
Chapter5

INTERSPECIVICVARIATIONINHEATTOLERANCEAND

SUPPRESIONOFOXII)ATIVESTRESS

5.1COMPARISONAMONG15C3SIIECIES

INTRODUCTION

Theplantsfromdifferenthabitatshavedifferentoptimumgrowthtemperature.TheC3

speciesadapttotemperateclimates,whileC4Speciescantoleranttohotanddrought

conditions･Theanticipatedhighersu- ertemperaturesunderclimatewamingare

likelytocauseseriousdamagestothegrowthandyieldofC3Crops(LobellandAsner

2003;LobellandField2007).Therefわre,improvingthetoleranceofC3CropstOheat

stressisamajortargetfわrbreeders.Tounderstandthetolerancemechanismofplantsto

heatstress,itisimportanttomakecomparativestudiesbothwithinspeciesandamong

specieswhichdifferintheirtolerance.Sofar,moststudiesthatcomparedheattolerance

havebeenlimitedtocomparisonamongafewnumberofcultivars(Huangetal.2001;

LarkindaleandHuang2004;Almeselmanietal.2006;HeandHuang2007)Orafew

numberofspecieswhicharecloselyrelated(Xuetal.2006;XuandHuang2008,2010)

andfewstudieshaveexaminednumberofunrelatedspeciesunderlong-term heatstress.

Inthischapter,responsestoheatstresswerecomparedamongfifteenC3grassspecies

belonglngtOdifferentgenuswithdiversegeneticbackgroundwithspecialreferenceto

therelationshipbetweenheattoleranceandoxidativetolerance.

MATERIALSANDMETHODS

Plantmaterials

Inthisstudy,fifteenC3specieswereusedincluding;AgrostisalbaL.,Agrostistenuis

Sibth.,Anthoxanthumodoratum L.,BromusinermisLeyss･,DactylisglomerataL･,

FestucaarundinaceaSchreb.,FestucaovinaL.,FestucapratensisHuds.,Festucarubra

L.,LoliummultljlorumLam.,LoliumperenneL.,PhalarisarundinaceaL.,Phleum

pratenseL.,PoaannuaL.,PoapratensisL.
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Growthandheatstressconditions

ThegrowthandstressconditionsweredescribedindetailontheL･perennecultivars

experiment(Chapter2.1andChapter3).Aftertransplantingtheseedlingsinthepots,

fTourreplicatesofeachspeciesweremaintainedundercontrolconditions23/16oCf♭r40

days,acclimationfor3daysat300Candthenexposedtostressconditions(36/30oC)for

40days.

Measurementmethods

Chlorophyllfhorescence(Fv/Fm)wasmeasuredat10-dayinteⅣals.Malondialdehyde

(MDA),hydrogenperoxide(H202),electrontransportrate(ETR),nan-photochemical

quenching(qN),aSCOrbicacid(AsA)andascorbateperoxidaseenzym eactivity(APX)

weremeasuredtwice,befわreandat40dayoftheexposuretostressasdescribesin

detailsinthepreviouschapters(Chapter2.1andChapter3).Thedataofleaftraitswere

obtained丘om(Sugiyama2005a,ち).

Statisticalanalysis

An alysisofvariance(ANOVA)wasusedtotestthesignificanceofdifferencesamong

thespeciesf♭reachmeasurement.ThestatisticalanalysュsWasCa汀iedoutuslngJMP

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

RESULTS

Chlorophyllfluorescence(Fv/Fm)showednosignificantdifferencesamong15Species

befわretheexposuretostresswithoverallmeanvalueof0.779土0.001.Fv/Fm

signiflCantlydecreasedat40dayofheatstress(0.636土0.032)･Thedifferencesamong

speciesbegantoappearat10dayoftheexposuretostressandthedifferencesbecame

two-foldsat40dayofthestress(Figure5.1.1).Thespeciesweredividedintothree

categoriesaccordingtothedegreeofdamage:(1)high tolerantspecies(sevenspecies)

whichmaintainedmorethan85%ofFv/Fmat40dayofthestress,(2)mediumtolerant

species(sixspecies)whichmaintained75-85% ofFv/Fmand(3)sensitivespecies

(twospecies)withlessthan50%orFv/Fm(Figure5･1･1)･

Lipidperoxidationofmembrane(malondialdehyde,MDA),hydrogenperoxide
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(H202),electrontransportrate(ETR),non-photochemicalquenching(qN),aSCOrbicacid

(AsA)andascorbateperoxidase(APX)showedhighlysignificantdifferencesamong

speciesbefわreandafterexposuretoheatstress(Table5.1･1)･MDA showeda

significantlynegativecorrelationwithFv/Fmat40dayofthestress(Figure5･1･2).The

MDAcontentdifferedbyeightfoldbefわretheexposuretostressandbythreefTolda洗er

theexposuretostress(Table5.1.1).BromusinermisandFestucarubrahadthehighest

valuesofMDAcontentbothbefわreanda氏ertheexposuretostress.Afterexposureto

heatstress,MDAcontentincreasedsignificantlylnallspeciesexceptnosignificant

changeinPhalarisarundinacea(Table5.1.2).H202contentShowedthesameresponse

toMDAexceptf♭rthesignificantdecreaseofH202COntentinDacoJlesglomerataand

Poaannua(Table5.1.2).TheH202contentdifferedbyfifteen-foldsandsix-folds

befわreandat40dayofthestress,respectively(Table5.1.1).ThehighestvaluesofH202

contentbothbefToreandaftertheexposuretostresswereinFestucarubraandFestuca

ovina,respectively.Thespeciesshoweddifferentresponsesa洗erthestressinterm of

ETR,qN,AsAandAPX(Table5.1.2).

Thefunctionalleaftraitsshowedsignificantdifferencesamongspecies(Table5.1.3).

However,therewerenosignificantcorrelationsbetweenleaftraitsandphysiological

damages,Fv/FmandMDA.InL.perennecultivars(Chapter3),H202COntentaRerthe

stressshowedanegativecorrelationwithleafwatercontent(LWC)andapositive

co汀elation with leafdrymattercontent.In thisstudy,H202 COntentShowed

significantlycorrelationswithbothtraitseitherbeforeora洗erthestress(Figure5.1.3).

DISCtJSSION

Chlorophyllfhorescence(Fv/Fm)isusedwidelyasanindicatorofphysiological

damagetoabioticstress(MaxwellandJolmson2000).Inthisstudy,thedecreasesin

Fv/Fmvariedgreatlyamongspecies,ranglngfromlessthan10%tomorethan50%at

40dayofexposuretoheatstress.ThedecreasesinFv/Fm variedsignificantlyeven

withinthesamegenus(Figure5.1.1).Thisindicatesthattherearegreatdifferences

amongtheC3Speciesintolerancetoheatstress(Figure5.1.1).ThedeclineofFv/Fm

representsthatthereactioncentreofPSHwasdamagedandinactivatedbythestress

(Longetal.1994).

Reactiveoxygenspecies(ROS)playsthetwooppositerolesinprocessesofheat
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stressresponses:atoxicmoleculeandasignaltransductionmolecule(FoyerandNoctor

2005;SuzukiandMittler2006;JaspersandKangasjarvi2010;Milleretal.2010).

Levelsofhydrogenperoxide(H202) VarygreatlyamongspeciGSundernatural

conditions(Cheeseman2006;Quevaletal.2008).Inthisstudy,thespeciesshowed

greatdifferencesin H202 COntentevenunderunstressed conditions.Thegreat

differencesinH202SuggestthatthespecieshavedifferentstrategytoutilizeH202in

regulatingmolecularandphysiologicalnetworks.TheslgnificantincreasesinMDA

contentanddecreasesinFv/Fm understressconditionaswellastheslgnificant

correlationbetweenthemat40dayofthestress(r-10.61*)suggestthatthedifference

inheattoleranceiscloselyassociatedwiththeabilitytosuppressoxidativestress.In

contrasttoL.perennecultivars,thedifferencesinFv/FmandMDAafterthestresswere

notassociatedwithH202COntent.Thismaybeduetothat,Comparedwiththecultivars

withnarrow geneticbackground,thespeciesusedinthisstudyhadawidegenetic

backgroundandrolesofH202instressresponsecascadedifferedwitheachotheras

exemplifiedbythetwospecies,PoaannuaandDactylisglomerata,whichshowedgreat

sensitivitytostressandH202contentSlgnificantlydecreasedaftertheexposuretostress

(Figure5.1.1andTable5.1.2).

Thechangesinantioxidantactivity(AsA contentandAPX)underthestress

conditionsvariedamongthespecies,butitshouldbenotedthatthespeciesofthesame

genushadsimilarresponseswithvaryingdegrees(Table5.1.2).Antioxidantactivitydid

notshowanyclearcorrelationswithH202COntent,Fv/Fm andMDA.However,these

donotimplythattheeffectsofantioxidantsonheattolerancearenegligiblebecausethe

complexnetworksoftheantioxidantsystem exitsinplantsassuggestedpreviously

(chapter3).Although 1eaftraitsshowedsignificantcontributiontoheattoleranceof

Loliumperennecultivars(Chapter3),noclearcontributionofleaftraitswasobserved

amongC3 species.Although H202 contentcorrelatedsignificantlywithleafwater

contentandleafdenslty,thisisnotnecessarilyevidenceoftheimportanceofstructural

leaftraitsbecause(1)thesamelevelofcorrelationwasobseⅣedbefわrethestress,and

(2)bothleaftraitsandH202 COntentdidnotshow correlationswithphysiological

damage,Fv/FmandMDA.

60



Table5.1.1Mimimum andmaximumvaluesaswellastheFvalueofvariationamong

the151SPeCiesofmalondialdehyde(MDA),hydrogenperoxide(H202),electron

transportrate(ETR),non-photochemicalquenching(qN),aSCOrbicacid(AsA)and

ascorbateperoxidase(APX).

Contro1 40lday

Rang Fvalue Rang Fvalue

MDA(LLmOlg-1FW) 6.3⊥52.5 50.2*華* 20.9-72.9 32.9***

H202(pmolmgllFW) 0.16-2.38 188.5*** 0.51-3.12 110.7***

ETR(pmolgllFW s~l) 0.42-1.02 12.9*** 0.18-1.00 7.6***

qN 0.825-0.897 4.4*** 0.812-0.953 5.4***

AsA(LLmOlmg-1FW) 22.6-171.9 109.2*** 57.8-136.1 21.4***

APX(pmolmgAIFW) 28.7-322.0 71.0*** 18.1-83.1 I10.6***

Thevaluerepresentssigmi丘Canceatprobabilitylevelofp>0.001
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Table5･1･2Therelativevaluesofmalondialdehyde(MDA),hydrogenperoxide(H202),aSCOrbicacid

(AsA)andascorbateperoxidase(APX)･Therelativevalueswerecalculatedfromtheequation(thevalue

at40daysofstress/thevaluebeforestress*100),andtheprobabilityofsignificant(*,**,***at0.05,

0.01,andO･001,respectively)representthesignificanceunderstressconditioncomparetobeforestress.

Species MDA H202 ETR qN AsA APX

1.Agrostisalba

2.Agrostistenuis

3.Anthoxanthumodoratum

4.Bromusinermis

5.Dactylisglomerata

6.Festucaarundinacea

7.Festucaovina

8.Festucapratensis

9.Festucarubra

10.Loliummultljlorum

11.Loliumperenne

12.Phalarisarundinacea

13.Phleumpratense

14.Poaannua

15.Poapratensis

317.8*** 268.6***

238.2*** 132.1*

407.9*** 325.0***

138.9* 175.0**

417.7*** 67.3**

135.2*** 145.7**

156.1* 142.0**

241.0*** 157.1***

130.4** 131.1***

133.5*** 303.8***

143.9*** 241.2**

124.2 116.2

475.2*** 244.4***

284.3*** 52.2***

339.6*** 159.5*

65.3* 101.8

109.9 97.1

44.0*** 107.1*

57.1 107.8**

83.3 98.3

100.0 97.7

55.1*** 104.2*

59.0* 103.1

78.2* 104.3*

29.0*** 111.5**

80.4 100.2

86.5 100.8

44.9* 101.6

26.5*** 106.8

67.6* 98.0

84.1** 84.6

79.9** 101.7

98.1 15.9***

79.2*** 59.7*

111.9 106.1

45.7*** 95.3

86.3** 111.6

54.4*** 145.1

83.6* 112.6

326.0*** 183.4***

191.6*** 170.9**

82.7** 25.8***

107.7 64.5**

77.6** 149.6***

73.6** 121.8*

******,significantdifferenceat5,1and0.1%levels,respectively〉 )
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Table5.I.3Specificleafarea(SLA,cm2mg-I),leafwatercontent(LWC,%),

leafarea(LA,cm2),leafdensity(LD,mgcm-3)andleafthickness(LT,Llm)of

theeighteenspeciesbefわreexposuretoheatstress.

Species SLA LWC LA LD LT

1.Agrostisalba

2.Agrostistenuis

3.Anthoxanthumodoratum

4.Bromusinermis

5.Dactylisglomerata

6.Festucaarundinacea

7.Festucaovina

8.Festucapratensis

9.Festucarubra

10.Loliummultljlorum

11.Loliumperenne

12.Phalarisarundinacea

13.Phleumpratense

14.Poaannua

15.Poapratensis

0.426 79.3

0.561 81.9

0.494 79.6

0.425 80.6

0.433 80.6

0.389 83.5

8.59 191 123

3.91 163 111

12.44 167 123

18.25 176 136

13.54 153 152

16.4 153 170

0.283 76.1 1.81 222 167

0.460 83.6 15.03 133 167

0.309 74.4 2.48 277 126

0.475 87.0

0.490 83.9

0.605 83.5

0.496 81.7

0.623 81.1

0.453 80.2

7.88 122 177

ll.99 131 160

14.28 147 116

17.14 131 155

4.06 188 86

8.53 155 149
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0. 10. 20. 30. 40.

Daysofheatstress

+ Pha/arI'Sarundinacea

+ Poapre.tensI'S
I+ FestucaarundI'naCea
+ Anthoxanthumodoratum

- Agostistenius
+ Loliumperenne

Figure5.1.1Responsepattemofchlorophyllfluorescencein15C3speciesatdiffTerent

durations(days)ofcontinuousexposuretoheatstress.Thetopgroupmaintainedmore

than 85%,themiddlegroupmaintained75-85%,andthebottomgroupmaintained

lessthan50%ofFv/Fmat40dayoftheexposuretostress.
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Figure5.1.2 Thecorrelation between chlorophyllfluorescence(Fv/Fm)and

malondialdehydecontent(MDA,LLmOlgllFW)at40dayofexposuretoheatstress.
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Figure5.1.3Thecorrelationofleafwatercontent(IiWC)andleafdensitywith

hydrogenperoxidecontents(H202)beforetheexposuretostress(a,theabovepart)and

at40dayofthestress(b,thebottompart).
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5.2COMPARISONBETWEENC3ANDC4SPECIES

INTRODtJCTION

TheplantshaveC3andC4typesOfphotosyntheticsystems.TheC4specieshavehigher

abilitytominimizetheextentofphotorespirationthanC3Speciesunderstressconditions

byboostingtheCO2COnCentrationsinthebundle-sheathcells.Therearemanysbdies

whichfbcusedonthedifferencebetweenC3andC4speciesintermsofphotosymthesis

thermalstabilityunderheatstress(SalvucciandCl･attS-Brandner2004;Sageand

Kubien2007;Hamiltonetal.2008).However,asfarasIknow,nostudiesfbcusedon

thediBTerencebetweenC3andC4speciesintermsofoxidativedamageunderprolonged

temperaturestress･Inthischapter,threeC3speciesandthreeC4specieswereexposedto

prolongedmoderatelyhigh temperature(36/30oC)fTor40days.Theobjectivesofthis

studywere(1)toclarifythedifferenceinthephysiologicalresponseamongspecies

understressconditions,(2)toexamineiftheC3speciessuffermoreoxidativedamage

thanC4speciesdoes,and(3)toclarifytheassociationbetweenthefunctionalleaf

propertiesandoxidativedamage.

MATERIALSANDMETIIODS

Plantmaterials,growthconditionsandheattreatment

Inthisstudy,sixspecieswereusedincludingthreeC3species,AgrostistenuisSibth.,

FestucaarundinaceaSchreb.,LoliumperenneL.andthreeC4species,Chlorisgayana

K.,PaspalumnotatumFlugge.,ZoysiaJaPOnicaSteud.

Seedsofthesixspeciesweregeminatedandthentheseedlingsweretransplanted

intopotsasthesameconditionsasdescribedinChapter(2.1).Theplantsweregrownin

acontrolledgrowthchamberwithday/nighttemperaturesof23/160CfわrtheC3species

and28/24｡CfortheC4species,aphotoperiodof161hwith250pmolm-2S-Iphoton

flux,and70%relativehumidityduringthewholeday･Theplantsweremaintainedin

thecontrolledconditionfわr40daysaRertransplantingforallspeciesexceptforZoysia

japonicawhichwasmaintainedfTortwomonthsbecauseofitslowgrowth.Alltheplants

wereexposedto300Cforthreedaysforacclimationfわllowedbyexposureto36/30oC

fTor40days.Waterwassupplieddailytoavoidwaterstress.Theexperimentwassetup
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inarandomizedblocklayo山incorporatingfわurreplications･

Physiologicalmeasuyementsandleaftraits

Chlorophyll且uorescence(Fv/Fm),membranelipidperoxidation(MDA),hydrogen

peroxide(H202),electrontransportrate(ETR),non-photochemicalquenching(qN),

ascorbicacid(AsA),ascorbateperoxidase(APX)andleaftraitswererecordedinthe

samemeasurementtimesasLoliumperennecultiやarsexperiment(Chapter3)usingthe

me仇odsdescribedpreviously(Chapter2.1andChapter3).

Statisdcalanalysis

ThestatisticalanalysiswascarriedoutusingJMP(ver4･SASInstitute,Cary,NC,

USA).ThesigmifiCantdifferenceamongthespecieswastestedbyanalysisofvariance

(ANOVA)foreachmeasurementtime.ThedifferencebetweenC3andC4specieswas

alsotestedbyt-test.

RESULTS

Therewerenosigmi丘CantdifferenceinthemaximumPSIIactivity(Fv/Fm)amongthe

speciesbe氏)rethestresstreatment,butdiffTerenceswerefわundatallmeasurementtimes

a洗ertheexposuretostress(Table5.2.1).Fv/Fmgraduallydecreasedwiththeexposure

tostressandthedecreasesbecam eslgmificantat40dayofthestressagainstthecontrol

fTorallspeciesexceptf♭rPaspalumnotatum.Loliumperennehadalargerdeclineat10

dayaRerthestressandhadthelowestFv/Fmvalueat40dayofthestress(Figure5･2･1)･

Although thesignificantdifferencewasnotfoundbetweenC3andC4speciesbeforethe

treatment,theC4specieshadsigmifiCantlyhigherFvnmvaluesa洗erthestress(Table

5.2.1).FvrFmwassigniflCantlydecreasedafterthestressatallmeasurem-enttimesfor

C3SPeCiesandat40dayonlyforC4species(Figure5.2.1,inserted).

Lipidperoxidation(MDA),hydrogenperoxide(H202),electrontransportrate(ETR),

non-photochemicalquenching(qN),aSCOrbicacid(AsA)andascorbateperoxidase(APX)

showedsignificantdifferencesamongspeciesbefToreandaftertheexposuretostress

(Table5.2.2).BothMDAandH202contentsSigmifiCantlyincreasedforallC3species,

whiletheC4speciesshowednoslgmifiCantChangesunderthestressexceptfTorZoysia
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japonlCaWhichshowedslgnlficantdecreasesinbothtraits(FlgureS5.2.2aand5.2.2b).

ZjaPOnlCahadthehighestMDAandH202COntentSbeforethestressandthehlghest

H202COntenta洗erthestress,whilsttheC3speciesshowedhigherMDAcontentafter

stresstreatment･BothETRandqNShowednosignificantchangesunderthestressforall

speciesexcepttheslgni丘cantincreaselnqNforZjapomca(FlgureS5.2.2cand5,2.2d).

ThespeciesshoweddifferentresponseslntermOfscavenglngSystem,AsAandAPX

(Figures5･2･2eand52･2f)･Surprisingly,bothAsAandAPXshowedhighlynegatlVe

correlatlOnSwithFv/Fm (r--094and-0･89)aswellasaposltivecorrelationbetween

APXandMDA(r-0.96)at40dayofthestress,SigniflCantdlfferencesbetweenC3and

C4WerefわundonlyinH202andETRbefわretheexposuretostress,whileat40dayof

thestressslgnl丘cantdifferenceswerefoundinalltraitsexceptH202(Table52,2),

Allfunctionalleaftraitsshowed significantdlfferencesamongthespecleS.

Furthermore,slgnifiCantdlfferenceswereshownbetweenC3andC4Speciesexceptfor

leafwatercontentandleafarea(Table5.2.3).TheC4SPeCleShadlowerspecificleaf

area(SLA),hlgherleafdensltyandthickerleavesthanC3species.TherewerenegatlVe

correlationsofSLAwithFv/Fm andMDAat40dayofthestress(Flgure5.2.4).SLA

andleafthlCknessalsoshowedslgnl丘CantcorrelatlOnSWlthETR(Figure5.2.5).

DISCUSSION

PhotosylthesisinmostplansISllmltedbythelackofCO2,butthelimltatlOnis

substantlallylessinC4 SpeciesthanC3SpeciesbecauseofitsCO2-COnCentratlOnS

mechanisms(TalZandZelgel.2002)･Inthisstudy,themaxlmalPSIIefEiclenCy(Fv/Fm)

decreasedwithdurationofheatstress.AllC4SpeciesmaintainedhlgherFv/Fmvalueat

40dayofstresstreatmentthanC3SPeCleS(Figure5･2･1)･TheresultofthlSStudyclearly

demonstratesthatC4SPeCleShavemuchtolerancetoprolongedheatstressthanC3

species.

BothllPldperoxidation(MDA)andH202COntentSignificantlyincreasedlntheC3

species.Incontrast,theC4SPeCleSShowednoslgnifiCantchangesexceptforZ.japonica.

ThlSSuggeststhatoxidativestressgeneratedunderprolongedheatstressisamajor

causefordamageinC3speciesandthatC4SPeCleShavehigh abilitytosuppressthe

productionofROSunderstressconditions･Thisisconsistentwlthourpreviousfindings

thatheattoleranceisassoclatedwiththeabilltytOSuppressOXldativestress(Chapter
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2-4).

Inthisstudy,SLAshowedasignlBcantlynegativecorrelatlOnwithFv/Fm anda

slgnlficantlypositlVeCOrrelat10nWithMDAat40dayofthestress(r-10.87and0.88,

respectively)IAlthough 1eaftraitsdidnotshowasignificantcorrelat10nWlthH202,SLA

andleafthicknessshowedslgniBcantcorrelatlOnSwithETRwhichshowedaslgnlficant

contnbutiontoROSaccumulationinL.perenne(Chapter3).Theseresultssuggestthat

leafpropertiesplayanimportantroletocopewithoxldativedamage･

Temperatureplaysan lmP｡rtantrolelntheplantdlStributionandproductivity.ItlS

wellknownthattherelSadifferentiationbetweenC3andC4Plantsintheoptlmal

growthtemperature･TheC4speciesismoreabundantlnWarm,dryclimatesthanC3

SpeciesbecauseofitsabllltytOPhotosymthesIZemoreefficlenCyundersuchcondition

(TalZandZelger2002)Inthisstudy,although therewerenosignificantdlfferencesin

H202COntentbetweenC3andC4SPeCleSat40dayofheatstresstreatment,C4SPeCleS

hadhlgherFv/Fm andlowerlipidperoxidation(MDA)thanC3Species.Also,the

relativechangeofH202(thepercentageofH202COntentat40daysofthestressto

beforethestress)forC4SPeCleSWaslower(102%)thanthatforC3SPeCleS(173%).

TheseresultssuggestthatthatC4specieshasmoretolerancetoheatstressthanC3

specleSbyhavingtheabllltytOSuppresstheproductlOnOfROSandthusreducedthe

oxldatlVedamage.
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Table5.2.1One-wayANOVAam ongsixspecies

andbetweenC3andC4 speciesofchlorophyll

fluorescence(Fv/Fm)atdiffTerentdurationsof

continuousexposuretoheatstress.

Daysof Fvalue

exposure Species Type

0 0.54ns 1.67nS

10 14.03*** 17.57***

20 4.89** 12.93**一

30 7.84*** 21.76***

40 4.64** 16.27***

*,**,***,sigmificantdifferenceat5,landO･1%

levels,respectively
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Table5.2.2One-wayANOVAamongsixSPeCiesandbetweenC3andC4species

ofmalondialdehyde(MDA),hydrogenperoxide(H202),electrontransportrate

(ETR),non-photochemicalquenching(qN),aSCOrbicacid(AsA)andascorbate

peroxidase(APX)beforeandafterexposuretoheatstress･

Befbre ARer

Species Type Species Type

MDA(pmolgAIFW)

H202(LLmOlmgーlFW)

ETR(LtmOlgllFW s~1)

qN

AsA(pmolmg~lFW)

APX(PmolmgTIFW)

63.2***

222.1***

27.2***

8.7***

17.5***

62.5***

0.5 28.7串** 40.3***

6.0* 14.7*** 0.9

10.6** 11.5*** 11.6**

0.2 4.9** 6.2*

2.7 50.9*** 33.6***

7.1* 26.2*** 53.9***

*,**,***,significantdifferenceat5,land0.1%levels,respectivery
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Table5･2･3Mean valuesofspecificleafarea(SLA),leafarea(LA),leafwater

content(LWC),leafdensity(LD)andleafthickness(IX)foreachspeciesbefore血 e

exposuretostressaswellasstatisticaldifferencesam OngspeciesandbetweenC3

andC4Species.

SLA LA LWC LD I:T

(mm 2mgl (cm2) (%) (mgcmH3) (pm)

C3Species

Agrostistenuis 5_6.1 3.91 72.4 163 111

Festucaarundinacea 38.9 16.4 69.2 153 170

Loliumperenne 49.0 11.99 78.2 131 160

C4Species

Chlorisgayana 22.6 18.09 74.0 260 175

Paspalumnotatum 25.9 11.93 77.3 195 199

ZoysiaJaPOnica 24.6 5.61 69.6 256 163

Statisticaldifferences

Species *** *** * *** ***
Type *** ns ns *** **

*,**,***,sigmifiCantdifferenceat5,land0.1%levels,respectively
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Days

Figllre5･2･1Responseofchlorophyllfluorescence(Fv仔m)toprolongedheatstressin

threeC3SPeCies(■Agrostistenuis,▲Festucaarundinacea,･Loliumpeylenne)and

threeC4SPeCies(□Chlorisgayana,APaspalumnotaium,OZoysiajaponica).The

insertedfigurecomparestheoverallFv/FmmeanvaluesofC3(d)andC4species(D).

74



(N
U
T
6

10∈]])VCM

(N
u

T
6
i.S
IO
E
Tl)
tll
u

(N
tJ
T
Eh

]o
u
Jd
)v
s
y

" l - r ._ Ll . " . .

H
20
2
(P

mO
Z
mg
.
1

FW)

q
N

A
PX
(

U⊇tヨ㌔
¶W)

oJ

70

∽

幻

判
別

別

AgrOStisFestucaLoITumChlorisPaspalLlmZoySh AgrostisFestucaLol■unChlortsPaspalumZoysJa
Species Species

Figure5･2･2Malondialdehyde(MDA),hydrogenperoxide(H202),electrontransport

rate(ETR),non-photochemicalquenching(qN),aSCOrbicacid(AsA)andascorbate

peroxidase(APX)beforeandafterexposuretoheatstressforthethreeC3SPeCies

(Agrostistenuis,Feslucaarundinacea,Loliumperenne)andthethreeC4 species

(Chlorisgayana,Paspalumnotatum,Zoysiajaponica)･Thevaluesrepresentthemean j=

standarderror.*representthesigmi丘cantdifferencebetweena洗erandbeforethestress.
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Figtlre5･2･3Malondialdehyde(MDA),hydrogenperoxide(H202),electrontransport

rate(ETR),non-photochemicalquenching(qN),aSCOrbicacid(AsA)andascorbate

peroxidase(APX)beforeandaRerexposuretoheatstress･Thevaluesrepresentthe

overallmeanvaluesofea血C3andC4SpeCies土standarderror.
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Figure～5.2.4Correlationof(a)chlorophyllfluorescence(Fvnm)and(b)lipid

peroxidation(MDA)at40dayofstresstreatmentwithspecificleafarea(SLA).The

closedsquares(I)andtheopensquares(｡)representtheC3SPeCiesandC4SPeCies,

respectively.
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electrontransportrate(ETR)at40daysofheatstress.Theclosedsquares(q)andthe

opensquares(a)representtheC3SPeCiesandC4species,respectively.
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Chapter6

GENERAI.DISCtJSSION

IIeatstressandoxidativestress

High temperaturestressPleatStress)ISCOnSlderedasoneofthemajorWOrldwlde

limitingfactorstoplantgrowth andthustheyield.However,understandingthekey

traitsresponslbleforregulatingheattoleranceremalnSOneOftheformldablechallenges

toplantscienceresearchers.ThisstudyalmedtoenhanceourunderstandlngOfthe

physiologlCalmechanismscausingdifferencesinheattolerancewithlnSinglespeciesaS

wellasbetweenspecleSlnherbageandturfgrassspecies.

ManystudieshaveshownthatphotosyntheticratelSreducedunderheatstress

condltionsasaresultofeitherdecreased actlVltyOfnbulosel1,51blSPhosphate

carboxylase/oxygenase(Rubisco)orincreaslngelectronleakage舟om thylakolds

(Cl-afts-BraJldllelandSalvucc12000,SalvucclandCraftsIBrandner2004,Schradereta1

2004,KLLblenandSage2008).Inchapter2.1,thisstudyshowedthatLollumPerenne

can maintainphotosyntheticrateevena洗er10daysofshort-temlexposuretOmoderate

heatstress.Furthermore,RublSCOaCtivltyWasunchangedandVc,仰, andJmoxvalues

IncreasedaswellasmembranewasprotectedagalnStperOXidationofliplds･However,

thetwoL.perennecultivars,NorleaandYatugadake-24,dldnotshow signlficant

dlfferenceinMDAcontentuntil10dayaRerexposureofmoderatelyhlgh temperature

stress,36/30oC(Figure2.1.4b).Alargesigli茄cantdlfferencewasevldentat30daysof

thestressnotonlybetweenthetwoLperennecultivars(Figure2.2.1)butalsoamong

25cultlVarSOfL.perenne(Table3.3)andamongspecleS(Table5.I.1andTable5.2.2).

Significantdifferencesalsoclearlyfoundaftercontlnuedexposureduring30dayselther

betweendiploidsandtetraploldsofLperenneorbetweenC3andC4SPeCies(Table3.3

and5.2,2,respectively).TheseresultsIndicatethatmorethan30daysofcontlnuOuS

exposureofmoderateheatstressisrequiredtophotosyntheticdam ageofplants.

ThephotochemicalefnciencyofphotosystemlI(PSII),representedbychlorophyll

nuorescence(Fv/Fm),lSthemostsensitivecomponentinphotosymthesISanditisused

commonlytoevaluateheattolerancelnPlants(MaxwellandJollnSOn2000).Inthis

study,Fv/FmdecreasedsignlfiCantlyinallplantsinresponsetohlgh temperatureStress.

ThisdecreaseinFv/FmseemstolndlCatetheoccurrenceofphoto-inlllbitorydamage.
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Photolnl1ibitlOn,lnaCtivat10nOfanddamagetothereactionCenterOfPSII,lSfrequently

observedunderhlgh photonlntenSitywhenlightenergyabsorbedbyleavesislnexcess

ofthatrequiredfわrCO2aSSlmilatlOn(Lollgetal.1994).UnderabiotlCSOurCeSOfstress

suchaslowtemperatures,photo-1mhlbltionismorelikelytooccurevenundermoderate

lightlntenSlty(Hodges2001,Zhoueta12006).ThedlfferenceslnFv/Fmresponseto

heatstresswereclearlyslgnlficantamongLoliumperennecultivars(Figures2.1.4a,

2･2･la,2･2･2aand3･1),amongprogeniesbetweentolerantandsensltlVegenOtypeS

(Table4･landFlgure41)andamongspecleS(Figures5.11and5.2.1)Inaddition,

significantdifferenceswereobservedbetweendlPloldsandtetraploldslnLperenne

(Table3･2)andbetweenC3andC4SPeCleS(Table521andFlgure52,1inserted).The

hlgh tolerantplantslnallcomparisonsmalntalnedhlgherFv/FmvaluethansensitlVe

ones･Theseresultsindicatethatthetolerancetoheatstressvanesnotonlyamong

specleSbutalsowithlnthesamespecleS.

Thereactiveoxygenspecies(ROS)areproducedthroughspeclficmetabollC

pathwayssuchasphotosynthesisandphotorespiration(Quevaletal.2008),Under

elevatedhigh temperature,thegenerationOfROSresultlngfrom disruptedbalance

betweenphotochemlCalandb10ChemiCalreactionsinhibitsthephotosynthesisProcess

(Wahldetal2007)ReductioninphotosyntheticratewasshownbothaRershort-term

exposuretoseverheatstress(LlualldHuang2008)andafterprolongedexposureto

moderatehightemperature(NagalalldMakillO2009).ThedecreaseinFv/Fm was

mostlyassoclatedwlthlnCreaSeinlipidperoxidationofmembraneasrepresentedby

malondialdehyde(MDA)contentaswellasincreasesofhydrogenperoxidecontent

(H202)inleaves,Xuetal(2006)reportedthatllPidperoxidationofmembrane,whlCh

lSanlmpOrtantdamagetocellmembrane,lSaresultofROSaccllmulationlnleaves.

SigmficantcorrelationsofFv/FmandMDAcontentwlthH202contentinleaveswere

observedinL perenne(FlgureS2.2.3and3.2).Inaddltion,SlgnlflCantlynegative

correlationswereshowneitherbetweenFv/FmandMDAcontentat40dayofthestress

lnL.perennecultivarsandC3species(Figures3･2and5･1･2,respectlVely)orbetween

Fv/FmandH202COntentat40dayofthestressamongLperenneprogenies(Figure

4･4)･TheseresultssuggestthatgeneratlOnOfROSinleavesandresultingoxldatlVe

stressisthemaincauseofphys1010glCaldamageseenunderprolongedexposureto

moderatelyhightemperature･
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Heattolerancemechanisms

Plantsundersummerstressare丘equentlyexposedtooxidativestress･Inordertoinl1ibit

oxldativedamageunderstresscondition,severaldefensesystemsagalnSttoxicROSare

lnVOlved･Theseinclude仙esuppresslOnOfROSproduction,antioxldantscavenglng

systemsand repairing systems(Asada 1999).In thisstudy,thedifferencein

phys1010glCaldamage,Fv/FmandMDA,am ongpopulationofL.perennewasclosely

assoclatedwithH202COntent(Chapter2and3).Thehlgh tolerantpopulatlOnSShowed

lowerphysiologlCaldamageandlowerH202COntent.Thisresultdemonstratesthatthe

dlfferenceinheattolerancelSCloselyassoclatedwiththeabilitytosuppressROS

product10nandthusoxidatlVeStreSS･Ontheotherhand,althoughantlOXldantactlVlty,

ascorbateperoxidase(APX)andascorblCacid(AsA),dldnotshowclearcorrelation

withH202content,bothantioxidantsshowedsigniBcantcontnbutionsinfieldtolerance

aswellasasignlficantcontnbut10nOfAsAlnFv/Fm(Flgure3.4)lnL.perenne,These

resultssuggestscavenglngSystemalsoseemstocontributetoheattolerance.Incontrast,

antioxidantdidnotshowsignlficantco汀elationswlthH202COntent,Fv/FmandMDA

amongC3 SpeCleS(Chapter5･1)IAntlOXldantsweremuchhigherintheC3 Species

comparedtoC4 SPeCleS(Chapter5.2).ThlSInconsistentcontributionsuggeststhe

complexnetworkoftheantlOXldantlnplants.

Heat-shockproteinshavebeenshowntoplaylmpOrtantroletorepairthedamage

lnducebyoxldativestressinmanyC3grassesunderstressconditlOnS(Parketa11996,

QueltSChetal･2000)･Heckathornetal(1998)showedthatsmallchloroplastheat-shock

protelnImprovesheattolerancebyprotectingphotosystemIIandtheelectrontransport

chaln.ItlSalsoreportedthatthedifferenceinheattolerancebetweenpopulationsof

AgrostlSPaLustrlS(Parketal.1996,ZhangetaI.2006),betweenA scabraandA

stolonljTera(XuandHuang2010)andalsoamongthoseofPoapratensis(Heand

Huang2007)wereduetothedifferencein theexpressionofheat-shockproteln.

AlthoughexpresslOnOfheat-Shockproteinwasnotexaminedlnthisstudy,the

differenceinphysiologicaldamagebetweenpopulatlOnSmlghtalsobeInfluencedbythe

abllitytorepairthedamagedproteln.

InaddltiontothepreviousmeChanlSmSOfheattolerance,theroleoffunctionalleaf

traitscannotbeneglected･FunctionalleaftraitsplayImportantroleslnPlant

accllmationtoenvironmentalstress(Ackerlyeta12002,Bussott12008,Atkinsoneta1.
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2010;Terashlrnaeta12011).Differentleaftraitsmayplaydlfferentrolesinplant

accllmationtoenvironmentalstress.Plantswlth hlgh tissuedensltymaintam higher

photosynthesisrateperunitleafmasswhichlntum SupportsdetoxIRcationofROS.

PlantwiththickerleavesrevealedhigherRubiscoandmesophyllsurfaceperunltleaf

areaandthushigherphotosyntheticrate(Retcheta1.1997;NlmenletS1999;BussottI

2008,Terashlmaetal.2006).Lnaddition,structuralleaftraltSCOntnbutetomalntaln

hlgherCO2COnCentrat10nlnthechloroplast(Teュ-aSllimaetal.201I).InthlSStudy,leaf

thicknesshadgreatcontributionlnVanationlnH202contentamongi)opulationsofL

pel･erme(Figure3･4).H202COntentaftertheexposuretostressshowedhlgh1ypositive

correlatlOnSWlthleafdensitybothlnLperenneandinC3species(Chapter3and4.1).

1ncontrast,leaftraitsdidnotshowclearcontributionsinL.perenneprogenies(Chapter

4)probablyduetothenarrowvariat10ninleaftraitsbetweenthetwoparents,TtlSWOrth

mentionlngthatthehighertoleranceoftetraploldpopulat10nSOfL.perennethandiploid

onesisaresultofthelrthickerleavesratherthan geneticeffectsofchromosome

doubllng(Chapter3).TheC4SPeCiehadthickerleaves,higherleafdensltyandlower

SLAthan thatlntheC3SPeCleSWhichmayplayimportantrolesintheirheattolerance.

TheseresultssuggesttheimportantroleofleaftraitslntolerancetooxldatlVeStreSS･

GeIleticbasisofheattoleranceiJIPerennialryegrass

ImprovingheattoleranceofturfgrassesISamajorbreedinggoal･However,comparedto

majorCrops,themolecularandgeneticbasisofheattoleranceinforageandturfgrassis

relativelylimlted(Zhangetal 2006).ThegenetlCdlStributionofLperenneprogenleS

denvedfromacrossbetweentolerantandsensltlVegenOtyPeSgaveevidencethatthe

Fv/Fmvalue,asagoodlndlCatOrOfphysiologlCaldamageandheattolerance,andH202

contentlnleaves,asacauseofoxidatlVedamage,aregenetlCallycontrolled(Chapter4).

FurtherstudiesthatcomblnethephysiologlCalexperimentswithgeneticapproachesto

identlfy andmapgenesconferrlngthermotolerancearehighlyrecommended.Such

studleSwiHnotonlyfacllitatemarker-assistedbreedlngforheattolerancebutalsopave

thewayforcloningandcharacterizationofunderlylnggenetlCfactorswhichcouldbe

usefulforenglneenngPlantwlthlmPrOVedheattolerance.
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Overall,thisstudyshowedthatheattoleranceiscontrolledbycomplexarrayof

mechanismssuchassuppressionofROS,scavenglngOftoxicROS,andleaffunctions･

However,thestudyprovidesevidencethattheoxidativestressisthemaincauseof

damagesseenunderheatstress.
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StJn4A4ARY

ImprovlngtolerancetoheatstressisamajorChallengeinmanycrops,especiallyC3

crops,gi venthethreatofrecentglObalwaning.Whilesigni丘Cantachievementshave

beenmadeonunderstandingthemolecularandphysiologiCalmechanismstoshort-term

exposuretohigh temperature,thephysiologicalmechanismsofsummertolerancein

丘elds,whicharecharacterizedbyprolongedexposuretohigh temperaturestress,arenot

stillwellunderstood.Td grassesasperemi al cropsareexpectedtosufferfrom

summ erdam ageunderanticipatedclimatewarmingandthusgeneticimprovementof

tolerancetosumm erhigh temperatureisan importanttarget.Inthisstudy,six

experimentswereconductedtoclarify thephysiologicalmechanismsoftoleranceto

high temperature(heat)stressbycomparingbetweengenotypes,populationsand

differentspeciesincludingC3andC4Photosynthetictypes･

Firstly,twocultivarsofperemi alryegrassLoliumperenneL.whicharetolerantand

sensitivetosumm erstressinthe丘eldwereexposedtomoderatelyhigh temperature

stress(36/30oC)for10days.Theresponseofphotosynthesisanditsparameterswas

monitoredaswellaschlorophyllfluorescence(Fvmm),malondialdehyde(MDA)and

hydrogenperoxide(H202)content.PhotosynthesisrateandRubiscoactivitywere

unchangedaRerthestress,whilemaximum capacityofRubisco(Vc.max)andmaximum

capacityofRuBPregeneration(Jmax)increasedsignificantlyaiterthestress.Onthe

otherhand,Fv仔mdecreasedandH202contentincreasedsigmi五Cantlyat10daysofthe

stress.TheMDAcontentshowednosignificantchangea洗erthestress.Theseresults

indicatethat10daysofcontinuousexposureofmoderateheatstressdonotlargely

inllibitphotosynthesisrateinL.perenne･

Thesam epopulationswereexposedtomoderatelyhigh temperaturestress(36/30oC)

for60daysorhigh temperaturestress(40/36oC)for14days.Thetolerantpopulation

showedsigni丘cantlylowerdegreeofphysiologiCaldam ageOligherFv/Fmandlower

MDAcontentandionleakage)than thesensitiveoneonlyatmoderatelevelsofstress

(36/30oC);thetolerantpopulationhadsignificantlyloweramountsofH202inleaves.

Theaccum ulatedH202COntentShowedalinearrelationshipwiththeextentof

physiologicaldamage.Theresultssuggestthatpopulationdifferenceinheattoleranceis

associatedwithtolerancetooxidativestressandthedifferenceinsensitivityisdueto

84



accumulationofH202ratherth an tOlerancetoH202.Plantsexposedtothe40/360C

treatmentshowedphysiologicaldamageontheseventhdayofexposuretomestress.

However,1eaftemperaturesdnderfieldconditionsrarelyremainat400Cforlong.These

resultsdemonstratethatsummerdamageunder丘eldconditionscanbesimulatedbythe

prolongedexposuretomoderatelyhigh temperatureratherthan short-term extremely

hightemperature.

Accordingly,thethirdexperimentwasconductedtoclarify thephysiological

mechanismsofheattoleranceinrelationtooxidativestressinthisspecies.Twenty-five

cultivarsofL.perennewith differentdegreesoffieldtolerancetohigh surr皿er

temperatureswereexposedtomoderatelyhigh temperatures(36/30oC)for40daysina

grow也chamber.CultivarswithlowfieldtolerancehadhigherH202contentandhigher

degreeoflipidperoxidationinleavesafter40daysofexposuretostressthanthosewith

high tolerance.TheH202contentWaspositivelycorrelatedwithelectrontransportrate

andnegativelycorrelatedwithleafthickness.Tetraploidcultivars,becauseoftheir

thickerleaves,hadhigher丘eldtoleranceandlowerH202COntent血andiploidcultivars･

Structural equationmodelingshowedthatboth reactiveoxygenspecies(ROS)

productionandROSscavengingcontributetofieldsummertoleranpe.Theseresults

demonstratethatheattoleranceunderfieldconditionsismainlydeterminedbythe

abilitytosuppresstheproductionofROSandusingthesystemofdefencetoprotect

agalnStOXidativedamages.

Thefourthexperimentwasconductedtounderstandthegeneticbasisofheat

toleranceinthesamespecies.Inthisstudy,72genotypesderivedfromacrossbetween

tolerantandsensitivecultiVarsofL.perennewereused.Theplantsexposedto

moderatelyheatstress(36/30oC)for40daysinagrowthchamber･Fv/Fm decreased

significantly,whileH202contentincreasedalterthestressandasigni負Cantcorrelation

wasfoundbetweenFv作mandH202COntentat40daysofthestress.Theseresultsin

agreementwiththecultivarexperimentsuggestthatthedifferenceinheattolerance

shownbyprogeniesofipeZlenneiscloselyassociatedwiththeabilitytosuppress

oxidativestress.ThevalueofFvnm andH202contentforthevastmajorityofthe

progenieswereintherangebetweenthetwoparents･Thisdistributionofprogenies

indicatesthattheheattoleranceisunderstronggeneticcontrol.Incontrast,thegenetic

distributionofleaftraitswaswideramongtheprogeniesthanthatbetweenthetwo
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parents･LeaftraitsdidnotshowsipifiCantcorrelationwithFvnmandH202contentat

40daysofthestress.Thisinconsistentpattem seemstoresultBomthedifferencein

geneticvariabilityinleaftraitsbetweenthetwoparentsandcultivarsusedinthe

previousexperiment.

Inadditiontothepreviousexperiments,responsestoheatstress(36/30oCfor40days)

werecomparedamongfifteenC3grassspeciesbelongingtodifferentgenus(thefifm

experiment)andbetweenC3andC4species(thelastexperiment)withspecialreference

totherelationshipbetweenheattoleran ceandoxidativetolerance:The丘ReenC3

speciesshowedsignificantlydecreasesinFv作mandincreasesinMDAcontentat40

daysofthestress,suggestingthatthedifferenceinheattoleranceiscloselyassociated

withtheabilitytosuppressoxidativestress.h contrast,H202 contentShowed

siglifiCantdifferencesamongspeciesevenunderunstressedconditionandH202didnot

showanysignificantcorrelationswithFv/FmandMDAcontentat40daysofthestress.

IncontrarytootherC3species,Dacb′lesglomerataandPoaannua,whichshowed

sensitivitytoheatstress,showedsigmifiCantdecreasesinH202contentaRerthestress.

TheseresultssuggestthatdifferentspecieshavedifferentstrategytoutilizeH202tOdeal

withoxidativestressincomplexphysiologicalandmolecularnetworks.

Ontheotherhand,C4specieshadmuchtolerancetoprolongedheatstressthan C3

species.BothMDAandH202COntentincreasedsignificantlyintheC3SPeCies,butnot

clearchangeintheC4SPeCies･Thisisconsistentwithourpreviousfindingsthatheat

toleranceisassociatedwith theabilitytosuppressoxidativestress.Specificleafarea

(SLA)ShowedasigmifiCantlynegativecorrelationwithFv/Fm andasigmifiCantly

positivecorrelationwithMDAat40daysofthestress.TheC4specieshadthicker

leaveswithhigherleafdensityandlowerSLAthan thatintheC3species.Theseresults

suggestthatleafpropertiesplayan importantroleinthedifferencebetweenC3andC4

speciesintermsofcopingWithoxidativedamage.

Overall,although thecomplexityofheattolerancewasrevealedbytheinvolvement

ofvariousmechanismssuchassuppressionofROS,scavengingoftoxicROS,andleaf

functions,thisstudydefinitivelyshowedthattheoxidativestressresultingB･omthe

excessiveproductionofROSisthemaincauseofdamagesulderheatstress.
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要約

近年 の気候温暖化 は,作物 の生育や収量 な どに様 々な影響 を与 える

ことが予想 され る｡特 に,芝草の よ うな多年生作物 は暑 さによる夏

枯れの影響 を受 けやす く,温暖化 に耐性 をもつ品種 の育成が求 め ら

れている｡本研究 は, この よ うな観 点か ら,芝草 として広範 に利用

されてい るペ レニアル ライ グラス (Loliumperenne)を中心に,夏の

高温に由来す るス トレス (熱 ス トレス)によ り生理的障害が引き起

こされ るメカニズムを解 明 しよ うと試みた ものである0本論文は,

Introduction(1章) とGeneralDiscussion(6章),野外での夏枯れ

被害を再現す る適切な熱ス トレス条件 を兄いだすための研究 (2章),

野外での耐暑性 の異なるペ レニアル ライスの品種 間差異 をもた らす

生理的なメカニズムに関す る研究 (3章),熱ス トレスの高い遺伝子

型 と低い遺伝子型 の雑種集 団にお ける熱 ス トレス耐性 の変異の解析

に関す る研究 (4章),C3型 とC4型のイネ科草の熱ス トレス耐性の種

間差異に関す る研究 (5章)か らなる｡得 られた結果は,下記 の通 り

である｡

(1)野外での耐暑性 の異なるペ レニアル ライ グラス 2品種 を用い,グ

ロースチャンバーで昼温 と夜温が 36℃/30℃で 10日間処理 し,光合

成活性の変化 を調べた ところ,両品種 とも 10日程度 の熱ス トレス条

件 では光合成活性 に変化がない ことが分かった｡次 に 36℃/30℃ で

60日間処理 と 40℃/40℃で 14日間処理 を行い,クロロフィル蛍光に

よる PSII活性 (Fv/Fm)を調べた ところ,36℃/30℃では 40日後 に明

確 な品種間差異が見 られた｡この PSII活性 の低下は葉 の過酸化水秦

濃度や脂質の過酸化度 と関連 してお り,酸化ス トレスに起因す る障

害であることが示 された｡40℃処理 区での PSIⅠ活性 は 10日間高い

値 を維持できることか ら,高温 自体 はペ レニアル ライ グラスの夏枯

れ障害 とは関係 していないことが推察 された｡

(2)野外での耐暑性 の異なる 25品種 を用いて 40日間 36℃/30℃処理

し,PSII活性 と葉 の H202濃度,脂質の過酸化度,アスコル ビン酸濃

度,アス コル ビン酸パーオキシダーゼ活性 な どを測定 し,耐暑性 の

品種間差異が どの よ うな特性 に起因 しているかを調査 した｡その結

果,野外で測定 した耐暑性 と実験室内での 36℃処理 40日目の PSII

活性 が高い相 関関係 を示 し,熱 ス トレス耐性 の指標 として使 えるこ

とが確認できた｡PSII活性の低下は過酸化濃度 と密接 に関係 してお

り,酸化ス トレスが PSII活性 の低下の原 因であることが示 された｡
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また,4倍体品種が有意 に高い耐暑性 を示 したが,これは,4倍体品

種では葉が厚 くな ることで,面積 当た りに当たる光 に対 してル ビス

コな どの CO2還元機能が相対的に高 くな り,ス トレス下での明反応

と暗反応 のバ ランスを維持 し,活性酸素の生成 による酸化 ス トレス

による障害を軽減す るため と考 え られた｡

(3)熱 ス トレス耐性 が どれ くらい遺伝 的に決 まってい るかを明 らか

にす るために,耐性 の高い遺伝子型 と低い遺伝子型 を交配 した雑種

集団の熱ス トレス耐性 を調査 したO多 くの雑種個体の PSII活性 は両

親 の中間に分布 し,熱ス トレス耐性 が遺伝 的に支配 されていること

が示唆 された｡ また,PSII括性 は葉の二酸化炭素濃度 と有意な負 の

相 関関係 に有 り,耐性 の高い個体は過酸化水素の発生 を抑 える傾 向

にあった O

(4)C3型イネ科草 15種の熱ス トレス耐性 を評価 した ところ,PSIⅠ活

性 は脂質の過酸化度 と高い相 関関係 を示 し,酸化 ス トレスが種 間の

熱ス トレス耐性 に関係 してい ることが示 された｡ しか し,葉 の過酸

化水素濃度 と PSII活性 には明確 な相関は見 られず,高温処理後にか

えって過酸化水素濃度 が減少す る種 も見 られた｡ この ことは,種 間

では過酸化水素は酸化 ス トレスの原 因物質以外 にス トレスに対す る

シグナル物質 として も作用す ることを示 してお り,種 間には過酸化

水素の役割 に大きな差があることを示 している｡また,C3型 と C4型

の種 をそれぞれ 3種用いて比較 した ところ,熱耐性 の高い と言われ

ている C4種 は PSII活性 を高 く維持 し,脂質の過酸化度 も低かった｡

また,C4型種は葉が厚 く,活性酸素種 を生成 させ にくい葉の構造 を

もってい ることもその高い熱 ス トレス耐性 に関係 してい ると思われ

る｡

これ らの結果 をま とめると,イネ科 の芝草革種 の熱ス トレス耐性

には活性酸素種 の生成抑制やその消去,葉 の構造な様 々な特性が関

与 してい るが,すべての実験結果 は,熱 ス トレスによる障害には活

性酸素種の生成 に伴 う酸化 ス トレスが関係 してい ることが明 らか と

なった
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