinFv仔mandsignifiCantinCreasesin

H202afterthestress.SigmifiCantdifferencesbetweenthetwoparentsappearedat30day

ofthestressforFvnmandat40dayofthestressforH202(Figures4.land4.2).The72

progeniesshowedhighlysigmi丘cantdifferencesinFvrFmatal1measurementtimes

(Table4.1).ThevalueofFv作mdecreasedgraduallywithincreasingdurationofthe

exposuretostressandabroadgeneticdistributionwatsshownat40dayofthestress

(Figure4･3a)･Comparisonbetweenthe72progeniesandtheparentsshowedthatvalues

ofFv仔mofmostprogenies(72%)wereintermediatebetweenthetwoparents.Onthe

otherhand,the72progeniesshowedsignificantdifferencesinH202contentbothbefore

andafterthestress(Table4.1).ThecontentofH202increasedunderthestressanda

widegeneticdistributionwasshownamongprogeniesat40dayofthestress(Figure

4.3b).ThegenotypicdistdbutionofH202at40dayof血estressshowedthat

approximatelytwothirdoftheprogemieshadH202contentintherangebetweenthetwo

parents.ItisnotablethatFv仔mshowedahighlysignificantcorrelationwith H202

contentat40dayofthestress(Figure4.4).

Structuralleaftraitsshowednosignificantdifferencesbetweenthetwoparents

exceptforleafwatercontentandleafthickness(Table4.2).Ontheotherhand,

signi丘Cantlydifferenceswereobservedinal1leaftraitsamongth e72genotypes(Table

4.2).Thegenotypicdistributionofleaftraitswereshownin (Figure4.5).Most

progenieshadvaluesofleaftraitsoutoftherangebetweenthetwoparentsexceptleaf

watercontent(LWC),65%oftheprogenieshadIJWCintherangebetweentheparents

(Figure4.5C).About60%oftheprogemieshadleafthickn essoutoftherangebetween

theparents(Figure4.5d),whileal1theprogeniesexcludingtwohadlargerleafareathan

thetwoparents(Figure4.5a).

DISCtJSSION

MaximalPSIIefBciency(Fv仔m)decreasedwiththedurationofheatstressandhighly

48



significantdifferenceswereobservedeitherbetweentheparentsoramongtheprogenies

at40dayofthestress(Figure4.1andTable4.1,respectively)･ThedecreasesinFv仔m

wereassociatedwithsigni丘CantincreasesinH202contentat40dayofthestressanda

sigmifiCantcorrelationwasfoundbetweenthem(Figure4.4).Theseresultssuggestthat

血edifferenceinheattoleranceshown byprogeniesofLperenneiscloselyassociated

withtheabilitytosuppressoxidativestress.Thisisconsistentwithourfindingsamong

cultivarsofL.perenne(Chapter3).ThevastmajorityoftheprogemieshadFv作mvalue

andH202contentintherangebetweenthetwoparents(Figure4,3).Thisgenetic

distributionindicatesthegeneticeffectsandinheritan ceofthegenesresponsiblefor

heattolerance.

LeaftraitsshowedsignificantlydifferencesamOngprogeniesbutnotbetweenthe

parentsexceptforleafwatercontentandleafthicknessIThisindicatesthatthevariation

inleaftraitsislessgeneticallycontrolled.Nosignificantcorrelationsofleaftraitswith

FvrFmandH202COntentWereShownat40dayofthestress.Thisisnotconsistentwith

ourfindinginL.perennecultivars(Chapter3),whichshowedsigmifiCantcontribution

ofleaftraits,especiallyleafthickness,toROBgenerationandheattolerance･This

inconsistentpattem seemstoresult五･omthedifferenceingeneticvariabilityinleaf

traitsbetweenthetwoparentsandcultivarsusedinChapter3.
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Table 4.1 AnalysIS OfⅥ山ance for chlorophyll

fluorescence(Fv仔m)andhydrogenperoxidecontent

(H202)am ong72genotypesatdifferentduratiOnsof

continuousexposuretoheatstress.

Daysofexposure Range Fvalue

Chlorophyllfluorescence(Fv作m)

0day 0.762-0.807 2.71***

10day 0.714-0.783 2.68***

20day 0.603-0.778 3.01***

30day 0.358-0.776 4.58***

40day 0.483-0,767 25･43***

Hydrogenperoxide(H202)

0day 0.15-0.52 25.76***

40day 0.32-1.74 27.95***

***representssigni負Cancedifferencesat0.1%
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Table4.2An alysisofVarianceforleaftraitbetweenthetwoparentsandamongthe72

genotypesderived丘omthembefoieexposuretoheatstress･

Leaftraits

Leafarea(cm2)

Thetwoparents The72genotypes

Norlea Kangaroo Fvalue Range

1.72 1.81 0.07nS o.87-7.44 7.48***

specificleafarea(mm2mg-I) 26.96 24.43 1.01nS 19.0-35.4 3.38***

Leafwaterco仙ent(%) 81.3 77.5 8.96* 74.5-85.2 4･76***

Leafthickness(Llm) 169 198 7.75* 141-242 5.68***

Leafdensity(mgcm13) 221 211 0.27nS 153-328 7.93***

*'***representsthedifferencesat5and0.1%,respectively･
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0 10 20 30 40

Days

Figure4･lTemporalchangesinchlorophyllflOrescence(Fv/Fm)forthetwoparents;

Norlea(●)andKangaroo(○)underheststress.*indicatesasigni丘Cantdifference
betweenthethreepopulationsatP<0.05.
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Before JUter

Species

Figtlre4･2Hydrogenperoxidecontent(H202)beforeanda鮎rtheexposuretoheat

stressforthetwoparents;NorleaCleat-Sensitive)andKangaroo(heat-tolerant).*
representsthedifferencebetweenparentsat0.1%.
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Figure4.4CorrelationbetweenchlorophyllfluorescenceOTv仔m)andhydrogen

peroxide(H202)at40daysofexposuretostressamongthe72genotypesderivedfrom

thecrossbetweenKangaroo(K7)andNorlea(N4).
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