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AbbreviaもiomS

AGO hAminocyelopropaneohcarboxylate,oxidase

ACS 1-Aminocyclopropane-hearboxylatesynthase

CA Controlledatmosphere

CTR Constitutivetripleresponse

DAB Daysafterbloom

EIN Ethyleneinsensitive

ERE Ethyleneresponsefactor

ERS Ethyleneresponsesensor

ETR Ethylenereceptor

HSP Heatshockprotein

IEC Intemalethyleneconcentration

IEF Isoelectricfocuslng

MCP ト Methylcyclopropene

miRNA microRNA

NFuji Northem F̀uji'触it

ORF Openreading&ame

PCR Polym erasechainreaction

PG Polygalacturonase

SFuji Southern'Fuji'至ぬit

SNP SinglenucleotidepolymoTPhism

SSR Simplesequencerepeat
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野TefaGe

Thedomesticatedapple(MalusxdomesticBorkh.)isoneofthemostimportant鮎it

Cropsofthecolderandtemperatezoneoftheworld(Harrisetal.2002;Newcombetal.

2006).ItwassuggestedthatthewildappleofKazakstananditscloserelativeswerethe

progenitorsofthedomesticatedapple(Harrisetal｡2002).Thedomesticatedapple

belongstothefamilyRosaceae.TogetherwithotherCommercialfhitandomamental

species,itformsthesubfamilyMaloideae,whichisthoughttohaveevolvedby

hybridization&om thefamiliesSpiraeoideae(x- 9)andPrunoideae(x- 8).The

resultingallopolyploidhasabasichaploidnumberofx-17andanestimatedgenome

sizeof743to796Mb(Newcombetal.2006).

Appleisrecognizedbyconsumersforitsnavor, healthandnutritionalattributes

(Harkeretal.2003).Thehigh nutritionalvalueandgoodtastemakeapplebecomethe

majortemperatehorticulturalhitcropandaworldwidewidespreadcommodity(Dal

Cinetal.2007).Thefinalcropqualityofappleisstronglyaffectedbygenotype,

agronomicpracticesandenvironmentalconditions(Adams-Phillipsetal･2004;DalCin

etal.2007).Themajorproblemofapplequalityistherateof鮎itsofteningduring

transportation,storageandontheshelf(Johnstonetal.2002).Although apple玉mithave

muchlongershelflifethanotherpome鮎it,suchasqulnCeandpear,thereisamarked

diffTerenceinthestorageabilityamongapplecultivars(Jolmstonetal.2002).

Inappleindustry,twotypesofstoragetechnologyweremuchusedtoensurethat

consumersreceivethebesトqualityofappleatanytimeoftheyear.Theregular,cold

storageisforshorttermstorageandspecial,controlledatmosphere(CA)storageisfor

longterm storage.Afterharvested, theapplesarethenrushedtocoldstorage

warehouses,ConsistingoflargerefHgeratedstorerooms,wherethetemperatureiskept

at0-3oCandhighhumidity(85-95%)ismaintained.Thiscoldtemperatureslowsdown

butdoesnotstoptherlPenlngProcess.Hence,mostapplesputinregularcoldstorage

cannotbestoredforalongertime.Inaddition,itisverydifTICulttomaintainthe鮎itat

theseoptimumtemperaturesthrough theentirepostharvesthandlingchain.h1940,Dr.

RobertSmockofCornellUniversityexperimentedwithreducingoxygenandincreasing
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Carbondioxideinstoragefacilities,resultinglnthedevelopmentofanew storage

technologycalledcontrolledatmosphere(CA)storage.CAstoragerequiresair-tight,

refHgeratedwarehouseroomsthataresealedaftertheapplesareplacedinside.TheCA

processradicallyreducestherlPenlngProcess, keepsthebestqualityandmakesit

possibleforlongtermstorageofapple鮎it,thusiswidelyappliedin倉uit-producing

areasinordertopreserve鮎itqualityandcoverthemarketplaceyearround.CAstorage

issofarthemosteffectivewaytopreservethebestqualityofapple,butitismore

costlyforbuildingandmaintenance,suchthatonlytheverybestapplesareputintothis

typeofstorage(Johnstonetal.2002;Laraetal.2006).

ThenpenlngOfneshyfhitssuchastomatoandapple,relatestoaseriesof

biochemical,physiologicalandstructuralchangesthatmakethe鮎itedibleand

attractivetotheconsumer.Althoughtheseprocessesdiffer斤omtypetotype,餌itscan

bedividedintotwobroadgroups,knownasclimacteriCandnon-climacteriC(Lelievreet

al1997).ClimacteriC倉uit,suchastomato,cucurbits,avocado,banana,peaches,plums,

andapples,aredistinguishedfiomnon-climacteriC鮎its,suchasstrawberry,grape,and

citrus,bytheirincreasedrespirationandethylenebiosynthesisratesduringrlPenlng

(Lelievreetal.1997;Giovannoni2001).Although non-climacteriCfruitsmayrespondto

ethylene,inthisgroup,ethyleneisnotnecessaryforhitripenlng.Ⅰncontrast,ethylene

isrequiredforcompletingrlPenlnglnClimacteric鮎itaccordingtotheanalysisof

inl1ibitorsofethylenebiosynthesisandperception, lntranSgenicplantsblockedin

ethylenebiosynthesis,andthroughexaminationoftheNever-rlbe(Nr)ethylenereceptor

mutantoftomato(Giovannoni2001).

AsaclimacteriC鮎it,appleshowsincreaseofinitialethyleneconcentration(IEC)

whenreachingnpenlng.Theroleofethyleneinappleso鮎ninghasbeenstudiedvia

variousmethods.Theseincludetheuseofpreharvestethylenereleasingsprays,the

additionandremovalofethylene&omstorageatmospheres,preharvestapplicationofan

inhibitorofethylenebiosynthesis,postharvestinhibitorsofethyleneaction,andrelating

softeningwithendogenouschangesinethyleneconcentrationthrough maturation

(reviewedbyJohnstonetal.2002).Themostconclusiveevidencethatethylene

promotesapplesofteningderived倉omexperimentsuslnginhibitorsofethyleneaction･
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Applestreatedatharvestwith1-methyleyclopropene(MCP)Showedslowersoftening

rateandhadreducedIECcomparedtountreatedf血itinstorage(Fanetal.1999;

Watkinseta1.2000).ItindicatedthatthedecreaseofMCPinhibitionovertimeis

through aslowreleaseoftheinhibitor&omtheactivesite,orthatthenewactivesites

weregeneratedby鮎it(Johnstonetal.2002).Studiesattemptingtoidentify

relationshipsbetweenIECandsofteninghaveledtoanunclearroleforethyleneinthe

so鮎ningprocessofapple鮎it.Ethylenemaynotberequiredforinitiationofon-tree

softening(Lauetal｡1986).Alowbasalrateofethyleneproductionmayhavebeen

sufficienttopromoteon-treesoftening,ashasbeensuggestedfortheearlyphasesof

kiwi鮎itsofteningwhenethyleneproductionislow(Kimetal.1999;Johnstonetal.

2002).However,on-treef血itsoReningmayhavebeencausedbycellexpansionand

increased丘uitsizethatordinarilyoccursduringmaturation.Onceharvested,the

firmnessofapplesgenerallydeclinesastheelevationofethyleneproduction(Watkins

eta1.2000).Ethylenemayinduceso鮎ninginapplesbyregulatingexpressionofcell

wallmodifyingenzym es.IncreaseofPG(polygalacturonase)expressionwasobserved

duringtheearlyphasesofso鮎ningforseveralapplecultivars(Atkin甲Onetal･1998)･

Wakasaetal.(2006)hasfoundaclearcorrelationbetweenexpressionofMdPGland

apple餌itso鮎ningrate.

Ethyleneresponsefactor(ERF),which餌nctionsasatranscriptionfactorinthelast

stepofethyleneslgnaltransduction,hasbeenreportedtobeinvolvedinmodulatingthe

tomato鮎itdevelopment,maturation,ripeningandsoftening(Lietal.2007).Butin

apple,ithasnotbeendocumentedyet.

Besidesethylene,severalotherfactorswhichareindependentofethylenehavebeen

reportedtoaffect丘uitripeningsuchaslight,temperature,首uitloadandelevation

(Giovannonietal.2004;DalCinetal.2007).However,itisstillunclearthathowthese

ethyleneindependentfactorsfunctionandinteractwiththeethylenepathwayln

regulationof鮎itripenlngProcess.Furthermore,血itofapplecultivar,'Fuji',which

wasbred&omacrossof'RallsJanet'x'Delicious'in1930S,haveprettyhigh storage

ability;whereasitssportcultivar,'HirosakiFuji'doesn'tshowthisability(Harada,

unpublisheddata).Littleisknownaboutthisdifferencewhichisaveryimportantclue

-5-



tounravelthemechamismoflongshelflifeof'Fuji'.

Here,IstudiedtheregulationofanACCsynthasegene,MdACS3a,andtwoethylene

responsefactor(ERF)genesonethyleneproductionandstorageabilityofapple倉uit.

Theinnuenceofambienttemperatureon 鮎itrlPenlngWasalsoassessedby

investigatingthedifferenceofapple'Fuji'anditssportcultivars.Thisachievementwill

Contributetounderstandthemolecularmechanismofapple丘uitripenlngandmaylead

toobtainamolecularmarkeroftheselectionforlongshelflifeinapplebreeding

programaswellastodevelopmoreeffectivemethodsofpreventingorcontrollingthe

血itsofteningratethanconventionaltechnologies.
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I-1Introduction

Ethyleneisagaseousphytohormoneandplaysan essentialroleinmany

physiologicalaspectsinplantdevelopmentandgrowth(YangandHofhan1984;

Adams-Phillipsetal.2004)｡Oneofthemoststudiedexamplesofethyleneregulationis

theprocessof鮎 itripenlng.Ethyleneproductionduring倉uitripeninglSaltered

dramaticallyandwidelyconsideredtobeakeyfactorleadingtosoftening(Abelesand

Biles1991),whichsubsequentlydeterminesthefruitshelflife.

Ethylenebiosynthesishasbeenextensivelystudiedinseveralplantspecies(Lianget

al.1992;Lincolnetal.1993;Capitanietal.2002).Theenzym ethatlimitsethylene

synthesisisACCsynthase(EC4.1.1.14,ACS),whichcatalyzestheforhationofACC,

theimmediateprecursorofethylenesynthesis(Gussmanetal.1993;GornyandKader

1997).Twosystemsofethyleneregulationhavebeenspeculatedtoexistinhigherplants

(McMurchieetal.1972).System1,ethyleneauto-inhibitory,isconsideredto鮎nction

duringnormalvegetablegrowthandberesponsibleforthebasallevelofethylene

production;System 2hasbeenproposedtooperatefortheupsurgeofethylene

productionduringthenpenlngOfclimacteriC丘uitwhenethyleneisauto-stimulatory

(Seym ouretal.1993;Leli畠vreetal.1997;Barryetal.2000).Thetransition魚･om

system-1tosystem-2ethyleneproductionisconsideredtobeanimportantstepduring

鮎itripenlngandisdevelopmentallyregulated.Itisnow establishedthatgenes

responsibleforethylenebiosynthesisandsignaltransductionarestimulatedduringa

climactericburstofethyleneproductionandmaybetightlyassociatedduringthe

transition丘omsystem1tosystem2(Nakatsukaetal.1998).

h tomato, ACSisencodedbyatleasteightdivergentgenes(Alexanderand
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Giierson2002).System-1ethyleneisregulatedbytheexpressionofLeACSIAand

LeACS6.Duringthetransitionperiod,RINgeneplaysapivotalroleleadingtoincreased

expressionofLeACSIA andinductionofLeACS4･Thesystem-2ethyleneis

subsequentlyinitiatedandmaintainedbytheexpressionofLeACS2(Barryetal.2000).

Inapple,atleastfourgenesarefoundinACSfamily(MdACSl,MdACS3,MdACS4

andMdACS5), inwhichMdACS4andMdACS5showednocorrelationwith鮎it

ripening(Sunakoetal.2000).MdACSlisspecificallyexpressedinripening倉uitand

oneofitsalleles(MdACS1 -2),whichpossessesaninsertioninthepromoterregion,has

lowtranscriptionactivitycomparedtoitscounterpartMdACSIJ.ThusMdACS1-2

homozygouscultivarsproducelowlevelofethylene,whereascultivarshomozygousfor

MdACS1-1producehighlevelofethyleneduring鮎itripening(Sunakoeta1.1999;

Haradaetal.2000).However,MdACSlallelicformscannotexplainthedifferent

ethyleneproductionandstorageabilityamongapplecultivars(Sunakoeta1.1999;

Oraguzieetal.2004).

AnotherACSgenefamilywasreportedasMdACS3(AccessionNo.U73816).The

genomiccloneofMdACS3(AccessionNotAB243060)wasisolatedt桓ough Screening

anapplegenomeDNAlibraryof'GoldenDelicious',whoseexpressionwasdetected

priortOtheexpressionofMdACSlandMdACOlandwasproposedtoberesponsible

forsystem1ethylenebiosynthesis(Yamakake2007).Through theanalysisofgenomic

structure,threeMdACS3geneswerecloned, termedMdACS3a(AccessionNo｡

AB243060), MdACS3b(AccessionNo.AB243061),andMdACS3C(AccessionNo.

AB243062),respectively,inMalusgenome.Twoofthesubfamilygenes,MdACS3band

MdACS3C,possesseda333bpinsertionat5'nankingregion(around-570)whichis

absenceinMdACS3a.Theinsertionwasthoughttoberelatedwithnotranscribed

products&omMdACS3bandMdACS3C(Yamakake2007).Therefore,onlyMdACS3a

hnctionsduringripeninginapple.Yamakake(2007)alsoreportedthatasingleamino

acidsubstitutioninanalleleofMdACS3aandthepresenceofanullMdACS3aallele,

acs3a.Inthisstudy,Ireportedtheenzym aticactivityofthemutatedACS3aandeffects

ofthepossessingtheseallelicgenesontherlPenlngethyleneproductionand鮎it

softening.TheroleofACS3aintheethylenesignalingpathwaywasdiscussed.
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I-2MaLerialsandme払ods

PIatltmaterials

Youngleavesofapple(MalusxdomesticaBorkh.)cultivarsandtheircorresponding

wildspecieswereeolleeted丘omtheexperimentalfarmsofHirosakiUniversityandthe

farmofAomoriAppleExperimentStation.Thecultivars'Kitaro'and'Kotaro'Were

sampledontheirrespectivecommercialmaturedate, October9andOctober23,

respectively.Thefhitsweretransportedtoourlaboratoryandstoredat24oCfor12dto

allowthemtoreachtheclimactericstage.Fruitsof'Gala','Koukou'and'Toki'Were

alsocollectedattheircommercialharvestday,September29,October28and

September29,respectively,andthenstoredat240Cfor10daysandsampledevery5d.

Theethyleneproductionrateandneshfirmnessoftheapple鮎itswereevaluatedto

obtainpreclimactericandclimactericstagedata.Corticaltissue&omwhichtheskinand

corepartshadbeenremovedwas&ozenbyimmersioninliquidN2andthenstoredina

丘eezer仁80oC)untilisolationofthetotalRNA.

Measuremenisofeihyleneproducil.Onrates

Intact丘uitwereenclosedinagasJightcontainer(0.8L,24oC)equippedwithsepta,

and1mlofheadspacegaswassampledbymeansofasyringe.Theethylene

concentrationwasmeasuredwithagaschromatograph(Shimadzu , Kyoto,Japan)

equippedwithanameionizationdetector.

MeasurementsoffleshfirnlneSS

Fleshfirmnesswasmeasuredwithahand壷eldpenetrometer(FT-327;Facchini,Italy)

fittedwithanllmm-diameterprobe｡Fourskindiscs(approximately2.5cm in

diameter)wereremoved&omoppositesidesofeach鮎it.Theprobewaspressedinto

thetissueofthecutsurfacetodepthof8-9mminasinglesmoothmotion.Five触its

persampleweremeasured.
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RNAextractionandgelblotanalysiswereperformedasdescribedbySunakoetal.

(1999).TheprobeforeachgenewaspreparedbyPCR&omtherespectiveclones

accordingtoWakasaetal.(2003).TheprimersequencesofMdACS3,MdACSl,

MdACOlandMdPGlareasdescribedinTableI-1.

腰T-P6腰ana秒sisofiheexpressionofiher顔eninggielaiedgenes

TotalRNAextracted倉omfruitwasusedforfirst-strandCDNAsynthesisusingthe

Oligod(T)primer.Then,PCRamplificationwascarriedoutusinggene-specificprimer

asdescribedinTableI.Thethermalcyclingconditionswere3minat94oC;then24-30

cyclesfor30sat94oC,30satrespectiveannealingtemperatureand2minat72oC,in

which24cyclesandannealingat580CwereforMdACS3,29cyclesand550Cfor

MdACS1,24cyclesand580CforMdACO1,25cyclesand650CforMdERF2and24

cyclesand580C forMdPGl.TonormalizefordifferencesintotalRNA, the

concentrationofactin(AccessionNo.EB136338)mRNA ineachsamplewas

determinedusingtheprimersMdACT-FandMdACT-R.

ExpressE.OnOfMdACSlandMdACS3ainE.colle

cDNAsofMdACS3aandMdACSa3-G289VwereamplifiedbyPCRwithACS3a

cDNAs astemplateusingtheprimersACS3ainfu -1andACS3ain鮎 .2(TableI｣)｡

CDNAofMdACSl(accessionno.U89156)wasamplifiedbytheprimers:ACSlinfu-1

andACSlinh-2(TableI-1).ThePCRproductswerethenligatedtotheNcoI/BamHI

doubleodigested5.7kbpETlld(Fig.I-1, Stratagene)vectorbyusinghFusionTM

Dry-DownPCRCloningKit(Clontech)accordingtothemanufacturer'sinstructions.

Thoserecombinantscontainingthecorrectsequencewereidentifiedandretransformed

intoanE.colihost,BL21(DE3)(Novagen).

BL21(DE3)cellsharboringapETlld-ACS3andpETlld-ACSlrecombinant

plasmidweregrownonaLBplateinthepresenceoflOOトLg/mlampicillin.LBmedium
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(5ml)containing100mg/mlofampieillinwasinoculatedwithasinglecolonyand

incubatedat37oCovemightwithconstantshaking.Theovemightculture(5ml)was

transferredinto500mlofLBmedium.Cellsweregrownat300Cwithconstantshaking.

WhenthecelldensityreachedOD6000f0.5,IPTGwasaddedtothecellculturetoa

concentrationofO｡1mm.Theculturewasthentransferredtoroom temperature

(20-25oC)for5morehourswithconstantshaking.TheCellswereharvestedby

centri鮎gationat4000×gfor10minat4oC｡Cellpelletwerestoredat-700Cforlater

use.

Two-dg.menSionalelectgQOPhoresis

ProteinconcentrationwasquantifiedusingtheBioRadproteinassay,usingBSAasa

standard･Two-dimensionalelectrophoresiswasperformedbyusingtheReadyPrepTM

2-DStarterkit(BioRad)accordingtotheinstructionmanual.SimplyIPGstrips(7cm,

pH 3-10,BioRadReadyStrip, BioRad)wererehydratedovernightwith125トLlof

samplebuffercontaining87.5LLgOftotalproteins.Proteinswerefocusedusinga

PROTEANIEFCell(BioRad)at20oCfor12h,applying250V(15min),4000V(120

min)and4000Vforatotalof20KVh.A鮎rIEF(isoelectricfocusing),stripswere

equilibrated in equilibration buffer I and II for 10 min,respectively.

Second-dimensionalSDS-PAGEwasruninacrylamidegels(ReadyGelPrecastGel,

8-16%TriS-HCl,BioRad)at200Vfor45min.GelswerestainedbySilverStainMS

kit(Wako,Japan)accordingtothemanufacture'sinstruction.

ACCsynihaseaciiv砂assay

ACCsynthaseextractwaspreparedaccordingtothemethodofLietal.(1996).The

ACC sythaseextractwassubsequentlyconcentratedwithaNanosepCentr血gal

Devices(PALL,USA)accordingtothemanufacture'sinstruction.TheamountofACC

wasdeteminedby血emethodofLizadaandYang(1979).Acesynthaseactivitywas

assayedbyincubating払eAcesyn血aseextractwithAdoMetat300Cfb∫1hina

reactionbuffer(Lietal.1996).OneunitofACCsynthaseactivityisdefinedas1nmol
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ofAce formedperhourat30oC.Proteinconcentrationsweredeterminedusing

Bio-Radproteinassayreagent(http://www.bio-柑d.eon/)｡

TableH PrimersetsusedforthePCRamplificationinthisstudy

'Crc!"lC ;Pli-.h-.･ucr lP?L..;"q.A:.Lei,IS叩l;LeV'1cc

MdACSI MdACSIF 5'-GATGAAAGGTAGCCTGGTCTGA-3'

MdACS1R 5'-TACACTAATCACATTGTATGAATC-3'

MdACS3 MdACS3F 5'-GACAAATAGAAAGAGACTGAGGACG-3'

MdACS3R 5チ-CCATCGATTATACAAACTGATTGTG-3'

MdACOL MdACO1F 5'-TGAAATTCCAAGCCAAGGAG-3'

MdACO1R 5'-TTCAACTACACAAACAGTGG-3ラ

MdPGI MdPG1F 5'…AAAGGTCATGGAATTGATCAGGCC-3'

MdPG1R 5'-ATGCCCATAATTATGAACCC-3'

MdERF2 MdERF2F 5̀'-TATGCTGGCAATTGGCGAGC-3'

p-Actin

MdERF2R 5'-ATGACCAATCCCGCACTCAC-3'

MdACT-F 5'-GGCTGGATTTGCTGGTGATGo3ラ

MdACT-R 5'-TGCTCACTATGCCGTGCTCA-3'

ACS3ainfu-1

ACS3ainfu-2

ACSlinfu -1

ACSlinfu-2

MdACS3a-1F

MdACS3a-2R

MdACS3‡卜2F

MdACS3a-1R

5'-TATCTGAGTCGCACCCACAGT3'

5'-TGGGTTTTGTCCTCCAAAAG-3'

5'一ccAAAATGCGCATGTTATCCAG-3'

5'-TCAGACCAGGCTACCTTTCATC-3'

5'-TGTATGCAGCCCTAGATATC-3'

5'-CCATCGATTATACAAACTGATTGTG-3ラ

5'-AGATTTGAGGTGGAGGACTGGTG-3'

5'-CTACATGTACCCAACAACTG…3ラ
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MdACSIc.r
MdACS3a

Fig.Ill MapofpETlldusedtoexpresstheproteinofACSlandACS3ainE.colt.The

fulllengthcDNAsofMdACSlandMdACS3awereinsertedintotheNcoI/BamHI

double-digestedsiteandtherecombinantswereintroducedintoE.colt-BL21(DE3).

Figureinhttp://www.addgene.org/pgvecl?fkv&cmd-showvecinfo&vectorid-4301was

partlymodified.
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ForsequenceanalysisOfMdACS3a,firstPCR wasperformedwithpnmers

MdACS3a-lFandMdACS3a-2R(Tablei-1)byusingthegenomicDNAastemplate.

ThethermalCyclingConditionswere3minat94oC,then35cyclesof10sat94oC,5s

at58oCand3minat72oC , followedbyextensionat72oCfor3min.ForSNPs

sequencing, aSecondPCR wereconductedwiththeprimersMdACS3ao2Fand

MdACS3a-2RbyusingthefirstPCRproductasthetemplate.ForSSRanalysis,pnmers

MdACS3aJFandMdACS3a-1RwereusedtoamplifytheSSRreglOnfromthefirst

PCRproduct.Thethermalcyclingconditionswere3minat94oC,then35cyclesof30s

at94oC,30sat580Cand1minat72oC ,followedbyextensionat72oCfor3min.

PCRproductswasrunon6%polyacrylamidegelandstainedbysilveraccordingto

Bassametal.(1991).AllcyclesequencingreactionsforDNAsequenceanalysiswere

performedusingBigDyeterminatorchemistry(AppliedBiosystems,Inc.,FosterCity,

CA)accordingtothemanufacturer'Sprotocols,andsequencesweredeterminedusing

anABI310automatedDNAsequencer.

I-3Results

SNPsanalysisofACS3a

EトSharkawyetal.(2003)andItaietal.(2000)havereportedthattheorthologof

MdACS3ainpearisinvolvedinthe倉uitripenlng.TherelatednessbetweenMdACS3a

andripeninglnapplewasgreatlyinteresting,andwhetherthesequenceofMdACS3ais

polym oq?hicamongvariousapplecultivarswasquiteattracted｡Thefu1トlengthCDNA

ofMdACS3a(AccessionNo.AB243060)containsa1338bpORFthatencodesa

proteinof446aminoacids.PCRwasperfomedtoamplifytheentireORF&omCDNA

synthesizedRomthetotalRNAisolated免･omapple'Fuji'and'GoldenDelicious'鮎it｡

A singleamplificationproductwasobtainedkom eachcultivarandthesewere

sequenceddirectly.ComparisonofthenucleotidesequencesofthecDNAs&om'Fuji'

and'GoldenDelicious'revealedasinglenucleotidepolymorphism(SNP)atnucleotide
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866oftheORF.InF̀uji',OnlythepeakofnucleotideGwasfound(Fig.I-4A),whilein

G̀oldenDelicious',peaksofbothGandTwereobtainedsimultaneously(Fig.I-4C).

ThisresultindicatedthatanucleotideconversionofGtoToccurredatnucleotide866

ofACS3aOAF.Moreover,thisnucleotideconversioninthecodingregionresultedin

substitutionofGly289intoValresidue,whichislocatedinthepartofactivesiteof

Acesynthase(Vipetal.1990;Liangetal.1992;Lincolnetal.1994).Furthermore,this

aminoacidsubstitution(G-V)wasnotfoundinanyACSgenesofotherplantspecies

reportedsofar(Vipetal.1990;Lincolnetal.1994;Itaietal.1999;EトSharkawyetal.

2004,2008).TheseresultsindicatedthatG289Visauniquemutationwhichhas

occurredinMalusandcausedanalleleofACS3a,ACS3a-G289V.

Enzymeaciiv砂 ofACS3aandACS3a -6289V

TotestwhetherthisaminoacidsubstitutionaffectstheenzymeactivityofACS3a,

鮎11-lengthcDNAsofACS3aandACS3a-G289Vwereconstructedintotheexpression

vectorpETlld.Asapositivecontrol,CDNAofMdACSIwasalsoconstructedintothe

vector.DNAsequencingWasPerformedtoconfirmthatnospurious~mutationswere

introduced.ProteinsexpressedinE.colistrainofBL21(DE3)cellswere倉actionedand

subjectedtotheenzym eactivityassay.Two-dimensionalelectrophoresisexperiment

indicatedthatproteinspotsofACS3aand,ACS3a-G289Vwereexistedinthepositionof

50kDwhichwereidenticalwiththepredictedmolecularweightofACS3a(Fig.I-2)｡

Theresultofenzymeactivityassayshowedthatal仏oughtheactivityofACS3awas

only1/40asmuchasthatofACSl,theactivityofACS3a-G289Vwasabolished(Fig｡

Ⅰ-3)｡ThisresultsuggestedthatthemutationofG289VinactivatedACS3a.
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Fig.Ⅰ-3 EnzymeactivltyOfACS3aisoenzymes.Asapositivecontrol,the
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A6S3aagielE.agenO紗esjoggdged砂ihegenomicandeBIVAsequences

Fig.I-4ShowedthesequencechartofeachACS3aallelicgenotypedeterminedbythe

SNPs｡TheSNPsingenomicandCDNAsequencesofeacheultivarwereanalyzedby

directsequenelng.CultivarsholdingeithersingleGorslngleTintheirgenomicand

GDNAsimultaneouslyareindentifiedasACS3a/ACS3aorACS3a-G289V/ACS3a-G

289V,respectively(Fig.i-4AorB).CultivarshavingbothGandTintheirgenomicand

eDNAareACS3a/ACS3a-G289V(Fig.I-4C).

DuringtheSNPsanalysis,someCultivarswerejudgedasACS3a/ACS3a-G289V,but

onlyACS3a-G289VwasfoundintheeDNAsequences.Forexample,inthesequence

Chartofapple'Kitaro',twopeaks(peaksofGandT)appearedingenomeDNAbut

onlyonepeak(peakofT)wasfoundinCDNA(Fig.I-4D).Thisresultsuggestedthata

nullgeneexistedinsomeapplevarietiesanditwasdesignatedasacs3a.Thustheallelic

genotypeof'Kitaro'isacs3a/ACS3a-G289V.TableI-2listedtheACS3aallelic

genotypesofapplecultivarswehaveinvestigated.Insteadofsequencing,thegenotype

ofapple'Fuji'wasidentifiedbygeneticanalysis,inwhichtheallelicgenotypeof

'Kitaro'(acs3a/ACS3a-G289り ,aprogenyderived倉omthecrossbetweenF̀uji'and

'Hatsuaki'(ACS3a-G289V/ACS3a-G289りsuggestedthat'Fuji'isACS3a/acs3a.

･17･



Genotype ACS3a/A(yS3a

CAG G C T TC I

T

gD"A a

CDNA
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T

去∴二
A

ACS3a-G289V/ACS3a-G289V ACS3(I/ACS3cL_G289V acs3a/ACS3a_G289V

CAG T C T TC GAG NC T TC CAG N ･C T TC

T T T
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CAGTCTTC C AG N C T TC CAG TC T TC

; 1.. ;
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Fig.Il4 SequencechartofgenomicandCDNAofeachACS3aallelicgenotype.The

arrowheadsindicatethepositionsofSNPswhichresulttheallelesofACS3a.Theblackand

redpeaksmeantheSNPsofGandT,respectively.AandBindicatethesequencechartof

alleleshomozygousforACS3aandACS3a-G289V,respectively;andCindicatesthe

heterozygoustypeofACS3aandACS3a-G289V;Dshowedtheheterozygoteofanulltype,

acs3aandACS3a-G289V.

TableIl2 ACS3aallelicgenotypesofapplecultivars

Cultivars ACS3a

Delicious

Hatsuaki

Gala

GoldenDeclicious

Kotaro

RallsJanet

Hirodai1

Kitar°

Koukou

Slimred

Fuji

ACS3a/ACS3a

ACS3a-G289V/ACS3a-G289V

ACS3a/ACS3a-G289V

ACS3a/ACS3a-G289V

ACS3a/ACS3a-G289V

ACS3a/ACS3a-G289V

acs3a/ACS3a-G289V

acs3a/ACS3a-G289V

acs3a/ACS3a-G289V

acs3a/ACS3a-G289V

ACS3a/acs3a
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InordertodevelopaDNAmarkertoidentifyeachofACS3aalleles,Weanalyzedthe

promoterregionofeachalleleRomseveralcultivars(Fig.I-6).Thepromoterregion

(-90bp- -530bp)ofeachcultivarwasclonedandsequenced.Adinucleotide'GA'

repeat(SSR,simplesequencerepeat)wasfoundlocatingin-420bpofthepromoter.

ThisSSRwasrepeatedfor20timesinACS3a-G289Vbutonlyrepeatedfor9timesin

ACS3a(Fig.I-5).SequencingthecounterpartregionofACS3aamplified丘omwild

species,Maluscoronaria(ACS3a-G289V/ACS3a-G289V),showedtheSSRwasrepeated

for9times,suggestingthattheSSRlinkedwiththeSNPsofACS3aandACS3a-G289V.

Asetofprimers,MdACS3aJFandMdACS3a-lR(TableI-1),Weredesignedto

amplifytheSSRregionbyusingthefirstPCRproductastemplate.Accordingtothe

bandpatternsofthePCRproductrunon6%polyacrylamidegel(Fig.I-6),itispossible

toidentifywhetherapplecultivarholdACS3a-G289Vallele｡Tablei-3showedthe

presenceofACS3a-G289Valleleinthewildapplespeciesandcultivarswehave

investigated.ACS3a-G289Vwasfoundinwildspecies,Maluscoronaria,indicatingthat

thismutation occurred beforethedomestication ofwild apple.h addition,

ACS3a-G289VnotonlyexistsincultivarsbredinJapan, butalsoexistsinthose

eultivarsbredinothercountriessuchasNewZealand,AmericaandAustralia(Table

I-3).
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GAX9

GAX20

MdACS3a5.

MdACS3a-G289V 5.

Fig.I15 SchematicofACS3aandACS3a-G289V.Thegrayboxesindicatetheexons,

andwhiteboxmeanstheSSRsinthepromoterregion.ThearrowsflankingtheSSR

regionindicatetheprimersusedtoamplifythisregion.Theverticallinesinthelastexon

showthepositionofaminoacidsubstitution.

1 2 3 4 5

+ ACS3a-G289V

+ ACS3aoracs3a

Fig.I-6 DiagnosisoftheACS3a-G289Valleleinapplecultivars.TheSSRreglOninthe

promoterwasamplifiedandelectrophoresedona6%polyacrylamidegelandstainedwith

silver.TheupperbandindicatesthealleleofACS3a-G289Vandlowerbandindicatesthe

allelesofACS3a.Thenumbersonthetopofthelanesmeandifferentcultivars:Lane1,

Delicious;lane2,Fuji;lane3,Kitaro;lane4,Hatsuaki;lane5,GoldenDelicious.
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TableI-3 PresenceofACS3a-G289Vinapplecultivarsandwildspecies

Wildspecies

Malusarnoldinan,

Malusrobusta Malustransitoria.

Malusjloribunda,Malusplatycarpa,

Cultivars

bredin Japan

Aori4,Fuji,GoldFarm,GoldenMelon,

Koukou

Hozuri,Indo,Iwakami,

bredinothercountries

Am bishas,匡亘豆

GurmaMei Hatsuaki Himekami

匡壷]orin,Romu16固 瓦 冠 Toki,Tsugaru.

GoldenDelicious

Priscilla

GrannySmith,

RallsJanet

Jonathan

RedGold

[遍互亘∃
RomeBeauty.

OpenboxmeansthecultivarsofACS3a/ACS3a-G289V;blueboxmeanscultivarsofacs3a/ACS3a-G289V;graybox

meanscultivarsofACS3a-G289V/ACS3a-G289V;theothersmeancultivarsofACS3a/ACS3aorACS3a/acs3a.
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ExpressEoOnPrOPieOf腰顔en毎greiaiedgenesE.n馳 r09,acs3a/ACS3a-6289V

Fig｡I-7Showedthechangesinfruitfirmness,ethyleneproductionandexpressionof

npenlngrelatedgenesofapple'Kitaro'and'Kotaro'.Therewasnomuchchangefor

餌itfirmnessof'Kitaro'duringtheexperimentalperiod,butitwasobviouslydecreased

in'Kotaro'.Theethyleneproductionwasmuchhigherinapple'Kotaro'thanthatin

'Kitaro'.TheexpressionofACSIwasnotdetectedin'Kitaro'bynorthern,butweak

bandswerefoundinK̀otaro'afterstoringat24oCfor3-12a.Weakexpressionof

ACS3wasdetectedin'Kitaro',whereasitwasquitestrongin'Kotaro'.AlthoughACOI

wasexpressedinbothcultivars,itwasmuchstrongerin'Kotaro'.Theexpressionsof

ERF2,anethyleneresponsefactor,andPGl,whichisrelatedtothesoRenlngOfapple

血it(Wakasaetal.2006),werenotobservedin'Kitaro',buttheywereexpressed

stronglyin'Kotaro',although PGIwasjusttransientlydetected.Furthermore,the

almostsameresultwasobtainedRomthecomparisonof'Gala'(ACS3a/ACS3a-G289り

and'Koukou'(acs3a/ACS3a-G289り(Fig.I-8).Fruitof'Gala'showedhigherethylene

productionandlower倉uitfirmnesscomparedto K̀oukou'.TheamountofACS3a

transcriptin'Gala'wasmuchmorethanthatin'Koukou';andalthough theexpression

ofACSIwasnotdetectedin'Gala'duetoitshomozygosityofACS1-2,butstrong

expressionofPGIwasfoundduringtheexperimentalperiod.Theseresultsshowedthat

acs3a/ACS3a-G289VcultivarshavehigherstorageabilitythanACS3a/ACS3a-G289V

cultivars,suggestingthatthestorageabilityofapple鮎itisunderthecontrolofACS3a

allelotypes.
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Ⅰ-4Discussion

Ethylenebiosynthesisdi飴rsvariouslyamongapplecultivars.Although ethylene

productioncanbe鮎ndamentallyre鮎ctedbytheallelesofMdACSl,itisn'talways

paralleledwiththegenotypes(Oraguzieetal.2004)｡ThroughscreeningagenomeDNA

library,anotherACCsynthasegenefamilyofapple,MdACS3,wasisolated.Twoofthe

subfamilygenes,MdACS3bandc,failedtotranscribetomRNAbecauseofatransposon

insertion,thusonlyMdACS3a鮎nctionedwell.Asingleaminoacidsubstitutionresulted

&om asinglenucleotideacidsubstitutioncausedaninactiveallelicgenotype,

MdACS3a-G289V.Ⅰnaddition,anotherallele,acs3a,wasfoundasanullallelebecause

ofnotranscription.Theexistenceofthesethreeallelicgenotypesmadeitpossibleto

elucidatethedifferenceinethyleneproductionandstorageabilityamongvariousapple

cultivars.

Inapple, theexpressionofMdACS3precededMdACSlandMdACOl,and

decreasedafterMdACSlandMdACOIstartedexpressing(Yamakake2007).My

previousstudyalsoindicatedthattheMdACS3mRNAwasdown-regulatedinthesport

cultivarsof'Fuji'apple(Wangetal.2008).Theseresultsareconsistentwiththe

expressionpattemsofLeACSIAandLeACS6intomato(Barryetal.2000).Takinginto

accountthatsystem1ethyleneisnegativelyauto-regulated(Leliるvreetal.1997;Barry

etal.2000),itisprobablethatMdACS3Playsacrucialroleinregulatingsystem-1

ethylenebiosynthesisandtransitiontosystem2inapple,andtheburstofsystem-2

ethyleneproductionnegativelyfeedsbacktosystem 1,resultinglnthedecreaseof

ACS3expression.

Capitanietal.(1999)hasreportedthatLys283isoneofthellconservedaminoacid

inPLP(pyridoxa1-5--phosphate)dependentenzym es,whichisnecessaryforPLY

binding.Moreover,thehnctionalformofAcesynthaseisthedimerortheoreticallya

higheroligomer(TarunandTheologis1998;Capitanietal.2002).Inmystudy,the

mutationofG289VinactivatedACS3a(Fig.i-3).Baseduponthisknowledge,itis

reasonabletoassumethatG289isimportantfordimerizationwhichisrequiredforthe

enzym aticactivityduetoitsclosetoK283.Applecultivarswereclassifiedintoseveral
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genotypesaccordingtothehomozygosityforACS3a alleles(TableI-2).For

ACS3a/ACS3a,theenzymaticactivityisnormal,butACS3a-G289V/ACS3a-G289Vand

acs3a/ACS3a-G289Vgenotypeshavenoactivitybecauseoftheinactivenessof

ACS3a-G289V and null type, although the diner can be formed.For

ACS3a/ACS3a-G289V,theenzymatieactivitymaybedecreasedduetothepresenceof

themutationwhichreducestheenzymeactivitywhenformingadiner(Tarunand

TheologiS1998),resultinginthattheactivityismuchlowerthanthatofthe

ACS3a/ACS3atype.However,questionariseswhetherdimersareformedbetween

ACS3aandothermembersofACCsynthasesasACSl,4and5arealsoexpressedin

apple鮎it(Kondoetal.2008).Itisprobablethatheterodimerisavoidedbythe

presence of specific dimerization site in each enzym e.Butmost likely

heterodimerizationispreventedbytheasynchronousexpressionofeachgeneduring

餌itripening(Yamakake2007;Rondoetal.2008).

Theethyleneproductionwasmuchlowerin'Kitaro'thanthatin'Kotaro',andthe

expressionofripeningrelatedgeneswasgreatlysuppressedin'Kitaro'(Fig.I7).These

differencesmay be Caused by theACS3a allelotypes, because 'Kitaro' is

acs3a/ACS3a-G289V which is no ACS3a activity, whereas 'Kotaro' is

ACS3a/ACS3a-G289VtypeinwhichACS3aisstillactive.Thesameresultwasfoundin

thecomparisonof̀Gala'and'Koukou'(Fig.I-8).InK̀itaro'and'Koukou',system-2

ethylenesynthesismaynotbeinitiatedbecauseacs3a/ACS3a-G289Vcannotproduce

su飽cientethylenetoinitiatethetransitiontosystem-2ethylenesynthesis.Basedonthis

consideration,ACS3aprobablyactsasaswitchtoinitiatethetransitionkomsystem-1

tosystem-2ethylenesynthesisandsubsequentlyleadtoaburstofethyleneproduction.

Mostlikely,ACS3aisthemainenzym ethatcontrolstheethyleneproductionand

storageabilityofapplecultivars.Tobenoted,wecannotexcludethepossibilitythat

thereareSNPsorelementsexistintheallelesofACSIwhichaffecttheenzymeactivity.

Inaddition,theregulationofACOlonethyleneproductionandstorageabilityshould

beconsidered.

BygeneticanalysIS,apple'Fuji'wasjudgedasACS3a/acs3atypewhichcannotbe

identifiedbysequencingthegenomicandCDNAonly.Thepreviousstudyrevealedthat
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theMdACS3awasexpressedConstantlyin'Fuji'鮎itduringstorageandtheexpression

ofACSlandotherrlPenlngrelatedgenescouldnotbedetectedduringtheexperimental

period.Moreover,theethyleneproductionisquitelowfor'Fuji'fhit(Wangetal.2008)｡

TheexplanationisthattheamountofACS3aisprobablytoolow tosynthesize

sufficientethylenetoinitiatesystem-2ethylenesynthesis.Thisresultsupportedthe

presumptionthatACS3aistheswitchtoturnonthetransitiontosystem-2ethylene

synthesis.

Apple'Koukou',heterozygousforMdACSIJ/2,hasbeenfoundhavingbetter

storageabilitythan'Fuji' whichishomozygousforMdACS1-2/2(Prof.Shiozaki,

personalcommunication)｡Myresultprovidedthemolecularevidenceforthisfactthat

enzymaticactivityofACS3aishigherinACS3a/acs3a ('Fuji')than thatin

acs3a/ACS3a-G289V('Koukou').ThisfactsupportedthemodelthatACS3aisthemain

determinantofstorageabilityofapplefhit.

Anotherapplecultivar'Toki',whichisconsideredtobeACS3a/acs3atype,produced

lessamountofethyleneandexpressedripenlngrelatedgenesstrongerthan'Gala'did,

although theyareallhomozygousforACS1-2alleleandharvestedat苧amedate(Fig･

Ⅰ-8).Thisphenomenoncouldalsobeexplainedbythemodelof'Fuji'.

AlignmentofACS3aorthologsofmorethan100ofplantspecieswasperformedand

themutationofG289VwasonlyfoundinMalusincludingthewildspeciesand

domesticatedcultivars倉omAm erica,Australia,NewZealandEuropeandJapan(Table

lo3).Itwasnotfoundinpearalthough itisveryclosetoappleingenetics.Basedupon

theseresults,itappearsthatACS3a-G289VarosewhenMaluswasseparatedkom

Rosales,maintainedduringdomesticationandinheritedamongthedomesticated

cultivars.

Itisstillunknownthatwhyacs3acannotbetranscribedtomRNA.Understanding

thiswouldleadtodevelopaDNAmarkerforacs3a.WetestedthepromoterregionOf

thenullgene, butnotransposonorotherinsertionwasfoundyet.Thedifference

possiblyexistsinthemuchupperstreamofthepromoterotherthanweinvestigated･

Matarassoetal.(2005)reported払ataCysprotease(LeCp)regulatestheexpressionof

tomatoLeACS2bybindingtoaciselement(TAAAATmotif),andLeCpwasfoundto

ー27-



beinducedby鮎itripening(AlonsoandGranell1995)｡Sequenceanalysisrevealedthat

allelesofMdACS3aalsoholdthismotif･Furtherstudyisneededtoinvestigatewhether

itisthemutationofthismotifthatresultedinthisnullallele,acs3a.Inaddition,Other

factorswhichregulatethegeneexpressionsuchasDNAmethylationshouldbetaken

intoconsideration.

InsomepearcultivarstheorthologsofatleasttwoPcACSlgenesshowdifferential

Goldrequirementandsubsequentlyinnueneepostharvestethyleneproductionand鮎it

softening(EI-Sharkawyetal.2004).Duetothecloserelativenessbetweenpearand

apple, itispossiblethatACSlorACS3aofappleisalsocorrelatedwiththelow

temperaturewhichinducestheexpressionofACSgene(S)andtheninitiatestheonsetof

ethyleneproductionand鮎itso鮎nlng.Furtherworkisneededtoinvestigatethe

responseofACSgenestolowtemperature.

I-5Summary

Theapple(MalusxdomesticBorkh･)トaminocyclopropane-1-carboxylate(ACC)

synthasegene3(MdACS3a)derived&omvariouscultivarswassequen-cedatgenomic

andCDNA level.TheSNPsanalysisrevealedthatoneoftheACS3a allele,

ACS3a-G289V,wascausedbyanaminoacidsubstitution(Gly289-Vat)which

occurredintheactivesiteofACCsynthasegene.Over-expressionofMdACS3a -G289V

inE.colirevealedthatthemutationofG289VinactivatedtheACCsynthase.Onthe

otherhand,anullgeneofMdACS3a,acs3a,existsinthegenomeofapple.RNA

gel-blotandRT-PCRanalysisshowedthatacs3a/ACS3a-G289Vcultivarsproducelittle

ethyleneandhavehigherstorageabilitysuchas'Kitaro'and'Koukou',comparedto

血oseACS3a/ACS3a-G289Vcultivars,suchas'Kotaro'(MdACSIJ/2)and G̀ala'

(MdACS1 -2/2),althoughbothK̀itaro'and'Koukou'areheterozygousforMdACS1-1/2.

ACS3a/acs3acultivarsalsoproducelittleethyleneandhavegoodstorageability.Based

upontheACS3aallelicgenotypes, itisobviousthatthereisthecultivarsuchas

'Koukou'thathasbetterstorageabilitythan'Fuji'.An SSRwasfoundtobelinkedwith

theSNPsofACS3a-G289V,whichcanbeusedasaDNAmarkertoidentifythe
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cultivarshomozygousforACS3a-G289V.OurresultsuggestedthatMdACS3aplaysa

crucialroleinregulationofethylenesynthesisanddeterminesthestorageabilityof

appleShit.TheroleofMdACS3ainethylenesignalingwasdiscussed.
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II-1IntroduGtion

TheinvolvementofethylenegasintherlPenlngOfapple鮎itisasym bolic

phenomenonthathasaplaceinthehistoryofresearchonplanthormones(Abelesetal.

1992).However,littleisstillknownaboutthesignaltransductionmechanisminvolved.

Theexpressionofripening-relatedgenes(Wakasaetal.2006),suchascellwall

modifyingenzymes, isinducedthrough transductionoftheethylenesignalkom

receptors(S)todedicatedtranscriptionfactors(Giovannonni2004).Ethyleneresponse

factor(ERF)proteins, whichwereknownformerlyasethylene-responsiveelement

bindingproteins(EREBP),functionastransjactorsatthelaststepoftransductionin

specifictOPlantsandbelongtothelargeAP2/ERFsuperfamilythatpossessesthe

DNA-bindingdomain.AlthoughArabidopsishas122predictedERFgenes(Nakanoet

al.2006),onlyafewhavebeencharacterizedsofar(Sakumaeta1.2002).Infact,in

tomato,onlytheroleofSIERFsin倉uitripeninghasbeenreported(Tournieretal.2003,

Pirrelloetal.2006)｡

Wehavebeenstudyingmolecularmechanismsinvolvedin倉uitripenlngtOgain

insightintothefactorsthatcontributetodifferencesinneshsofteningrateamongapple

cultivars(Sunakoeta1.1999;Haradaetal.2000;Wakasaetal.2003;Oraguzieetal.

2004;Wakasaetal.2006).Althoughthedifferenceinethyleneproductionrateobserved

amongapplecultivarscanbeexplainedby1-aminocyclopropane-1-carboxylicacid

(ACC)synthasegene(MdACSl)'allelotype'or̀genotype'(Sunakoeta1.1999;Harada

etal.2000),allelicformalonedoesnotexplainallthephenotypicvariationinfruit

softening/storage(Oraguzieetal.2004).Ontheotherhand, theexpressionof
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rlPenlng-related genes is completely inhibited by the ethylene antagonist

1-methylcyclopropene(h MCP),indicatingthatethylenesignalingisindispensablefor

theexpressionofthesegenes.Inordertohrtherexaminetheroleofethylene

transductioninappleripening,twoERFgenes(MdERFs)isolatedfiomtheripening

餌itof'Goldendelicious'applewerecharacterized,andthefeaturesoftheirexpression

werecomparedwiththoseofotherrlPenlng-relatedgenes.Theresultsindicatedthat

somefactor(S)inadditiontoethyleneareresponsibleforregulatingthelevelof

MdERFsexpression.

I I-2MaterialsandMethods

Plantmaterials

Samplesoftheapple(MalusxdomesticaBorkh.)cultivar,'GoldenDelicious',were

usedinallexperimentation,unlessotherwisestated.Youngleaf,爵ower,Stamenand

receptaclewereobtained&omorchardtreesattheAomoriAppleExperimentalStation.

Tissuesampleswerecollectedonceaweek丘omMaytoNovemberaddpreparedas

describedbyWakasaetal.(2003).Fruit&om othercultivarswerealsousedfor

comparisonofthegeneexpressionpattemswiththatof'GoldenDelicious'.

(r'llP繭SLT5-tJj'J'9,I:/dm,I.QPJ･fj1.m･,ION,i.:ILV

Degenerate oligonucleotides (CCRTGGGGRAAATKKGCGGCK and

CATAAGCVAVAKBGCRGCTTCYTC)designedbyTournieretal.(2003)wereusedin

apolym erasechainreaction(PCR)withtheCDNAtemplate丘om ripening倉uit.

FulhlengthCDNAclonesforMdERFswereisolatedbyscreeningusinga'Golden

Delicious'cDNAlibrary(Sunakoeta1.1999).

RNAextg･acileOnandnorthernblotanalysis

RNAextractionandgelblotanalysisWerePerformedasdescribedbySunakoetal.

(1999).TheprobesforMdERFswerepreparedbyPCRusingtherespectiveclonesasa
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template.Thefollowinggene-SPeCifieprimersWereusedtoamplifytheir3'-UTRs:

MdERFIF,5'-ATGACCTGGTGGCATATCAG-3ラ;MdERFIR,5'-CACCGTAGCAAA

CAACACAC-3';MdERF2,5'-TATGCTGGCAATTGGCGAGC-3';MdERF2R, 5 ',AT

GACCAATCCCGCACTCAC-3'.TheRNAgelblotanalysisofMdACSl,MdACOland

MdPGIwascarriedoutasinWakasaetal.(2006).

Measug･ementsofeihyieneprOdEeCiionrates

ThemethodhasbeendescribedinChapterI.

1-M6Ptreatmentoffruii

Theethyleneantagonist1-MCPwasusedtosuppressethyleneslgnaltransduction｡

Fruitsweretreatedwith1ppmofi-MCP(EthylBloc,RohmandHaas,Philadelphia,PA,

USA)for15hat24oC.A鮎rtreatment,the鮎itswereheldat24oCfor12daysfor

comparison ofethylene production with untreated 倉uitand expression of

ripening-relatedgenesevery3days(Wakasaetal.2006).

腰T-Pe腰analysisofMdERF2

TotalRNAextracted倉om鮎itcollectedat22or14daysbeforeharvestandat

harvestdaywasusedforfirst-strandCDNAsynthesisusingtheMdERF2Rpnmer

(5--ATGACCAATCCCGCACTCAC - 3 T ) . Then,PCR amplificationwascamiedout

usinggene-specificprimerMdERF2F(5 --TATGCTGGCAATTGGCGAGC-3Y)and

MdERF2RasdescdbedbyWakasaetal.(2006).The血emalcyclingconditionswere3

minat94oC;then25cyclesof5sat94oC,15sat65oCand20sat72oC.To

normalizefordifferencesintotalRNA,theconcentrationofactin(accessionnumber

EB136338) mRNA in each sample was determined using the primers

57-GGCTGGATTTGCTGGTGATG-3-and5--TGCTCACTATGCCGTGCTCA-3-.

II-3Results
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TwopartialCDNAcloneswereisolated&omapplecDNAsusingdegeneratepnmers

targetedtothehighlyconservedERFdomain,andeachofthe3'regionswasobtained

by3'RACE.Then,the3'UTRswereusedtoscreenaCDNAlibraryofripenlng̀Golden

Delieious'apple鮎it.ThepredictedcodingregionsOftwopositiveclonespossesseda

conseⅣedAP/ERFDNAbindingdomainandaregionrichinbasicaminoacids

(P/LK-K/p-R-R)thatcouldserveasaputativenuclearlocalizationsignal(Raikhel,

1992).Therefore,wedesignatedthemMdERFl(accessionnumberAB288347)and

MdERF2(accessionnumberAB288348),respectively(Fig.I I-1).AsshowninFig.II-2,

SouthemhybridizationtogenomicDNAshowedthateachprobehybridizedtooneor

twoofthreerestrictionenzym efragment(S),revealingthateachrespectiveMdERFisa

singlegeneintheapplegenome.

-33-



il t̂Hu1割)75
丸1･/

89 146

蛮儒

All:Rl:軸75

II･Jt/ERF]

IIhlERF2

●145

審 雷 電 匿 雷 匪

191 249 334

潮 瀧 :～-fS 奄 番 酔 .ミ汚箇 呼 野 r LJS a j.A.Li''r#I'…

Fig.II-1 A schematicrepresentationoftheCDNA structuresofMdERFland

MdERF2.AlignmentsoftheAP2/ERFdomainsbetweenMdERFsandthoseofthe

conservedmotifswiththecorrespondingAtERFinArabidopsisareshown.Boxes

indicatetheopenreadingframes,startlngfromtheflrStATGcodon,andlinesshow

putativeuntranslatedregions.BlockboxesindicatetheAP/ERFdomain;arrows

representputativenuclear localizationsignals.Numbersabovethelineindicate

positionsofaminoacidresidues;numbersbelowthelinerefertonucleotidepositions.

AtERF#75andAtERF#100aregenericnamesoftheArabidopsisERFgenes(Nakanoet

al.2006).
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Fig.II-2 DNAgelblotanalysesuslngaspecificprobeforeachMdERF.Ten

microgramsofgenomicDNAwasdigestedwithHindIII(lane1),EcoRI(lane2)and

DraI(lane3).
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ToClarifytheexpressionpattemoftheMdERFsatthetranscriptionallevel,northem

hybridizationswereperformedusingdifferentappleplanttissues(Fig.II-3).The

MdERFIsignalwasClearlydetectedinrlPenlngfhitandalsoinrootandshoottissues.

Ontheotherhand,averyweaksignaloftheMdERF2transcriptwasobservedonlyin

餌ittissue.TheexpressionlevelofbothMdERFswasthenanalyzedduring鮎it

ontogeny.AsshowninFig.I I-4,MdEW Iwasexpressedweaklyinyoung鮎itinMay

andcontinuedtobeexpressedthroughoutdevelopment,andthenthelevelincreasedat

therlPenlngStage.InthecaseofMdERF2,adetectabletranscriptwasobtainedonlyin

thenpenlngfbit倉om theendofOctober.Toeonflrmtheexclusiveexpressionof

MdERF2attheripeningstage,RT-PCRwasperformed(Fig.II-5).Thisindicatedthat

thetranscriptwaspresentat14daysbeforecommercialmaturity(day0),butwasnot

evidentat22daysbeforeharvest.

威epressionofMdERFlandMdERE2expressionby1-Map

TounderstandtheroleofethyleneinMdERFsexpressionduringrlPenlng,Wetreated

the鮎itatcomm ercialmaturitywithトMCP,anethyleneantagonist.Thetreated鮎it

showedamarkedreductionoftheMdEW ltranscript(Fig.I I-6)andcomplete

disappearanceoftheMdERF2signal,indicatingthattheirexpressionwasregulatedby

ethylene.However,MdEW lexpressioninthetreatedf血itappearedtoincrease

graduallyduringnpenlng,aSWasthecaseinthecontrol丘uit.
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Fig.II-3 RNAgelblotanalysISOfMdERFlandMdERF2innpemngfruitand

non-fruittissues.EachlanewasloadedwithtotalRNAfromfruit(F),youngleaves

(L),shoots(Sh),root(良),stigmata(St),andreceptacles(Re).rRNAisshownas

loadingcontrol.
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Fig.II-4 ChangesinMdERFlandMdERF2expressionduringfruitontogeny.Apple

fruitof'GoldenDelicious'WeresampledweeklyfromMaytoNovember.
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Fig･II-5 RT-PCRanalysisOfMdERF2transcriptaccumulationduringnpenlng.

TheMdActgenewasusedasanintemalreference.Timesaremeansday(S)

befわre/a洗erharvest.

ConrtroI MCP
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Fig.II-6 ChangesintheaccumulationofMdERFlandMdERF2mRNAin'Golden

Delicious'applef血itwithorwithoutトMCPtreatment.RibosomalRNAwasusedto

nomalizeRNAloading.Numbersaboveeachlaneindicatethenumberofstorage

daysa洗erhaⅣestat24oC.

ー39-



MdERFsexpgqeSSiongevelandeihygeneprodEeCggeOnlevel

ToinvestigatetherelationshipbetweenthedegreeofMdERFsexpressionandthe

levelofethyleneproduction,f血itof'Fuji',arepresentativelow-ethylene-producing

appleeultivar,wascomparedwiththatofG̀oldenDelicious'.'Fuji'鮎itproduced

aroundO･5nlgllFW h-1ethylene&omonemonthbeforeharvest,whereasin'Golden

Delicious,,productionincreasedgraduallyandreachedaplateauataround70nlg-1FW

h-1(Fig.I IJ).Although MdERFlandMdERF2transcriptsweredetectedin'Golden

Delicious',nosignalofeithertranscriptwasobservedinfhitof'Fuji'.Toclarify

whetherhigherethyleneproductioniscorrelatedwithhigherMdEW lexpression

duringnpenlng,Weusedharvested鮎itofvariouscultivarsthathadbeenstoredat

room temperature(Wakasaetal.2006).Fig｡I I-8Showsthechangesintherateof

ethyleneproductionandexpressionofMdERFlduringrlPenlngin14applecultivars･

Because'GoldenDelicious','Kotaro','Delicious'and'Kitarou'don'thavethe

transposonofMdACSlallele(Haradaetal.2000),theirethyleneproductionrateroseto

around100nlg-1FW h-1,andastrongexpressionofMdERFIwasobserved･However,

'Hozuri'and'RallsJanet'showedahigh expressionlevelthatdidnoteorrespondwith

theethyleneproductionlevelineach.
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Fig.II-7 Changes in the expression ofMdERFl,MdERF2,and other

rlPenlng-relatedgenesandrateofethyleneproductionbyfruitonatree.Data

obtained&om'Fuji'and'GoldenDelicious'applefruitharvestedfromOct3toNov

2areshowninorderfromle氏toright.Datafordifferentripeningstages(-14,0,3,

6,9,12daysafterharvest)areshowninOrderfromle氏toright.
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Fig.II-8 ChangesintherateofethyleneproductionandexpressionofMdERFlduring

ripeningof14applecultivars.Datafordifferentripeningstages(-14,0,3,6,9and12

daysafterharvest)areshowninorderfromlefttoright.
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Fig.II-9 A modelforslgnaltransduction ofrlPenlng-relatedgenes.

ExpressionofMdERFsisregulatedbyatleasttwofactorsfromtheethylene

and maturation cascades.Furthermore,the activity ofMdERFsasa

transcriptionfactorisalsomodulatedbyotherregulatoryfactor(S).
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I I-4Discussion

SequeneeanalysisclearlyindicatedthatthetwoMdERFsisolatedinthisstudy

belongtotheERFfamilyoftheAP2/ERFsuperfTamily, whichisdefinedbythe

ERF/AP2domain(59aminoacids)thatisinvolvedinDNAbinding.AP2family

proteinscontaintworepeatedAP2/ERFdomains,whileERFfamilyproteinslike

MdERFscontainasingleAP2/EREdomain(RieehmannandMeyerowitz,1998).In

Arabidopsis,122ofthe147genesidentifiedaspossiblyencodingAP2/ERFdomain(S)

havebeenassignedtotheERFfamily(Nakanoetal.2006).Furthermore,theERF

familyisgroupedintotwomajorsubfamilies,ERFconservingthe14thalanine(A14)

andthe19thasparticacid(D19)andCBF/DREBinwhichvaline(V14)andglutamic

acid(E19)arepresentattherespectivepositions(Yangetal.2002;Sakumaeta1.2002;

Toumieretal.2003;Nakanoetal.2006).Thepredictedaminoacidsequencesofboth

MdERFsshowA14andE19,indicatingthattheybelongtotheERFsubfamily.The

N-terminalsequenceMCGGAII/LandtheCoterminalLWS(I/L/Y)ofMdERFlarea

characteristicsignatureofgroupVIIamongthe12ERFgroups(Nakanoetal.2006).

TomatoSIERF2PossesslngthesemotifsisexpressednotonlyinrlPenlng倉uitbutalso

ingerminatingseed,andasmallamountofitstranscriptaccumulatesinallplanttissues

(Pirrelloetal.2006).ThetranscriptofMdERFIwasalsodetectedinnon-餌ittissue,

butshowedstrongestexpressioninrlPenlng鮎 it.Ontheotherhand,MdERF2hada

conservativegroupIX motif(CMIX-3), whichisconsideredtofunctionasa

transcriptionalactivationdomain(Nakanoetal.2006).

In圧uittreatedwithh M C P,alowleveloftheMdEW ltranscriptwasdetectedand

thelevelincreasedslightlyduringripening.Thisdoesnotindicatethattheincreasewas

notunderthecontrolofethylene,becauseトMCPwasappliedonlytransientlybefore

thestartofincubationat24oC.AsrlPenlngProgressed,denovo-synthesizedethylene

receptor(S)Couldhaveappeared(El-Sharkawyetal｡20 0 3),andthiscouldhaveresulted

indenovoexpressionofMdERFs.Therefore,MdERFlexpressionisconsideredtobe

regulatedbyethylene.

ThemostabundantaccumulationoftheMdERFltranscriptwasobservedin
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'GoldenDelicious','Kotaro',and H̀ozuri'鮎itincubatedat24oC.Atroom

temperature,餌itof'GoldenDelicious,and'Kotaro,producedabout200nlg-1FW h-1

ethylene(Waksasaeta1.2006).Therefore,itislikelythatthehighertheamountof

ethyleneproduction,thegreatertheexpressionofMdERFlbecomes.Theapparentlack

ofMdERFltranscriptinalow-ethylene-producingeultivarlike'Fuji'maymeanthat

thelevelofethylene(around0.2nlg~1FWh-1)isbelowthethresholdatwhichMdERFs

transcriptioncanbedetectedbyRNAgelblotting.However,clearaccumulationofthe

MdERFltranscriptwasalsoobservedin'RallsJanet',whichproducesaverylowlevel

ofethylene, indicatingthattheethylenecascadeisnotanexclusiveregulatorof

MdERFsexpression.AsshowninFig.ⅠⅠ-9,anothertranscriptionfactor(S)derived倉om

thematurationcascadealsoappearsto鮎nctionasaregulatorofgeneexpression.

Arabidopsisethylene-responsiveelementbindingprotein(AtEBP),whichbelongs

togroupVII,interactswithabZIPtranscriptionfactortoactivatetheexpressionofplant

defensegenes(BattnerandSingh 1997).OsEBP89ofrice,belongingtogroupVII,also

interactswithaMyctranscriptionfactortoregulateexpressionoftheWxgene(Zhuet

al.2003).Furthermore,Pti4oftomato,classifiedintogroupIX,isphosphorylatedbya

kinase,thusenhancingitsbindingtothetargetDNA(Guetal.2000).Therefore,

although theexpressionofMdERFsincreasedalmostconcomitantlywiththoseof

MdACOlandMdPGlinrlPenlng鮎it,MdERFswouldbenecessarytoactivatethe

expression oftheseripening-related genesthrough someadditionalregulatory

mechanisminvolvinganotherregulatoryprotein.

Weconcludethatalthough ethylenesignalingisindispensableforMdERFs

expression,otherfactor(S)derived丘･omanethylene壷dependentcascadeisnecessary

notonlyforinitiatingtheexpressionofMdERFsbutalsoasatranscriptionfactorin

rlPenlng鮎it.

II-5Summary

TwoMdERFs(ethylene-responsefactors)wereisolated倉omripeningapple(Malusx

domesticaBorkh.cv.GoldenDelicious)餌it.Thefeaturesoftheirconservedmotifs
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indicatedthatMdERFlandMdERF2belongtogroupVIIandgroupIXcategorizedin

Arabidopsis,respectively.MdERFIwasexpressedpredominantlylnrlPenlng鮎it,

although asmalldegreeofexpressionwasalsoobservedin'non-fruittissues,whereas

MdERF2wasexpressedexclusivelylnrlPenlng鮎it.Theincreasedexpressionin

ripening鮎itwasrepressedbytreatmentwith1-methylcyclopropene(トMCP:apotent

antagonistofethylenereeeptor),indicatingthattranscriptionisregulatedpositivelyby

theethylenesignalingsystem.hdeed,itwasatendencyforcultivarswithlowethylene

productiontoshowlowerMdERFsexpressionthanthosewithhighethyleneproduction｡

Onthebasisofconcomitantanalysesoftheexpressionofsomegenesrelatedto

rlPenlng,thehnctionsofMdERFsandtheroleofethyleneintherlPenlngProcessWere

discussed.
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Ill-1Induction

Although apple鮎ithasaconsiderablylongershelflifethanthoseofotherspecies

suchaspeachandpear,the鮎itqualitydeterioratesgraduallyafterripening(knee

1993).However,thereisgreatdifferenceintheratesofdeteriorationamongcultivars.

Explainingthedifferencewouldallowtheidentificationofmolecularmarkersforapple

breeding.Ethylenebiosynthesisandethylene壷ducedripenlnghavebeenstudied

extensivelyintomato丘uitatthemoleculargeneticlevel(Giovarmoni2004).Usingthe

information&om tomato, researchershavegainedsubstantialknowledgeabout

rlPenlng-relatedgenesinapple.Thebiosynthesisofethyleneinplantsiscontrolled

mainlybyACSandACOenzymes,whichareencodedbymultigenefamilies(Bleecker

andKende2000).MdACSlandMdACOlareinvolvedinapple鮎itripening(Donget

al.1991,1992).AparticularalleleofMdACSlaccountsforthelowamountofethylene

insomecultivars(Sunakoetal.1999;Haradaetal.2000).Genesencodingethylene

receptors(MdETRl,MdERSl ,MdERS2)havebeencloned,anddynamicchangesin

proteinlevelsduringripeningwerereported(Tatsukietal.2007).Twoethylene

responsefactors(MdERFs)functionastransjactorsinthelaststepoftransduction

(Wangetal.2007).Theexpressionofapolygalacturonasegene(MdPGl)isrelatedto

thelossofnesh貢.rmness(Wakasaetal.2006).

Besidesethylene, otherfactorsinnuence鮎itrlPenlng, including ambient

temperatureand倉uitmaturityatharvest(Adams-Phillipsetal.2004).DalGinetal.

(2007)reportedthat鮎itloadandelevationalsoaffectapple倉uitripeningthroughthe

actionofethylene.Werevealedthatotherethylene-independentfactorsarenecessary

forMdERFtranscription(Wangetal.2007).
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'Fuji',awell-knowneultivarwhichtopsworldappleproduction(0'Rourkeetal｡

2003),showsnolossoffirmnessforatleastonemontha鮎rharvest,evenatroom

temperature(Gussmanetal.1993;Wakasaetal.2006).InContrast,'HirosakiFuji',a

sportof'Fuji'thatmaturesabout40aearlier,softens(Harada,unpublisheddata).This

differencewouldbeduetoothereffectssuchasambienttemperature,because'Hirosaki

Fuji'reachesmaturityattheendofSeptember,whentheaveragetemperatureis17oC ,

whereas'Fuji'maturesatthestartofNovember,whentheaveragetemperatureis6oC.

Understandingthereasonforthedifferentstoragecompetenciesof'Fuji'and

'HirosakiFuji'isanimportantcluetothemechanismofthelongshelflifeof'Fuji'.In

thisstudy, wecomparedtheethyleneproductionratesandexpressionprofilesof

rlPenlng-relatedgenesbetweenF̀uji'and'HirosakiFuji'.Wealsoanalysed'Fuji'鮎it

grownatdifferentlatitudestoassesstheinnuenceofambienttemperatureonrlPenlng.

Ill-2Materialsandmethods

Fl･lLL'tIllatert'als

In2005,apple(MalusxdomesticaBorkh.)fhitof'Fuji'andH̀irosakiFuji'Were

collectedattheexperimentalfarmsofHirosakiUniversityandHirosakicity,

respectively.Theywereharvested14dbeforecommercialmaturity('HirosakiFuji'on

Sep29and'Fuji'onNov6)andatcommercialmaturity(day0).The鮎itcollectedon

day0werestoredat240Candsampledevery3dformeasurementsofethylene

productionandneshfirmness;theneshwassliced,quicklyRozeninliquidN2,and

storedforextractionofRNAsandproteins.Theotherearly-maturing F̀uji'sports

('Benishogun','Korin'and'Ryokanokisetsu')wereprovidedbytheAomoriApple

ExperimentalStationon20060et5.h 2007,'Fuji'鮎itspickedatthedifferent

localitiesweretransportedtoHirosakiUniversityinare飢geratortruckwithin20h

afterharvest.Afteramival(day1),theywerestoredat24oCfor12dandsampledevery

3d.'Fuji'and'HirosakiFuji'鮎itweresampledweekly免･om2007Aug25andstored

at-800CuntilRNAextract.Fivefhitswereusedforeachexperiment.
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Measuggementsofe威hylenepg40ductCoOng.ages

ThemethodhasbeendescribedinChapterI.

MeasuremenisofPeshP94maeSS

ThemethodhasbeendescribedinChapterI.

･F../.i,JI打IJPd'p-Qt舶3CCLc<･lIl'j;-.4滴

ThemethodhasbeendescribedinChapterII.

RNAexiraciion,NoghiheggnblotanalysisandJWT-PC腰

RNAextractionandgelblotanalysisWerePerformedasdescribedbySunakoetal.

(1999).TheprobeforeachgenewaspreparedbyPCR&omtherespectiveclones

accordingtoWakasaetal.(2003).TheprimersequencesofMdACSl ,MdACOland

MdPGlandtheproberegionsareasdescribedinWakasaetal.(2006),andprimer

sequencesofethylenereceptorgenesarepresentedinTatsukiandEndo(2006).The

primerSequencesOfMdACS3areasfollows:MdACS3F5'-GACAAATAGAAAGA-

GACTGAGGACG-3',MdACS3R5'-CCATCGATTATACAAACTGATTGTG-3チ.The

probeforMdHSP17.5waspreparedbyPCRusingthefollowinggene-specificpnmers:

forward,5'-GCATAACCTCGATCCGCTAC-3I;reverse,5'-CGTACATGACAATTGA-

CACACC-3′｡First-strandCDNAwassynthesizedbyreversetranscriptase&om500ng

totalRNA.RT - P C RwascarriedoutwiththesameprlmerSet｡Thethermalcycling

conditionswere3mュnat94oC;30cyclesof30sat94oC,30sat600Cand1minat

72oC;andafinalextensionof3minat72oC｡InordertonormalizefordifBerencesin

totalRNA,therelativeamountofactin(accessionNo.EB136338)mRNAineach

samplewasdeterminedwiththeprlmerS5'-GGCTGGATTTGCTGGTGATG-3'and

5I-TGCTCACTATGCCGTGCTCA-3I.
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PggoieinexiPbaCiionandWesteg･nblotanalysEeS

Microsomalmembranefractionswereisolated丘om鮎itneshinextractionbufETer

containing100mMTris(pH8.0),300mMNaCl,20mMEDTAand20%V/VglyceroI

withproteaseinhibitors(1mMPMSF,5mMDTT).Fleshwashomogenizedat40Cin

ahomogenizer,andtheneentri鮎gedat9,100×grpmfor15min.Thesupernatantwas

strainedthrough Miracloth,andthencentriAlgedat100,000×gfor1h.Thepelletwas

resuspendedinelutionbuffer(extractionbuffercontaining1%Triton蕊 -100),kepton

icefor3handthencentrifugedat20,400×gfor15min.Proteinconcentrationsinthe

supernatantweredeterminedbyBio-Radproteinassay(http://www.bio-fad.com/).A50

Llgaliquotoftotalproteinwasrunoutforeachsampleina10%TriS-HClgel,and

proteinsweretransferredtoaPVDFmembrane.Membraneswereblockedfor1hin

3% BSA/TBSTatroom temperature, washedoncefor5mininTBST,andthen

incubatedovemightwithprimaryanti-ERSl(1:200)oranti-ERS2(1:1000)antibody

dilutedin3%BSA/TBSTat4oC.Membranesweresubsequentlywashedfivetimesfor

10mininTBST,andthenincubatedfor1hwithperoxidase-conjugatedgoatanti-rabbit

(1:50,000)secondaryantibodydilutedin3% BSA/TBST.Membran6swereagain

washedfivetimesfor10mininTBST.SignalswerevisualizedusingAmershamECL

PlusWesternblottingdetectionreagentsaccordingtothemanufacturer'sinstructions

beforeimaging(ChemiDocXRSVPsystem,Bio-Rad,USA).Valueswerenormalizedto

an antiBiP (endoplasmic reticulum immunoglobulin-binding protein)antibody

(STA1818,STR,Japan),whichwasusedasanER-localizedloadingcontrol.

Ill-3Results

REePeningproPiesofSEuj.l.'andSHirosakiFuji'

Both'Fuji'and'HirosakiFuji'producedverysmallamountsofethyleneatharvest･

Thelevelremainedlowuntilatleast6d&omthestartofincubationat240Cbefore

graduallyincreasing(Fig.Ill-1).Thelevelwasalittlehigherin'HirosakiFuji',

although itwas<50nL官1･h-1evenat12d.Ontheotherhand,thefirmnesslosswas

-Sol



distinctbetweencultivars(Fig.IⅠⅠ-1):̀Fuji'showednofirmnesslossatleastuntil12d,

whereas'HirosakiFuji'showedarapidfirmnessloss&omabout78N(almostthesame

as'Fuji')to62N.

MdACSlexpressionwasnotdetected(datanotshown)｡Ontheotherhand,

differentialexpressionofMdACS3,whichisalsoresponsibleforripening(Tatsukietal.

2007),werepointedout.Although theexpressionofMdACS3in'Fuji' remained

constantduringtheexperiment, itwashigh atharvestthendecreasedrapidlyin

'HirosakiFuji'(Fig.III-1).MdACOlexpressionincreasedgradually倉om-14to9d,

andthendecreased,buttheintensitywasclearlyhigherinH̀irosakiFuji'thanin'Fuji'.

AlthoughtheexpressionofMdEmlremainedconstantinallsamples,theexpressionof

bothMdERSlandMdERS2increased(although thepattem in'HirosakiFuji'was

unclear).MdPGlexpressionwasfaintin'Fuji'butstrongin'HirosakiFuji'(Fig.III-1).

In'Fuji',MdERSIproteinwasdetectedatday0thengraduallydecreased.In'Hirosaki

Fuji',incontrast,therewasnosignalby6dandonlyaslightsignalat9and12d.'Fuji'

producedalargeamountofMdERS2&om0to12d,whereas'HirosakiFuji'produced

lessproteinkom3to12d.

腰函eningproPlesofothereaゆ-maturingSFujei'spwis

lnadditionto H̀irosakiFuji',wetestedthreeearly-maturing'Fuji'Sportsfound

independentlyinJapan.Theirharvestdatesarealmostthesameasthatof'Hirosaki

Fuji',aroundthebeginningOfSeptember.TodeterminetheirnpenlngProfiles,We

measuredtheirfirmnessandperformedNorthernblotanalysisofripening-relatedgenes

(Fig.Ill-2).Allsportsdecreasedtheirneshfirmnessduringsixdays'storageat24oC.

MdACS3transcriptsweredetectedonday0,butwerefaintondays3and6.Although

thelevelsofMdETRltranscriptswerealmostthesameamongsamples,thoseofother

ripening-relatedgenes(MdACOl,MdERSl,MdERS2)werehigh at3dand6dinevery

sport.LevelsofMdPGltranscriptswerenotablyhigh at3d.Overall,theexpression

profilesofal1ripenlng-relatedgeneswereverysimilartothoseiǹHirosakiFuji'｡
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Fig.III-1Changesinratesofethyleneproduction,fleshflmmeSS,expression

levelsofripenmg-relatedandethylenereceptorgenes,andamountsbfethylene

receptorproteinsin'Fuji'and'HirosakiFuji'.Numbersindicatedaysa洗er

comm ercialharvest(day0)."-14"meansfruitat14dbeforeharvest;"3"-"12"

meandaysofstorageat24oC.RibosomalRNAandBiPantibodywereusedas

loadingcontrols.

･52-



(～)
SSatruLIに

Benishogun Korin Ryokanokisetsu

≡o芋= [= [ ≡ ]

MdACS3

MdACOL

MdETR1

MdERSI

MdERS2

MdPGl

rRNA

幣藩L-,t'.-E･-･-Ill I, ･:.- Ig ･･Ir._4" ･･.
汁;T,･漂崇l鱒二一宮誓誓願 J∴-3-,_l牌 i_鮮 r･

泣丁言APi;なまモ
剛 幣

i,一蹴 tf14L'

這 p-:?__.-.i_ __i _i -_gI- l3- ___ -
0 3 6 0 3 6 0 3 6

Days afterharvest

Fig.IIIl2ChangesinfleshflrmneSSandexpressionlevelsofripenlng-relatedgenesin

threeearly-maturing'Fuji'sports.Numbersindicatedaysaftercommercialharvest

(day0)."3日and"6"mean daysofstorageat24oC.RibosomalRNAwasusedasa

loadhgcontrol.
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ExpgheSSionpghOPiesofgQ顔ening-3･elatedgenesin6EujoiタgG40WnaidEWerenilocaigeons

Wecollectedcommerciallyharvested'Fuji'倉uit倉ontwootherlocalitiesinJapan

withdifferenttemperaturehistories.Thenorthemorchard("NFuji",43.0oN)islocated

onHokkaidonearthenorthem limitforapplecultivation.Thesouthem orchard

("SFuji",37.8oN)islocatedinthemiddleofHonshunearthesouthem limitfor

cultivation.Ourlocality,Hirosakicity(40･6oN),liesapproximatelyhalfh,aybetween

NFujiandSFuji,andtheambienttemperaturesofthethreelocalitiesaredistinct倉om

eachother(TableIll-1).Weanalysed'Fuji'fぬitharvestedateachlocalitytodetermine

whetherthepreharvestenvironmentalconditionsaffectripenlngrateafterharvest.'Fuji'

harvestedatHirosakiexhibitedalmostthesametranscriptionalprofileasin2006(Figs.

IIH,3).Although thefirmnessdecreasedverylittleinNFujiandSFuji,thelevelsof

thefirmnesswerecompletelydifPerent倉omeachother｡Overall,itappearsthatsignal

strengthsofripening-relatedgenesdecreasedintheorderSFuji>Fuji>NFuji,although

NFujiexpressedMdPGltransientlyat4dafterharvest.

TableIII-I.Harvestdatesofsamplesandambienttemperatures.

Temperature(oC)*

Sample HaⅣestdate

Maximum M血mum Average

Fuji Nov4

HirosakiF頑 Sep29

NFuji Nov8

SFuji Nov18

*TemperaturesofdaybefわrehaⅣestdate.
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Fig.III-3Changesinfleshfirmnessandexpressionlevelsofripenlng-related

genesinNFuji,FujiandSFuji.Numbersindicatedaysa洗erharvest."4"to"13"

mean3to12dofstorageat24oC(fruitwereintransitonday1).
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ExpDheSSEoOnOfagb顔enEong-3hegaiedSHSPgene

Somesmallheatshockproteins(sHSPs)areinvolvedin鮎itdevelopmental

processes,includingripening(Medina - E s cobar1998,Anjanasreeetal.2005,Faurobert

etal.2007).WeclonedaCDNA(accessionNo.EU636239)thatisahomologueofa

strawberry鮎 itripening-relatedSHSP(accessionNo.X56138).Baseduponthe

molecularweightoftheputativeHSP,wedesignateditMdHSP17.5｡Weanalysedthe

levelsofMdHSP17.5in'Fuji'andearly-maturing'Fuji'SportsbyRT-PCR.̀Fuji'鮎it

hadlessMdHSP17.5transcriptaccumulationthanthefourearly-maturingsports(Fig.

ill-4A).NFujishowedlowerexpressionthanSFuji(Fig.Ill-4B).

TodeterminetheeffectofambienttemperatureonMdHSP17.5expression, we

sampled F̀uji'and'HirosakiFuji'鮎itweekly丘omthemiddleofAugustuptothe

respectiveharvestdates(Fig.ⅠⅠⅠ-5).WealsoinvestigatedMdACS3andMdACOlto

determinethestageofripening.Bothgeneswereexpressed&om2to3weeksbefore

harvest,indicatingthatbothcultivarshadbegunripening.AlthoughMdHSP17.5could

notbedetectedin'Fuji',astrongsignalonSepllandpositiveslgnalsonAug21,Sep

18andSep25wereobseⅣediǹHirosakiF頑'.

InordertotestwhethertheexpressionofMdHSP17.5isinnuencedbyethylene,we

treated'HirosakiFuji'apple鮎itwithhMCPandanalyzedtheexpressionof

MdHSP17.5andethylenereceptorgenesbyRT-PCRornorthernhybridization(Fig.

ⅠII16).TheabsenceofMdERSlandMdERS2mRNAin 1 - M C Ptreatedsamples

indicatedthatthetreatmentinhibitedtheirexpression(Fig.ⅠⅠⅠ-6A).However,the

RT-PCRanalysis(Fig.ⅠⅠⅠ-6B)showedthetreatmentdidn'taffecttheexpressionof

MdHSP17.5,whichmeansitsexpressionisindependentofethylene.
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Fig.Ill-4 RT-PCRanalysisOfMdHSP17.5innpenlngfruitof'Fuji',early-maturing

'Fuji'sports,and'Fuji'fromdifferentlocalities.Numbersindicatedaysa洗ercommercial

haⅣest(day0)asdescribedinFigsIH-2andIⅡ-3.
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Fig.III15ChangesinambienttemperatureatHirosakiandRNAgelblotanalysisOf

MdACS3,MdACOlandMdHSP17.5.FruitwereharvestedweeklyfromAug21to

Nov6.Boxesindicatethemaximum (upperedge),average(innerline)and

minimum(loweredge)temperaturesaveragedweekly(7dbefわrehaⅣestday).
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Fig.III16 ChangesintheexpressionofMdlJSP17.5andethylenereceptorgenes

in'HirosakiFuji'applefruitwithorwithout1-MCPtreatment.Numbersindicate

daysaftercorrmercialharvest(day0)asdescribedinFigsIll-2andIII-3.
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Fig.ⅠⅡ-7Modelfわrslgnaltransductionofripemngrelatedgenes也apple.Higher

ambienttemperaturemightacceleratethenpemngrateviatheexpressionof

MdHSP17.5.
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HI-4Discussion

'HirosakiFuji'wasdiscoveredasabudmutationof'Fuji'inanorchardinHirosaki

cityin1981.1tmaturesattheendofSeptember,about40aearlierthan'Fuji'｡The魚Ⅵit

diameterof'HirosakiFuji'inereasesfasterthanthatof'Fuji'throughoutdevelopment,

althoughthe鮎11-bloomdatesarealmostthesame(Saito,unpublisheddata).Therefore,

themutationresponsiblefortheearlymaturationisunrelatedtotherlPenlng-related

genesin'Fuji'.YetdespitetheabsenceofamutationintherlPenlng-relatedgenes,the

cultivars'expressionpatternsarediffTerent･Therewaslittledifferenceinethylenelevels

duringrlPenlng,butMdACSltranscriptwasundetectableduringtheexperimentinboth

cultivars.AnotherACSgene,MdACS3,actsintheearlystageofripenlngln'Fuji'

(Tatsukietal.2007).Ourrecentworkwithotherapplecultivarshasrevealedthat

MdACS3expressionprecedesMdACSlexpressionbyatleasttwoweeks,andthen

decreasesbecauseofnegativecontrolbyethylene(Harada,unpublisheddata).The

decreaseinMdACS3transcriptsinallearly-maturingsportsmayindicatethatthese鮎it

produceenoughethylenetoregulateMdACS3expressionnegatively.

AlthoughMdACOlexpressionwaslowerin'Fuji'thanin'HirosakiFuji',ethylene

productionshowedlittledifferencebetweenthetwocultivars.Thisresultisthesameas

inareportinwhichtheexpressionpatternofMdACOIshowednoclearrelationship

withethyleneproduction(Wakasaetal.2006).LevelsofMdETRl,MdERSland

MdERS2transcriptsweresimilarin'Fuji'and'HirosakiFuji',yettheproteinlevels

werecompletelydifferent.Theamountsofreceptors(MdERSlandMdERS2)were

muchlowerin'HirosakiFuji'thanin'Fuji'.Sinceethylenereceptorsarenegative

regulatorsinethylenesignalling(HuaandMeyerowitz1998), depletionleadstoa

progressiveincreaseinethylenesensitivity.Thediscrepancybetweentranscriptsand

proteinsaccumulationofreceptorsmaybedependentupontheactionof26S

proteasome(Kevanyetal.2007).Lowerlevelsofreceptorproteinsin'HirosakiFuji'

mayindicatemoreactiveethylenecascadefunctionsin'HirosakiFuji'thanin'Fuji'･

Eventually,theearly-maturingsportsshowedalargeamountofMdPGlmRNA,the

expressionofwhichparallelsthedegreeof鮎itneshsoftening(Wakasaetal･2006)･
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TheMdHSP17.5expressionprofiledifferedbetween'Fuji'andtheearly-maturing

sports,evenin鮎itonthetreebeforeharvest.Thisdifferencewasalsoobserved

betweenNFujiandSFuji.Ambienttemperaturesatharvestdifferedgreatly,丘om

23･3oC('HirosakiFuji')t0-1.8oC(NFuji).Storagetemperatureaffectsthepostharvest

lifeofmosthorticulturalproduce(Johnstonetal.2001;WoolfandFerguson2000),and

temperaturebeforestoragealsogreatlyaffectsethylenebiosynthesisandtheso鮎ning

responseduringripening(Kneeetal.1983,Larrigaudiereetal.1997).Inresponseto

heatandotherstresses, plantssynthesizenumeroussHSPsthatpreventprotein

aggregation and facilitaterecovery &om oxidativestress(Sun etal.2002).

Medina-Escobaretal.(1998)reportedtheexpressionofanSHSPgeneinstrawberry

餌 itduringrlPenlng.Intomato鮎it,theidentificationofripening-relatedCDNAclones

through theuseofESTarraysrevealedthatSHSPtranscriptsweregreatlyupregulated

inripening鮎it(Anjanasreeetal｡2005).Ramakrishnaetal.(2003)reportedthatan

HSP(VIE)playsaroleinpectindepolymerizationinripeningfruit.

AnincreaseintheexpressionofanSHSPmRNAandintheproductionofits

proteinwasassociatedwithhigh dailyneshtemperaturesinapple鮎it(Fergusonetal.

1998).ThegeneforthisSHSPisprobablythesameasMdHSP17.5becauseofsequence

homology.High 1evelsofthetranscriptandproductscontinuedtoaccumulateeven

though neshtemperaturesdroppedatnight,and倉uit鮎shtemperatureswereasmuch

as150Caboveambientwhen鮎itwereexposedtodirectsunlight.Therefore,the

temperaturehistoryofapple倉uitwouldhaveafargreatin且uenceonthenpening

process.Evenshort-term increasesin鮎ShtemperaturewouldbesufflCientfor

metabolicchangestotakeplaceinthetissue.AtransientstrongsignalonSepllin

'HirosakiFuji'mighthavecome&omasamplecollected&omdirectsunlight.The

absenceofanMdHSP17.5signalin'Fuji'throughoutAugandSepmighthavebeendue

toalowerresponseofsHSPsinimmaturegreen'Fuji'倉uitthaninmaturered̀Hirosaki

Fuji'鮎it.TakingintoaccountthattheexpressionofMdHSP17.5isnotrelatedto

ethylene,thedifferencesinneshfirmnessamong餌its丘omthethreelocalitiesmust

alsobecausedbydifferentdailyambienttemperatures.

Ourresultsindicatethatahistoryofhigh temperaturerobustlyaffects鮎itquality
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through HSPs.WeproposethattheproductofMdHSP17.5,alongwithotherHSPs,

protectsrlPenlng-relatedproteinsagainstdenaturationcausedbyoxidativestressduring

ripening.Therefore,SHSPsaccumulatedinresponsetotheriSeindaytimetemperature

facilitatetherlPenlngOf'HirosakiFuji'.

Inconclusion,earlymaturingsportsofF̀uji'losetheintrinsiccompetencein

maintainingOfpostharvested鮎itfirmness.Furthermore,distinctripenlngProfilesof

F̀uji'鮎it倉omthreelocalitiesarealsoobserved.Toclarifythemolecularmechanism

bywhichthecauseisaccounted.Weanalyzedtheexpressionsofseveralripenlng

relatedgenesincludingasmallheatshockprotein(MdHSP17.5)gene, whichisa

homologousgenetoastrawberry鮎itripening-relatedHSP.Thedataobtainedinthis

studyindicatethepossibilitythattheexpressionofthesHSPsin鮎itontreesduring

ambienthigh temperatureaffectstheripeningprofilesofpostharvest(Fig.Ill-7).

Furtherstudiesareneededtoelucidatethemolecularmechanism.

Ill-5Summary

Fruitofapple(MalusxdomesticaBorkh.)'HirosakiFuji',asportofF̀uji'that

maturesabout40dearlier,producedalmostthesameamountofethyleneas'Fuji'

duringrlPenlng,butrapidlylostneshfirmness,unlikèFuji',whichhasalongshelflife.

Expressionprofilingofgenesencodingethylenebiosynthesisenzymes(MdACSland

MdACOl),ethylenereceptorproteins(MdETRl,MdERSlandMdERS2)andcellwall

degradationenzyme(MdPGl)in'HirosakiFuji'gavesignificantlydifferentresults

翫)mthoseof'Fuji'.MdERSIwasmoreabundantduringrlPenlngln'Fuji'thanin

'HirosakiFuji'.Profilesof'Fuji'鮎it丘omtwootherlocalitieswithdifferentambient

temperaturesrevealedthatthemoresoutherlythetreesweregrown,themorestrongly

theyexpressedtherlPenlng-relatedgenes.Thegeneforasmallheatshockprotein

(MdHSP17.5)homologoustoastrawberry鮎itripeningorelatedHSPwasexpressedin

'HirosakiFuji'丘ombeforeharvestonthetree,butwasexpressedin'Fuji'onlya鮎r

harvest.Themolecularmechanismsexplainlngthesedistinctripenlngresponsesare

discussed.
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Genera且diseussion

Themainfactorthatdeterminesthepostharvestqualityof鮎itcropsistherateof

so鮎ningofthe鮎itduringstorageandonshelf(Knee2000).Fromthefarmtothe

market,itcostsagreatdealtoprevent倉uitso鮎ning.Although appleshaveamuch

longershelflifethanotherpome倉uit(Knee1993),thereisamarkeddifferenceinthe

storageabilityamongcultivars(Johnstonetal.2002).Fruitripeningisin且uencedby

bothintemalandextemalcues,suchasgeneticregulation,hormone,lightand

temperature,butuntilrecently,moststudywaslimitedsignificantlytotheregulationof

ethylenebiosynthesis(Adams-Phillipsetal.2004).Forethyleneregulation,MdACSlis

themoststudiedfactorsofar(Oraguzieetal.2004).However,MdACSlallelescannot

completelyrenecttheethyleneproductionandfirmnessofapple倉uit(Sunakoeta1.

1999;Oraguzieetal.2004;Oraguzieetal.2007).Inthiswork,itshowedastrong

correlationbetweenMdACS3agenotypesandethyleneproductionandfhitsoReningln

apple.ThewildACS3atogetherwiththelossofactivityallele,ACS3a-G289V,andnull

allelietype,acs3a , determinestheethyleneproductionandstorageabilityofapple

cultivars.TheresultinthisstudyhasindicatedthatMdACS3afunctionsinthe

regulationofsystem-1ethylenesynthesisinwhichbasallevelbutsufficientethyleneis

synthesizedtoinitiatesystem-2ethylenesynthesiswhichischaracterizedbyburstof

ethyleneproduction.Therefore,enzymesinvolvedinsystem-1ethylenebiosynthesis

maybethekeyfactorstodeterminethetotalethyleneproductioninrlPenlngaPPle鮎it.

Thesofteningprofileofapple鮎ithasbeendividedintothreephases(Johnstonetal.

2002).Fruitssoftenslowlyduringthefirstphase(Ⅰ),morerapidlyduringthesecond

phase(II),andtheagainslowlyinthefinalphase(Ill).Oncethesecondphasesoftening

isinitiated,itisdifficulttoslowdown.Ithasbeenclearthattherapidphaseso鮎nlnglS

associatedwithIEC(Johnstonetal.2001).Thus, thesystem-1and-2ethylene

biosynthesisprobablyreferstothephaseIandII鮎itso鮎ning,respectively.Most

likely,controllingtheactionofenzymeinsystem1,MdACS3a,lSaneffectivewayto

controltheethyleneproductionand丘uitsoftening.Then,itleadstoaquestionthatwhat

inducesthesystem-1ethylene･
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TheChangesofexpressionsofethylenetranscriptionfactors,MdERFs,indicated

thatfactor(S)independentofethyleneinnuence(S)apple鮎itripening.Furthermore,it

isconclusivethattheenvironmentfactor,ambienttemperature,affectstheapple鮎it

rlPenlngProcessbyinducingtheexpressionsofMdHSP17.5andotherHSPs.Itis

presumedthattheseHSPswhichactasmolecularchaperonesprotecttherlPenlng

relatedproteins丘omdenaturation,although theexactnessofthismechanismneedsto

beconfirmedbyextrawork.Oraguzieetall(2007)hasreportedthatharvestdatealso

in且uencesthepostharvestethyleneproductionand鮎 itso鮎nlnglnapple.Theearlier

theapplesareharvested,theeasierthe鮎itssuffer丘omhigh ambienttemperature.In

thissense,harvestdate(ambienttemperature)mostlikelyaffectsappleripeningvia

HSPs.

Basedontheseresults,itcanbeconcludedthatMdACS3aallelestogetherwith

ambienttemperature(harvestdate)determinethepostharveststorageability.Allthe

applecultivarscanbeclassifiedintodifferentgroupsaccordingtotheinteractionof

MdACS3aallelesandharvestdate(Fig.IV).Cultivars,whichareACS3a-G289V/

ACS3a-G289Voracs3a/ACS3a-G289Vandharvestedlateincludedintheredpart,have

thehigheststorageability;andthoseincludedingreenpartwithACS3a/ACS3aand

harvestedearlyhavetheworststorageability;othersareintheintermediate.Based

uponthissystem,itishelpfulforapplebreederstoselectthecultivarswithlongshelf

lifeandsubsequentlysupplythemarketwithappleofhigh quality,whichwillbe

beneficialtodecreasetheinnuenceofhigh-costCAstorageonapplepriceandincrease

applegrowers'income.

Althoughmanyexperimentshavebeenperformedonstudying玉mitripening,thereis

stillmuchnecessaryworktodointhesubsequentresearch.Ethylenehasbeenthought

astypicallynecessaryfor鮎itripening(Adams-Phillipsetal.2004),butwhatinitiates

thebiosynthesisofendogenousethyleneisstillunclear･Ambienttemperamentmost

likelyaffects鮎itripenlngViatheactionofHSPs,whereasthemechanismbywhich

HSPsregulate鮎itdevelopment,maturationandripeningneedsalotofworkto

elucidate.Additionally,thosefactorsaffectingthedevelopmentofapple鮎itmayhave

innuenceonthepostharvest鮎itripenlng,however,littleisconcentratedonthisareaso
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far.Moxonetal.(2008)recentlyreportedthatamicroRNA(miRNA)identified免･om

tomatotargetstoaCTRfamilygeneinvolvedin鮎itripenlng,Whichopensanew

avenueinthefieldof鮎shy鮎itdevelopmentandripeningbynslngthepossibilitythat

miRNAregulates鮎itdevelopmentandripenlng.Studiesonthisfieldshouldenable

researchersstudying鮎itripenlngtOidentifynewgeneticregulatorsofripenlnginthe

near鮎ture.
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Fig.IV SchematicforapplestorageabilitydeterminedbyInteractionofACS3aallelic

genotypesandharvestdate.Thered,greenandyellowcuboidsindicatetheACS3aallelotypes;

thedeep-coloredandlight-coloredpartsineachcuboidrepresent血elatehaⅣestedandearly

harvestedcultivars,respectively,asshowedinthefigure.Thesymbols"+"and"-"refertothe

alleleswith(ACS3a)Orwithout(ACS3a-G289Voracs3a)ACS3aactivity.Theheightofcuboid

meansthestorageabilityofvariesofapplecultivars.Apartofthecultivarswerelabelledinthe

cuboidswhichtheybelongtoaccordingtotheirrespectiveharvestdateandACS3aallelotypes.
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Gemera且summary

Theapple(MalusxdomesticBorkh.)トaminocyclopropane圭carboxylate(ACC)

synthasegene3(MdACS3a),whichisexpressedpredominantlyatthetransition倉om

system 1tosystem 2duringapplerlPenlng,derivedfrom variouscultivarswas

sequencedatgenomicandCDNAlevel.TheSNPsanalysisrevealedanACS3aallele,

ACS3a-G289V,wascausedbyanaminoacidsubstitution(Gly289-Val)which

occurredintheactivesiteofACCsynthase.Over-expressionofMdACS3a-G289VinE.

coliindicatedthatthemutationofG289VinactivatedtheACCsynthase.Ontheother

hand,anullgeneofMdACS3a,acs3a,existsinthegenomeofapple.RNAge l-blotand

R羊PCRanalysisshowedthatacs3a/ACS3a-G289Vcultivarproduceslittleethyleneand

hashigherstorageabilitysuchas'Kitaro' and'Koukou',comparedtothose

ACS3a/ACS3a-G289Veultivars,suchas'Kotaro'and'Gala',althoughboth'Kitaro'and

'Koukou'areheterozygousforMdACS1-1/2.ACS3a/acs3acultivarsalsoproducelittle

ethyleneandhavegoodstorageability.BasedupontheACS3aallelicgenotype,the

cultivarsuchas'KouKou'isidentifiedashavingbetterstorageabilitythan'Fuji'.An

SSRwasfoundtobelinkedwiththeSNPsofACS3a-G289V,whichcanbeusedasa

DNAmarkertoidentify thecultivarshomozygousforACS3a-G289V.Ourresults

suggestedthatACS3aplaysacrucialroleinregulationoftheethylenebiosynthesisin

applefruit,anditisthemaindeterminantofethyleneproductionand丘uitstorage

abilityofapple.

TwoMdERFs(ethylene-responsefactors)wereisolated倉om ripeningapple(cv.

GoldenDelicious)餌it.ThefeaturesoftheirconservedmotifsindicatedthatMdERFl

andMdERF2belongtogroupVIIandgroupIXcategorizedinArabidopsis,respectively.

MdERFIwasexpressedpredominantlyinripeningfhit,although asmalldegreeof

expressionwasalsoobservedinnon-丘uittissues, whereasMdERF2wasexpressed

exclusivelyinrlPenlng丘uit.TheincreasedexpressioninrlPenlng鮎itwasrepressedby

treatmentwith1-methylcyclopropene(1-MCP,apotentantagonistofethylenereceptor),

indicatingthattranscriptionisregulatedpositivelybytheethylenesignalingsystem.

Indeed,itwasatendencyforcultivarswithlowethyleneproductiontoshowlower
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MdERFsexpressionthanthosewithhighethyleneproduction.

TheeffectofambienttemperatureontherlPenlngProcessWasalsoinvestigatedusing

apple鮎itof'Fuji'anditsearlysportcultivars.Expressionprofllingofgenesencoding

ethylenebiosynthesisenzymes(MdACSlandMdACOl),ethylenereceptorproteins

(MdETRl,MdERSlandMdERS2)andcellwalldegradationenzyme(MdPGl)in

'HirosakiFuji'gavesignificantlydifferentresults倉omthoseof'Fuji'.Thegenefora

smallheat shock protein (MdHSP17.5)homologous to a strawberry 倉uit

rlPenlng-relatedHSPwasexpressedin'HirosakiFuji'倉ombeforeharvestonthetree,

butwasexpressedin'Fuji'onlyafterharvest.TheexpressionofMdHSP17.5wasnot

affTectedbythetreatmentofhMCP,indicatedthatMdHSP17.5mightinnuencethe

apple鮎itripenlngViaanethyleneindependentpathway.TherolesofMdACS3a,

MdERFsandMdHSP17.5inapple倉uitripenlngandthemolecularmechanismofhow

ambienttemperatureaffectsapplerlPenlngProcessWerediscussed.
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