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Preface  

Thetoxiceffectsofsulfurdioxide，nitrogendioxideandozoneonplantshavebeen  

extensivelystudiedattheinstitutebyconductingaspecialresearchprogramsince1976・  

TheresultsofthefirstthreeyearsprogramwerepublishedintheResearchReportNo・11  

（1981）entitled“StudiesontheEffectsofAlrPollutarLtSOnPlantsandMechanismsof  

Pyhtotoxicity”．   

Inthefirstprogram，mOSt Studieswereconcernedintheeffectsofthesinglealr  

pollutant・However，plantsareusuallyexposedtothemixedairpollutantsintheurban  

areaandfewresultshavebeenreportedontheeffectsofrnixedairpollutantsonplantsL  

Forclearunderstandingofthe effects ofthemixedpollutants，thesecondthreeyears  

researchprogram”StudiesonEffectsofAirPollutant MixturesonPlantsnhavebeen  

conductedfrom1979 to1982．   

Mixed gas showed either additive，Synergistic orantagonlSticeffectofthe single  

gases・The sensitivity ofplants to mixedpo11utantswaschangedbyspeciesandby  

combination of the pollutants. The mechanism of phytotoxicity was studied from 

physiologlCal，biochemicalandmicrometeorologlCalstandpoints・Theseresultsarecollec・  

edinthlSrepOrt．Thedetaileddescriptionofthefacilitiesinwhichtheexperimentsire  

conductedis alsoincluded，The extensive studies should be continued to reach the  

completeunderstandingofthemechanismofphytotoxicity・  

ThepreviousreportNo．11（1981）seemstocallattentionamongbiologistsaswe11  

asenvironmentalscientists．Weappreciatethattheusefulsuggestionsanddiscussionare  

glVentOthereport．   

1tishopedthatthis－ePOrtisalsoofsomeuseforscientistswhoareinterestedinthe  

toxiceffectsofatmosphericpollutants．  

Jiro Kondo，Eng．D．  

DlreCtOrOftheNationallnstitute  

forEnvironmentalStudies  

．
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Res■Rep▲Nat］・Inst・Environ・Stud・，Jprl・，No．65，1984．  

Effects of Air Pollutants on Transpiration Rate in Relation to 

AbscisicAcidContent  

NoriakiKondoland KiyoshlSugaharal  

1EnvironmentalBiology Division，the Nationallnstltute for EnvironmentalStudies，   
Yatabe－maChi，Tsllkuba，1baraki305，Japan．  

The effects ofair pouutants singly orin mixture on transpirationratewereex－  
amineduslngSeYeralplantspecies．ThetransplrationIateOftomatoandpeanutplants  
WhichcontainlargeamountofABAwasTaPidlydecTeaSedbyexposuTetOO・5ppmO”  
Whiletherateofradish，bIOadbean，SpinachandcornplantswlthallttleABAgradually  
decllned orbegan todecreaseafteralagperlOdof20－30min．Thefumlgationwith8  
PpmNOユgaVetheresultssimi1artoO，fumlBation．TTledecllneOftransplrationIateOf  
tomatocausedbyashorttermexposureto2ppmSOland8ppmNOっsinglywascom・  
p】ete】y res†ore（】両肌れ24）18r！e一書hetem血aIjor】Ofとムefum】gatjon，lVherea5tller8te  
decreased by O，WaSnOtrCStOredatall・FllmigationwlthO．05ppmO，andO．1ppm  
SO2Singlyhadnoeffectontranspirationrateoftomato．ExposuretoO．05ppmO，arld  
NO2attheconcentIatlOnSabove2ppminmixturepronouncedlydecreasedthetranspi－  
ratlOnTate，WhileOLlppmSO，a11eviatedtheinhlbitoryeffector4ppmNO。．  
SOユfumlgation for30－40min hadllttleeffectonABAcontentinleaYeSOfar）y  

SpeCiesofplantstested，WhileO，fumigationdecreasedthecontentinbroadbeanleaves，  
SuggeStlngthatthechangeoftransplrationrateduringthefumlgationdidnotresultfrom  
thechangeofABAcontentinleaves．  
Keywords：Abscisicaeid，Nitrogendioxide，Ozone，Stomata，Sulfurdioxide，Transpi－  
1atioll．   

Airpollutantsareabsorbedbylandplantsmainlythroughstomata．Ithasbeenoftenob－  

SerVedthatthedegreeofplantinjurycausedbySO2fumigationwascloselycorrelatedwiththe  

amountofabsorbed SO20rthe∴rateOfSO2absorption（Thomas＆Hill，1935；Thomas，  
1961；Taylor，1973；Caput＆Belot，1978；Ornasae［aL・，1981），InjuryduetoO，fumigation  
hasbeen reported to bereducedby treatment withABA whlChisknown to closestomata  
（Adedipeetal・，1973）・Theseresultssuggestedsomerelationshipbetweentheplantdamage  
andstomataldensityand／oraperturesize．However，therehasbeennoexperimentalevidence  
forthissuggestionuntilarecentdateL Rapidstornatalmovementinducedbyfumigationwith  

AbbreYja暮ion：ABA．8bscisic8Cid．   



No－iakiKondoandKiyoshiSugahara  

airpo11utarltSWOuld bealsoconcernedintheinjury．We have already reportedthatSO2－  
resistantplantshadhighcontentsofABAandrapidlycIosedthestomatainresponsetoSO2  
fumigation（Kondo＆Sugahara，1978；Kondoe（al・，1980）・1nthepresentstudy，WeeX・  
aminedthestomatalserlSitivitytoO3andNO2inrelationtoABAcontent．lnaddition，the  
StOmatalbehavioraftertheterminationoffumigationandtheeffectofthemixedairpollutants  
OnStOmatalmovementwerealsoinvestigated．  

Mated山sandMethods  

鞄〃rJ和書e′氾ね  

Tomato（LycqpersiconesculentumMillcv・FukujuNo．2），Peanut（4rachishypogaeaL  
CV．Chibahandachi），radish（凡御舟椚uS Sa（ivus L．cv．Minowase）and corn（ZeaTn町S L cv・  
YellowDent・COrn）plantsweregrownat25±0．50cwitharelativehumidityof70±5％inan  
environment・COntrOlledglasshouseundernatural1ightconditionsforabout6・7，7－8，5andl  
weeks，reSPeCtively．Broadbean（ViciaJbbaL．cv・Otafuku）andspinach（箪血収加  
L．cv，NewAsia）plantsweregrownat22±0．5and20±0．50cduringthedayand17±0．5  
and15±0．50c atnightforabout 6・7 and 5weeks，reSpeCtively．Tobacco（朗co  
LabacumL・CV・SamsunNN）plantsweregrownforaboutthreemonthsaEterOWinginagreen‾  
houseat20・280c，Pottingsoil，nutritionandirrigationwereasdescribedprevlOuSly（Kondo＆  
Sugahara，1978）．   

凡聞知舵晰ガ如拙い相加か舛肋血舶  
The testplantsgrownintheglasshousewere transferredtoagrowthcabinet（170 ×  

230×190cm）at9：00－10：00A．M．forfumigationofSO2，NO2and O3．Theplantswere  

preconditionedforlto2hinthecabinetat25±0．50c（22±0．5and20±0、50cinthe  
Ca5eSOfbroadbea刀amd5pimcll，re5peCかely）witllarelaかehuml血yof75±3％undeJliかf  
intensityofabout400pEm‾2 srlppFDatleaflevel．Thelightsourcewas24metalhalide  
lamps（400W；YokoI．amp，Tc＞Shiba）．TheconcentrationsofSO2，NO2 and O3inthe  
Cabinetrosetothedesiredlevelsin5tolOminafterthestartofintroductionofthcgases！and  
COntrOuedbelow ±0．04％ofthe fixedconcentrations．Theconcentrationsof SO2，NO2 and  
O3inthecabinetfeuto50％oftheequilibratedlevelwithln4，5and4minafterthest叩Of  
gassupply．MeanwindvelocityinthecabinetwasO．22m／s．   

〟ぞd∫〟′eme〃rqr加〝甲J相ぬ〝和一e   

Toinvestigatestomatalmovementcausedbyairpollutants，thechangeoftranspirationrate  
WaSmeaSured．Thetranspirationrateoftestplantswasobtainedfromtherateofdecreasein  
the weight ofthe pot containing aplant．The pot was coveredwithVinylsheettoprevent  
evaporationofwaterfromthesoilsurfacc・AfterthefumigationexperimerLtSWaStheleafar甲  
measuredwithaleafareameterandthetranspirationrateperleafareawasdetermined．  

11ll／  

放〃甘C加ゎα〃d椚eの〟Ⅳme〃r（げdβA   

Approximately3to5gofleavesofallageswereexcisedfrornvariousleafpositionsofthe  
testplantsandquicklyweighed・Immediatelyafterweighingweretheleavesimmersedinice  
cold60mlofmethanol・ethylacetate・aCeticacid（50：50：1，V／Y）contalning20mg／12，6・di・  
tert・butyl・4・methylphenol（Lovey，1977），homogenizedinahomogenizer（Polytron，瞥ine－  
matica）andauowedtostandovemightat40c．ThehomogenatewasthencentrifugedforlO   



Tran5pirationchさmgebyairpollutantsandABA  

minat7，000xgat40c．Theextractionwasrepeated，andtheextractswerecombinedandcon－  
centratedinanevaporatorat400ctotheaqueousphase・Theaqueoussolutionwasdiluted  
with distilled and deionized waterupto50ml，then partitioned three timesagainst equal  
volumesofn・hexaneatpI12・5andthereafteragainstequalvolumesofdichloromethanethree  
times atpH9．O and then three timesatpH2．5（Ciha，e（al．，1977），TheacidicdicIlloro・  
methane extracts werecombined and evaporated to dryness．ABAinthedriedextractwas  
purified by thinlayerchfOmatOgraphy，methylated withdiazomethane andanalyzedbygas  
liquidchTOmatOgraphyasdescribedpreviously（Kondo＆Sugahara，1978）．Eachsamplewas  
measured three timesand the meanobtained．Valuesin Tableland2areaveragesofthe  
quantitiesoftwoorthree＄amPles．  

Tablel EffectofSO2fumigationonABAcontentinplantleaves  

A】）A（ng／grr．wt）a  

Non－fumigated  Fumigated  

TonlatO  338±36  340 f 27 

185   

99   

20± 6  

4± 1  

Pea】lut  195  

Tobacco  lO8  

Radisl1  16± 2  

CoH1  2± 0  

Test plantswer¢eXpOSed to2ppmSOt foT30－40mm．  

きAverageofthreesamples±SDoraverageoftwosamples  

Table2 EffectofO，fumigationonABAcontentinbroadbeanleaves  

ABA（ngノgfr．wりa  

Non－fumigated  8．0±1．3  

03fumlgated  4．8±1．7  

BroadbeaれplantsweTeeXpOSedtoO．5ppmO3rOr3叫Omin・  
aAveはgeOrth【ee弧mples土SD・  

Res山tsandDi虻uSSiom  

EffectofO・5ppmO30ntranSpirationrateofsixspeciesofplantsisshowninFig・1・The  
transpirationratesoftomatoandpeanutplants■containinglargeamountsofABA（Tablel）  
began markedlytodecreasewithlnlOminafterthecommencernentofthefumigation，While  
radish，broadbean，SpinachandcornplantswithlowABAcontents（Tableland2）showed  
gradualdecreaseintranspiratjonrateorbegantodecreaseintherateafterlagperiodsof20－30  
min・Thefumigationwith8ppmNO2gaVethesimilafreSults（Fig・2）・Theseresultscoinci－  
dedwith the case of2ppm SO2fumigation，eXCePtthattherateofcomplantwasrapidly   



NoriakiKondoandKiyoshiSugahara  

decreasedbySO2fumigation（Kondo＆Sugahara，1978；KondoetaL．，1980）．Theeffect  
OfconcentrationofSO20nthechangeintransplrationrateoftomatoisshowninFig・3・The  
lowerthecorlCentrationwas，thesrnallerthesuppressiveeffectofSO2WaS，buttherapidityof  
thedecreaseinthetranspirationratewasidenticalamongthreeconcentrationsofSO2teSted．  
Next，WeeXamined the restoration oftransplration rate aftertheterminationoffumlgation  
（Fig・4）・Tomatoplantswereexposedto2ppmSO2，8ppm NO20rO．5ppm O3for30min，  
thenthegassupplywasstopped．Transpirationrateoftomatoplantsexposedto SO2，NO2  
and O3decreasedwithin30minoffumigationandonlyslightlyrestoredduring2hafterthe  
termination offumigations．After24h，thetranspirationratedepressedby SO2 and NO2  
WaSCOmpletely restored，but the rate decreasedby O3WaSnOtreStOred til124hafterthe  
terrnination・Thechangeoftransplrationrateofcornplantdueto SO2fumlgationwasalso  
ShowninFig，4．The／rateWaSdecreasedby2ppm SO2tO57％oftheinitiallevel，thengradu－  
a］1y restored afteT the dlSCOJltjnuance offumiBatjon andTeaChed94％oftlleinitialJeve12h  
later．The decline oftranspiration rate caused by shorttermexposuresto SO2 and NO2  
mightmeantemporaryavoidancefromairpollutants，Whilethedeclinecausedby O3WOuldbe  
aresultofirreversibledamages．  
Fig．5showstheeffectofNO2additionontranspITationrateoftomatoplantsbeingex－  

po5edfo】owconcenけatjo爪OfSOz orO3，Wh血a】oneexertednoe蝕ct0月therate■To∫”∂ね  
plantswere continuouslyexposed to O・05pprn O30rO．1ppmSO2andbesidesexposedto  
NO20fwhichtheconcentrationwasraisedsuccessivelyevery40minfromO．5to4ppm．The  
transpirationratedecreasedwithriseofNO2COnCentrationwhetherNO2fumigationwasper－  
formedsinglyorinmixturewithO3．ThesuppressiveeffectwaslargerincombinationofNO2  
WjthO3tわaIl血NO2山one．Sometime5eVemata】owcollCentra貢onorNO2，thetransplra臼on  
rate rapidly declined．ThlSrapid decreaseinthe ratewasenhaJICedbyO．1ppmSO2．Butat  
higherconcentrationsofNO2（3and4ppm），thetranspirationratebecamehigherinthemix・  
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Fig，1Changesintransplrationratewith O3fumigatlOn  

Testplantswerepreconditionedforabout2hinthegrowthcabinetprlOTtOO・5ppm  
O3fumigadon・03gaSWaSintroducedirLtOthecabinetatOtlmeindlCatedbythe  
alTOW．   
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Fig・2 ChangesintranSPlrationratewith NO2 fumigatlOn  

TestplantswereprecoIlditlOnedforab6ut2hinthegrowthcabinetprlOrtO8pprn  
NOユ fumigation・NO，gaSWaSintroducedintothecabinetatOtlmeindicatedby  
thealrOW．  
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Fig・3 EffectofSO2COnCentrationontranspirationrateoftomatoplant  

SO2gaSWaSintroducedatOtimeindicatcdbythearrowandmalntaユnedat O・5，1・0  
0T2．O ppm．  

ture thanin NO2alone・Namely，SO2alleviated the effect ofhighconcentratioIISOfNO2．  
Therefore，1argeramountofNO2mightbeabsorbedbytheplantthroughstomatainthemix・  
turethaninNO2aloneathighNO2COnCentration．NO2inthepresentrangeofcorlCent；ation，  
0，05ppmO3andO・1ppmSOleaChusual1ycausedlittlevisibleinjurytotomatoleaves，but  
thefumlgationwiththemixtureofNO2andOLIppmSO2wi1tedmosttomatoleaves・Thepre・  
SentIeSultisconsistentatlowNO2COnCentrationwithpreviousreportswhichhavedescribed  
thestomatlclosurebythemixtureofSO2andNO2（Ashenden，1979；Amundson＆Weinstein，  

5   
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Fig．4 Ch即IgeS血ha∫l坪山ほ如nrateoftomaわ血dcompねn亡Safter仇e  
terminationoffumigationwith SO2，NO2 0rO3  

Tomato and complantswereexposedto2ppm SOユ，8ppm NOlOIO・5ppm  
O。for30minandthenthefumlgatlOれWaSStOpped・  

Fig．5 Effectsof O3（A）and SO2（B）onthechangesintranspiration  
ratecausedby NO2 fumlgation  

Tomatoplantswereexposedto O・05ppm O3Or O・1ppm SO2，and－henNO3  
WaSintroducedatOtlmeandmalntainedattheindicatedconcentrations■ NOI  
COnCentrationwassuccussivelyralSedattheinteⅣalof40min・0，NO2alone；●  
mixtureorNO】andO・05ppmOュ（A）orO・1ppm SO】（B）■   

1981）．   
Theeffectof SO2 fumigationonABAcontentinleaveswasexamined，ABAcolltentWaS  
notchangedby SO2・nlmigationfof30・40minintomato，Peanut，tObaeco，radishandcorn  
plants（Tablel）．0，hmigationfor30－40minreducedABAcontentinbroadbeanleaves   



TranspifationchazlgebyairpollutaJltSandABA  

（Table2）．The7efore，itmightbe concluded thatthe decreaseintranspiTationTateObserved  
from20・30minafterthestartofnlmigationwithSO2，NO2andO3doesnotresultfromthe  
increaseinABAcontentin1eaves．Longtermfumigationwiththesepollutantsprobablycauses  
damagetostomatalfunction．  
TheresultsobtainedinthepresentexperimentssuggestthatABAcouldactasacontrolling  
factorfDrPrOteCtionofplantsfromdamagesinducednotonlyby SO2butalsoby NO2 0r  
O3．However，it remains to be soIved whether ABAplayssomeirnportantrolesasthepro・  
tectingsubstanceundermixedairpollutionornot，  
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大気汚染物質暴露による蒸散速度変化   

とアブサイシン酸含有量との関係  

近藤矩朗－・菅原 淳1   

0．5ppmオゾン（03）及び8ppm二酸化窒素（NOヱ）暴露による植物の蒸散変化を，アブサイ  

シン懐（ABA）含有量の多いトマト，落花生及びABA含有塁の少ないダイコン，ソラマメ，  

ホウレンソウ，トウモロコシを実験材料として調べた。トマトと落花生の蒸散速度は03暴露に  

より急速に低下したのに対し，ダイコン，ソラマメ，ホウレンソウ，トウモロコシの蒸散速度は  

暴露開始後徐々に低下した。NOz暴露の場合も同様の結果が得られた。2ppm二酸化硫黄（SO2）  

と8ppmNO2により低下したトマトの蒸散速度は暴露停止後回復したが，0・5ppmO3による蒸  

散低下は回復しなかった。0．05ppmO＝－がNOzと同時に与えられると，NO2による蒸散低下は促  

進されたが，0．1ppmSO2はNO2の影響を軽減した。   

30－40分間のSO2暴露は植物葉のABA含有動こはばとんど影響を与えなかったが，03暴露  

によりソラマメ稟のABA含有量は低下した。これらの結果より大気汚染物質暴露時の蒸散速度  

の変化がABA含有量の変化によるものではないことが示唆された。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
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Effect ofSulfite on StomatalAperture SizeiJIViciaEpidermal  

Peels  

NoriaklKondol，IsseyMaruta2andKlyOShlSugaharal  

1EnvironmentalBiologyDivision，theNationalJnstituteforEnvironmentalStudies，   
Yatabe・maChi，Tsuk11ba，Ibaraki305，Japan．  
2 Research Co11aborator ofthe NationallnstituteforEnviTOnmentalStudies．PfeSent   
address＝Faculty ofAgriculture，Nagoya University，Chikusa，Nagoya，Aichi464，   
Japan，  

me stomatalapelture Skelnl々c由epidermalst【ips was reduc郎1by suけite．  
StomatalsensitivitytosulntewasveryhighatlowpH．Sulnteadditiontotheincubation  
medium caused arapid stomatalclosureat pH4．0，anditinhibitedstomatalopenlng  
induced bylightatp116．0．SulrltetreatmenthardlychangedK＋eontentinthestrips，  
whileit notably reduced malate content，eVen、ifKIDA was usedin place ofKCloT  
PyruVateWaSadded．SulfiteremaIkablydecreascdATPcoJltentinthestrips・Mechanism  
ofdecreaseofmalatccontentcausedbysulntewasdiscussed．  
Keywords：ATP，Malate，PH，Potassium，Stomata，Sulfite，】乃cia・   

ThetranspirationrateoftheplantswithahlghABAContentwasrapidlydecreasedbySO2  
fumigation（Kondo＆Sugahara，1978）．Basedonthismlding，WeprOpOSedtheideathatABA  
WOuld act as a controlling factor for stomatalclosu【einduced by SO2fumigation and  
COnSequentlyforresistancetoSO2injury・However，PCOrnandsorghumcontainingonlyalittle  
ABAalso decTeaSedinthetranspirationratefdlowingSO2fumigation（Kondoe［．al．，1980），  
SuggeStingthat SO2itselfclosed stomatawithoutABA－dependentregulationinsomeplants．  
SO2absorbedbyplantleavesthroughstomataistransformedintosulnteand／orbisulfiteions  
Onthewetsurfaceofguardcellsandincytoplasmicnuld，reSultingirLtheprotongeneration．  
Therefore，the effects of SO2 0n the stomatalmovement must be derived from sulfite or  
bisulnteionsand／orfromloweringofpH・Thestomatalclosurebysulfitehasbeenreportedby  
SOmeWOrkers（Zelitch＆Walker1964；Taylore（al．，1981；Rao＆Anderson，1983）．   
Stomatalmovementsarecausedbychan邑eSinguardeellturgorarisingfTOmthemovement  
of K＋and H＋wlth electroneutrality beingmaintaiLledbymovementofCl‾orinternal  
PrOduction of malate（Raschke，1979）．The enzymeSinvoIvedin malate formation，PEP  

AbbreviatiorL＝ ABA，abscisicacid；KIDA，POtaSSit・nimirLOdiacetate；MES，2L（N－mOrPholino）・ethanesulfonic  
acid；PEP，phosphoenoIpyruYate．   
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Carboxylaseand NADP－malate dehydrogenase，jn epjdeTm】SOfpeaユeayesweresuppTeSSedby  
SO2fumigation（Raoe［al．，1983）．1thasbeenalready reportedthatPEPcarboxylaseand  
malatedehydrogenasewerestronglyinl1ibitedbysulntetreatmentincompetitionwithCO2  
（Ziegler，1973，1974；Muker］i＆Yang，1974）．Theseresultssuggestthatsulntetreatmentwould  
reducemalatecontentandinturnK＋contentinguardcells．1ntheprcsentexperiments，We  
investigated the effects ofsulnte on stomatalaperture and contentsofK＋andmalatein  
epidemalpeelsrromI今c血カ∂〃1eaves．  

MaterialsandMethods  

飽〃J椚〃Jer由J∫   

ViciaJbbaL．cv，Otafukuwasgrownforabout5to6weeksat22±0．50cinthedaytime  
and17±0．50catnightwitharelativehumidityof70±5％inanenvironment－COntrOlledglass  
ho11Seundernatural1ightcondltionstThepTePaLationofepidermalpeelswasdoneinthesame  
manner as described previously（Kondo e［al．，1980）．Epidemlalstrips were peeled with  
tweezersfromtheabaxialsurfaceofsecondlyandthirdlyyoungleavesoffullyexpandedones，  
如mersedindis日出edwaterandsonjcatedfor2mjn前山a20－KCU】tra50nicdisruptor（Branson  
Sonifier185）toellminatemesophyllcontaminationandepidermalcytoplasmexceptforguard  
Cells（Durbin＆Graniti，1975），then washed wlth fresh deionized water．Microscopic  
Observationsconfirmedthatnomesophyllcellsadheredtothesonicatedpeels，   

〟eα∫u′e∽e〃r（巾わ椚αr〟J呼g他作ざたeJ〃e〆de〝乃αJ∫JJ車J  

ThesonicatedepidermalstripsweretransferredtolOmlofbuffersolutioncontalnlnglO  
mMKC］，0．1mMCaC】2andvaryingconcentratjonsofNa2SO3WithO．1mMEDTAtosuppress  
Sulfiteoxidationinvialsunlessotherwisestated．One－tenthstrengthofMcllvaine’sbuffersor10  
mM MES－NaOH buffer，pH6．0，Were uSed．DCMU dlSSOIvedinethanoIwasadded tothe  
incubationmediumtomakethennalconcentrationsofDCMUandethaJlOlof50pMandl％，  
respectively・Thevialswereplacedinawaterbathkeptat250c，andi11uminatedatabout1200  
pEm－2s‾lwitha300Wtungsten血IP（EyeLamp，IwasakiElectricCo．，Ltd．）．Thelightwas  
PSedthrougl1a5・Cm－thlCkwaterlayer・After3．hincubation，StOmatainepidemlalstripswere  
皿CrO5COpica』yob封∋Ⅳedandpl10tOgraplled，諷d血eJl批e血刀erWld仏of血e5tOⅣ】ataユaperture  
measured・Valuesrepresentedinthefiguresandtablesareaveragesofmeasurementsofabout  
30to50stomatawithstandarderrors．   

放Jmc∫わ乃α〃♂椚餌∫〟rem帥Jqr片手f〃申fdemβJ∫けp∫   

The epidemlalstripswere trappedonnylonmesh（NXX13，NBCIndustries）after3・h  
incubationundervarlOuSCOnditionsandwashedwithdeionizedwater．Cationswereextracted  
fromtheepidermisforlhin5％analyticalgradeHNO3ataboutlOOOc，thendlePeelsrinsed  
twicewith fresh5％HNO3．Theextractsolutionandrinsingswere combinedandthefresh  
HNO3SOl11tionaddedtomakeatotalof15ml・Afterextraction，theepidemlalstripswere  
driedin anoVenOVemightat70Ocandweighed．Concentrationofk＋inthesolutlOnwaS  
measuredwithanatomicabsorptionspeetrophotometer（Hitachi170－50A）．necontentofK十  
inthestripswascalculatedonthebasisofdryweight．  
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上知rαCr加α〃dmeαJ〟re∽eれJqrJ〃α加ef〃ePfdg〝乃αJ∫け耶   

Theepidermalstripswerekilledinboiling90％ethanolafter3・hincubation，andmalate  
wasextractedfromtheepidermiswiththesamesoIventat600cfor30miJl・Theextractionwas  
repeatedfurdler2timeswiththefreshsoIverLt，thentheextractscombinedandevaporatedto  
dryness．Afterextraction，theepiderrn山Stripsweredriedovernightat700candweighed・The  
COntentOfmalateintheextractwasdeteminedbytheenzymicassayafterM611ering（1974）．  
me extTaCt WaS SOlubiliヱedin a TeaCtion mixt11Te COntainln各1．6mlofO．1M3－ami】1ひ1－  
propaJlOlbuffer，pH10．0，0，20mlofO．5Mglutamate（pHlO・0），0．15mlof60mMβ．NADand  
3．6units of glutamic－0Ⅹaloacetic transamirlaSe（Boehringer＆S6hne G．m，b．H．，Manl1eim，  
Germany）・TothisreactionmiⅩtureaSadded36unitsofmalatedehydrogenase（Boehringer＆  
S6hneG．m．b．H．），andthemixturelnCubatedat250c，Theamountofmalatewasestin1ated  
fromtheincreaseinabsorbanceat340nmafterincubationwithmalatedehydrogenaseforlh．  
Thecontentofmaユateintheepidermalpeelswascalculatedonthebasisofthedryweight．The  
epidemalpeelsgave3r4mgdryweightforeachsample・   

dTPco〃Je〃r  

ATP was determined by theluciferine－1uciferase mcthod（Strehler，1974）．ATPin  
epidermalstripswasextractedwithl・5mlofice－COldlMHClO4bystandingatOOcforlh・  
TheextraitedATPsolutionwasneutralizedbyaddinganappropriatevolumeof2MKOH，and  
aftercetttrifugation，the supernatantwasusedforATPdetermimtion．Ther！leaSurementWaS  
PerforrnedafterShimazakie［aL（1983）．  

Res山ts   

聯cJo′J〟脾eo〝∫わm〟rαJ岬er九腔ざ加  

Fig・lshows theeffectoflmMNa2SO30n StOmatalaperturesizeatpH3．Oto7．0．  
AperturesizeremainedunchangedoverapHrangeof3．Oto7，Ointheabsenceofsul丘te，bhile  
itwasTemarkablyreducedbysulfiteatlowpIi，eSPeCial1yatpIi3，Oand4．0．butsulfitehad  
noeffectontheaperturesizeatpH7．0．AsshowninFig．2，0nlyhighconcentrationsofsul－  
nte，10andlOOmM，decreased the size atp117．0，Whi】esulfiteevenatlOJjMproduceda  
markedstomatalclosure at pH4．0．The suppressed stomatalaperture wasnotrecoveredby  
removalofsulntefromtheincubationmedium（datanotshown）．   

聯cr（オJ〟脚eo〃pOJ〟∫Jf〟m〟〃dmα加eco〃rg〃J   

Fig．3showstheeffectoflmMNa2SO30nK’contentinepidemlalstrips（atVariouspH．  
K’contentwassmal1atlowpH，3．Oto5．0，andhighatpH6．Oand7．0．Sulntetreatmentgave  
noeffectonthecontentatanypH．IhFig．4，theeffectofsulfiteatvariousconcentrationson  
StOmatalapertureWaSCOmParedwithitseffectonK＋content atpH6LO・Thestomatalaper－  
turesizewasreducedattheconcentrationsabovelmM，WhileK＋contentdecreasedonlyat  
thehighestconeentrationtested，10mM．Thus，theaperturesizedidnotassociatewith町  
COntent．Fig．5showstheeffectoflmMNa2SO30nmalatecontentintheepidermalstripsat  
pH3．Oto7．0．MalatecontentconsiderablydecreasedwithloweringofpH．Malatecontentwas  
reducedbysulfitetoO，0，29and63％oftheconteIltWithoutsul貧tetreatmentatpH3．0，4．0，  
5LOand6．0，reSpeCtively，WhereassulfitecausedanincreaseinmalatecontentatpH7．0．   

乃椚eC（プリ′∫eqrJ〟脚eく炉cJo〃JわmαねJ呼e他作∫加  

StomatalaperturesizebegantOincreaselhafterthecommeJICementOfilluminationat  
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Sonicated epidermalstrlpSWeモeincubatedinlight for3hat250cinone・tenth  
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Fig、2 ErrectofsulflteCOnCem【ratio－10r15tOmatalaper【ure5由e  

lncubationofthestripswasperformedasinFig・1exceptfoTp114・Oand7・Oused  
andsuげiteconcentTationvaTied．－0－，pH4．0；－●、，pH7．0■  

bothpH4．Oand6．0．Thestomatabegantoclosewithin20minafterthestartofapplicationof  
lmMNa2SO3atPH4．Owhethersulntewasaddedimmedlatelyafterthecommencementof  
此minationor2hlater（Fjg．6）・Ontheotherhand，atpHd．0，10mM5u】飢ei血jbjted血e  
stomatalopenillgind11Ced byi11umination，i・e・，the aperture siヱe WaS COnStant during the  
incubationwlthsulfite．   

如加血弼再曲順肌個W血岬離肌戒削血勅諭一eco〃Jg〃J   
WhenKIDAwasusedinplace ofKClatpH6．0，malatecontentmarkedlyincreasedas  
shownbyRaschkeandSchnabl（1978），thoughstomatalaperturedidnotchaJlge（Tablel）．  
TreatmentwlthlOmMNa2SO3inKTDAmediumdecreasedthemalatecontentaswellasthe  
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Fig．3 Effectofsulfiteonpotassiumcontent  

Ineubation ofthe stripswasperformed asinFig．1．－0rWithoutNaチSO，；－●－，  
WithNa2SOj・  
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Fig．4 Comparison of effects of sulfite on stomatalaperture size and  
potassiumcontent  

lncubationofthestripswasperformedasirlFig・2exceptforpH6・Oused・Vertical  
barsindieatetherangeofstandarderror．   

aperturesizetothesamelevelasthesulntetreatmentirlKClmedlum・Additionofmalateand  
pyruvateal1eviatedthein山bitoryeffectofsulnte（Table2），thoughthesesubstancescouldnot  
7eCOVer thesuppressedapertuTeSizewhichhadbeen causedbysulfite（datanotshown）・  
Pyruvatetreatmentincreasedmalatecontent・However，Sulntetreatmentdecreasedthecontent  
inthestripstoanidentical1evelwhetherpyruvatewasaddedtotheinctlbationmediumornot・   

帥CJqrβC財Uo〃∫わmαねJ岬e〝ure   
IXMUat501JMdecreasedtheaperturesizeby30％ofcontrolatpH6・0，butdldnot  
e。h且nC占theinhibitioncausedbylOmMsulntewhlChTeducedtheapeTtufeSizeby60％．（Table  

3）．  
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Fig，5 EffectofsulfiteonmalatecontentatvariouspH  

lncubation ofthe strips was performed asinFig．1．一Or，WithoutNaっSO3；－●一，  
WithNa－SOi・  
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Fig，6 Timecourseofeffectofsulfiteonstomatalaperturesize  

Sonicated epidermalstrips wereimmersedinincubation mediumindicatedin the  
】egend ofFig■1eズC¢pI∫0∫NalSOヨ細d EpTA oJnjtfed．Lj頭目】uJ¶jnatjon was  
staItedattimeO．NaユSO，inEDTAsolutionwasaddedtothemediumattimeOor2  
hafterthestaItOfilluminationtomakesulfiteconcentrationoflaTLdlOmMatpH  
4．O and6．0，reSpeCtiYely，andtomakeEDTAconcentrationofO．1mM．VerticalbalS  
加djca†eぬera喝¢0∫stand訂de－∫0－S・rO－，W仙outNa】SO3；一卜一，W肋N且っSO3・   



Sulfite8rfecton5tOmataiれn血¢pide－malpeels  

Tablel Effectofsulfiteonstomatalapert11reSizeandmalatecontentin  
epidermalstripsincubatedinthemediumcontainingKClorKIDA  

Stomatalaperturea  Malatecontent  
（〟m）  小mol／gdrywL）  

KCl－Na；SOl  
十Na】SO3  

KIDA  

10．60土0．7（；（39）  
4．96±0．64（41）  

9．56土0．70（35）  
4．62土0．43（42）  

11．0  
1．6  

18．5  
1．7   

Sonicated epidermalstripswereincubatedinlight for3h at250cinlO mM  
MES－Nabuffer，pJi6．0，COntainlnB10mMKClorKIDAandO．1mMEDTAwithor  
WithoutlOmMNa2SOヨ・  
a Mean±S・E・Numbersinparenthcsesreprescntnumberofsamplesmeasured．  

Table2 EffectofadditionofmalateandpyruVateOnStOmatalaperture  
Sizeandmalatecontent  

Stomatal aperturea MalatecorLtent  
小m）  bm（〉1／富山ywt．）  

10．47土0，32（44）  
3．87±0．40（41）  

10．00±0．58（49）  
6．66±0．72（34）  

12．17土0．49（49）  
6．88±0．61（41）  

Control－Na2SO，  
＋Na。SO，  

仙te   

Pyruvate－Na】SOa  
十NalSO】  

8．5  
1．5  

1（；．7  

1．7   

Sonicated epidermalstrips wereincubatedinlight for3h at250cin10m  
MESLNabuffer，pH6．0，COntaininglOmM KCland O．1mM EI）TAwithorwithout  
lOmMNa，SOい10mMmalateandlOmMpyruvate．  
Mean土S．E．NllmbeTSinpaTenthesesIepIeSentn11mbe‡OfsamplesmeamTed．  

Table3 EffectofDCMUonstomatalaperturesize  

Stomatalapertufea山m）  
‾NaユSO3  

＋NaユSO3  

8．61±0．19（45）  
6．03±0．31（48）  

3．69士0．34（43）  
3．46土0．33（48）   

Sonicated epideImalstripswereincubatedinlightfor3hat250cinlOmM  
MES．Na buffer，pH6・0，COntainlTlgKCl，0・1mMCaCllandl％ethanolwithor  
WithoutlOmMNalSO3and50JLMDCMU．   
8 Mean±S・E・Numbersinpare山he5eS∫epreSentnumberor弧mplesm飽Su血  
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Table4 EffectofsulfiteonATPcontent   

ATP content 
（〃mOl／gdrywt）  

－NalSO∋  

十NaユSOさ   

Ineubation ofthe striさs wereperfoImedinlight for3hat2SOcusiJlglOmM  
MES－Nabuffer，pH6・0，COntaininBlOmMKCl，0．1mMCaCl，andO．ユTnMEDTA  
withorwithoutlOmMNa，SO，，  

聯cJqr∫〟研ナビo〃d7アco〃re〃J   

Treatmentwith10mMNa2SO3for3hremarkablyloweredATPcontentintheepidermal  
5trips（Table4）．  

Discussion  

Stomatalmovementsarecausedbychangesinwaterpotential，mainlyosmoticpotential，in  
guardcells．Osmotic potentialinguardcellsisregulatedbythemovementofK’andCl．or  
internalproduction of malate（Raschke，1979）．Sul伍te strongly suppressed the stomatal  
OPeninginI今ciaepidermalpeelsatpH6，OandcausedarapidstomatalcIosureatpH4．0（Fig．  
6）．WecouldnotnndtheclosecorrelationbetweenthestomatalaperturesizeandK’content．  
On the otherhand，SulfitereducedmaJateconterltjllfhestrips，jJ】dicatjngacユosecoTrelation  
betweenstomatalaperturesizeandmalatecontent．1thasbeenreportedthats111fiteinl1ibited  
PEP carboxylase（Ziegler，1973；Muker〕i＆Yang，1974）and NADP－malate dehydrogenase  
（Ziegler，1974）i‡lVO】Ⅶdinmalateformatjo∫l．PEPcarboxyla5eeXtraCtedffOm血eepidermal  
StripsofCbmme］ina wasinl1ibitedbymalate，OXaloacetateandbisulnteandbesidesstomatal  
OPeningTaSalsosuppressedbythesesubstances（Raghavendra，1980），SuggeStingthatstomatal  
OPeninglS regulated by PEP carboxylase activity ormalatecontent．Tnthepresent study，  
additionofpyruVatetOtheincubationmediumincreasedthestomatalaperturesizeandmalate  
COntent，Whlle KIDAin place ofKClincreasedmalatecontentbut couldnotincrease the  
StOmatalaperture．ln both cases，Sulfite strongly decreased the stomatalaperture sizeand  
malatecolltent．TheseresultsalsosuggestsomerelationshlPbetweenthestomatalaperturesize  
andmalatecontent．   

RaoandAnderson（1983）foundthatsulntehadnoeffectonPEPcarboxylaseextracted  
fromPtsumepidermalstrips．Theyalsoshowedthatsulntecompletelyinlubitedlightactivation  
OfPEPcaTboxy］aseaTldNADP－malatedehydTOgenaSeWhenitwasaddedtoepidemlalstTips・  
Fromtheseresults，theyassumedthatsulnteinl1ibitsthelightmodulationofkeyenzymesin  
guardcells・1thasbeenrecerltlyreportedthatsulnteiI血ibitedphotosystemlIinspinachleaves  
（Sムimazak】eJれ1984）．DCMUi血jb加dphotoざyStemIlh卯ardcel150r柁お（Shima毘beJ  
aL，1982），butgaveonlyasmalliI血bitoryeffectonst9matalaperture（Table3）comparedwith  
sulfiteeffect．Therefore，itseemsunlikelythat sulfit寧effectisonlyduetotheinl1ibitionof  
photosystemTTand／orj血bitionoflightmodulatioLldfkeyeLIZymeSWhlChmightberesuited  
from the photosysteminhibition・Sulnteinhibited NAD－malate dehydrogenase as wellas  
NADP－malate dehydrogenase（Rao＆Anderson，1983），reSultingin a stronginldbition of  
malateformationandinturntheintenseinhlbitionofstornataJopening．  
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SulfiteextremelydepressedATPcontentinthestrips（Table4）・Guardcellshaveahigh  
respiratoryactivityandATPwasproducedmainlyduetooxidativephosphorylationinguard  
Cells（Shimazakle（al・，1983）・Phenylmercuricacetate，apOtentinhlbitororstomatalopening  
（Pallaghy＆Fischer，1974），inl1ibitedthereoxidationofreducedQbyphotosystemIanddld  
respiration，andextremelydecreasedATPcontentinguardcells（ShimazakletaL，1982，1983）．  
Sulntemight exerttheinl1ibitoryeffectonrespirationaswe11asphotosysteminguardce11s，  
thoughnornarkedeffectofsulfiteonrespirationhasbeenreportedL   
EffectsofsulfiteonstomataatpH4・OappearstobedlfferentfromtheeffectsatpH6．0  
（Fig・6）・Osmoticpotentialinguardcellsmaybehlgl1eratPH4．0thanthatatpH6．0，because  
thecontentsofK＋andmalateweremuchloweratpH4・Otharlthoseatp＝6・0・However，the  
StOmatalaperturesizewasalmostidenticaloverpH4・Oto7・0・Theseresultssuggestthatcell  
Wal1ofguardcellsisloosenedatlowpHasshownbyJinnoandKuraishi（1982）．Sul爪temight  
CauSethechangeincellwallextensibility．   

ThedecreasedtranspirationratecausedbySO2fumigationincornplantswasrestoredby  
termination ofthefumigation（Kondo＆Sugallara，1984）．Onthe otherhand，thereduced  

StOmatalaperturesizeinducedbysulnteinI今ciaepidermiscouldnotberestoredbyremovalof  
Sulnte fromtheincubatiorlmedium，Theseresultsindicatethatthesulnteeffectonstomatain  

T7ciaepidemismaynot be exactlyidenticalwith the SO2effectoncorntranspiration．To  

ClarifythemechamismofthereversibleinhlbitionofcorntranSPirationby SO2fumlgation，  
furtherstudleSarerequired．  
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ソラマメ葉の剥離表皮中の気孔開度に対する亜硫酸の影響  

近藤矩朗l・丸田一成Z・菅原 淳1   

亜硫酸処理によりソラマメ葉の剥離表皮中の気孔開度は減少した。特に低pHで亜硫酸に対す  

る気孔の感受性が高かった。PH4では亜硫酸処理により急速に気孔は閉鎖し，pH6では亜硫酸  

は光による気孔開孔を阻害した。表皮中のK＋含有量はほとんど亜硫酸処理の影響を受けなかっ  

たが，リンゴ酸含有量は亜硫酸処理により顕著に減少した。ATP含有塁も亜硫酸により著しく  

減少した。亜硫酸によるリンゴ酸含有量低下の機作について考察した。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町′ト野川16番Z  
2 国立公害研究所 共同研究貝（筑波大学 環境科学 〒305 茨城県新治郡桜村天王台卜1－1）   
現在：名古屋大学農学部（〒464 愛知県名古匡市千穐区不老町）  
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Res，Rep．Natl．lnst．Envirc，n，Stud，，】pll．，No．85，1984．  

Inhibition of Photosynthesis by Sulfite and Uptake of（35Sト  

SulfiteinMesophyllProtoplastsIsolatedfrom ViciaβbaL．  

Takesl厄SakakllandNoriaklKondol  

1EnYlrOnme】ltalBioIogy Division，the NationalInstitute for EnvironmentalStudies，   
Yatabe－maChi，Tsukuba，Ibaraki305，Japan，  

PhotosyntheticOまeVOlution aswellas）4COユfixationin mesophyllprotoplasts  
Isolated†TOTn yfc山西♭αl8aYモSWモーeStIOn由y dもCT¢aS¢dby tllepTeincllbatiol10ftlle  
protoplastswithlOmMNaユSO3inpHregionbelow6・OevenifnoNa2SO∋WaSadded  
to theassaymixture，Whereasbothactivltieswerenotaffectedbytheincubationwith  
NaっSO3atpHabove6・0・ThelowefthepHofincubationmediumcontainingNa2SO｝  
was，thelaIgertheamountofsulfitewasaccumulatedwithintheprotop！asts．Protoplasts  
incubated with Na2SO，at pli5．O wereintact asjlldged by the obser－ationunde7  
microscopeand by thevitalstainlngWithEYanSblue．Chloroplastsisolatedfrom VEcLa  
mesophyllprotoplasts sustained more than80％of the photosynthetic activity of  
origiJlalprotoplasts at a maximum pH of8．4－8・6・Unllke the case of protoplasts，  
photosyTltheticOっevqlutionofchloroplastsisolatedfromtheprotoplastswasinl1ibited  
もylヾa2SD310tlleSimilarleveloverpllra∫lgeeXamined（7・4－9・0）・  
Keywords：lntactchloroplast，Mesophyllprotoplast，pH，Photosynthesis，Sulfite  
uptake，m血牒血   

ExposuretoSO2，amaJOratmOSphericpollutant，reducestherateofnetphotosynthesisin  
many species of plants・Numero11S StudleS have been TepOrted on the physiologlCaland  
biochemicaleffects of SO2 On the photosynthetic processes（Malhotra＆Hocklng，1976；  
H山1gren，1978）．SO2affectsstomatalmovement（Kondo＆Sugahara，1978）andconsequently  
decreasestheCO2eXChangerateinwholeleaves．ToclarifythemechanlSmSOftoxiceffectof  
SO20n the photosynthetic processesinmesophyllcells，isQlatedfreece11sandprotoplasts  
WOuldbe advantageousbecause oftheabsence ofthe stomatalresponses（Paul＆Bassham，  
1978）．   

SO2 absorbed byleaves throughstomata dlSSOIvesin water on the wet surfaces of  
rtleSOPhyllcells，reSultingintheformatiorLOfHSO；，SO…‾，andH＋．ThereforetheeffectofSOl  
hlmigation on plantleaves should bealso observedin siJlgle cellsincubated with sulBte  
（bisulnte）atanacidicpH．PaulandBassham（1978）havereportedthattheadditionofsulnte  
（bisulnte）causednoinl11bitionofphotosynthetic14co2触ationinn7PaVermeSOphyllce11gat  
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pH8．0．ThlSSuggeStSthatthepHaroundthemesophyllce11saswellassulfite（bisulnte）would  
beanimportantfactorfortheSO2tOXicity．   

Inthepresentstudy，WeinvestigatedtheeffectsofNa2SO30nphotosynthcticactivitiesof  
isolated ViciamesophyllprotoplastsatvariouspHsofincubationmedium，andtheuptakeof  
sulntebyprotoplastsusing［35s］－Sulfitetoexaminetherelationshipbetweentheinl1ibitory  
effectofNa2SO30nPhotosynthesisintheprotoplastsandtheuptakeofsulfitebyprotoplasts・  

Mate血1sandMe仙ds  

月α〃Jm〃re′ねJJ  

Broadbean（析ciajbbaL．cv．Otafuku）plantSWeregrOWnfor4－7wecksinpottingsoilat  
20±0，50cduringthedayand15±0．50catnightwitharelativehumidityof70±5％under  
natural1ightcondition，Intherainyseason，about4weeksoldplantSgrOWnaSdescribedabove  
were further cultivatedforaddltionall－2weeksinagrowthcabinetsunder14hoflight  
periodat20±0・50candlOhofdarkperiodat15±0・50cwltharelativehumidityof70±3％・  
Thelightsourceinthegrowthcabinetwas24metalhalidelamps（400W‥YokoI．amp，Toshiba）  
givingaphotosyntheticallyactiveradlation（PAR）of430r580pEm－2s．1atleaflevel．   

／Jl－J血り〃り．／■′lけJ岬／＝JJ〝（爪－P山〃∫   

Firstto thlrdyoungestleavesfuuy developedwereusedfortheisolation ofmesophyll  
protoplasts．Approximately201eanets（freshweightof12－15g）werecutfromplantsinthe  
morningandlowerepidermiswasremovedbytweezers．Thestrippedleafletswerecutinto3－5  
piecesandsubjectedtovacuuminRltrationwitha50mlofdlgeStionmediumcontainingO・5％  
（w／v）MacerozymeR．10，2．0％（w／v）CellulaseOnozukaR－10（YakultPharmaceuticallndustry），  
0．5％（W／v）potassiumdextransulfate（MeitoSangyo），0．2％（w／v）BSA，1mMCaC12，andO・6M  
mannitol（pH5，5）ina200LmlErlenmeyerflask．Thenaskwasshakenfor3r5min（about80  
excursionminrlwith4．5cmofstroke）andthebrokencellsandmostofspongycellsreleased  
weredlSCardedbydecantatiorLLeafpieceswerefurtherincubatedforcompletedigestionwith  
a50mlofthereneweddigestionmediumbyshakingof45excursionsmin‾1foraboutl・5h・  
Digestionwascarriedoutat280cunderi11uminationofabout400FLEmr2s▼1pAR（300W＝  
Eyel」mp，IwasaklElectric），Protoplastformationwascheckedbymicroscopicobservation・  
Afterthedigestionwasterminated，releasedprotoplastswerepassedthrough58－Pmnylonnet  
and washed twICewitha medium consistiJlg Of O．6M mannitolandlmM CaC12 by  
centrifugation．IsolatedmesophyllprotoplastsweresuspendedinamediumofO．6Mmannitol  
andlmMCaC12inanicebathbeforeuse．   

瓜血畑細川〃粕叫塩侶血相ゆ   
LmpermeabiJltyOfEvansbluetotheprotopJastswasusedfortheest血at10nOfprotophst  
intactness（KanaiandEdwards1973）・ProtoplastsuspenSionwasmixedwlthequalvolumeof  
O．25％（w／v）Evansblue，3mMCaC12，andO・6Mmannitol・After10min，theexclusionofthe  
dyebyprotoplastswasexaminedforintactness・   

伽re′椚血Jわ〃αrJ力eyoJu椚e〃〃d〃以m如′（オprorq〆αJJJ   

Theprotoplastvolumewasestimatedfromthediametermeasuredfromthephotographof  
ughtmicroscopy．ThepIOtOPlastnumberwascountedwithaCoultercounterTM（ModelTAIl，  
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CoulterElectronics）．   

坤Cllわαぬ托げproropJα5r5W油〃αユぶ03  

・ProtoplastswereincubatedinsulntesolutioncontaimingdesiredconcentrationofNa2SO3，  
4mMcitricacid，1mMEDTA，3mMCaC12，andO．6Mmannitol，OfwhlChpHwasadjustedto  
510wlthNaOH．IntheexperimentofFig．5and6，thebufferwaschangedtolOmMcitricacid  
bH3．5－5．5），10mMMES（pH5．5－7．0），andlOmMHEPES（pH7tO－8．0），andpHwas  
去d）uStedwithNaOHafterNa2SO，WaSdlSSOIved，Tominimizeoxldationofsulnte，thesolution  
d，aSPreParedimmediatelybeforeuseineachexperiment．After3－minincubationwithNa2SO3  
dtvarlOuSpHs，SameVOlumeofaqueoussolutiorl（pH83）consistingofO．1MHEPES－NaOH，1  
dlM EDTA，3mM CaC12，and O．6M mamitoIwas added to the protoplast suspension．  
Protoplastswerecollectedbycentrifugationandusedforthesubsequentexperiments．   

〟e心〟rビmg〃J〆J〟研Je岬Jα加わ′P′OJ叩ね∫J∫   

Theincubation ofprotoplastswithNa235so3（0．73FLCipmol．1）wascarried outas  
describedabove，Afteftheincubation，prOtOplastsuspensi。nWaSSubiectedt。Snic。n。il  
dentrifugationwith a MicrofugeTM B（Beckman）for30s to separate pTOtOPlasts from  
SuSpendlngmedium．Microfugetube（400pl，pOlyethylene）contained20山of2．5NNaOHat  
thebottom，70plofsilicoLlOil（CR50，WackerChemie）atthemiddle，and250〟lofprotoplast  
SuSpenSionatthetoplayer．Immedlatelyaftercentrifugation，20plof2．5NNaOHwasadded  
tothetoplayerofthetubetopreventgenerationof35so2fromNa235so3，thusthediffusion  
df35so2tOthebottomhyerthroughsihconlayerwasnegligibleatal1pHsoftheexperiments．  
ecentrifugedtubewasstoredovemightinafreezer．Thetubewascutimmediatelyabovethe  
bottomlayerandthetlpCOntaimingsedimentedprotoplastswasshakenvlgOrOuSlyina300pl  
OfO．1NNaOH．Two－hundredsplofthissuspensionwasmixedwith800plofSoluene・350  
Packard）and10mlofAquasol－2（NewEnglandNuclear）inavlal，andtheradioactivitywas  
determinedwithaLiquidScintillationCounter（LSC）（3255‥Packard）afterchemiluminescence  
had disappeared．Thecorrection ofquenchingwasmadebythemethodofexternalstandard  
血annelsratio・TodeterminetheamountofradioactivitycaTriedintothebottomlayertogethef  
with the protoplasts frorrlthe toplayer ofthecentrifuged tubebutnotabsorbedbythe  
PrOtOplasts，thetransfero‖14c］・mannitoladdedtothesuspendingmediumfromthetopto  
thebottomlayerwasmeasuredusingthesameprotoplastpreparations．Thentheradioactivity  
of35sinthebottomlayerwascorrectedforthenetabsorptionof35sbytheprotoplasts・   

AJJ呼0／p加フJO叩乃伽JfcαCrルfrfgJqrpr（フわ〆∬J∫   

Light－dependentO2eVOlutionwasmeasuredwithaRankBrolhersO2electrodeat250c．  
Reactionmixture wascomposed of50mM HEPES，1mM EDTA，10mMNaHCO3，0．6M  
mannltOl，andNaOrItomakepl18．0．1hestirrerwasmanipulatedatalowspeedofrevolution  
inordertopreventdisintegrationofprotoplasts．AfterO2uPtakeinthedarkhadbeensteady，  
02eVOlutionwasstartedbyilluminationof800pEm‾2s‾1pAR（300W：KP．10SPrq］eCtOr  
Imp，Kondo）．ThedifferenceofO2eXChangeratebetweeninthelightandinthedarkwas  
measured、The Vicぬmesophy11prQtOplastsisolatedasdesclibedaboveusuallyletainedthe  
photosyntheticO2eVOlutionof80－150pmolmgchl‾1h－1．MaximumrateofO2eVOlution  
WaSObtainedatlightinteJISityofmorethan500pErn－2srlpAR，atNaHCO3COnCentration  
Ofmorethanl．5mM，andatpH8．0（Sakakl＆Kondo，1981）．Additionof5J⊥MDCMU  
COmPletelyinhibitedO2eVOlution．   
Fortheassayofphotosynthetic14co2触ation，PrOtOpl且StSWereincubatedat250cinthe  
reactionmixtureofthesamecompositionasthatfortheassayofO2eVOlution．Twominafter  
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thestartofillumination（800pEmJ2s‾1），NaH14co，WaSaddedtothesuspensionatannal  
SpeCincactivjtyofO．08〃Cj〃mOユ‾l．protopユa5t5Wereincubatedf8r丘Irther4minjmtheユi如．  
Thereactionwasterminatedbytransferring200車Oftheprotoplastsampletothe800〃lof  
methanolinscintil1ationvials．Thevialwasmixedwith200plofconc．HClarlddriedunder  
tungstenlamp to removeunnxed14co2・Acid・Stable14cfixedwasdissoIvedinO・5mlof  
dj5甜edwateraれd軌ellill】Omユof伽ay’s5Cjnti】1ator（8ray，1960）tobedetemjlledbyLSC．   

血加わ乃げc力わ′0〆α∫r∫舟OmPrOわ〆d∫JJ   
ChloroplastswerepreparedfromthemesophyllprotoplastsaccordlngtOthemethodof  

Ra血－a汀Iand Edwards（1976）except for the compo∫jtioれOr払ei50ユatiom medユu汀l・ne  
protoplastsweresuspendedinthemediumcomposedof50mMMES，lmMMgC12，2mM  
KH2PO．，5mMsodiumpyrophosphate，5mMDTT，2mMsodiumisoascorbate，0．1％（w／v）  
BSA，2％（w／v）PVP．10（Sigma），0．33M sorbitol，and KOH to make pH6．5．Then the  
5u5匹れ5ioれ Wa5p且SSed 伽ou由a 20・四T－町1仰net tO re】ease血e d山一Oplasts・Af血  
sedimentationbycentrifugationat600×gfor90s，Chloroplastsweresuspendedinamedium  

containlng50mMHEPES，2mMEDTA，1mMMgC12，1mMMnC12，0．5mMKH2PO4，5mM  
sodium pyrophosphate，0，33M sorbitol，andKOHtomakepH7．6．Microscopicobservation  
reγeaユedthatr10prOtOplasfwa5pre5eIltjれthechユoropla5t5u5匹n5joJl．Tもech】0∫Op】a5t5iso】ated  
WeremOrethan95％intactaccordingtothemethodofLilleye（a］．（1975）．   

I軋・／川lリJ／ノけJJl、㌦叫－・り．／‘lイ山いノー血吊  

memetムodforthe打Iea5ure汀IeJltOrPllOね5yJl伍efjcOヱeVdutjonwasideJltjcaI雨th班05e  
forprotoplastsexcept forthe compositionofassaymixture，Whichis50mMTricine，2mM  
EDTA，1mM MgC12，1mM MnC12，0．5mMKH2PO4，5mMsodiumpyrophosphate，5mM  
NaHCO3，0．33Msorbitol，andKOHtomakepHbetween7．4and9，0．   

（7〟爪－fサイ／、J（≠〃川血Jい′J  

ChlorophyllcontentwasmeasuredbythemethodofArnon（1949）．   

尺α（放フαCJ～yecカe〝～加ね   

Na235so3，NaH14co，，and［14c］－mannitoIwereobtalnedfromNewEnglandNuclear．  

Res山一s  

Fig．1showstheeffectsofNa2SO3OnthephotosyntheticO2eVOlutionofisolatedVTCEa  
mesophyllprotoplasts，TheactivitywaslittleaffectedbylOrnMNa2SO3addedtotheassay  
mixture（pH8．0）．HoweYer，伽evo】utionrateremarkabjydecre且Sedwherlp∫0【op】astshadbeen  
preincubatedwithlOmMNa2SO3ataCidicpHsbeforeassay（Fig・1，CurVeD，E），Incubation  
withNa2SO3nOtOnlyat250cbutalsoat40ccauseds血11areffectsonthephotosynthetic  
activitiesofprotoplasts・IsolatedViciamesophy11protoplastsstoredat4Qcindarknessretained  
血epl10tO5yntlleticac血ityねrmore血an紬w掴－OUf】os5，but止0ざeざわredat250cinthedark  
losttheactivltytO5083％oftheinitiallevelduring3h（SeeHuberandEdwards，1975）．Thus  
theincubation of protoplastswith Na2SO3WaS Carrled out at4Ucin the subsequent  
experin1entS・The photosynthetic14co2fixation was also unaffected by the addltion of  
NaっSO3tO伍e且SSaymixture（PH8・0），but thefixation rate was5trOmdyguppressedwll印  
protoplastshadbeeripreincubatedwithNa2SO3atpH5・0（Fig・2）・Treatmentofprotoplasts  
with10mMNa2SO3atPH5・OreducedthcphotosyntheticO2eVOlutlOnand14co2fixation  
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Fig．1Effects ofNa2SO30nthephotosyntheticO2eVOlutionof Vicla  
mesophyll protoplasts 

TraceA；nOadditio†1，B；additionoflOmMNaっSO3tOtl－eaSSaymixtureatthetime  
indicatedby theafrOW，CdE；prOtOPlastsbeingpreviouslyincubatedwith（E）aTld  
without（C）10mMNaっSO，atPH5■0，andwithlOmMNa？SO，atPH5・5（D）・  
TIeatmentOfprotoplastswithandwithoutNa2SO＞WaSStarted5minartertransfer  
oftheprotoplaststothemediumat25Ocfromthatat4OcLAssayofphotosynthesis  
inallprotoplastpreparationswasstarted20minaftertheinitiationofincubationat  
250c．  
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Fig．2 Effects of Na2SO3 0n the photosynthetic14co2fixation of  
mesophyll protoplasts 

PhotosynthesisofpIOtOplastswasstartedatOtimebytheinltiationofillumination・  
NaH14coさWaSadded2mir）beforetheillumination・  
（－OL）；nO addition，（一▲L）；treatedwithlO mM Na2SO3in assaymixture for  
photosynthesis（pH8．0），（一・L）；tempOIarilypIeincubatedwithlOmMNa，SO，at  
pH5．0．  
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to45and41％oftheinitiallevel，reSpeCtively（Tablel）．Incubation ofprotoplastsat pH  
3・5r8・O without Na2SO3gaVelittle effectonthephotosynthetic activities・Theextentof  
photosyntheticinl11bition caused by Na2SO3 WaS different between the preparations of  
protoplasts，WhlChwasatleastpartlyduetothegrowthcondltionandleafageofplantsused  
fortheprotoplastisolation（Sakakl＆Kondo，1981），TablelalsoshowstheeffectsoflOmM  
Na2SO3，K2SO3，andNa2SO4，and20mMNaClatpH5・00ntheO2eVOlutionrate・Both  
Na2SO3and XユSO3reduced the activity to the軋m血ユevel，WhereasNa2SO4andNaC】  
essential1yhadno effect，Thus the toxicspecies were sulnte（SO害‾），bisulnte（HSO；），Or  
hydratedsulfurdlOXide（H20・SO2），theratioofwhlChgreatlyvarieswiththepHofsolution・  
Sultiteinl11bitionofphotosynthesisinVIciaprotoplastswasnotrecoveredbyrepeatedwashlng  
with sulfite－free suspending medium（0．6 M mannitolandlmM CaC12）（Table2）・  
PhotosyntheticactivityofprotoplastsreducedbyNa2SO3didnotcharlgeformorethan6h  
whileprotoplastsweresuspendedat40cunderdarkness・   
BytheincubationwlthNa2SO3atanaCidlCCOndltion，PrOtOPlastshadnotbeenruptured  
（Fig，3）．AsshowninTable3，thevolumeandnumberoftheprotoplastsanertreatmentswith  
andwithout10mMNa2SO3atpH5．Owerehttlechanged・VitalstainlngWithEvansblue  
showedthatmorethan95％oftheprotoplastsinboththepreparationswereintact・   

Fig・4showstheeffectoftheincubationwlthvariousNa2SO3COnCentrationsatpH5・O  
and8・00nthephotosyntheticactivitiesofprotoplasts・Theactivitywasgreatlymoresensitive  
tosul触atpH5．OthaれatpH8．0．出wasⅢppre5Sedto54％ortムeori如dleYeユbythe  

TablelModificationoftheratesofO2eVOlutionand14co2fixation  
ofprotoplastsbyNa2SO3andsomeotherreagents  
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M朗皿‖SDor3experiment＄WerepreSented．  

Table2 Effect of washing on the photosynthetic activity reduced byNa2SO3  

01eVOl11tion  

〃mOlmgchl‾lh‾1  ％  
Treatment  

10β．0  

44．4  
48．2  
44．7  

NoJ】e  

lOmMNa】SO，atpH5・O   
Wa5hing，OnCe   
Wa5hhg，threetimes  

100  

41．1  
44．‘  

41．4  

After tIeatmCntWlthlO rnM Na，SO，at pH5・0，prOtOPlastswere washed witha  
medium corLtaining O・6M mannitolandlmM CaCl壬．Then photosynthetic Ot  
evolutionwasassayedasdescribedintheMaterialsandMethods，  
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incubationwith2mMNa2SO3atpH5．0，WhereasatpH8．Oit・WaSdecreasedonlyto89％by  
30mMNa2SO3．   

Fig・5showstheeffectofpHofsuspendingmedlumWithNa2SO30nthephotosynthetic  
activitiesandsulfiteuptakebytheprotoplasts．Photosymtheticactivitywasstronglysusceptible  
tos山nteatpHbelow6皿neamo11ntOfsⅥ1filetakenupbythep－OtOplastswasveけSmallat  
pHabove6．0，WhereasatpHregionbelow6・OthelowefthepHwas，themore山eamountof  
sulntewastakenupbytheprotoplasts・Fig・6i11ustratestheinhibitionofphotosynthesisversus  

10mMlla2SD3  

、  

・・・：い  

Fig，3 Photographs Qf Vicia mesophy11protoplastsincubatedatptt5・O  
with（right）amdwithout（1eft）10mMNa2SO3．  
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Fig・4 Effect ofNa2SO3COnCentrationsOnthephotosyntheticrateof  
protoplast5  

Theinmbation o【p－OtOplasts witb Na壬SO∋at ph S・O and8・O and assay of  
photosynthesisatpH8・OwcrecafriedoutasdescribedintheMaterialsandMethods  
exceptthattheirLCubationperiodswithNa，SO，WaSlmin・  
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Table31ncubation effect of Vicia mesophyllprotoplastsbithlOmM  
Na？SO3atpH5．00ntheirvolumeandnumber  

Calculated  
intracelll11a∫   

volume  
（mlmgclu‾】）  

TIeatment  Number   

（×10‘mgchl1）  

Volume   

（pl）  

51．9±2．1（106）  5．93±0．14（5）  0．308  

NalSOい10mM  53・4土ヱ・1（109）  6・20土0・09（5）  0・331  

Mean土SE（n11mberormeasu∫emeれt）．  
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Fig．5 pHDependentinhibitionofprotoplastphotosynthesisbyNa2SO3  
anduptakeofsulfitebyprotoplasts  

BoththeassaysofOっevolutionanduptakeofsulnteweremeasuIedwiththesame  
protoplastpreparation．Uptakeof35swasdeterminedasdescribedintheMaterials  
aTLdMethods．Means±SDof3experimentsaregiveninthestudyofsulfiteuptake，  
andSDwasincludedjngjdeacjrc】eafpIiabve5．0．  

the amount of sulnteincorporatedinto the protoplasts．When approximately O．23FLmOl  
mgchlrlsulntewasincorporatedintotheprotoplasts，theO2eVOlutionwasinl11bitedby50％・  
SincetheprotoplastvolumetreatedwithJOmMNa2SO3WaSO・331mlmgchl－1（Tab】e3），  
internalconcentration ofsul坑tecanbe calculatedtobe0．69mM，aSSllmingthatthesulnte  
takenupbyprotoplastsisnotmetabolizedandisdlStributeduniformlywithintheprotoplasts・   
lnintact chloroplasts prepared from 陀id meSOphyllprotoplasts，the rate ofCO2－  
dependentO2eVOlutionwasm？X血umatpH8・4⊥8・6（Fig・7）・TherateofmaximumO2  
evolutionwasmorethan80％ofthatoftheori如alprotoplasts，thoughitvariedaccordlngtO  
thepreparationsofprotoplasts・AddltiorIOflmMNa2SO3inhlbitedthephotosyTlthesisof  
isolatedchloroplastsby60r70％atallpHsmeasured（Fig・7）・Ahalfinl11bitionwasobtainedby  
theadditionofapproximatelyO．55mMofNa2SO3（Fig・8）・  
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Fig．6Inhibition of photosynthesisin protoplasts as a function of  

internalsulfiteconcentrati（〕nS  

SymboIsarethesamea5inFig．5．  
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Fig・7 pHProfile ofphotosyntheticO2eVOlutioninintactchloroplasts  
Prepared from VtcLa protoplast5in the presence and absence oflmM  
NaヱSO3  

PhotosyntheticOICVOlutionactivityoftheoriginalprotoplastsusedfoTtheisolation  
OrChloropla5tSWaSl17甘mOlmgchl▼1h‾1．  
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Fig．8 Effects of Na2SO3 COnCentrations on the photosynthetic O2  
evolutionofchloroplasts  

Assayofphotosynthesiswascarriedoutatpf18L6・  

Discussiom  

SeveralworkershavereportedthatsulntewasmoretoxictoplantcellmetabolismatacidlC  
pHoftheincubationrnedium thanat neutralandbasicone，Hill（1971）andPuckettetaL  
（1973）showedthatthephotosyntheticactivityinsomelichenspecieswaslargelyimpairedby  
theincubationwithsulnte or aqueous SO2ataCidicpH，butlessaffectedatweakacidand  
neutralcondltions．PaulandBassham（1978）reportedthatphotosynthesisinj旬）aVerfreecells  
wasratherenhancedby the addition of20mMsulfiteatpH8．0．Inthepresentexperlment  
with T7ciamesophyllprotoplasts，PHdependencyofphotosyntheticresponsetoNa2SO3WaS  
consistentwiththosementionedabove，thoughtheenhancementofphotosynthesisbyNa2SO3  
wasnotobservedatpH8．0（Fig．1and2，Tablel）．lnthepresentstudy，Wedemonstratedthat  
theinl11bitionofphotosynthesiscausedbyNa2SO3atanaCidicconditioncouldbeascribedto  
thelargeamountofsulnteincorporatedintotheprotoplasts（Fig．5and6）・Sulfitepresentin  
thecytoplasmshouldattackdirectlythechloroplastsandotherce1lorganella・lnl11bitlOnOf  
photosynthetic activity by sulfite hasalready been observedin chloroplastsisolatedfrom  
spinach（Liberae（al，，1973；Silviusetal・，1975）andpea（Plesniiar＆Kalezie，1980）1eaves・ln  
intact chloroplastsisolatedfrom Vicia protoplasts，Photosynthesiswassensitive to Na2SO3  
0VerpHregionbetween7・4and9・0（Fig・7）・Na2SO3COnCentrationrヲquiredforahalf  
inl11bitionofphotosynthesiswasO．55mMinthechloroplasts，WhlChapproxlmatedtoO・69mM  
of theintrace11ular sulnte concentration caJculated onthe assumPtion that the sulfite  
incorporatedintoprotoplastswasnotmetabolizedandwasuniformlydistributedwithlnthe  
protoplasts（SeeResults）・TheseresultsstronglysuggestthatthemaJOrtOXicantinprotoplastsis  
sulfite and／orbisulnteincytoplasmic nuidrather thanother toxic substances derivedfrom  
sulfiteinthecytoplasm，   

We observedthattherateofsulfiteuptakebyprotoplastswasdifferentaccordingasthe  
pHoftheincubationmedlumWaSChanged（Fig・5）．Sincethesulfiteuptakeproceededat4Oc，  
metabolic energy would not be requiredin thlSprocess．Sulnte couldbe transportedinto  
chloroplast throughthe phosphate translocator（Hampp＆Ziegler，1977）．However，the  
mechanism oftransportthroughplantCellplasmamembranehasnotbeenknownyet・SO2  
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dissoIvedinanaqⅥeOuSSOlutiontransformstoH20・SO2，HSO；，andSO…－accordingtothe  
SOlutionpH．ThedominantspeciesatweakacidreglOnisHSOi．，butthelowerthepHis，the  
moretheproportionofH20・SO2becomes・SOっisknowntobeverysolubleinorganicsoIvent  
（Mudd，1975），and therefore could eas山y diffuse throudlllPid bilayer of protoplast  
membranes，Thusitis coLICeivable that the sul瓜tewould beincorporatedinto protoplasts  
malnlybysimple difhlSion asanon－ionicform．However，WeCannOtruleoutthepossibility  
thatHSO；couldalsopenetrateinto theprotoplaststhroughplasmamembranes・   
AsdlSCuSSedabove，WeSuggeStedthepossibilitythatthesulnteinthecytoplasmmightbe  
amaJOrtOXicantforinlnbitionofthephotosynthesisofintracellularchloroplasts・Theworkon  
the mechanism ofsulnteinl1ibition ofchloroplast photosynthesis was reportedbyseveral  
investigators．Sulfite’would suppress photosynthesis dlreCtlybyrneansoftheinl11bitionof  
ribulose－1，5－bisphosphatecarboxylase（Ziegler，1972）andphotophosphorylation（Plesniear＆  
Kalezid，1980；Ceroviee（al．，1982），andindirectlybymeansoftheinl11bitionofSH－enZymeS，  
for example，NADP－glyceraldehyde－3・Phosphate dehydrogenase，ribulose・5－PhosphateklnaSe，  
andfructose－1，6・bisphosphatase，CauSedbyH202WhlChwasformedthrough0；increasedby  
Sulnte（Tanaka et al．，1982a，1982b）．On血e other hand，Sulfiteis oxidized to sulfate  
enzymatically orphotochemically（Asada＆Kiso，1973；KondoetaL，1980）andreducedto  
H2S（Silviusetal”1976）iJlplantce11s．Sulfateislesstoxictoplantceusthansulnte，however，  
H2Sisreportedtoinl1ibitthephotosyntheticelectrontranspoft（OrenetaL，1979）．Another  
POSSiblemechanismofphotosynthesisinhibitionbysulfiteisthedecreaseofintracellularpH．  
Since the cytoplasmic pHisaroundneutral（Srnith＆Raven，1979），SO2paSSedthroudlthe  
protoplastmembraneswouldbetransformedtoHSO；andSO…‾resultingintheformationof  
tTinthecytoplasm．AssllOWninFig・7，PhotosyntheticrateinViciachloroplastsdecTeaSed  
血arply as the pH of the assay medium was apart ftom the maxlmum One forthe  
Photosynthesis．Thus the reduction of the cytoplasmic pHrnightinfluence the activity of  
photosynthesis．However，further study must be required toclarifythemechanismofthe  
inhibitionbysulnte．  
SeveralwoTkeTSTePOTtedthatSO2affectedmembraneintegTityinplantce11s（Ijlttge  
1972），reSultinginthemassiveleakageofK’andphotosynthetical1yfixedproducts（Puckettet  
al，，1974，1977）．However，PlasmamembranesofprotoplastswefeStillfunctionalevenafterthe  
sulfite treatmentin our experimentalconditions．EvanS blue was stillimpermeable to  
PrOtOplaststreatedwlthsulfite．Theprotoplastvolume aftertreatmentwithandwithout10  
mMNa2SO3atPH5．Owassame（Table3）．Bothprotoplastsampleschangedtheirvolumein  
thesamemannerwhenincubatedinvariousconcentrationsofmarulitoIsolution（resultsnot  
Shown）・Thus the sulfite汐VeSa remarkable effect on thernetabolic activityofprotoplasts  
ratherthanthedrasticdamageofthemembranes．However，furtherstudiesshouldberequired  
toclarifywhethersulnteaffectsthespecincfunctionofplantcellmembranes，SuChasspecinc  
transportcarriers，OrnOt．  
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ソラマメ葉肉細胞プロトプラストの亜硫酸による  

光合成阻害と［35S卜亜硫酸の取り込み  

榊 剛1・近藤矩朗1   

ソラマメ（Ⅲ元力磁L．cv．Otaiuku）築から単離した葉肉細胞70ロトブラストを，PIi6・0以  

下の酸性域において10mMⅣazSO3で処理したところ，光合成酸素発生速度及び14co2固定速度  

は大きく低下した。一方pH6．0以上でのNa2SO。処理ではどちらの活性も影響されなかった。  

プロトプラストをNa2SO。で処理するpHが低いほど，多くの貴の亜硫酸がプロトプラスト内に  

蓄萌された。pH5．0でⅣa2SO3処理したプロトプラストは，光学顕微鏡による観察や，エバンス  

ブルーによる生体染色の結果からインタクトであった。プロトプラストから単離した葉緑体の光  

合成活性は，至適pHである8．4－8・6の下でプロト70ラストの活性の80％以上を保持していた。  

葉緑体の光合成酸素発生速度は，70ロトブラストの場合とは異なり，測定したpH（7・4－9・0）  

全域にわたってNa2SO。により同じ程度まで阻害された。  

1 国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  

34   



Res・Rep．Natl・lnst・EnvirorL・Stud・．Jpn．，No．65，1984．  

SulfiteInhibitionofUptakeandFixationofInorganicCarboninMesophyll  

ProtoplastsIsolatedfromViciajabaL．  

TakeshiSakakiland NoriakiKondol  

1EnvironmentalliiologyDivision，theNationallnstituteforEnvironmentalStudies・   
Yatabe・maClli，Ts11kuba，lbaraki305，】apan．  

N（）tOnlytheratesofCO2flXatlOnbutalsothoseofacctlmulationofinorganユC  
carbon（Cinorg）wereloweTedinisolatedIqciaJqbamesophyllprotoplastsby  
PreincubatlOn WithlandlOrrLM Na景503 atpI寸4・5・TheinnuxIateSOfCinorg  
intoprDtOPlastsaccordingtotheexternalCinorgCOrlCentrat”nSWereinhlbitedby  
NaユSOぅtreatments・Theinltial工ateOfCOっfixatiotlWaSCOmparedwlththeCinoTg  
innuxfate・in血catin各thattheCinorglnnuxTatemay追mhthefixationIa18allow  
il－nuXrateSinprotoplaststreatedwithlmMNa】SO”andthatthephotosynthetic  

Site（S）りesidesthesiteofCin。，EinfluxonceumembraneswefeinjuIedbylandlO  
mMNaユSO｝・  
TTle aCtivity of Vtcia carbonicanhydrasewasinhibitedbylmMNa2SO∋but  
notbyAmMNa2SO．，  
J（eyw｛，rds＝ Carbonic anhydrase，Inoreganiccarbonuptake，Mesophyuproto－  

plasts，Photosynthesis，Sulfite，Viciajbba   

Exposure to sulfur dioxide（SOユ），am年】OratmOSphericpollutant，CauSeSinhibitionof  
Photosynthesisinvariousspeciesofpl且ntS．Extensivestudieshavebeencarriedouttoclarify  
theeffectofSO20rLPhotosyrLtheticprocessesusingplantleaves，andisolatedchloroplastsand  
enzymeS（Malhotra＆Hocklng，1976；ノHallgren，1978）・Wehavealreadyreportedthatphoto・  
Synthesis ofisolatedIj7cia mesophy11protoplastswasinhibited by the preincubatiorlWith  
Na2SO3atanaCidiccondition，andthatthisinhibitiorlWaSCloselyrelatedwiththeamountof  

Sulfite taken up by the protoplasts（Sakaki＆Kondo，1984）．HDWeVer，themechanismof  
photosyntheticinhibition byintracellularsulnte remainsto be determined．Itwasreported  
thatnotonlyCO2fixationonribulose－1，5・bisphosphatecqrboxylase，akeyenzymeofphoto・  
SyntheticCO2fLXation（Ziegler，1972），butalsothefixationintheisolatedspiIlaChchloro－  
Plasts（Liberae（a（．，1975）wasinhユbitedbysulflteinacompetitivemannerwithrespectto  
Cinorg・  

Jnthisreport・WeStudiedtheuptakeandfJXationofCinolg，inNa2SO3・treatedprotoplasts  
at various CinoIg COnCentrations to determine the action ofsulflteOnthephotosynthetic  

AbbreYiations：CA・C打bonicanhydrase；Cinq呼1nOrgひiccarbon・  
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T∈lkeshiSakakiand NoriakiKondo  

PrOCeSS？SOfwhoJeceiJsystem・Duringthestudy，WefoundthattherateofCinorginflux  
WaS eXtremelylowin the protoplaststfeatedwith Na2SO3at anaCidic condition．Wealso  

Suggested thepossibilitythattherateofCi爪Orglinfluxlimitedthat ofphotosyntheticCO2  
鮎ationiれthesep∫OtOp】a5t5．  

M且te血1samdMethod5   

月α〃JgmwJ如〃dpmr叩ね∫J如ね血〃  
Broad bean（Viciaβba L．cv．Otafuku）plantswere grown andrnesophyllprotoplasts  
Wereisolated as previously reported（Sakakl＆Kondo，1984）．lsolated protoplastswere  

StOredinamediummadeupofO．6MmannitolandlmMCaC120niceunderdarkness．   

／′l川山ナノlりIl再，ハ㈲J】山∫JJh■血。＼■J：∫（）J   

lncubation ofprotoplastswith Na2SO3andtheterminationoftheincubationwereper－  
formedat4Ocasdescribedpreviously（Sakaki＆Kondo，1984）exceptthattheincubationpH  
WjthNa2SO3WaS4・5jnpユaceDf5・0・A釣ersedime山atjonby5加djng，PrOfop】aざt5WereWa5hed  
withO，6Mmannitolbycentrifugationandresuspendedinthesamernediumbeforeuse．   

〟e郁〟柁椚e〃J（l〃〃OJ耶門fcα〃dβズed14C函p和ー叩JαざJぶ   

Protoplasts（equivalenttoapproximatelyOlmgchlml‾1）weepreincubatedinanO2  
electrodechamber（RankBrothers）at250cin2・mlmediumcontainlng50mMHEPES，1mM  
EDTA，0，6Mmannitol，andNaOHtomakepH8．0．Theincubationmediumhadpreviously  
beenpreparedandstockedunderCO2・freecondition．TheprotopIastswerei11uminated（800  
PEm，2s▲1pAR）beforetheterminationofO2eVOlutiontominimizetheinternalCin。rgpOOl．  
Thentheaccumulationof14cwithlntheprotoplastswasmeasuredbysillCOnOilcentrifugation  
methods．Themjcrocerl【rifugetube（400／ノ】；PO】yet九ylene）contained20山口f2．5NNaOH  
atthebottom，70plofsihconoil（704：DowCorning），thedensityofwhichwasadjustedto  
l．050by hexane，at the middle，and200FdofCO2・depleted assay medium withthe sarne  
COmPOSition asabove・Fivemin before thein）eCtion ofprotoplasts to the assaymediumin  
the centrifuged tube，NaH14co3WaS added to the assaymediumandstaJldtoallowthe  
equilibriumamongthespeciesof14cinoTg．DuringthlSperiodoftime，neitherdecreaseof  
radioactivityintheassaymediumnorthediffusionof14co2tOthebottomlayerofthetube  
wa主detected，FiftyplofCO2・depletedprotoplastsuspensioninanO2electrodechamber  
WaStranSferredtoatubewiththeassaymedium，mixedwithasmal1glassrodandallowedfor  
theaccumulationof14cinprotoplasts，Duringthisprocedure，thetubewasi11uminated（500  
W；EyeLamp，IwasakiElectric）fromabovethrough7cmofwaterIayerandO．4cmofinfrared  
absorbingglass（HG；ObaraKogaku）givingalightintensityof750・800pEmJ2s－1pARat  
the tubeposition．AssaywasterminatedbythestartofcentrifugationwithaMicrohlgeTMB  

（蝕ckman）at班etjmei∫ldjcafed．notopね5t5WereざedjmentedbyceJltrifugatjoJIW血加25．  
Al1tubeswere centrifugedfor30s，Immediatelyaftercentrifugation，20plof2．5NNaOH  
wasaddedtothetoplayerofthetubetopreventthediffusionof14CO2tOthebottomlayer・  
Afterfreezlngthetube，thebottomlayercontalmingsedimentedprotoplastswascutandmixed  
ina300plofO・1NNaOH・One・hundred〃lofthlSSuSPenSionwasmeasuredforradioactivity  
（total14cin。rgaCCumulated）withBray’sscinti11ator（Bray，1960）usingaLiquidScintdla・  
tionCounter（3255；Packard）．AnotherlOOFdwasmixedwith20山ofconc．HClaふddrled  
to remove the unfixed14co2．Acid－Stable14cnxedwasdissoIvedinlOOdofdisti11ed  
Wateranddeterminedasdescribedabove（flXed14cin。，g）・Therateof14co2flXationin  
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Sulrit¢inhibitionofinorganiccarbonuptake  

Fig・1wasdeterminedfromtheamountof14cnxedduring40softheincubationperiodL The  
correctionfortheamountof14cinorg Carriedintothebottornlayerwiththeprotoplastsbut  
not absorbed by the protoplasts wasmade using［14c］・mannitolasdescribedpreviously  
（Sakaki＆Kondo，1984）．   

d∫∫サqrCα′加）〃fc〃〃ブリd相方e   

Isolatedprotoplasts（equivalentto15pgchl）wereaddedtotheice・COld5miof50mM  
sodiumveronal－HCl（pH8．3）containingindicatedamountofNa2SO30rNa2SO4・After3  
min，5mlofCO2－Saturated distilledwateronice wasaddedto the mixture and the time  
requiredtochangefrompH8■3to7．3wasrneasuredwithaglasselectrode・Duringtheassay，  
the reaction mixture was stirred onice．The enzyme activity was determinedwithU＝10  
（tb／tc－1），WhereUistheenzymeumit，andtbandtcarethetimerequiredfoTthepHchange  
withboiledandunboiledprotoplastmedium，reSPeCtively（RICklietal・，1964）・   

αわr叩′リ〟meα∫〟托me〝r   

ChlorophyllcontentwasdeterminedbythemethodofArnon（1949），   

月αdわ〃CJルec如椚ねαJ∫   

NaH14co，and［14c］－mannitoIwereobtainedfromNewEnglandNuclear．  
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Fig・1Therelationbetweenther且teOfphotosymthetic14co2flXation  
inViciamesophyllprotoplastsand14cinorg COnCentrationsaddedtothe  
extemalmedium，andtheLineweal，er－Burkplots  

TbeintemalCinQ柑POOlofprotoplastshadprevlOuSlybeendepletedasdescてibediTt  
MaterlalsandMethods・A＝prOtOplaststreatedwithO（0）andlmM（・）Na，SO3at  
pH4・5・VmaxfoTOandlmMNa2SO？－treatedpTOtOPlast＄WaS156and54・9pmoI  
CO2fixedmgchl‾Jh‾），reSPeCtiYelyL KmforbothprotoplastprepaJationswasl．6  
mMNaHCO，・B＝PrOtOPlaststreatedwithO（○）andlOmM（・）Na，SO，atPH4．5．  
InOandlOmMNaiSO3－treatedprotoplasts，Vmaxwas11land46・5JLmOICOユ  
flXedmgchrlhl・andKmwasl■7and2・8mMNa＝CO3，reSpeCtively・  
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Results  

Fig・1showstheeffectofCinorgCOnCentrationaddedtotheincubationmediumonthe  
rateofphotosynthetic14co2fixationinmesophyllprotoplastswhichweretreatedwithland  
lOmMNa2SO3・TheLineweaveT－Burk arlalysesshowanon－COmPetitivetypeofinhlbitionin  
theprotoplaststreatedwithlmMNa2SO3andamixedtypeofinhlbitioninthosetreatedwith  
lOmMNa2SO3．Liberaetql．（1975）reportedthatCO2fixationinisolatedspinachchloro・  
plastswasinhlbitedbysulfiteinafullycompetitivemannerwithfeSPeCttOCinoIgaddedtothe  
medium，butsuchcasewasnotobservedinthepresentexperiments．   

Fig・2showsthetimecourseofaccumulationofinorganicandflXed14cinprotoplasts，  
theinternalCinorg pOOlofwhichwaspreviouslydepleted・Photosynthetic14CO2fixation  
Startedimrnediatelyaftertheadditionof14cinorg Withoutlagtimeandproceededatallnear  
ratein both the non・andNa2SO3－treatedprotoplasts，Timerdependentaccumulationofurl・  

nxed14cinorglnSidebothprotoplastsamplesappearedtobecurvilinearatallextemalCinorg  
OnCentrations・】ncontrasttothecasewithChLa叩domonasceus（Badgeretal・，1980）and  

lSOlatedAspanpsmesophyllcells（Espie＆Colman，1982），Cino．gCOnCentrationiriVicia   
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Fig．2 Time－dependentaccumulationofinorganic（AandC）andfixed  
（BandD）14cintheprotoplaststTeatedwithO（AandB）andlmM（C  
andD）Na2SO3aSafunctionofextemalCin0堵COnCentrations  

－0－，4．0；－▲－，1■6；－ト，0・84；－△－，0・40；md －ロー，0・16mMNaH＝coュ・  
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Sulriteinhibitionofinorganiccatbonし1pt8ke  

mesophyllprotoplasts didnotreacha rapidequilibriumwiththeexternalmedium．Inboth  

PrOtOPlas－s，thelargertheamountofeズternalCinorgCOnCentrationsaddedwas，andthelonger  
theincubationtimeofprotoplastswith14cinorg WaS，themoreamountof14cinorg WaS  
accumulatedintheprotoplasts・TheinfluxrateofCinoIg WaSeStimatedfromtheinitialprate  
Of14caccumulationintheprotoplast5，andtheeffectsofNa2SO3treatmentOntherateof  
14cin。，ginnuxandthatoffixationwereexamined（Fig・3）・Thereactiontimefortherneas－  
urementofinitialratewasonly6s，thustheefnuxofCinoTgfromprotoplastsisexpectedtobe  
negligible・Fig・3clearlyindicatesthatnotonly14co2触ationratebutalsothe14cino＝g  
influxonewereseverelysuppressedbytheNa2SO3treatmentOVerallexternalCinorgCOnCent・  
rations．Thedecreaseofbothrateswa51argerwiththetreatmentatlOmMNa2SO3thanat  

lmM・Fig・4showstherelationshipbetweentheinitialrateofinfluxandthatoffixationof  
lqcinorginboththeprotoplastpreparationsL】nthenon・treatedprotoplasts，therateofphoto・  
Synthetic14cfixationincreasedalmostlinearlywiththeincrementoftheCinorginfluxrateup  
toapproximately150仰一Olmgchrlh‾1，andshowedatendencytosaturateatthehlgherinflux  
rate・TheratiooftheCinoIg flXationratetotheinfluxonewas68・70％atthereglOnOflow  
Cinorginnuxrate・lntheprotoplaststreatedwithlmMNa2SO3，theratiocoincidedwiththe  
non・treatedprotoplastsattheinfluxratebelow70JJrnOlmgchrlhl，inspiteofthemarked  
decrease ofinnuxrate（See Fig．3）．The ratio wasdepressedbythetreatmelltWithlmM  

Na2SO3atthehlgherinfluxrate．InthecaseofprotoplaststreatedwithlOmMNa2SO3，the  

ratioofCinofSflXationratetotheinfluxonewassmallcomparedtotherLOn・treated proto・  
plastsovera11Cin。rginnuxrates（Fig・4）・   
Fig．5showstheeffectsofNa2SO3andNa2SO40ntheCAactivityofViciamesophy11  
protoplasts．TheactivitywasinhibitedbylmM Na2SO3tO55％oftheoriginallevel，Whereas  
itwasnotchangedby4mMNa2SO4．  

2  4  0  2  

H州CDj・m川  Ⅳ－H亡03川州  

Fig．3Initialr且teSOftotalaccumulation（○）andfixation（●）of14cin  
l（A）andlO mM（B）Na2SO3－treated Vicia mesophyllprotoplastsas  
affectedbytheextemalCinorg COnCentrations  

SolldllneS，nOrL－treatedprotoplast5；brokenllneS，NaユSO，・treatedprotoplasts・  
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Fig．5 EffectsofNa2SO3andNa2SO40nCAactivityinVtciamesophyll  
protoplasts  

CAactivitywitho11tthechemicalswas970Umgchrl．  

Discussiom  

TheresultsclearlyindicatethattherateofCiれOrginfluxdependentontheexternalCinorg  
concentrations was StrOngly depressedin Viciamesophyllprotoplastsbythetreatmentwith  
Na2SO。atanaCjdiccoIlditjon（Fig・3）・Thepossi抽causeorthereductjonorCin。－gtin伽x  
istheinhlbition ofintracellularCA activitybysulflte．SeveralalgalspecieslostCAactivity  
whengrownunderespeciallyhlgh CO2COndition（GraharnetaL・，1970；Findenegg，1976），  
andbothinnuxrateandaccumulationlevelofCinofgWerereducedinthesecells（Badgereta］・，  
1980；Kaplaneta［，1980）▲CAboundineithersideofartincialmembranesfacilitatesthe  
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Cin。，g tranSpOrt（Broune［a）・，1970），andthusitsactioncouldbeattributedtoapartasthe  
pemleaSe（Findenegg，1974）．Fig、5clearlyshowsthatNaユSO3inhibitedCAactivitymore  
StrOngly than Na2SO4did．We havealreadyirldicated that Na2SO3，treatedprotoplasts ac－  

Cumulated sulflteinthe protoplasts（Sakaki＆Komdo，1984）．Threfofetheintrace11ular  
SulfiteshouldsuppresstheCAactivityandconsequentlytheratesofCinoIginfluxintothe  
protoplasts．AnotherpossibilityisthereductionofintracellularpH（WerdanetqL，1972）  
CauSedbyNa2SO3treatmentaSSu甲eStedpreviously（Sakakl＆Kondo，1984）・Thispos‾  
Sibility，however，1S PuTely speculatlVe and we have no experimentalbasestosupportthe  
POSSibilityatpresent，   
TherateofphotosyntheticCO2fixationincreasedwithCinorginnuxrate（Fig．4）・The  
dependenceoftherateofCO2flXationonthatofCinoTginfluxwasdifferentbetweenthe  
protoplaststreatedwithlrnMandlOmMNa2SO3・Inmesophyllprotoplaststreatedwithl  
mM Na2SO3，theratioofCO2flXationratetoCinorginfluxonewassimi1artoth8ratioof  
r10n・treatedprotoplastsatlowCinorginfluxrate，butCO2触ationabilitywassaturatedat  
rnucl1lowerinflux rate than that ofnon－tfeated protoplasts．lnthecaseoftheprotoplasts  

tTeatedwithlOmMNa2SO3・theratioofphotosynthetlCCO2fixationratetoCinorginnux  
OneWaSlowerthanthatofnon・treatedprotoplastsnotonlyathighCin。．ginfluxratebutalso  
atlowone・ltissuggestedthatthedepTeSSionofCinorginnuxratelimユtedatleastpartlythe  
photosynthetic CO2flXationinNa2SO3・treated protoplasts．Kaplane（al．（1980）reported  

thattherateofphotosyntheticCO2fixationinhighCO2－grOWnAnabaenacellswaslimitedby  

therateofCi。。，ginnuxi・1tOthecells・TheysuggestedthatthenumberofHCO；transport  
Carriersatce11membranes＼VaSdecreasedbysuchgrowthcondition．lnthecaseofhユgherplant  

Ce11s，however，it has5tilltobedeterminedwhetherHCO；couldcrossthecellmembranesor  

not（Volokitaetal．，1981；Espie＆Colman，1982）．ThepTeSentreSultsshowthattheinflux  

OfCinorg throughthecellTnembranesshouldalsobeanimportantpointforstudyingthepho－  
tosynthesisinhigherplantce11s．ProbablythecomplexedmannerofCO2flXationkineticsas  

presentedinFig・1istheresultfromcombinedeffectsofsulntebothonCinoIginfluxandCO2  
fixationprocesses．  
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ソラマメ葉肉細胞プロトプラストの亜硫酸による  

無機炭素の取り込み及び固定の阻害  

榊 剛－・近藤矩朗1   

ソラマメ（VtcLajabaL．cv．Otafuku）薫から単離した葉肉細胞プロトプラストをpH4．5で  

1mM及び10mMNa2SO3と培養した結果，光合成によるCO2固定速度のみならずプロトプラス  

ト内への無機炭素（Cinorg）の蓄積速度も大きく減少した0測定液中のCinorg濃度を変え，プ  

ロトプラスト内へのCinorgのインフラックス速度を測定すると，Na2SO3処掛こよってインフ  

ラックス速度が大きく阻害されることが明らかになったo Cinorgのインフラックス速度を炭酸  

固定の初速度と比較したところ，1mMNa2SO3処理プロトプラストにおいて低インフラックス  

速度領域ではCinorgインフラックスが固定速度の律速となっていることが示唆された01mM  

NazSO3処理プロトプラストの高インフラックス領域及び10爪MNazSO3処理プロトプラストで  

は・Cinorgインフラックス阻害の他に，光合成経路の阻害が発現していることが示唆された0   

ソラマメ葉のカーボニックアンヒドラーゼは1mMNazSO3によって55％まで阻害されたが4  

mMI寸∂2SO3によっては阻害されなかった。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
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Res．Rep，Nat】．1nst．Environ■Stud・，Jpn■，No▲65，1984．  

EffectsofMixedGasonTranspirationRateofSeveralWoodyPlants  

l．Interspecific以fferenceintheEffectsofMixedGasonTranspirationRate  

ToshlklNatorilandTsumuguTotsukal  

1EnvironmentalBioIogyDivision，theNationalInstituteforEnvironmentalStudies・   
Yatabe－maChi，Tsukuba，Ibaraki305，Japan．   

InterspeCifiedifference oftransplratio】lrateinsevenwoodyplantswithdifferent  
toleTanCeStOaiLPOuutantSWaSStudiedduringthesimultaneousexposuretotwospecies  
ofNO＝03andSOユWhoseconcentrationswereO・1ppm・TestedplantswereNerium  
f〃dfcumMill，仇0〝γ椚〟∫わク0乃加Thumt），血C“占〃画フ0〃fcαTllumb，d亡g′占〟叩e′沼〝〟椚  

Mig．n動〝用川りα…沌眈U】軋】och，¢一e′蝕∫mγ′∫f〃αゆ肋Blume andZg比0γ〃∫e仰J〃  

Makino，TheobtainedTeSultsshowedthatthecharacterisitcfeaturcoftolerantspeciesto  
airponutantswasahighstomatalsensitivityto theai∫pO山tant5（凡加dfc〟mandg・  
japonlca）orasma11valueofinitialtranspiration rate∽■jqpontca）・Z・Se，ra（Ghadan  
extreamlyunlquereSPOnSeOftransplrationrateduringtheexposuretomixedgaseswith  
felativelyhighconcentrations．  
Keywords：mixedgas，WOOdyplants，tranSplTationrate，SOl，NOま，0，・   

Inthedayt血e，plantscanabsorbCO2inairthroughstomatabyaphotosyntheticprocess，  
狐dconsumenっObyatr弧Spuationp－OCeSS．刃on各WiththesepTOCeSSeS，plantsunavoidably  
absorbairpollutantsinthesmokepollutedarea．AccordlngtOthereviewbyOmasa（1979a），  
the main factorsin plantscontrollingthe absorption ofairpollutantsbyleavesarel）the  
？OnCentrationofpollutantsinthesubstomatalcavityand2）theopeningofstornatadetermin－  
1ngPrlnClpal1ythegasdiffusionresistance．Theconcentrationofpollutantsinthesubstomatatal  
CaV坤WaSrePOrtedbyseveralworkers（Omasa＆Abo，1978；Omasae（al・，1979b；Black＆  
UnsworttL，1979；Natori＆Totsuka，1980；Unsworth＆Black，1981）・Thoseresultsshowedthat  
thecoヮcentrationofSO2，03andNO2inthesubstorrlatalcavitycouldbeassumedtobeO  
Ppm．ThlSmeanS that thegasabsorption ofplantscanbel血itedmainlybytheopeningof  
StOmata．   

1t has been wellknown that the stomatalopeningis different a皿Ong plant species．  
Howev¢いheTeaTeOnly玩wTepO－tSaboutinteトOTintTaSpeCincdlffeTenCeOfstomatalopelling  
duIingthe exposure tomixedgaseswithrelativelylowconcentrations（Beckerson＆Hofstra，  
1979；Elkley＆OImrOd，1979；Fuiinurnae［al．，1981）．Furthermore，nOfepOrtCOuldbefotLnd  
SOfarconcemingtheinterspecificdifferenceinstomatalopeningofwoodyplantsdurlngthe  
exposuretomixedgases．  
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Theresponsesofstomataduringtheexposuretogasmixturearedifferentarnongthegas  
COrnpOSitionandtheenvironmentalconditions．Tnthepresentstudy，thetranspirationrateof  
WholeplantS，WhlChwasknowntobeaneasilymeasurableindicatorofstomatalopening，WaS  
examinedin seven woody plantswith dlfferent tolerance to air po11utants duringthe  
Simultaneous exposure composed of two species of NO2，SO，and O3under the same  
environmentalcondltions・Based onthe obtained data，the relationshlPS between plants  
resistanceandthechangeoftranspiationrateduringthegasexposurewerediscussed．  

MaterialsandMethods  

Sevenspeciesofwoodyplantswereselectedonthebasisofthedlfferenceofresistanceto  
gaseous pollutants（Noria Suisan Gi）utSukaigiJ⊥mukyoku，1973）：NerTu7nindtc〟mMiJ］aJ】d  
血owmusjqponicaThumbasanextremelyresistantspeCies，AucubajaponicaThumbandAcer  
buelgeTianum Mig，aSamOderately resistantspeCies，VtbumumawabukiK．Kochasarather  
SenSitive species，and Quercus myrsinadolia Blume and Zelkova sern［a MaklnO aS a Very  

5enSjtiYe5peCje5・YoungpユaれtSOr払ege5peCie5We∫egrOWれわrthreeto5ixmoれthsinpla5tic  
pots（1／50000rl／10000are）containing peat moss，Vermiculite，perlite，and fine gravel  
（2：2：1：1v／v）inagreenl10uSe．Theplantsweretransferredtoaphytotrongreenhouse，andthey  
Weremaintainedfor山rtheroneweekbeforegastreatmentsunderthecondltionsof250cinair  
temperafureaJld75％inrelativehumidityinthephytotron．   
Thepottedplantswereplacedinacontrolled－enVironmentalgasfumgationchamberfor  
12hoursin order to be preconditioned under the same condition as the gas exposure  
experimentswheretheenvironmentalconditionswerealrtemPerature250c，relativehumidlty  
75％andlightintensityabout35klxatplantheight．Thelightsourcewascomposedoftwenty・  
four400Whalidelumps．（Toshiba，YokoLump）．Thelightwasfilterdthroughheatabsorbing  
ghsstoexcludetheradiationabove800nm．   
Themeasurementsoftranspirationratewereconductedduring9＝00－17‥00toexclude  
theeffectsofdlurnalrhythmofstomata・Beforestartingthemeasurements，pOttedplantswere  
Watered excessively，and they wereleft to drain for15minutes．Andtheneachpotwas  
WrapPedin a polyethylene bagandweremadealr．tightsealaroundthebaseoftheplant．  
Severalpots were set onanelectric top・1oadingba］ance（Mett］er，Mode］PE‖），and thejr  
Weightlosseswererecordedatthe timeintervalofoneminwithathermaldataacquisition  
instrument（EtoDenki，ModelThermodacII），Thegasexposurewasstartedaftertheweight  
lossesofthepottedplantsattainedstablevalue．Aftertheexposuretreatments，1eafareaswere  
me且Sured wlth an autom且tic area meter（HayashlDenko Co．，L軋ModelAAM－7）．  
TranspirationrateswerecalculatedbytherecordedweightlossofpottedplantsforlOmin．  
Thegasconcentrationsinthehlmlgationchamberwerecontinuouslymoniteredandregulated  
using a controlling system based on a chemiluminescent NO－NO2－NO，analyzer（Thermo  
ElectronCo．，Model14D）forNO2，OnapulsenuorescentSO2analyzer（ThermoEJectronCo．，  
Mode143）forSO2andonachemiluminescentO3meter（KlmOtOElectricCo．，Mode1806）for  

O3．   
Whentheinitialvalueoftranspirationratewastoosma11，thedatawererecollectedafter  
exchanging plant materials. 
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Result5  

Fig・1and2showthetimecourseoftranspirationrateofthetestedplantsduringthe  
exposure toO，1ppmSO2十0．1ppmNO2andO．1ppmO3＋0．1ppmNO2．The decreasein  
transplration rate ofE・japonica wasinitially rapid，andthenbecamegradualinbothmixed  
gases．matoⅢ＝血血隕A加昭脚血伽肌nd（2．J†リ′Jfαゆ肋wasgradual．  
Tablelshows summarized data oftheinitialand exposedtranspiration rate ofseven  
SPeCiesduringtheexposuretoO．1ppmSO2十0．1ppmNO20rO．1ppmNO2十0．ippmO3．The  
initialtranspirationrateshowedthemeanvalueforonehourbeforestartingtheexposure，and  
the exposedtranspiration ratewasobtainedasthemeanvaluefor2to3hafterstartingthe  
exposuTe．TTanSpiTatioれTateOf凡血d血mandg．J8pO円通decleaSedattheexposuTetOO．1  

ppmSO2＋0．1pprnNO20r O．1ppmNO2＋0．1ppmO3，On the otherhand，theinitialand  
exposedtranspiration rate ofA．japonicawereverysmall，andthe transplration rateofthe  
Plantwasscarcelyaffbctedbytheexposuretothebothmixedgases・Transplrationrateof  
awabu揖，QtmyrsinaefbLiaandZ．serTVtaShowedatendencynottobeaffectedbytheexposure  
tomixedgases・However，WhentheinitialtranspirationrateofQ．TTVrSinadoliawasrelatively  
large，the transpiration rate decreased remarkably duringthemixed gas exposure．The  

0
 
 

∽
0
1
 
 

q
芸
・
 
N
弓
雲
～
孟
七
；
 
 

0．2  

0．1  

0  

02  

ヱ
勺
ヽ
 
モ
q
こ
句
ヽ
；
叫
モ
勺
ノ
ー
 
 

〇
 
 

1．
  
  
 ∩
） 
 

Fig．1Thetimecourseoftramspirationrateofwoodyplantsexposedto  
O，1ppmSO2＋O．1ppmNO2  

CapitallettersintheflgureindicateplantspeCies＝A；Eunonymus／qponicaB；Nerium  
tndLcum C；＾uczJbc japonica D；Acer buergerwnum F；Quercus myrsiaqfbLjq G；  
Ze］koリaSe〝ata・Arrowsinthengureindicatethetimeofstartingtheexposure・  
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FigL2 ThetimecourぎeOftranspirationrateofwoodyplantSeXPOSedto  
O．1ppmO3＋0．1ppmNO2  

CapitallettersinthefiguTe上ndLcateplantspecies：ADaれdFweTe！hesamespecJeS  
asinFig．1．E；ViburunumawabukL，ArrowsinthefigurewerethesameasinFigLl・  

Tablel Transplrationrateofwoodyplantsduringtheexposuretomix－  
ed gases  
The formervaluesshow theinitialvalue which was obtalnedasameanvalueforlh  
immedlatelybeforethegasexpos11re，Zuldthelatervaluesshowthetranspira仕onrate  
whichwasobtalnedasameanvaluefrom2to3haftefstartlngtheexposuIe．  

Plant species NO20・1ppm＋SOlO・1ppm NOっ0・1ppm＋030・1ppm  

00．195－0．1（iO  

00．133－0．093  

0．078－0．073  

0．15Sl－0．148  

0．1060．101  

0．248－0．239  

00．132－0．11（；00．325－0．299  

00．1卵ト0．117 00．181－0．138  

0．063－0．063  

0．124－0．112 Co．147－0．111  

0．0950．099 0．121－0．124  

0，123－0．125  0．112－0．118  

80．203－0．1（〉3  

00．228－0．113  

0．0郎ト0．064  

0．179－0．177  

80．23ユー0．1（）6  

0．143－0．144  

∧セr山川血dfc〃mM山  

飢0乃γm〟り岬0〃血Th11mb，  

A肛扉叫両町血也Thumb．  

Acerみue曙er血〃〟mMig．  

I瑠w刑〝川帆血沈‖．Koch  

e〟erC以吉川γ′Jれαeβ血Blume  

Z（，J如ydJerJⅥrαMakino  

（xlO‾5gfす10／cmユ・S）  OLevelsof軸nificance：P＜0．05   

dlfferenceineffectsofthemixedgasesbetweenO・1ppmNO2＋0．1ppmSO2arldO．1ppmNO2  
＋0．1ppmO3WaSnOtrecognlZedineveryplanttested・P   
Fig．3showsthetimecourseoftTanSPlrationrateLoffourspecies，Nindicum′E・jq”nica，  
Q・TIV7Tina的ZLaandZ．se〝細，duringtheexposuretoO・1ppmSO2＋1LOppmNO2WhereNO2  
concentrationwaslOtirneshigherthanthatin Fig・1・Thedecreaseintranspirationrateof  
NindicumandE二j叩Onicawasinitiallyrapid，andthenbecamegradualtoattainaglVenValue・  
Ontheotherhand，Q．my7Tinaqfbliadidnotsho、VaClearpatteTninthechangewithtime・The  
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Fig・3 Thetimecourseoftransplrationrateoffourwoodyp⊥anしゝuu▲⊥▲▲s  
theexposuretoO．1ppmSO2＋1．0・pPmNO2  

ArrowsinthefigurewerethesameslgnSaSinFig．1，  

Fig・4 The same asin FigL3，butin Q．myrsiaefolia exposed to O．1  
PpmSO2＋0．5ppmNO2  

ThearrowinngurewasthesameslgnSaSinFig．l．   

TeaSOnOfthephenomenonmightbeintheinstabnityofstomatalmovementand／orthe  
lnCreaSeinaneTrOTOfweiかngbecauseofthesmallweiかlossof血epottedplantsduetothe  
Smal1nessoftotalleafarea．However，Q．myrsi77adblTaShowedasimilartendencyofthe  
decreaseintranspirationratebytheexposuretoO・1ppmSO2＋0・5ppmNO2tOthatofN  
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如戊と〟椚aれd且励〝加expo5ed toO・ユpp汀】SO2＋1．OppmNO2．As5ムowれinFjg．4，the  
transpirationrateofZLSerTTl［adecreasedrapidlyimmediatelyafterstartingtheexposure，butat  
30mirLafterstartingthegasexposure，thetranspirationratebegantoincrease，Andafter2  
hours，theratebecamegreaterthantheinltialvalue．   
Fig・5showstheeffectsofachangeinNO2COnCentrationsmixedwithO・1ppmSO20nthe  
timecourseoftranSpirationrateofNtndicum．Thetranspirationratedecreasedgraduallyby  
theexposuretoO．1ppmSO2mixedwithO．1ppmNO20rO．2ppmNO2．Ontheotherhand，the  
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Fig．5 The time coures of transpiration rate ofNeriumindicum durlng  
theexposuretoO．1ppmSO2mixedwithNO20fO，1－1．Oppm  

＝ ；0，1ppmSOl＋0・1ppmNO2（0・203），”r－；01ppmSO，＋0・2ppmNO，  
（0．143）rL－－；0．1ppmSO2＋0．5ppmNO】（OL194），一 ；0，1ppmSO，＋1・O  
PPmNO。（0・196）・Valuesinparenthcses fo1lowingeach gas compositionshowthe  
initialvalueeftranspirationrate（xlO5gH。0／cmユ▲S）ateachexperiment・  

0  】  2  3  

Tim－  h r  

Fig．6 ThesameasimFig・5，butinZeJわγα∫eけαrα  

■・；0・1ppmSOユ十0・1ppmNOl（0・143卜1－－－；0・1ppmSO2＋0．2ppmNOラ  
（0，219トー・一；0・1ppmSO2＋0・5ppmNO7（0・157），一 川ユppm502十川  
ppmNO。（0・212）・Valu¢SinpaIenthes色srollowingeachgascompositionshowthe  
inltialvalueortTanSplTatioJlrate．  
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transpirationratedecreasedremarkablyafterstartingtheexposuretoO・1ppmSO2mixedwith  
O．5ppmNO20rl．OppmNO2・   
Fig．6showsthetimecourseoftranspirationrateofZLSerra（aunderthesameexposure  
conditionsasinFig．4．ThecomparisonofthepattemsinFig．4withthoseinFig．5indlCateSa  
clear difference between two species．The tranSplration rate ofZ．sem7ta eXpOSed to O．1  
ppmSO2＋0．1ppmNO2WaSSCarCelyaffected・However，the transpiration rateoftheplant  
exposedtoO．1ppmSO2＋0・2ppmNO2WaSSlightlydecreasedimediatelyafterthestartof  
theexposure・Butat2hexposure，itrecoveredmostlytotheinitialvalue・Thetranspiration  
ratedecreasedbytheexposuretoO．1ppmSO2＋0．5ppmNO2irnmediatelyafterthestartor  
the exposure，and at2h exposure，itbecamelarger than theinitialvalue．Futhermore，the  
mentionedtimetrendbecameremarkableatO．1pprnSO2＋1．OpprnNO2・  

Discu5Siom  

InthlSrePOrt，interspecincdifferenceoftransplrationrateamongsevenspeciesofwoody  
plantSWaSeXaminedduringtheexposuretomixedgasesoftwospeciesofSO2，NO2andO3  
with relativelylow and hユghconcelltrations．In the case ofthemiⅩed gas exposurewith  
relativelylowconcentrations such as O・lpprnSO2＋0・1ppmNO20rO・1ppmNO2十0・l  
ppmO3，relativelytolerantspeciestoairpouutantshadahlghstomatalsensitivityasseeninN  
indicumandEl／岬OnicdOrthesmal1valueofinitialtranspirationrateasseeninA．japonica．On  
the other hand，relatively sensitive species had a tendency not to be affected for the  
transpirationrateasshowninVawabukE，Q．myrsinaqfbliaandZ．seml（a（Tablel）・   
Furthermore，theTablelindicatesthattheinterspeci丘cdifferenceofstomatalsensitivity  
oftestedplantsduringtheexposuretoO・1ppmSO2十0・lppmNO2WaSSimilartothatduring  
theexposuretoO．1ppmNO2＋0．1ppmO3．   
1n the case ofthe mixedgasexposurewithrelativelyIdghconcentrationssuchasO・1  
ppmSO2＋1．O ppmNO20r O．1ppmSO2十0・5ppmNO2，Nindicum，E・japonicaandQ・  
myrstnaefotta had a simi1ar pattem of decreasein t－anSpiration rate・The decreasein  
transpirationrateoftheseplantSWaSinitia11yrapidandbecamemoregradualthereafter（Fig・3  
and Fig．4）．Omasa et aL（1979b）reported thatSO2，NO2andO3COneentrationsinthe  
substomatalcavityofsunnowercanbeassumedtobeOppmduringtheexposuretoSO2，03  
andNO2aloneandincombination・lfgasconcentrationsinsubstomatalcavityareassumedto  
be Oppminthetestedplants，thegassoTptionTatewi11beinpaTa11elwiththeirstomatal  
opening・Therefore，the data showninTablelandFig・3suggestthattheamountofgas  
sorptionofthespeciestoleranttoairpo11utantsbecomessmallerbytheclosingofstomatathan  
thatorsensitiveplantsduringthesimultaneousexposure・  
Simi1arlytoourresultsduringtheexposuretomixedgases，Thomas（1951）hasreported  
thattheinterspecific differencein resistance to SO2isascribableto the diffeTenCeingas  
absorptionintoleaves．KondoandSugal1ara（1978）hasreportedthattherapidityofstomatal  
closureduringSO2fumigationmaydeterminetheresistanceofplanttOSO2・Furukawae（aI・  
（1979）have reportedthatinterspecinc differenceinresistance to SO2may be primarily  
determinedbytheamountofSO2absorbedforacertainperiod．  

On theotherhand，Z．serratahadaneXtremely unique response oftranSPlaration rate  
duringtheexposuretoSO2十NO2，aSShownFig．5．Thedegreeofthechangeintransplration  
rate became remarkable withincreaseintheconcentrationofNO2mixedwith0・1ppmSO2．  
OneofreasonswhyZseT7V（aissensitivetogaseouspo11utantsmaybeinthlSuniqueresponse  
oftranspiration rate duringthe exposure to relatively highconcentrationsofgasmixture・  
Therefore，tOaSCertaintheresistanCeOfwoodyplantstothemixedgasexposure，thechangeof  
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transplrationratewithtimeduringtheexposuretomixedgasesisneededtoexamine．  
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数種木本植物の蒸散速度に及ぼす混合ガスの影響  

1．混合ガスの蒸散速度への影響についての種間差異  

名取俊樹】・戸塚 績l   

0．1ppmSO2，0．1ppmNOz，0．1ppmO3による2種混合ガスを汚染ガスに対する抵抗性の異な  

る7種の木本植物に暴諾して蒸散速度の変化を測定し，混合ガスの蒸散速度に及ぼす影響の種間  

差異を検討した。実験植物として，キョウテクトウ，マサキ，アオキ，トウカエデ，サンゴジュ，  

シラカシ，ケヤキを選定した。実験の結果，汚染ガスに抵抗性のある種の特性として，例えばキョ  

ウチクトウとマサキでは混合ガスに対して気孔が敏感に反応して閉じたが，アオキは本来の蒸散  

速度が低く，ガス暴露しても蒸散速度がほとんど変化しないことが明らかとなった。一方，ケヤ  

キの蒸散速度は，比較的高濃度の混合ガス暴露時に極めて特異的な変化を示した。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
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Res・Rep・Natl・Inst・Environ・Stud・，Jpn．，No．‘5，1984．  

EffectsofMixedGasonTransplrationRateofSeveralWoodyPlants  

2・Syne密Stic EffectsofMixedGasonTranspirationRateofEJLO町tTluSjhponico  

ToshiklNatorilandTsumuguTotsukal  

1EnvironmentalBiology Division，theNationalInstituteforEnvironmerltalSttldies，   
Yatabe．machi，Tsukuba，Ibaraki305，Japan，  

Changesintranspiration rate ofEuonymousjaponico wereinvestigatedby the  
exposuretoSO，，NO，andO，aloneandincombinationsunderthesameexperimental  
conditions，The decreasein transpiration rate by the singleexposuretoO，WaSmOSt  
remarkable among that by the exposure to SO”NOユ Or O，with O▲1pprn・The  
simultaneousexpc・Sure tO O．1ppmSO。andO．1ppmNO2reSultedinlargerdecfeaSein  
transplration rate thanthatattheexposuretoSOユOrNO2alone．ThemixtureofO・1  
ppmO3WithSOlOfwhiehcorLCentrationvariedfromO・05toO・5ppm・CauSedthelarger  
decreasein transplrationratewitl－incleaS¢inSOラCOnCent∫ations・Howev餌，¢rfectsoF  
themixtuTeOfO．1ppmNOっwithO，indifferentconcentrationswereapproximatelythe  
sameasthoseorO，alone．ThedecreaseintransplTationratebythemixedgasexpos11re  
to twokindsgasesofSO2，NO2andO3atthesameconcentrationofO・1ppmwas●  
appてOXimatelysimilartqeachothe†．  
Keywords：E，japonica，SynerglSticeffect，tranSpirationrate，SOl，NOユ，03・   

Inthepreviousreportshowninpage45－530fthetext，theeffectsofmixedgaseson  
transpirationrateofseveralwoodyplantSWereinvestigated・Thereareseveralpapersshowing  
thesynergsticeffectsofmixedgasesontranspirationofherbaceousplants（Ashenden，1979；  
Beckerson＆Hofstra，1979a，b；Elkley＆Ormrod，1979，1980；Fujinuma＆Alga，1980；Omasa  
etal，1980）．Ashenderl（1979）investigatedthatthepollutantincombination（10pphmNO2＋  
10pphmSOユ）caused a remarkably decreasein transpiration rate．Beckerson and Hofstra  
（1979a，b）reportedthatthemixtureofSO2andO3markedlyincreasedthestomatalresistance  
irlWhltebean，radish，CuCumberandsoybeaJl．ElkleyafldOrmrod（1979，1980）reportedthat  
dleeXPOSureOfpetunlaPlantsto40pphmO3＋80pphmSO2CauSedmarkedincreaseinleaf  
resistance，ThestornatalTeSPOnSeOfplantStOaかenmixedgascanalsobechan邑edbythe  
experimentalcondltionsduringthegasexposure（Elkley＆OmlrOd，1979；Unsworth＆Black，  
1981），However，nO repOrt COuld be foundsofarconcerningtheeffectsofthechangein  
constituentofgasmixtureontransplrationrateofwoodyplantunderthesameexperimental  
conditions．   

IntheprevlOuSrepOrt，ithasbeenreportedthatthestomataof仇oTV，mOuSjaponicaclosed  
remarkablybytheexposuretothemixedgasesofO・1ppmSO2＋0・1ppmNO20rO・1ppmNO2  
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十0」ppmO3 u刀der血e co刀Stanf e脚j∫Onme刀taj condiHoれS・Jn血e p∫e5em‥eporf，tlle  
SynergisticeffectsofgasmixturesontranspirationrateinEjaponicawereinvestigatedbythe  
exposure to SO2，NO2andO3alone and tothemixture oftwospeciesoftheirgaseswith  
dlfferentconcentrationsuIlderthesameenvironrnentalconditions．  

MaterialsaれdMethods  

YoungplantsofEjaponicaweregr？Wnforthreetosixmonthsinplasticpots（25cmin  
dlameter）containing peat moss，VermlCulite，perlite，and nne gravel（2：2＝1＝1v／v）in a  
gree山10uSe．   

Then，theplantsweretransferredtoaphytotrongreenl10uSe，andtheyweregrownthere  
for furtherone weekbefore the gastreatments．Environmentalconditionsinthegreenl10uSe  
㈹reCOntrO】ユed to250cjれ血temperatureand75箆加血tivehumi曲y．Thepknt5Were  
Placedinan airconditionedgas nlmigationchamberfor12hoursbeforethegastreatments  
undertheconditionsofairtemperature25Oc，relativehumidity75％，andlightintensity35－  
40klxatplanthei帥t．   
ThemeasrementSOftranspirationTateWereperformedbyweighingmethodduring9＝00  
－17：00tomlnimizetheeffectsofdlurnalrhytlmeofstomatalmovement．Beforestartingthe  
measurement，thepottedplantswerewatered，andwerelefttodrainfor15minutes，Eacht）Ot  
waswrappedinapolyethylenebagsoastoexcludethewaterconsumptionfromthesurfaceof  
thepot．Twoor threepotsweresetonelectrictop－loadingbalances（Mettler，ModelPEll），  
andtheirweightwasrecordedeveryoneminitewithathermaldataacquisitioninstrument（Eto  
Denki，ModelThermodacIT）．Afterthefumigationtreatments，1eafareasoftestedplantSWere  
measured with an automatic area meter（HayashiDenkoh Co，LTD．，ModelAAM－7）．  
TranspirationrateswerecalculatedintheweightlossineachlOminfor2r3hours．   
Tablelshowsan experimentaldesign ofthe combinationsofgasesusedinthepresent  

experimeLltS．T71e gaS COJICentlatioJIS jT）the chambeT Were COntinuously monitored and  
regulated using a controlling system based on a chemi1uminescent NO－NO2－NOx analyzer  
（ThermoElectronCo．，Model14D）forNO2，OnapulsednuorescentSO2analyzer（Thermo  
ElectronCoリMode143）forSO2andonachemi1uminescentO3meter（KimotoElectricCo．，  
Mode1806）rorO3．  

Res山ts  

Fig，1shows a typicaltime course ofthe transpiration rateinE．japonica duringthe  
exposuretoO．1ppmNO2十0．1ppmSO2for4hinthefumigationchamber．After20minfrom  
thestart ofgasexposure，thetranSpirationrateshowedagradualdecreasetoattainanearly  
constantlevel・ThetimetrendoftranspirationrateinFig・1wasmostlysin1ilartothatinthe  
caseoftreatmentwithothercornbinationsofgasfumigationsinthisexperiment・   
Fig．2showsthedecreaseintranspirationrates（theinitialtranspirationratesminusthe  
exposedtranspirationrates）attheexposuretoNO2aloneindifferentconcentrationsinthe  
rangefrornO・ltol・OppmortothemixtureofO・1ppmSO2withNO20fwhichconcentrations  
varledfromO．1tol，Oppm．Asaninitialtransplrationrate，themeanvalueforlhrbeforethe  
st畠rtofhlmlgationwasapplied，andasanexposedtranspirationrate，themeanvaluefrom2to  
3hafterthe startoffumigation．Asseeninthengure，theexposuretol．OppmNO2alone  

decreasedthetranspirationratebyO・50×10．6gH20／cm2・S（26％oftheimitialvalue）．  
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Tablel Theexperimentaldesign ofgas expo5ure Which wascarriedout  
十symboIsin the tableIePreSent the testedexperiments，andsymboIsrepresentno  
testing．  

Exp．1  

Fig．1Typicaltime course of the transplration ratein Euonymus  
japonicaduringtheexposuretoO．1ppmNO2十0・1ppmSO2for4h  

meafrOWinthefi卯reindicatcsatthetim亡OfstaItingthccxposure・   

Fig．3shows the decreasein transpiration rates duriJlgthe exposure to O3alonein  
differentconcentrationsintherangefromO．05toO，5ppm9rtOthemixtureofO．1ppmNO2  
WlthO30fwhlChconcentrationvarledfromO．05toO．5ppm．TheexposuretoO．05ppmO3  
alonefor2to3hdidnotaffectonthetranspirationrate，Whlletranspirationratedecreasedby  
O．48xlO－6gH20／cm2・S（26％oftheinitialvalue）atthqexposuretoO，1ppmO3alone．The  
extentofthedecreaseintransplrationrateincreasedwlthincreaseinO3COnCentrationatthe  
exposure to O3 alone．However，the exposure to O，十NO2Showed similar effects on  
transpirationratetothoseinthecaseofexposuretoO3alone・  

57   



ToshikiNatoriandTsumugu Totsuka   

芸
～
∈
菖
N
孟
l
O
■
“
 
 

＿
－
■
－
‘
＿
〓
■
－
i
；
■
〓
 
さ
＝
：
＝
＿
Q
 
 

0  0．2 1】4 0．6  □．8  川  

＝2 日nC ppm   

Fig．2 The decreasein transpiration rateattheexposuretoNO2alone  
andtotllemixtureofO．1ppmSO2WithNO2indifferentconcentrations  
for2－3h   

Closed triangles represent data at the mixed gas exposure，and open triangles  
representdataattheexposuretoNO】alone．Opensq11aLerePreSentStheresultatO．1  
ppmSOっ山one．  

ご
‥
‥
－
∫
／
－
 
 

ご
巴
＝
石
芋
蔓
盲
岩
巴
】
長
二
㌫
票
」
0
占
 
 

0  8．1 D．2  0．3  0．4  8．5  
仇r印加・ 即Ⅷ  

Fig．3 ThesamefigureasinFig・2，butinthecaseoftheexposuretoO3  
alone and to the mixture of O．1ppmNO2 With・03in different  
concentrations  

Closedtriangleswere thesameasinFig・2，andopentriangleswerethesameasin  
Fig．2，butattheexposuretoO，alone・  

Fig・4showsthesamengureasinFig・3，butinthecaseoftheexposuretoSO2alonein  
dlfferentconcentrationsortothemixtureofO．1pprnO3WithSO2indlfferentconcentrations  
in the range from O．05to O・5ppm・The exposure to SO2alone did not decrease the  
tTanSpiratlOn rate at au・The difference between the decreasein transpiTatjoTlrate at the  
exposuretoSO2aloneandthattomixedgasofSO2andO3increasedwlthincreaseinSO2  
concentration．   
Table2showsrelativevaluesoftheexposedtranspirationratetoinitialone，Wluchwere  
calculatedbasedonthedatainFig．2to4．TheevaluationofsynergisticeffectsofthemlXed  
gasescanbereadfromthedatainTable2aswe11asthoseinFig・2－4・   
Fig・5indlCateSthecomparisonoftheeffectsoftheexposuretoO・1ppmSO2，0・1ppmO3  
andO．1ppmNO2，alo几eandincombjnatjonoT）thedecteaseintIanSP血tionrate・TIanSPiTation  
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Fig．4 The same figur¢aSinFig．2，butinthecaseoftheexposuTetO  
SO2aloneandO．1ppmO3WithSO2indifferentconcentrations  

Closed triangles wefe the sameasinFig．2，andopentrianglcswerethesameasin  
Fig．2，butat the exposur¢tOSO。alone．OpellSquarerepreSentStheresultatthe  
exposuretoO・lppmO，aloTle・  

Table2 Relativevalues ofthe exposed transpiration ratetotheinitial  
one，WhichwerecalculatedfromthedatainFig．2to4  
melnitialvalueinxlO▼‘gK，0／cm2・SWaSl．51土0．37，1．89土0．46amdユ．0ユ士0．ユ3  
attheNO壬i50ュ，SO】十0きandO3＋NOっ，TeSpeCtively・  

sふNO2   

0   0▲1  0▲2   0●5  1－0  

0  9ユ  93  74  

0．1  100  71  51  35  37  

＼SOl  O  O・05   0・1  0・2   0・5  

0コ  

0  107  100  101  103  

0．1  70  44  63  32  2（；  

0－05   0■1  0●2   0■5  

Nホ0さ  

O  S18  74  58  44  

0．1  91  76  58  42  

ratedecreasedscarcelyduringtheslngleexposuretoO・1ppmNOユ，OrO．1ppmSOユ．Btltdurmg  
theexposuretoO．1ppmNO2＋0．1ppmSO2incombination，itdecreasedremarkablybyO！54x  
10‾6gH20／cm2・S．ThesひCalledsynergisticeffectofSO2＋NO2mixtureontranspirationwas  
recognizedclearly．Transplration ratein relativevalue atthe exposuretoO．1ppmO3＋0．1  
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Fig．5 The decreasein transplration rate ofthe plantexposedtoSO2，  
NO2andO3aloneandiIICOmbinationfor2－3h  

ThevaluesirLthefig11re（10‾‘gH，0／crn2・S）showthediffeIenCebetweentheinitial  
皿dexpogedvalue．Tlleγalueざjれpar印加se5jndjcatepercent∂geOrthela一書¢rγa】ue  
tothefofmer．   

ppmSO2ShowedasimilarvaluetothatattheexposuretoO・1ppmO3alone・Transpirationrate  
ato．1ppmO，decreasedbyO，48xlO‾6gIl20／cm2・S，andthatatO．1ppmO3＋0・1ppmNO2  

decreasedbyO．43×10‾6gH20／cm2・S．Therefore，thlSmeanSthattherewerenocombined  

effectsofO．1ppmO3＋0．1ppmSO2andO・1ppmNO2十0．1ppmO30ntranSpirationrateinE・  
japonica．Thedlfferenceinreiativevaluesof70and74％attheexposuretoOJppmO3atboth  
measurementsmaybeascribedtothedlfferenceininitiaIvalueand／orexperimentalerrors・  

Di紀uSSiom   

聯ぐJ∫0／〃≠rpoJJ扉α〃rαわ〃e  

TheexposuretoO．05ppmO，alonefor2to3hhadnoeffectsorltranSPirationrateinEL  
japonica，WhereastheexposuretoaboveO・1ppmO3hadtheremarkableefrects（Fig．3andFig．  
4）・Therefore，the threshold concentration of O3 tOinduc？theinlubitory effects on  
transplrationcouldbeintherangefrornO．05toO．1ppm．Ontheotherhand，theexposureto  
SO2aloneinconcentrationsvaryinginthe rangefrom O．05to O．5ppm didnotshowany  
effects．TheexposuretoO．1andO．2ppmNO2hadaIsonoeffbcts，Whilethattol．OppmNO2  
inhlbitedslightly the transpiration rate・Therefore，itcanbesaidthatthetoxicityofO30n  
transpirationrateinE如pontcawasmostremarkableamongthesiJlgleexposuretoNO2，SOユ  
OrO3atO．1ppmineachgas．Ontheotherhand，Ornasaetal．（1979）reportedthatthedegree  
Ofthe stomatalclosureinsunflower bythesingieexposuretoNO2，SO2OrO3atthesame  
concentrationswasNO2＜SO2＜03．   

r／ノi，（∵、†り＼・一・Jよ1■‘、J∫JJ・’∫   

TwomethodswereappliedtoevaluatetheeffectsofSO2十03，NO2十03andNO2＋SO2  
0ntranSPiration・Onemethodisbasedontheevaluationofthedecreaseintranspirationrate  
duringtheexposuretomixedgasexposure・AsshowninTable2・thetranspirationratebythe  
exposuretoSO2十03，SO2＋NO2andNO2＋03for2to3h，Wheretheconcentrationof  
eachgaswasO・1ppm，decreasedto63，71and76％oftheinltialvalue，reSpeCtively・ThlSmeans  
thattheextentofinhibitoryeffectsontranspirationrateduringtheexposuretomixedgases  
wasapproximatelysimihramongdleeXPOSuretoSO2十03，NO2十SO2andNO2＋03．  
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Another method for evaluating the combined effects ofmixed gasesis based onthe  
difference（relativevaluetotheinltialvalue）betweenthedecreaseintraTISPirationratesdurlng  
theexposuretoeachgasaloneandthedecreaseduringtheexposuretotheirmixedgases・The  
mentioneddlfferenceduringtheexposuretoO．1ppmSO2alonelandduringtheexposuretoO・1  
ppmso2WithNO2atCOnCentationofO・1ppm，0．2ppmandl・Oppmwas21％（0・54），42％  
（0．45）and37％（0．45），reSPeCtively・Thedifferenceinthetranspirationdecrease，aSShownby  
thenumeralsinparentheses（dimension：10q6gH20／cm2・S），SCarCelychangedwithincreasein  
NO2COrlCentrations，Whileeachvalue ofthenumeralsinparenthesesshowedrelativelylarge  
values・DuringthemixedexposuretoO・1ppmNO2WithO3atCOnCentrationsofO・05，0・1，0・2  
andO．5ppm，thedlrfelenCeinthetranspirationdecreasewas7％（0．13），一2％（－0．5），0％（0．07）  
arLd2％（0．08），reSpeCtively．ThesevaluesindlCatednocleardifferenceamongthem・Inthecase  
ofSO2＋03，theexposufetOO．1ppmO3alonedecreasedto70％oftheinitialvalue，Which  
correspondedtoO．7xlO－6邑t120lcm2・S．Then，thevalueattheexposuTetOO・1ppmO3WaS  
subtractedfromthedifferencebetweendledecreaseintranspirationratesduringtheexposure  
toSO2aloneandthatduringtheexposuretomixedexposure．TheobtaineddifferenceduIlng  
血eInix¢dexposuIetOO．1ppmO3WithSO2atCOnCent柑tionorO．OS，0・1，0．2andO，5ppm，  
was7％（0．2），一23％（0．13），一一1％（0．8）arld7％（0．47），reSpeCtively．Thisindicatesthatthe  
differenceincreasedwlthirlCreaSeinSO2COnCentratiorLS．  
Fromtheabovementionedresults，itcarLbestressedthattheexposuretoNO2＋SO2had  

ClearsynergisticeffectsontranspirationrateofE：japonica，andtheextentofsynergisticeffects  
wasSO2＋NO2＞SO2＋03＞03＋NO2．Furthermore，theseresultssuggestthateachgasof  
NOユ，SOlandO3mighthavedifferentmechanlSmSOntheinl1ibitionoftranspirationrate．  
Asaconclusion，aSmentionedabove，theextentofinhibitoryeffectsonthetranspiration  
rateinEjaponicawasapproximatelysimlaramongSO2十03，NO2＋SO2andNO2＋03・  
Thismainreason couldbe ascribedtothestrongesttoxicityofO3andsynergisticeffectsof  
SO2十NO2．On the otherhand，the decreasein transplrationrate was partly dependedon  
initialvalue・ThelargeinitialtranspirationcarLinducegreaterabsorptionofairpollutants，ifthe  
inl11bifory effects of air pollutants on cIDSlng Of stomata are approximately the same・  
¶lerefore，thementionedractsuggeststhatthedecre且Seintranspirationratemightberelated  
totheamount ofabsorbedgasesinleaves．Forclarifyingeffectsofmixedgases，SynerglStic  
effectsshouldbedユSCuSSedonthebasisoftheamountofabsorbedgasesinleaves．  
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数種木本植物の蒸散速度に及ぼす混合ガスの影響  

2．混合ガスによるマサキの蒸散速度の相乗効果  

名取俊樹・戸塚 績－   

同一条件下で，SO2．Ⅳ02と0。の単一及び混合ガス暴露を行い，マサキの蒸散速度の変化を  

調べた。それぞれのガス濃度が0．1ppmのSO2，NO2と03の単一暴露による蒸散速度の減少は  

03が最も顕著であった。0．1ppmSO2と0．1ppmNOzの混合暴熟ま，それぞれの単一暴露より，  

蒸散速度の減少は大きかった。0．1ppmO＝，と0．05ppmから0・5ppmの範囲で濃度変化させた  

SOzとの涙合暴露は，SO2濃度の増加に伴い，蒸散速度の減少は大きくなった。しかし，0．1  

ppmNO立と種々の濃度の03との混合暴露の影響は，それぞれの濃度での単血暴露のそれとは  

ぼ同程度、であった。それぞれのガス亀度が0・1ppmのSOヱ，NOzと03の2催涙合暴露による蒸  

散速度の減少は，3者の間でほぼ同程度であった。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
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Res・Rep・Natl・InsI・EnYiron・S仙d・，Jpn・，No．るS，1984，  

DifferentialEffects ofOzone and Sulphur Dioxide on the Fine  

StTuCtureOfSpillさChLeafCells＊  

HlrOShlMiyakel13，AkioFurukawa2，TsumuguTotsuka2andEizoMaedal  

1visitingFellowoftlleNationallnstituteforEnYiroTlmentalStudies．PTeSentAddress＝   
FacultyofAgriculture，NagoyaUniversity，Chikusa，Nagoya464，Japan．  
2 EnvironmentalBioIogy、Division，the Nationallnstitutc for EnvironmcntalStudies，   
Yatabe－maChi，Tsuk11ba，lbaraki305，Japan・  
3 visitingFellowoftheNationallnstituteforEnvironmentalStudies・PresentaddTeSS：   
DepaftmentOfEnvironmentalScience，FacultyofAgTiclllture，TokyoUttiversityof   
AgricultureandTechnology，Fuchu，Tokyo183，Japan．  

Spinach（Spi乃aCiq oLeTGCeLZ L．cv．NewÅsia）plantswerecontinl10uSlyfumigated  
WithO・5p・P・m・0，andl・OpLp・m・SOユSinglyorincombination・Theleaftissueswere  
examinedbyelectronrrlicroscopyatvaIlOuSintcrvalsuntiltheywerenecrosed．ThefiISt  
indication of O，inJury WaS SWelling of thylakoidsin the chloroplasts，Which was  
followedbysweuingofGolgibodies，endoplasmicreticulumandnucIcarenvelopes．The  
internalspace of the rr）itochondrialcristaewas reduced，Laterthe chloroplasts were  
derormed．Sulphur dioxidelr叩1y nfSt appeared as swellirlg Of the stroma and  
deformation of the chloroplasts・Swelling ofthylakoids appeaJedlater・After both  
treatments the cellsultimatelycouapsedandtheiTCOntentSWereaggregated・Whe∫10，  
弧dSOIWeTeSupptiedsimultaneously，theappea【弧00anddevelopmentof叫uTyWeTe  
markedly accelerated compaTed witheitherofthesinglefumlgations・Theceusmきinly  
showedthefeaturesofSOユiruuryfol】owlngSimultaneousfumlgation．  
Key words：AiT pOllution，Fine struCture，Ozone，箪）JnociqoterGCea，Sulphur  
dioxide   

Ozone andsulphur dioxidearethemaJOrCOmPOnentSOfairpollution．meyareusuauy  
moTeinjuiious toplantsthanallotherpo11utants（Kozlowskl，1980）．Althoughmanyhave  
studiedontheeffectsofO3andSO2OnPlantsinvarlOuSWayS（seereviewbyHeath，1980），  
thereareconflictingaccountsoftheeffectsofthesepo11utantsonleafultrastruCture・   
OzonecausesthylakoidswellinginchloroplastsofZeEkova（Matsushlmae（a7・，1977）or  
dlStOrtionofthethylakoidsinRaphaTluS（Athanassious，1980），lt causesgranulation ofthe  
stromainmaseoLus（momson，Dugger＆Palmer，1966）andRqphanus（Athanassious，1980）・  
ChloroplastsshrinkwithoutdrasticstructuraldistortioninNTCO［Lana（Swanson，mOmSOn＆  
Mudd，1973）or degenerate tospherlCalbodiescontainingmanylargeglobulesinmarbitis  

● ApartOfthisstudywaspublishedin；NewPhytologist96，（1984）・  
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（Tるya∬】a，1975，NoucムjβJ〆，1977）．   

SulphurdioxidecausesswellingofthethylakoidsinPinus（Malhotra，1976），Pisum（Wong，  
Klein＆］鞄er，1977），V7cEa（Wellburn，Majemik＆Wellburn，1972）andZelkoリa（Matsushlmae（  
al・，1977）．TtalsocausesswellingofstromainLanx（Mlodzianowskl＆Bialobok，1977）and  
mcia（Fischere（al・，1973）・InSわinociagranaincreaseinnumberandplastoglobulesincreasein  
both number and size・Swelling ofthe thylakoids was not observed（Masuch，Weinert＆  
Guderian，1973）・Peculiar rod－1ike bundles appearinthestromaofE％aseolus’chloroplasts  
（Godzik＆5assen，ユ974）．   

Suchvariationsinultrastructuralobservationsmaybeduetodifferencesinplantmaterials，  
hmigation conditions or the preparation procedures for electronmicroscopy＝itis still  
impossible tocharacterize the effects ofO3andSO20nleafsubcellularstructure．ThusthlS  
investigationcomparestheeffectsofO3andSO20nSubce11ularstructureofsplnaChleaves，  
grownandfumlgatedunderidenticalcondltions．   
Sincewith single fumigations the primary symptomsin subcellular structure differed  
between O3and SO2，COrreSPOnding pJants were then nlmigated wlth thesepo11utantsin  
COmbination・Thissecondexperin1entPfOVidessorneinsightintbthedifferentialeffectsofO3  
andSO2Withinthecell．  

MaterialandMed10ds  

Weusedspinachplantsbecauseoflowsensitivityoftheirstomatatoairpo11utants（Kondo  
＆Sugahara，1978）・Spinach（SbinaciaoleraceaL・CV・NewAsia）plantswere 

， 

weeksDユd．   

凡mなげ細〃   

Ozone was morelnjurious to spinachleavesthan SO2 at the same concentration．  
Therefore，WeuSedO・5ppm（V／v）03andl．Oppm SO2Sincethegrosssymptomsdeveloped  
atalmostthesamerateundertheseconditions．   

Plants were treatedwith the pollutants singly orin combinationin a contro11ed  
eれVirormentroom（1・7x2・3x2・Om）at250cand75％r．h．fllu汀血at血wa5prOVjdedby240f  
400W stannous halidelamps equipped with a heat absorbingglassⅢter，Whichremoved  
radiationabove800nm・LightinterlSitywasabout33klx（1000Wm▲2）atplantheight．Fresh  
airwaspassedthroughcharcoalandcatalystbearlng（containingMnOxandCuO）fi1tersto  
removeambientpollutantsandwasledintothefumigationroom，Theairvelocityintheroom  
WaSO・2－0・4ms‾1，andtheventilationratewas30timesh‾1・OzonewasgeneratedfromO2  
withanO3generatOrbywayofsilentelectricdlSCharge・Sulphurdioxidewassuppliedfroma  
COmPreSSedcylindercon亡aining4000p・p・m・SO2inN2・Thepoliutantswereiruectedthrough  
thermalmass－nOW COntrOllersinto the alr Stream tO give the desired concentrations．The  
COnCentrationsofO3andSO2withlntheroomwereptonitoredwithachemiluminescentO3  
analyzerandapulsednuorescentSO2analyzer，reSPeCtively・Beforethetreatment，P］antsin  
potswereplacedinas加ilarroomfor3h，thentransferredintothefumigationroominwhich  
thedesiredconcentrationsofpouutantshadbeenestablished．  
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EffectsofozoJleand5u）phurdioxideor）finestruc－ureorspir．achleafceI】5  

gJec汁0〃mわ′∂∫COの′   

Leafsamplesweretakenfromfuuyexpandedyoungleavesatregularintervalsupto12h  
afterthestartoffumigation．Leafsamplesbeforetreatmentandafter12hofincubationina  

roomwithout pollutants were11Sed as controIs，Smal1piecesofleaftissueswereflXedin5％  

glutaraldehyde for12h orinamixturecontaining5％glutaraldehyde and4％paraformal－  
dehydefor4hat40c・BothfixativeswerepreparedinO・05Msodiumphosphatebu汀er，P＝7・2・  
Thesampleswerewashedwiththebufferseveralt血esandpost－nXedin2％OsO4inthebuffer  
for15hat4Oc，TheyweredehydratedinanacetoneseriesandembeddedinQueto1812after  
treatmentwithpropyleneoxide．Thinsectionswerestainedwithuranylacetateandleadcitrate  
andexaminedunderaJEOLJEM－100Celectronmicroscopeat80kV．Twoprnthicksections  

WereStainedwithbasicfuchsinandmethyleneblueforlightmicroscopy．   
ExperimentswererepeatedatleasttwiceforeachtreatmentofO3and／orSO2．  

Results  

Fig・1（a）shows a normalchloroplast withthe normalarrangement of grana－and  
StrOma，thylakoidsinaspinachleafbeforefumlgation．   

聯cJ∫（オozo〃e   

ThefirstvisiblesymptomofO3in］uryWaSWater－loggedflecksontheadaxialleafsurface，  
Which became apparentlh after the startoffumlgation・Amorphousyellowgreennecks  
appearedwithinthewater－loggedregionsoftheleavesnlmigatedfor3h．After7hfumigation，  
theleaveswereslightlywi1tedandpartlybrowned．   
ThenrstindicationofultrastruCturalinJuryCauSedbyO3treatmentWaSSWe11ingofgrana－  

andstroma・thylakoidsofchloroplasts【Fig．1（b）arrow］．Thylakoidswellingwasfirstdetected  
in the chloroplasts ofspongy parenchyma cells afterlh offumigationbutsoon becarne  
apparentinthechloroplastsofpalisadeparenchymacells．1nyeuowgreenregionsortheleaves  
fumigatedfor3h，thecistemaeoftheGolgibodieswereswollen［Fig，1（c）g］．Swellingwas  
also observedintheendoplasmicreticulumandnuclearenvelopes［Fig．1（d）erandne］．me  
mitochondrialcristaewerenolongerswollen［Fig．1（c）cr］comparedwlththoseinthenormal  
mitochondria［Fig．1（a）m］．Theswe11ingofthethyhkoidsandothermembranousstructures  
andtheshrinkageofthecdstaewereobseI’Vedinmaterials丘xedinbothglutaraldehydeandin  
amixtureofglutaraldehydeandparaformaldehyde，AtlaterstagesofO，injury，theentire  
Chloroplastsweredeformed［Fig・1（e）】andshowedatendencytoaggregate［Fig．2（a）］．The  
aggregationofthechloroplastswasassociatedwiththebreakdownofcompartmentalization  
followingtheruptureofthetonoplastandplasmamembrane・Thereafter，Chloroplastenvelopes  
Weredisrupted【Fig．2（b）】，Whentheleavesbegantowi1tandnecrose，brokenorganellesand  
Other cellulat contents were aggregated【Fig，2（c）］．Finally，the cells collapsed［Fig．2（C）  

upper】．  
Effects ofO3Wereless severeinvasculartissuesthanininterveinaltissues．Someofthe  
VaSCularparenchymacells，eSPeCiallyoflargerveins，Wereintactevenafter12hoffumlgation  
except forslightswellingofthethylakoids［Fig．2（d）］．Theinterveinaltissueswere almost  
necrosedatthistime．   

Inspinachleavespalisadeandspongyparenchymacellsseemedtobeequallysensitiveto  
O3althoughthylakoidswe11ingappearedsomewhatearlierinthechloroplastsofspongyceus．  
PalisadearLdspongycellsofRaphaTZuSarealsoequal1ysensitivetoO3（Athanassious，1980），  
Wh11einsomeotherspeciespalisadecellsaremoresensitivethanspongycells（Heath，1980）．  
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SensitivjtydjffeTeLICe♭etweentheIwotissuesseemstobedependentonspecies，   

楯cJ∫0／∫〟Jp力〟′dJαJ♂e  

The firstvisible symptom ofSO2irりury aPpeared3hafterthe start offumlgationas  
Water・logged necks on the adaxial1eafsurface・Yellow green spots developedwithinthe  
Water－loggedregionsafter5．5hoffumigation．Theyellowgreenspotsgraduallyenlargedto  
becomeamorphouspatches二Finallytheleaveswereslightlywiltedandpartlybrownedafter8h  
Of餌mjgatjon．   
Subcellular changes became apparentbeforevisiblesymptomsappeared．Whentheleaf  
tiss11eSwereexaminedbylightmicroscopyafter2hoffumigation，Stainabilityofchloroplasts  
withmethylenebluewasmarkedlyreduced．Thereductionofstainabilitynrstappearedinthe  
ChloroplastsofspongyparenchymacellstFig．3（a）s］butsoonproceededtothechloroplastsof  
Palisade parenchymace11s．Electronmicroscopic observationrevealedthatlowstainabilltyOf  
Chloroplasts corresponded to swelling of the stroma［Fig．3（b）】indicating that thelow  
stalnability may be due to dilution ofstromaJcomponent．Theswollenc］1loroplas亡SWere  
furtherdeformedandthearrangemFntOfintemalmembranesystemswasdistortedafter3hof  
fumigation［Fig．3（C）］・Theinternalspace ofthe thylakoids orloculus wasreduced，and  
electron－densedepositswereoftenobservediIlthestroma［Fig．3（c）d］．Thesedepositsseemed  
tocorltainmetaliccomponentsastheyappearedelectron－densewithoutheavymetalstaining．  
They resembleanamorphoustypeofphytoferritin（Sprey，GliemandJinossy，1976）．The  
mitochondria were apparently normal［Fig．3（c）m］．Inyellowgreen re辞OnS Oftheleaves  
fumlgated for5．5h，the chloroplastswere aggregatedandsometimesfusedwitheachother  
【Fig．4（b）arrow］．Atthisstagechloroplastsshowedswelungofthylakoids【Fig．4（C）arrowトIn  
SeVerelydamagedcellsthechloroplastepvelopeshadalmostcompletelydlSintegrated［Fig・  
4（d）］，ThernitochondriashowedfewerslgnSOfdamagethanthechloroplasts［Fig・4（d）m］．  
Electron－densematerialswereobservedincontactwiththebrokenchloroplasts，mitochondria  
andin the cytoplasm【Fig．4（d）arrow］．In nnalstageswhentheleavesbegantowiltand  
necrose，CellularcontentswereaBgregated，andce11scollapsedasinthecaseofO3irりury．   
1ncontrast to O3，SO2damageappearedsirnultaneouslyiIlthevascularandmesophyll  
tissues．Fig．4（a）shows apartofavascularbundleinaleaffumigatedwithSO2for3h．  
Chloroplastsofthecompanionce11sandothervascularparenchymaCellsareswollen，andtheir  
internalmembranesystemsaredistortedasinthemesophyllchloroplasts．   

旬小机小一ニ州り一価Ⅷ小／仙′J信一んJ〔・   

WheJl蝕migated wlth O3and SOヱSimul加eou5ユy，血eappearaれCe alld developme】1t Or  
SymptomSWeremarkedlyaccelerated，Thetreatedleavesshowedwater－log如1gOntheadaxial  
Surfacewithln30minandbegantonecrose2hafterthestartoffumigation．   
Irlthe water－logged re騨OnS Of theleaves fumlgatedwiththe mixture for30min，  
Chlorc・Plastswereswollen andthe arrangement ofinternalmembrane systemswas distorted  
【Fig・5（a）］・Electron－denseparticles 

． 

ceus．The、ChJoropJastsshowed atendencytoaggregateandsometimesfusedwitheacI10ther  
【Fig．5（b）arro椚】・AllofthesechangeswerecharacteristicofSO2damagealone．lnsomeof  
themesophy11cells，however，featuresofO3inJuryWerealsoobserved・Thesewereswellingof  
theendoplasmicreticulumandnuclearenvelopesandshrinkageofthemitochondiralcristae  
【Fig・5（a）cr，（b）er，neandcr］・Inye1lowgr？enregionsortheplantfumigatedforlh，SWOllen  
chlorc．plastsandotherce11ularcontentswerefurtheraggregatedinthecentralre由OnOfcells  
【Fig．5（c）］．Thece11swerecollapseafter2hoffumiation［Fig・5（d）］，Noswelhngofthylakoids  
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Fig・1ElectronmicrographsofsplnaChleaves before and afterfumlga－  
tionwithO．5ppm O3  

（a）NormalchloTOPlastinaleafbeforefumigation．m，mitochondrion；rL，nuCleus．x   
13，000．  

（b）ChlorplastinaleaftumigatedwithO，1for3hArrowindicatessweuingofthe  
thylokoids．×9，200．．  

（c）SwellingoftheGolgibodies（g）andshrlnkageofthemitochondrialcristae（cr）  
inalearfumlgatedwithO｝for3h．×15，000．  

（d）Swe11ingoftheendoplasmicreticulum（er）andnuclearenYelope（ne）inaleaf  
山migatedwithO，for3h．×17，000．  

（e）AdefoImedchloroplastinaleaffumigatedwithO，for5h．×12，000．  
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Fig・2 ElectronmicrographsofsplnaChleavesfumlgatedwithO．5ppm  

O3  

（a）Aggregationofdeformedchloroplasts・inaleaffumigatedwithOきfor7h．The  
tonoplastisdistrupted（arrow）．×7，700．  

（b）Disrupted（LhloroplastsinaleaffumigatedwithO，for7h．×7，700，  
（C）PartsofpalisadeparenchymacellsinaleaffumigatedwithO，for7h．The  
COntentSOfthelowercellareaggregatedLTheuppercellhascouapsed．Notethe  
und111ationsinthecellwalls（CW），X5，700．  

（d）PartofavascularbundleinaleaffumigatedwithO，for12h，Thecompanion  
Cell（cc）andothervascularparenchymacell（VP）areapparentlynormalexcept  
for slight sweuingofthe thylako皐dsin the companion ceu（arrow），Se，Sieve  
eleme軋×5，700．  
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Fig．3 Light and electronmicrogfaPhsofsplnaChleaves fumlgated with  
l．Oppm SO2  

（a）Transverseviewof■aleaffumigatedwithSO2for2h．Thesectionwasstained  
with metllylene blue and basic fuchsin．Chloroplasts（C）of the palisade  
parenehyma（p）aremoredenselystainedthanthoseofthespongyparenchyma   
（s）．x190．  

（b）Chloroplastofaspongyparenchymace11illaleaffumigatedwithSOlfor2h・  
Notetheswe11ingofthestroma，Xll，000．  

（C）A deformed chloroplasti】1aleaffumigatedwithSOユfor3h・Electron－dense  
deposits（d）areseeninthedilatedstroma．Amitochondrion（m）isapparently  
noTmal．xlユ，000．  
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Fig・4 ElectronmicrographsofsplnaChleavesfumlgatedwithl．Oppm  

SO2  

（a）PartofavasculaIbundleinaleaffumigatedwithSO2for3h．Noteswouenand  
deformedchloroplasts（c）inthecompanioncells（cc）andYaSCt11aIparenChyma  
Cells（vp）．se，Sieveelement．x3，900．  

（b）Aggregationand凡Igion（arrow）orchlof叫astsinaleariumigatedwithSO2rOr  
5．5h．×7，700．  

（c）ChloroplastinaleaffumigatedwithSO，for5・5h・ArrowindicatesswelllngOf  
thethylakoids・d，electron－densedeposits・X12，000．  

（d）Broken chloroplastsinaleaffumigatedwithSO，for5．5h．Arrowindicates  
accumulation of eIectTOn－dense materials．Amitochondrion（m）is not so  
dama㌍dasthechloIOplasts・×7，400．  
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Fig・5 ElectronmicrographsofsplnaChleavesfumlgatedwithO．5ppm  
O3plusl．Oppm SO2  

（a）Swollen chloroplastsinaleaf fumigated with O，plus SO，for30min．  
Shrinkageofthemitochondrialcristae（cr）isvisible．d，electron・densedeposits．  
X7，400．  

（b）ChloTOplastsinaleaffumigatedwithO｝plusSOっfor30min．Arrowsindicate  
fused reglOnS between adJaCent Chloroplasts・Swe11ingsof the eTldoplasmic  
reticulum（eT）andnuclearenvelope（ne）and shrinkage ofthemitochondrial  
Clistae（cr）aJ¢alsovisible，×7，500．  

（c）AggregationofswollenchloroplastsinaleafAlmigatedwithO，PlusSO】forl  

h■×3，900．  
（d）Partially couapsed ce11in aleaffumigaled with O3plus SO，for2h・Note  
foldingofthecellwal1s（cw）・X6，400．  
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Tablel Grossalld ultrastruCturalsymptomsin splnaChleavesfumlgated  
WjlhO．5ppm O3aJldl，Oppm SO2SjngJyoriJ）COmbiJ］atjo】】   

F11m趣tjoれtime（】巾   

2  3  4  5  6  

derormatio】10†cIllor（〉p】asts  
・一1′l」∴－、，  
ml】ullr〔Onlents  
c011ap光0量－⊂e】】s  

swelllngOre】1doI）11Smicr巳tjmlum  
SWelkngornl】C】eユーenVC】opes  

Sbinkageorcr】Stae  

Ultrユー  

stru⊂tu【al◆  

・SWeui喝Ofst！Om且  
・d巳l－orm山k爪OrdloIDplユStS  a鎚regatlDnDr  

〔巳】1uljlCOntentS  
亡d」月p悪β∫仁山】5  

Ullra・  

struclural  

・WalerlD駈】爪g  

G10SS  ・yellow・苫ービ巳nnCCks  
・brow】1ne〔ks  

swelllngorstrDma  
deformationorchloropl鮎1S   

・a弥egalionor∝】1u】a【⊂0ntentま  

・ぐO11ap㌍Or亡enS  

50】  Ult∫a．  

structu11l  

＊TheultrastructuralsymptomswereobservedintheregionsofgIOSSSymptOmS，Whenthelatterwe【eapparent  

WaSObservedthLOughouttheexperiment．   
ObservationsongrossanduJtrastruCturalsymptomsaresummarizedinTabJel．  

Discussion  

In thlSinvestigationweused O．5ppm O3andl．O ppm SO2tOinvestigatetheacute  
inJuriestosubcellularstruCture・Althoughthegrossandultrastructuralsymptomsdevelopedat  
the same ratewithbothpouutants，itshouldbenotedincomparlngtheir effectsthat the  
conce出ratjol】Of502Wa5tWjce仇atorO3．   
Thegrosssymptomofdamagebybothpollutantswereverysimi1ar，namelywater・logged  
flecklngOntheadaxialleafsurfacesfollowedbyyellowlngWlthlnthenecks・Ultimatelythe  
leaveswi1ted and turned brown．However，the ultrastructuralchanges associatedwiththe  
f］eck川gdifferedcons］derablybetweenO3andSO2，withtheformerproducingswellingofthe  
thylakoids，ER and Golgibodies andshrinkageofthemitochondrialcristaeandthelatter  
swellingofthechloroplaststroma．Itisnotclearwhat，ifany，ultrastructuralchangesmightbe  
associatedwiththe water－logglng butthe subsequentyellowing probably reflectsloss of  
chlorophyllattendant on seriousdamaBetOthethylakoids・Theaggregationofthecellular  
contentsappearlnginthennalstagesofalltreatmentsisindicativeofthetotalbreakdownbf  
subcellularcompartmentalisation・Thisaggregationisalsoobservedinthennalstagesofother  
pollutantin）uries（Thomson，1975），herbicidetreatments（Ashton，Gifford＆Bisalputra，1963；  
Harvey＆Fraser，1980；Pal1ett＆Dodge，1980）andplantdiseases（Cooper，1981）・Thismaybe  
ageneralfeatureofnecrosingtissues・   
Simi1aritybetweentheeffectsofO3andthe・herbicideparaquatisofiJltereSt・Paraquatalso  
induces swelling ofthe thylakoids，Shrinkage ofthe cristae（Harvey＆Fraser，1980）and  
breakdownofthetonoplast（Harris＆Dodge，1972）andtheplasmamembrane（Bauretal・，  
1969）．BothO3andparaquatproducethehydroxylradical，SuperOXideandotherradicalsin  
theplantcell（Dodge，1975；Hoigne＆Bader；1975）・Theseactiveoxygensareknowntocause  
llpidperoxidation，anincreaseinmembranePermeability（Pauls＆Thompson，1980）and  
m。mbrane disruption（Dodge，1975），Therefore sふeuing andshrinkage ofmembranous  
structuresobservedinthe earlystagesofO3inJurySeemtObeassociatedwithpermeability  
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Changesinthemembranes・Totalbreakdownoftheorganellesiscausedbytheupsetofthe  
OSmOticbalanceorthereleaseofhydrolyticenzymeSduetothedisruptionofthetonoplastand  
plasmamembrane（Harris＆Dodge，1972）・ThusO3SeemStOgeneral1yattackthememb【aneS  
inthemesophy11cellsofthespinach．   

Matsushlrnae（a／・（1977）reportthatthylakoidswellingisnotacommoninjurycausedby  
O3andappearsonlyafteraprolongedfumigation．CoulsonandHeath（1974）suggestedthat  
O3doesnotpenetratebeyondtheplasmamembraneintheearlystagesofinJury．Someofthe  
previousillustrationsofO3iqurysuchasgranulationofthestroma（Thomsone［al．，1966；  
Athanassious，1980）andshrinkageofthechloroplasts（Swansone［al，，1973）canbeinterpreted  
asaresultofcellulardehydrationduetoapermeabilitychangeintheplasmamembrane．lnthe  

presentstudyhowever，03apParentlypenetratedveryrapidlybeyondtheplasmamembrarle  
andaffectedthethylakoidsandothermembranousstructures．   

EarlyeffectsofSO2inJuryWerereStrictedtothechloroplasts，Withswe11ingoftheentire  
Organellesbeingthenrstdetectablechange・Sulphurdioxideinl1ibitsphotosystemllactivityin  
the chloroplasts before the gross symptOmS aPPear（Shimazakユ＆Sugahara，1979）．A  
photosystemlIinhlbitorherbicide，mOnurOn，alsocausesswellingofthechloroplasts（Pa11ett＆  
Dodge，1980）・However，thechlo－Oplastswellin各isnotdiTeCtlyassociatedwlththeinhlbition  
OfphotosystemIJsincemonuroninducesthechloroplastswelllnginthedarkaswe11Pal1ett＆  
Dodge，1980）・Whatley（1971）obseredswollenchloroplastsinplasmolyzedcellsandassociated  
withhydrostaticimbalanceinthece11・Inourmaterialsthecellswerenotplasmolyzedinthe  
earlystagesofin］ury【Fig・3（a）】，butthefrequentappearanceofelectron－qenSedepositsinthe  
StrOmaSuggeStSahypertonicstatuswithlnthechloroplasts（Whatley，1971）．Hypertonicityof  
the chloroplasts may beinduced by a permeability changein the chloroplast envelope  
（Anderson＆Schaelling，1970）．   
1nthesubsequentstagesofSO2injury，SWellingofthethylakoidswasobservedasinthe  

CaSeOfO3irtiury・Sulphurdioxideproducessuperoxide，thehydroxylradlCalandotheractive  

OXygenSaSaCOnSequenCeOfinteractionswiththephotosyntheticelectrontransport（Asada＆  
Kiso，1973）・Theseactivespeciesofoxygenmaydestroythethylakoidcomponents（ShlmaZakl  

etal・，1980）・Alternatively，photoxidatioT10fchlorophyllsandlipidperoxidationmayoccurin  
thethylakoidsfollowingthei血ibitionofelectrontransportandanoverloadingoftheenergy  
血ppingsystem（Dodge，1975）・1neitheTCaSeitis－eaSOnabletosupposethatSO2in】叩  
OCCurred mainly withlnthe chloroplasts・Itis noteworthy that swelling ofthethylakoids  

appearStObeacommonfeatureofSO2damageinavarietyofspeciesandthattherearealso  

SOme rePOrtS Ofswelling oftheentirechloroplasts（Fischeretal．，1973；Mlodzianowskl＆  
Bialobok，1977）．   

Damage causedbySO2apPearedsimultaneouslyinthevascularandmesophy11tissues，  

Whileeffects ofO3Werelesssevereinthevasculartissuesthaninthemesophyll・Similar  
ObservationsweremadeonpineneedlesbyEvansandMi11er（1975）．Sulphurdioxideseemsto  
betransportedinatoxicform（s）forlongerdistancesthanO，．   
WhenO3andSO2WereSuppliedincombination，thecellsmainlyshowedthefeaturesof  

SO2iqury・ThisfactisofinterestsinceO3i∫巾ryappearedsomewhatearlierthanSO2injury  
Whensuppliedsingly（Tablel）・Ozoneiskndwntoaffecttheplasmamembraneasaprimary  
Siteofactionandtoincreasepemleabilityofthecelltosolutes（Heath，1980）．Therefore，itis  
SuggeSted thatincorporation ofSO2intothecellwasacceleratedbyO3Whensuppliedin  
COmbination，andtheultrastruCt11ralchangesweremainlyinducedbySO2・   
Thesensitivityofindivldualspeciesseemstobeoneofthemostimportantfactorsthat  
leadtoconnictionaccountsoftheultrastructuraleffectsofalrPO11utants・Thefactthatthe  
PreSent Studyhasrevealedfarmoresevere damagethanpreviouslyreportedinotherspecies  
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mostlikelyrenectsth声eXtremeSenSitivityofspinachtoO3andSO2．  
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ホウレンソウ葉の細胞微細構造に対する   

オゾンと二酸化硫黄の作用の相違  

三宅 博】，3・古川昭雄2・戸塚 績2・前田英三－   

ポット植えにしたホウレンソウ（5blnaClaO［eraceaL．cv．NewAsia）に，0．5ppmのオゾン（03）  

及び1．Oppmの二酸化硫黄（SOヱ）を単独または同時に暴露した。暴露開始後時間を追って菓組  

織を採集し，組織・細胞構造の変化を光学顕微鏡及び通過型電子顕微鏡で観察した。   

03単独暴露では最初に葉緑体のシラコイドの膨潤が観察された。次にゴルジ体，小胞体，核  

膜に膨潤が認められ，ミトコンドリアにはクリステの収縮が観察された。その後葉緑体の変形が  

観察された。これに対しSOz単独暴露では最軌こ葉緑体のストロマの膿潤．これに伴う葉緑体  

の変形が観察された。シラコイドの膨潤が現れたのは暴露開始後かなり時間が経ってからであっ  

た。葉にしおれが現れ，一部に褐変が認められる頃には，0’3，SO2いずれの暴露処理においても，  

破壊された細胞内構造体が凝集し細胞がつぶれてゆくのが観察された。03とSO2引司時に暴靂  

すると，障害の進行は著しく促進された。このとき細胞内には主にSO2障害の特徴が現れていた。  

1国立公害研究所 客員研究員（名古屋大学 農学部 〒464 名古屋市千種区不老町）  
2 国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
3 国立公害研究所 客員研究員（現在 東京農工大学 農学部 〒183 府中市幸町3－5－8）  
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Tnhibition ofPhotosynthesisofPoplarSpecies  

andSunflowerbyO3  

AklO Furukawal，Masahlko Katase2，TadahlrO Ushijima3  

andTsumuguTotsukal  

1EnvironmentalBiologyDivision，theNationallnstituteforEnvironmentalStudies，   
Yatabe－maChi，Tsukut）a，Ibal止i305，Japarl．  

2 visitingFellowoftheNationalInstituteforEnvironmentalStudies・DepaTtmCntOf   
Agriculture，Tokyot］niYerSityofAgricultureandTechnology・Fuchu，Tokyo183・  
Japan，Present Address：Chiba Sericulture ExperimentalStation，Tougane，Chiba   
283，JapaJl．  

3 visitingFellowoftheNationalIrLStituteforEnvironmentalStudies・Departmentof   
AgrlCulture，Tokyo UniYerSity ofAgriculture and Technology，Fuchu，Tokyo183，   
Japan．Dec¢aSed．  

ThfeepOplar species（ト214：ねp〟山∫甜相mer血瑚CV．l－214，FS－51：AJmば油化・  
Wfczffxp血〃抽re那れand Peace：A加reα〃β×f〟c力0α卿）and sunnoweT（〟ピノね〝J加∫  

GnnZJuSL．cv．RussianMammotll）differingwidelyintheirfoliarsusceptibilitytoozone  
We【e eXpOSd to vaIious coTICentIatiol10foェone foTユhiTla CylindIicalas由mibt沌n  
Chmber．TheratesofnetphotosynthesisandtIanSpLrationweremcasuredsimultaneous．  
ly during and after the expasure to ozone and the diffusion process of CO, was 
estimated・The foliarsusceptibilities ofthese threepoplar spcciesdidnot reflect the  
Photosynthetic susceptibilities to ozone．Althoughl－214shows a very resistant foliar  
leSpOnSe tO OZOne aS COmpared with the sensitiYe Peace，there was no detectable  
dlfferencesin responses of photosynthesis of these two poplar species to ozone．  
noweveT，thediffusionresistancesofCO2throughthemesophyllce111ayerofl・214and  
Peace responded differently to o2rOne・Theinhibition ofnet photosyntheticratesof  
Peace wasattributedsoIclytotheincreaseinthemesophyudiffusionresistance，Wllile  
for FS－51andI・214，StOmatalclosurewasalsoafactorinduciTlgtheIeductionofnet  
photosyntheticrates．   

OzopeisamaJOrphytotoxicantpresentinphotochemicalsmog・Aboutadecadeago，a  
malOr坤po11utantintheurbandistrictinJapanwassulfurdioxideandmanyinvestigators  
concentratedtheirefforttoclarifytheeffect ofsulfurdioxideonplant．1nthesedays，the  
concentration of sulfur dioxide decreased to thelevelat which no follarinjury couldbe  

●Someoftheseresu）tswereF）ublishedinJpn．，．For■Soc・，65，321－326（1983）・  
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detected by a slngle appllCation of sulfur dioxide．In contrast to sulfur dioxide，the  
COnCentrationofO3ishighenoughtoproducetheacutefoliarnecrosisonmanysusceptible  
p血1tSpeCjes（Furukawa，1984）．   

Photosynthesisis a very sensitive physiologicalprocess to O3andthe reduction of  
Photosynthesis occur wellbefore thevisibleinjuryonleavesbecomes detectable．Heritable  
differenses ofphotosynthesistoO3isalsoevident（Hnl＆Littleneld，1969）．AlthpTlghthc  
generalf七atureofphotosy血e裏sir血Ibitjo刀CaU5edbyO3js鮎1yunderstood（Heath，19引），  
1ittleinformationisavailableconcernlngSenSitivityamongplantspeciesorcultivars・   
SeveralinvestigatorshavepaidtheirattentiontotheleafstomataforO；ipjurybecausethe  
maJOr Pathway ofgas nux，includlngO3，intoleaftissue occursthroughstomata．However，  
StOmatalapertureorgasdi爪1SiveresistanceisnotalwayscorrelatedwithdleSenSitivitytoO3．  
TingandDugger（1968）reportedthattheage・depehdentsensitivityofcott6nleavestoO3WaS  
notcorrelatedwiththediffusiveresistanceofstomata，Afurtherevidencewasrepor！edby  
Harris and Heath（1981）that the resistantandsensitivecultivarsofZeamqyshadsimi1ar  
diffusive resistancesofstomata．The preselltWOrkistherefore concemedwiththeheritable  
dlfferencesinphotosyntheticresponsestoO，andtheroleofstomataJapertureinsusceptibiJity  
toO3・1ngeneral，aSherbaceousspeciesareconsideredtobemoresensitiveptoairpollutants  
thaJIWOOdyspecies，WeSelectedsun爪owerasatypicalherbaceoussppciestocornparethe  
PhotosyntheticsensitivitytoO3Withpoplarspecies．  

MaterialsandMethods  

Jヤ▲川／川JJl，′山／∫  

Cuttings bf three poplar speCies（I－214：Populus eunlmerEcaYZa CV・Ⅰ－214，FS－51：P  

m肪∫mow～czgfx〆α〃J由′e〃∫れandPeace：ヱ加r印〃αXrわビタOC叩α）andseedli岬OrSunflower  
（㈲ianthusannuusL．cv．Russianmammoth）weregrownよt250candarelativehumidltyOf  
70％inaphytotrongreenhouse・PlantswerecultivatedinPlasticpots（11cmdiameter，15cm  
deep）mledwithamixtureofvermiculite，perlite，andgravel（2：2：1：1，V／v）．Eachpotcontained  
5gMagaJnP・Kand15gofmagnesialime．Cuttingsofpoplarspeciesandseedsofsunflower  
WereprOPagatedatthenurseryofNationalInstituteforEnviromlentalStudleS．Cuttingswere  
ムa∫Ve5tedfro∫n鮎仏由ow刀pOp】artree5afterthedomanfbudswerefomed．8eforep】a血刀g】n  
POtS，Cuttingswerestoredinarefrigeratorforatleastamonthtobreakthedormancy，Potted  

plantswerewatereddialyandwithHyponexsolution（1gl‾1）onceaweek．   

凡頑卸仙丹刷釧   
ThefumigationwasperformedinanaSSimilationchamber（50cmdlameter，20cmhigh）  

WhlChwassetinacontrolledenvironmentroom．Theassimi1ationchamberwasmadeofblack  

血ylchloride cylinder．Theinside wallof the chamber was covered with 7．5 mil  

SemitransparentTenon（FEP）nhl・Thetopofthechamberwascoveredwith3miltransparent  
Tef［on（FEP）nlm・Thetransmittance？flightthoughthetransparentTeflonfilmwasca．95％．  
nluminationsystemforthecontroll記envirorunentroomwasappliedforthelightsourceof  
theassimi1ationchamber・111uminationsystemwasconsistedoftwentyfour400Wstannous  
halidelamps（Yokohmp，Toshiba）・rThelidltWaSnlteredthroughheatabsorbingglassnlter，  
Wh］Ch removed radiatioJ）above800Jm，The quantumflux densjtyi11Side theassimj】afion  

chamberwas500pEinsteinm‾2s，1asmeasuredbyaLI－CORLI－190SBquantumfluxsensor．  
Priortothefumigation，plantwasilluminatedformoreth良nonehourtoopenstomata．ozone  
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Inhibi－ionofphotosyntTleSiso（poplarspeciesandsurLflowerbyO）  

WaSgeneratedbyasilentelectricaldlSChargeindryoxygen・Ozoneconcentrationswithlnthe  
controlled environmeni room were monitored continuously by a Kimoto Model 806 
chemi1uminescent detector ofO3，The outputs from theanalyzerwere fed toananalogous：  

recorder equippedwitha PIDcontroller regulatingthe pollutantflowthroughmassnow  
COntrOllers．   

C〟∫αC力α〃geme〃∫〟′g椚g〃J   

Fullyexpandedleaveswereaccomodatedintothcassimilationchmber・Thestemwasled  
througha 

． 

thechamberair．AlrWaSCOntinuouslysuckedbyapumpthroughthesuctionpipeontheupper  

Side of the chamber．Alr nOWrate WaS】TOnitDredby arotameterand was adjusted to30  

1min－1・WindspeedinsidethechamberwasO■4ms‾1asmeasuredwithamultiLdirectionalhot  
wireanemOmeter，Wind speed of thlS magnitude minimized the boundarylayer dlffusive  
resistancetowatervaporandCO2tranSfer．Usingwetfilterpaperofsimi1arsizeandshapeas  
theleaves，theboundarylayerresistancetowatervaportransferwasdeterminedandwasO．06  
too．1scm‾1．  
Transplration rate was detemined bymeasurlngWaterVaPOrCOnCentrationsofthe air  

entering andleaving chmberusingthermocouplepsychrometer．The rate ofO3uptake of  
leaves was determinedbymeastlringO3COnCelltrationsat theinletand outlet ofchamber．  
Surfacesofchamber，tubing，tube ntting，SOlenoidvalves，andpumpswhlChcameincontact  
with03Wereal1composedofTenontominin1ize血eadsorptionordecayofO3．Withoutplant  
materials，nO aPParent uPtake of O3by measuring circuit system could be detected．Net  

photosynthetic ratewas detemlinedinanopencircuitsystembymeasuringCO2COnCentra・  
tionsattheinletandoutletofchamberwithaJlinfraLredCO2analyzer、（FuJi，ModelZAP）．   

凸！fIれ8rわno′d脚5fγere5fs加Ce   

Becausephotosynthesisandtranspirationweremeasuredsimultaneouslyintheassimi1ati6n  
Chamber，diffusIVe reSistancestoCO2tranSfer from the bulkalrtOthesiteofCO2fixation  

couldbe■determined・ResistancestoCO2diffusionthroughboundarylayerandinter血gas  
phase oftheleaf，and from thesurface ofme50Phyllce11s to thesiteofCO2fixationwere  
Calculatedfromtheratesofnetphotosynthesisandtranspirationaccordingtothemethodof  
Gaastra（1959）：   

J。d＝（埼一班）／（rき芸S十ーと哲）   
Jw，＝（C謡－C監）／ー誓  

whereJcd andJ肌are net CO2uptake and transplration rates，reSpeCtively，Cisthe  
copcentrationofCO2（c…封andwatervapor（C霊わofthebulkair，OratthesiteofCO2Eixation  
（cl言：aSSumedtobetheCO2COmpenSationpoirLt）and‘theconcentrationLofwatervaporatthe  
transpiringsite（e汰＝aSSumedtobethesaturationwatervaporconcentrationatleaftempera－  
tuTe）・DimlSioncoefficientofCO2CanberelatedtothatofwateTVapOr（Jarvis，1971），SOthat  
thecor）VerSionfactorofl．65wasappliedforthecalculationofliquidphasediffusiveresistance  
（rと罰usinggaseousphasedi［fusiYereSistancesofCO2（嗜V）ahbwatervapor（【誓）・  

Results   

鼎扉叩肌伽血血血w血血血血岬叩画m桝血削抑ね明和Ⅶ   
DifferencesingasexchangecharacteristlCSfoundamongnon・treatedpoplarspeciesand  
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AkjoFu－ukawaビrdJ  

Sunflower are presentedin Tablel・The gas exchange characteristics ofsunflowerwere  
determined tocornpare thecharacteristics ofthreepoplarspecies，Sincebothsunnowerand  
poplarare C3SpeCies（Furukawa，1972）andsunflowershowsa relativelyhlgherrateofnet  
photosynthesisamongC3SPeCies（Furukawa，1981）．  

TablelCO2eXChangecharacteristicsofpoplarspeciesarLdsunflower  

Poplar Species 
SunnoweI  

Peace  ト214  FS－51   

Jco2，mgCO】・m‾2・5‾1 0朋±0・02  0・43±0・01  

Jwv，mgH壬0・m‾1・S‾1   32±2  3112ZZ 

1  

0．52±0．01  0．71±0．02   

35±2  4（）±3   

乙8±0．2  1．3士0．1   

8．4±0．4  6．9±0，3  

Sunnowerplanthadahlgherrateoflightsaturatedphotosynthesisthananypoplarspecies  

testedinthepresentwork．Resistanceanalysisforthethreepoplarspeciesarldsunflowerwere  
made．lnthepresentreport，WedividedtheresistancestoCO2diffusionfromthebulkairto  

thesiteofCO2fixationintotwocomponents＝Oneisgaseousphasediffusiveresistance（r冨五っ  

andtheotherisliquidphaseresistance（Ⅰ？3）．Theboundarylayerresistance（rPi）andstomatal  
resistance（r豊）arethecomponentsofr宅急ミbutrPiwasverysmallandfairlyconstantamong  
specieslistedinTablel・Asaresult，thedlfferencesinギ言wasprmlarilyduetothedifferences  
inr滑．   
Higherrate ofphotosynthesisinsunnowerplantwasinpartduetothelowerr欝・How・  
ever，eVenWhen蘭Ofsunnowerincreasedfroml・3scrnrl（therealvalue）to3・1scm‾1（the  
valueforl－214），thecalculatedrateofnetphotosynthesisinsunnower（0，59mgCO2m▲2s‾1）  
wassti11higherthanthatofanypoplarspeciesLThusanotherdiffusiveresistance，t豊should  
also be related to the efnciency ofCO2fixationin these species．In theliquid phase，the  
resistaJICe tOCO2diffusjoLljsde【emlinedbybarrlerSOfceJIwa山s，plasmaJemmas，CytOPZasm，  
chloroplastmembranes，andtheresistanceassociatedwiththecarboxylationreaction．1frヒ3of  
sunnowerisassumedtobethatofI－214，thecalculatedrateofnetphotosynthesisinsunnower  

waso・50mgCO2m▼2srl，COmParabletothephotosyntheticratesofpoplarspecies・These  
resultsspggestthatthehigherrateofnetphotosynthesisinsunflowercouldberesultedfrom  
lowe＝≡ゞ・  

／－∫‥、Jl一、‥い、・ご．、りご ・∴いご・ごハ・・J・‥、・ごい・∴・J∴・   

FigurelAD represent the t血e course of the effects ofO30n the rates ofnet  
Photosynthesis and transpiration ofthTee pOplar species andsunflower・The rate ofO3  
uptakeis also plottedineach subfigure・The pattern ofchangesin photosynthesisand  
transpirationratesduringthecourseofO3treatmentjarledamongplantspecies・Fortwopolar  
SpeCies，I－214andFS－51，thedeclineofnetphotosyntheticratesoccurrednearlysimultaneous－  
1ywiththedeclineoftranspirationandO3uPtakerates（Fig・1A＆lB），Forsunnowerplants，  
theoscjJ］ationsofnetphotosynthesjsandtraTISPjTatjoTIWereinducedbytheexposuretoo3  
（Fig・1D）・1ncontrasttothesesimultaneousinhibitionofnetphotosynthesisandtranspiration  
by O3，Peace species showed quite different responses to O3（Fig．1C）．The decreasein  
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transpiration rate in this poplar species could not be observed during the course of 03 
treatment．Evenafterthe2－htreatmentperiod，therateoftranspirationofPeacespecieswas  
notinlubitedby O．54pl／103，Wh11e the rateofnetphotosynthesis decliLledto50％ofthe  
Pre・treatmentrate．   

The recovery ofnet photosyIlthesisandtranspirationfromtheinl1ibitioncausedbyO3  
couldnotbedetectedforlhaftertheterminationofO3treatmentinanypoplarspeciestested  
inthepresentexperiment．AftertheterminationofO3treatment，nOfurtherdecreaseineither  
Photosymthesis or transpirationinI－2140r FS－51was detected．For sunnower plants，  
OSCi11ationsofnetphotosynthesisandtransplrationwerediminishedandcouldnotbedetected  
duringthepost－treatmentPeriod・Onthecontrary，thedeclineofnetphotosyntheticratein  
PeacespecieswasnotstoppedbytheteminationofO3treatment・Aftertheterminationof  
ozone treatment，a COntinuous declinein net photosynthetic ratewasnoted，andtherate  
decreasedtoO％ofthepre－treatmentrateWithinl－hofpost・treatmentperiodL・   
TheextentthatnetphotosynthesiswasinhibitedbyO3isshowninFig．2・Changesinnet  
photosynthetic rates following exposures to different concentrations ofO3for2h，are  
calculatedaspercentagesoftherespectivepre・eStablishedrates．Two－hourplantexposuresto  
aboutO．2〃1l‾103Wererequiredbeforedetectingtheclearlymeasurableinhibitionofnet  
photosyntheticratesinPeace，I・214andsunflower・Furthermore，Photosynthesisinhlbitionsof  
Peaee atvarious O3COnCentrations followedpatternssimilartothoseobservedinI・214．For  
FS－51plants，data were scattered from plant toplant，Thethreshold O3COnCentratibnin  
，eSistiveFS・51plants（identifiedfromdata）、WaSO．6pll－1．Th号thr畠sholdconcentlatio－nwas  
obtainedfrom thehand fittedline drawnin the figure．Then，FS－51plantsarepresumably  
PhotosyntheticallyresistivetoozoneascomparedwithPeaceplants・  

0．0   0．5   1．0   1．5   2．0  

0300NC∈NTRAT■0軋p＝－1  

Fig．2 RelatiYerateSOfnetphotosynthesisinl－214，FS－51，Peacepoplars  
andsunflowerasafunctionofO3COnCentrations  

concentrations of O⊃WerC the concentration outgoing from・・the assimi1ation  
chamber．DataaIeObtainedfromthe2－hexposurestova【iousconcentrationsofO3・  

聯Crぶ〆0∫0〃の2d抑J∫わ叩′OCe∫ぷ   

AccordingtoHul＆Littleneld（1969），thedeclineofnetphotosynthesisiJlducedbyO3  
exposureisattributabletostomatalclosureforoatandbarley・Simultaneousdeclineofnet  
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Inhibitionofphotosynthesisofpoplar5peCiesandsunnowerbyO3  

Photosynthesis，tranSpirationandO3uPtake（anindlreCtindicatorofstomatalbehavior［Omasa  
e［at．，19791）inl－214，FSL51and sunflower（Fig．1）may support theirideathat the  
SupPreSSionofnetphotosymthesisisresultedfromstomatalclosureinducedbyO3・Toconfirm  
th1Sidea，thepercentinhlbitionofnetphotosynthesiswasplottedagainstthepercentinl11bition  
forthreepoplarspeciesandsunflower（Fig．3）．Theinlubitionofnetphotosynthesisinducedby  
2・h exposures to various concentrations of O3 WaS COmParable withthe transplration  

depressiorlinI－214，FS－51a】1d sunflower．However，for Peace，the inhibition of net  
Photosynthesiswas 

． 

l‾103for2h・   

ln ofdertodetermine the degreeto whlChnetphotosynthesiswasaffectedbystomatal  

behaviorduringO3treatment，diffusionofCO2throughstomatawascalculatedandcompared  

withtheCO2diffusionthroughmesophyllcelllayer（Fig・4）・TheeffectofO30nr！もSwasquite  
different among poplar species．For Peace，r≡芸Sremainedlow andfairlyconstantoverO，  
COnCentrationsappliedinthepresentexpe丘ment，WhileforI－214andFS・5l，r≡筈increased  
－ 

i・・， 
andwerebelowlOscm▼l，butr慧reachedavalueof38forPeace，22（estimatedfr6mthe  
cutve）foTI－214，and13scm▼lforFS．51byO．75〃11，Jo，．Thethresholdconcentrationof  
O3fortheinlubitionofnetphotosynthesiswasapparentlyidenticalforPeaceandT－214and  

㌣aSCa・0・2直‾1（Fig・ユ）・Howeve－，血e仔血ofO30nTとtよ，血chmayrenect血ealtera叫S  
lnaVailabmtyofmetabollCintermediatesorinenzym？，dlfferedbetweenspeciesJnPeace，r慧  
rosewheneverO3COnCentrationincreased，lnI－214，r豊remainedconstantunti10，COnCentra－  
tionincreasedtoO・4pll．1・InFS－5l，althoughdatawerescattered，rと昔remainedconstant  
uptoo．5toO．6河1‾1andthenincreased．  

0
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0   20  40  80  80 100  

TRANSPIRAT10NINHIBIT10N，％  

Fig．3 Relationship between percentinhlbition ofnet photosynthesis  
andthatoftranspirationforl・214，FS－51，Peacepoplars，andsunflo、Ver  

Dataa【eObtairledfromthe2－hexposurestovaIiousconcentrationsofOっ・  
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FigL4 GaseousandliquidphasediffusiveresistancesforCO2tranSferof  
I－214，FS－51，PeacepoplarsandsunflowerasafunctionofO3COnCentra－  
tjoJI   

Concentrations of O3 Were the concentration outgoing from the assimilation  
Chamber．Dataareobtainedfromthe2－hexposurestovariousconcentrationsofO，▲  

Discussiom  

ThreepoplarspeCies，Peace，l－214，andFS－51，andsunnowerweretreatedwithvaribus  
concentrationsofO3andratesofnetphotosynthesisandtranspirationwere determinedto  
elucidate the heritable differencesinphysiologicalresponses ofplants to O3．Ourprevious  
results（Fufukawae（aL．，1981）haveshownthatthreespeciesdiffermarkedlyinsusceptibility  
too，．Ju噛ngfromthedegreeoffoliailtIuryinducedbyO3，thesusceptibilityofthreepoplar  
speciesarerankedinthefollowingorder：Peace＞FS－51＞I・214・Onthebasisofthisranking，  
weselectedthesespeciesandexpectedthemarkeddifferencesinphotosyntheticsusceptibility  
amongthese three poplar species・Although，herbaceousplants areconsideredtobemore  
sensitivetoO3aSCOmparedwithtreespecies，Sunflowerrespondedphotosyntheticallysimilar  
topoplarspecies・However，thepresentresultsshowthatphotosynthesisofdifferentspeciesdid  
notrespondedtoO3differently・AlthoughthqdlfferenceinthedegreeoffoliarinJurybetween  
peace andI，214is remarkable，the relationshlp between theconcentrationofO3andthe  
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lnhibitionofphotosynthesisorpoplarspeciesandsunflowerbyO｝  

Photosyntheticinhibitionwassimi1arbetweenthesetwospeciesLTheseresultsmaysuggestthat  
thefoliarsensitivitytoO3isquitedifferentfromthephotosyntheticsensitivity．Theresponse  
OfnetphotosynthesisofFS－51toO3Variedfromplanttoplantandthedegreeorinhlbitionof  
netphotosynthesiswasscattered．Despitethisplant－tO・PlantvariabilityinFS－51，thepefCent  
inhlbition ofnetphotosynthesishadasigmificantcorrelationwiththe percentinl1ibitionof  
transplration．Thisresultmaysuggestthatthescatterofphotosyntheticinl11bitionforFS－51is  
mainly due totheplant－tO・plantvariabillty Ofthe response ofstornatatoO3．Althoughthe  
foliarsusceptribilityofplantstoO3isnotareflectionofstomatalapertureassuggestedbyour  
PreVlOuSreSults（Furukawae［al”1981）andtheworkofDuggerefaL，（1962），photosynthetic  
susceptibilitymaydependuponstomatalresistancebecauseitmustbeassumedthatbothO3  
andCO21eavingandenteringleavespassesthroughstomata・   
ThemechamismwhichdeterminestheeffectofO3bringlngareductioninphotosynthetic  
ratesisundoubtedlycomplex．BytheexposuretoO3，StOmatalclosureoccurs（Hill＆Littleneld，  
1969），theCO2COmpenSationpointisenl1anCed（Furukawa＆Kadota，1875），Photosynthetic  
electrontransportisinl厄bited（Coulson＆Heath，1974），andratesofrespirationmayincrease  
ordecrease（Todd，1958；Furukawa＆Kadota，1975）．Theparalleldeclineinnetphotosynthe－  
SisandtranspirationratesshowninFig．3stronglyindicatesstomatalclosureastheprincipal  
causalfactorinO，effectmediatedreductioninnetphotosynthesis．However，thefactthat一と昔  
increasedwithincreasingconcentration ofO3foranypoplarspeciesandsunnowerindicates  
the possibillty that a non－StOmatalfactor was also responsible for the reductionin net  
photosynthesis．Furthermore，the result of Peace shows anincreaseinrと？inthe O，  
concentration range Of O．2to O．4pl／1whichis considered to be a relativelylow O3  
concentration．1nPeace，［ぎ言SwasnotalteredbyO3，PreSumablybecausestomatalaperturesof  
PeacewerenotsensitivetoO，．TnPeace，therefore，thediffusiveresistanceofmesophy11（rごご）  
appearedtobetheprimaryfactorlimitingnetphotosyrlthesisduringO3eXPOSure・  
Peace，WhichshowedaninsensitivestornatalresponsetoO3，hadasimilarphotosynthetic  
tolerance to O3tOI－214，WhlChshowedavery resistive behaviortoO3．Nevertheless，Since  
mesophylldiffusive feSistance ofPeacebegantoincreaseatlowerconcentrationthanthatof  
IL214，and sincethe photosynthetic rates ofPeace continued to decrease even after the  
terminationofO3eXpOSure，itshouldbeconcludedthatPeaceisthemostsensitivespeciesto  
O3iIlreSPeCtOfnotonlyfoliarlnJurybutalsopl10tOSyntheticinl1ibition・Thesecharacteristics  
OfPeacesuggesttheability ofanindlCatOr plantfor assessingtheimpactofphotochemical  
OXidantsonvegetation．  
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オゾン処理に’よるポプラ品種とヒマワリの光合成阻害  

古川昭雄】・片瀬雅彦2・牛島忠広3・戸塚 績1   

可視害によって評価したオゾン感受性が著しく異なるポプラ3種（Ⅰ－214：P呼正邪のm押野－  

canacv．I214，FS－51：P maxmowICZiixplanEiercTLfis，Peace：P koreanaxtnchoca7Pa）と  

ヒマワリ（HelianthusannuusL．cv．RussianMammoth）の光合成に対するオゾンの影響を調べ  

た。植物葉を種々のオゾン濃度に2時間処理し，純光合成速度，蒸散速度をオゾン処理前，処理  

中，処理後に同時測定した。CO2拡散抵抗は．光合成，蒸散速度から計算して求めた。可視害  

の程度から判別したポプラのオゾン感受性はオゾンによる光合成阻害の程度を反映するものでは  

なかった。ヒマワリの光合成のオゾンに対する感受性もポプラのそれとは大差なかった。可視害  

によって評価するならば，l214は最も抵抗性が高く，Peaceが最も低かった。しかし，1－214と  

Peaceのオゾン感受性は，光合成阻害によって評価するならば，はとんど差はなかった。しかし，  

オゾン処理によるPeaceの光合成速度の低下は，第一義的に葉肉組織拡散抵抗の増加によって  

いるのに対して，ト214．FS－51，ヒマワリでは気孔拡散抵抗の増加と葉肉組織拡散抵抗の増加  

が同時に起こり．光合成速度の低下をもたらすものであった。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
2 国立公害研究所 客員研究貝（東京農工大学 農学部 〒183 府中市幸町35－8）   

現在：干葉県蚕業試験場（〒Z83 千乗県東金市油井1055－1）  
3 国立公害研究所 客員研究員（東京農工大学 農学部 〒183 府中市幸町35－8）．故人  
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TYLeeffects ofNO2and／orO30nphotosynthesisofsumflower  

leaYeS  
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3 ResearchCollaboIatoroftheNationallnslituteforEnviroTlmentalStudies．PIeSent  
address：Chiyoda－Dames＆MooreCo．，LTD．，4－28Mital｛home，Minato－kuTokyo   

lO8，Japan・  

4 visitingFeuowoftheNationalITIStitutefoTEnvironmentalStudies・Decreased  

Photosynthesis and transplration rates were si7Tlultaneously measufedin at・  

t孔Chedleaves o〔sⅦnnOWモT（〝eJf肌拍usα托爪uu5 L．cv．RussianMammDtll）duTln昌  
一ムee叩0ざurefoNOまa雨／orOさtOdete－minet血8mixedきaSe鮪ctonCO2d仇sion  
processes■ COユdifftJSive resistances were dividedinto two components；g甲eOuS  

－∴．∴－－：二∴－：い∴∴1∴－－∴1∴∴∴－」、：－∴∴∴；．－  
TheapplicatlOnOfNOユalorleCauSedamarkedreductionofnetphotosynthesIS  

Wlth r10Significan＝eduction of transplration，indicatlng that NOlaffectedCO。  
flXation process wlthnoinfluence onstomatalaperture．Contradictory，theappll－  

CationofO）alonereducedbothnetphotosynthesisandtranspiratlOnrates，however，  
from the estlmation ofCO2 dlffusiYe reSistances，a malr．CauSe affectirlgphoto－  
synthesisreductiondudngO，eXpOSure示asno‥牒but r慧・  
Whentheconcentrationofeachgaswasbelowthethresholdtoinhibittranspl－  

ration by either gas alone，thegTeaterthanadditivereductionoftTanSPlrationrate  

WaSObseTVedbymixzngeachgas．7ncoLl（rast，pho〔osylltheticresponsetothemixture  

OfNO2andO，WaSChangedfJOmthcadditivetotheles5effectthanadditivewith  

ipICreaSingconcentrations ofNOlrIn any combination ofthe mixtuTe，rきaSand  
rかncTeaSedconcuTT¢ntlァ・  

Keywords： AntagonistlCeffect，Diffusiveresistance，Nitrite accllmulatiorl，  

NO2and／orO，，PhotosynthesIS・Sunflower   

TheresponsesofplarltStOairpollutantmixturearefrequentlycategorizedfortheconveTL－  
ienceinto three types：additive，greater than additive（gneTgis（ic）andless than additive  
¢〝hzgvnistzb）．Menserand打eggestad（1966）tlrsttlOtedthatmixturesofSO2andO3CauSed  
thevisibleinjurytotobaccoplantsattheconceTltrationofeachairpo11utantbelowthedlreSh・  
01d for foliarlrリurylThis wasinterpreted as町ne曙is（icinteractionbetweenSO2andO3・  
Similar results have been reported for other combinationsofalrpOhtants・TirLgeyetal・  
（1971）andSkellyetal．（1972）havealsoshowntheevidenceofsynergismbetweenSO2and  
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NO2intheircombinedeffectsonplantsandthedeclineofthethfeShold concentrationsabove  
whichtheinjurycausedbyeithergasbecameapparent・Tingeyetal・（1973）reportedthat  
foliarinjuryresultingfrommixturesofO3andSO2WaSdependentonplantspeciesinvestiga・  
tedandthegasconcentrationsused．   
Allthesestudiescitedabovehaveonlyusedvisiblefoliafinjuryasacriterionforestimating  
theeffectofpollutantsonplaりtS・Plantgrowth（theincreaseindryweight）istheconse－  
qunceoftheaccumulationofphotosynthates・Thusitmaybeconceivablethatthepossible  
effectsofairpo11utantsongrowthanddevelopmentshouldbereexaminedinrelationtophoto・  
synthesis・However，thebulkofresearchcarriedoutontheeffectsofairpollutantmixtureson  
plantshaspaldlittleattentiontotheireffectsonphotosyntheticCO2fixationLWhiteetal・  
（1974）reportedthatphotosyntheticratesofalfhlfaplantsweresyneJ耶ticaLb7inl1ibitedbythe  
exposureto NO2andSO2mixturesL FurukawaandTotsuka（1979）alsodemonstratedthe  
ⅣTZeTgisticinhibitionofphotosynthesisinsunflowerbyNO2andO3，NO2andSO2，andSO2  
andO3mixtures．Thepresentstudywas，therefore，initiatedprimar止ytodistinguishtheeffects  
ofNO2andO3mixturesfromthee什ectsofNO20rO30nPhotosynthesisandtranspiration  
orsunflower．  

MaterialsandMethod5  

JYJIJJ／肌汀〃山J∫   

Seedlingsofsunflower（HeLian（husannuus L．cv．RussianMammoth）weregrownat  
250candarelativehumidityof70％inaphytotrongreengouse．Plantswerecultivatedfor  
fourweeksinplasticpots（11cmdlameter，15cmdeep）filledwithamixtureofvermiculite，  
perlite，andgravel（2：2＝1＝1，V／v）．Eachpotcontalned5gMagamp・Kand15gofmagnesia  
lime．No additionalnutrient was suppliedtoincrease thesusceptibility to NO2（Srivastava  
eiaL．，1975c）andtostimulatetheaccumulationofnltrlteinNO2－treatedleaves（Yoneyama  
eJれ，1979）．   

動画如血叩川棚   
PlantswereexposedtoNO2and／orO3uSinganacrylicassimilationchamber（1251iter，  

Cubic）whichwassetinsideacontrolledenvironmentroom（1．7×2・3×2・Omhlgh）・The  

neldairwaspassedinsuccessionthroughactivatedcharcoalandcatalystbearing（contalning  
MnOxandCuO）filterstoremoveambientairpollutantsandledintothecontrolledenviron・  
ment room．Thisfiltration system couldremove O3and SO2almostperfectly，butatrace  
amountofNO2（below5nll‾1）wasremainedintheroom，NO2gaSfromacompressed  
cylindercontaining2mll▲1NO2（at250c）inN2WaSinjectedthroughasolenoidvalveinto  
theairstream．TheconcerltrationofNO2intheroomwasregulatedbyathermalmass・nOW  
controllerequippedwith acontrollingsystemofachemiluminescentNO－NO2・NOx analyzer  
（Thermo Electron，Model14）・Ozonewasgeneratedby asilentelectricaldischargeindry  
oxygen and regulated by asystemsimilarwiththat describedforNO2uSirLgaCOntrOlling  
systemofachemiluminescentO3analyzer（KlmOtO，Mode1806）・Recordingsofpollutant  
concentrationsirLSidetheroomshowedthatonstartingafumigation，theconcentrationreached  
90％ofthe丘xedlevelwithln5min．The concentrationsofpollutantscouldberegulated  
withln±1％ofthedesiredlevels．  
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Thee†fectsofNOっand／Q－0，OnphotosyTlthesisorsunれDW計IeaYeS  

G〃∫eズC加〃geme〃∫〟′eme〃J   

Fullyexpandedleaveswereaccomodatedintotheassimilationchamber．Thestemwasled  
throughapQrtatthebottomofthechamber，SOthattheleaveswereinsideandthe－00tSand  
potwere outside．Measurementwasperformedat 28±0・50c，75％R．HL TwosmallfarlS  
（10cmdiameter）whlChwereplacedontheinnerwallstirredthechamberair・AlrWaSCOn－  
tinuouslysuckedbyapumpthroughthesuctiollpipeontheuppersideofthechamber・Alr  
nowratewasmeasured byarotameterandwasadjustedto3．3m3h‾1■Windspeedinsidethe  
chamberwasO・4ms．1asmeasuredwilhamulti・directionalhotwireanemometer・Windspeed  
ofthismagnitudeminimizedtheboundarylayerdiffusiveresistanCetOWaterVapOrandCO2  
transfer・Usingwetfuterpaperofsimi1arsizeandshapetotheleaYeS，theboundarylayer  
resistancetowatervaportransferwasdeterminedandwasO．06toO．1scm‾1．   
Illuminationsystemforthecontrolledenvironmentroomwasapplledforthellghtsource  
Ofthe assimilation charnber．Zlluminationsystemwasconsistedoftwentyfour400Wmetal  
halidelamps（YokoLap－P，Toshjba）・Thelightwasfilteredthroughheatabsorbingglassnlter，  
Which removedfadiation above800nm．The quanturn nux densityinside the assimilatiorl  
Chamberwas500pEinstein mr2s‾1asmeasuredwithaquantumfluxsensor（LI・COR，Model  
Ll－190SB）・TranspiratiDnrateWaSdeterminedbythegravimetricmethodusinganelectronic  
top・loadingbalance（Mettler，ModelPL・3000）．Transpirationalwaterlosswascontinuously  
recordedwithathermaldataacquisitionsystem・Potwasenclosedinaplasticbagtopreverlt  
evaporation ofwaterfrompot＄urface・Netphotosyntheticratewasdeterminedinanopen  
Circuit system bymeasuringCO3COnCentrationsattheinletandoutletofthechamberusing  
aninfra一丁edCO2analyze－（Shimazu，ModelURÅつS）．   

都雨靴漬卯1ガd脾Jルビ′ビゴ由加Ce  

Becausephc．tosynthesisandtransplrationweremeasuredsimultaneouslyintheassimi1ation  

chamber，diffusive resistancesto CO2tranSfer from the bulk airtothesiteofCO2fixation  
couldbedetermined．TheresistancestoCO2diffusionthroughtheboundarylayerandinternal  

gasphaseoftheleaf，aLldfromthesurfaceofthemesophyllcellstothesiteofCO2fixation  
werecalculated丘omtheratesofnetphotosynthesis（Jcd）andtranspiration（Jwv）according  
tothemethodofGaastra（1959）二  

J。d＝（c：ご－C：31）／（【竺㌘十【ヒg）  

Jwv＝（〔霊，－Cごこ）／r・㌘  

wherec…言andc：㌢areco2COnCentrationsofthebulkairandatthesiteofCO2flXation  
（assumedtobetheCO2COmpenSationpoint），reSPeCtively；Cこ㌔andc訂：arethe’saturatiorl  
watervaporconcentrationatleaftemperatureandthewatervaporconcentrationofthebulk  

air，reSpeCtively．ThediffusioncoefflCientofCO2Canberelatedtothatofwatervapor（Jarvis，  

1971），SOthattheconversionfactorQfl．65wasapphedtocotlYe－tre：intor誓・Du－ingthe  
exposuretoO3，theboundarylayerresistanccwasheldconstantbytheconstantnowingand  

Circulationoftheair・Asaresult，r琶㌘couldsolelyberelatedwithr苦T（stomataユdiffusive  
resistance．）AlthoughtheexposuretoO．9pll‾10，for90mininducedtheincreaseinCO2  
compensationpointsinpoplarleavesfrom50to70〃11－1（Furukawa＆Kadota，1975），the  
CO2COmpenSationpointinsunnowerteaveswasnxedto501111．1（adoptedfromFurukawa，  
1975）・meeT－Orint－OducedbythiscalculationlslessthanlO％o一丁せ葺，eVenWhen仙eCOっ  
compensationpointincreases丘om50to70pll－1・Inthepresentstudy，1eaftemperaturewas  
notmeasured simultaneouslywithtranspiration，Sincethechangesinleaftemperatureduring  

91   



the treatmentwithairpollutantsdif［eredmarkedlyamongportionsofleafsurface（Omasa＆  
Abo，1978），Usingtherelationshipbetweentherateoftranspirationandleaf－airtemperature  
differencesinsunnowerleaves（Omasae［al．，1978），WeeStimatedtheleaftemperatureforthe  
calculationorcic asrollows：  

Tl－6．4×10S＋Jw，Ta一丁＋2．2  
（3）  

whereTlandTalrareleafandairtemperatureS，reSPeCtively・   

馳血血血mゆ励  
Totestiftherewasasignificantdifferencesbetweentwocombinationsofpollutants，the  
Fstatistics was applied．1fthe differehcewasnotsignificant at95％confidenceinterval，  
the effect was desiganted as the additive effectL On［he otherharId，jfthe djfte［enCe WaS  
signincant atthesame confidenceinterval，theeffecIwasnotedastheBTeaterOTlessthan  
additiveer托ct．  

Results and Discussion 

聯crq「03   
The2・hexposuretoO．2山1▲10，hadrLOSignificanteffectsoneithernetphotosynthesisor  
transpirationinsunflowerleaves（Fig．1A＆1B）・TTlephotosyntheticratewasreducedto65％  
ofthepre・eXPOSurerateby2－hexposuretoOL4pll．103，Whilethetranspirationratewasre－  
duced toca．75％．UndertllePreSeL］teXPerimentalconditions．wecouldnotobservetheO3－  
inducedacutefoliarnecrosis．  
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Fig．1EffectsofO．2andO．4Pll‾1030nnetphotosynthesIS（A），tran－  
spiradon（8），a爪dCO2diffug雨re由t調Ce5（C）i∫■5U祀owerleaves  

Ratesofnetphotosynthesisandtranspi－adonareexpressedasthepercentagesofthe  
、∴、；‥－川∴：－∴∴∴  

tratjon∫OrO，Were頭ownj刀eaCh5ub軸ur8・Eachpointisthemeanoratleastthree  
repllCateS・ErTOrbarsindicaterepresentativestandaTddevlations・  
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Theeffectso川02ar・d／OrO，Onphotosynthesisofsunflower］eaves   

Hill＆ Littlefield（1969）suggestedthat O3may CauSe photosynthesisinhibitionby  
inducingstomatalclosure，Theirsuggestion seems to be adequate，Since the presentresults  

also show that the deline ofnet photosynthesis wasnearlycomparablewiththatoftranspi－  

ration，Whichis anindirectindicatorofstornatalaperture（Gaastra，1959）．However，thereis  
areportedresultthattheCO2COrnpenSationpointisenhancedbyO3（Furukawa＆Kadota，  
1975），SuggeStingthatphotosyntheticinhibitionis 

． 

and mesophyllcel11ayer，because these two factorslinlit netphotosynthesisathighlight  
intensitiesusedinthepreserLteXperiment（Zelitch，1971）・  
・ 
。31 

resultssoIelyfTOmStOmatalcIQSure，rl：3should－emainconstantduringtheexposuretoO，・  
However，0、4ull103CauSedrご3increasegraduallyfromthestartofexposureandflnally  
jtbecame］L5tjmesofthejnjtialvaJue（Fig・lC）・Theincreaseinr軍accountedfofOnlyJ  
unitoftotaldiffusiveresistanceattheendoftheexposurewhilerl：3accountedfor7units・  
TherefoTe，r誓appearedtobethesecondarycausefortheO3－induceddeclineofnetphoto・  
Synthesiswhilerゞ3wastheprimaryone・  

聯cJ（オ〟02   
Netphotosynthesiswasmore sensitive to NO2than tfanSPiration was（Fig・2A＆2B）・  

1nhibitionortranspirationbyNO2WaSmuChsrnaIleTtharlitwasrorO3foragiverlreduction  

innetphotosynthesis・Theexposureto20r4FLll‾1NO2for2hreducedtherateofnet  
Photosynthesisby20and90％，reSpeCtively，butnosi！niflCantreductionintTanSPirationcould  
bedetected、  
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Fig．2 Effectsof2．Oand4．OJ111‾1NOユOTLnetphotosynthesIS（A），tran－  
SPiration（B），andCO2diffusiveresistances（C）insunflowerleaves  

Conce祀atio50fNOIWereShownineachsub爪印re・Eachpointisthemeanorat  
leastthreerepJICateS・ErrorbarsindicaterepresentativestandarddeYiations・  

Thereductionofnetphotosynthesiswithnodetectablereductionoftranspirationisin  
agreementwjththeeaIJjerrepoTIedTeSults（Hill＆Bennett，】970；SIivastayaetal・，】975a，  
b）．lnanttledi汀eTenCeWithouTTeSults，H山and】まennet（1970）－epOrtedthatarteTan  
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appreciable reductionofnet photosynthesis，the stomatalclosure orthedecreaseintranspl・  
ration rate wasobserved and they suggestedthatthe stomatalclosureinducedbyNO2WaS  
Caused by anincreaseinintercellular CO2COnCentration resulting from theinhibition of  
Photosynthesis．However，WeCOuld not observe any reductionin transpiration orstomatal  
Closureestimatedfromr誓（Fig・2C），eVenWhenthenetphotosyntheticfateWaSreducedto  
lO％oftheinitialrate，Consequently，thoughthereisalittledifferencebetweenourresults  
andthosereportedbyHillandBennett，theincreaseinrごgotherthanrミ冒hadprimar山yaf・  
fectedphotosyntheticresponsetoNO2，PreSumablyasaresultoftheinhibitionofphotosyn・  
theticCO2fixationproces；inchloroplasts（Hill＆Bennett，1970）．   

聯cr（オ」VP2〃〝dO3m止血柁  

ThereductionofnetphotosynthesisinducedbythemixtureofNO2andO3Wereequalto  

theadditivereductionoftheindividualgases，WhentheconcentrationorNO2inthemixture  
waslow（Fig．3A）．Thetreatmentwithamixtureof2pll．1NO2andO．2pll．10，for2h  
reducedtherateofnetphotosynthesisto77％oftheinユtialrate，Whichwasnotsignificantly  
different fromsummingtheinhlbitioncausedbyeachgasindicatingtheadditiveeffect．The  
exposuretoamixtureof2JJ＝JINO2andO■4FLll‾103alsocausedtheadditivereductionof  
net photosynthesis．1n contrast totheseadditiveeffects，WhentheconcentrationofNO2in  

themixturewashighenoughtoinhibitnetphotosynthesisalmostperfectlybyNO2alone，the  
lessthanadditiveeffectwasobserved．Amixtureof4p11－1NO2andO・2pll．103PrOduced  
lessinhibitionthantheadditivefrorntheindividualpollutantsatthesameconcentration（Fig・  
3A）．The behavior oftranspiration differedconsiderably fromthatofphotosynthesisduring  
the exposure to a mixture．AmixtureofNO2andO3atanyCOmbination ofconcentrations  

Ofeachgasproducedasignificantlygreatereffectthanwouldbeexpectedfromsumrningthe  
effectsduetoeachgasalone（Fig．3B＆4B）．   
Reinert etal．（1975）reportedthattheplantresponsetoairpollutantsmixturewasin－  
nuencedbytheconcentrationratioofeachairpollutantinthemixture．However，thepresent  
resultssuggestthattheresponseofplantstoNO2andO3mixturewasaffectedbytheconcent・  
rationsofeachgasin the mixture ratherthan the concentrationratioofNO2tOO3・With  
increasingconcentration ofeach gas，the greaterthanadditiveeffectwasreduced■When山e  
COnCentrationofeachgaswashighenoughtoaffectphotosynthesisortranspirationseparately，  
the effect turned to be additive．Tneless than additive effect was observed only when the  

COnCentration ofNO2WaS Signincantlyhightoinhibit net photosynthesis bythetreatment  
with NO2alone．These findings were similarwith those observed byWlite e（al．（1974）in  
themixedNO2andSO2effectonphotosynthesisofalf山fathattheeffectofNO2andSO2  
mixture changedfrom the greater than additive to the additive effectwithincreasingcon－  
Centrationofeachgasinthernixture．   

Because the reductionsin transpiration and net photosynthesisoccurrednearlysimulta－  
neously with the durationofexposure，itisnecessary to evaluate the degree towhich net  
photosynthesisisaffectedbystomatalclosure・Fig．3Cand4Cshowthatbothr…芸Sandrご3  
increasedjustaftertheinitiationorthemixtreatment・ThemostslgniflCantincreaseinr雲SS  
wasobservedwhenleavesweretreatedwiththemixtureof4pllrlNO2andO．20rO．4dlJl  
O，．Forexample，【竺芸Swas3scm▼1beforetheexposureandincreasedby2scm▼1bythe  
treatmentwithamixtureof4J111‾1NO2andO．4pll－103for2h，Whilerと？was8scm‾1  
witharepresentativeincreaseof3scm‾1・Theincreaseinrl：呈WOuldrenectthealterationsin  
theava舶buityofmetabolicintermediatesorinenzymelevels，inasmuchasrt？isinnuenced  
byenzymaticactivity（ZelltCh，1971）・Thustheseresultsindicatethatbothstomatalclosure  
and photosynthesisinhibition occurredconcurrently during the treatmentwiththemixture・  
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ConcentratlOnSOfO，and NOIWereShownin each subflgure．Eachpointisthe  

mean ofatleast threerepllCateS．ErrorbarsindlCaterepreSentatlYeStandarddevia・  

tions．  
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Fig・4 EffectsofO・20rO・4pll▼103and4・OFLll▼1NO2mixtureson  
net photosynthesIS（A），tranSPiration（B），and CO2diffusiYe reSIStanCeS  
（C）hsunnowerleaves  

CoTICentratlOnS OfO，and NO．were shownin each subfigure．Eachpointisthe  
mean ofatleastthreerepllCateS．EIrOrbarsindlCaterepreSentatlYeStandarddevla－  
tions．  

Thisisalso！ndicatedbytheobservationthattheincreaseinr％Sroughlypariueledwiththe  
increaseinr？30Vertheexposureperiodappliedinthepresentexperiment・   
TheanalysisofCO2difnlSionprocesssuggeststhatthephotosyntheticresponsetothe  
individualandmixedgastreatmentswithNO2andO3differedmarkedly・Thephotosynthetic  
decunecausedbythetreatmentwithNOユOrO3alonewasmainlyattributedtotheincreasein  
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rご言，althoughitcouldbeobsefVedthatrミ苦increasedslightlyduringthetreatmentwithO3  
alone，lncontrast，themixedgastreatmentsaffected唱SandrL：2simultaneously・Further－  
more，thecontributionoftheincreaseinr誓tothedecreaseinnetphotosynthesiswascom－  

parabletothatofrとIg■  
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ヒマワリ葉の光合成，蒸散に対するNO2と03の混合処理の影響  

古川昭雄1・横山政昭Z13・牛島忠広2l・戸塚 績1   

ヒマワリ（Helia71LhusannuusL．cv．RussianMammoth）を同化箱の中に入れて，NOz，03  

を処理して，光合成，蒸散速度に対する混合ガスの影響を調べた。光合成速度及び蒸散速度から  

気孔拡散抵抗，葉肉拡散抵抗を計算して求め，混合ガスの影響が何処に主として作用するかを，  

拡散抵抗の概念から解析した。   

NOz単独処理では，光合成はかなり阻害され，濃度が高いとほぼ完全に阻害されたが，蒸散  

は光合成が初期値の10％以下になってもほとんど変化しなかった。一方，03単独処理の影響は，  

yo2とは異なり，光合成，蒸散がほぼ同じくらい阻害された。しかし，拡散抵抗の解析から，  

純光合成の低下は，気孔の閉鎖によっているのではなく，葉肉細胞内の生理的変化によっている  

ことが示唆された。   

NOz，03を混合して処理すると，03（7鳩≠響と類似して，光合成も蒸散も阻害され，低下した。  

しかし，光合成速度が初期値の10％以下になる濃度のNO2と03を同時に処理すると，光合成速  

度の低下割合は減少し，いわゆるきっこう阻害が観察された。拡散抵抗を用いて，03の場合と  

同様に解析した結果，混合処理の影響は，気孔拡散抵抗と葉肉拡散抵抗の両方をほぼ同じくら11  

増加させることが判明した。すなわち，混合処理によって，気孔の閉鎖が純光合成速度を低下さ  

せるに十分なはど引き起こされることである。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町′ト野川16番2  
2 国立公害研嚢所 客員研究員（東京農工大学 農学部 〒183 府中市幸町358）  
3 現在：千代田デイム・ス・アンド・ムーア株式会社（〒108 東京都港区三田1－4‾28）  

4 故人  
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Res・Rep・Natl・Ⅰ＝St・EnYiron・Stud・，Jpn▲，No・65，1984．  

An Evaluation ofHighResistanceinhb，gOnum OJ岬idatum to  

Su肋rDioxide（SO2）＊  

ToshlklNatorilandTsumuguTotsukal  

1EnvlrOnmCntalBiology Division，theNationallnstituteforEnvironmentalStudies，   
Yatabema血i，Ts11k11t，a，lbaIaki305，Japan．  

The effects of sulfur dioxide（SOっ）on the photosynthesis of A）Jygonum  
CL（SPidGtZ）mpTOpagatedfromshootssamplenearatacoppermineatAsio，ToclligiPref．，  
WereぐOJれpared甘地fho5eOfムセ／お〝タカ〟∫〃〝〝〟叫know∫－aSa躍れSjtjyep】ant【050ユ・ne  

percentageinhibitionofnetphotosynthesisandleafcond11CtanCeWaSPlottedagainstthe  
calculat¢dSOユabsorptionrate・methresholdvalueofSOっabso叩tionto photosyn－  
theticinhibitionin P．cu甲idatum waslarger than thatin H annuus．And the  
photosynthetici山1ibition perunit SO2absorption rateinP・CuSPtdG（um was smaller  
than 山仔仇W糊M・Furthermore，We£tudied the e的cts or SOっ on the COク  
COnCentrationin substomatalcavity・TheCO，COnCentrationinP，CuSPida（umdidnot  
increase，but thatinJL annuus did．FromthesedataandthechanBeOftheextentof  
inhibition of photosynthesis aTld transpiration，the photosynthetic declinein p．  
CuSPLdatumexposedtoSO，WaSprlmaTilyduetothestomatalcIosureoftheleaf・ltwas  
COnCluded that pl10tGSyntlletic activity o†P．cuspf血rllm WaStOleTanttO SOっnTStly  
because of smal1SO2 absorption rate byleaves resulting frorn the smal11eaf  
COnductance，and secondlybecause ofhighresistacetoSO，Ofbiochemicalprocessirl  
photosyntheticpathway．  
Key words：A）レgonLLm CuSPidatum，SO”PhotosyntheticTate，SO。reSistance，SmOke  
pollutedaTea．  

lnTeCentyearS，Sulfurdioxlde（SO2）hasattractedattentionチSagaSeOuSalrPOllutant  
WhlChmaycausechronicenvironmentalstressforvegetationgrownlnurbandlStrlCtS．Several  
WOrkers reportedthatlong－temleXpOSuretO SO2COuldinl1ibit plant growthandalterthe  
SPeCiescompositionofplantCOmmunitiesinSO2PO11utedareas（Archibold，1978；Asai，1952；  
Gordon＆Gorharn，1963；Hiroi，1974；Horsmane（al．，1979；Usuietal．，1975；Wagneretql．，  
1978；Winner＆Mooney，1980c；Wood＆Nash，1976；YoshlOka，1975）．   
Usuietal．（1975）reported thatinsmokepollutedareaalongtheleewardofthecopper  
mine atAsio，Tochi由Pref．，aIarge section ofdeciduous broad・1eaved forest was almost  
COmPletely destroyed by nrein1891，andthatyoungsproutswlnchgrewafterwardsasa  
SeCOndarysuccessionwereprobablydamagedbytheconstantattackofSO2emittedfromthe  

★ApartofthisreportwaspublishedinJpn．，．Ecolり34，1S3－159（1984），  
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srnelter，TheyalsosuggestedthataiTpOllutionbySO2mightinduceapTimaIydominanceof  
n）b，gOnumCuSPidatumpopulationinthlSarea．Likewise，Hiroi（1974）alsoreportedthatP  
cuspidatumwasoneofthedominantspeciesofherbaceouscommunitiesestablishedincopper  
minedistrictssuchasAsio，TochigiPref，andBesdll，EhimePref．Ontheotherhand，YoshlOka  
（1975）reportedthatP cuspEdatumisoneofthedominantspeciesofthenaturalvegetation  
foundatvoIcanoessuchasMt・As0，KumamotoPref・andSakufaJimaIsland，KagoshhnaPref・in  
Kyushu，1thasbeenreportedthatfumarolicgasesfromMt．Nakadake（VoIcanoAso）contained  
arelativelyhighSO2COntentOf2．8－12．4％（Twasakle［al・，1962）・   
ThereasonfortheestablishmentofpeculiarvegetationinSO2POllutedareasmaybethe  
differenceirlreSistancetqSO20ftheplantspecies・Therearernanyreports（cf・JapanSociety  
OfAirPo11utlOn，1982andKataseM・，e［aL，1983）aboutthereミp？nSeSOfplantstoSO2，but  
fewaboutthephotosyntheticcharacteristicsofnativeplantssurvIVlnginsmokepollutedareas・  
Therefore，it remaillSuIIClear whyP cuspEdatum populationcansurvIVe dominatelyinSO2  
pollutedareas・   

InordertoknowtheresponsetoSO2Ofnativeplantssurvivlnginsmokepollutedareas，  

theeffectsofSO2WereStudiedontheleafphotosynthesisofPcuspida血mpropagatedfrom  
shootscollectednearthecoppermineatAsio，Tochi由Pref．Thephotosyntheticresponsewas  
comparedwiththatofHelianthusannuuscv・RussianMammoth，WhlChinknownasasensitive  
planttoSO2・  

MaterialsandMethods  

Shoots ofP cuspidatum werecollectedinautumninthesmokepolluted areaon the  
leewardofthecoppermineatAsio，TocllldPref・aboutllOkmnorth－nOrthwestfromTokyo・  
Theshootswerecutofftoalengthof5rlOcm．Thebaseofcutshootsweresoakedandrooted  
inatraycontainingwaterforonemonth・Therootedplantsweretransplantedinplasticpots  
nlledwiththeartincialculturemediumcomposedofpeatmoss，Vermiculite，perlite，hegravel  
and Acadamatuchl（granulatedloam）（2＝2＝1：1：2onav／vbasis）・Theplantsweregrowninan  
alr．COnditionedgreenhouseat250cand75％R．H．foroneyear．SeedsofHannuusweresown  
inl／5000aplasticpotsfi11edwithculturemedlumCOmpOSedorpeatmoss，Vemiculite，perlite  
andfinegravel（2：2：l：lonav／vbasis），aJldoneplantperpotwasgrownfor4to5weeksinthe  
訂eeIlhouse・   

The attachedmatureleaves oftheplarltSWereplacedinarlaCrylicassimi1atioTIChamber  
which was30cmlong，17．5cm wideand2cmdeep．ThephDtOSymtheticandtranspiration  
ratesoftheplantleavesweremeasured．TheconditlOnSinthechamberwereregulatedtokeep  
25－270cleaftemperature，40T50％R・H■and64klxoflightintensistyattheuppersurfaceof  
theleaf．The CO2COnCentrationin the air、PaSSingthroughthe chamberwascontrolledto  
maintaln341－360ppmbymixingCO2・freealrWithaglVenVOlumeof4・88％CO2Supplied  
雨血acylinder．COユーfI¢eai－WaSprepaTedbypas血gambientai一也てOuかtubes且uedwith  
sodalime．AftertheaddltionofCO2tOtheairstream，thewatercontentoftheailenteringinto  
thechamberwascontro11edbypassingitthroughahumidifierandchi111ngitwithacoiledglass  
tube placedinthe water bath・Water temperaturein the bathwas controlled using a  
thermoreguratorwithdleaCCuraCyOf±0・5日c・InordertocontroIsO2COnCentrationintheair，  
SO2fromacylinderwasinJeCtedthrougha，themlalmass－nOWCOntrOllerintotheairstream  
andmixedwiththe air by passingitthrougha5mlongteflon tube beforeitenteredthe  
chanlber．Therateofairnowentedngintotheassimi1ationchamberwasmaintainedat151it・  
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min‾1LTheaveragewindvelocityacrossthetransversesectionofthechamberwas71mms－1．  
TheconcentrationofSO2andCO2intheairenteringandleavingthechamberwasmeasured  
alternatelyfor2minuslngSOlenoidvalves・CO2COnCentrationwasmeasuredbyaninfraredgas  
analyzer（ShlmaZuSeisakushoCo．，ModelURA－2S）andSO2COnCentrationwasmoniteredbya  
幻mephoton－etricdetec拍rofSOヱ（Be”djx，Mode】830）．baftempe∫ah汀ewa5meaSuredby  
thfeeCOPper－COnStantanthermocouples（0・1mm）attachedtothreedifferentpositiorLSOnthe  
undersurfaceofleaves・Lightwassuppliedwithfour500Wincandescentlampssuspendedabove  
the chamber．Awaterlayer aboutlOcmin depthwaspouredbetweenthelampsand the  
ChambertoⅢterinfraredradition，andasemitransparentmmmadeofvinylchloridewasused  
toobtainuniformdistributionoflightintensity．Afterthefumigationtreatment，1eafareawas  
rneasuredbyanautomaticareameter（HayashiDenkdhCo．Ltd．，ModelAAM－7）．Theratesof  
tranSpiration andphotosynthesiswereevaluated frorn the differencesindewpointandCO2  
COnCentrationoftheairattheinletandoutletofthechamberrespectively・Dewpointofthe  
alrWaSmeaSuredbytwodigitalhumidityanalyzerswhich．weresetatthein1etandoutletofthe  
Chamber（EG＆G，Mode1911）・LeafboundarylayerresistancetowatervaportranSfer（ra）in  
thechamberwasobtainedbythemeasurementsonleafreplicasmadeofwetblottingpaper・  
Leafconductance to water vapor（1／ra＋rs），rS：StOmatalresistance）wascalculatedwith  
refefenCetOthemethodsreportedbyKoh（1981）andbyFurukawaetal．（1980）．  

Resl11ts  

Leaves ofl’cuspida［um or月二annuus were fumlgated for64min atl．70andO．74  

PPmSO2，reSpeCtively・Fig・1showsatypicaltimecourseresponseofnetphotosynthesisand  
leaf conductance（l／ra 十rs））to SO2 fumigation for both species．7nitialrates ofnet  
photosynthesispriortoSO2treatmentSWere22・6mgCO2dm．2h‾1and35・5rngCO2dm▼2  
hLl，inPc岬ida（umand月二annuus，reSPeCtivelyLSO2fumlgationfor60minresultedinthe  
declineofphotosynthesisforbothspecies・Thedecreaseofleafconductancewasinpara11el  
withthatofphotosynthesisinP，CuSPida［umduringSO2nlmigation．B11tthedecreaseofleaf  
COndutanceinHannuuswasslightascomparedwiththatofphotosynthesis．   
Figure2showsthepercentageinhlbitionofnetphotosynthesisandleafconductance［（1－  
relevantvalue／initialvalue）xlOO】determinedat60minaftertheinitiationoffumigationwere  
Plottedagainstthe SO2COnCentration．Thedegreeofphotosyntheticdeclineat60minafter  
theirutiation offumigationincreasedwithincreaseoftheSO2COnCentration．Thethreshold  
COnCentration ofSO2tOPhotosyntheticinl11bitionwasO．56ppmSO2inPcuspEdatumand  
O・13ppmSO2inHannuusundertheexperimentalcondltions・Figure3showsthepercentage  
inl11bitionofnetphotosynthesisandleafconductance【（1－releventvalue／initialvalue）xlOO】  
at60minafterthefumigationtreatmentwasstarted，WereplottedagainstthecalculatedSO2  
absorptionrate・merateOfSO2absorptioninleaveswascalculatedaccordingtothemethod  
reported by Omasaand Abo（1978），On the basisofboundarylayerresistanceandstomatal  
resistanceundertheassumptionthatSO2COnCentrationinsubstomatalcavitywasOppmSO2・  
ThisvaluewasascertainedbyOmasa＆Abo（1978）for〟．anhuus．ThethresholdvalueofSO2  
absorptiontophotosyntheticinl11bitioninPcuspida拍mwaslargerthaninHannuus・Onthe  
Other hand，the slope of the regresionline between photosyntheticinlllbition and SO2  
absorptionrateintheformerplantwasgentlerthaninthelatterplant・Moreoverthedecrease  
OfleafconductanceofPcusp（danJmWaSCOincidentwiththatofphotosynthesis・Theseresults  
SuggeSted that photosyntheticinl1ibition ofPLcuspidatumwasmainlyduetothestomatal  
Closure and that ofH annuus was mainly due to a non－StOmatalprocess，PrObably the  
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Fig．1EffectsofSO20nnetphotosynthesis（○）andleafconductance（●）  

SOICOnCentrationsfumlgatedwereO・74ppmforJLannuusandl・70ppmfoIP・  
cuspida（um・Arrowsinthefiguresindicatethestartoffumigation・  
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Fig．2 Relation betweeninhibitionofnetphotosynthesis（Inhibitionof  
NetP，，Circles），1eafconductance（triangles）andSO2COnCentrationsforP．  
CuSPidafum（closedsymboIs）and〟．annzLuS（opensymboIs）  

TheliTLeSin the figureindicate the regleSSionline between inhibition of爪et  

photosynthesisand SO2eOnCentration forLL onnuus（・・・・J）andP  
（－）．Inhibition ofJletphotosynthesisandinhibitiomorl飽fconductancew8re  

expressedasthepercentageinhibition［（1－relevantYalue／initialYallle）×100］．  

biochemicalphotosyntheticprocess・   
TablelshowstheeffectsofSO20ntheCO2COnCentrationinthesubstomatalcavityinP  
cuspida（umandJL annuus・ThechangeofCO2COnCentrationinthesubstomatalcavity（Ci）  
wasexanlinedusingthefollowingequation＝［Ci＝Ca－k（1・37ra十1・54rs）P7，WhereCais  
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Fig・3 Relation betweeninhibition ofnet photosymthesis（circles），1eaf  
COnductance（triangles）and calculated SO2 absorption rate for P．  
CuSPidLTfum（cIosedsymboIs）andHannuus（opensymboIs）  

Thelinesin the figureindicate regIeSSionlines between the calculated SO2  
absorptionrateandtheinhibitionofnetphotosynthesisforFtcuspidatum（－）  
and H GnnuuS（・・…）・Inhibition of net photosynthesis andinhibition ofleaf  
conductancewereexpresscdasthepercentageinhibition【（1relevantvalue／initial  
value）×100ト   
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Fig．4 Effects of SO2 0nleaf conductance forP，CuSPida［um（closed  
SymboIs）andJL annuus（open symboIs）  
CirclesshowtheinltユalvaluebeforefumigatlOn．Trianglesshowthevaluesat60min  
arterhi血也onoffumlga山）n．  

CO2COnCentrationinambientair（ppm），Pisnetphotosyntheticrate（mgCO2dm，2hTl）and  
kisaconstant（1・544at250cinairattheflowmeter）．AssuggestedinFig．3wherethe  
iI血bitionofnetphotosynthesisinPL CuSPidd（LLmmainlydependedonstornatalclosure，the  
CO2COnCentrationinthe substomatalcavityjnP c岬idanJm djdnotjncreasebySO2  
fumigation・Ontheotherhand，thevalueinHannuusincreasedassuggestedinFig・3・   
Fig・4showstheleafconductanceofPcuspidoLum andHannuusatthemeasur占ments  
Priortothefumigationand60minafterstartingthe丘1migation，TheleafconductanceofP  

CuSPidatumwassma］1erthanthatofHannuusatbothmeasurements、  
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TablelEffects of SO2 fumlgations for60min on CO2COnCentration  
inthesubstomatalcavity  

Valueswe＝eeXpreSSedasthepercentageofthosebeforeSOlfumigation・  

ヱc〟∫P肋Ⅲ椚  

一 －、、≡  
両 
い 

s   

Table2 Effects of SO2fumigations for60min on the ratio of photo－  
syntheticrateandtranspirationrate（P／Tratio）  

ValueswereexpressedasthepercentageofthosebeforeSO2fumigation・  

／J．J†川汀〟J  ／ミ√MJ一山「lJ叫  

P′tio   P′tio   

T？ble2showesthechangeoftheratioofphotosyntheticrateandtranspirationrate（p／T  
ratio）ofHannuusandPcuspida血mduringtheexposuretoSO2．TheP／TratioofHannuus  
WaS decreasedwithincrease of SO2 COnCentration・However that o  
unchanged．  

Discl旭Sion  

Severalworkers（Hiroi，1974；Usui，1975；YoshlOka，1975）reportedthatPcuspidahLmis  
one ofthe dorninant speciesin SO2pOllutedarea，butcausalanalysisofthecharacteristic  
distributionofPcuspidatumha5nOtbeeIlperformed．   
The photosyntheticinhlbition was plotted against SO2absorption rate（Fig・3）・The  
thresholdvalueofSO2absorptionratetophotosyntheticinl1ibitionrateinPcuspida拍mWaS  
largerthaninHannuus，andtheslopeofregressionlinewasgentlerthanthatofHannuus・Sij  
andSwanson（1974）speCulatedthatthestomatalclosurecouldnotaccountforthereduction  
ofphotosyntheticratecausedbySO2eXPOSureinPintobeanfromtheresultsobtainedbythe  
simultaneousmeasurementsofphotosynthesisandtranspiration・WinnerandMooney（1980a）  
reportedwhenSO2absorptionwas5FLgSO2Cm‾28h‾10rless（0・174ngSO2Cm‾2s．1），  
photosyLltheticinhibitionforD＊lacusauTmtiacusandHeferome］esarbuttfbliawasdueentirely  
t。thestomatalclosure，andthatwhenSO2absorptionwasashlghas15pgSO2Cm▼28h‾1，  
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photosyntheticinl1ibitionfc．rbothspecieswasduetonon－StOmatalfactors・AsshowninTable  
landFig・3，thepresentresultsshowedthatthedecreaseofphotosynthesisinHannuuswas  
notinpaTauelwiththatofleafconductanceduringSO2fumlgation，andCO2COnCentrationin  
thesubstomatalcavityincreased．Raske（1975）reportedthatDCMUfedtoleavesthroughthe  
transpirationstreamcausedinhlbitionofphotosynthesisinthemesophyll，andsubsequently，an  
increaseinintercellular CO2 COnCentration・Consequently，it may be suggested that the  
biochemicalphotosytttheticprocess（nQn－StOmatalpTOCeSSeS）ofH annu7JSWaSinl1ibitedby  
SO2fumigation，aSrepOrtedbysomeworkers（Ohshirnaetal．，1973；Furukawae（aL，1980）．  
But the decline ofphotosynthetic rate ofP cuspklanJm WaSin paral1elwiththat ofleaf  
COnductance，andCO2COnCentrationinthesubstomatalcavitydidnotincrease．Therefore，the  
Photosynthet］CdecIJneWaSthoughttobedueprimaTi］ytostomatalc】osure，andphotosynthesis  
WaSaPparentlynotlimitedby the biochemicalphotosyrlthetic process．Furthermore，itwas  
easilysurmisedfromtheabovedescriptionthattheP／TratioofPcuspidalumwasnotaffected  
bySO2nlmigationexcepttheeffectofincreaseofleaftemperatureresultingfromstomatal  
ClosureontheP／Tratio．ThisideawasascertalnedinTable2．   
UndeTCOnSiderationoftheassumptionthatSO2COnCentrationinthesubstc．matalcavityis  
O ppm，aS dlSCuSSed by severalworkers（Omasa，1978；Blacketalリ1979b；WinnereTaL，  
1980a），itcanbesaidthatsmallerstomatalconductanceresultedinsmallerSO2absorptionby  
leaves・AsshowninFig，4，theleafconductanceofP cuspidatumwassmal1erthanthatofH  
annuusbeforeandduringthefumigation・Therefore，itwasconsiderablethattheabsorption  
rateofSO2inPcuspidatumwasinnatelysmallerthanthatinHannuusunderthesameSO2  
COnCentration．   

Inconclusion，WepOStulatedthatoJleOfthereasonswhyPcuspidbtumcouldsurvivein  
SmOkepollutedareawasduetothetoleranceoritsphotosyntheticactivitytoSO2fumlgation  
becauseofthesmallstomatalconductanceandthehigherresistanceofbiochernicalprocessesin  
Photosyntheticpathway，andprobablybecauseofitslllghSO2detoxicationability．  
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イタドリの二酸化イオウ（SO2）に対する高い抵抗性について  

名取俊樹】・戸塚 績1   

足尾煙害地より採取し栄養繁殖させたイタドリとSO2に対して感受性が高いとされているヒ  

マワリについて，一SO2暴露下での光合成反応を比較検討した。気相コンダクタンスより推定した  

So2吸収速度に対して両種の光合成阻害度を図示した結果，イタドリのほうがヒマワリより光合  

成阻害に対するSO2吸収速度のしきい値は大きく，単位SO2吸収速度当たりの光合成阻害度は小さ  

かった。さらに．SO2暴露たよる気孔膣内のCO2濃度は，イタドリでは増加しないが，ヒマワ  

リでは顕著に増加した。この結果及びSOz暴露時の気孔閉鎖及び光合成阻害度の変化の結果よ  

り，イタドリの光合成阻害は主に気孔閉鎖であることが暗示された。したがって，イタドリが煙  

害地に生育できる要因の一部は，遺伝的に気相コンダクタンスが小さく，SOzが葉内に侵入しに  

くいこと，さらに，生理生化学的な光合成過程の502に対する抵抗性が強いことであると結論  

される。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町′ト野川16番2  
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Res・Rep・Natl▲Inst・Environ・Stud・，Jpn．，No．65，1984．  

Effects of Low Concentrations of O, ontheCrowthof 

SunflowerPlants＊  

HldeyukiShimizu】，SatoruMotohashi2，HideoIwaki3，  

AkioFurukawalandTsumuguTotsukal  

1EnvironmentalBiology DユYISion，theNationalInstituteroTEnvironmentalStudies，   
Yatabe－maChi，Tsukuba，Ibaraki305，Japan．  
2 ResearchCollaboratoroftheNatioJlalInstituteforEnvironmentalStudies．Institute   
Of7iiologlCalScience，lheUniversityofTsukuba，SakuraLmura，Niihari，Ibaraki305，   
Japan．  
3 visitingFellowoftheNationallnstitutefoIEnvironmentalStudleS，PresentAddress，   
Institute of BiologiL：alScience，the University of Tsukuba，Sakura－mura，Niiharl，   
lbaraki305，Japan．  

Fourteen・day－01d sunnowerplants（HeIianThusL7nr7uuS L．cv．RussianMammoth）  
ⅣereeXpOSed〔00．lorO▲2ppmozone（0，）ねr12daysiれamartincially・ljg山一edgrowth  
Cabinet，PlantswereharvestedO，6and12daysafterthestaftOfgascxposure，andthe  
gTOWthanalysiswasperformed．WhiteneckofiIt］urydevelopedonmanyleavesafterthe  
exposuIe tO O・1or O・2ppm O，forl2days，and subsequentlyvisibleinjuryand  
witheringofoldleaveswcTeaCCelerated・Twelvedaysafterthestartofexposure，thedry  
Weightofwholeplantwasreducedbyll％and32％ofthecontrolbyO・1andO・2ppm  
O｝，reSpeCtively■Root growthwas markedlyinhibitedby O｝，Whlleleafgrowthwas  
Sllgl1tlyinl1ibited．Relativegrowth rate（RGR）and net asslmilation rate（NAR）were  
reducedbyO・1ppmOヨforthenrst6days，butwerenotaffectedforthefo1lowiJlg6  
d8y5・RGRandNARwerereducedby（I・2pp－け0，伽ougl10U【tIleeXpO5ur叩eriod．F（】∫  
thelast6days，RGRwaslessaffectedbyO・2ppmO，thanNAR，duetotheincreasein  
leafarearatio（LAR）・Leaf weight ratio（LWR）wasalsoincreased by O，eXpOSure，  
WllereaS Stem Weight ratio（SWR）and root weight ratlO（RWR）were reduced，meSe  
Changesingrowthparameterssuggest thatthechronicexposurestolowconcentIations  
OfO，COuldaffectthenetphotosynthesisandthepattemofpa．titioningofasslmilates  
hsunnoweIplants．  
KeyWords：Air pollution，Dryweightgrowth，GTOWthanalysis，NAR，Ozone（0，），  
Partitioning，RGR，S11nflowerpLaLLtS．   

Photochemicaloxidantsare the mostimportantaTldwidespreadtypesofairpollutantsin  
recentyealSLInJuriouseffectsoftheoxidantsonagricultufalandnativevegetationshavebeen  
investig？tedbymanyworkers（seereviewsMiddleton，1961；Ting＆Heath，1975）・Ozone（03），  
Which’isamaJOrCOmPOnentOfphotochemicaloxldants，isprobablymoreinjurioustoplants  

＊Apartofthisstudywaspublishedin；Environ．ControlinBiol．，19，137－147（1981）．  
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thananyotherairpollutants（Heggested，1969；H川e（aL，1970）．AcuteinjuriesinducedbyO3  
havebeenstudiedextensively・HighconcentrationsofO3uSuallycausethevisiblesymptornsof  
injuryonleaves（Heggestad＆Middleton，1959；H111e（al．，1970）and a的ct the ratesof  
Photosynthesis，reSpirationandtranspirationwithinafewhours（Todd，1958；Hlll＆Littleneld，  
1969；Furukawa＆Xadota，1卯5）．   
Chroniceffectsonplantsoflong－termeXpOSureStOrelativelylowconcentrationsofO3are  
COnSideredtobemorepracticalaildimportantsubjectsatpresent，Therehasbeenanincreasing  
numberofstudiesconcerningthechrorlicefTectsofO30ngrOWthandyieldofmanyplants・  
Feder（1970）reported thatlow concentrations ofO3inhibited the flower formation of  
Carnationandgeraniumplants・Heaglee［al・（1972）documentedthattheexposuretoO．1ppm  
O3for67dayssignincantlyreduced・theyieldofahybridsweetcorn・mereSultsfromTingey  
e（aL・（1973）showedthat3・WeekexposuretoO・lppmO，COuldreducethegrowthofsoybean  
Plants・Similarreductioningrowthand／oryieldhavebeenalsoreportedonmanyotherplant  
SPeCies（Tingeye（al・，1971；Manningetal・，1971；Jensen＆Dochinger，1974；Tingey＆Reinert，  
1975；Oshima e（al・．1975；Heagle etal・，1979）・However，Harward and Treshow（1975）  
reported that some understory plantsin the aspen zone significantlyincreasedin the dry  
WeightgrowthandtheseedproductionwiththeexposuretoO・060rO・15ppmO，．Frommany  
Otherinvestigations，Bennettefal・（1973）compiledevidencesindicatingtheincreaseingrowth  
OfplantsexposedtolowcoIICentrationsofO3andshowedintheirownexperin1entSthat12・  
daysexposuretoO．03ppmO3Stimulatedthegrowthofbean，barleyandsmartweed．   
TheseconflictingresultsindicatethatthechroniceffectsoflowconcentrationsofO30n  
plant growth have not been clarified・Furthermore，almost allofthese experiments were  
COnductedtodeterminetheeffectsofO3Onlywithasingleharvestprocedure・Thechangesin  
growthandyieldshouldbetheresultsofmanyphysiologicalandbiochemicdchanges，1norder  
toexaminethechroniceffectsofO30nplantgrowthprecisely，theeffectsonseveralgrowth  
parametersshou］dbejT）VeStigated．   

1nthepresentstudy，WeeXPOSedsunnowerplantstoO・lorOL2ppmO3COntinuouslyfor  
12days，and detected theeffectsofO30nSeVeralgrowthpararnetersbyrneansoftheplant  
growth analysis■This proceduremight provide theinformation concerningthephysiological  
ChangesinO3・eXpOSedplants・Furthermore，Wetriedtogiveanexplanationoftheconflicting  
resultsreportedbyotherworkers，  

MaterialsaれdMethods   

仙′汀／lu汀ndJ釧IJg…l・′／…－′JJ仙りJJ  

Sunnowerseedsfromtheplantsbredinourinstitutewereimmersedinwaterfor12hand  
thensteri1ized by dippingintolgrlBenlate Tsolution（20％Bis（dimethylthiocarbamyl）  
Disul丘de and20％Methyll・（Butylcarbamyl）－2・benzin1idazolecarbamate，Dupont，Delaware，  
U．S．A．）for30min，followedby rinsingwithrunningtap water for2h・Three seedswere  
directlysownineachplasticpot（diameter：11cm，height：20cm）containingal．81mixture  
ofvermiculite，PeatmOSS，perliteandfinegravel（4＝4：2＝1，V／v）・Asbasalfertilizers，5gpotrlof  
MagampK（N：P205＝K：6：40：5，W・R・GraceCo，Tennessee，U．S．A．）wasadded，andthepHof  
wetmediumwasadJuStedto6・4withmagnesialime（about15RpOtJl）．PlaIltSWerefertilized  
regularly（1T3times week－1）withlOO－200mlofO．1％Hyponex solution（N：P205：K：  
6，5：6：19w／wrb，POneX Co・Inc，Copley，Ohio，U・S・AL）plusHoagland’sNo■2microelements  
solution（Hewitt，1966）andwateredregularlyordailyasneeded・  
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Aftersowingthepotswerebroughtintoacontrolledenvironmentgrowthcabinet（1．7×  

2．3xl．9m3KoitoCo．Ltd，）tocultivateplantsunderthefo1lowingenvironmentalconditions．  
尤rtemperatureinthecabinetwふs25±0．50c，andrelativehumiditywas75±5％．Llghtsource  
COnSisted of24stannoushalidelamps（400W，Yokolarnp，Toshiba），andlongwavelength  
（＞800nm）oftheemittedradiationwaseliminatedthroughaheatabsorbingglassfilter・Liかt  
血ensity was8bout420〆Em‾25‾1（ca．】15Wm‾2，30klx）atp血thejght．Lゆ亡／darkcyc】e  
was14／10h，Freshairwasledintothecabilletafterbeingpassedthroughactivatedcharcoaland  
Catalist・bearing（containingMnOxandCuO）filterstoremoveambientairpouutants．Airvelocity  
inthecabinetwasO．2－0．4m｛1，andventilationratewas75m3h‾1（ca．10timesh－1）．The  
concentration of carbon dioxide（CO2）irL the cabinet was continuously monitored and  
regulatedat400±4ppmthTOughouttheexperirnentalperiodbyacontro11ingsystembasedon  
aninrraredCO2gaSal】dyzer（URA・2S，Shimadzu）．1月t加grow仇cabmet，p血t5WererOrated  
（2．5timeshJl）onatumtabletominimizepossiblepositionefrects，  
Seeldingswere selectedforuniformityandthinnedtoasingleplantperpot7daysafter  

SOWlng・Twelve－day－Old plants were transferred to another contro11ed environment growth  
Cabinet for O3eXpOSure（Koito Co．Ltd，）．Thesizeandtheenvironmentalconditionsinthis  
Cabinet were the same as thosein the cabinet where plantshad been cultivated previously，  
exeeptrorthehighveれtj】a血nrateupとム800m3h‾1（ca．‖Olimesh▲1）tom血mize班eerkcts  
Ofunknownpollutantswhichmightbeproducedbyphotochemicalre？Ctionsinthecabinet・   

丘丈pomreわ03  

FouTteen－day・OldplantsweTe eXPOSedto O3for12days・03WaSgeneratedbyasilent  
electricaldischargeindryoxygen andmixedwiththenltratedfreshair，andthemixedairwas  
ledintothecabjれel，meCOJ】Cer】tratjol10rO3irltlleCabirlefwa5mOIljtoredco【1tinuouslya爪d  
regulated by a controlling system based on a chemiluminescent O3analyzer（Mode1806，  
Kimoto）・Growthexperiments consistedofthreeseparateexperiments・Theconcentrationof  
O3in each experiment was O．O ppm（control），0．1±0．002ppm or O．2±0．004ppm  
COntinuously．Environrnentalconditionsinside the cabinet were almostidenticalamong the  
threeexperimentsexceptforthe O3COnCentrationandwerekeptconstantduringthegrowth  
experjment∫．   

助川舶Ⅷ甘酢Wれ抑卸JJ   

heachexpe－ime叫10plantswe†ehaTYeStedjustbefoTethestaTtDfO3eXpOSuTe（Oday）  
andotherlOplantswerealsoharvested6and12daysthereafter．Theextentsofvisibleir叩ry  
andwitheringineachleafwerevisuallyassessedin5％incrementsofleafarea・Theareaofeach  
血rwas川ea5Uredbyanautomatjcplaれjmeter（mode】3】00，LICORCo・Ltd・）■Tota】numberor  
leavesmorethanlOmmin1engthandplantheightwererecorded．Plantsweredividedintoleaf  
laminae，Stem，rOOt，flowerbudandwitheredleaves，andweredriedat80－900cfor3－5days  
forweidl山gthedrymatter．Stempartincludedleafpetioles．  
Relative growth rate（RGR），netaSSimilationrate（NAR），1eafarearatio（LAR），SpeCific  

leafarea（SLA）■1eafweightratio（LWR）．stemweightratio（SWR）androotweightratio（RWR）  
WereCa】culatedaccordjれgtOtheわ”owingfbrm山ae（Evan5，】卯2）ご  

lnWユー1nWl   RGR＝＝  
W dt  

ldW  
NAR＝－＝‥－・＝  

F dt  

tューtl  

（W2－Wl）（1n戸l－1n戸1）  

（tユーt．）（戸ユー戸．）  

111   



HideyukiShimizuピーdエ  

戸／W  

戸／F  

F／W  

S／W  
R／W，  

戸iarethedryweightofwholeplantandtheleafareaattimeti（i＝1and2），  
，       SandRarethedryweightoI■leaves，Stemandroot，reSpeCtively．  

LAR＝  

SLA ＝  

LWR＝  

SWR＝   

and RWR＝  

Where W, and 

respectively．F  

Resl11ts   

nJ沌Jeブゆ上り′α〃dw油ビガJ好0／Je併e∫   

The symptomofvisibleinJuryWaSnOtedaswhitefleck（H111etal．，1970）within2days  
the start ofexposure toO▲1orO・2ppmO3，andwasmostnotableonthetiportheedgeof  
uppersurface ofleaflaminae，eSPeCial1y ofmaturedleaves．Asthe exposure continued，the  
SymPtOmSpreadontheexpandedleavesandappearedevenontheupperyoungleaves（Fig・1）L  
Furthermofe，03eXPOSureaCCeleratedfhewitheringofloweroldleaves（Fig・2），Whichwas  
apparentlysimilartothatofnaturallysenescentleaves．WithincreaseinconcentrationofO3，  
theextentsofvisiblein］uryandofwitheringofleavesincreased．EffectsofO3eXPOSureOnthe  
totaldryweightofwitheredleavesareshowninTablel．  

5
0
 
 
咄
 
 
∽
 
 
2
0
 
 
1
〇
 
 

二
二
 
 
－
】
n
言
墓
憑
＞
 
 

5
 
 

Ⅵ
 
 

（
ボ
」
 
ざ
盲
≦
妄
 
 

0  8  12  

【叩剛■■山dtion（dJyS）   

Fig．1Effect of O3 eXpOSure On thevisible  

inJuryOrleaves  

Percentageoftotalleafdryweightwasrepresented，  

Naturalsenescent yellow colorlng and witheringof  

leaves wereincluded▲0｝ eXPOSure WaS Started14  

daysafter sowlng andcontinuedfor12daysthere－  

after．Each symbolis the mean or12plants and  

Yertica］barsindicate ± Standa∫d deviation of the  

mean．0：Oppm（COntrOl），㊥：0．1ppm，●：0．2ppm  

O3eXPOSuretreatmentS・SeeMaterialsandMethods  

indetails．  

O  II  12  

【叩玉山川血油0∩（叫暮）   

Fig・2EffectofO3eXPOSufeOnthewithering  

of leaves 

Percentageoftotalleafdryweightwasrepresented・  

03eXPO6ureWaSStarted14daysaftersowlngand  

COntinJed ro∫12daysthereafter・Seelegends如  
Figl．   
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TablelEffectsofO3eXpOSureOn SeVeralcharacteristics ofsunflower  
plantsl）  

0，COnCentration（ppm）  

0．1  0．2  

206．5土3軋2…＊2）  Witheredleaves（mgdrywt）  68，2土23，8  

Flowefbud（mgdrywt）  17．3土6．9  

plantheight（cm）  48．2±3．4  

NumbeIOfleaves  24．4±1．2   

695．2士1乃．7＊＊＊  

16．0土5．8  10．6土3．8ヰ＊  

47．1士3．0  42．8±3．8＊＊  

23．7土1．8  2（；．6土2．2＊＊  

1）Plantswereha∫VeSted12daysafterthestartofexposure．Meanof12plantsand  

standarddeviationaJeindicated．  

2）SigTlincance of difference from control（t－teSt），＊＊p＜0・Ol，＊＊＊p＜0・001・See  
MateriaユsaJldMethodsindetails．  

聯cr∫0叩k〃rgJりWJわ   

AsshowninFigL3，dryweightgrowthofwholeplantwassignincantlyreduced（p＜0．001）  
bytheexposuretoO・10rO・2ppmO3for6days▲Atthefinaユharvest，thedryweightofplants  
exposed to O・1and O・2ppm O3WaSSmallerbyll％and32％than thatofcontrolplants，  
respectively．   
The effectsofO30nthedryweightgrowthofstem，rOOtandleaflaminaeareshownin  
Fig．4，5 and6，reSPeCtively・Six・dayexposuretoO・lorO・2ppmO3WaSSufficienttoreduce  
thedryweightgrowthofeachorgan・AscomparedwiththecontroIplants，thestemdryweight  
atthefinalharvestrevealed13％arld38％reductionsforplantsexposedtoO，1andO・2ppmO3，  
respectively．DrasticreductioninthedryweidltgrOWthofrootwasinducedbyO3eXPOSure・  
At the finalharvest，the root dryweightofO，1ppmO3－eXpOSedplantswassma11erby15％  
thanthato［controlplants，Whilea50％reductionwascausedbyO．2ppmO3．Leafgrowthwas  
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Fig．3 Effect ofO3eXPOSureOntheincrease  

indryweightofwholeplant  

0  8  12  

旬冊W＝加d仙川（山一sj   

Fig，4 EffectofO3eXpOSure Ontheincrease  
indryweightofstem  

DryweightofwitheIedleaveswasexcluded・OB eXPOSuJeWaSSta∫ted14daysaftet  
SOW山Igandcontinuedfor12daysthereafterL Eachsymbolisthemcanof12plants  
andverticalbaLSindicate土Standarddeviationofthemean．0：－ppm（COntrOl），0：  
OLIppm，●＝0・2ppmO3eXpOSuretreatments．SeeMaterlalsandMethodsindeta山s．  
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alsoreducedbyO，eXpOSure．Althoughthewitheringofloweroldleaveswasaccelerated，the  
growthreductionofleafdryweightcausedbyO3eXPOSureWaSlessthanthatofsternorfOOt・  
TheexposuretoO．2ppmO，reducedleafdryweightby18％，andOllppmO3reducedbyonly  
6％（P＜0．05）evenwhentheexposurewascontinuedfor12days・Aslightreductioninleafarea  
growthwasalsodetectedintheO3－eXPOSedplants（Fig・7）・Atthe伽alharvest，theleafareaof  
plarltSeXposedtoO・1andO・2ppmO3WaSSmallerby9％and14％thanthatofcontroIplants，  
respectively．  

与
 
 

1
し
l
 
 
 

忘
）
－
皇
篭
一
個
盲
O
」
 
 
 

（
ヱ
 
l
患
雷
亡
，
葛
8
U
 
 

与魯●  

0  8  12  

h押餌■e血■山川（叫両  

0  8  12  

【■PO事リー■血相tion（叫両  

Fig．5 EffectofO3eXpOSureOntheincrease FigL6Effectoft〉3eXpOSureOntheincrease  
indryweightofleaves  indryweigMofroot   
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Fig，8 EffectofO3eXPOSureOntheleafarea  

柑t川（LAR）  

0  0  1：⊇  

旬叩肌t血l山川（山門）   

Fig．7 EffectofO3eXpOSureOntheincrease  
inleararea  

D－yWeiかOrWitheredleaveswasexcluded■0｝OXpOSureWaさS血t¢d14daysartモー  
sowlngandcontmuedfor12daysthereafter▲Eachsymbolisthemeanof12plants  
andverticalba＝SiLldicatej＝StandaIddeviat10nOfthemeall・．0：L Ppm（COntrOl），◎：  
0．1ppm，●＝0・2ppmOヨeXpOSuTetreatm¢mtS■S¢eMateriaユsmdM引hodsindet正k  
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AsshowninTablel，theexposuretoO3didnotinfluencethenumberofleavesemerged，  
irreSpective ofthe withering o［oJdleaves，eXCept that12・days exposure to O・2ppmO3  
Stimulatedthedevelopmentofnewleaves・Asmallnowerbudwasobservedonthetopofstern  
Ofalmostal1plantsatthefinalharvest・TheexposuretoO・2ppmO3reducedthedryweightof  
flowerbudby39％ofthecontroIvalue，though0．1ppmOきhadnosignificanteffect．Stem  
elongationexpressedasplantheightwasdepressedbyO。eXpOSure，butthesuppressionwas  
notsoremarkableasthereductionindryweightgrowthofstem．   

鞭cJ∫0〃g′OWrわpα招meJer∫   

rnle data presentedinthe previous section（Fig．3－7）were subjected tothe growth  
analysis・Table2showsthechangesinRGRaTldNARofplantsineachtreatment，Forthefirst  
6daysorexposure，theRGRofsunnowerplantswasreducedinO・1andO．2ppmO3by15％  
and19％ofthatincontrol，reSPeCtively、Forthefollowing6days，theexposuretoO・2ppmO3  
resultedinthesameextentofreductioninRGRasbefore，WhereasO・1ppmO，CauSedaslight  
irlCreaSe，ThechangeinNARcausedbyO3reSembledwith仙echangeinRGR．TheNARof  
plantsexposedtoO・1ppmO，WaSSmallerthanthatofcontrolplantsforthefirst6dayst5ut  
SOmeWhatlargerfofthefollowing6days，Thee3（POSuretOO・2ppmO3reducedNARduring  

theexposureperiodfor12days■Bytheway，thereductioninNARamountedto29％ofthe  
COntrOIvalueandwaslargerthanthatinRGRforthelast6days．   
AsRGRisthe productofNARand LAR，effectofO3OnLARshouldbeinvestigated  

（Fjg・8）・TムeexposuretoO．2pp汀】03jncrea5edtheLARby28％oftbecontroIvaluratt九e貴nal  
harvest・LARwasnlrtherdividedintoSLAandLWR・TheSLAwasonlysligl1tlyincreasedby  
O3eXposure（Fig・9），Whereas the LWRofplantspronouncedlyincreasedwithproIonged  
durationofexposureandwithincreasedconcentrationofO3（Fig．10）・Atthefinalharvest，the  
expo5ure tO O・2ppm O3increasedlJWRby219乙or仙e controlva山e，Wh鮎0・1ppm Oさ  

Table2 Effects of O3 eXpoSureOnrelativegrowthrate（RGR）andnet  
as5imi加ionra［e（NAR）ofsunflowerpユants】）  

ExposuTe  
duIation  

0｝COnCentration（ppm）  

（血ys）   0・0（contfOl）  0・1  0・2  

0－6  0．276  0．235  0．224  

6－12  0．189  0．196  0．154  

RGR  

（mgmg▲1day‾ナ）  

0－6  1．232  1．149  1．058  

（mgcm、ユday▼リ  6－12  1．川5  1．274  0．844  

1）Dry weight ofwitheredleaves was excluded to calculate these values・See   
MaterlalsarldMethodsindetails．  
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旬岬如曾山■油川（叫両   

Fig．10 Effect ofO3eXpOSure On theleaf  
Weightratio（LWR）   

0・0†        f  
0  0  12  

【叩m㈹血閥til川（d町事）   

Fig 9 Effect ofO3eXPOSure On thespeciflC  

leafarea（SLA）  

呵 T  
【叩耶血「由n（血ド）   

Fig．12 Effect of O3 eXpOSure On the root  
Weig加柑臼0（RWR）   

d．  

0・0「二二        J  

O  8  12  

［叩侶Ur曾血一別ion 川叶l）   

Fig．11Effect of O3 eXPOSure On thestem  

Weightratio（SWR）  

Dryweightofwitheredleaveswasexclude  

SOwingandcontin11edfor12daysthereafter．Eachsymbolisthemeanof12plants  
andYerticalbarsindic且te±standarddeYiatlOrLOfthemean．0：・pPm（control），◎：  
0・1ppm，●：0・2ppmO3eXpOSuretreatmentS・SeeMateriaユ5andMethodsindeta山s．  

increasedLWRby5％（P＜OLO5）▲Wealsocalculatedtheratioofdryweightofstemorrootto  
thatofwholeplant（Figs・11and12）・TheexposuretoO・1pprnO，for12daysonlyslightly  
reducedbothSWRandRWR，WhereasO・2ppmO3SignincantlyreducedSWRandRWRby9％  
and28％，reSpeCtively■  

Discu防iom  

Drymatterproductioninsunnowerplantswassignincantlyreducedbytheexposureto  
bothO・1and O・2ppmO3for6and12days（Fig－3）・Thesefindingssupportthepreviously  
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Effectsoflowconcent－ationsofO30nthegrowthofSunflower  

reportedresultsthatthechronicexposurestoIowconcentrationsofO3inhibitedplantgrowth  
andyield（Feder，1970；Manninge［al，，1971；Tingey＆co・WOrkers，1971，1973，1975；Heagle  
e［aL・1972，1979；Jensen＆Doching一，1974；Oshimae（a）・・1975）LInaddition，reSultsof  
growth analysisin the presentinvestlgation suggested that severalphysiologlCalfunctions  
participatingintheplant growth werealteredbyO3throughthecourseofexposureperiod・  
ThereductioninRGRcausedbyO3eXpOSureaPPearedtobederivedfromtheeffectofO30n  
NAR（Table2）・1thasbeenwelldocumentedthattheexpoureStOhighconcentrationsofO3  
irhibitthenetphotosynthesisandstimulatetherespirationlnSeVeralplants（Todd，1958；Hill  
＆Littleneld，1969；Furukawa＆Kadota，1975）・The reductionin NARrepresentedinthe  
presentstudysuggeststhatchronicexposurestolowconcentrationofO3COuldalsoinducethe  
inhibitionofnetphotosynthesisand／ortheaccelerationofrespirationinplants・Thereduction  
in NARby exposuretoO．09ppmO3hasbeenreportedwithotherherbaceousplantspecies  
（HorsmaneJれ1980，1981）．  
However，forthelastrhalfperiodofO．1ppmO3eXpOSureinthepresentexperiments，NAR  
wasrecoveredorratheracceleratedinthesimilarmannertothechangeinRGR・Asirnilarresult  
wasreportedbyOshimaetal．（1978），WhoobservedthereductioninRGRoftheparsleyplants  
causedbytheexposuretoO，2ppmO3forthefirstseveralweeks，followedbythehigherRGR  
thanthatofcontroIplants．SuchchangesinNARandRGRmightbeatleastpartlyresponsible  
forthestimulativeeffectsofO，OnPlantgrowthreportedbyseveralworkers（Bennette（al・，  
1973；Harward＆Treshow，1975）．DuringtheexposuretoO3，Plantsmighthaveadaptedtothe  
givenenvironmentalcondition．AlthoughthemechanismsofO3Phytotoxicityhavenotyβt  
beendenned，thereweresomestudiesthatO3inhighconcentrationscouldaffecttheactivlties  
ofseveralenzymes（Dass＆Weaver，1972；TingeyetaL・，1976a）・TanakaandSugahara（1980）  
reportedthatpoplarplantSeXpOSedtoO▲1ppmSO2incfeaSedinsuperoxidedismutaseactivity  
and thereby became tolerant to acute toxicity of SO2・In the plants adapted tolow  
concentrationsofO，，theenzymeswhichparticipateinthedefenceofO3tOXicitymightbe  
alsoinducedoractivatedduringtheexposureperiod．StudiesontheenzymesrelatingtoO；  
toleranceshouldbeprerequisitetoknowthemechanismsofadaptationtoO3・   
PlantsexposedtoO・2ppmO3eXhibitedthesmallerfeductioninRGRthanthatinNAR  
forthelast・halfofexposureperiod（Table2）．TheremarkablereductioninNARinducedbyO3  
couldbecompensatedbytheincreaseinLARresultinginsmallerreductioninRGR（Fig・8）■  
meincreasein LWRand the reductionin SWRand RWRcausedbyO3indicatedthatlow  
levelsofO3hadchangedthepartitioningratioofphotosynthateamongleaves，Stemandroot  
（Figs．10，11and12）．Bennettand Oshima（1976）observedthereductioninRWRofthecarrot  
plantsbyalongLtermeXPOSuretO O3・OtherinvestigatorshavedemonstratedthatO3COuld  
reducethedryweidltgrOWthofrootmostseverely，reSultinginareductioninRWRinplants  
（Tingey＆co－WOrkers，1971，1973，1975；OshimaetLZL・，1979）■Ithasbeenreportedthatthe  
Plantsin denciencyofphotosynthate showedlarger reductionindryweightgrowthofroot  
thanthatofshoot（Curtis＆Clark，1950）Thereductionin RWRinO3，eXpOSedplantsmight  
alsoresultfromthedeficiencyofphotosynthatecausedbyO3．Anotherreportindicatedthat  
O3reducedtheproportionofdryweightoffruitstotal1tOfwholeplants（Bennettetat・，  
1979）．Besides，preSenteXPerimentsalsoshowedthereductionindryweightgrowthofnower  
bud caused by O3eXpOSure（Tablel），These resultssuggest the changesinpartitioningof  
assimilatesinO3－eXPOSedplants■Thechangeinthepartitioningratiowasprobablycausedby  
theinhibitionoftranslocationofphotosynthateorbytheenhancementofrespirationinthe  
dissjmi】ationparts，j・e・r叫5temand鮎wer・Rece畑y，Ti岬γg′〟川976c）havesuggested  
theinhibitoryeffectofO，OntranSlocationofphotosynthatelnPOnderosapine・Accordingly，  
theincreasein t。talnurnber ofleaves and theacceleration ofsenescence ofoldleavesin  
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03・eXpOSed plants（Tablel）should be furtherinvestigatedin view of the changesin  
partitionlngandtranslocatibnofphotosynthateandothermetabolites．   

RetardationofstemelongationinO3－eXPOSedplantsmightberesultedfromthereduction  
indryweightgrowthofstem．Ontheotherhand，ethyleneproductionwasreportedinplants  
exposedtohighconcentration ofO，（Craker，1971；Tingeyetal．，1976b）．Itisknownthat  
ethyleneinhibitsstemelongation（Burg＆Burg，1966）andacceleratessenescence（Burg，1968）．  
By exposure tolow concentrations ofO，，Plantsmightproduceethylene．Therefore，itis  
PrObable that retardation ofstem elongatiohandaccelerationofsenescencecausedbyO3  
exposureinthepfeSenteXperimentcanbeexplainedbyethyleneproduction，   

Shlmizu et al．（1980）investigated the effects of along・term eXpOSureS tOlow  
COnCentrationsofSO20n the growth ofsunnowerplants．Theyfoundthat SO2alteredthe  

SeVeralgrowthpararrreters，Whichsuggestedsomechangesinphysiologicalfunctionsinplants・  
Themethodofthegrowthanalysisseemstobeusenlltoanalyzethechangesinphysiolobcal  
functionsresultinginthechangesingrowthandyieldofplantsexposedtoanairpollutantand  
probablytopo11utantmixture・However，inordertounderstandthepfeCisemechanismsofthe  
growthreductionofplantsinducedbychronicexposurestoIowconcentrationsofO3andthe  
mechanisms of adaptation ofthese plants，mOre direct studies on the effects of O30n  
physiologicalphenomena，SuChasphotosynthesis，reSplTation，enZymeaCtivity，tranSlocationof  

assimi1atesand hormonalbalance must be studied．Studies on some these problems arein  

progressinourlaboratory・  
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ヒマワリの生長に及ぼす低濃度オゾン長期暴露の影響  

清水英幸l・本橋 理2・岩城英夫3・古川昭雄1・戸塚 績1   

人工光型の環境制御室で，播種後14日のロシアヒマワリを12日間，0．1及び0．2ppmのオゾン  

に暴露し，植物の生長に及ぼす0占の影響について検討した。0。暴露開始直前と6日め，12日め  

に植物を選出して，葉面積，器官別乾重などを測定し，生長解析法を用いて，生長の各パラメー  

ターを算出した。0・1及び0．2ppmO3によって，小白斑状の可視障害が彙面に発現し，下位築の  

枯死が促進された。0．1及び0．2ppmO3に暴露した植物の個体乾重は，対照より各々11％，32％  

減少した。03暴露によって各器官とも乾物生長が抑制されたが，根の生長抑制が若しかったの  

に比べ，彙の生長はそれほど抑制されなかった。生長解析の結果，0．1ppmO3は暴露前半の6日  

間に植物の相対生長率（RGR）や純同化率（NAR）を減少させたが，後半は減少させなかった。  

これに対して，0．2ppmO3は暴露期間を通じてRGRやNARを減少させたが，後半における  

RGRの減少率はNARの減少率に比べて小さかった。これは彙面積比（LAR）が0．2ppmO3に  

よって増加したためであった。また0．2ppmO，は植物の葉重比（LWR）を増加させたが，茎重  

比（SWR）や根重比（RWR）を減少させた。これらの結果から，低濃度03の長期間暴露は，  

植物の純光合成速度や光合成産物の分配率に影響することが示唆された。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町′ト野川16番2  

2 国立公害研究所 共同研究員（筑波大学 生物科学系 〒305 茨城県新治郡桜村天王台卜1）  

3 国立公害研究所 客員研究員（筑波大学 生物科学系 〒305 茨城県新治郡桜村天王台1－1）  
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Res．Rep．Natl・In5t・Environ▲St11d・，Jpn．，No．る5，1984  

Effects of Low ConcentratiorLS Of NO2 and O3 Alone andin  

MixtureontheGrowthofSunflowerPlants  

沌deyuk】Shlmizul，Take山saOjbwa2andTsumuguTotsukaユ  

1EnvironmentalBiologyDivision，theNationalInstituteforEnvlrOnrnentalStudies，   
Yatabe・maChi，Tsukuba，lbaraki305，Japan．  
2 visitingFellowoftheNationallnstituteforEnvlrOnmentalStudies・PresentAddress：  
Institute of BiologicalScience，the University ofTsukuba，Sakura・mura，Niihari，   
Ibafaki305，Japan．  

Fourteen－day・01d s11nnOWeIPlants（He］iaTZ（husamuus L．cv，RussianMammoth）  
Were eXPOSed toOLlppmnitrogendioxide（NOl）continuouslyand／orO．1ppmozone  
（0，）duringlightperiodinanrtificially－1idltedgTOWthcabinetfoT12daysLPhntsweてe  
harvestedO，6and12daysafterthestartof gas exposure・03aloneinducedavisible  
iruury as whitefleckonmaturedleavesandthemixtureofNOっandO，increasedthe  
extents of the white fleck ofiquryand ofthe withering ofoldleaYeS，Whereasn  
paIticulaT Yisible画ury was obseTYedin NO】ヾⅩp鮎ed p」8月Is．NOっ5fjJ¶u】a！ed p】8刀f  
growth，eSpeCiallylnStemdryweight，duringtheexposureperiodLO，alsoenhaJICeddry  
Weigl1t grOWth，eSpeCiallyin1eaves，butonlyforthelast6days．HoweveT，themixture  
tTeatment Teduced thegrowtl10fplants．TllerOOtdryweightofplantsexposed to the  
mix（ureofbothgaseswassignificantlylowerthanthoseofcont．olandofeitherNo】－Or  
O，・eXpOSed plantsduring the tTeatmentL Growth analysisshowed thatNO。increased  
relativegrowthrate（RGR）foTthefirst6daysofexposureandO，increasedRGRfor  
thelast6days，WhereasthemixtuTetreatmentreducedRGRforthenrst6days．The  
Changesin RGR werelargely due to the changesin net assimilation rate（NAR），  
Although themixture treatment red11Ced NAR thro11ghout the exposure period，it  
resultedinnodecreaseinRGRforthelast6daysofexposure，becausetheincreasein  
leifareaIatio（LAR）compenSated the decreaseinNAR，NO，increasedstemweight  
ratio（SWR）anddecreasedrootweightratio（RWR）・0，SlightlyincTeaSedleafweight  
ratio（LWR）and decreased RWR．Themixt11re treatrnentincreased LWRanddccreased  

RWRremarkab】y・ThesechangesingrowthparametersindicatcthatchronicexposufeS  
tolowconcentrationsofNOland／orO，COuldaffectthenetphotosynlhesisandthe  
patternofpaItitioningofassimi1atesinsuttflowerplaIltS，ThemultipleTegreSSionamlysis  
representedthatthesigniflCantinteractioneffectofNO2XO，WaSObservedonvisible  
iquFy，leafa∫ea，dTy Weightgrowth ofeach oIgan and wholeplant，LAR，SWR aJld  
RWR．  

J（ey words：Air poll11tant mixture， Dry weight growth， Growth analysi5，  
Interactioneffect，NÅR，NOっ，0，，Partitionlng，RGR，Sunnowerplant．   

The atmospherein pollutioninindustrlalredons ofthe world has been progressed  
gradual1ywithincreaseinthehumanactivities，eSpeCial1yaftertheIndustrialRevolution．Ithas  
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beenreportedthathighconcentrationsofsuchairpollutantsassulfurdlOXide（SO2），OZOne  
（03），etC．haveinducedvisiblesymptomsofinjuryonplantleavesinthe鮎1d（Brennane（a［”  
1967；Hindawi，1968）．Duringthepastdecade，however，aStheconcentrationoreachpoLlutant  
intheatmospherehasbecornelower，manyWOrkershavepaidattentiontothechroniceffects  
oflowconcentrationsofairpollutantsonplantgfOWth（seereviews，Feder，1973；Unsworth  
＆Orm－Od，1982）．   

Recently，theconcentrationsofnitrogendioxide（NO2）andO，arerelativelyhlgherinthe  
urban andindustrialareas（Furukawa et al．，1978，1979）．There wereseveralreportsthat  
Chronic exposuresto NO2haddepressedplantgrowth，Whereasseveralworkershavepointed  
outthatlowcorlCentrationsofNO2haveapossibilitytoincreaseplantgrowth，thoughthe  
plant reSpOnSeS Were different depending upon many factors such as NO2COnCentration，  
speciesandorgansofplants，enVironmentalconditionsandthenutrientstatusofnitrogen（N）  
（Troiano＆Leone，1977；Totsukaetal．，1978；Yoneyamae（al・，1980，Matsumarue［aL，1981）・  
03is one of the most toxic air pollutants．Althoughmany authors reported the growth  
reductioninplantswithchronicexposurestoO3，lowconcentrationsofO3COuldstimulatethe  
plant growthin sorne cases（Bennett e［aL，1973，Harward＆Treshow，1975）・Therefore，  
chroniceffectsonplantgrowthofexposurestothesepollutantsalonehavenotbeenclarified・   
Furthermore，ambientatmospherecontainsmanyspeciesofpo11utantsinthefield．Many  
workershavereportedtheacuteand／orchroniceffectsoflowconcentrationsofpollutantsin  
mixtureonvisiblesymptomsofinJury，physiologlCalactivities，grOWthandyieldofplants・The  
signincantinteraction effects ofpollutants on plants were also documented（see reviews，  
Reinerte（aL．，1975；Ormrod，1982）．However，Veryfewstudieswereconductedonthechronic  
effects ofexposuretomixedgases ofNO2andO3andthesignincantinteractioneffectsof  
NO，×030nplantgrowthwerenotdetected（Sanders＆Reinert，1982），althoughseveral  
authorsreprotedtheinteractioneffectsofNO2XO30ntheacuteinJury（NakadaetaL，1976；  
Furukawa＆Totsuka，1979；Furukawaetal．，1981）．   
1nthepresentstudy，Weinvestigated the chronic effectsoflowconcentrationsofNO2  
and／orO30nthedryweightgrowthofsunflowerplants．WeexposedsunflowerplantstoO．1  
PPm NO2COntinuouslyand／orO・1ppmO3durlnglightperiodfor12daysandobservedthe  
effectsonseveralgrowthparametersbymeansoftheplantgrowthanalysis，inordertoconsider  
thephysiologicalchangesofNO2－and／orO3－eXpOSedplants・TheinteractioneffectsofNO2×  

030nSeVeralattributestoplantgrowthwereanalyzedusingthemultipleregressionanalysis．  

Materials and Methods 

助〃Jm〟Jg／紺J〃〃dg柑W湧ど∂〝dメぬ〃∫  

Sunflower seeds from a single plant bredin ourinstitute were usedinallthepresent  
experiments・Seedswereimmersedinwaterfor12handsterilizedbydipplngintolgl．1  
BenlateTsofution（20％Bis（dlmethylthlOCarbamyl）Disulfideand20％Methyll－（Butylcar・  
bamoyl）－2－benzimidazolecarbamate，Dupont，Delaware，U・S・A・）for30min，followedbyrinsing  
withrunningtapwaterfor2h・Threeseedsweresownineachplasticpot（dlameter：11cm，  
height：20cm）containlngal・8／mixtureofvemlicullte，PeatmOSS、perliteandnnegravel  
（4：4＝2＝1，V／v）．Asbasalfertilizers，5gpot‾10fMagampK（N＝P205：K＝6：40：5，W／w，W・R・  
GraceCo．，Tennessee，U．S．A．）wasaddedandthepHofwetmediumwasaqustedto6．4with  
abouti5gpot‾10rmagれe5iaはme・PlamtざWere加」izedregujarly（1－3血e5靴ek‾l）扇th  
lOO－200mlofO．1％Ilyponex solution（N＝P205：K＝6・5：6：19，W／w，Hyponex Co，lnc・，  
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Copley，Ohio，U．S．A．）plusHoagland’s No■2microelementssolution（Hewitt，1966），and  
WateredregularlyordailyasneededL   
Aftersowing，the potswerebroughtintoacontIO11edenvironmentgrowthcabinet（1．7  
x2．3xl，9m3，Koito Co．Ltd．）tocultivateplantsunderthe followingenvlrOnmental  
conditions．Airtemperatureinthecabinetwas25±0・5Oc，andrelativehurnidltyWaS75±5％．  
Lightsourceconsjstedof24stannoushalidelamps（400W，YckoLamp，Toshiba），andlong  
WaVelength（＞800nm）or emitted radiationwaseliminatedthrou91aheatabsorbingg18SS  
filter．Lightintensitywas8bout435FLEmJ2s▼1（Ca．120Wm‾2，31klx）atplantheight．Lidlt／  
darkcycle was14／10h．Fresh air wasledintothecabinet afterbeingpassedthTOughacti・  
Vated charcoaland catalist－bearirlg（containing MnOx and CuO）filters toremove ambient  
airpollutants・AirvelocityinthecabinetwasO．2－0・4msLl，andventilationratewas75m3  
h‾1（ca．10timeshLl）．The concentrationofcarbondlOXide（CO2）inthe cabinetwas  
COntinuouslymonitoredandregulatedat400±4ppmthroughouttheexperimentalperiodbya  
COntrOllingsystembasedonaninfraredCO2gaSanalyzer（URA－2S，Shlmadzu）．Inthegrowth  
cabinet，plants were rotated（2、5times h‾1）on aturntabletomin血ほepOSSibleposition  
erfects．   
Seedlings were thinned to a single plant per pot for uniformity7dBLySaftersow山g．  

Twelve－day－01d plants were transferred to another contro11ed environment growth cabinet  
（Koito Co．Ltd．）for exposure to O3and／or NO2gaSeS．The size and the environmental  
COnditionsin this cabinet were the same as thosein the cabinet where plants had been  
cultivatedpreviously，eXCeptforthehlghventilationrateupto800m3h‾1（ca．110timesh－1）  
to minimize the effects of other pollutants whichmight be produced by photo－aJld  
dark．chemicalreactionsinthecabinet．   

丘ゝpo∫〟reわ〟02α〃d／orO3  

Fourteen・day－01dplantswereexposedtoNO2and／orO3for12days．NO2inducedfroma  
COmPreSSedcylindercontaining500ppmNO2inNヱWaSinjectedthroughathermalmass・flow  
COntrO11erinto the mtrated freshairstrearn．The concentration ofNO2in the cabinet was  
COntinuouslymonltOredandregulatedbyacontrolllngSyStembasedonachemiluminescent  
NO・NO2－NOxanalyzer（Model14，Thermo Electron），03WaSgerleratedbyasilentelectrical  
dlSChargein dry oxygen andwasaJso叫ectedsimi1arlyas NO2intothe filtrated freshair  
Stream．TheconcentrationofO3inthecabinetwascontiIluOuSlymonitoredandregulatedbya  
COntrOlllngSyStembasedonachemiluminescentO3analyzerO40de1806，KlmOtO）．  
The present studyconsistedofseparategrowth experiments of4treatments：NO2，03，  
NO2plusO3（mixture）andcontroltreatments．Eachtreatmentwasconducted2tirnesexcept  
forO3treatmentWhichwasdoneonlyoncebecauseofanaccidentalplantdiseaseduringthe  
Cultivationatthe2ndtime．InNO2andmlXturetreatmentS，NO2COnCentrationwasregulated  
at O．1±0．005ppm continuously throughthe course oftreatments，and NO2WaShardly  
detected（＜0．005ppm）inothertreatments．InO3andmixturetreatments，theintroductionof  
O3illtOthecabinetwasstartedatthetimeoflight－Onandtheconcentrationwaslinearlyraised  
for2htoreachO．1ppm．TheconcentrationofO3WaSregulatedatO．1±0．002ppmforlOh，  
andwas alsolinearlyloweredfor the following2hto Oppmat thetimeoflight－Off．ThlS  
dlurnalchange of O3COnCenfTation w3SaChieved bycontTO］JingO3nOWrate throu91tLle  
thermalmass・flow controller automatically．Tne average concerltrationofO3during24h  
isabout O．05 ppm．03 COnCentrationwsasnot above O．005 ppmir10thertreatments．  
EnvlrOnmentalconditionsinside the cabinet weTe almostidenticalamong allgrowth  
experin1entS eXCept fortheconcentration ofeach gas，andwere kept constantLduringeach  
experlmeIlt．  
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／山∩・111   

lneachexperiment，10plantswereharvestedjustbeforethestartof gas exposure（Oday）  
andotherlOplantswerealsoharvested6and12daysthereafter．Theextentso（visiblein5ury  
andwitheringofeachleafwerevisua11yassessedin5％incrementsofleafarea．Theareaofeach  
leafwasmeasuredbyanautomaticplanimeter（Mode13100，Ll－CORCo．Ltd．）．Totalnumber  
OfleavesmorethanlOmminlengthandplantheightwererecorded．Plantsweredividedinto  
leaflamjnae，5te－れ，rOOt，幻owe∫budaれdw仙eredleaves，andwer¢driedat80－900cfor3－5  
血ysforweighingthedrymatter・Stempaltincludedleafpetioles．   

馳血血扉朗ゆ融  
Themeanvaluesand standard deviations ofallgrowthcharacterlSticsofplantsineach  
treatment were calculated at each harvesting time．Signincant differences of mean values  
betweenevery2treatmentswereexaminedasfollows（SeeSnedecor＆Cochran，1967）Atnrst，  
Bartlett’s test（x2．test）was performed to connrm the homogenity ofvariance．Then the  
analysisofvarianceintheone－WayClassincations（F・teSt）wasdonetoclari付theeffectofthe  
treatments．Tfasignincancewasobtamed，thedlLTerencebetween2treatmentswastestedone  
afteranother11Singtheleastsignificant dlfference（LSD）andstudentized range test，In the  
presentexperiments，theextentsofvisibleinJuryandwitheringandthedryweightofwithered  
leavesweretransformedtoalogarithntosatisfytheBartlett’stest．  
Becat）SethenumbeTOfplantin eachtreatmentwasnotthesameinthepresentstudy，We  
usedthemultipleregressionanalysistodetemlinethemainandtheinteractioneffectsofNO2  
and O3instead of仙eanalysisofYariallCeaSねnows（see Okunoe一口rリ1971；HiTOSaki＆  
Kobayashl，1979）．Atnrst，multipleregressionequationwasestimatedas：  

Y三bo十blXl十b2Ⅹっ十b3X3  

WhereYistheregressionestimateofeachgrowthcharacteristics（Criterionvariable），Xl，X2and  
X3arethepredictorvariables（XlisrankedaseitherlwhenNO2WaSeXPOSedorrlwhennot，  
X2isalsorankedaseitherlwhenO3WaSeXPOSedor1whennot，andx3isrankedaseitherl  
OTrlastheresultofxIXXユ），andbo，bl，bユandb3arethe bestunbiasedest血atesof  
interceptβ。andpartialregressioncoemcientβl，β2aJldβ3，reSPeCtively．Thenthesignificance  
Of variance due to the multiple regressionwas examined by F．test，and t・teSt for the nu11  
hypothesisasβi＝0，Wherei＝1，2and3，WaSPerformedtoclarlfythesignificancesofthemain  
effectofNO2，themaineffectofO3andtheinteract］OneffectofNO2×03，reSPeCtively．We  

COulddiscusseachmaineffectwhentheinteractioneffectwasnotsignincant．   

GrowJわα〃叫′JJざ   

Relative growthrate（RGR），netaSSimi1ationrate（NAR），1eafarearatio（LAR），SPeCific  
leafarea（SLA），1eafweightratio（LWR），StemWeightratio（SWR）androotweightratio（RWR）  
WereCalculatedineachtreatmentaccordingtothefollowingformulae（Evans，1972）＝  

n〈¶  1dW InW2－IrlWl  
RGR ＝－・・二・こニ・己  

W dt  tユーtl  

1．dW（W2－Wl）（1n戸。－1n戸1）  NAR ＝・妄■ご二・＝  

F dt  

LAR＝F／W  

SLA ＝戸／F  

LWR＝F／W  

（t2－tl）（F2－F．）  
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SWR＝S／W  
and RWR＝R／W，  

whereWiandFiarethedryweightofwholeplantandtheleafareaattimeti（i：1arld2），  
respectively．F，SandRarethedryweightofleaves，Stemandroot，reSpeCtively・Thelatter5  
growthparameterswerealsotestedforstatisticalsignincanceasmentionedbefore・  

Res山ts   

n∫fムJeJJ叩ワα〝dw油er～〃gqrJ甜ye∫   

In theplantstreatedwith themixture ofNO2andO3，Whitefleckwhichisoneofthe  
typicalsymPtOmSOfvISiblein］ury CauSed by O3（Hi11etal・，1970；Shimizuelal．，1981）  
appeared onleaveswithin6daysafterthestartof gas exposure・ThesymptOmWaSfirst  
notableonthetipandtheeqgeofuppersurfaceofleaflaminae，eSpeCiallyofmaturedleaves，  
andwasspTeadovefthe、eXPandedleavesastheexposurewascontinued■Thereappearedon  
leavesneitherwater・SOakedlesionsnornecroticpatcheswhichareatypicalsymptomcausedby  
NO2（Taylor＆Maclean，1970）．ThewhiteneckwasalsoappeaIedonleavesinO3，eXpOSed  
plants，buttheextentofin）uryWaSlessthanthoseinplantstreatedwithmixturegases（Fig・l）  
andinplantssub］eCtedtocontinuousO3treatment（Shimizuetal．，1981）．InNO2．eXPOSedand  
COntrOIplants，nOparticularsymptomswerenoted，butonlytheJlaturalsenescentye1lowlng  
WaS Observed，Which was accelerated by NO2eXPOSure．The ext6ntS Ofvisiblei叩1ryWere  
Significantlydifferentamongtreatments（Fig．1），andtheinteractioneffectofNO2XO3WaS  
observed（P＜0．1，Table2）．  
Lower oldleavesbecarnegraduallysenescentandwitheredina11treatments，butthedry  
Weightofwitheredleaves（Tablel）andwlthedngratio（Fig．2）weresignificantlyincreasedby  
themixturetreatment，However，WeCOuldnotdetecttheinteractioneffectofNO2XO30n  
withering，butcouldobservethemaineffectofO3（Table2）．  
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Fig．1Effects of exposures to NO2and／or O30nthevisiblein）uryOf  
leaves  

Percentage of totalleaf dry weight was represented，Naturalsenescent ye1low  
COIorlng弧dwithe－ingorleaveswereincluded・ExposufeSWereStarted14daysart¢r  
SOWingandcontimledfof12daysthereafteT．EachsymbolisthemeanoflOor20  
Plants andverticalbarsindicate±standarddeviationofthemean．0：COntrOl，r虚三  
NO2，極＝．0い●：NO2PlusO，（mixture）treatments．TreatmentsineachharJest  
marked by the sameletters are not signincantlydiffcTent（LSD，pくQ．05）．See  
MaterialsaJldMethodsindetails．  
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Fig．2 EffectsofexposurestoNO2and／orO30nthewitheringofleaves  

Percentageoftotalleafdryweightwasrepresented－Exposureswerestarted14days  
aftelSOWingandcontinuedroT12daystheT8after・SeelegendsroIFig・l・  

聯cr∫0〃P血〝Jgmw助   

Asshownin Fig，3，NO2increasedthedryweightgrowthofwholeplantsfor6and12  
daysofexposure．03alsoshowedthepromotiveeffectongrowthfor12daysofexposure．At  
thefinalharvest，9％and8％increasesweredetectedinNO2andO3treatmentS，reSpeCtively，aS  
COmparedwithcontroltreatment．However，thedryweightofwholeplanttreatedwithmixture  
gaseswassligl1tlysma11erthanthatincontrol．   
Effectsofthesetreatmentsonthedryweightgrowthofstem，rOOtandleaflaminaewere  
examined（Fig．4，5and6），NO2increasedstemandleardryweightsignincantlyfor6daysof  
exposure，andatthe伽alharvest，14％and8％increasesweredetected，reSPeCtively．03also  
increased stem andleaf dry weightsignincantlyfor12days ofexposure by9％andll％，  
respectively．TherootdryweightwasnotsignificantlychangedbyneitherNO2nOrO3alone  
treatment．However，themixtureofNO2andO3CauSedthereductioninrootdryweightfor6  
daysofexposure．Atthefinalharvest，rOOtdryweightwasreducedbythemixturetreatment  
by16％relative tocontrol，While stem andleafdryweightwere onlyslightly reducedand  
increased，reSpeCtively．Eachtreatmentchangedtheleafareagrowthassimilarextentasthe  
Changesinleafdryweightgrowth（Fig．6and7）．   
As shownin Tablel，the height growthwas sllghtlyincreased by NO2 treatment，and  
SlightlydecreasedbyO3andmixturetreatments．Thenumberofleaveswasnotsoremarkably  
Changed by any treatments，eXCept fortheslightincreasebyNO2treatment．Asmallflower  
budappearedonthetopofstemofalmosteveryplantatthefhalharvest，andnosignincant  
dl仔erencewasfoundamongtreatments．   
ThesignificantinteractioneffectsofNO2XO3（Pく0・05）wereobtainedindryweightof  
leaves，Stem，rOOt and whole plant andleafarea（Table2）．Onthenumberofleaves，the  
significantmaineffectofNO2WaSObtained，andthemaineffectofO3WaSSignificanton  
height訂OW仇・   

聯CrJO〃ダOW納戸〟m椚eJer∫   

Growth analysis was perfomled to estimatethe physiologicalchangescausedbyNO2  
and／orO3．ThechangesinRGRandNARinalltreatmentswerepresentedinTable3・As  
comparedwithcontrol，NO2increasedRGRby7％forthefirst6days，WhilenoincreasewaS  
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Fig．3 Effects of exposures to NO2  

and／Or O3 0n the、hcreasein dry  

weightofwhQleplant  
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Fig．4 Effects of exposures to NO2  

and／Or O3 0n the increasein dry  
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Fig・5 Erfects of exposures to NO2  
andノOr O3 0n theincrease 血 dry  

Weightofroot  

O t1 1：！  
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Fig．6 Eげects of exposures to NO2  

andノOr O3 0n the hcreaseiれ dry  

Weightorleaves  

Dry weight ofwitheredleaveswas excluded．Exposureswerestarted14daysafter  
SOWingand continued for12daysthereafter．Eachsymbolisthemeanof100r20  
： 
、、 

bythesamelette【arenOtSignificantlydifferent（LSD，p＜0・05），SeeMaterialsand  
Methodsindetails．  

detectedforthefollowing6days，03hardlychangedRGRforthenrst6days，butincreased  
RGRby6％forthefollowing6days・Incontrast，mixturetreatmentsughtlyreducedRGRfor  
thenrst6days，anddidnotaffectforthefollowlng6days・RGRconsistsofNARandLAR・  
ThechangesinNARcausedbyNO2and／orO3eXpOSureSreSembledthechangesinRGR．NO2  
firstincreasedNARby7％butnotforthelaterperiod，WhereasO3increasedNARby6％for  
thelast6days．However，themixturetreatmentredueedNARby5－6ウらdudngtheexposure  
periodof12days．   
LARdidnotdifferamongtreatmentsateachharvestingt血e，eXCeptfortheplantsgrown  
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Tablel EffectsofexposurestoNO2and／OrO30nSeVeralcharacteristics  
ofsunnowerplantsl）  

ContTOI  NOっ  03  NOま  

91．1±66．9a 142．0±115．9a  WitheIedleaves（mgdrywt）84・0土54・9a  

Flowerbud（mgdIyWt）  7・3土4・Oa  

plamtheight（cm）  37・5±3・5ab  

Numberofleaves  25．6土2．1a  

162．3土106．7  

9．0±11．5a   4．7土3．3a  5．7±4，9a  

39．3±4．6a  35．3±4．9b  36．3土4．Ob  
27．5±1．8b  25．4土2．1a  26．3±1．8a  

1）PlantswerehaⅣeSted12daysafterthestartofexposure．MeanoflOor20plants   
andstarLdatddeviationareindicated．  
2）Valuesineachcolumnfo1lowedbythesamelettersarenotsigni丘cantlydiffcrent  
（LSD；p＜0．05）．SeeMaterialsandMethodsindetails・  

Table2 Theinain and theinteractioneffectsofNO2andO30nSeVeral  
characteristicsofsunflowerplantsl）  

Daysa丘erthestaltOreXpOSuTe  

6  12  effect  

NOユ  03  NOIXO｝  NOl  Oき  NO。XO，  
Visiblei叫ury  ＊＊り  

Witllering  ns  

Withereddryweight  ns  

Plant height ns  

N11mberor16aVeS  ＊  

Leara∫ea  nS  

Leafdryweight  ns  

stem dry weight nS  

Root山yweight  ns  

Flowerdrywe唱ht  

Totaldryweight  ns  

nS  nS  nS  

ns  ns  ＊＊  ns   

n5  nS  nS  

ns  ＊＊  十  ns  

nS  nS   

＊  ns  
ns  

ns  ns  ns  ＊＊  

●■  

＋
 
＋
 
n
S
 
n
S
 
＋
 
n
S
 
n
S
 
＊
 
 

m5・  ＋  ns  

＊  ns  ns  ＊＊  ns  

1）Resultswereobtainedusingthemultipleregression analysis・SeeMateIialsand   
Methodsindetails，  

2）Significantlcvels；＋：p＜0・10，＊：P＜0・05，＊＊：P＜0・01，nS＝nOtSigni触nt・一：nOt   

detected．  

inthemixturetreatmentwhichresultedinasignlnCantincreaseinLARby8％atthefinal  
harvest（Fig．8）．LARcanbefurtherdlvidedintoSLAandLWR・TheSLAofsunflowerplants  
wasalmostequalamongalltreatmentsateachharvest（Fig・9），WhiletheLWRofO3・eXpOSed  
plantsbecameslightlygreaterandthatofmixedgases－eXPOSedplantsbecamesignincantly（by  
7％）greaterthanthatofcontrolplants（Fig・10）・Thedryweightratiosofotherorganstothat  
ofwhole plant werealsocalculated（Fig・11and12）・The SWRofNO2－eXPOSedplants  
increasedby5％onlyatthennalharvest・InthecaseofRWR，Onlythemixturetreatment  
causedasign捕cantreductionoflO％forthenrst6days・AttheEinalharvest，RWRwas  
reducedbyexposurestoNO2and／orO3andmoststrondybythemixturetreatment（by12％）・   
ThemultipleregressionanalysisrepresentedthattheinteractioneffectsofNO2XO3Were  
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Fig．7 Effects of exposures to NO2  
and／orO30ntheincreaseinleafarea   

O 8 12  

h叩胤Je du帽tjon（days〉   

Fig．8 Effects of exposures to NO2  
md／Or O3 0nlea一打ea ratio（LAR）   

0  0  †2  

【叩○引け亡dリー8tiDn（d8Y＄）  

0  8  1：⊇  

【叩鵬u帽durFt血l＝叫射  

Fig．9 Effects of exposures to NO2  Fig，10 EffeetsofexposurestoNO2  
and／orO30nSpeCificleafarea（SLA）  and／OrO30nleafweightratlO（LWR）  

Dry weight ofwilheredleaveswas exc】uded．ExposuresweIeStarted14daysarter  
SOW）ngalldconhnued for12days11】erCarter，Each symbolis tllemeanOrlOor20   
pla－1tSandverticalbar51ndicate±sta・一darddcvjatio・10fthelTean・b‥COntrOl・こ◎ニNO”  

l㊨こ0，，●：NO，plusO，（mixture）treatmentsITreatmentslneaChllaTVeStindjcated  
byttleSameletleralenOtSigniricantlydirlモーent（LSD，p＜0．05）・SeeMate∫iatsa爪d  
Met】10dsindetails．  

Obtainedin LAR，SWRand RWR，While the maineffects ofO3WeredetectedinLWRarld  
RWR，andthemaineffectofNO2WaSalsodetectedinRWR（Table4）．  
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Fig．11Effects ofexposurestoNO2  
and／orO3OnStemWeightratio（SWR）  

0  6  12  

Ex叩Suredu帽Iion（daYS）   

Fig．12 EffectsofexposurestoNOヱ  
and／OrO，OnrOOtWeightratio（RWR）  

Dry weight ofwitheredleaveswas excluded．Exposureswcrestarted14daysart号T  
sowingandcontinuedfor12daystllereafter・Eachsyl一一boIisthenleanOrlOor20  
plant，andYeTticalbarsindicate±standarddeYiationofthemean：p：COntrO噛－NOI  
L㊥＝0き，●＝NO，PlusO，（mixture）treatments・Treatmentsineachharvesthdicated  
bythesameletterarenotsignificantlydifferent（LSD，P＜0・05）・SeeMateria］sand  
Mct】10dsindetai15，  

Table3 EffectsofexposurestoNO2and／OrO30nrelativegrowthrate  
（RGR）andnetassimilationrate（NAR）ofsunflowerplantsl）  

Exposure  
duIation  
（days）  ContIOI  NOユ  05  NO三＋0∋  

RGR  O6  0．254  0．272  0．258  0．245  

（mgmg－】day‾1）   6－12  0．166  0．162  0，176  0．柑4  

NAR  O－6  1．437  1．542  1．480  1．365  

（mgcm－1day▼1）   6－12  1・340  1・321   1・414  1・264  

l）Dry weight of witheredleaves was excluded to calculate these values．See   

MaterialsandMethodsindetails．  
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Table4 ThemainandtheinteractioneffectsofNO2andO30nSeVeral  
grow班parame亡ersorsun伽werplantsj）  

Daysafterthestartofexposure  

0ユ  NOユXOさ   NO2  0き  NOユ×03  

n
 
n
 
n
 
n
 
＊
 
 

ns  ＊＊  ＊   ns  

nS  nS  nS  nS  

ns  ns  ＝  ns  

nS  nS  nS  

n
 
n
 
n
 
n
 
n
 
一
 
 

1）Results were obtained usingthemultipleregressionanalysis．SeeMaterialand   
Methodsindetails．  

2）Significantlevels；＋：p＜0・10，＊：p＜0．05，＊＊：p＜0．01，nS：nOtSignificant，－：nO   

dataavailable．  

Discussion   

叩CJ∫qr〃02α／0〃g   

lnthepresentexperiments，eXPOSuretoO・lppmNO2for6and12daysincreasedthedry  
matterproductioninsunflowerplants（Fig．3r6）．Thepresentresultsconfirmedtheearller  
WOrksthatthelowconcentrationsofNO2haveapossibilitytoincreasethegrowthofsome  
PJants（Tro加0＆Leone，1977；Totsukae［q［リ1978；YoneyamaetalJ980；Matsumarue（a［．，  
1981）・Thegrowthanalysisindicatedthattheincreaseingrowthwasmainlyduetothegreater  
NARfortheearlierperiodofNO2eXPOSure（Table3）．TheincreaseinNARofsunnower  
PlantsexposedtoNO2WaSalsoreportedpreviously（Totsukae（al．，1978）．Therewereseveral  
reportsthatNO2depressedthenetphotosyntheticrate，althoughexposureswerecarriedoutat  
ratherhlghconcentrations（Hill＆Bennett，1970；Srivastavae（al．，1975）．TheincreaseinNAR  
ObservedinthepresentexperimentssuggeststhepossibilitythatlowconcentfationsofNO2  
increasethenetphotosynthesisofplants・YoneyamaandSasakawa（1979）andKajie（al．  
（1980）clearly demonstratedthat NO，in atmosphere was absorbed byleaves and was  
assimilatedintoaminoacids．Fromthesestudies，itmightbeassumedthatNO2CanaCtaSa  
usefulsourceofNin■plantsandthatNO2・Nwasusedforconstituentsoftheproteinswhich  
Participateintheassimi1ationofCO2，reSultingintheincreaseinNARanddryweightgrowth．  
ItmightbealsoattributableforgrowthincreasethatchronicexposuretoNO2increasedthe  
Chlorophy11content ofleaves（Taylor＆Eaton，1966；Horsman＆Wellburn，1975）．Several  
Other characteristics changedbyNO2eXPOSureSuChasincreasesinplantheight，1eafarea，  
numberofleavesandleafyellowinBmightbethesecondaryeffectsduetotheincreaseindTy  
Weiかtgrow山．   

The assimi1atesincreasedby NO2eXPOSureWeremainlyaccumulatedinstempart，aS  
indicatedbytheincreaseinSWR（Fig・11）．ThissuggeststhatNO2；aswellasSO2andO3  

（Shlmizueta］・，1980，1981），alsocanchangethepartitioningoftheassimi1ates．Stemmightact  
asastorageorgan for theexcessassimilates．There wereseveralobservationsthatstem kept  

assimilatesin temporary store at the time offlowering（Wardlaw，1968）．In the present  
experiments，SWRwassignincantlyincreasedbyNO2duringthelast6days，Whentheflower  

budbegantofbrmanddeve】oped・hsuElfZowerandseveralotherpJants，Whosedryweightwas  
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irlCreaSedbyNO2，aCCerelatioIIOfstemgrowthwasmostremarkable（Yoneyamaetal．，1980）．   

鞭crJO／03αわれe   

ltisunexpecteddlatO3aCCerelatedthedryweightgrowthafter12daysofexposure（Fig．  
3r6），TherewereafewotherinvestigationswherelowconcentrationsofO3CanSt血ulatethe  
plant growth（Bennett etal．，1973，Harward＆Treshow，1975）．Accordingtothegrowth  
analysis，the dryweightincreasein O3－eXpOSedplantswasalsoderivedfromtheincreasein  
NAR，WhlCh occuTTed for thelater period ofexposure（Table3）．Althoughmany authors  
Observed theinlubitory effects of O3On netphotosynthesisatratherhlghconcentrations  
（Todd，1958；Ⅲ11＆Littlefield，1969），Chronic exposure ofsurLnOWer Plantstolowcon－  
Centrations of O3rnight accrelate the net photosynthetic rate・Th己increasein NARas  
COmparedwiththatofcontrolduringthelaterperiodofO3eXPOSurehadbeenalsoobserved  
by WalmsleygJαエ（19紺）and馳血IZugJαエ（】卵1）．03Wa5tわought刀e仙ertoact8S8  
nutrient，aSSO2andNO2do，nOrtOincreasethechlorophy11contentofleaves．Theindividual  

PrOCeSSeSOfcarbonassimilationsuchasmembranepermeabilityofCOユandenzymeactivities  
ParticipatinginCO2nXationshouldbeinvestigatedwithregardtoO3eXpOSure．   
Inthepreviouspaper，WeObservedthegrowthreductionofsunflowerplantscontinuously  
exposedtoO・1ppmO3for12days（Shimizuetal・，1981）・ThediscrepaCybetweentheresults  
Ofthepresentstudyandthepreviousonemightbeduetotheloweraverageconcentrationof  
O，per24h，theintermittentlyexposuretoO，OrtheabsenceofO，atnighttimeinthe  
PreSent eXPeriments，Althoughthe average concentration of O3WaSlowerin thepresent  
experiments，theconcentratiorlduringday－timewasthesameasthatintheperviousone．The  
exposure dose ofO3isnotthought tobeimportantbutthedoseofO3absorbedinleaves  
Shouldbeeffective・Thetranミpirationrateofsunflowerplantsduringnlght－timewasalmost  

lO20％ofthat duringday．tlme．Because theabsorptionrate ofO3Canbe approxlmately  
estimated from the transpiration rate（Omasaetal．，1979），theamount ofO3absorbedin  
plants would not be so di穐∫eれt between t鮎p 

． 

StudleS・ThetranSlocationofassimllatesoccurredduringnight．t血easwellasquringday－time  
（Warblaw，1968），and could beinl1ibited byO3eXpOSure（Tingeye［al．，1976；McCool＆  
Menge，1983）．The accumulation of assimi1atesinleaves caused by theinl11bition ofthe  
translocation shouldinduce the endproduct山血1bition on netphotosynt血esis・Othermany  
metabolicactivitieswhichmightbeiI山ibitedbyO3eXPOSureShouldbealsorecoveredduring  
theperiodwithoutO3eXPOSure．Thereisalsoapossibilitythattheenzymewhichparticipates  
intheneutralizationofO3tOXicityisnotorlessavailableinthedark．   

WeobservedtherepresentativeresponsesofplantstoO3inthepresent¢Xperimentsaswe11  
asin the previous ones・03induced vISible symptoms ofinJuryaSWhitefleck，aCCelerate  
witheringandinhibitedheightgrowth（Fig・1and2，Tablel）・Ascomparedwithcontrol，RGR  
andNARwereincreasedinthelaterperiodofO3eXpOSure（Table3）．Theratiooftheincrease  
indryweigl1tOfleavestothatofstemoTTOOtbecamegreaterinO3－eXpOSedplantsasobserved  
inthesl柳tincreaseinLWR（Fig・川）・03COulda】ざ0ぐムa岬血epartitio血gofa5血mj】a恥  
whlぐhmightbeinducedbythe O3inl1ibitionontranslocationofassimilates（Tingeye（al．，  
1976；McCool＆Menge，1983）・ThesechangescausedbyO3WereClearlydifferentfromthe  
changescausedbyNO2・ThesignincantmaineffectsofO3detectedbythemultipleregression  
チnalysisalsocon丘medthatdepressioninheightgrowth，thewitheringofleavesandthe  
LnCreaSeinLWRwerecausedbyO3eXpOSure，SpeCificaJLy・  
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聯Cβqr〝虚血作げ〟∂2α′Jdク3   

Themixturetreatmentdecreasedthegrowthofsunnowerplants，Signi坑cantlyascorrlPared  
withthe treatmentofNO20rO3aloneandslightlyascomparedwithcontrol（Fig．3）．The  
growthanalysisclarinedthatthereductlOninRGRinthemixturetreatmentforthenrst6  
dJaySWaSduetothedepressioninNAR（Table3）．TheNARofplantsexposedtomixedgases  
WaS rrlarkedlylowerthan those ofother3treatmentsforthe exposureperiodof12days．  
FurukawaandTotsuka（1979）reportedthesignificantreductioninnetphotosyntheticrateof  
5Un鮎werplantscausedbys血uぬneouse叩OSUretONO2andO3荘川lOugheachgasalone九ad  
nodepressiveeffect・TTLereductioninNARobservedinthepresentexperimentssuggeststhat  
simultaneous exposure tolow concentrations of NO2 and O3 also could depress the net  
Photosyntheticrate．  
However，for thelast6daysofexposure，thereductioninNARinducedbytherrlixture  
treat汀IentWaSCOmpenSatedbytheincreaseinLAR（Fig．8），reSultinginthesimilarvalueof  
RGRtothatofcontrolplants（Table3）．ThesechangesresembledtheresponseofplantstoO，2  
pmO3in血previou5抽dy（5h血zugJれ】9町冊eele柑tedLARwa5血（，5tdueto仙e  
lrLCreaSein LWR（Fig．10）．RWRwassignincantlyreduced（Fig．12），due tothe significant  
decreasein growth of root dry weight（Fig．6）．These resultsindicate that the rnixture  
treatmentalsoaltered thepartitiomngofassimi1atesinthe same way asO3aloneexposure  
induced，buttheextentofchangesbythemixturetreatmentwasgreaterthanthatbyO3alone  
treatment・SimilarchangesinLWRandRWRhavebeenreportedseveralplantsexposedtoO3  
（Bennett＆Oshlma，197（；；OshimaerαJ．，1978；ShimizuefαJリ1981；etC．）．   

1tlla5beellrepOrted血tp】antsdeficientiJlpムotosynthatesshowed血e】argerreductionirl  
dryweight growth ofroot thanthat ofshoot（Curtis＆Clark，1950；Ryle＆Powell，1976）．  
However，inthepresentexperiments，drymatterproductionofwholeplantbecamelargerin  
O3alone or hardly smallerin the mixture treatment thanincontroltreatment，WhereasO3  
alone and the mixture treatmentsincreased LWR and decreased RWR（Fig．10and12）・  
Therefore，itcanbestressed仇atthechangesinLWRandRWRshouldbedirectlyinfluenced  
by O3．lnthemixturetreatment，WealsoobservedthewhlteneCksymptom，theincreasein  
W仙e血gand血edecrea5e血ム引かtgrowtll（Fjg．ユ卸d2，Tab】el）．nesep血enomeIlaand仙e  
ChangesinRGR，NARandpartitioningofassimilateswerealmostsimi1artothoseofO3alone  
treatmentin thepreviousstudy（Shimizue［al．，1981），Therefore，effectsofthemixtureof  
NO2andO3SeemtObesimilartotheeffectsofratherhighconcentrationsofO3alone，  
ThesignincantinteractioneffectsofNO2XO3WereObservedinmanyattributestoplant  
growth（Table2and4）．ReinertandGray（1981）andSandersaJldReinert（1982）reportedthat  
theinteractioneffectsofNO2XO3COuldnotbesignificantonthegrowthofradishandazalea  
pla山s．HDWeVer，血thejrs餌dies，03aユonetre∂tmeJltStrOJlglya鮪cted班egrowthofflletegt  
plants・Inotherstudies，eVenWhenNO20r O3alonehadlittleornoeffects，thesignificant  
interaction effects of NO2 ×03WaS detected on visibleinjury（Furukawa et a［，1981），  

photosynthesis（Furukawa＆Totsuka，1979）alldpollen－tubeelongation（Nakadaetal．，1976）．  
lnothercombinationsuchasSO2PlusNO20rSO2plusO3，therehavebeensimilartrendsof  
dleSignincanceoftheinteractioneffectsofthesegases（seereviewsOrmrod，1982）．  
The multiple regressiom analysis used hereis based on the assumptionthat thereis a  
linearity between the plaJIITeSPOnSeandtheconcentTatioJIOfapollutant．However，many  
responsesofplantstoairpouutantsarethoughttobechanglngaSSigmoidalcurve・Thenifeach  
gas affects theplantSinsuchamannerasthe otherdo，theobservedinteractioneffectswere  
Onlystatistical1ysignincantanditisnotclarifiedwhetherbiologlCalmeaningexIStSOrnOt．In  
thepresentexperiments，however，grOWthalteTationbyNO2alonewasremarkablydifferent  
丘om that by O3alone，andthemixturetreatmentseemstoonlyincreasetheO3－induced  
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VisibleinJuryandgrowthchange・ThereFore，itwassuggestedthatNO2mayaCtaSCatalystonly  
toenl1anCetheactionorO30nphysiologicalprocessesandentifegrOWthofplants．Inorderto  
Clarifythe meaningfulinteraction effectsin biology（see Heagle＆Johnston，1979），mOre  
precisemechanisms forthe effects ofeachpolllftantalone andinmixtureonphysiological  
Phenomenaconcerningtheplantgrowthmustbeinvestigated，   
ThereseemsaseriousproblemthatthemixtureoflowconcentrationsofNO2andO3may  
depressNARandalterthepartitioningofassimi1ates・Inthefield，mOreSuSCeptibleplantsdlan  
sunflower plantsmight be remarkably affectedbytheambientatmospherecontaininglow  
concentrations of NO2 and O3．Furthermore，ambient atmospherealso containslow  
concentrationsofSO2．SO2WaSalsoknowntoaffectthephysioIogyandgrowthofplants  
（Shhizuetal．，1980），andthesignificantintelationeffectsofSO2XNO20rSO2×03Were  
also reported（Reinertetal．，1975；Ormrod，1982）・Plantsgrowninthe fieldreceive these  
mixedgaseswithrelativelylowconcentratiorlSCOntinuouslyorintermittently・Themixedgases  
ofSO2，NO2andO3mightaffectseriouslyollPlants，aSrepOrtedbyFujiwaraeta］・（1973），  
FurukawaandTotsuka（1979），ElkleyandOrmrod（1980），ReinertandGray（1981），Reinert  
e［al．（1982），Sanders aJld Reinert（1982）and Kress et al．（1982）・The moreintensive  
investigationsontheeffectsofchronicexposurestomixedgasesshouldbecarriedoutinorder  
todeterminetheairqualitystandardofambientatmosphere．  
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ヒマワリの生長に及ぼす低濃度の二酸化窒素   

とオゾンの単独及び混合暴露の影響  

清水英幸】・及川武久2・戸塚 績1   

人工光型の環境制御室で．播産後14日のロシアヒマワリを12日臥0・1ppmNO2．（連続），  

0．1ppmO3（明期），及びこれらの混合ガスに暴露し，植物の生長に及ぼすNOzと03の複合汚  

染の影響について検討した。ガス暴確聞始直前と6日め，12日めに植物を選Hiして，薬面積，器  

官別乾重などを測定し，生長解析法を用いて，生長の各パラメーターを算出した。03単独暴露  

区及び混合暴露区の植物では，03に特有な小白斑状の可視障告が築面に発現し，また下位稟の  

枯死が促進されたが，Ⅳ0ヱ単独暴露区の借物にば，可視障害は認められなかった。ⅣOzは暴露  

前半から植物の生長，特に茎の生長を促進した。03は暴露後半になって特に菓の生長を促進した。  

しかし混合暴露では，前半から植物の生長が顕著に抑制された。生長解析の結果，NO2は暴露  

前半に植物の相対生長率（RGR）や純同化率（NAR）を増加させた。また03は暴露後半に  

RGRやNARを増加させた。混合暴露では，前半にRGRやNARが抑制されたが，後半は  

NARが抑制されていたにもかかわらず，RGRは対照と変わらなかった。これは暴露後半にお  

ける葉面積比（LAR）がNOzと03の混合暴露によって増加したためであった。NO2は茎重比  

（SWR）を増加させ，根重比（RWR）を減少させた。03は葉重比（LWR）を若干増加させ，  

RWRを減少させた。一方混合暴露は顕著にLWRを増加し，またRWRを減少させた。これら  

の結果から．低濃度のⅣ02と03の単独及び混合暴露は，植物の純光合成速度や光合成産物の分  

配率に影響することが示唆された。植物の生長に関する上記の属性について重回帰分析を行った  

結果，有意なNO2と0＝一の複合効果が可視障害や葉面積，各器官及び植物個体の乾重，LAR，SWR，  

RWRなどに認められた。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
2 国立公害研究所 客貝研究員（筑波大学 生物科学系 〒305 茨城県新治郡桜村天王台11）  
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Res．Rep．Natl，Inst▲Environ・Stud・，JpnL，No．65，1984．  

AmAnalysis of tleight Growth ofJapalleSe Black Pine（PitLuS  

Jhu〝bergii）inKashimaIndustrialAreabyCurve－LittingTechniques  

NaokiKachllandTsumuguTotsukal  

1EnvironmentaltliologyDivision，theNationallnstituteforEnvironmentalStudies，   
Yatabe－maChi，Tsukuba，lbaraki305，Japan．  

HeightgrowthofJapaneseblackpine（PinusthuTlberg7i）undeTdifferentconditions  
of air pollutionin anindustrialareainKashima，Japan wasanalyzed by ntting the  
growthcurvestotheGompertzequation．GTOWthofdirferentindividualswithdifferent  
si乙eSWaSTeCOTd¢dattllTeeSitesfDTOneyeaT，paIameleTSOFtlleGompeTtZモquationwere  
estimated from theregressionofRGRagainstthelogarithmofthesize．Theestimated  
growthcurvesweredifferentfromsitetosite，butwecouldnotobtainevidencewhich  
SuggeSteddeterioratingeffectsofairpo11utiononthegrowthofJapaneseblackpine・  
J（ey words：Air pollution，Field observation，GompertzcuTVe，Kashima，Pmus  
血劇物画，PlaI－tgTOWth．   

TherehavebeenreportedbyseveralworkersthatplantsgrowninKashlrnaindustrialarea，  
JapanwereaffectedbyphytotoxicairpollutantssuchasSO2，NO2，OXidants，nuOride，and  
ethylene（Tominaga，1974；Tominaga＆Miyamoto，1975a，b；Miyamoto＆Sai］O，1976；Ebara，  
1977，1978；Miyamoto，1977，1978；Yokobori，1978；Yokobori＆Taoda，1980，Yokobori＆  
Ohta，1983）LYokoboriandOhta（1983）suggestedthatthewidthanddensityoftreerlngSOf  
Japanese redpiIle（抑ⅧSdensy70ra）grownin thlS areaWereinnuencedbytheintensityof  
COmbinedairpo11ution，   
Tostudyhumanimpactonenvironment，itisausefulmethodto．comparethegrowthofa  

particular species grown under different condltions and at differentplaces・Inmostcases，  
however，itis dirficult toapply thlSmethodtothe plantsgrownin thefield，becausetheir  
initialconditions are different from site tosite．In such a caseitisconvenienttoemploya  
growthcurvespecifiedbyafewparameters．Usingth1SprOCeSSWeShouldbeabletocompare  
thegrowthpatternsgrownatdlfferentsites．   
1nthlSrePOrt，WemeaSuredgrowthofvarioussizedJapaneseblackpirle（PJnusthunbe′威i）  
foroneyearatdifferentlypollutedsitesinKashlmairldustrialarea．Basedonthesize－grOWth  
rate data，We COmparedtheheightgrowthusingGompertzcurvetoexaminedthepossibility  
thattheairpollutionwouldaffectthegrowthofPinusthunbergiiinthisredon・  
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Study Area  

KashlmaislocatedintheeastofKantoPlane，facingthePacincOcean（1atitude35O55’N  
andlongltude140O40’E）・GeologlCalfeatures ofthlSareaareCharacterizedbyalluvium  
lowlandsand coastalsanddunes，Theclimaxvegetationisawarm－temperateeVergreenforest  
dominatedbyMachius（hunbergtland（加tanopsiscuspidatavar・Sieboldii（Akatsu＆Horiuchi，  
1971），butpreva血gf8reStVegetatjoni5a5eCOnd町わrestdomそnatedbye抑r〟＝e潤招・  
Pmusden吋70TaandPinusthunbe吻iandaplantationoftheseplneSpeCies・Tablelshows  
monthlymeanairtemperaturesandmonthlyrainfal1atChoshi（30kmsouth－eaStOfKashima）  
from1976to1980．TheclimatearoundChoshlisrelativelymildandoceanlC，Whereanannual  
meanairtemperatureis15・5Ocandannualrainfal1isabout1550mm・North．eastseawinds  
PreVailduringthegrowlngSeaSOn・   

ThedevelopmentofKashlmaindustrialarea（about2100ha）dependsonKashimaPort，  
which was commenced from1962・The operations offactoriesincludingsteelandpetro－  
chemicalindustriesandaelectricpowerplantwerestartedin1970・Smokestacksoffactories  
about200mhigharelocatedattheentranceoftheport・  

Table 1 Mean monthly air temperatures and monthly distributions 
ofrainfa11atChosi，30kmSEofKashima  

Mean temperature rainf山1  

（Dc）  （mm）  

JanuaTy  

February  

MalCh  

April  

May  

June  

July  

August  

September  

October  

NoY∈mbeI  

DecembeI   

Annuaユ  

Methods   

〔bJ／gcJわ〃〆（ねJα   

GrowthofPinus thunbedlwasdeterminedatthreelocalities（SiteA－C）inandaround  
Kashlmaindustrialarea．Theselectionofthesiteswerebasedontheisoplethofairpollution  
reportedbyYokobori（1978）（Fig・1）・   

SiteAwassituatedinMizu－JinjaShrineatKamisu－Cho・Thissitewasinthesouth－eaStOf  
theportandfacedatrafficroad・Thepinetreeshadbeenplantedandtheirdensitywashlghest  
amongthethreesitessurveyed・ThemutualshadlngOftheplantwasremarkableinindividuals  
whichweremorethan3metershlgh．Soilswerecomposedofsandscontainlnglowamountsof  
organicmatter・Althoudlthesoilsurfacewascoveredwithlitterofpine，therewasnodistinct  
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Fig．1MapshowingsamplingsitesinandaroundKashimaindustrialarea  

Dotted areaindicates theindustrlalarea．A，Kamisu－Cho；B．Kashima・Cho；C，  
1hzaki・Cho．  

SOillayerstructure，  
Site B was setin Kuriu－Kohen ParkatKashima－Cho．Itwas situatedinthe northofthe  
portandwasadjacenttoatactoryofmetalworklng・Therewerepineplantationsincluding  
somenatural1yoccurringindividuals・DensityofthepineplantswaslowerthanthatatsiteA  
andmutualshadingwasinsignlnCantinhlghertreesmorethan3rneters，butsometreesIower  
thanl．5meterswereshadedbylargerorleS・Soilsweresands，Whos？prOPertiesweresimi1arto  
thoseinsite A．  

Site C was near the seashore and waslocatedca．5km south－eaSt Oftheindustrialarea．  
Therewasrlaturalgrowthofpineplantsonnxedduneswithlowdensities．Mutualshadingwas  
notapparent・Thesitewastopographicallyuneven，COntainingwetlowlandsanddrydunes・Al1  
the observed plants were on the dry dunes・AgrassvegetationofMiscan［hussineTZSisand  
Jmpe7ⅥJaqlindricavar．koenLdiwasdominantムndpinetreeslowerthanlmeterswereshaded  
bytheseglおSeSins11mmelSeaSOnS．   
lneach site，about50indlViduals ofvarioussizedPmus［hunbergliwereselected．They  
weremarkedbywindlngawirenumberedwithDYMO・tapearOundthetrunk，OnMarch24，  
1980andon March25，1981，treeheights，glrthsbeneaththefirstlateralbranch，1engthsof  
internodes ofamaJOraXisforthepreviousthreeyearsweredetermined．RGRoftreeheight  
WaSCalculatedforeachindividualsby：  

RGR＝qnH．一1nH。）／△t  （1）  

WhereqoandHlaretreeheight（cm）in1980and1981，reSPeCtivelyand△tisatimeperiodof  
lyear．   

仇招相加ゆ血  
GrowthdataofpineplantswereanalyzedbyHITACM180Computer，uSingaprogram  
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packageforstatisticalanalyses，BMDP，SuPPliedbyHitachi－Seisaku」0・   
In general，Variables of plant growth haveatendency thatthevarianceincTeaSeSWith  

increaslngmean・Sincecomparisonsofvariableswithdユfferentvarianceshavestatist］Callymany  
limitations，SuCh variables shouldbetransformedintothosehavingshnilarvariancesbefore  
COmparisons，Whenthe standard deviationincreasesproportionauywidlincreasingmean，a  

log－tranSformationofthevariableresultsinaconstantvarianCe（Snedecor＆Cochrarl，1967）．  
¶1erefore，in this report comparisons of the mean were made afterlog－tranSforrnation of  

Variables・Becausethe sampling was not maderandomly，dlreCtCOmparisonsofplantsizes  
amongthethreesiteswerenotsuitable・Thus，grOWthpatternsofaveragedplantsineachsite  
WereeStimatedfromone・yeargrOWthofindividualtreesasafunctionofplantsizeunderthe  

assumptionthattheenvironmentalconditionsduringthewholelifetlmeOftheplantswouldbe  

thesameasthoseduringtheperiodwhenthegrowthdatawerecollected，声au加aL）n（1981）  
SuggeStedthatthegrowthestimationasafunctionofsizea1lowsacomparisonofgrowthcurves  
Obtainedfromseveraldifferent treatmentsofthetestorganisms・Sizeisusuallymoreclosely  
related to the growth rate thanage・Furthermore，COllectingsize dataisfaster，eaSierand  
CheapertharLmeaSuringindlVidualgTOWthdlreCtlythroughoutthewholelifetime．   
Estimationofgrowthpatternsfromtherelationshipbetweenthesizeandtheyowth－ate  
arebasedonthemethodofcurve－fittingofindividualgrowth・Thismethodwasreviewedby  
Yam噛Shl（1977）．Inthisreport，amethodforcurvefittingtoGom占ertzequationwasapplied，  
GompertzcurveisslgmOidinshapeandasymmetdcalabouttheinnectionpoint・Theequation  
isspecifiedas：  

H＝KAPt（0＜p，A＜1）  
（2）  

WhereKisthemaximaltreeheight（HapproachesKwithincreasingt，becauseO＜p＜1）．Hear  

letb＝一Inp，Eq（2）becomes：  

H＝KAeXp卜bt）  

LetHatt＝ObeHo，andEq（3）issoIvedforA  

A＝H。／K  

SubstitutingthisrelationtoEq（3）resultsin：  

H＝k（Ho／K）eXp（－Jt）  

LetH。／K＝eXp（－a），Eq（5）becomes：  

＝＝Kexp－aeXp（－bt）  

Taklnglogarithmsofbothsidesresultsin：  

1nH＝1nK－aeXp（－bt）  

ThusRGRofHisdescribedas：  

1／HdH／dt＝abexp（pbt）  

Because‘a’and‘b’areconstants，RGRofHdecreasesexponentiallywithtime・  
Fl珊IEq（7）  

aexp（－bt）＝1nK－1nH  

SubstitutingEq（9）intoEq（8）resultsin：  

RGR＝bユ月X－blnH  
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Because‘K’and‘b’areconstantS，therelationshipbetweenRGRandlnHislinear．   
WhenH。isknown，‘a’inEq（9）isdirectlysoIvedbyputtingt＝OandH＝H。：  

a＝1nK－1nHo  
（11）  

However，inthepresentstudyHowasunknown・lnthiscase，1etHattimetandt十IbeHtand  
Ht十1，Eq（7）becomes：   

1nHt＝1nK－aeXP（－bt），and   
lnHt．1＝1nKraexpトb（t十1）］  

Deleting‘a’fromtheseequationsresultsin：   

1nH．．1＝eXp卜b）lnH．十In［K［1－eXP（－b）】］  （14）  

Eq（14）implies that alinear relationshipis obtalned betweenlogari仙ms ofHt and Ht．1，  
CharacterizedbyY・inters9Ptln［K［1－eXP（rb）］］whereX＝Oandaslopeexp（－b）．  

Results  

Table2summarizes the data onplantsize ofPtnus（hunberg7igrownat threesitesin  
Kashlmaindustrialarea，TheorderofthemeantreeheightwasA＞B＞C，Whilethevaluesat  
siteBshowedthelargestvariationsandincludedbothhighestandlowestindlVidualsofall  
plantsobservedatthethreesites・ThesizedistributionatsiteBwasbimodalwithpeaksof5  
andlmeters whereas sites A and C showed monomodaldistribution．However，thereisno  
statisticalbasesofconcludlngthatthesepatternsofsizedistributionreflectedthepatternsof  
theor車nalpopulations，becausethesamplingwasnotdonerandomly・   

什いぐく・JⅣJ血g…、・J／Iり．／’付目JJJm′血澤J  

（a）Relationshipsbetweenかths，1engthsofinternOdes，andtreeheight   
Fig．2（a）－（C）and Fig．3（a）（C）showtheallometric relationsofthegirthtothetree  
heightateachsitein1980and1981，reSPeCtively．Therewerehighcorrelationsbetweenthese  
twovariables（r＝0，810rO，953），anda1loftheregressioncoemcientswerewithlntherangeof  
O696andO・991・Theregressioncoefncientslessthanl・Oimplythattherelativegrowthrates  
（RGR）ofthetreeheightwerelowerthanthoseofthegirth・Nosignincantdifferencesinthe  
regressionlines among the three sites could be detectedineitheryear・Thus，al1the data  
obtainedatthethreesiteswerecombined．Theregressionlineswere：  

logY＝0．871logX十1．190in198qand  
logY＝0．779logX十1．349in1981，  

whereXisthegirth（cm）andYisthetreeheight（cm）．   
Ingeneral，biomassofanindividualtreeisestimatedbytheallometricrelation：   

logW＝plog（D2H）十q  

WhereWisthebiomass，Disthetreedaiameteratbreastheight，andHisthetreeheight，  
Constants‘p’aJld‘q’arespecincforplantspeCiesand／orlocalities．Inmostcases‘a’iscloseto  
l・0（Ogawa＆Kira，1977）・Constant‘a’isconsideredtobeunchangedevenwhenthepara皿eter  
Dissubstitutedbythebrth．Therefore，（drth）2Hcanbetheindicatorofbiomass．Fig．4（a）  
and（b）showstherelationshipsbetween（girth）2HandH3atthethreesitesin1980and198l  
Onalog－logplot・Nosignificantdlfferenceswcreobservedbetweenthethreesites・lnbothyears  
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Table2 Attributes concemmg plant si乙e OfPlnuS［htiYlbeTgZZin three  
Sites（A，B arLd C）in Kashimaindustrialarea  

MeasurementsweremadeonMaJCh24，1980andMaICh25，19飢．  

Attributes  Sites  YeaL  Mean  S．D．  hZlnimum Maximum 

1980  
1981  

1980  
1981  

19∂0  

1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

1980  
1981  

248．2  
313．5  

220．0  
258．9  

1タ3．タ  

234．8  

25．4  
28．6  

17．5  
19．5  

19．5  
25．0  

43．8  
58．7  

28．4  
34．4  

34．5  
49．7  

58．0  
5（；．9  

34．6  
25．9  

47．5  
34．4  

56，3  
72．6  

26．7  
ヰ3．4  

34．0  
47．6  

Tree height 
（cm）  

＆5．0  

84．5  

174．6  
184．2  

‘5．ク  

67．4   

9．2   
9．2  

1二lb  

14．7   

7．4   
8．5  

1（i．9  

19．4  

15，0  
16．8  

14．5  
15．9  

18．6  
15．0  

1（5．8  

16，5  

15．4  
11．0  

15．6  
：j．1  

17．4  
19．5  

11．6  
16．5  

113．0  
1（〉3．0   

39．0  
68．0  

80．0  
102．0  

12．0  
17．0   

4．8   
5．0   

5．0   
9．5  

10．0  
21．0   

6．0  
14．5   

8．0  
24．0  

19．0  
33．0  

15．0   
5．5  

22．0  
1（；．0  

31．0  
28．0   

5．0  
13．0  

16．0  
20．0  

41（〉．0  

480．0  

670．0  
680．0  

357．0  
384．0  

4（；．0   

51．0   

43．0   
44．0   

37．0  
45．0   

73．0  
107．0   

70．0   
81．0   

74．0   
79．0  

105．0   
97．0   

79．0   
70，0   

78．0  
65．0   

97．0  
150．0   

74．0  
94．0   

70．0  
90．0  

ド  

C   

GiIth（cm）  A  

B  

C  

Leng仙of  
internode  
inl≦I78（cm）  

Length of 
intelnOde  
in1979（cm）  

LeIlgthor  
internade 

in1980（cm）   B  

C  

Lengtho一  
山ternode  
in1981（Cm）  

A  1981  4（〉．7  17．1  12．0  76．O  

B  1981  29．7  15．0  7．0  70．O  

C  lタき1  3タ．3  15．8  1g．0  ぎ8．0  

therewereveryhlghcorrelations（r＝0963in1980andO．951in1981）andtheregressionlines  
Were二   

log（G2H）＝0．944logH3＋2．323，and  
（17）   

log（G2H）＝0・880logH3＋2・717，reSPeCtively，  
（18）  

where G meansgirthin cm．The above mentionedhighcorrelations demonstrate that tree  
heightisagoodindicatorforplantbiomass・However，RGRofthebiomassisexpectedtobe  
largerthanthatofthetreeheight，becausetheregressioncoefficientswerelessthanl．0．The  
coef鮎ientslessthanl・OresultfromtheadvancedhypertrophlCgrOWthofthetrunkoverthe  
heightgrowthofthetrees・   
Positiveauometricrelationshipswereobtainedbetweenthelengthoftheinternodesand  
thetreeheight．Theregressioncoe爪cientsbetweenthemfluctuatedfromO．131tol．160．  
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Fig．2 Allometric relationshlPSbetweengirth（cm）andtreeheight（cm）  
ofPmu∫Ehunberg7igrownatthreesites：A（a），B（b），andC（c）  
MeasurementsweremadeonMaJCh24，1980．   

（b）RGRoftreeheightinrelationtosize   
Fig・5（a）（c）sho☆stherelationshipsbetweenRGRofthetreeheightandthetreeheight  
in1980・Atallsitesnegativecorrelationswereobtalned，SuggeStingsigmoidalgrowthofthetree  
height・TheX・interceptwhereRGRiszeroindicatestheestimatedmaximaltreeheight．Since  
height growthis a s11mmation ofgrowth ofeachinternode，itis expected that RGR of  
internodesshowsanegativecorrelationtothelengthsoftheinternodes．Fig．6（aト（c）showthe  
relationshlpSbetweenlengthsofinternodesdevelopedin1979u1981andtheirRGRsforthe  
period from March24，1980to March25，1981atthreesites．Except fortheinternodes  
developedin1979atsiteB，therewereclearnegativecorrelations・   

苗rri曙げ如な加伊OWJ力Jo血Go叩erJzcu〝e   
Estimationsofparametersofgrowthcurvesintreeheightweremadefromtherelationships  
betweenRGRamdplantsize．   
Treeheightsin1981wereplottedagainstthetreeheightin19800nalog－logplot（Fig．7）  
andalinearrelationshipwasobtained；  
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FiB・5 Relationshipsbetweentreeheight（cm）anditsRGR（cm／cm／year）  
of17nusthuTZbergligrownintheindustrialareainandaroundKashlma  

（a），SiteA；（b），SiteB；（C），SiteC．  

Y＝0・772X＋0・651  
（19）  

WhereXaれdYare仏eれOm一山】ogarjtlm50f血etreeムeight血】980andユ9別，re5匹Ctjvely．ne  
maximaltreeheightisestimatedastheX・COOrdlnateOfintersectionbetweentheregressionline  
andthelineY＝X・Thevaluewas2・8560nalog－SCaleor102■856＝718cm．Whenalinear  
relationshipis obtained on alog・logpIotasin Fig・7，thegrowthcanbedescribedasthe  
Gompertzequation（Kauhlann1981andseeMethods）・SincetheY－interseptwhereX＝Oin  
Fig・7wasO・651inthecommonlogarithms，itistransformedtothenaturallogaIithlSand  
puttin8thevaluetoEq（9）；  

1．50＝1n【K【1－eXp（－b）1】  

PuttingK＝718cmintotheaboveequationandsoIvingforb：  

b＝0．26．  

tlereletthetreeheiかtatt：3yearsbetakenaslOOcm，Eq（7）becomes：  

（20）  

（21）   

147  



NaokiKachiandTsumuguTotsuka   

（a）  
二
㌧
：
－
∈
U
喜
）
 
 

（
7
＝
ミ
 
∈
〕
∈
ご
 
三
…
－
ご
U
■
 
；
害
こ
 
 
 

．
■
 
 
 
 
 
 
1
 
 
 
 
 
 
0
 
 

▲
一
 
 

▲
▲
▲
 
 

▲●
  ▲▲ ■■  壬■ゝ■■ ●   

▲    ‘▲r．▲几J   

．．▲ヽさ ．ミ       ▲ ■ ■  ▲ ●●●▲  ′．● ．‘．1ヽ∫  

・  

▲▲ ■  ▲      ▲′ ■             ▲   ■  

m
 
O
 
 

■ ■l ● ●●  

■l● ●  
． 一  

5
 
 O

 
t
－
 
 

川   20   朋】  80  

L●岬h。＝nt＝。d8t川）（l。gltalモ）  

to   20  10   8q  160   

L■nglho†inle・∩・de（川）（l叩細山）  

（
T
＝
三
 
∈
）
∈
こ
 
 

l0    2D   10   80   t68   

L＝lth01h血＝∩い○（川）（l呵S亡】lり  

Fig．6 RelationshlpSbetweenlengthofinternodes（cm）andtheirRGRs  
ofPrnusthunbergttgrowninSiteA（●），SiteB（▲），andSiteC（＿）  
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1nHt＝3＝1nK－aeXp（3b）  （22）  

Putting Ht＝3，K＝718，b＝0・26intotheaboveequationarld’a，becomes4．28．nLuSthe  
equationsfortheheightgrowthatsiteAwasobtainedbyputtingtheestimatesofK，‘a，arld‘b，  
toEq（6）‥  

H＝718exp－4．28eXp（‾0・紬）  
（23）  

Growthequationsoftreeheightattheothertwositeswereestimatedinthesamemanner：  

H＝1005exp－3．46eXp（‾013t）f orsiteB，and  （24）  

H＝580exp－3・22eXP（－0・20t）forsiteC  
（25）  

Fig・8showstheestimatedgrowthcurvesforeachsite・AtfirstthegrowthisfasteratsiteA，  
butinadvancedyearsthegrowthisrelativelylargeratsiteB・   

（
∈
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Fig．8 Estimatedgrowthcurvesfitted totheGompertzequationforthe  
treeheightofPznu3thunbeTgtiatthreesites   
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Fig・9 ChaヮgesinannualmeanconcentrationsofSO2（●）andNO2（▲）at  
five monitorlng Stationsin theindustrialareain Kashima．Vertiつal1ines  

ir）dicate2xstandarddeviation．  
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Di5CuSSion  

Plantmaterialshavebeenusedforevaluatingtheatmosphericenvironmentscontaminated  
withphytotoxic airpollutants（Noble＆Wrigl1tl1958；Mandele［al．，1973；LeBlanc＆Rao，  
1975；Manning＆Feder，1980；Matsushima，1980；Steubing＆Jager，1982）・However，direct  
COmparisons ofgrowthofwoodyplantsatdifferentsitesareusual1ydi用cult，becausethe  
growthcontinuesformanyyears・Furthermore，thegrowthisinnuencedbytheplantsizeand  
alsobytheenvironmentalconditions．1nthepresentreport，Wetriedtocomparethepatternsof  
heightgrowthofpinetrees，uSingatechniqueofcurve・nttingtotheplantgrowth．Theobtained  
growth curve describes the average growthofindividualsofdifferent sizes underthe same  
COnditions．ThisaveraglngprOCeSSbythecurve－nttingisusefulforcomparingthesamespecies  
growingatdlfferentiites．  
Ause凡11characterlSticor仇eCompertzequationistbt仙emeasureort鮎5izedoe5nOt  
Changethetypeofcurvetofitthedataaslongasthemeasureshaveanallometricrelationto  
the ori如almeasure・Since the tree height could be expressed by theGompertzcurve，a  
measureofbiomass［（＠rth）2（height）or（height）3］wi11alsobefittedbytheGompertzcurve  
Withdifferentparameters．  

Care should be takenin estimating theinitialsize andthemaximalsize ofplantsby  
extraporatingthefittedgrowthcurve，becausesuchanextraporationofdatatoeithersmallor  
largevaluesmay predicterroneousvalues（Yamaguchl，1975）・Sincewecouldobtainneither  
value，COrnParlSOnS WerCmadeforthegrowthpatternsduringtheperiodswhenthecollected  
datacouldbeplotted．InFig．8，SOlidlinesindicatethoseperiods．Duringthoseperiodsgrowth  
rateoftreeheightatsiteAexceeded山atatslteBorC，WhilenosigllnCantdifferenceswere  
observedbetweensitesBandC．   
Yokobori（1975）presentedanisoplethofairpollutioninKashlmaindustrialarea．Wind  
COnditionsexerta stronginnuence on the di爪1SionofaJrPOllutantS，because effectsofair  
pollutiononplantsaregreaterontheleawardofasourceofpollutants（Westman，1974）．Since  
PreVailingwlnddirectioninthlSr碩OnShowslittlechangesfromyeartoyear，aCCOrdingtothe  
isoplethofairpollution，degreesofairpollutionwouldbeintheorderofsiteA＞site11＞site  

C・Onthe other hand，thegrowthcurvesoftreeheightshowedthatgrowthrateof  
thunbe7画WOuldbeintheorderofsiteA＞siteB≒siteCforatleastthenrstlOyears（Fig．  
8）．Thisresultsuggeststhatairpollutionwasnotaprimaryfactorwhichdeterminedtheheight  
growthofPmusthunbergii・Fig・9showsyearlyfluctuationsinaveragevaluesofannualmean  
COnCentrationsofNO2andSO2atthemonltOringstationsatKashlma・ChoandKamisu－Cho  
from1973to1980・TheconcentrationofSO2Showsatendencytodeclinefrorn18nl／1in  
1973to5nl／1in1980，WhereastheconcentrationofNO2Showedaremarkableincreasefrorn  
12nl／1in1975to33nl／1in1978fo1lowedbyadecreaseto22nl／1in1980．Thusaverage  
COnCentrationsofairpo11utantswhlChwouldaffectthegrowthofPmusthunber？iseemedto  
havedecreasedinrecentyears・YokoboriandOhta（1983）concludedthattheairpollution  
affectedthecharacteristicsoftreeringsofPtnusdens伸7Uin1975and1976，butthereafter  
the deteriorating effectshave・decreasedto thenon－detectable extent．Yokob。riand Saruta  
（1974）suggestedthatPinusthunberg7iismoreresistanttoairpo11utantsthanPinusdens抑フra．   
Theest血ated growthcurvess11ggeStedthatthegrowthduringtheperiodwhenthedata  
Were COllected waslarger at site A than atsites Bor C．Differencesinlight andnutrient  
CO】1加0∫】S8mOれg5ite且mightco】1trjbutejJ】pa∫t暮Ot加5edj蝕re”Ce5j∫1g∫OWthrafe5amO丁場tlle  

three sites．Youngtreesat site Awereunderfullsunlightcondltions，Whereassome ofthe  
youngtreesatsite・Bwereshadedbylargeones・Theso止nutrientcondltionsatsiteCmightbe  

poorerthanthoseatsiteA，beca11Sethesoilswerecomposedorsandsoncoastaldunes，Which  
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areknowntobeveryillre血e（ItoeJαエ，1972）．  
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生長曲線の当てはめによる鹿島臨海工業地域における  

クロマツの樹高生長の解析  

可知直毅1・戸塚 績－   

茨城県鹿島臨海工業地域及びその周辺の大気汚染状況の異なる3地点に生育するクロマツにつ  

いて1980年3月から1981年3月までの1年間の樹高生長を調査した。樹高と樹高の相対生長率の  

関係から各地点のクロマツの樹高生長をGompertz曲線に当てはめて推定した。得られた生長曲  

線は地点間で異なっていたが，大気汚染による樹高生長への影響は確認されず，樹高生長め差は  

主に土壌の栄養条件の違いと．光条件の違いによっていたと推察された。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
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Res，Rep，Natl・lnst・E爪Viron．slud．，Jpn．，No．65，1984，  

Effects of Air Pollutant Mixtures on Photosynthetic Electron  

Transportsystems＊  

KiyoshlSugaharal，KlyOShlOgura2，MichiaklTaklmOtO2  

and Noriaki Kondol 

1Environmental13iology DiYision，the NationalInstitute for EnvironmentalStudies，   
Yatabe－maChi，Tsukuba，Ibaraki305，Japan，  
2 visitingFellowoftheNationallnstituteforEnvITOnmentalStudies・PresentAddress：   
FacultyofScience，TohoUniversity，FuJlabashi，Chiba274，Japan．  

AfterexposureofO・5ppmsulfurdioxide（SOl），4・Oppmnitrogendioxide（NO2）  
andO・1ppmozone（0，）singlyorincombinationfor5－30htospinachplants，effects  
Of the air pollutant mixtures on photosynthetic electron transport systems were  
aJlalyzed about photosystemlandllby uslngChloroplastsisolatedfromtheexposed  
SplnaChleaYeS．   
1）OntheexpostlreOfthemixtureofSO。andO。，theinhlbitio】10fphotosystem  

11reactionwasnotenhancedsignincantlythanthatwithSO2alone．lnthecaseofmore  
than30％inhibition，itwassuggestedthatO，mightprotectphotosystemlIfromSOユ．  
PhotosystemIwasnotin）uredbythemixture．  
2）On the exposure of the mixture or NOland O”both reactions of  

photosystemIandIT wereinhibited significantly．Especial1y，the inhibition of  
photosystemllreaction was synerglStic，Whereas thatwithO，OrNO。Singlywasnot  
observed．  

3）OntheexposureofthemixtureofSO，aJldNO。，photosystemIreactionwas  
eJlhanced atlO h fumigation，butinhibited at30h fumigation．Theinhlbition of  
photosystemIlreactionincreasedgraduallywith the time offumlgationandreached  
50％arter30h．  
4）On theexposureofthemixtureofSO”NO，andO，，theTeWaSatendency  

thattheenhancementorphotosystemIreaction，ObserYedbynlmigationwithSO2and  
NOlforlO h，WaS SuppreSSed by O，participation・Theinhlbition pattern of  
photosystemIlreactionalmostresembled tothatcausedby themixtureofSOland  
NO】．  

5）Allofthe mixtures containing NO2CauSedinjury ofphotosystemlandII  
after30hfurnigation，eSpeCiauy，thephotosystemIIreactionwasinhibitedseYerely．  
Fromtheseresults，pOSSiblemechanismswerediscussedabouttheeffectsoftheaiI  

polllltantmixturesonplants．  
Keywords：AiTpOllutantmixture，Electrontransport，Chloroplasts，Photosystems  

■＾partofthisstudyhasbeenpublishedin”GaseousAiLPollutants8ndPlantMetaboLism＝editedbyM・J・  
KoziolandF・R・Whatley，Oxford，1984．  
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Recently，effects ofanair pollutant on electron transport sYStem have been studied  
（Shimazakl＆Sugahara，1979，1980）・TheresultsdemonstratedSO2inl11bitedphotosystemII  
reaction specifical1ywithoutinhibitionofphotosystemIreactionattheearlystageofthe  
fumigation・It maybe possible to usethespecificinl11bitionofSO2aSanindlCatOrin the  
analysisoftheeffectsofpollutantmixturecontainln各SO20nelectrontransportsystem・   
lnthemeanwhile，thereareonlyafewreportsabouttheeffectsofairpollutantmixtures  

OnphysiologICal乱■nCtioninplants・Mo∫tOr血nlareCOnC針山edwjththevjsible仙ari刀jury．  
Thepollutantmixtureshowedeitheraddltive，Synergesticorantagonisticeffectofthesingle  
pollutant・ThedamageofplantsdependsoncombinationofthepollutarltS，COnCentrationof  
eachpollutant，eXPOSuret血e，plantageandplantspecies・Further，thedamagealsodependson  
thethresholdconcentTatjollOfin）uryappearanCebythesinglepollutant．   
Onthesepointsofview，inthepresentstudy，thefollowingconcentrationsofpollutants  
wereselected＝namelySO2，0・5ppm；NO2，4・Oppm；03，0・1ppm・Thefumigationofplants  
withanyoneofthepollutantsattheseconcentrationsshowedeithernoeffectoraslightand  
gradualeffectonelectrontransportwithtime・Theresultsofhlmigationbymixturesofthese  
twoorthreepollutantsaIediscussed．  

MaterialsandMethods  

飽〃r〝1dre〃αJ   

Spinach（SbinaiaoleraceaL・CV・NewAsia）andlettuce（Lactucasa（ivaL・CV・Romaine）  
plantsweregrownlnPOtS（115mmdiameter）containingvermiculite，PeatrnOSS，Perliteand  
finegravel（2：2＝l：1，byvolume）at20Ocd／150cnighttemperatureswitharelativehumidity  
of70％inaglasshouseundersunlight・Asnutrients，4gMagampK（NPK＝6：40：6，W・R・Grace  
Co．，USA）and8grnagnesiaoflimcwereappliedindryformtoeachlitreofsoilmixtureand  
200mlorasolutionorlgl‾】Hyponex（NPK＝丘5：6：19）wassuppljedtoeacllpOteVery伽e  
daysthereafter・Plantswereusedforexperimentationwhenfourtosixweeksold・   

凡椚卸JfoれC（フ〃dfrわ〃J   

Plantswerefumigatedwithairpollutantsinagrowthcabinet（230x190×170cm）at  

20Cc witha relative humidity of75％；Wind velocityin each cabinetwasO．22m s‾1  
111umination wqs providedwithheat－LilteTed stanTlOuShalide vapourJaLnPS（Tosh］ba Yoko  
Lamp，400W，ToshibaCo．Ltd，Tokyo，Japan）glvingalightintensityof25000p350001Ⅹat  
theleaflevel・PlantSWerePreCOndltionedfor2hunderilluminationindlegrOWthcabinetfor  
cleanaircontroIs，afterwhichhalfoftheplantsweretransferredquicklyintoanothergrowth  
cabjnetreceivingtheappropriateconcentrationofpollutantgasorgasmixture・Thelengthsof  
血efumigationperiodswerevariedandaregivenwith仏eexperimentalresuZts．Chlorophsts  
wereisolatedfromplantsfromeachgrowthcabinetasdescribedbelow・   

ハJ・ご・∵∵い」・；∴－－・、－・∴∴、   
Afterpollutantfumigation，1eaveswerehomogemiedatODcin0・05MTricine－NaOHbuffer  
（pH7．5）containingO・02MNaClandOL4Msucrose・Afterthehomogenatehadbeenfutered  
throughfourlayers ofgauze，the且1trate was centrifuged at200x g for5minandthe  
chloroplastswereisolatedfromthesupernatantbycentrifugationat1500xgfor7min・   

〟eα∫〟reme〃Jqrp加ro叩〃J力e〟cピノec批〉〃加〃岬OrJ   

The rates of dichloroindophenol（DCIP）and NADP photoreduction were determined  
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accordlngtOthemethodofShimazaklandSugaraha（1979）．ThereactionmixtureforDCJP  
Photoreductioncontainedin4mlnnalvolume，12・5mMTricine－NaOHbuffer（pH7．5），100  
mM sucrose，5mMNaCl，50pMDCIPandchloroplastscontaining2011gChlorophyll・The  
reactionmixture（4ITd）forNADPreductioncontained12，5mMTricine・NaOHbuffer（pH7．5），  
100mMsucrose，5mMNaCl，5FLMNADP，aSaturatingamountofspinachferredoxinand  
Chloroplastscontaiming40FLgChlorophy11・TheDCIPH2－NADPsystemcontalnedinaddition  
50JIMDCMU，501jMDCTP，2・5mMsodiumascorbateaJld25mMNH．Cl（thelasttoactasan  
uncoupler）．   

TherateofO2eXChangewasdeterminedwithaClark－typeOXygenelectrodeaccordlngtO  
themethodofShimazakiandSugahara（1980）．  

Results   

聯cJ∫qr∫02   

EffectsofSO20ntheelectrontransportsystemhavebeenreportedelsewhere（Shimazakl  
＆Sug血ara，1979，1980）．   
Theinl1ibitoryactionofSO20ntheactivitiesofphotosystemsJandllinchloroplastsare  
ShowninTablel．ElectronnowfromH20toDCIPwasinhibited，  

TablelEffectofSO20nelectrontransportactivitiesa  

SOlfumigation（h）  

0  2  4  

（〃mOlacceptoIIeducedmg‾1chlorophyllh‾1）  

HlO－NADP  

DCIPHlNADP   
（十DCMU）  

H20－DCJp  

SO2fumigationwasperfoTmedat2・Oppm；Otherconditionsasdescribedinthetext，  
aAfterShimazakiandSugaha∫a1979．   

Whllethatfrom．reducedDCIPtoNADP（DCIPH2－NADP）wasnotaffectedwhenelectron  
transportwasuncoupledby2mMNH4Cl・SO2inl11bitedtheoverallelectronflowfromH20to  
NADPtothesamedegreeasthe electronnowfromH20toDCIP．Fromtheseresults，We  
COnCludedthat SO2inl1ibitedtheelectronflowdrivenbyphotosystemIlbutnotthatby  
photosysteml．   

Furtheranalysesbyuslngelectronacceptorsandinl11bitorsofelectrontransportorby  
fluorescenceinductionpattemofchloroplastssuggestedthatthesiteofSO2i血ibitionwasthe  
Prin1aryelectron donororreactioncenteritselfinphotosystemll（Shimazakl＆Sugahara，  
1980）．   

ExperimentsusinglowconcentrationsofSO2and／drNO2WereCOnductedwithpbremial  
ryegra戸S（Lo］iumperenne）byWellburne（al．（1981）・Exposuretoo．25ppmSO2forlldays  
didn6thaveanyeffectoneitherofthereactionsofphotosystemlandII．Wefoundthatin  
SpinachexposedtoO・5ppmSO2for20－30hphotosystemIIwasinhibitedbutphotosystemI  
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0  1  2  3   4  0   1  2  3   4  

Fumigationlime（h）   

Fig．1Effects of O3 0n DCIP and DCIPI12－NADP photoreduction．  

Experimentalconditionsaredescribedinthetext  

WaSnOt（Fig．2andFig．4）．   

聯cJ∫〆ozo〝e  
Fig．1shows theeffectofO30nthephotoreductionofDCIPbyH20andofNADPby  
DCIPH2；0．1pprn O3djdl10tSupPreSStheelec（ror［tranSpOrtine掴1erP血otosystem．0Ilthe  
Otherhand，0．5ppmO3inl1ibitedthephotoreactionsinbothphotosystemsafter4hexposure．  
UnliketheeffectsofSO2，03didnotpreferentiallyinhlbitphotosystemII，butaffectedboth  
photosystem reactions atthe same time．CoulsonandHeath（1974）also reportedthat O3  
bubbledintoasuspensionofisolatedspinachchloroplastsinhlbitedelectrontransportinboth  
photosystems．Murabayashlet aL（1981）and Suzukl，M11rabayashland Matsuno（1982）  
investigatedtheeffectofO30nelectrontransportinspinachchloroplastsmoreclosely．They  
performed experiments uslng both chloroplastsisolated from O3血mlgatedleaves and  
SuSPenSionsofnormalisolatedchloroplaststhroughwhlChO3hadbeenbubbledandfoundthat  
electrontransportinbothphotosystemswasinl11bitedbyO3・   
The maintenance of the normal permeability characteristics and integrity of the 
membranesofthechloroplastlamellaeisnecessaryfortheproductionoftheprotongradient  
thatisthedrivingforceforATPformatlOnandO3mayperhapsaffectthese，   

聯cJJ〆〃f加gg〃dわズfde   

In general，NO2 fumigation does not affect plants severely，eVen at relatively high  
concentrations・AsshowninFig．2indFig．4，4ppmNO2Causedlittleinhlbitionofelectron  
transportineitherphotosystemIorIJafter10hfumigation，andonlyaslightinhlbitionwas  
foundafteT20hfumlgation．   
Wellburnetal・（1981）reportedthatlong－termfumigationatalowconcentrationofNO2  
（O．25ppmforlldays）hadnoeffectonelectrontransportineitherphotosystem，butdld  
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enhancetheproductionofATP．   

翔触m再刷加湘加加据   
In a series of experiments uslng POllutantmixtures，the fo1lowing concentrations of  
pollutantsweTe SelectedonthebasisoftheTeSultsobtainedby expos11feOrplantstotlleSe  
POllutantssingly：namelySO2，0．5pprn；NO24．Oppm；03，0・1ppm．Thefumigationofplants  
witIlanyOneOfthepollutantsattheseconcentrationsshowedeithernoeffectoraslightand  
gradualeffectonelectrontransportwithtime．Theresultsoffumigationbymixturesatthese  
COnCentrationsaresummarizedinFig，2－7．  

Fig・2 EffectsofexposurewithSO2，NO20rO3aloneonDCIPphoto－  
reduction（PSlt）・駄erlmentalconditioTISaT¢descrlbedinthetext   

蝕Jp加r（如ズJdeα〃dozo〃e   

DCIPphotoreductionwasnotinl1ibitedbyO．1ppmO3alonebutwasinldbitedslightlyby  
O．5ppmSO2aloneafterlOhoffumigation（Fig．2）．TheinhlbitionofphotoreductionofDCIP  
by H20inresponse to SO2aIld O3giventogetherwasnotsignificantlydiffcrentfromthat  
observedwithSO2alone（Fig．3）．PhotoreductionofNADPbyDCIPH2WaSnOtaffectedby  
O．5ppmSO2eVenafter30hfumigation（Fig．4）．FumigationwithO．1pprnO30ramixtureof  
O3andSO2alsohadrLOeffectonphotosystemI（Fig，5）．Totalphotosystemactivity（NADP  
PhotoreductionbyH20）wasenl1anCedbyO．1ppmO3forthefirstlOhoffumigation（Fig．6）・  
ThegradualdecreaseintherateofphotoreductionofNADPbyH20causedbyexposuretoO．5  
ppmSO2WaSnOtSigniticantlyincleaSedby血eadditionalpresenceorO3（Fig・7）．   

∧ヴ〝oge〃df（ⅨJde〟〃dozo〝e   

ThephotoreductionofDCIPwasnotinl11bitedbytumigationeitherwith4ppmNO20r  
O・lppmO3Singly（Fig．2），butincombinationaninl1ibitionwasoqserved（Fig・3）．Theactivity  
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Fig．3 EffectsofexposurewithSO2，NO2andO3incombinationon  
DCⅣpllOtOTeduction（pSll）  
Experlmentalconditions犯edescIibedinthetext  
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Fig．4 EffectsofexposurewithSO2，NO2OrO3aloneonDCIPH2－  
NADP system（PSI）  
NH4Cl（25mM）WaSaddedasarLunCOupler；Otherconditionsasde皇crlbcdinthetext  
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Ofphotosystem f decreasedonly sJightJyaftera30hexposure to4ppmNO，（Fig．4）．  
However，theinhibitionofDCIPphotoreductionbyH200btainedbydlemixtureofNO2and  
O3WaSnOtreneCtedinanyinhibitioninphotosystemIactivity（Fig．5）．Thetotalphotosystem  
activitywasinl11bitedgradual1ywiththetimeinresponsetofumigationwith4ppmNO2；thlS  
inhlbitionwasenl1anCedsynergisticallybythecombinationofNO2andO，（Fig．6and7）．   
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Fig・5 EffectsofexposurewithSO2，NO2andO3incombinationon  
DCIPH2－NADP system（PSI）  
NH．Cl（25mM）wasaddedasanuncouplcr；Otherconditionsaledescribedinthe  
t¢Xt  

∫－一小Jm′丸山‘ん、‘〃hJ再／れ－ぎ川Jい＼・吊亡・   
lncombination，0・5ppmSO2and4ppmNO2inhibitedthephotoreductionorDICPby  
H20after20h・On the other hand，this gas mixtureincreasedthe DCIPH2NADP  
Photoreduction duringthe first10h of exposure，after whichthe photoreduction of  
DCIPH2PNADPdecreasedwithtimetoalevelrepresentingaslgnincantinl1ibitionafter30h  
（Fig．3and5）．ExposuretothemixtureofSO2andNO2alsoenl1anCedthetotalphotosystem  
8Ctjvjtyduri喝仏efirst20horexposurea】thouかamjnhbitjonappea∫ed伽d】ya丘er30h  
餌migation（Fig．7）．   

血わわ〟rdわズJde，〃f仇フge〃dfoズJdeα〃dozo〃e   

Theinl1ibitionby amixture ofSO2，NO2and O30fphotoreductionofDCIPbyH20  
fo1lowedasimilarpatterntotheinl1ibitioncausedbyamixtureofSO2andNO2（Fig．3）．  
Ozone did not enl1anCe theinhibitions caused by SO20rNO2，Singlyorincombination．  
However，inthephotoreductionofNADPbyDCIPH2itappearsthattheenhancementofthe  
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FigL6 EffectsofexposurewithSO2，NO20rO3aloneonNADPphoto－  
reduction（PSH－1Ⅰ）  
Experimentalconditionsaredescnbedinthetext  

Fig．7 EffectsofexposurewithSO2，NO2andO3incombinationof  
NADP photoreductlOn（PSH－1I）  
Expedmentalconditionsaredescribedinthetext  
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activityobservedbythefumigationwithSO2andNO2incombinationforlOhwassuppressed  
byO3treatment・Whentheoverallphotosystemwasmeasured（NADPreductionbyH20）the  
enhancementobservedduring20hfumlgationwithamixtureofSO2andNO2Stillremained・  

Discl岨Sion  

Theinl1ibitionofphotosynthetic processesbyairpollutantshasbeenreportedbymany  
workers．Their results have shownthat following exposure tolowconcentrations ofthese  
pollutantsforlongperiods，nOinl1ibitionofphotosyntheticelectrontransportoccurredbut  
therewasasuppressionofgrowth．Thismayindicatethatmembrane・aSSOCiatedlightreactions  
were more resistant to the pollutantS than dark reactions concemed withCO2 nXation．  
Further，theinl1ibitionofthellghtreactionwasmostlyirreversibleandittookalongtimeto  
restoreitsactivity．Inthepresentstudy，Wethereforeusedrelativelyhighconcentrationsofair  
POllutantsinordertogetclearinl1ibitoryeffectsontheactivityofthelightreaction・   
SO2preferentiallyinl1ibitedphotosystemIl．1twasshownthattheslteOfinl11bitionwasat  
the primary electrorldonor site or at the reaction centreitself・However，03and NO2  
inactivatedelectrontransportinbothphotosystemsIandII．Thismaysuggestthatinactivation  
of the reaction by O3 0r NO2WaS prObablythe resultofdenat11ration or destruCtion of  
constituentseontainedinthemembranestruCtureOfbothphotosystems．   
Theeffectsofmixedpollutantsonthelightreactionswereverycomplex．Onfumigation  
withSO2 and O3in combinatlOn，theinl1ibition of photosystemlI，and of the total  
photosystern，dldnotincreasebeyondtheleveloflOhinl11bitionevenafter30hfumigation．  
TheresultmayindicatethatfromlOto30hinJurybySO2WaSpreVentedbythepresenceof  
O3．Aspeculativemechanismofth1S‘protection’couldbethatSO言‾ionisaccumulatedinthe  
CytOPlasmatarelativelyhlghconcentrationfollowlngSO2fumigationandthatO3introduced  
intocytoplasmmayreactwithSO…‾directlytoproducetheSO三‾ion，WhlChislesstoxicthan  
SO…∴   

OnexposuretoacombinationofO3andNO2，bothphotosystemlandIIreactionswere  
in昆bited significantly，althoughthey were bothslightlyinl11bited by30hexposuretoNO2  
alone．ItispossiblethatwhenO3ispresentwlthNO2thenitritereductasesystemisinldbited  
andnitriteisaccumulatedtoatoxicconcentration．Itisalsopossiblethatthecombinedeffect  
of NO2 and O3 reSultsin the formation of free radicals，WhlCh damage the chloroplast  
membrane．  

OnexposuretoamixtureofSO2andNOユ，photosystemlreactionwasenllanCedat10h  
buthad becomeinl11bited at30h．Thetemporaryenl1anCementWaSalsoobservedwhenthe  
totalphotosystem（pSI十PS11）wasmeasured．Suchanenl1anCementhasneverbeenobservedin  
theeffectofanalrPOllutantonphotosyntheticprocessesinintactsystems．Theenhancement  
CannOt be explained at present，We can0nlysuggestthat anewbiochemicalproductwas  
produced by the combined effect of sulphite and nitrite and believe that the transient 
phenomenonobtainedbythefumigationwithrelativelyhlghconcentrationsofSO2andNO2  
may occur even atlow concentrationsifthe new productwere accurnulatedin sufficient  
狛Ount．   

OnexposuretoamixtureofSO2，NO2andO3anenl1anCementOfphotosystemIreaction  
WaS Observedaswe11asatotalphotosystemreaction（PSI＋PSlI）．Theinl1ibitionpatternof  
photosystemlheactionresembledthatcausedbythemixtureofSO2andNOl・Nosyne噌Stic  
inlubitionwasobserved．   
AllofthefumigationsthatincludedNO2CauSedinJuryinbothphotosystemslandlIafter  
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30h・Thisimpliesthatfumlgationwith4ppmNO2WaSmOredamagingtoplantsthanexposure  
totheotherpollutantsinourexperiments，anditissuggestedthat4ppmNO2eXpOSureCOuld  
havegonebeyondthethresholdoftolerance・IfO3hadbeenglVenatO，2ppm（doublethatin  
thepresentstudy）theeffectofO30nPhotosyntheticreactionmighthavebeenmoreclearly  
observed．   

TheeffectsofthemiⅩedpollutantsonplantmetabolismareverycomplex，Itisnecessary  
toperformthefumigationwithseveralpollutantSSinglyorincombination，tOgetmOreClear  
infomlationonthemechanismoftheireffects．  
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混合大気汚染物質の光合成電子伝達系に及ぼす影響  

菅原 淳1・小倉 清2・滝本道明2・近藤矩朗1   

大気汚染物質の二酸化硫黄（SO2），0．5ppm，二酸化窒素（NOz），4・Oppm及びオゾン（03），  

0．1ppmを．二極及び三種に混合して暴露したホウレンソウ薫から，葉緑体を単離して，光合成  

電子伝達反応への影響を光化学系1と系Ⅲの反応に分けて調べた。  

1）SO2十03の複合影響では，SO2単一ガスで見られた系［の阻害が，0。が加わることによ－っ  

て大きな増加を示すことはなかった。むしろ，SO2による阻害が30％を越えるような30時間暴露  

の場合，阻害を弱めるような保護効果を示した。光化学系1の反応は，03が存在しても全く阻  

害を受けなかった。   

2）NO2＋0。の複合影響では，単一ガスでは全く阻害を与えない03が，NOzと混在すること  

により明らかな活性阻害を引き起こした。この阻害は光化学系1及びⅢの両方に及んでおり，光  

化学系のuの阻害は相乗的であった。   

3）Ⅳ02＋SO2の複合影響では，光化学系のⅠの反応が暴露10時間前後に促進され，暴露が30  

時間を経ると阻害されることが示された。光化学系nの反応は暴露の時間の経過とともに阻害度  

を増し，30時間後には50％に達した。   

4）NO2＋SO2＋0。の複合影響では，NO2＋SO2の影響として表れた暴露10時間前後の活性促  

進を，03が抑制する傾向が見られた。光化学系uの反応の阻害はNOz＋SO2の場合に近似してい  

た。暴露30時間について見ると，NOzの存在するすべての場合において光化学系Ⅰが阻害された。   

以上の結果について，現在までに報告された知見による，これらの機作の解明の可能性を検討  

し，今後の問題点について考察した。  

1国立公害研究所 生物環境部 〒305 三茨城県筑波郡谷田部町小野川16番2  
2 国立公害研究所 客員研究員（東邦大学 理学部 〒Z74 千葉県船橋市三山町542）  
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Sl11fiteInhibitionofPhotosystemIIinIlluminatedSpinachLeaves＊   

Ken－ichiro Shimazakil，Kimiko Nakamachi2，NoriakiKondol  

and KlyOShiSugaharal  

1月刀血onmenね川jo】ogyDiγj5ion，tムeN8fjonal∫乃g一山【ぞわrE刀血onmen【alS－udjeざ，   
Yatabe・maChi，Tsukuba，lbaraki305，Japan．  
2 Research Couaborator oftheNationalInstitlIteforEnvirorLmentalStudies．DepaIt－   
ment ofEnvironmentalChemistTy，FacultyofScience，TohoUniYerSlty，F11nabashi，   
Chiba274，Japan，  

PSIIactivity（dichlorophenolindopherLOlphotoreduction）inc1110rOplastsisolatcd  
from sulfite－treated spinachleavesinlight wasinhibited but notindarkness．Sulfite  
treatment decreased the variable part of fluorescenceinduction and the nuorescence  
intensitiesofemissionsat685and694nmat77K，butithadnoeffectwhensulfitewas  
adminユStered togetherwithDCMU．TheseresultsindicatethatsulfiteinactivatesthePS  
llreactioncenterwhenelectrontransporttakesplace．  
f（eyword5：Chloroplasts，ElectrontranspQrt，PSll，Sulfite，Sulfurdioxide   

Sulfurdioxideisawide・SPreadairpo11utantandhasbeenknowntoaffectphotosynthesis  
（Hil1＆Thomas，1933；Black，1982）．Inapreviousreport，WeShowedthat SO，．fumigation  
inactivatedPSII，butnotPSl（Shmazakl＆Sugahara，1979）．Noinl1ibitoryeffectofSO2WaS  
found，however，Whenfumigationwasdoneinthedark，PrObablybecausetheentranceofSO2  
intoleaftissuewaspreventedbystomatalclosureand／orbytherequirementofllghtforthlS  
inlubition．Wethusinvestigatedthereasonsforthisphenomenon．   

WhenSO2enterSleaftissuethroughthestomataitproducesH’，HSO｛andSO32－onits  
dlSSOIvinginthewaterofthecells．Wethereforeassumedthatsulfiteservesasthetoxicantin  

SO2Phytotoxicity，andsoadministeredsodlumSulfitetospinachleavesbyvacuuminfiltration．  
neresultsofourexperimentsshowedthatsulnteinl1ibitcdthePSIIreactioncenteronlyin  
liかt．   

Thespinachplants（即inacLaoleYuCeaL．cv，NewAsia）usedweregrowninaphytotron  
（Shimazaki＆Sugallara，1979）・SodlumSulntein60mMpotassiumbuffer（pH6）containing2  
mMEDTAwasadministeredtospinachleafdlSks（¢＝15mm）undervacuuminfiltrationinthe  

dark・Leafdisks maintainedinfresh sulnte solutionin Petridishes（¢＝200mm）were  
illuminatedwithheat－filteredwhitelightfromstannoushalidevaporlamps（ToshibaYoko  
lamps，400W）at20Oc．ThellghtintensitywasvariedbycoveringthePetridisheswithlawn  
and was measured with a radiometer（ModelLI・185，u・CORInc．）．Afteri11umination，  
Chloroplastswereisolatedquicklyfromtheleafdisksandwashedtwice，afterwhlChtheywere  

－Thisstt］dyhadbe？nPublishedinPlantCellPhysiol・，25，337r341（1984）andwasreproducedwlthpermis－   
Sionofthepublisher．  
AbbreYiations：DCIP，2．6・dichloropheno）indophenol；DPC，diphenylcarbazide  
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SuSpendedinisoJationmedium・TheisolationmediumCOnSistedof50mMTricineLNaOH（pH 7 
・5），400mMsucrose，20mMNaCland5mMMgC12．Chlconcentrationsweredete，mined  
fromtheabsorption？OemCientsreprotedbyMacklnney（1941）・I）CIPphotoreduction，02  
uptake，andthetranslentehangeinChlnuore岳CenCeWeremeasuredasdescribedpreviously  
（ShlmaZakl＆Sugal1ara，1980）・Lowtemperature（77K）cmissionspectraofChlnuorescencein  
ChloroplastswereobtainedwithaHitachlMPF－4nuorospectrophotometerequippedwitha  
PlasticcuVetteinaDewarnaskcontainlngliquidnitroBen・   

LightwasrequiredforsulfitetoinllibitphotosyntheticelectfOntranSpOrt（Fig．1）．When  

SPinachleavesadministeredsodlumSulntewereilluminated，photoreductionofDCIPintheir  

Chloroplastswasinhibited，but whentheleaveswerekeptin darknessthisactivitywasnot  

affected．Apparently，1idltSaturationtookplaceatabout3，0001x．Sulnteinaconcentration  

range ofO．1to O．5ノmM onlyslightlyinl1ibitedDCIPphotoreductiononlhofdlumination；  

but，WhentheconcentrationofsulnteexceededO．5mM，therewasstronginl1ibition（Fig．2）．  

2
 
 
 
 
0
 
 
 
 
8
 
 
 
 
亡
U
 
 
 
 
4
 
 
 
 
（
ノ
ー
 
 

乍
喜
l
官
選
コ
琶
d
●
U
白
 
石
∈
l
 
 

●－－－－一一一－●  
Dalk  

＼   Lighl  
ヽ  

0  30  
heubat血‖血相帥血  

Fig．1Effect of sulfite treatment on DCIP photoreduction activity of  
splnaChchloroplastsinllghtanddarkness  
SodiumsulflteWaSadministeredtospinachleafdisksat2・5IT）Mthenthediskswere  
illuminatedat20，000lx．DCIPphotoreductionwasassayedwithchloroplastsisolated  
fr。m theseleafdisks．Thereactionmixture（4ml）contained14mMTricine・NaOH  
（pII7．5），110mM suero5e，5・5∫nM NaC】，ユ・5mMMgC】っ，50〟M DCIP8刀d  
chlo10plasts（20JJgChl）．  

Effects ofsulnte－treatment On theまctivities ofPSIand PSIlare shownin TablelA．  
Electronflow from water to DCIP wasinl1ibited by sulnte－treatment，Whereasthat from  
reducedDCIPtomethylvioIogenwasnot．1nl1ibitionofthewhole－Chainelectronflowshowed  
almost thesamevalueasth且t Ofthe electronjlow driven byPSJJ．Thjsmeansthatsumte  
inl1ibitedthereaction drivenby PSII，butnotthereactiondrivenbyPSI．Theaddltionof  
dlPhenylcarbazide，an electron donor for PSII，reStOred some sulfite－inhibited DCIP  
photoreduction（TablelB）・   

The effect of sulfite－treatment Onfluorescenceinductionis shownin Fig．3．Sulnte  
eliminated the variable part（Ito P）ofthユSinduction，evidence that sulfiteinl1ibitedthe  
photoreductionofQ，aprimaryelectronacceptorofPSII，becauseitisacceptedthatagradual  
increaseinfluoresc℃Jleeyield（1【oP）correspondstotheaccumulationofreducedQ（Duysens  
＆Sweers，1963）．OntheadditionofDCMUtocontroIchloroplasts，thenuorescenceintensity  
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Fig・2 Effect ofsulfite concentration on DCIPphotoreductionactivity  
OfsplnaChchloroplasts  

Sodium sulfite was administered at tlleindicated concentrations toleafdisks，then  
the disks wereilluminatedat23，0001xforlh．SpinachDCIPphotoreductionwas  
measured withchloroplastsisolated from theseleafdisks．The reactionmixturewas  
仇esameasthatiJIFig．1．  

Tablel Effectsofsodiumsulfite－treatmentOnelectrontransportactivi－  
tiesinsplnaChchloroplasts  

Na。SO，COnCentratior）（mM）  
ReactionmeasuIed   

0  1  2．5  

127   

116   

255  

130   

135  

Å）Hユ0→DCIp  

DCIPH】→MV  
（十DCMU）  

H,O-MVVV 

B） H。0→DCIP  

H20→DCIP  
（＋DPC）  

Sodium sulfite was sdministered to spinach leaf disks at the concentratians 
indicated．Thedisks thenwereilluminatedrorlhatalidltintensity of20，000lx．  
Electron transport activities were measuredin chloroplastsisolated frol¶theleaf  
disks．A）ThereactiorLmixt11re（4ml）forthedeterminationofDCIPphotoreduction  
contained14mM Tricl】1e－NaOH（pH7．5），110mMsuciose，17mMNaCl，1．3mM  
．MgClっ，50ALM DCIPand chloTOplasts（20pgChl）．The r？te OfO2eXChange was  
determinedwitha Rふnkoxygenelectrode（RankBros．，Bottisham，England）．The  
basalreactionmixture（4mi）contalned 
sucrose，17mMNaCl，1mMNaN”0．1mMmethylviologenandchloroplasts（40pg  
Chl）．Tomeasure’thePSI－dTivenO2uPtake，Weadded50小‖）CIP，0，5mMsodium  
ascorbate andlb pM DCMU to the basalreactioTlmixture．B）Experimehtal  
COnditionswerethesameasshownin（A）．Whereindicated，0．25mMDPCwasadded  
tothebasalreactionlnixture．  
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rose rapidly，but the yield dld notincrease・The addition ofDCMU to sulnte・treated  
chloroplasts，however，reStOredthenuorescenceyieldalthoughtherestoredyieldwasmuch  
lower than that ofthe controIs．Ontheaddition ofsodium dlthionite to chloroplastswith  
DCMU，thefluorescenceyieldincreasedinbothsamples（Fig．3），buttheyieldwasmuchhlgher  
forthecontroIsthanforsulnte－treatedcldoroplasts・Incontrast，Whensulntewasadministered  
tospinachleafdiskstogetherwithDCMU，Sulfitehadnoeffectonnuorescenceinduction（Fig・  
4）．Thissuggeststhat sulnteinactivatesthe reaction centerofPS110nly when electron  
transporttakesplace．  
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Fig．3 Effectofsulfitetreatmentonthetimecourseofthefluorescence  
transientofsplnaChchloroplasts  

SqdiumsulfiteatlmMwasadministeredtospinachleafdisks・Thedisksthenwere  
illuminated forlh at25，0001x，and their chloroplastsisolated．Thefluorescence  
transient was recorded（Technicorder F type 3052，Yokogawa），No addition  
（－－－う；10FLM DCMU（＋）；andlOIJM DCMU anda fewgrainsofsodium  
dithionite（－・－・）．The actinic blue－1ight was7，000ergcmま▲S‾1．The reaction  
rnixture（4ml）contained50mMTricine－NaOH（pIi7，5），400mMsucrose，20mM  
NaCl，5mMMgC12andchloroplasts（10JlgChl）．Chloroplastswerekeptinthedark  
fo15min betbreillumination 
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Fig．4 Effectofsulfitetreatmenton thetimecourseofthemlOreSCenCe  
transientofsplnaChchloroplastsinthepresenceofDCMU  

DCMU8＝）．5汀IMw858d汀血jsh汀edfo5pjnacbleardi5k5tOgefherw油sodjuJ刀Suほhe  
ato（a），1（b）and2．5mM（c）・Thetreateddiskswereilluminatedat25，0001xforl  
h，arterWhich chloroplasts wereisolated・Thefluorescencetransientwasmeasured  
with a digitaltransienfrecorder（ModelTM1410，KawasakiElectronica）inthe  
presence oflOFLM DCMU・ThereactionmixturewasthesameasinFig・3・but  
containedDCMU．Theactinicblue－1ightintensitywas15，000ergcm，2・S▼．  
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Cleareviden？eOfinjurytoPSIIbysulntewasobtainedfromthelow－temPerature（77K）  
nuorescenceemlSSion 

． 

emissionbandsat685and694nmderived丘omPSlI（Murata，1968），tOSimilarextentwhen  
SPeCtraWereadJuStedintermsofthefluorescenceat735J）m．  
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Fig・5 Effect of sulfite treatment on thelow temperature（77K）  
fluorescenceemissionspectraofsplnaChchloroplasts  
Sodium sulfite atlmM was administered to spinachleafdisks which then were  
illuminated at25，0001x forlh．Fluorescence emission sT）eCtra Ofsulfltertreated  
（一－－う andnon・treated（－）spinachchloroplastsatllquidnltrOgentempera・  
ture（77K）weremeasuredinchloroplastsisolatedfrorrltheleafdisks．Thereaction  

m】ぷれ汀e（ユ・5Jnl）cD刀tai刀Ed60％g】ycero】，ユmM Trjcj刀e－N80H（pIi7．5），0．2mM  
NaCl，8mMsucrose，0・1mMMgC12andchloroplasts（4pgChl），Theshouldersfound  

atapproximately750nmintheemissionspectrawereinstrumentalartifacts、  

Next，WeeXaminedtheeffectofsul銭teonelectrontransportinchloroplastsisolatedfrom  
Spinachleaves．Priorillumination（24，000lx）ofchloroplastsinthepresenceof5mMsodium  
Sulnte forlOminatpH6inl1ibitedDCIPphotoreduction bylO to30％butnoeffectwas  
Observedin darkness．Inthe absence of sulfite，however，alOqminillumination caused  
Photoinl1ibitionofabout25％・Therehavebeencontradictoryobservations（Asadae（aL，1965；  
Silviusetal・，1975）ontheeffectofsulfiteonphotosyntheticelectrontransport．Asadae（aL  
（1965）indicatedthattheadditionofsulntetochloroplastshadnoinl1ibitoryeffectonelectron  
flow・1hedifferenceinresultsisduetothelight－dependenceofinl1ibitiondemonstratedinour  
Study reported here・In the study ofAsada eta］．（1965），Chloroplastswith sulnte were  
illuminatedonlyduringmeasurernents．Light－dependentinl11bitionofsulfitealsoisonereason  
WhySO2darnagetoplantsissevereinthedaytime（Wislicenus，1914）．   
Whyislightrequiredforsulnteinl1ibitionofPSlI？Therearetwopossibleexplanationsof  

OurreSults・Thesulliteinl1ibitionrequires（a）electrontransportwhlChleadstotheproduction  
Oftoxicsubstancessuchasactivespeciesof？Xy㌍n（0｛，H202，102）（Asada＆KISO，1973；  
ShlmaZakietal・．1980；Tanaka＆Sugahara，1980；Tanakaetalり1982），Or（b）aconformational  
Changein PSIIisinducedbyelectrontransport，andthlSmayeXpOSeprOteinmoietiesto  
sulnte．  
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Sul丘teisknowntomodifyproteinmoleculesbysulntolysis（Baily＆Cole，1959）・lf（a）is  
the case，02Should particIPatein theinhlbition；but，the anaerobiccondltionmaintained  
duringtheilluminationdldnotarresttheeffectofsulfite．1f（b）isthecase，Sulneshouldbind  
tothylakoidmembraneswhenspinachleafdisksareilluminated．Wefoundmuchmorebinding  
of35stothethylakoidmembranesinlightthanindarknesswhen35s－Sulnewasadministered  
toourspinachleafdlSks・ThebindingacceleratedbylightwassuppressedstronglybyDCMU．  
Possibly，SulflteeXertSitsinhlbitoryeffectbycombiningproteinsinthevicinityofPSlI，but  
wecouldnotidentifywhetherthebound35swasasulnteorsomeothermetabolite．Ournext  
StePIStOdeterminethequantitativerelationshipbetween35sincorporationintothethylakoid  
rnembranesandthedegreeofPSlIinl11bition．  
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光照射ホウレンソウ葉における亜硫酸の光化学系Ⅱ阻害  

島崎研一郎1・中町貴美子2・近藤矩朗1・菅原 淳l   

ホウレンソウ菓に亜硫酸を加え．光照射を行うと葉緑体の光化学［が阻害された。しかし，亜  

硫醸処理葉を暗中に置くとこの阻害は認められなかった。亜硫酸と同時に電子伝達の阻害剤  

DCMUを加えておくと，光照射を行っても光化学系Ⅱは阻害されなかった。   

葉緑体クロロフりレ蛍光の低温（77K）スペクトル及び電子供与体の添加効果から，亜硫酸の  

阻害部位は光化学系［の反応中心であることが示された。   

以上の結果は，電子伝達系の作動時に席疏掛こよる光化学系□反応中心の阻害が起こることを  

示している。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番Z  
2 国立公害研究所 共同研究員（東邦大学理学部 〒274 千葉県船橋市三山町542）  
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ReversibleInhibition of the Photosynthetic Water－Splitting  

Enzyme System by SO, Fumigation Assayed by Chlorophyll 

．● FluorescenceandEPRSignal  

Ken・ichlrOShimazakll，Kunikolto2，NoriakユKondolandKlyOShlSugaharal  

1EnvironmentalBiology Division，the Nationallnstitute for EnvironmentalStudies，   
Yatabe－maChi，Ibaraki305，JaparL・  
2 Research Co11aboratoT OftheNationalInstitute forEnvironmentalStudies．Depart－   
mentofEnvlrOnmentalChemistry，FaeultyofScience，TohoUniveTSity，Funabashi，   
Chiba之74，Japan・  

TheerfectofSOっfumigatiort（2ppm，V／Y）orLPhotosynthesisinspinachleaYeSin  
VivowasinYeStigatedbymeasuringChlanuorescerLCe（0IDPtTanSient）andtheelectron  
paramagneticresonarLCe（EPR）sigrlalItSOっfumigationraisedtheIleYeltoyieldthelt）  
dip and suppressedtheDPtransient beroreamyvisibledamage occuIredin theleaf，ln  
SO，－fumlgatedleaves，thetimecourseofEPRsignalIindicatesthatreductionofP700  
by whitelighti11umination wasinhibited but dark reduction or P700 was not  
Signifieantly affected・Photosynthetic OleVOlution was alsoinhibited by SOフ  
fumlgation．AJJo［theseefYcctswerereYerSibLeafterremovaJorSO2，Thevariablepartof  
tlle fluorescencein the presence ofl）CMt）was only slightlyaffectedanddecreasedas  
thefumigationtimeincreased，WeconcludedthatSOzfumlgationreversiblyinhibitsthe  
photosyntheticwater－SpllttingenzymesystemanditinjuresthereactioncenterofPSll  
invtvowhenthefumigationtimeisproIonged，  
WediscussedtheroleofpossibletoxicantsderivedfromSO2withintheleafonthe  

basisortlleSO。aCtiononChlαnuOreSCenCe．  
Keywords‥mlfluo∫eS亡enCe，EPRsignal，Oxygenevolution，P700，・PSII，Su肋r  
dioxide   

Sulfur dioxideis awidespread air pollutantwhlChdamagesplants（Barett＆Benedict，  

1970；Bell＆ Mudd，1976；’H左11gren，1978；Wellburn，1982），mainly by suppressing  

photosynthesis（S再＆Swanson，1974；Furukawae［aL，1979；Shimazaki＆Sugahara， 
． 

enzymesorcausestomatalclosure（Kondo＆Sugahara，1978）、ShimazakiandSugahara（1980）  
showedthatSO2fumigationiruuresthereactioncent？rOfPSIlinspinachleaves・TanakaefDL  
（1982b）demonstratedthatSH－enZymeSintheCalvincycle，NADP－glyceraldehyde－3－Phosphate  
dehydrogenase，ribulose・5・Phosphate kinase and fruCtOSe・1，6・bisphosphataseareinactivated  

■Thisstudyhadbeenpub）ishedinPlantCellPhysio）．，25，795－803（1984）andwasreproducedwithpermis－   

Sionorthepublisher．  

＾bbreviation：EPR，electEOnparamagneticEeSOTlanCe  
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rapidlybySO2fumigationofspinachleaves・TheseworkersstudledchloroplastsandenzymeS  
isolatedfromfumlgatedleaves・However，anaPparentinhlbitionmayhaveoccurredinthese  
Studiesduringsamplepreparationbecauseofthechloroplastsorenzymescomlngintocontact  
withsecondarytoxicantsformedinthecytoplasmbySO2fumigaljon（Heath，1980）．加other  
POSSibillty Whichmust be consideredis thatinhlbitionsthathadtakenplacelnvivowere  
removed duringthe preparation・Thus，the effectofSO20nPhotosynthesisneededtob占  
StudiedinvivowithoutdisruPtingtheplanttissue・Suitableindicators？reChlafluorescence  
induction（Kautsky＆Appel，1960；Papageo咽Ou，1975；H盆11gren，1978）andtheklneticsof  

EPRsignall（Andreeva，1982），WhlCharealteredbychangesinthephotosyntheticapparatus．   
Our present study showed that short・term SO2 fumlgation reversiblyinl11bits the  

Water－SPlittingenzymesystemaccordlngtOanalysisofChlafluorescenceinductionandEPR  

SignalIklneticsEnvivo・AreversibleiI血bitionofCO2－dependentphotosyntheticO2eVOlution  
in spinachleaves wasalso found togetherwith evidence that prolonged SO2fumigation  
damages PS TIreaction centersin vtvo，thus conLlrmingourpreviousconc］usjon based on  
experimentswithchloroplastsisolatedfromfumigatedleaves（Shimazakl＆Sugahara，1980）．  
Thepreliminaryresultsofthese■experhTlentShavebeenpresentedelsewhere（ShlmaZakle（alり  
1979）．  

Mate血IsandMethods   

fワ〟〃JmαJe′∽J∫   

Spinach（頻nacEaole相CeaL・CV・NewAsia）plantswerecultivatedinagreenhouseunder  
Sunl1ghtasdescribedpreviously（Shimazakl＆Sugallara，1979）・TheartincialsouwSCOmpOSed  
Ofvermi？ulite，peat’mo亨S，Perliteandhegravel（2＝2＝2＝1，V／v）・Nutrientscontainlng4g／1iter  
MagampKand8g／litermagnesialimewereappliedinitiallyandlg／1iterHyponexwassupplied  
every5days．Plantsusedwere4r6weeksold．   

∫り：．加棚卸血判   

Spinachplantswerefumigatedwith2・Oppm（V／v）SOユinagrowthcabinet（230×190×  

170cm）with・a relative・humidity of70％at200c under artificial1ight．Plants were  
pre云ohditiムnedforlto2hinlightandthentransferredquicklyt。thegr。Wthcabinetinwh．ch  
2ppmofSO2hadbeenpreparedforfumlgation・111uminationwasprovidedfromstannous  
hallde vaporlamps（Toshiba Yoko Lamps，400W）．Thelightintensity was2．O xlO5  
erg・CmJ2・S‾1attheleaflevel．   

αわr即妙JJα動0′eJCe〃Ce  

lTomeasureChlaLluorescenceinduction，aleafstrip（0．8×2．5cm）withoutthemainveins  

WaSeXCisedquicklyfromafumigatedplantandsandwichedbetweenapairofplasticplates  
WhichwasplaceddlagOnal1yinafour－Sidedtransparentcell（1×1×4cm）．Toprevent  

desiccationoftheleafstrip，WaterWよssuppliedatthebottomofthecuvette・Theleafwaskept  
in dirkJleSS fortheindicatedperiodsoftimeandthenadenniteareaofleafwasil1uminated  
withabeamoflightatanangleof・45Ototheleafsu；face．Thenuorescenceemittedfr。mthe  
leafat right angle to theactinlClightwas detectedbyaphotomultiplier（HitachlR－375）  
througharedcut．orfnlter（Coming2030，＞650nm）andaninterference丘1ter（683nm，halr  
bandwidthlOnm）・Signalsfromthephotomultiplierweretracedonastripchartrecorder  
（YokogawaTechnicorderF3052）oronadlgltaltransientrecorder（ModelTM・1410Kawasakl  
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Electronica）・TheactiniclightwasobtainedfromalOOWhalogenlampoperatedonad．c．  
StabillZer・The beam passedthroughtwoglass nlters（Coming9782）．Lightintensitywas  
measuredwitharadiometer（ModelLト185，Ll－CORInc．）．Al1measurementswerecarrledout  
at2エローユ40c．   

EP尺机e〟∫〟reme〃J   

EPRmeasurementsweremadeuslngaJES．FE－3Xspectrometeratroomtemperatu－e・A  
leafstrip（0．25×1・5cm）ofspinachwasplacedinaquartzcuvetteafteffumigation．TheP700＋  

EPRsignal（agvalueof2・00andpeaktopeakwidthof7．9to8．4G）wasinducedbyfar－red  
hghtthrougharedcut－Offnlter（HoyaR・72，＞700nm）combinedwithtwoheat－absorbing  
filters（HoyaHA30）・Theintensitiesoffar・redandwhitelightwere7．5×105andl，Ox106  

ergLCm‾2・SJl，TeSPeCtjvely．TheJightsouTCeWaSalkWXenonhmp（UshioElectric）．   

02餌CJl〟〃gg   

TherateofO2eXChangeinspinachleaveswasdeteminedwithaClark－tyPeelectrodein  
aqueousmediaasdescribedpreviously（Shimazaki＆Sugahara，1979）．AfterSO2fumigation，  
resplfatOry O2uPtake was measuredin darkness，then photosynthetic O2eVOlution was  
determinedinwhitelight・Thelightintensitywas2．2×10Serg・CmL2・SJl  

Results   

柿沼壷d脚叫野   
Duringthe餌sthourafterSO2fumigation，nOvisibledamagetothespinachleaveswas  
observed．Laterafewleavesshowedwater－SOakedvisibledamages・ForthemeasurementsofChl  
nuorescence，EPRsignalsandO2eVOlution，WeuSedleaveswhlChexhibitednovisibledamage・   

聯cJ（ゾ∫0ユルm吻〃0〃0〃αJ〃ノhorg∫Ce〃Ce～〃血crわ〃   

Whenadark－adaptedleafisilluminated，nuOreSCenCeinterlSityrisesrapidlyfromtheinitial  
level（0）toaninterrnediarylevel（Ⅰ），thenshowsaslowdecline（D）andagainrlSeStOaPeak（P）  
（Papageorgiou，1975）．These transient changes（0IDP transierlt）hfluorescencearecIosely  
correlatedwith the partial reactions of photosynthesis．In unfumigated spinachleaves，  
fluoTeSCenCeintensityshowedatypicalOIDPtransient（Fig．1a）．SO2fumigationraisedthe1  
1evelandobscuredtheOlevelprobablyduetoelevationoftheOlevel（Fig■1b，C）・Sincethe  
fluorescenceyieldduri11gtheearlyinductionperiodisregulatedbytheredoxstateof（いhe  
plmaryelectてOnaCCeptOTO律Sll（Duys¢nS＆SweelS，1963），andsincetheincIeaSeinthe  
yieldcorrespondstotheaccumulationofreducedQ，theinitialrapidrisetoahlghTlevelin  
SO2・nlmigatedleavesindicatesthatportiorLSOfQandPQwerepresentintheirreducedstates  
in darkness．Thisimplies that SOユfumigationmidlt CauSe plant tissue anaerobiosis（see  
D由cussion）．   

InSO2－furnigatedleaves，thenuorescenceyieldshowedarapidquenchingfromthehighI  
levelwith a clearID dlP（Fig．1b，C）．ThelDdeclinebecamelargerwiththet叫e ofSO2  
Almigation．SincethelDdeclinecorrespondstotheoxidationofQandPQbyPSJ（Munday＆  
GovindJee，1969；Satoh＆Katoh，1981），aquicklDdeclineindicatesthatoxid＆tionofthese  
electron carriers progressed rapidlyin SO2・fumigatedleaves・TheresultsuggeststhatSO2  
nlmlgationdidnotinl1ibittheelectronflowbetweenPSIlandPSl・Inunfumlgatedplants，nO  
prominentIDdユPWaSObseTVed（Fig．】a）．乃jsmayjLldjca（ethatQaT）dPQweTeJ71OSdyjntheiT  
OXidlZedstatesinunfumigateddark－adaptedplants（Rilhle＆Wild，1979）・  
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SOヱh血gationsuppressedtlle】）Prj5e（Fig・】b，C）朗dcompletely血njnatediIw】血‖1  
fumigation（Fig．1c），SincetheDPrisecorrespondstothephotoreductionofQbythePSlI  
reactionlinkedtothewater－Splittingenzymesystem（Munday＆Govindjee，1969），theresult  
indlCateSinactivationofthewater－SPlittingenzymesystemand／orofthePSIlreactioncenter・  
Tolocatetheinactivationsite moreprecisely，WeisolatedPSIIfromPSTbyadministerlng  
DCMUtothefumigatedleavesbyvacuuminfiltration・1nthepresenceofDCMU，thevariable  
partofthefluorescencedimlnishedslightlyinl・hfumigatedleaves（Fig．2A），inwhlChtheDP  
risedidnotoccurintheabsenceofDCMU（Fig．1c）．ThlSreSultsuBBeStSthatshort・termSO2  
fumigation did not significantly affect the PSlIreaction center．From these results，We  
conclude that short－term SO2 fumigationirlaCtivates the water－Splitting enzyme system・  
However，aSthefumigationtimeincreases，thevariablepartofthenuorescencedecreasesinthe  
presenceofDCMU，indicatingthatthereactioncenterofPSllbecomesdamaged（Fig，2A）・  
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Fig．1Effects of SO2 fumigation on Chla fluorescenceinductionin  
SplnaChleaves  

SO20f2ppmwasfumlgated・a，d，Unfumigatedleaf二b，LeaffumigatedfoI30min．  
C，e，Leaffumigated forlh，a，b，C，Leafkeptincalknessfor15minbeforefluores－  

CenCemeaSurement．d，e，FluorescencemeasuredlOsaftefPreiuuminationforls，  
TheintensityoftheactユmCandplenluminatlOrLbeamwas6．5×104erg・Cm‾つ・S‾1．  

Fluorescence transients；0，initialfluorescertcelevel；I，aninterrnedialylevel；D，a  
dip；P，peak．   

Further support for theinactⅣation of the water－SPJitting enzyme system was also  
obtalned．Fig．1d shows the nuorescence transientin anunfumigatedleafwhlChhadbeen  
nluminatedforls，followedbydarkincubationforlOspriortomeasurement．AnelevatedJ  
levelandanIDdip were found（Fig，1d）．Thissuggeststhatthepreilluminationtimeofls  
reducesQandPQpartial1ythroughPSIIllnkedtothewater－SPllttingenzymesystem：、nel－S  
prei11uminationoffhmigatedleaves，however，inducedneitherahlghIlevelnoranlDdip（Fig．  
1e）．The11evelwasmuchlowerinfumigatedleaves（Fig・1e）thaninunfumigatedleaves（Fig．  
1d）a鮎ー伽prei肋血atjon・The5ereざ山一5Suざge5tthat血pho如educ血rateor（）andP（）  
byPSllisIowerinfumlgatedthaninunfumlgatedleaves・Inaddition，Wefoundaprominent  
DPriseinunfumigatedleavesafterprei11umination（Fig・1d）butnotinfumigatedleaves（Fig，  
1e）・Al1these 

． 
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Fig．2 Effects of SO2 fumigation on Chla fluじreSCenCeinduction of  
splnaChleavesinthepresenceofDCMU  
FumigationwithSO2WaSCOnductedat2ppm fortheperiodsindicatedatthetop  
or the figure．DCMU，0．5mM，WaS administered to the splnaChleafby YaCuum  

inriltration，Theleafwas keptin darkness forlOminberorethemeasurement．A：  

Immediately after SO。fumlgation，DCMU was adminlStered to theleaf，then  

nuorescence wasmeasured．B：After SO。fumigation，SplnaChleave弓Were keptin  

darknessfor20hat20OcinSOl－freeair，then fluorescencewasmeasuredinthe  
presenceofDCMU・Fluorescence was tracedonadigitaltransienlrecorder（Model  
TM1410KawasakiElectronica）．ActiniclightintensitywaslO，000erg・Cm‾つ・S．1．  

月ecoγeワqrガ〟OreざCg〃Cef′血cJわ〃折er∫0っルmf卵わ〃  

FluorescenceinductionaffectedbySO2fumigationrecoveredwhenthe餌migatedleafwas  
keptindarknessinSO2－freeair・Thetimecourseoftherecoverywasexpressedintermsofthe  
increasein theratio ofthe DPmagnitude to the Dlevelinnuorescenceyield（Fig，3）．The  
magnitude of the DP transient was decreased to one・nfthof the controIvalue by SO2  
fumigationfor45min．NorecoverywasobservedforlhafterSO2remOVal，instead，therewas  
aslightdropintheratio（Fig．3）．Thenrecoverystartedandprogressedtoreachapproximately  
70％ofthe controllevel（Fig．3）．Theresultindicatesthatinactivationofthewater－SPlitting  
enzyme system by SO2fumlgationislar％ely reve－Sible．A simihrincomplete TeCOVery Of  
fluorescenceinductionwasobservedwhenthefumigatedleafwaskeptinlightinSO2－freeair  
（notshown）；1ightapparentlyhadlittleeffectontherecoveryprocess．   
Followingrecoveryoffluorescenceinduction（20haftertheSO2fumigation），thevariable  
fluorescenceinthepresenceofDCMUwasdlminishedslightly（Fig．2B），indlCatingirreversible  
damagetothePSIIreactioncentcr．ThisdamagernaybereflectedinasuppressionoftheDP  
rise（Fig．3）．   

聯CJqr∫02舟m卸r旧〃0〃毎加－ざ〃血CedredoズC加〃gg∫0／タ700   
Inplantleaves，P700，theprimaryelectrondonorofPSl，isnomallyinthereducedform  
becauseofitshlghredoxpotential（Kok，1961）andisoxidizedbyfar・redlightwhlChactivates  
PSlpredominantlyandP700’，theoxidi乙edformofP700，eXhibitsanEPRsignal（Signall）（Ke  
e（al．，1974）．Thus，the oxidation・reduction kineticsofP700iT7VEvo canbe determirledby  
monitoringthe EPRsignallasshownbyAndreeva（1982）．Fig．4showsthetimecoursesof  
light・inducedchangesoftheEPRsignalI．Theincreaseanddecreaseofthesignalcorrespondto  
theoxidationandreductionofP700，reSpeCtively・lnunfumigatedplants，P700wasoxidized  
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Fig．3 Recovery of Cllla fluorescenceinduction of SO2－fumlgated  
spinachleaves 

SO，Or2ppm was fumigated for45min，○，Unnlmigatedleaf．．，Fumigatedleaf．  
FD andFDPindicatethe fl110reSCenCeintensities ofthe Dleveland the chagein  
fluoreseerLCeintensity from D to P，reSpeCtiYely，Recovery or the fluorescence  
inductionwasdeterminedbyincubatingthefumlgatedIeafstTipsindarknessforthe  
indicated periods・1neachmeasurement＞theleafwaspreilluminatedforlmln，and  
15minarterthedarkincubation，nuOreSCenCeWaSreCOrdedonastripchartrecorder  
（ModeI3052 Yokogawa Tec血cordef F）．Ac亡血c】igわt jntensjty waglO，00O  
efg・Cm‾2・S－1  

by far－redlight andreducedgraduallyindarkness（Fig．4a）・Onsecondexcitationbyfar・red  
light，P700wasreoxidized，thenreducedrapidlyuponreplacement ofthefar－redlightwith  
Whltelightwhichactivatesbothphotosystems，althoughasmallportionofP700remainedin  
the oxldized state（Fig．4a）．Neither the rate of dark reduction nor photo－0ⅩidEtion was  
affectedsignincantlybySO2fumiBationfor45min（Fig．4b），However，thefumigationslowed  
the reduction of P700by whitelight（Fig．4b）．These results are consistentwiththe  
nuorescence data whichindicatedinl11bition of the water・Splitting．When a dark－adapted  
un爪1migatedleafwasexcitedwithwhitelightonly，aSmal1transientduetophoto・OXidationof  
P700appeared（Fig．4c）indicatingthatP700’wasrapidlyre－reducedbyelectrontransport  
throughPSfI・hSO2血血gatedleave5，aユargetranさ血tp700十5igれa】wa5elic加dbywhite  
light（Fig・3d），SuggeStingthatelectronnowthroughPSlIwaslmpaired・   
Asreportedabove，theeffectofSO2fumlgationon fluorescenceinductionwaslargely  
reversible（Fig．3）．WefoundthPatinhibitionofP700reductionbywhitelightinSO，・fumigated  
leafwaslargelyreversedwi1entheleafwaskeptinthedarkinSO2－freea】r（datanotshown）．  
Thus，dle reSuJts of EPR experiments agreewith those orEIuorescence exper皿entS and  
strengthenourconclusionthatSO2fumlgationreversiblyinactivatesthewater・SPlittingenzyme  

SyStem・  
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Fig．4 Effects of SO2fumigation on the time courses oflight－induced  
changesintheEPRsignalI  

AfterSOユfumigationat2ppmfor45min，theleafstIip（0・25×1L5cm）wasexcised  
quickly and thelight－induced change oftheEPRsignalwasmeasured・rnle EPR  
signalwasphotoinducedbyfar－Iedlight（＞700nrn），Whichwasobtainedbypassing  
whitelight through ared cut－Offfilter（Hoya R・72）・Whitelightwasprovidedby  
rapid removalof the red cut－Off nlter（Hoya R・72）or by using a shutter・a，C，  
Unfumlgatedleaf・b，d，Fumigatedleaf・Ina，b，theleafwasfirstiuuminatedbyfar－red  
lightandkeptindaIkness（flrStdownwardarrows），andthenre－illuminatedwiththe  
Sametight（secondupwarda！rOWS）、followedbywhitelightiuumination（third  
upward arTOWS）．c，d，LearstrlP eXCited by whitelight－1nstrumentalconditions：  
microwaYepOWeTlOmW，mOdulationamplitude8G，andtimeconstaJltO・03s・The  
magnetie field was flxed during measurement of the timecourseofEPRsignal・  
Intensitiesofthefar－redandwhitelightwere7，5xlO5andl・0×10ierg・Cm‾壬・S▼1  
respectively・ThelightsourcewasalkWUshioXenonlamp・  

聯cJ（オ∫02ル∽なαJわ〃0〃P力oJo叩〃J力e如0ユeγ0ん〟わ〃  

Fig．5showsthe effect of SO2fumigation on O2 uPtake by respiration and on O2  
evolution by photosynthesisin aspinachleaf．Theevolutionwas decreased to40％ofthe  
COntrOllevelbyO．5・hfumigationandto15％byl－hfumigation．02uPtakewasonlysllghtly  
affected（Fig．5）・Theinl11bitionofO2eVOlutionwasinlargepartreversible；theO2eVOlution  
rate，Wl・uCh had been suppressed to12FunO102mg▼1chlh‾1by fumigationincreased  
gradual1yandreached31pmo102mg▲1chlh‾1（70％ofcontroIvalue）at3haftertheremoval  
OrSO2．  
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Fig．5 EffectsofSO2fumigationontherateofO2eXChangeinspinach  
leaves   

SO20r2ppm wasfumlgated．a，Unfumigatedleaf．b，LeaffumigatedforO．5h．c，  
Fumigated forlh．．d，Fumigated for2h．After SO2fumlgation，0。uPtake and  
eYOlutionweremeasuredimmediatelyusingfumigatedleaves（1，2x5cm）at200cin  
aqueousmedia．RatesofresplratOryOユuPtakeandphotosyntheticO2eVOlutionin  
unfumigatedplantwere8and69FLmOlO，mglChl・h1，reSpeCtively．Thereaction  
mixture（25ml）contained38mMp．otassiumphosphatebuffer（pH7・0）and25mM  
NaHCO，，Photosynthesis wasstarted byilluminationwith whitelight（2．2xlO5  
erg・Cm‾つ・S▼1）・  

○－－－－一一－－－○   

0
 
 
 
 
 
0
 
 
 
 
 
0
 
 
 
 
 
n
U
 
 

4
3
▲
フ
一
－
－
 
 

T
…
U
T
言
○
∈
㌻
8
≦
…
N
O
 
 

●
●
 ●
 
 

ノ
 
 

●
 

0  2  4   

Timeatterfumlgation．h  

Fig．6 Recovery of SO2－inhlbited O2・eVOlutionin splnaChleaves after  
fumlgation  

SO2 0r2ppm was fumigated roflh▲Photosynthetic O全 eVOlution，mea5uIed  
contin110uSly for4hduringtheillumination，remainedconstantintheunfumigated  
plantbutincreasedgraduauyinthefumlgatedplantandcouldbedete工minedfTOm  
the slope of the O】eYOlutlOn CurVeattheindicatedtlmeS・Otherexperiment且1  
conditlOnSWerethesameasinFig．5．  
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Discussioll  

The effects of SO2 fumlgation on photosynthesis wereinvestigated uslng Chla  
nuorescenceinvivoasaparapeter．Short・term（30r60min）SO2fumigationnotonlyinl11bited  
thewater－SplittingenzymesystembutalsocausedreductionofQandPQ．Theseeffectswere  
reversible since darkincubation of the fumigatedleavesin SO2・free air restored the  
fluorescenceirLduction、However，therecoveryratewasslow，SuggeStingthattoxicantsformed  
in SO2Afumigatedleavesdiminishedonly，Slowly・Inapreviousstudy（SlllmaZakJ＆Sugahara，  
1979），We found noinl1ibition ofthe electronflowwhencholorplastswereisolated from  
SPinachleavesaftershort－term（30－60min）fumigatiorl・Toxicantscausingtheinl1ibitionmight  
havebeenremovedduringpreparationofthechloroplastsfromtheleaves．   
WhenthefumigationtimewasproIonged，damagetothereactioncenterofPSIIbecame  
rOminent・OurearlierOrk（Shimazakl＆Sugallara，1979；1980）showedthatchloroplasts  
】SOユated丘omlo喝血m唱ated p】aJlt5hadユmpariedP5JIcenters．Jt血as been suggested血at  
chloroplasts may be damaged duringisolation by secondarytoxic substance formedinthe  
CytOPlasmdunngfumigation（Heath，1980）・However，theprSentreSultsofferevidencethat  
SO2fumlgationitselfinJureSthereactioncenterofPSllinvtvo，thussupportingourprevious  
conclusion．   

1hereissomediscfePanCybetweentheresultsofourpresentandpreviousstudies・Chla  
nuorescence fromleavesexhibitedaniI血ibitionof PSlt reactioncentersevenaftershort－tem  

（3060min）SO2fumigationaithoughtheinhlbitionwassJlght（Fig．2a）．However，inthis  
fumigation period we detected no inhibition when chloroplasts were isolated from the 
fumigatedleaves．WedetectedPSIIinl1ibitioninchloroplastsonlywhenthefumigationtime  
exceededlh（Shimazakl＆Sugahara，1979）．Thistimedlfferencemaybeduetodifferencesin  
Chloroplast populationsmeasured，aS Chla nuorescerLCeismainly derived fromchloroplasts  
locatedneartheleafsurfacewhereasisolatedchloroplastswereobtaineduniformiyfromthe・  
entirechloroplastpopulation．Thusthedelayedinhibitionintheisolatedchloroplastsmayhave  
beenanexpressionofatimedelaybeforePSIIcentersofasizableportionofthecllloroplast  
populationbecameaffected，  
Chla nuorescenceinduction yieldedinformation on the redox－State Of the prlmary  
electronacceptorofPSllbutllttleonthatofthereactioncenterofPSl．Thiswaspartofthe  
reason thatweinvestigatedtheeffectofSO20ntheoxidation・reductionklneticsofP700by  
measuringthelight・inducedEPRsignaltittvEvo．TheredoxbehaviorofP700wasconsistent  
WiththereversibleirLaCtivationofthewater－SplittingenzymesystembeingthemajoTefrectof  
SO2．TherewasnoindicationthatthePSlreactioncerlterOrthedarkelectronflowfromPSII  
toPSIwasinhibitedbySO2fumigation．  
SO2fumigationinhibitedCO2－dependentphotosynthetic O2eVOlutioninspinachleaves  

（Fig．5），Theinlllbition may be ascrlbed to theinactivationofthe wateトSplittirlgenZyme  
SyStem．1fthlSisthecase，theO2eVOlutionactivityshouldberestoredafterSO2fumlgationas  
observedwithChlafluorescence，Theactivityrecoveredgraduallywithatimecoursesimilarto  
that oftherecoveryor加oregceJICeinductio∫－（Fig．3a∫ld6）．Moreover，仙erecoveryorO2  
ev｛）1utionwaspaTtial（Fi苫．6）aswithnl10reSCenCeinduction（Fig．3）．Mostoftheirreversible  
inl11bitionofO2eVOlutionisprobablyduetothedamagetoPSlIreactioncenters・  
SO2fumigationreversiblyinhbitsphotosyntheticCO2・丘xatiohactivity（Sij＆Swanson，  
1974；FurukawaetaL，1979；Tanakaetal．．1982b）．lrLareCentStUdy，Tanakaeta］．（1982b）  
demonstrated that theinl1ibitionofphotosyntheticCOl丘xationduringSOlfumigationis  
CauSedbyreversibleinactivationofSH－enZymeSintheCalvincycle，eSpeCial1yatthebeginniJlg  
Offumigation．Thisraisesthepossibilitythatthe depressionofO2eVOlutionshowninthe  
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PreSentStudyisduetoinactivationoftheCalvincycleenzymes・   
Althoughthe toxicantsexertingtheadverseeffectonthewater－SPlittingenzymesystem，  
WerenOtidentified，Sulfidemaybethemaininl11bitor．SO2enteringtheleaftissuethroughthe  
stomatawouldyieldH＋，HSO；andSOミーionsupondissolvinginwater，Inlight，0；formedon  

thereducingsideofPSlinitiatesanaerobicchainoxidationofsulfitetoyieldalargenumber  
ofactiveoxygenspeciessuchasOi．，102，H202andOH・（Asaka＆KISO，1973；Shimazaklet  
al．，19BO；Tanakaetat．，1980，1982a）．PartofthesulfiteisphotoreducedtoH2S（Cormis，  
1968；Silviusetal．，1979），AmongthesetoxicantS，Sulfide（S2‾）isrelativelystableinleavesand  
itseffectonChlfluorescenceissimilartothatofSO2fumigation（OreIle（al．，1979）．1tinhibits  
the water－SplittingenzymesystemwithoutaffectingthePSIIreactioncenterandraisestheI  
leveltoproducetheIDdipduetodecreasedoxygentensioncausedbychemicaloxidatiol10f  
Sulfide（OrenetaL，1979）．LowlevelsofH2S（30r300ppb）irLtheairinhibitplarltgrOWth（De  
Kok etaL，1982）andapositivecorrelationhasalsobeenobservedbetweenthecapabilityof  
H2Semission（removalofH2Sfromtheleaftissue）intotheatmosphereandSO2reSistancein  
CuCumber（Seklyaerれ1982）．   
Inthepresentinvestigation，WeeXaminedtheeffectofshort・termnlmigationwithSO2at  
COnCentrations higher than ambient．Using Chla nuorescence technique，reVerSible and  
irreversibleinhlbitionsofelectron transportassociatedwithPSIIweredemonstrated．These  
resultsare consistentwithreversibleandirreversibleinl11bitory effects onphotosymthesisof  
fumigationwithlowlevelsofSO2（Saxe，1983），Sug邑eStingthattheTeSultsaTeTelevanttothe  
PhytotoxicityofSO2pOllution．  
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S02暴露による光合成水分解系の可逆的阻害のクロロフィル  

けい光及び電子スピン共鳴法による／〃∨ル0測定  

島崎研一郎1・伊藤久仁子Z・近藤矩朗】・菅原 淳1   

SO2暴露の光合成に及ぼす影響をクロロフィルけい光及び電子スピン共鳴法によりi乃γ加で  

調べ ，以下のことが明らかになった。   

ユ）短時間のSO2（2ppm）暴露により光合成水分解系が阻害され，暴露時間が長くなると光  

化学系Ⅲ反応中心も阻害された。   

2）短時間暴露を行ったホウレンソウ菓を明■又は暗条件におくと阻害された水分解系はゆっ  

くりと回復した。   

以上の結果はSOz暴露により，光合成水分解が可逆的に阻害され また暴露時間が長くなる  

と光化学系皿反応中心が損傷を受けることを示している。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
2 国立公害研究所 共同研究員（東邦大学理学部 〒274干葉県船橋市三山町542）  
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Res，Rep・Nat】，1nst．Environ．Stud．，Jpn．，No．65，1984．  

Accumulation of Hydrogen Peroxidein Chloroplasts of SO2－  

fumlgatedSpinachLeaves＊   

KlyOShlTanakal，NoriakiKondolandKiyoshlSugal1aral  

1ErrYironmentalBiologyDiYision，theNationallnstitt］teforEnviTOnmentalStudies，   
Yatabe－maChi，Jba∫aki305，Japan．   

I11uminated chloroplastsisolated from SO2－fumlgatedsplnaChleavesaccumulated  
moreH20っthanthosefromTLOn－fumlgatedorLeS・ThisH201formationwasdependent  
Onlight and wasinhibited by DCMU．1t also was depTeSSed by cytochromec and  
SuperOXide dismutase（ECl．15．1Ll），Tlle addition ofsulrite to ruptured chloroplasts  
isolatedfromnon－fumlgatedleavescausedanH20iaCCumuhtionthataccompaniedO2  
uptake．Spinachleaveslost their catalase（ECl．11．1，6），aSCOrbate peIOXidase and  
昌Iutathionereductase（ECl・6・4・2）activitiesattllebeかningofSOユfumigation，When  
H20，WaS aCCumulated▲TTleSe reSults suggest that the accu7T．ulation of HlO。iTI  
SO2－fumlgatedspinachleavesiscausedbytheincreaseinO；prOductiorl，theprecursor  
forHlOっ，Withasulfite－mediatedchainreactionatthereducingsiteofphotosystemI，  
arldbylnactivatioJ10r血eHlO】SCaVen由ngsystem．  
Key words＝ Ascorbate peroxidase，Catalase，GlutathioneIeductase，Hydrogen  
peroxide，Sulfurdioxide，Spinach．   

When the fumigation ofhigherplantswithSO2isbegun，OneOfthemostremarkable  
phytotoxicities at the physiologlCa11evelisthedepression ofphotosynthesis，Whichalways  
precedesvisibleinju；y．Moststudiesofthedepressionoflight－dependentCO2uptakewithSO2  
havedonwithaninfraredgasanalyzer（Furukawae［al11979）；therehavebeenonlyafew  
physiologlCalstudieson theinhibitorymechanismofCO2触ationwithSO2・Ziegler（1972）  
reportedthatribulose－l，5－bisphosphatecarboxylasewasinl1ibitedbysulfiteioncompetitively  
withNaHCO3．But，thereisnofeliableevidencethatthlSinhlbitionoccuTSinSO2－fumigated  
leaves．ShimazaklandSugal1ara（1979，1980）demonstratedthatphotosystemllhchloroplasts  
isolated fromSO2－fumigatedspirlaChleaveswasinhibited，andthatthlSdarnageoccurredjust  
beforeorwhenvisibleiquryappeared．   
SO2tOXicitymaybegroupedintothedirectandindirecteffectsofsulnteonplants・In  

isolated chloroplasts，Sulnteitself almost perfectlyinl11bits CO2．丘xation atltolO mM  
（Zieder，1972；SilviusetaL，1975）．But，itisdoubtfulwhethersulnteaccumulatesatsuchhigh  

■ThisstudyhadbeenpublishedinPIantCe］］Physiol．，23，999－1007（1982）and、柏SrePrOducedwlth   
permissionofthepubllSher・  
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COnCentrationsinchloroplastsbecausesulfiteisphotooxidizedrapidlytoalesstoxicsulfate  
（Asada＆Kiso，1973；Miller＆Xerikos，1979）．TanakaandSugahara（1980），Shimazakle（a］．  
（1980），andPeiserandYang（1979）haveproposedthattheactive 

． 

CauSeSplant damageatO・01toOLIJIM（Asadae（al．，1977），andhydrogenperoxidestrongly  
inl1ibits CO2－fixationinintact chloroplasts（80％inhibitionatlO仰Ⅰ）（Kaiser，1976）．The  
PreSentPaper describeshydrogenperoxideaccumula（ioninchloroplastsfromSO2－fumlgated  
Spinachleaves and givesapreliminaryreportonthepossibleparticIPationofH202inthe  
inl1ibitionofphotosynthesisattheinitialstageofSO2fumigation．  

Materials and Methods 

Jい・・い‥・∴←・∴∴・ご・∴－・い、・・・ミ ∴い・   

Spinachplants（SPinaciao］enlCea L・CV・NewAsia）were苧rOWninaphytotronand  
fumigatedwith2ppmSO2inagrowthcabinet，aSdescribedprevlOuSly（Tanaka＆Sugallara，  
1980）．   

什ep〃′αJわ〃qrC／7わropね∫r∫   

After SO2fumigation，the spinachleaves（50to70g）werehomogenizedinaNational  
blendor（MX－50s）with130mlofgrindingmedium（pH6．5），COnSistingof50mMMES－NaOH，  
0．4MSOrbitol，2mMEDTA，5mM MgC12and5mM NaClatthzee2．secburstsattopspeed・  
Thehomogenatewasimmediatelyfilteredthroudlfourlayersofcottonclothafterwhichthe  
filtratewascentrifugedat750xgfor30s，ThepelletwastwicewashedwithlOOmlof50mM  
HEPFS・NaOH（PH7・6），O，4NIsorbitol，2mM EDTA，5mM MgC12and5mM NaClby  
centrifugationat750xgfor40s．Underthesecondltions，50to80％intactchloroplastswere  
obtainedfromthecontrolleaves，buttheintactnessofchloroplastsfromSO2－fumigatedleaves  
wasverylow．Theplastidpe11etwasresuspendedin2mlofthewashingmedium．   
ChlorophyllwasestimatedbythemethodofAmon（1949）．Proteinwasdeterminedbythe  
method ofLowry etal．（1951）．The percentageofintactchloroplastswithenvelopeswas  
estimatedbythemethodofHeberandSantarius（1970）．   

〟ぞ〟∫uremeれrげ〟202〟〃dO2～〃CJlわr叩Jα∫J∫   

The standard reaction mixt11re for measurements ofH202formation and O2uPtake  
contalned（finaJvroJumeld）50mMHEPES－NaOH（pH7．6），O．4MSOrbjtol，1OmMNaHCO3  
andchlorplastsequlValentto80to120FLgChlorophyll・02uPtakewasmeasuredat250cunder  
saturatedwhllelight（－1，000W・m‾2）inaHansatechoxygenelectrodevesselandportionsof  
dle reaCtion mixture were sampled with a mjcrosy血ge to deteminethe H202 COntentS  
periodically．H202WaS meaSured accordlng tO thernethodofAsadae（ul・（1974）usinga  
reactionmixturewhichcontained（totalvolume2ml）100mMHEPES・NaOH（pH7・6），5rnM  
homovanlllicacid．50nM PerOXidaseandchloroplasts．Thefluorescenceintensityat425nm  
wasdeterminedwithaHltaChlMPF4spectrofluorophotometerwhenthesamplewasexcitedat  
315nm．   

り・∴・・‥い・■〃．り＿・い－！・・ノ・・・・・・・・‥・∴、ノト・・い・、・・・・・ユー・・・・・・・、   

Ten totwentyleafdlSCS（1．5cmindlameter）wereexcisedwithln3minatthetimes  
indicatedduringSO2fumigation・TenleafdlSCSCOntainedapproximatelyO・73mgchlorophy11  
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Aceumu．ationofHっ01inSO→Tfumigatedleaves  

and5．9mgprotein・ThesediscswerehomogenizedimmediatelywithaPolytron（Klnematica  
PTlO／35）in5rnlofvariousextractingsolutionsthatsuitedeachpurpose．nleeXtraCting  
SOlutions were O・1M Tris－HCl（pH7．8）for enzymeactivitics；5％metaphosphoric acid fof  
ascorbate；80％ethanoIcontaining5mM SOdium phosphate buffer（pH7．8）andO．25mM  
EDTAforCSHandGSSG；80％ethanoIcontaining5mMSOdiumphosphatebuffer（pH7．5），  
0．25mM EDTAand2mMN・ethylmaleimideforGSSG；andO・1Mphosphatebuffer（pH6．0）  
containing5mMhomovani11icacidandO・8FLMperOXidaseinthepresenceorabsenceofl，000  
unitcatalaseforH202・Inal1casesthehomogenateswerecentrifugedat18，000×gfor30min  

afterwhichtheclearsupernatantswereusedinthedeterminationforeachsubstanCe・H202  
WaS meaSured fluorometrically as described above．Enzyme activitiesin crude extracts were  

measuredafterdialyzingtheextractsagainst20volumesoflOmMTris－HCl（pH7．8）withfour  
Changes overnight；aSCOrbate peroxidase and dehydroascorbate reductase activities were  
measuredwithoutdialysis．   
Superoxide dismutase and guaiacoIperoxidase（ECl．11．1．7）wereassayedas described  
pfeViously（Tanaka＆Su畠ahara，1980）．Catalasewasassayedat250cbytheoxygenevolution  
from H202W揖＝＝e且Ctionmixture（］ml）thatcontair［ed50m入イTris・HCl（pH7．8），5mM  
H202andcrude enzyme．GlutathlOnereductasewasassayedbymonitoringtheoxidationof  
NADPH with GSSG（Foster＆Hess，1980）．Ascorbate peroxidase and dehydroascorbate  
reductase（ECl．8・5・1）were assayed accordlng tO Nakano andAsada（1981）withaslight  
modlnCation．Ascorbateperoxidasewasassayedat25Ocwithareactionmixture（1ml）that  
COntained50mM MES－NaOH（pH6．3），1fnM aSCOrbate，0．2mM H202 aJld enzyme．  
Dehydroascorbatereductasewasassayedat250cwithareactionmixture（1ml）thatcontained  
50mMMES－NaOH（pH6，3），2mMdehydroascoTbate，5mMG5Handenzyme，   
In the assaysofascorbate peroxidaseanddehydroascorbate reductase，thedecreaseand  
inpreaseinabsorbanceat290nmduetoascorbatewithareferencewavelengthat310nm（an  
absorbancecoemcientof2．8mMrlcm．1）weremeasuredwithaHitacl・u557dual・WaVelength  
SPeCtrOphotometer．ThedetemlinationsofGSHandGSSGwereperformedaccordingtoTietze  
（1969），Ascorbatewasdeterminedat250cbymeasuringtheascorbateoxidase－dependentO2  
uptake witha Hansatech oxygen electrode．The reactionmixture（lml）containedlOOmM  
MES－NaOH（pH6・3），20unitsofascorbateoxidaseandtheextractsaq）uStedtopH6・3withl  
MTris・base・ThereactionwasstartedbyaddlngaSCOrbateoxidase・   

（7け・りJ（JJJ   

Horseradishperoxidase（typeIT’RZ：1．4），horseheart cytochromec（typelIJ），bovine  
eTythrocyte superoxide dlSmutaSe and homovanillic acid were obtained from Sigma．Milk  
Xantlline oxidase and cucurbita species ascorbate oxidase were pfoductsofBoehringer．Beef  

livercatalase frorn P・LBiochemicallnc．waspurined furtheronacolumn ofSepharose6B  
to remove the contaminating superoxide dismutase．Dehydroascorbatewas purchasedfrom  
PfaltzandBauerInc．   

ThesuperoxidedismutasepTeparationofSigmawaspur摘edfurtheronacolllmn（1．5×15  

Crn）ofhydroxyapatitegelequillbratedwithlOmMphosphatebuffer（pH7．8）．Thesuperoxide  
di去mYtaSe（30mgin3mloflOmMPhosphatebuffer）waschargedontothegelandthe  
COlumnwashedwithlOOmloflOmMphosphatebufferb，H7・8）・Theenzyme 

． 

Showedtobehomogeneousbypolyacrylvnidegeldiscelect10PhoresisatpH8．3（Davis1964）・  
TheamountofsuperoxidedlSmutaSeWaSdeterminedfromtheabsorbanceat258nm（Asadael  
れ1如3）．  
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Results  

111uminatedchloroplastsisolatedfromSO2－fumlgatedspinachleavesaccumulatedH202at  
ahigherrate thanthosefromnon－fumigatedones．TherateofH202aCCumulationincreased  
duringSOユfumigationandreachedamaximumafter2hr－fumigation（Fig．1）．Assumingthat  
the、aVerageCOnCentrationofchlorophyllinintactchloroplastsis25mM（Nobel1973）andthat  
al1the H202StaySin the chloroplasts，the rate ofH202aCCurnulationincl山）rOplastsfrom  
2－h・fumigatedleaveswasll・3FnnOIH202formedmg‾1chlorophyllh‾landcorrespondsto  
260mM H202forlh．Therefore，0nlyO．14sofilluminationisenoughtoaccumulatelOFLM  
H202，Whichleadsto50％inhlbitionofphotosynthesIS（Kaiser，1976）．   
TheaccumulationofH202WaSaCCOmpanledbyanincreasedO2uPtake（Fig．1）andwas  
COmPletelyinhibitedbylOJJM DCMU（datanotshown）．TheseresultsareevidencethatH202  
is produced by the photoreduction ofO2in chloroplasts．SinceAsada and Kiso（1973）  
demonstratedthatchloroplastsilluminatedinthepresenceofsulnteionproducedmuchO2．at  
thereducingsiteofphotosysteml，itisperfectlyconceivablethatthlSincreasedproductionof  
O2．CauSedtheaccumulationofH202，Whenbrokenchloroplastspreparedfromnon・fumigated  
leaveswereilluminatedinthepresenceofsulnteion，anH202aCCumulationaccompaniedby  
O2uPtake was found（Fig・2）・Because H202reaCtSwithsulflteion，the rate ofH202  
accumulationbecamesaturatedatalowerconcentrationofsulntethandidthatofO2uptake．  

ロ  M5  0．5D  

■，ヱS83C叩…＝ti仙川H  

Fig．2 Efrects of Na2SO3（m H202  
formation and O2 uPtakeinruptured  
Chloroplastsprepared fromnonfumlgated  
leaves  

ChloroplastsisolatedfromnonfumlgatedleaYeS  
Were rupt11redinan oxygenelect10deYeSSelin  
lO YOlumes of50mMHEPES－NaOH（pH7．8）  
COntainlng2mMEDTA，5mMNaCland5mM  
MgCl2．Other conditions were the same as  
describedin Fig・1・eXCePt thattheNaユSO）  
concentration was varied asindieated．The  
photoreactions or Hっ0ラ fo∫mation弧d O2  
uptakewererollowedror5min．   

O t   2   3  

h爛lO■lion ti■¶■．h■  

Fig．1H202formation and O2uPtake  
in chloroplasts isolated from spinach 
leaves fumlgated with2．O ppm SO2for  
theperiodsindicated  

Afterillumination forlOmin，a Sample was  
transferledtoacuvettefoftheassayorIiユ0っ．  
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AccumulationofHlO】inSO】イumigatedteaves  

TheaccumulationofH202inchloroplastsfrornSO2－fumigatedleaveswasdepressedby  
SuPerOXide dismutase andcytochromec（Fig．3）．Fig．3bandcshowthedependenceofthe  
depressionofH202formationonthesuperoxidedlSmutaSeandcytochromecconcentrations．  
The inhibition of H201 formation with cytochrome c is explained by the reduction of 
CytOChrome c by O｛，a PreCurSOr Of H202．Superoxide dismutase may depress H，0，  
formationbyremovingtheO｛thatinitiatesthesulnte－mediatedchainreaction．  
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Fig．3 Effects of cytochrome c and superoxide dismutase on H202  
formationinilluminatedchloroplastsisolatedfromSO2－fumlgatedleaves  

Chloroplasts were prepared fromleaYeS fumigatedforlh．ThephotoreactiorLWaSthc  
Same aS describedinFig．1，eXCeptforthepresenceof16pM cytochromec，0．15んIM  
SuPerOXidedismutaseand7．5〃Mbovineserumalbumin（a），Inbandc，thesuperoxide  
dismutaseandthecy【ochrom¢CCOnCentlationsw即eYariedasindicated．  
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ToexaminewhetherH202alsoaccumulatesinspinachleavesduringSO2fumigation，We  
homogenizednlmlgatedleavesJuStaftefSamPlinginphosphatebuffercontaininghomovanilllC  
acid and peroxidasein the presence or absence of catalse．Samples prepared from  
SO2・nlmigatedleaveshadhlghernuorescenceintensityduetoH202thannon－fumigatedones  
did（Fig．4）．lncontrastthefluorescenceintensitydecreasedwhencatalasewasaddedduring  
theextraction．Thus，H202didacquITlulateinleafcellsdufingSO2fumigation．   
The relationships for chloroplastintegrity of SO2－fumigated spinachleaves，H202  
forrnation and O2uPtake are shownin Fig．5．The destruCtion ofchloroplastintegrityin  
spinachleavesduringSO2fumigationalsomayberelatedtoH202formation・ThlSagreeSwith  
observatioIISthatH202aCCumulatesinbrokenchloroplastsmoreactivelythaninintactones  
（Anen，1978a，b；RobinsonetaL，1980；Nakaムo＆Asada，1980）．But，theaccumulationof  
H202in broken chloroplasts prepared from SO2－fumigatedleavesalsowasgreaterthanin  
chloroplastsfromnon－fumigatedones．Theseresultsmeanthattheincreasedaccumulationof  
H202maybecausednotonlybydecreasedchloroplastintegrity，butbyothercondltionssuch  
as the accumulation ofsulnte andinactivation ofenzymesthatscavengeH202aSdescribed  
below．   

Activitiesofenzymes that scavenge activespecies ofoxygenwere followedduringSO2  
Lumigation（Fig．6）．Catalase，aSCOrbateperoxidaseandglutathionereductasewereinactivated，  
b11tSupeTOXide dimutase，各uaiacoIpeTOXidaseanddehydroascorbateTe血ctaseweTeSCaTCely  
affected．Nakano and Asada（1980，1981）recently demonstrated thatintact spinach  
ChloroplastscanscavengeH202atahlghrateunderlight．BecausethescavenglngrateOfH202  
is higher than the formation rate of H202in chloroplasts，the H202prOducedin the  
Chloroplastswouldbescavengednotbythecatalaseintheperoxisome，butbythechloroplasts  
themselves．  
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Fig，5 Relationship between H202for－  
mation and chloroplastintegritylnChlo－  
roplasts prepared from SO2－fumlgated  
S即naChleaves  

H，0，formationin chloroplasts（o）isolated  
fromleaves fumlgated foItheperiodsiJldicated  
andinTupturedchloroplasts（△），aSdescrlbedin  
Fi＆ 2，WaS meaSuJed．The photorcaction or  
H202わrmationtookplaceforlOmi∫l・   

Fig．4 Formation of H20ヱin SO2－  
fumigatedsplnaChleaves▲  

Tenleafdiscs were cut fromleavesfumlgated  
rolthepeTiod5indicated・nefluoTeSCenCeOr  
the clear extract waS meaSured 3 h after  
homogerLization・Attheindicatedtumes，SOっ  
waspassedin（J）orout（†）・  
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FigL6 Effects of SO2fumigation on severalenzymesthatscavengeactive  
SpeCiesofoxygen  

SpinachplantSinpotswerefumlgatedwith2・OppmSO2fortheperiodsindicated，then  
15leaf discs wcre excised．The enzyme activitylOO corresponds to O．546JJmOlof  
ascorbateo二札idizedcm】1eafareaminlforasじOrbateperoxidase（Ascper）；0．025J▲rnol  
dehydroascorbateredllCedcm‾21eafareaminrlfordehydroascorbatereductase（Deasc  
red）；9．6pmolO2eYOIvedcm‾2leafaTeamin‾1forcatalase（Cat）；2．4unitcm21eaf  
area for superoxide dismutase（SOD）and O．4411nit cm‾21eaf area for guaiacol  
perOXidase（Gper），Whereindicated，SO2WaSpaSSedin（l）orout（T）・Thedefinitionof  
anenzymeunithasbeendescribedpreviously（Tanaka＆Sugahara1980）．   

Thepresenceofascorbate（Gerhardt，1964）andglutathione（Foyer＆HalllWell，1976）at  
highconcentrationsinchloroplasts，andthelocalizationofascorbateperoxidase，dehydroascor－  
batereductase（Nakano＆Asada，1981），andglutathionereductase（Foyer＆Halliwell，1976）in  
the chloroplaststromasupporttheNADP－－glutathlOne→aSCOrbate・◆H202SyStemforthe  
SCaVeflgingofH202jnchlorophsts，Conceivably，山eirlaCtivationofascorbateperoxidaseand  
glutathlOnereductasernaybemorerelevanttotheaccumulationofH202thanthatofcatalase．   
H202disappeaTedlmmediately aftertheremovalofSO2（Fig，4）．Therapidrecoveryof  
ascorbateperoxidaseandglutathionereductaseandthealmostnonrecoveryofcatalaseafterthe  
removalofSO2SuPPOrt thepositionthatthe accumulationofH202WaSbroughtaboutby  
inactivationofthechloroplastH202・decomposingsysteminadditiontostirnulationofH202  
production・Thecontentsofascorbateanddutathione，WhlChparticipateassubstratesinthe  
Chloroplast－H202・decomposingsystem，andwhichalsoreactwlththesuperoxideradlCal（Asada  
e［a］．，1977），WerenOtaffectedbySO2－fumigation（Fig．7）．  

Discussion  

Itiswidely accepted that gaseous SO2turnS tOSO32‾andHSO3‾withlnleaftissues  
（H且11gren，1978；Thompson，1967）．0nlyafewpercentoftheseionspeciesareincorpofated  
into the sulfur metabolitesinplaJltS（liillgren，1978）．Most ofthe SO32－and HSO｛is  
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Fig，7 Effects of SO2 fumigation on the contents of glutathione and  
ascorbateinsplnaChleaves  

FifteenleafdiscswereusedforthedeterminationsofglutathlOne（a）andascorbate（b）．  
Whe∫ejJ】djc8ted，2．Opp打】50】WaSpaSSedjJ】り）aJ】dout（り，  

photooxldlZedtothelesstoxicSO42Jinchloroplasts；thlSPhotooxidationisaccompaniedby  
PrOpagationofthesuperoxideradica】（0√）（Asada＆K）SO，1973）・ThestJPeTOXjderadjcalis  
dlSmutated to H202and O2either spontaneouslyorby chloroplastsuperoxide dismutase・  
1nteractionsamongtheH202，0｛andchloroplastcomponentsproducesthehydroxylradlCal  
（OH・）andsingletoxygen（102）（Asadaetal．，1977）．Theseactivespeciesofoxygenarehighly  
deleterious tocellcomponents．Therefore，amqJOrreaSOJIEbrtheSO2tOXicitjesmaybethe  
productionofactivespeciesofoxygeninhlgherplants．   
Amongtheactivespeciesofoxygenproducedonthethylakoids，102andOH・WOuldnot  
diffuse to the stroma because of their shortlives andhlghreactivitywlthsuchthylakoid  
membranecomponentsastocopheTOl，CarOtenOidsandllpids（Asa血eta（．，1977；Foote，1976；  
Fridovich，1978，Takahama＆Nishlmura，1975，1976）．Similarly，0｛couldhardlyencounter  
StrOmalcomponentsduetoitsscaveningbysuperoxidedismutaseandothermembranebound  
electron tranSfer components such as cytochIOme f（Tanaka e［aL，1978），Plastocyani！1  
（Takahashietal，，1980）andferredoxln（Al1en，1975），But，H202havingaweakerreactivity  
andalongerlifethantheotheractlVeOXygenCanreaCtWithstromalcomponents．Althoughit  
isconceivablethatinhibitionofphotosynthesisonSO2hlmigationiscausedbyH20っ，there  
hasbeeJIJlOrePOrtOfhowm11ChH202isaccumulatedhchlofOPlastsduringSO2fumigatiorL・   
Chloroplastsisolatedfrorn2hr－SO2，fumlgatedleaveswouldproduce260mMHユ02ifllhr  
Ofi11umination，aSSumingthatnoH202eSCaPeSfromthechloroplasts（ 

． 

accumuユatjomarehj由enoughtodepressphoto5yJ血e血SO2凡ImjgatjoJ】forJmOre仙an2hr  
decreased the rate of H202 fomlation・This decrease may be caused byinl11bition of  
photosysteTn TIby SO2（Shimazaki＆Sugahara，1979，1980）．H202 formation was  
accompanledbyanincreaseinthellght－dependentO2uptake（Fig．1and2）．Theincreasesin  
theH202formationandO2uPtakeweresuppressedbyDCMU（dataTIOtShoⅥ1）．mef油that  
bothsuperoxidedismutaseandcytochromecdepressedH202formation（Fig．3）isevidence  
thatH202WaSprOducedviaO｛，andthatanincreaseintheOl‾concentrationcausedbythe  
sul丘te－mediatedchainreactionmighttakeplaceinchloroplastsfromSO2－fumigatedleaves．   
TheSO2fumlgationtospinaehleavesgavechloropIastswhichproducedconditionsforthe  

194   



AccumulationofHlOlinSO2－fumigated】eaves  

increase of O｛concentration other than bysulnte－mediatedchain reaction．Chloroplast  
加egrjtywa5血pairedbySOヱ九Ⅷjgation（Fig．5）．DeざけUCtioれOfthechユoropl且5tenVelope  
StimulatestheformationofO｛byacceleratingthe血eracti？nOfferredoxinand／orP－430with  
O2（Asada＆Nakano，1978；Lien＆SanPietro，1979；RobinsoneTal．，1980；Al1en，1978ab）  
WhlChresultsin the accumulation ofH202・OftheenzymeSthatscavengeactiveoxygen，  
ascorbateperoxidase，glutathionereductaseandcatalasewere 

， 

Ofitsformation，butbyadecreaselnitsdecompositionaswell．   
A†ranSientincreaseinglutath10nereductaseactivityaftera15－min－fumigationwlth2ppm  
SOユd50WaSObservedhcottonleaγe5eXP？5e申to75箆02（Foster＆Hesざ，1980）・nee脆ctof  
lowconcentrationsofSO20ntheenzymelSnOWunderinvestigation．TherelationshlPbetween  
theinhibitionofphotosynthesisandtheinactivationofchloroplastSHenzymeSwiththeH202  
producedduringSO2fumigationisthetopicofanotherpaper（Tanakae［al．，1982）．  
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二酸化イオウ暴霹ホウレンソウ葉緑体における過酸化水素の蓄積  

田中 浄・近藤矩郎l・菅原 淳   

二酸化イオウ暴露したホウレンソウから単離した葉緑体は光照射すると260mMhlという高  

速度で過酸化水素を蓄積した。－一方，非暴露葉緑体の過酸化水素生成は全く起こらなかった。暴  

露葉緑体の過懐化水素生成はDCMU，チトクロムc．スーパーオキシド ジスムターゼで抑制  

された。植物体における過酸化水素分解に関与する酵素系であるカタラーゼ，アスコルピン酸パー  

オキシダーゼ，グルチオン還元酵素活性は二酸化イオウ暴露初期に減少した。非暴露葉緑体に亜  

硫酸イオンを加えて光照射したときにも酸素吸収を伴う過酸化水素生成が検出された。以上の結果  

から二酸化硫黄暴罵時の過酸化水素の蓄積は集録体光化学系1における亜硫酸イオンによるスー  

パーオキシドラジカル（過酸化水素の前駆体）の連鎖反応的生成と過酸化水素分解系の阻害の  

両方が原因で起こると推察した。  

1匡l立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町′ト野川16番2  
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Participation ofHydrog占nPeroxidein thelnactivationofCalvin－  

CycleSHEnzymesinSO2・FumigatedSpinachLeaves＊  

KlyOShlTanakal，TetsuaklOtsubo2andNoriakiKondol  

1EnvironmentalBiologyDivision，theNationallnstitutefoTEnvlrOnmentalStudies，   
Yatabe－maChi，lba∫aki305，Japan．  
2 Re5earChCol】占わra板Or伽N8tional】れ∫亡jtutef8rEnv細れmenta15tudje5▲Dep8rト   
mentofEnvironmentalChemistry，FacultyofScience，TohoUniversity，FurLabashi．   

Chiba274，Japan．   

InSOユーfumigatedspinachleaYeSundeflight，ChloroplastSHenヱymeS，glyceraldeL  
hyde－3－Phc・SPhate dehydTOge・laSe（NADP－GAPD）（ECl・2・1．13），TibtJIose－5－phosphate  
klnaSe（Ru5PK）（EC2・7・1・19）andfructose－1，6－bisphosphatase（FBPase）（EC3．1．3．11）  
Were mOre remarkablyinactivated than other chloroplast enzymes．Their activities  
recoveredafteIremOValofSO2・TheirtactlVationparalleledlight・depen，dentCO，－fixation  
in spinachleaves・lni11uminated chloroplastsisolated frorn SOっ－fumlgated spinach  
leaves，NADP－GAPD and Ru5PK were rnore speciflCallyinactivated than other  
Chloroplast enzymes・These two enzymマS COuldbeprotectedfromtheinactivationby  
addingcatalase．TheNADP－GAPDinactivationwassuppressedbyDCMU，CytOChrome  
O∫弧且e∫Obicco刀dj†jo瓜By8ddjJlgthjoIcoJ¶pOu刀d5，t加NA工）P－GAPDiJ】aC士jv封jo刀Wa5  
dischaLged and theactivityincreased．lnchloIOplastsorcrudeextractsfromnon－fumi－  
gated splnaChleaves，NADP－GAPD and R115PK were more stronglyinhibited by  
extema11yadded H202thanotherchloTOplastenzymes．AllleSultssupportedtheidei  
thatthesuppressionofphotosynthesisatthebeginningofSO。fumlgationwascaused  
bythereversibleinhibitionorchloroplastSHen革ymewithHユ0っ・  
Keywords：CO，－nXation（spimch），Fructose－1，6－bisphosphatase，Hydrogenperoxide，  
NADP・glyceraldehyde・3－phosphatedehydrogenase，Ribulose・5・phosphatekinase，Sulfur  
山0Ⅹjde．   

Althougl1hlgherplantsareknowntolosethefacultyforCO2nXationatthebe辞nningof  
SO2fumigation，themechanismhasremainedunclear・Severalworkersproposedanimportant  
roleofactiveoxygeninSO2tOXicity（Tanaka＆SuBdlara，1980；ShimazaklelaL，1980；PejseT  
＆Yang，1979）・！n a previOじS paper，購ShoIVed that H202aCCumulatedinillⅦninated  
ChloroplastsofSO2・fumigatedleaves（Tanakaetal，，1982）．H202atlowconcentration（10to  
lOO〟M）isinhlbitorytochloroplastSHenzymes（Kaiser，1979；Robinsoneta］．，1980；Forti＆  

●Thisstudyhadbeen publishedin Plant Ce11Physiol．，23，1009－1018（1982）andwasreproducedwith   
pt；rmi5SionoItheptJblisher．  
AbbTeYiations＝ FBPase，fruCtOSe－1〉6－bisphosphatase；G6PD，glucose－6－Phosphate dehydrogenase；NADP－  
GAPD・NADPLglyceraldehyde－3・phosphate dehydrogemse；PGAK，3・Phosphog】ycerate kinase；RuBPC，  
rtbulose－1，5・bisphosphatecarboxylase；TransA，Transa］do）ase；TransK，Transketohse．  
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Gerola，1977；Heldt et aL，1978）．Therefore，itis conceivable thattheinl1ibition of  
PhotosynthesisinSO2－fumigatedhlgherplantsiscausedbyH202．   
ThlS Paper rePOrtS nndings that chloroplast SH enzymeS，NADP・GAPD，Ru5PK and  
FBPase，inSO2・fumigatedleavesaremorestroI唱1yinactivatedthanotherenzymeS，andthat  
theinactivationmaybecausedbytheoxidationofsulfhydrylgroupsoftheseenzymeSandthe  
SuppreSSionoftheirlightactivationprocesswlthH202．  

MaterhlsamdMethods   

劫御m血椚げ岬血扉Ⅷ旺仰画が   
Spinach仲inacia ole7VCea L．cv，NewAsia）plants were grownin a phytotron and  
fumigatedwith2．OppmSO2underligl1t（一1，000W・m‾2）inagrowthcabinetaspreviously  
described（Tanaka＆Sugal1ara，1980）．Chloroplasts wereisolatedinanisotonic sorbitol  
medlumwithoutascorbatefromtheSO2－fumgatedleaves（Tanahetれ1982）・Chloroplasts  
werestoredinthedarkfor2hrbeforeexperullentS．Partofthestockedchloroplasts（100to  
200pg chlorophyll）was tranSferred to a test tube contalning O・4M SOrbitol，50mM  
HEPES－NaOH（pH7；6）andlOmM NaHCO3，inatotalvolumeoflml，andincubatedunder  
light（pl，000W・m‾2）at250cLChloroplastsinthetesttubewereperiodica11ytransferredtothe  
reactioncuvetteforenzymeassay．   

The CO2uptake 

chamber（50×50×95cm）at200c，75％relativehumidltyandaflowrateoflOliteralr（340  
ppm co，）min▲1underlight（－1，000W・mJ2）．Prior to SO2fumigation，the plants were  
prei11uminatedformorethan2hr．TherateofCO2uPtakewasdeterminedbymeasuringthe  
dlfference between theinlet and outlet ofthe assimilation chamberusinganinfraredCO2  
analyzer（ShimadzuURA2S）・   

物〃mJわ〃qrC几‘degれZJ′mg∫   

TenleafdlSCS（1．5cmindiameter）wereexcisedasqulCklyaspossible（within2min）at  
indlCatedtimesduring2・OppmSO2fumlgation・Withln3minaftertheexcislOn，theleafdiscs  
werehomogenizedwith5mlofO．1M Tris・HCl（pH7．8）usingaPolytron（KlnematicaPT  
lO／35）．Thehomogenatewascentd餌gedat15，000xgfor30minandthesupernatantwas  
dlalyzed four tlmeS against20volumes oflO mM Tris－HCl（pH7，8）ovemight・After  
centrifugationofthedialyzedsolutionat15，000xgfor30min，theclearsupernatantwasused  
todetermineenzymeactivitiesandprotein．Proteinandchlorophyllweredeterminedaccording  

toLowryetal．（1951）andArnon（1949），reSpeCtively．TenleafdlSCSCOntainedapproximately  
O．73mgchlorophy11and5・9mgprotein．   

J二’り二．l■†りl’JJ岬■1   

Spectrophotometric assayswefe Carried out at250c・Most enzymes were assayedby  
continuousrecordlngwithaHitachi557dual－WaVelengthspectrophotometer．ThioIcompound  
wasomittedfromtheassaymixtureunlessotherwISeStated．Enzymeassayswereconductedin  

atotalvolumeoflmlandstartedbyaddingenzymes，unlessotherwisestated．   
RuBPC（EC4．1．1．39）wasassayedaccordingtoLorimeretaL（1976），Thepreincubation  

mixturecontainedlOOmMTris－HCl（pH7．8），20mMMgC12，5mMNaH14co3（2．8×105cpm  
pnolrl）andtheenzyme・Afterpreincubationof15minat25Oc，thereactionwasinitiatedby  
addlnglmM RuBPandrunforlOminat250c・ItwasstoppedbyaddingHClina血a1  
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COnCentrationoflNandtheincorporationof14cintoacid－Stableproductswasmeasuredwith  
a Packard32551iquidscirlti11ation counter・SBPase（EC3・1・37）wasassayedaccordlngtO  
RackeTandSchTOedeT（195S）・ThereactionmixturecontainedlOOmMHEPES・NaOH（pH7．2）  
and2・1mMSBP・ThereActionwasdonefor20minat350candstoppedbytheaddltionofO．1  
rnlof10％trichloroaceticacid・PhosphatereleasedfromSBPwasdeterminedaccordlngtOChen  
etaL（1958）・PGAK（EC2・7・2・3）wasassayedbycouplingwithNAD－GAPD（Fu11ere［aL  
1961）・Thereactionmixturecontaine（1100mMTris－HCl（pH7．8），5mMATP，SmMPGA，10  
mMMgC12，0・2mMNADHandlunitofNAD－GAPD・FBPasewasmeasuredaccordingtoKelly  
e（a）・（1976）・ThereactionmixturecontainedlOOmMTris－HCl（pH7．8），lmMFBP，1mM  
EDTA，0．4mMNADP’，10mMMgC12，4unitsofglucosephosphateisomeraseand2unitsof  
G6PD・G6PD（ECl・1・1A9）wasassayedadcordlngtoMutoandUritanl（1970）．Thereaction  
mixturecontainedlOmM Tns－HCl（pH7・8），1・7mMG6P，1．7mM6－phosphogluconateandl  
rnM NADP＋・Theactivityof6－Phosphogluconatedehydrogenasewasmeasuredbyomitting  
G6PfromtheabovereactionmixtureandsubtractedfromtheactjvityobIajnedjnthea♭ove  
reaction・Ru5PKwasmeasured accordlng tOthemodifiedmethodofWara－AswapatietaL  
（1980）・The reactionmixturecontainedlOOmM Tris－HCl（pH7，8），0．5mM Ru5P，5mM  
phosphoenolpyruvate，0・2mM NADH，lmM ATP，50mM KCl，10mMMgCl2，10unitsof  
PyruVateklnaSeandlOunitsoflactatedehydrogenase．TransA（EC2．2．l．2）wasmeasuredby  
COuPlingwithα－glycerophosphate dehydrogenase（Latzko＆Gibbs，1969）．The reaction  
mixture contalnedlOOmh4TrlS－HCl（pH7．8），0，2mM NADti，2mM FBP an（10・2unitof  
α－glycerophosphatedehydrogenase・TransK（EC2・2．1．1・）wasmeasuredaccord血gtoCooperet  
al．（1958）．mereactionmixturecontainedlOmMTris－HCl（pH7．8），0．2mMNADH，0．12JjM  
thlamine pyrophosphate，2．4units oftriosephosphateisomeraseO．5mM ribose5P，0．5mM  

Xylulose5PandO．2unitofα一glycerophosphatedehydrogenase．NADP－malicdehydrogenase（EC  
l，1．l．37）was assayed according to the modined method orHatchandSlack（1969）・The  
reactionmixturecontainedlOOmMTris－HCl（pH7．2），5mMOXalacetate，3mMMgC12andO．l  
lnM NADP’．NADP－GAPD was assayed according to WolosiukandBuchanan（1976）．The  
reactionmiⅩtureCOntained10mM Tris－HCl（PH7．8），5mMPGA，1mMATP，1OmMMgC12，  
0．ユmM NADt）Handl11nitofPGAK．  

（Ⅵe∽fcαJ∫   

YeastNAI｝GAPD，PGAK（typeX），glucosephosphateisomerase（typeIII），bakers’yeast  
G6PD（typeXV），rabbitmusclepyruvate kinase（typelII），1actate dehydroganase（typetl），  
α－glycerophosphatedehydrogenase（typeIII），and triosephosphateisomerase（type X）were  
ObtalnedfromSigma．BeeflivercatalaseflomP－LBiochemicallnc．wasfurtherpurifiedwitha  
COlumnofSepharose6BinordertoremovethecontaminatingsuperoxidedlSmutaSe・Allother  
reagentswereofthehighestqualityc（）rnmerCiallyavailable．  

Results  

Spinach plants were fumigatedwith2ppm SO2underlightandthe activities often  
Chloroplastenzymeswerefollowed（Fig．1）・Amongthem，FBPase，Ru5PKandNADP－GAPD  
Were mOre rCmarkablyinactivatedthanLthe、others．Thesethree SO2－SenSitive enzymeshave  
sulmydrylgroupsnecessaryfortheiractivitiもs（Wqlosiuk＆Buchanan，1976；Bu6hanane（a］・  
1967，1971；Latzkoetal”1970）－DuringSO2fumi甲tioh，thei－inactivationproceededin  
Paral1elwiththedecreaseofphotosyntheticCO2・nXation（Fig．2）．AfterremovalofSO2their  
activitiesrecoveredalmostcompletelywlthinlOmin，WhilephotosyntheticCOぅ一Lixationonly  
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Fig，1Changesin activitiesofchloroplast enzymesinsplnaChleaveswith  
SOヱfumlgation  

TheenzymeactivltiesbeforeSOっfumigation（100％）were82，3forNADP・GAPD，70・3  
forFBPase，280．4forTransK，823forPGAK，402forTransA，132forRu5PK，23．4  
for NADP－malic dehydrogenase（NADP－MD），and24．3for G6PDin nmoINADPH，  
NAI）P＋ or NAD†formed mg protein‾1min‾1，53 ruT101phosphate released mg  
protej爪】mjn－1f8r5Bpa5eand242nmo】】4COユnXed mgpTOt血‾1m血‾1∫or  
RuBPC．  

5【l  tOO  柑O   

Til¶e．min  

Fig．2 Time couse of photosynthesis and activities of chloroplast SH  
enzymesduring2・OppmSO2fumigation  

The SH enzyme activitiesinSOILfumigatedleaYeSWerefouowed．Thelight・dependent  
CO2uptake ofsplnaCh plantsina potwasmeasuredasdescribedinMaterialsand  
Methods．The totalchlorophyllcontentinspinachleaveswas33・1mg．The rate of  
light－dependcntCO2uPt？kejustbeforeSO，fumigationwas168JLmOICO；mgChloro，  
phyllrlhr－l・TheCO）＜VOlutionofsoilitselfinapot（636FlmOlhr．1）wasnotchanged  
bySO2－fuTnigationandthisCOl｛VOlutionwascorrectedwhennetphotosynthesisof  
spinachleaveswascalculated・Attheindicatedtimes，SOっfumigationwasstarted（t）or  
stopped（f）・Enzymeunits（de伽edinFig・1）beforeSO】fumigation（100％）weTe88・4  
forNADlhGAPD，72．3forEBPaseand143forRu5PK・  

202   



HっOtintheinhibitio爪Orphotosynthesiswi－hSO2  

Partiallyrecovered・Therefore，thedecreaseinphotosyntheticCO，血ationatanearlystageof  
SO2fumlgationmay be caused by the reversibleinhlbition ofSH enzymes．Shimazakland  
Sugal1ara（1979，1980）reportedirreversibleimpairmentofphotosystemIlinspinachleaves  
fumigatedwith2ppmSO2justbeforeorwhenvisibledamageappeared（aboutlto2hrafter2  
PPmSO2fumigation）・TheincompleterecoveryofphotosyntheticCO2－nXationafterrernoval  
OfSO2mightbeduetothisinhibition，   
Previously，We rePOrtedthat chloroplastsisolated from SO2－nlmigated spinachleaves  
pTOducedmuchmore H202tharlCOntrOlones（TanakaetaL，1982）．Since11202has且higl1  
reactivitywiththeSHenzyme，theseenzymeSmaybeinactivatedbyH202PrOducedduring  
SO2fumigation・To checkthlS，We followedtheactivities ofsevenenzymesinchloroplasts  
isolated from SO2－fumigated spinachleaves underillumination（Fig．3）．NADP－GAPDand  
Ru5PKactivitieswere depressedremarkably duringillumination，butnotasmuchifcatalase  
WaSPreSent・WhenH202WaSaddedinthedarktochloroplastsisolatedfromnon－fumigated  
Spinachleaves，NADP－GAPDandRu5PKactivitiesalsodecreasedmoreremarkablythanthose  
Of血eotherenzymes（Fig・4）・Also，theadditionofsul員te（1，5andlOmMPH5．0，6．Oand  
7・6）tochloroplastsorcrudeextractsfromnon－fumigatedspinachp 
activitiesofRu5PKandNADP－GAPD／nlerefore，theinactivationoftheSHenzymesmayhave  
beencausednotbysulnteionbutH202．   
Further evidence for theparticipatio110fH202intheinactivationofNADP－GAPDin  
SO2－fumigatedleavesis foundin the resultsin Fig．5to8．NADP・GAPDinactivationin  
illuminatedchloroplastsisolatedfromSOユーfumigatedleaveswasmDStmarkedarQundpH6・3  
（Fig．5）・This pH profile agreed we11withthat of H202 aCCumulation．NADP－GAPD  
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Fig．3 Effects ofcatalase on enzyme activitiesinillumiIlatedchloroplasts  
isolatedfromSO2－fumigatedandnonfumigatedspinachleaves  

Olloroplastswereisolatedfromspinachleavesfumigatedwlth2・OppmSO皇forlhrand  
wereiuuminated．Apartoftheiuuminatedchloroplastswasperiodicallytransferredto  
thecuvetteforenzymeassay．Fordetails，SeeMeterialsaJldMetho（ls・Enzymellnitsare  
deflnedinFig，1．（0，△），enZymeaCtivityinchloroplastsfromnon－fumigatedleaves；（●，  
▲），enZymeaCtivityinchloroplastsfrorrtSOっ－fumigatedleaves；（△，▲），inthepresenceof  
200u∫litsorcatalase；（0，●），nOaddition一  
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Fig．4 Effects of H2020n aCtivities ofenzymesinchloroplastsisolated  
fromnon－fumlgatedsplnaChleaves  

Olloroplasts（equivalent to140JLg）wereincubatedforlOminat OOcwith50mM  
HEPES－NaOH（pli7．6），0．4M soIbitol，10mM NaHCO，，0・4mM NaN，and the  
indicatedconeentratio】1SOfHユ0っinatotalvolumeoflmlinthedalkLEnzymeunits  
beforeaddingrI，0ユ（100％）were91▲Ofor NADP－GAPD，77・4forFBPase，1242for  
PGAK，123for Ru5PK，112for Trans K，212for Trans A and40・8for G6PD，  
respectively・EnzymeunitsaredefinedinFig・1・  
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Fig．5 Relationship between theinactivation of NADP－GAPD and the  
formation of H,O, at various pH values in illuminated chloroplasts from 
SO2イumlgatedleaves  

Plantswere Eumlgatedforanhour・PartsofchloroplastsilluminatedforlOminwere  
tTanSfeTIedtothecuvettesfqren乙YmeQrHユ0ユaSSay・TheptlvalueswerevaTiedwith  
O．1M Tris－malate・TTLeNADP－GAPDactivitybeforellghtilluminationwasregardedas  
100％，TheHク02formationwasmeasuredasdescribedpreviously（TaTlakaeEa［・，1982）・   

inactivationwassuppressedbycytochromecandDCMU（Fig．6），WhichhavebeenshoⅥ1tO  
inl1ibitH202fomlation（TarlakaetaL，1982）．NoinactivationofNAI）P・GAPDactivityunder  
anaerobicconditionsalsosupportstheinactiYationofthisenzymewithH202（Fig・7）・The  
NADP－GAPDphotoinactivationwaprotectedbycatalase・ThephotoinactivatedNADP－GAPD  
wasreactivatedbyditIdothfeitol（Fig．8）．TheNADP・GAPDactivitywasalsorecoveredwith  
theadditionof2mMCySteine，2mM2・merCaPtOethanolof2mMGSH・Theseresultsshowthat  
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Fig，6 Effects bf cytochrome c and DCMU on theinactivation of  
NADP－GAPDin chloroplastsisolated from2．OppmSO2－fumigatedspinach  
leaves  

Plantswerefumlgatedforanhour・Thereactionmixturecontained16JJMcytochromec  
orlO〃MDCMU．  
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Fig．7 0xygenrequlrementfortheinactivationofNADP－GAPDinillumi－  
natedchloroplastsisolatedfrom2・OppmSO2－SumigatedspLnaChleaves  

Spinach plants werefumlgatedforanhour・Partoftheilluminatedchloroplastswas  
periodically transferredto the cuvette forenzymeassay・T71ereaCtionmixturewas  
bubbledwithN2OrairforlOminbeforeandduringphotoreaction・  

205   



塩yoshiTanaka，T¢tSua最Otsubo and NoriakiKondo  

∧
U
 
 

n
）
 
 

O
 
 

L
烏
∈
T
亡
芯
l
≡
l
ぎ
ー
〇
∈
∪
こ
上
之
モ
≡
二
P
；
占
 
 

0  25   
Illuminationlime．min  

50  

Fig．8 Effect of dithiothreitolon theinactivation of NADP．GAPDin  
illuminated chloroplastsisolated from2．OppmSO2－fumlgatedsplnaChleaves  

Plantswere fumigatedfoTanhour．Attheindicated times，2mMdithiothreitolor200  
unitsorcatalasewasadded．  

thephotoinactivationofNADP－GAPDinchloroplastsiscausedbytheoxidatlOnOfSH－grOuPS  
necessary for the enzyme activity．Because dlthiothreitolraised NADP－GAPD activity，it  
seemed tointeract directlywithSH groups of dle enZyme and／or a dithioIcompound  
（Anderson＆Avron，1976）intheprocessofphotoactivationoftheenzyme．   
BothNADP－GAPDandRu5PKareactivatedbylightinchloroplasts（Anderson＆Avron，  
1976）．Thisactivationhasbeenattributedtoadlth101compoundproducedinthereducingsite  
OfphotosystemI，WetestedwhetherH202attaCkstheseSHenzymesthemselvesortheprocess  
Ofphotoactivation．AsshowninFig．9，thephotoactivationofNADP－GAPDandRu5PKwas  
alsoinl1ibitedbyH202．Therefore，H202affectednotonlytheseSHenzymesthemselvesbut  
theirphotoactivationalso．1tshouldbenotedthatthesensitivityofphotoactivationofFBPase  
toH202isverylow・ThlSreSultmaysupporttheproposalofWolosiuketal．（1979，．1980）that  
themechanismofphotoactivationofFBPasediffersfromthatofNADP－GAPDandRu5PK．  

Discu岱iom  

We previously reportedthat spinach plants accumulated much H202 during SO2  
fumigation，andsuggestedthatH202thusproducedinchloroplastsmightparticipateinthe  
suppressionofphotosynthesisduringSO2fumigation（Tanakaeta］。198i），Assummarizedin  
Fig．1，ChloroplastSHenzymes，NADP－GAPD，Ru5PKandFBPase，WereStrOnglyinactivatedin  
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NADP－GAPO  Ru5Pl（  

0  5 10  0  5 10   

11lllminatit川tiInモ，miIl  

0  5 10  

Fig．9 EffectsofH2020ntheprocessoflightactivationofchloroplastSH  
enZymeS  

Olloroplastsisolated from non－fumigated spinachleaves weTeincubatedwith the  
indicated concerttrations of Hユ0っ as describedin Fig・4andilluminated for the  
iTLdicatedtimes．Enzymeunitsbeforeillumination（100％）were78・3（noaddition），64・2  
（0．1mMHフ0。）aふd42・1（0・2mMHっ0っ）forNADP－GAPD，145■2（noaddition）・129・4  
（0．5mM H，0，）andl12・2（1・OmMHっ0】）forRu5PK，and86・4（noaddition），82・1  
（1・OmMHユ0ユ）and84・9（10・OmMH20？）forFBPase，reSpeCtively・Enzymeunitsand  
deflnedinFig．1．ThenumbersinthefiguresrepresentHlO】COnCentrations（mM）▲  

SO2－fumlgatedspinachleaves・IthasbeenproposedfromthechaTlgeinthesubstratelevelof  
thephotosyntheticcarbonpentosephosphatecyclethattheseenzymesmightbespecifically  
sensitivetoH202（Kaiser，1979；Heldtetalり1978）．InadditiontoNADP－GAPD，Ru5PKand  
FBPase，Trans K，PGAK and G6PD activitiesin SO2・fumigatedleaveswere alsodepressed  
slightly（Fig，1），TheseenzymesweremoreorlesssensitivetoexternallyaddedH202（FigL4）■  
Therefore，theinactivationofthesethreeenzymesduringSO2fumlgationmaybealsocaused  
byH202・ThequestionremainsofwhlChenzymeinactivationisactuallyresponsibleforthe  
decreasein CO2・nXation rate．Thus，We areStudyingthechangeinthesubstratelevelofthe  
reductivepentosephosphatecycleinleavesduringSO2fumigation・   
Unexpectedly，FBPase activity was not affected while NADP－GAPD andRu5PKwere  
inactivatedini11uminated chloroplastsisolated from SO2－fumlgatedleaves，WhlChproduced  
H202atahighrate（Fig．3）．WealsoconnrmedthatNADP－GAPDandRu5PKinchloroplasts  
wereinl11bitedbyexternal1yaddedH202butFBPasewasinsensitivetoH202（Fig・4）・Charles  
andHalliwell（1980）reportedthatthiol－treatedFBPasehavingalowKmforFBPwasseverely  
inl1ibitedbyH202butthenontreatedenzymehavingahlghKmforitwasinsensitivetoH202・  
Wealso observedthat theincreasedactivity ofFBPasewith dithlOthreitoldecreasedtothe  
ori由nalactivitybyaddlngHiO2（datanotshown）・Tberefore，thequestionofwhyFBPasein  
SO2－fumigatedleaveswasinactivated（Fig．1and2）buttheenzymeinchloroplastsisolated  
from SO2．fumigatedleaves was not（Fig．3and4），may be answered by the different  
sensitivitiesofthetwoformsofFBPasetoH202．   
Why hlgher plant photosynthetic COr餌ationis depressed at the nrst stage ofSO2  
fumigationhasnotbeenknown・Someworkerssupposedthatitiscausedbythecompetitive  
SO，2Linl11bitionofRuBPCwithrespecttoHCO3‾・Ziegler（1972）reportedthat RuBPCin  
crudespinachextractwascompetitivelyinl11bitedbysulnteionwithrespecttoHCO3J・OdlerS  
have observed that theinl1ibitionofCO2－nXationwithSO2fumlgationcanberelleVedby  
raisingthe CO2COnCentration（Furukawae（aL。1979；Majemik＆Mansfield，1972）・ThlS  
inl11bitionbySO2hasbeenattributedtothecompetitiveinhibitionofRuBPCbySO32rwith  
respect to HCO｛．However，nO eVldence hasbeenpreserLtedthatthlSinl11bitionoccursin  
SO2－fumigatedleaves．Thephotooxldationofsulntetosulfateatanextremelyhighratein  
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Clo－Oplasts（Asada＆K血0，1973）miかoppose仇eaboveview．  
Weproposehere anotherpossibility forthe reversaloftheinhibitionofphotosynthesis  
withSO2bytheincreaseinCO2COnCentration．Jtiswidelyknownthatthephotosynthesisis  
inhibitedbytheincrease ofO2COnCentration（Warburg，1920；E11yard＆Gibbs，1969）and  
SeVeral1inesofevidencehavebeenpresentedshowingthatthlSPhenomenoniscausedbythe  
COmPetitionbetweenCO2andO2forelectronsfromwater（Asada＆Nakano，J978；Nakano＆  
Asada，1980；Radmer＆011inger，1980）・Previously，We 

． 

OneS（Tanakaeta）．，1982）．Therefore，SO2nlmigatior10fhlgherplantsmaystimulatenowsof  
electrons to O2，followed by the formation ofa reduced species of oxygen．Under such  
COnditions，SuPPly ofmore CO2decreasesthe production ofactive oxygen．Therefore，We  
inferredthatCO2lessenstheinhibitionofphotosynthesisinSO2・fum］gatedleavesbydecreas・  
1ngtheproductionofactivespeciesofoxygenduetoincreasedflowofelectronstoCO2．   
WhenspinachplantsirlpOtSWerefumigatedwithO．5ppmO3undefthesameconditionas  
SO2fumigation，the activities ofthe thiolenzymeS（NADP－GAPD，Ru5PKand FBPase）in  
leavesdidnotchangeatal1atleastfor3h．ThisresultindicatesthatO3fumigationmaycause  
no accumulation ofH202inleaves・Further，SirlCejtjswide］yknown thatO3jsastrong  
OXidizer for thlOlgroups，it can be thought that O3does not react directly withstromal  
COmpOnentS・Sakakland Kondo showed thatlipidscomposlngChloroplastthylakoidswere  
affected by O3 fumigation（unpublished data）．Therefore，the target for O3 attaCkin  
ChloroplastsmaybethylakoidsandO3maybethoroughlyconsumedthere．  
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二酸化イオウ暴露ホウレンソウ葉における炭酸固定系チオール酵素  

の失活への過酸化水素の関与  

田中 浄1・大坪鉄昭2・近藤矩朗1   

二酸化イオウ暴露したホウレンソウ葉の炭酸固定系酵素活性を測定すると，グリセルアルデヒ  

ドリン酸脱水素酵素，リブロースリン酸キナーゼ，フルクトtスニリン酸フォスファダーゼが顕  

著に失活していた。これら3酵素の失括は同時に測定した光合成の低下と並行して起こった。二酸  

化イオウ暴露したホウレンソウから単離した葉緑体を光照射したときの炭酸固定系酵素活性を追  

跡したときにもチオール酵素の特異的な失括が見られた。この葉緑体におけるチオール酵素の失  

活は過酸化水素生成と並行して起こり，DCMU，チトクロムc，嫌気条件下で抑制された。非暴  

露葉緑体の抽出液に過酸化水素を添加したときも上記チオール酵素が特異的に失活した。一方，  

同じ条件で亜硫酸イオンを加えてもチオール酵素活性は変化しなかった。以上の結果から，二懐  

化イオウ暴露初期の光合成阻害の原因は暴露時，副次的に生成した過酸化水素が炭酸固定系チ  

オール酵素を突活させることであると考えた。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷閏部町／ト野川16番2  
2 国立公害研究所 共同研究員（東邦大学 理学部 〒274 千染県船橋市三山町542）  
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Res・Rep・NatI．Inst・EnYiron．stud．，Jpnト，No▲65，1984．  

Further Evidence forlnactivationofFructose－1，6－bisphosphatase  

at the tie如nlng Of SOユ Fumi各ation  

hcreaseinFruCtOSe－1，6－bisphosphateandDecreaseinFruCtOSeL6－Phosphate  

hSOユーFllmigatedSpinachLeaves  

KlyOShlTanakal，HiromiMitsuhash12，NoriaklKondol  

and Kiyoshi Sugaharal 

1EnvironmentalBiologyDiYision，theNationallnstituteforEnviLOnmentalStudies，   
Yatabe・maChi，lbaraki305，Japan．  

ReseaJCh Co11abratolOfthe Nationallnstitute forEnvlrOnmentalStudies．Depa＝t－  
mentofEnvi【OnmentalCllemistrY，Faculty ofScience，TQhQUtliYerSity，Flln且bastu，  
01iba274，Japan．  

The substratelevelof the photosynthetic reductivepentOSe phosphate cyclein  
SplnaChleavesduringSO，fumlgationwassurveyed，AtthebegirlnlngOfSO，fumlgation，  
fruCtOSe－1，6－bisphosphateincreasedandfructoser6－Phosphate decreased，Whileribulos＆  
1，5－bisphosphate remained unchanged and3－phosphoglyceric acidrapidlydecreased．  
7neseresults5uggeStedthattheinhibitionofphotosynthesisinsplnaChleaveswithSOユ  
mightbeduetoinactiYationoffructose－1，6－bisphosphatase．  
Key words＝ CO2 nXation，FruetOSeLl，6－bisphosphatase，NADPH／NADP＋ratio，  
R．11・1lose－1，5－bisphosphatecarboxylase，iSulfurdioxide．   

Althoughthe depression ofphotosynthesisis one ofthemostremarkablephytotoxic  
PhenomenaonthephysiologlCallevelatthebe騨IningofSO2fumigation，themechanismisnot  
Clearlyunderstood．RuBPCinisolatedchloroplastshasbeenreportedtobeinhibitedbysulfite  
COmpetitivelywlthNaHCO3（Ziegler，1972）．However，therehasbeennodenniteevidenceto  
Show that thisinhibition occursin SO2－fumigated higher・Plants．Shimazakland Sugahara  
（1979，1980）demonstratedthatphotosystemIIinSO2－fumigatedspinachleaveswasimpaired，  
butthlSdamageoccurredafterthephotosyntheticCO2uPtakehadbeendepressed．   
Recently，We SuggeStedthathydrogenperoxideaccumulatedinspinachleavesandtheir  

’nisstudyhadbcenpublis】ledinPhntCeLIF）hysiol．，・23．1467－1470（1982）8ndwasrcproducFdwjthpermiss阜OnOr   
thepllbllSlle！．   

Abbreviatio71S：FBPase，fructose－1，6－bisphosphatase；F6P，fructose－6－phosphate；MTT，3－（4，5・   
dimcthylthiazolyl－2）L2，5・diphenyltetrazolium bTOmide；PES，5・七thylphenaziumethylsulfate；PGA，   
3－phosphoglycerate；RuBPC，ribulose・1，5－bisphosphatecarboxylase，  
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Kiyo血iTa洞山＝汀正  

ChloroplastsimmediatelyafterSO2fumigationandinactivatedthiolerlZymeSOfthereductive  
PentOSephosphafeCyClesuchasNADP・glyceraldehyde・3・Phosphatedehydrogenase，ribulose－5－  
p血osphate kina5e and F王事払se，WhlCllreSultedin depressjonofpわoto5yn班efjcCOコuP土ake  
（Tanakaetal．，1982a，b）．Toclarifyfurtherthe血Iibitorysiteinthephotosyntheticreductive  
PentOSe Phosphate cycle withSO2 fumigation，We determined the amounts of several  
PhotosymtheticintermediatesinSO2－fumlgatedspinachleaves．   
Yeast5・Phosphogluconate dehydrogenase（type V），baker’syeastglucose・6．phosphate  

dehydrogenase（type XV），rabbit muscle phosphoglucomutase，yeaStglucose－6－Phosphate  
isomerase（typeIII），TbhLrayeaSt fructose－1，6・bisphosphatase，rabbitmuscletriosephosphate  
isomerase（type X），rabbit rnuscleα－glycerol・3－Phosphate dehydrogenase（typellI），yeaSt  
glyceraldehyde－3・Phosphate dehydrogenase，yeaStPhosphoglycerateklnaSe（typeX）andMTT  
WereObtalnedfromSigma．   

Spinach（即inaciao］eracea L・CV・NewAsia）plantsweregrowninaphytotroTand  
fumigatedwlth2・OppmSO2underlight（～1，000W／m2）inagrpwthcabinetas？reVlOuSly  
described（TanakaetaL，1982a）．1n the assay ofphotosymtheticlntermediates，SPlnaChleaf  
segm印tS（】．5g）were excj5ed aざquickly a5PO5Sjbユe aれdimer5edin Mqujd N2皿der  
illuminatiorL・Thesewerehomogenizedin5mlof5％HClO4withaPolytron（Kjnematic：aPT  
lO／35）inthepresencec，falittleliquidN2．Thehomogenates，WiththepHadJuStedto7．8with  
lM Tricine／5M KOH，WereCentrifugedat18，000xgfor30rninandtheclearsupernatants  
wereusedfortheenzymicdetemlination．RuBPandPGAweremeasuredenzymaticallyfrorn  
the oxidation of NADH accoTdlngtO the method of htzko and Gibbs（1972）．Tobacco  
岬tco（iana（abacum L．cv．xanthli）RuBPCwastwicecrystdlizedaccordingtothemethodof  
Kungetal．（1980）andthisenzymesamplewasfreeoftransaldolaseandtranSketolasewhich  
interferewith the measurement of RuBP andPGA．FBPand F6Pwere determined fromthe  

reductionorNADP十enzymaticaJlyaccordlngtOthemethodofLatzkoanqGibbs（1972）．   
ln theassay ofNADPH and NADP’，tenSPinachleafdiscs（1．5cmindlameter）were  
excisedandimmersedinliquidN2aSquicklyaspossible．Thesewerehomogenizedineither5  
mlofO．1M NaOH（todestroytheoxidizedpyridinenucleotidesandretainthereducedones）  
OrO．1％HC】04（todestory thereducedpyridjnenucleo土idesBndTet血theoxidizedo∫1eS）・  
Aftercentrifugation，theclear supernatantswereused forthedeterminationofNADPHand  
NADP’accordlng tOthemethod ofMatsumuraandMiyachl（1980）．The assaycuvette for  
NADPH（NADP’）contained，inatotalvolumeoflml，100mMTricine・NaOH（pH8，0），5mM  
glucose－6，Phosphate，0・42mM MTT，0．17mMPES，20mMTricine（20mMTris），0．2mlofthe  
Clear・SupernatantS and 2 units of glucose－6－Phosphate dehydrogenase．Theincrease of  
absorbance at 570 nm was measured at220c with a Hitach1557dualwavelength  
SPeCtrOPhotometer．  
WepreviouslydemonstratedthatchloroplastSHenzymess11ChasNADP・glyceraldehyde－3－  

Phosphate dehydrogenase（NADP・GAPD），F8Pase andribuJose－5－phosphateklnaSe（Ru5P鱒）  
wereinactivatedbyH202aCCumulatedinchloroplastsatthebednningofSO2hlmigationto  
spinach plants（Tanaka etalL，1982a，b）．Since FBPase has thelowest specinc activityin  
cIuoroplastsamongtheseSHenzymesandHeldte（aL（1978）foundchangesinthesubstrate  
leveJofthephotosynthetjccaTbon cyclewh］Chshowed that thejnhjbit］On OfCO2丘xation  
causedbyaddingH202tOintactchloroplastsmightbeduetothedecreaseinFBPaseactivity  
ratherthaninNADP－GApDandRu5PKactivitleS，WeeXPeCtedtheinhlbitionofCO2nXation  
by SO2fumlgation to be accornpanied by anincreaseinthestromal1evelsofFBPanda  
decreaseofthoseofF6P．AsshowninFig．1，therewasalargeincreaseinFBPconcomitant  
withadecreaseinF6PaftcrSO2fumigation．   
Althoughaddltionofsulntetoisolatedchloroplastshasbeenreportedtocauseinl1ibition  
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OfRuBPC（Ziegler，1972），WehavefoundnolossofRuBPCactivityinspinachleavesfumigated  
withSO2（TanakaetaL，1982b）．InordertoclarifyfurthertheinsensitivityofRuBPCtoSO2  
furnlgation，WedeterminedthelevelsofRuBPandPGAinSO2・fumlgatedleaves．Asshownin  
Fig・2，theRuBPleveldidnoJchangeandPGArapidlydecreasedduringSO2fumigation，Portis  
e（aL▲（1979）reportedthattheinl1ibitionofCO2fixationcausedbyloweringthestromalMg2’  
Ya5duetoadecreaseinFBPasea6tivity，TheyobservedincreasesinFBP，ATPandNADPH，nO  
changeinRuBP，anddecreasesinF6P，PGA，ADPandNADP＋・AsPGAandtrlOSephosphate  
arenearlyinequilibriumwithNADPHandATP，theyspeculatedthattherapiddecreasein  
PGAmightbeaconsequenceofthechangesinthenucleotidelevels．AsshowninFig．3，the  
NADPH／NADP’ratioinSO2－fumigatedleavesincreased・Sin11larly，ShlmaZakletaL（unpublish、  
ed血ta）haveobservedthattheATPlevelincTeaSeSby20to30％at45minafter2ppmSO2  
fumigationofspinachleaves・ThesechangesinthenucleotidelevelsinSO2・fumigatedleaves  
Lhight cause a decreasein PGA・A decreasein the totalcontentofNADPHplusNADP＋  
Observedafter15minofSO2fumigationmightbeduetodestructionofthestruCtureOfthese  
COmpOundsbycertalnreaCtivespeciesproducedinSO2・fumigatedleaves．RuBPCinleavesmay  
beinsensitive toSO2－fumigationbecauseofrapidphotooxldativeextinctionofsulnteionby  
photosystemI（Asada＆KISO，1973）．TheincreasesinNADPH／NADP’ratioandATPlevelalso  
SuggeStthatthelnhibitionofphotosyntheticCO2fixationatthebednningofSO2fumigation  
iscausedbyinactivatiol10fCO2nXationratherthanthephotosystem．  
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Fig．1Effects of SO20n F】】PandF6P  
levelsinsplnaChleaves  
Whereindicated，SOっWaSapplied．  

Fig．2 Effects of SO2 0n RuBP and  
PGAlevelsinsplnaChleaves  
Whereindicated，SO。WaSapPlied・  
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Wllereindicated，SOユWaSapplied．  
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二酸化イオウ暴露初期のフルクトースニリン酸フォスファターゼ  

失活の証明，暴霹葉中のフルクトースニリン酸  

の増加とフルクトースニリン酸の減少  

田中 浄1・三橋裕美2・近藤矩朗－・菅原 淳1   

二酸化イオウ暴露初期におけるホウレンソウ柴中の光合成基質レベルの変動を調べた。フルク  

トースニリン酸の増加及びフルクトースーリン酸の減少が認められた。一方，リブロースニリン  

酸は変化せず，フォスフォグリセリン憶は急速に減少した。またNADPHとNADP十の比を調  

べたところ，増大が認められた。以上の結果から二恨化イオウ暴露初期の光合成阻害は光化学系  

よりも炭酸固定系が律速になり．この阻害はフルクトースニリン酸フォスファターゼの失活によ  

り起こると推察した。  

1国立公害研究所 生物環境部 〒305 茨城県筑澱郡谷田部町小野川16番2  
2 国立公害研究所 共同研究員（東邦大学 理学部 〒274 千葉県船橋市三山町542）  
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Breakdown of photosynthetic plgmentS a】1dlipidsin splnaCh  

leaveswithozonefumlgation：Roleofactiveoxygens＊  

TakeshiSakakil，NoriaklKondolandKlyOShiSugaharal  

1EnvironmentalBiologyDivision，theNationallrLStitutefoIEnvironmentalStudies，Yatabe－   
macl】j，】baraki305，J∂p8乃   

lnspirlaCh（SpinGetqOleraceaL．cv．New＾sia）phntsfumigatedwitho乙Oneinught，  
destruCtionofchlorophyllsaIldcarotenoidsand formationofmalorLdialdehyde（MDA），  
anindjcator oflipid peroxidation，Were Observed▲Chlorophyllaandcarotenoidsin  
leaYeS Started to be broken down6－8h after the cornmencementorO．5pprnozone  
furrligation，Whcreas MDA foTmationinleavesincreasedlinearly for theinitia18hof  
fumigationrollowedby amoTe柑pidinc†ea㌍．lTlleardiscsexci児drIOmふh†uml各ated  
plarltS，dcstruction ofchlorophyllaandcarotenoidsand MDAformationpfOCeededin  
thelightbutweTealmostcompletelysuppressed11nderananaerobiccondition・Effectof  
exogenollSly applied scavengers ofact如e oxygerlSpeCies suggest that active oxygens，  
especiallysuperoxideradical（0；），participated■inboththedestruCtionofchloTOphy11G  
alld ca10ten（〉ids and the－oTmati（）n OfMDA．Ozone餌m唱atiollTe血ced theleYels or  
endogenousscavengersofO；，SuPerOXidedismutase（SOD）andL・aSCOrbate，irLleavesto  
one－halr theiTLitialleYels each・by 3．5and8h fumigatjoJl，reSPeCtively．The TeSuJts  
indicate thai the photosynfhetic pigments and lipids were braken down by active 
OXygenS aCCulT［ulatedinleaves as aleSult of the ozoJle－indllCed destr11Ction of  
physIOloglCaldefenseagainstoxygentoxicity．  
Activity of polyphenoloxidaseinchloroplast mcmbranesof4－hfumigatedleaves  

increasedto240％oftheinitiallevel，SuggeStingthatthelhylakoidmembraneshadbeen  
affected severely before the pigment destluCtjDn．7T）e reh！jons befween！he p堵ment  
destruCtionandthedisintegrationofthylakoidsweredisc11SSed．  
Key woTds：Åctiveoxygen，Chlo工Ophy11destruCtlOrL，LipiddestruCtion，Malondi一  
山dehyde，Ozone，5擁〝〃C∫〃OJerαCe〟   

OzoneisamaJOratmOSphericpollutant；thelevelofwhichhasoften been reportedto  
reachO・10・5ppmintileurbanareasillJapn（Akimoto，1972）・Exposuretoozonecauses  
Visiblefoliarinjuries，e．gリChlofOSisandnecrosIS，inmanyspeciesofplants．Numerousstudies  

’’Thisstudywaspublishedi爪Physiol．Plant．59，28－34（1983）．   
Abbreviations：DABCO，l，4－diazabicyclo・12，2，2］・OCtane；DOP＾，DLJihydroxyphenylaJanine；EDU，   
NLT2－（2－OXO－1・imidazolidinyl）ethyl］・N’・Phenylurea；IIEPES，Nr2－hydroxyethy）piperazine－N’－2－ethanesu】fonic   

acid；MDA，malondialdehyde；102，Sin如tmolecularoxygen；0；，SUperOXideradicaいOH・hyd・OXytradica】   
SOl），SupeTOXidedism111ase；tiTく〉n，1，ユdihydTOXybenzene－3，5disulfonale．  
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have docurnented the decreasein chlorophyllcontentin ozone－eXPOSed plants（Todd＆  
Arnold1961；Knudsonetal．，1977）、Ozoneisareactiveoxidizingagentanddestroysvarious  
Ce］JuJaTCOmpOnentS，Chlo［OPhy】】jnorganjcsoIventswasdestroyedbyozonebubbling（Nobel，  
1974）．Irlthe case Dfbeanleaves fumigated with ozone，maXimumchlorophyllreduction  
OCCurred4daysaftertheendofozonefumigation（Knudsonetal，，1977）．Thissuggeststhat  
SOme biocjlemjcalTeaCtjDn（s）jnduced by ozone fumiBation may alsobe responsible forthe  
ChlorophylldestruCtioninplants．  
OzoTlehasbeenshowntocausemetabolicalterationsbyaffectingvariousenzymeactivities  
andmetaboJjteJeve】s．Enzymesassocjated wlthmetabolicoxidationprocesssuchasperoxidase  
（Tingeyetal．，1975；Curtisetal．，1976）and polyphenoIoxidase（Tingeyetal．，1975）were  
activatedbyfumigationwithozone・lthasbeenshownthatvariousreagentsincludillgreducing  
SUbstances and anti－Oj（jdants caJIPrOteCt Plants against ozoneinJuries（RICh，1964），These  
resultssuggestthatsomeoxidativereactionswouldparticipate，atleastinpart，ir）theappear－  
anceofvisiblefoliarinjuriescausedbyozone．  
Ozone damaBeSCellularmerrlbrane systemsas a result oflipid destruCtion．ExposuTetO  
ozone caused the formation of MDA，anindicator oflipid peroxidation，in plant cells  
（Tomlinson＆RICh，1970；Frederick＆Ileath，1975）．Recently，thevesiculationandswelling  
Ofchloroplast thylakoidsinleaves were observedin electron micrographstaken after short  
exposuretoozone（Athanassious，1980；Miyakee［al．，1981）．Thusdisinte邑rationofchloroplast  
membralleSCOuldoccuruponmmigationwithozone，andthismaylュavedeleteriouseffecton  
theassociatedpigments，   
In the present work，We Studied the relationship between theloss ofphotosynthetic  
plgmentSandthedest－uCtionoflipidsinozone・fumlga％edspinachleaves▲Wefoundthatbothof  
thesephenomenaproceededinthelightaJldinthepresenceofoxygenevenifozonefumigation  
WaSStOPped，andthatactiveoxygens，eSPeCiallyO；，tOOkpartinthesedestructionprocesses．1n  
addition，itwas suggestedthat the disintegration ofthylakoidmembranesinducedbyozone  
PreCededthemassivebreakdownofthepigments．  

Materids釘IdMethods  

JY．〃＝／HJJけi．由   

Spinachplants（鋤naciaoleraceaL・CV・NewAsia）weregrownfromseedsinpotswhich  
wereplacedinanenvironment－COntrOlledglasshousemairltainedat20±0．50cinthedaytime  
and15±0．5Ocatnightwitharelativehumidityof70±5％underrlaturalligtt．Acornposition  
Ofsoilinpots，nutrients，andirrigationtoplantswerethesameaspreviouslyreported（Kondo  
＆Sugahara，1978）・The57weekoldplantswereusedthroughtheexperiments．   

（と－りJ【，．山′町町仙川   

Plantswerefumigatedwithozoneinagrowthcabinet（230×190×170cm）controlledat  

20±0，5Dcwitharelativehumidityof75±3％．Thelightwasprovidedfrom24metalhalide  
lamps（YokoI．amp．400W；Toshiba）withanintensityof430q580pmoJmL2s▼1pARatleaf  
level，andmeasuredwlthaquantameter（Modelu－185；Lambda）・Meanwindvelocityinthe  
cabinetwasO．22ms‾1▲Potsofplantsweretransferredfromaglasshousetothecabinetinthe  
morningandpreconditionedforabout2h；thenozonewasfZushedinfothecabine［・Thecon・  
centrationofozoneinthecabinetrosewithin5mintothedesiredlevel・Theozonewasgener－  
atedwithaUVlampfromdryoxygenandwasdilutedbymixingwiththefilteredfreshair・  
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TheconcentrationofozoneinthecabinetwasmaintainedatO．5±0．02ppm（v／v）inmostof  
theexperimentsandatO．1±0，01，0．2±0．01，andO・3±0・02ppmintheexperimentofFig・4  
accordingtothecontinuousmonitoringwithachemi1uminescerltOZOneanaJyzer（Mode1806；  
揖moto）．   

■け【JJ川川lりイ【■J／J的、プ   

レafdiscs（ノ15mmilldiameteT），C山fromtlle血terveiTlalareasofleaves血migatedw仙0■5  
ppmozonefor6h，Werefloatedon40mMpotassiumphosphatebuffer（pH6・0）inthegrowth  
cabinetat200cand470p510pmolmJ2sLIpAR・ReagentsdissDIvedin40mMpllOSPhate  
buffer（pH6．0）weresuppliedtoleafdiscsbyvacuuminfiltration．Leafdiscswereincubatedin  
the same medium．1n an O2－freeexperiment，1eafdiscswerenoatedontheburferinlOO－ml  
Erlenmeyer nasks which had previously beenflushedwith N2，and fufther sub］eCted to  
COntinuousN2flushthroughouttheexperiment．   

〃eα∫〟托〝柁〃r（フ／p力〃Joサ〃r力erfcp画e〃J∫   

Leafdiscswere excised fromcontrolplantsandfromplantssubjectedtoozonefumiga・  
tionandwerehomogenizedin80％acetonewithaglasshomogenizerLAfterriltration，Chloro－  
Phylla and b were determined from the absorption at663and645nm according to the  
methodsofMackinney（1941）・Totalcarotenoidswereestimatedinthesame80％acetoneexL  
t∫aCtrrDm‡ムeab50rpfi抑at480几m8府e－COrreCtionfo＝加orophy”iれteげeremce（Kj∫k＆A”en，  
1965）．Whenphotosyntheticpigrnentswere chromatographicallyseparated，pigmentsin80％  
acetoneextractweretransferredtodiethylether，SpOttedonamicrocrystallinecelluloseplate  
（AvicelSF），developedwithn－hexane：aCetOne（9：1，V／v）intheascendingmanner・   

肋皿閥枇机小妙中郡加血血   
MI）AcontentinleaveswasassayedaccordingtoHeath＆Packer（1968）todeterminethe  
amountoflipidperoxidized．Thediscsexcisedfromleaveswerehomogenizedindistilledwater・  
me homogenates were mixed withth10barbituric acid and trichloroacetic acid at the hnl  
COnCentrationsofO・3and12．5％（w／v），reSpeCtively，andthenincubatedinaboilingwaterfor  
30min．Aftercentrifugation，MDAcontentsin the supernatantswere determined from the  
di打erencebetweentheabsorbancesat532and600nm．   

Jl如〃血相明朗Jo′エー〃ぶご口頭〟Jビ朗dd功）′かクd－〟∫rβ婚〃ナビ  

ContentsofL・aSCOrbateanddellydro・L－aSCOrbateinleavesweredeterminedaccordingto  
the method ofShigeokae（al．（1979）．Leafdiscs werehomogenizedin5％（w／v）metaphos－  
phoric acid with a Polytron（PTlO／35；Klnematica）and centrifuged at15，000g for  
20min．ToconvertL・aSCOrbatetodehydro－L・aSCOrbate，1mM2，6－dichlorophenolindophenol  
（IXIP）was added to the supematants．Thereafter，the supernatants were mixed with2，  
4・dinitrophenyhydrazine，thiourea，and sulfuric acid at the nnalconcentrations of2．9mM，  
03％（w／v），and O．66M，reSpeCtively，and then hcubated at500cfor60min．Afterthe  
reaction was terminated by coolinginanicebath，SameVOlumeof15．4Msulfuricacidwas  
added・Dehydro－L－aSCOrbatecontentinthesampleswasdeterminedfromtheabsorptionat520  
nm．The content of L・aSCOrbate was obtained from the difference between the contents of  

dehydro－L・aSCOrbateinthesamplewithandwithouttheadditionofDCIP．   

励少靴Ⅶ叩ノ5  

ForthedeterminationofSODactivity，1eafdiscswerehomogenizedwithaPolytroninO・l  
M potassium phosphate buffer bH7．8）and centriftlged atlO，000g for30min・The  
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SuPernatantObtainedwasdialyzedagainstlOmMphosphatebuffer（pH7．8）andusedinthe  
enZymeassays・TheestimationofSODactivitywasbasedontheinhlbitionofcytochromec  

reduction caused by O；as previously described（Tanaka＆Sugahara，1980）．Thereaction  
mixturecontained50mMphosphatebuffer（pH7．8），0．1mMEDTA，0．1mMcytochromec，  
0・1mMxanthlneandlOIJgXanthineoxidaseinatotalvolumeofl．0mi．Aftertheadditionof  

XanthlneOXldasetheirLCfeaSeinabsorbanceat550nmwasLo1lowedat250c．   

Polypher10loxidaseactivitywasestimatedfromDOPA－dependentOユuptakeofosmotical・  
1y shocked chloroplasts according to Golbeck and Carnmarata（1981）with a slight  
modification・LBaVeSWereblendedwithahomogenizer（UniversalHomogenizer，HB；N山on  
Seikl）inacoldmediumcontaining50mMTricine－NaOHbuffer（pH7．5），20mMNaCl，and  
400mMsucrose・Thehomogenatewasnlteredthrough41ayersofgauzeandthefiltratewas  
Centrifuged at150g for2min and the pellet discarded・The supernatant obtalned was  
recentrifugedat3，000gfor5min・Theresultingpelletwasosmoticallyshockedin25mM  
Tricine・NaOHbuffer（pH7．2）forlh at40candthissuspensionwasusedintheassays．  
Polyphenoloxidaseactivitywasdeterminedpolarographical1ywithRank一∋rothersO2electrode  
at25Ocinthedark．Theair－Saturatedreactionmixturecontained50mMHEPES－NaOHbuffer  
（pH7・5）and13．OmM DOPAinafinalvolumeofl，Oml．AftertheO2electrodehadbeen  
equilibratedthereactionwasstartedbyadditionofO・lmiofchloroplastsuspensioncontalning  
O・8－1・Omgchlorophyu．   

ProteinwasdeterminedaccordingtoLowrye（al・（1951）．   

αe∽わα血   

D20（99・9％）wasobtainedfromMerck．Cytochromecfromhorseheart（TypeIII）was  
PurChasedfromSigma，andxanthineoxidasefrommilkwasobtainedfromBoehringer・  

ResⅦ1ts   

lnspinachplantsfumigatedwith0・5ppmozoneinthehght・Water・SOakedspotsapeared  
Onbothadaxlalandabaxlalsurfacesoftheleavesト2hafterthebeglnnlngOfthefumlgation  
and thenspread overtheinterveinalareas．After7L9hthe affectedleaveshadwiltedand  
thereafterchangedfromgreentowhiteorlightbrown．   
Fig・1showsthechangesofpigmentcontentsinleavesdurlngthefumigationwithozone・  
Thecontentofchlorophy11adidnotchangedurlngabout8hoffhmigationbutsubsequently  
decreasedrapidly（seealsoFig．3）．After14．5h，Chlorophy11acontentwas76％ortheinitial  
level・Chlorophy11bcontentwasunchangedforabout12handthereaftergradual1ydecreased・  
Thecontentofcarotenoidsstartedtodecreaseafterabout6hoffumigationandreached59％  
Oftheoriglnalvalue14・5haftertheinitiationofthenlmigation・T7Lepigmentsextractedfrom  
14・5－hfumigatedleaveswerechromatographical1yseparatedandtheirRトvalueswerecompared  
withthoseofnon－fumigatedleaves・Nopigmentdifferentfromthoseinnon－nlmigatedleaves  
WaSdetectedintheozone・fumlgatedleaves（datanotshown）．   
Fig・1alsoshowstheaccumulationofMDAin1eaves・MDAcontentslowlyincreasedfor  
theinitia18．5hoffumigation，fo1lowedbyasubseq11entdrasticrise，MDAcontentsafter8．5  
and14・5hofozonefumigationwere155and490％oftheinitial1evel，reSPeCtively．   
Inthenextexperiment，theplantswereexposedtoozoneinthelightforvariousperiods  
and then keptinlight or darkness for24h without ozone，Thelonger theleaves were  
fumigated，thelesschlorophyllawasretainedinthelight（Tablel）・1ntheplantsprefumigated  
for6－8h，theamountofchlorophyllawasreducedby24hilluminationto36L39％ofthatof  
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Fig．1 Changesin contents ofphotosyntheticpigmentsandMDAwith  
fumigation of ozone  

Expos11reOfspinachplantstoO．5ppmozonewasstartedatO也meafterabout2hof  
pTeCOnditlOn山gin the g－OWth cabinetL AttheindlCatedtlmeS，1eafdiscswerecut  
from plaIltS andimmediately homogenized to determine the plgmentS and MDA．  
Eachpointofthepigmentsand MDAwasobtainedfromlOa・td51eafdlSCS，reSPeC－  
tively．   

non・fumigatedplants・＝owever，thepigmentwasnotdestroyedinthedark，eVenafter8h  
fumigation．11lumhationincreasedtheMD＾contentintheRlmigatedleaves（Tablel）whereas  
littleincreaseinMDAcontentwasobservedduringdarkincubation・In．controlplantsMDA  
contentwashigherinthelightthanindarkness．Thusilluminationwasaprerequisiteforboth  
chlorophylladestruCtionandMDAformationinozone－treatedplants・   
T九echarac【eristicsortlledestrucljonofpj卯IentSand】jpjd5Were丘Ir壬her川Ⅳe5tjgatedu5jng  
thediscsexcisedfromleavessub］eCtedto6hfumlgationwithO・5ppmozone・Thecontentsof  
cl1lorophyllaandcarotenoidsintheleafdiscsweredecreaseddrastical1ybyillum止Iation（Table  
2），Whichagreedwiththeobservationonwholeplants（Talbel）・ChlofOphyllaandcaIOtenOids  
were retainedalmostcompletelyundernitrogen（Table2）・Thebreakdownofpigment？and  
lipidsin theleafdiscswasmodifiedbyadditonofvariousreagentstoincubationmやdium  
（Table2），TironandL・aSCOrbate，WhicharethescavengersofOi（Greenstock＆Miller，1975；  
Nishiklmi，1975），effectivelyprotectedpigmentsfromthedestruCtion・DABCO，aSCaVengerOf  
lo2（Ouannes＆Wilson，1968），hadessentiallynoeffectonthedestructionofpigments，and  
D20，Whichlengthensthelifetime oflo2（Merkele［aL．．1972），WaSalsowithouteffectL  
Benzoateandformate，WhlChare・OHscavengers（Neta＆Dorhan1968；Harbour＆Bolton，  
1978），hadnoeffectonthedestruCtionofchlorophyllaandcarotenoids．Theseresultssuggest  
thatO；playsanimportantroleinthedestructionoftheseplgmentS・  
The contents of MDAincreased to236％oftheinitiallevelwhenleafdiscs cut from  
ozone・treatedplantswereincubatedinthelightfor5．5h，Whereasitdecreasedto66％inthe  
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TablelEffects offumigation time and post－illumination onthechloro－  
phyllaandMDAcontentsofspinachleaves  

Duration of 
OZOnefumi一   
貫ation   

（h）  

Chlorophyllα  MDA   

レgcm2）  （nmoIcm】）  

馳hl  dafk  light  da工k  

2（〉．6  

18．9  

14．1  

9．5  

10．5  

23．2  

24．0  

0．5S1  

0．99  

1．87  

1．92  

1．96  

SpinachplantsfumigatedwithOL5ppmozoneinthelightfortheindieatedperiodsof  
time，Were kept for 24 hin two growth cabinets with or withoutlighting．  
Chlorophylla and MDA contcntsweTedeterminedfromtheaverageoftwovalues  
ObtainedeachfromlOdiscs．MaximumdifferencesorthetwovaluesinchloTOPhylla  
andMDAcontentswerellandlO％orthepresentedaveragevalues，reSpeCtively，  
ThecontentsofchlorophyucandMDAinleavesimmediatelyafterfumlgationfor8  
hwere25・5pgcm’11eafarea，andO・95nmoIcm‾21eafarea，reSpeCtively．  

Table2 Effectofillumination，nitrogenstream，andsomereagentsonthe  
COntentS Ofpigments and MDAinleaf discs clユt fromleaves fumlgated  
with ozonefor（）h  

Chlorophyllo Total carotenaidss MDA  
Treatment  脚l－2（％） （％）nmoIcm一つ（％）  

Initial（Ozone，6h）   

Dark（5．5h）  

Light（5．5h）  

Light（5．5h），Nユ  

Light（5．5h），tiron，5mM  

Light（5．5h），tiron，50mM  

Light（5．5h），しascorbate，1mM  

Light（5．5h），Lascorbate，10mM  

Light（5，5h），DABCO，10mM  

Light（5，5h），DABCO，100mM  

Light（5．5h），D20  

Light（5．5h），BeTIZOate，10mM  

・Light（5．5h），Formate，10mM  

31・7士1．2（100）0．384土0．010（100） 0．92土0．02（100）  

32・7±2・4（103）0・361±0・009（94） 0．61±0．15（66）  

16・3土1・9（51）0．155土0．017（40） 2．17士0．12（236）  

33・5±0・8（106）0．371±0．025（97） 0．60±0．錮（65）  

24・6±1・7（78）0・212±0．014（5亭）1．13±0．21（123）  

28・7土1・2（91）0．271±0．008（71） 0．79±0．09（86）  

21．3土1．6（67）  

31．1土0．5（98）  

19．2土1．4（61）  

16．5±1．8（52）  

18．1±0．3（57）  

17．8士1．8（5（〉）  

15．9±2．6（50）  

0．185土0．O11（48）1．73，士0．24（188）  

0．331士0．003（86） 0．50±0．03（54）  

0．164±0，021（43）1．83土0．26（199）  

0・151±0．012（39）1．65土0．13（179）  

0■129±0・004（34） 2．38±0．12（259）  

0・150土0・028（39） 2．06土0．22（224）  

0・135士0・019（35） 2．21±0．11（240）  

nediscswerefloatedona40mMpl10Sphatebuffer（pH6．0）andincubatedfor5，5  
hasdescribedinMaterialsandMethods・Thevalueisthemean±SDof3experiments  
with7discseach．  
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dark（Table2）・lncubationundernitrogen，andadditionoftironandL－aSCOrbateretardedthe  
light－dependent MDA accurnulation・Moreover，DABCOtreatment waspartiallyeffectivein  
reducingtheMDAformation，andD20sllghtlystimulatedit（P＜0．1）．BenzoateaJldformate  
hadnoe汀ectontheMDAaccumulation．Thusboth0；and102SeemtOParticipateinthe  
lldlt．dependentlipidperoxldationinozone・treatedleaves．   
TheeffectofozonefumigationonendogenousscavengersofO；isshowninFigs2，3，and  
4LFig・2presentstheeffectofozoneoftheactivityofSOD，WhichdismutatesO；toH202and  
O2，inleaves・SODactivitywasreducedto47％oftheoriginal1evelafter3．5hoffumigation．  
Ihring tlllS time tlle prOtein content did not change（Fig、2）．The content ofL・aSCOrbate  
decreasedto49％oftheinitial1evelin8h offumigationwlthacorrespondingincreasein  
dehydro・L・aSCOrbate，aJlOXldJZedproductofL－aSCOrbate（Fig・3）・Onlyafter8h，ChlofOPhylla  
Startedtobedestroyed（Fig・3），aSShownpreviouslyinFig．1・  
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Fig．2 Effect of ozone fumigation on the endogenous SOD activityof  
SplnaChleaves  

TwentylcafdiscsexcISedf【OmOZOne・tIeatedplantswereusedtoobtalnOnepOint・  

Oneunitactivity ofSODwasdefinedasdescribedpreviously（Tanaka＆Sugahara，  

1980）．  

Table3showstheeffectofozorLeOnPOlyphenoloxidaseactivity，ThlSenZymeisknown  
tobe bound tothethylakoidrnembranesin thelatent state（Golbeck＆Cammarata，1981）．  
Theactivltyincreasedtoabout240％oftheinitiallevelduring411nlmigationwithozone．  
Effects of various concentrations of ozone on the contents of chlorophy11，MDA，  

L－aSCOrbateanddehydro・しascorbateandSODactivityinleaveswereexamined（Fig，4）．Visible  
damage wasobservedin5－10％ofthe total1eafareaafter24hofozone fumigationatO・3  
Ppm，butnot observedin theplants fumigatedwithO．landO．2ppmozone・DestruCtionof  
ChlorophyllawassignincantatO．3ppmozone．Changesofcarotenoidcontentweresimilarto  
thatofchlorophy11acontent（datanotshown）．MDAformationwasobservedevenatO・land  
O・2ppmozone andespeciallyprominentatO・3ppm・SOI）activityandL－aSCOrbatecontent  
ShowedlittlechangeatO．landO．2ppmozonebutanoticeabledecreaseatO・3ppm・  
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Fig．3 Effect of ozonc fumigation on the endogenous L－aSCOrbateand  
dehydro－l．－aSCOrbate contents  

PlantswelePlacedineachtwogrowthcabinetscontro11edtothesameenYi－Onmental  
conditions．Afterabout2hofpreconditlOnlng，0，5ppmozonewasintIOducedinto  
onecabinet，Fifteenleafdiscswereusedtoobt皿nOnePOintofthecontentsofL－  
ascorbateanddehydIO．L－aSCOrbate，Asc，L－aSCOrbate；DIiA，dehydro－L－aSCOrbate・  

Table3 Polyphenoloxidaseactivityinosmoticallyshockedchloroplasts  
fromsplTlaChleavesfumigatedwithozone  

Polyphenol axidase 

〃mOl（mgchl‾1）h‾】  ％  

None  O．96土0．12  

0zone（0．5ppm，4h）  2・33士0・16  

Means士SDof4differentlypreparedchloroplastsamplesarepresented．  

226   



Breakdow叶ゲChlo－OphylIsamdlipidsbyozone  

○′：、＼a ／0＼、ヌ  
30  

b
 
 

2
 
 

N
・
喜
聖
 
 

？
∈
リ
ー
ロ
∈
∪
．
≦
岩
苫
帽
U
∽
V
 
 

D
 
 

0
 
 

O
 
 

5
 
 

？
∈
り
 
 

？
∈
U
眉
亡
n
．
白
O
S
 
 

－
○
∈
∈
．
q
白
≡
 
 

0
 
 

ニ
ー
色
書
≡
U
 
 
 

Chl b ll  

●一●－－●一一●   

DHA  
▲－▲一一 ▲一一一  

0   0．1  0．2  0．3  

0zone．叩m  

Fig．4 Effect of various concentration of ozone on the contents of  
Chlorophyll，MDA，and ascorbates，and theactivityofSOD  

FunligatlOn With ozone was perEomedat血esametiLTleuSlngE8urgrOWttICabiTLetS  
controlled to the same environmentalconditlOnS eXCept forozoneconcentrations．  
Plantsineachcabinetwerefumigatedwithozonefor24hinthellght．Eachpointis  
theaveIageOfthetwosamples．  

Dis¢uSSion  

lnjuriesofmembranelipidsmaybetheessentialfactorforfollardamagecausedbyozone．  
PaulsandThompson（1980）havereportedthealterationofthephysicalpropertiesofisolated  
microsomalmembranesand asignincant formation ofMDAafterexposuretoozone．Inthe  
PreSentWOrk，thecontentofMDAwasconsiderablyincreasedinspinachleavesbyozonefrom  
thebeglnningoftllefumigation（Fig．1）．TheMDAformationseemstobedividedintoatleast  
twophases．The nrstphasewith alow accumulationratecontinuedforabout8hfromthe  
beglnnhgofthefumigationandthereafterthe secondphasewithahighaccumulationrate  
Started（Fig．1）．   

Polyphenoloxidase activityincreased by ozonein chloroplasts duringthenrstphaseof  
MDAaccumulation（TabJe3）．E】evat30nOfpolypllenOIoxjdaseactivjtyhasalsobeenobserved  
insoybeanplantafterfumigationwithozone（Tingeye（al．．1975）．Thisenzymeisboundtothe  
thylakoidmembranesinthelatentstatea■ndisactivatedbythevarioustreatmentswhichlead  
to theloss ofstruCturalinteg貞ty of the membranes，Therefore，theincreased activity or  
polyphenoloxidase as wellas the gradualaccumulation ofMDAstrongly suggest that the  
integrityofthethylakoidmembranesmaybesubstantiauyaffectedintheearlystageofozone  
餌mlgation．  
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lnthesecondphaseofMDAaccumulation，eVenWhentheozonefumigationwasstopped，  
thecontentofMDAintheleavesincreasedstronglyinthelightbutnotindarkness（Tablel）．  
OzonefumigatiorlreducedthelevelsofSODandL－aSCOrbate，endogenousscavengersofO；，in  
SPinachleavesbeforetheonsetofthesecondphaseofMDAformation（Figs2and3）・Besides，  
MDAformationcausedbyozonerequiredthepresenceofOl（Table2）．Theseresultsleadusto  
SuPPOSe that active oxygensmight pafticipatein thelipidperoxldation processinducedby  
OZOne・ThissuppositionissupportedbythefindingthattheapplicationonEDUtosnapbean  
leavescaused theenl1anCementOrOZOnetOleranceas wellastheincreaseofSODlevels（Lee  
＆Bennett，1982）．EffectsofactiveoxygenscavengerssuggestedthatO；arldpossiblylo2may  
Participatein this process（Table2）．Wehavealreadyshownthatactiveoxygenstakepartin  
thelipidperOXidationinSO2－furnigatedspinachleaves（Shimazakietal．，1980）．Activeoxygen  
ParticipationinthedamageofplantcellsunderseveralenvlrOnrnentalstresseshasrecentlybeen  
reviewedbyEIstJler（1982）．  

Asshownin Fig．4，MDAcontentincreasedto125and156％byO．1andO．2ppmozone，  
respectively，WhileneitherSODactivitynor L－aSCOrbatecontentwa5reduced．MDAwouldbe  
Lormedfrorntheozonizationofunsaturatedfattyacid（Mudde（al．，1971）．Alsointhepresent  
experiment，MDAmaybeformed，atleastinpart，丘omtheozonizationofunsaturatedlipids  
南山ozonefumlgation・   
We observed that chlorophylla and carotenoidswere destroyedwith O・3and O・5ppm  
OZOnehlmigation（Fig・1and4）・However，thepigmentswerenotdestroyedduring8hofO・5  
PPmOZOnefumigationinspiteoftlleSignificantincreaseofMDA（Fig．1）．Thebreakdownof  
thepi各mentSStaltedonlyafteTthe血ylakoidmembTaneShadbeen・Slユbstantiallydismte訂atedas  
described above．1tisknown that thepigmentboundtothethylakoidsarestablewhilefree  
PlgmentSin organic soIvemts arelabile and sensitive to oxidative degfadation・Thus the  
rnembranedisintegrationandtheresultantloosenhgofpigmentbindingto山emembranesmay  
bethemaJOrCauSeSOfmassivepigmentdestruCtion・mebreakdownofpigmelltSrequiredthe  
presenceofO2andwaseffectivelyinhlbitedbytheapplicationofO；scavengers（Table2）．The  

levelsofSODandL－aSCOrbatewerereducedwithO．3andO．5ppmozone魚1migatiorl（Figs2，3，  
and4）．TheseresultssuggestthatthepigmentdestruCtionwascausedbyO言butnotbydirect  
reactionorozone．  

Besidesourobservationoftlleincreaseinpolyphenoloxidaseactivity，theaccurnulationof  
Substratesofthisenzymehasbeenalsoobservedinozone－fumigatedleaftissues（Howell，1970）L  
Accordin各tO the wo－k by EIstne－ef αJ：（1976），the activation ofpolyphenoloxidaseh  
Chloroplastthylal（OidsamplifiedtheformationofO；uponilluminationindlepreSenCeOfthe  
enzymesubstrate，dopamine，inspiteofthemarkedinactivationofelectrontransportactivity．  
Thus theincreased activity ofpolyphenoloxidase may participate，atleast partly，in the  
如mationofO；．   

Ozoneinduces the changeSin membrane permeability to water and various solutes，  
resultinginthenetwaterlossfTOmPlantcells（Heath，1975）．Inourexperimentalcondition，the  
ratiooffreshweighttodryweiかtinspinacllleavesfumigatedwith0．5ppmozoneforO，4，  
and8hwere9．5，7．8，and4・1，reSPeCtively（resultsnotshown）・nluStheplaJltSWereSu句ected  
toseveredroughtstressin theearlystageofozonefumigation・EhindsaandMatowe（1981）  
have shown that SOD and catalase activitiesin drouhgt・SenSitive moss were significantly  
inactivated and rLOt reStOred during dehydration and rehydration processes．These【eSults  
suggest that ozone－induced drought stress may be a cause of theinactivation ofSOD・  
L－Ascorbateis oxldized by ozorle and active oxygens・Probably，regeneratiorlSyStem Of  
L－aSCOrbatefromdehydro・L－aSCOrbatewouldalsobedamagedbyozone．  
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オゾン接触によるホウレンソウ葉の光合成色素   

と脂質の破壊：活性酸素の役割について  

榊 剛1・近藤矩朗－・菅原 淳1   

鉢植えのホウレンソウ（郎inaciaoleraceaL．cv．NewAsia）を明所でオゾンに接触させたと  

ころ，クロロフィルとカロチノイドの破壊，及び脂質の過酸化分解の指標であるマロンジアルデ  

ヒド（MDA）の生成が起こった。稟内のクロロフィル〟とカロチノイドは，ホウレンソウを0．5  

ppmのオゾンに接触させ始めてから68時間経過した後に分解が始まった。一方MDAはオゾ  

ン接触後8時間目まで直線的に増加し，その後更に急激に増加した。オゾンに6時間接触させた  

築からディスクを打ち抜き，種々の条件下で色素破壊及びMDAの生成を調べた。クロロフィ  

ル〃とカロチノイドの破壊．及びMDAの生成は明所で，かつ好気条件下でのみ進行した。活性  

酸素の消去剤をディスクに添加した実験結果から，クロロフィル〟とカロチノイドの破壊，及び  

MDAの生成に活性酸熟 特にスーパーオキシド アニオン（0盲）が関与していることが示唆  

された。内生の0言消去物質であるスーパーオキシド デイスムターゼ（SOD）活性，及び7  

スコルビン酸含量は，オゾン接触後それぞれ3．5及び8時間目に半分に低下していた。以上の結  

果は，オゾン接触によって活性酸紫に対する内生の防御機構が破壊され，蓄積した活性酸素が光  

合成色素及び脂質を破壊したことを示している。   

またオゾンに4時間接触させた菓の葉緑体膜におけるポリフェノールオキシターゼ活性は対照  

の240％に増加していた。このことは，オゾン接触によって光合成色素が破壊される以前に，葉  

緑体のチラコイド膜が強く損傷を受けていることを示している。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷出離町′ト野川16番2  
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EnhancementofDamagesinSunfLowerPlantsbyProbable  

InvoIvement ofFactorsGeneratedintheMixingofNO2and O3  

TadakatsuYoneyamal，2andTsumuguTotsukal  

1EnYiTOnmentalBiDID各y DiYision，the NationallnstituteforEnviIOnmentalStudie5，   
Yatabe－maChi，Tsukuba，Iba∫aki305，JapaJl．  
2 preseTltAddTeSS＝ DepartmentofAppuedPhysiology，NationalTnstituteofAgrc．bi－   
0logicalResources，TsukubaScienceCity，Yatabe，Ibaraki305，Japan．   

In thedefLnitioncommonlyusedforsynergisticeffectoftwomixedpollutants，it  
WaSfoundthatitwashardtosaywhethertheincreaseddamageswereduetothefactors  
generatedin the mixlng Of two pollutants or simply due to theincrease of the  
concelltration of pollutants，An experimentalprocedureis proposed to solve this  
pfOblem．  
Whenpo11utantAhasahighlyspecifieeffectonplantsandthiseffectisknownto  

beimpossiblebypoLlutant B，WeCan SaylhatcombinationofpollutantsAandBllaSa  
mixture effectif the specinc effeet by pollutant Ais enhanced by coexistence of  
pollutant B．When the effccts caused by pollutant A aJld B cannot be separately  
distinguishedby the method used，themhtureeffcctcanbeevaluatedbytheprocedure  
asdescribedbelowiftlleeXPeriTT）entalconditionswerethoseundeTWhichtwopo11utants  
Show damages on plants as expressed by an exponenlialfunction and the degree of  
damageis below theinflection poirLt．Firstly，damages by pouutarlt A at the  
COnCentration CAandbypollutant Battheconcentration CB ShouldbemeasuTed：the  
dama＄e degreesare termed DAand DB，reSPeCtively・Secondly，the damage（t）M）of  
COmbination or pollutant A乱t the conce－－tTat氾n Of aCA8pd pollul弧IB a＝he  
COnC印trationofbCl】Shouldbemeasured：WhereO＜a，b＜landa＋b＜1・Onevaluatior）if  
DMi∫mOre thaJIDA Or DB，ilcan be said that the factoTS Which ca11Se enhanced  
dam喝eSaregenetatedill血emixlnきOr11）etWDpOllutants，butirnoモitish訂d105aySO．  
Fouowing the proposedprocedure the effeets ofmixed ga50fNO2and O30n  

VisibleinJuryandinhibitionsofphotosynthcticandtraJISPiratoryactivitiesofsurLnOWer  
leaYeS WeJe eValuatedlj感ngtlledata Dblahediれthiざi耶と血re．T領ere＄ultssuggestthat  
the rnixingof NOland O，generated somefactoTSWhichenhaJICedvisibleinJuryand  
transpirationinhibition．However，tllenatureandmechanlSmS（〉fthefactorscouldnot  
becI】araCt¢∫jzed50f8J  

Keywords：Mixedgas，NOっ，03，Syner卵ticeffects，VisibleinJury，Sunflowerplant   

mefindingbyMenserandHeggestad（1966）thatmixtureofairpollutar）tSbroughtabout  
more severe damages to plants thaniTldividualofairpollutantsisimpc・rta叫beca11Selh］S  
indicates the possible occurrence ofair pollutant damagesatthecorlCentrationsasIowas  
indivldualpollutantsdonotbringaboutanydamages．   
Theeffectsofmixtureoftwoairpollutantswereclassifiedintothreecategoriesasfollows  
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byTingeyandReinert（1975）andReinertetaL（1975）．   
1）Additive effect：Theextentofdamagecausedbyamixtureoftwopol）utantsequals  
tothesumofthedarnagescausedbytwoindividualpollutants．   
2）SynerglStic effect：The damage caused by a mxtureisgrealeIthan additive of  
individualeffects．   

3）Antagonisticeffect：Thedamagecausedbyamixtureislessthanadditiveofindividual  
errects．   

Fo1lowiflgthisde蝕Iition，itwasbelievedthatthereweresynergisticeffectsinthemixture  
fumi？ationwithNO2andSO20rlthephotosyntheticCO2fixation（AshendenaTldMansfie）d，  
1978）andonthetranspiration（Ashenden，1979），inthemⅨturefumigationwithO3andSO2  
0nlheYisib】e叫ury（Apple卵te ＆ mlTa叫1969；lnose〕1980），andontheplantgrowth  
（Dochingeretal．，1970；TingeyetaL，1971），andinthemixturefumigationwithO3and  
NOユ OnthephotosyntheticCO2 丘xation（Furukawa ＆ Totsuka，1979）andvisiblein）ury  
（Fujiware，1973）．However，OureXperiencesinthecourseofstudiesontheeffectsofairpoILu－  
tantsonplantshaveledustoflndsomeurlClearnessinthedeflnitionofsynergisticeffect，   

dp和Ce血′erOC加cた〟ほge〃em加〃0／〟柁カc∫0′∫おd∽gわ帥克郎Cβ研e〃Jo／血別邸∫i〃Jわe  

m由ureo∫rl仰PO〃りねJ沼   

GenerallytwocasesmayoccurontheevaluationofeffectsofthetreatmerltSbymixtureof  
airpollutants．   
Caselisasfollows．Po】加∽【Acau5e5a5peCi薫cdamage whjc】1Can刀Olbecausedby  
pollutant Bonly・〔hthefumigationoftwopollutantsAandBincombinationthespecific  
damagemightbeenhncedbycoexistenceofpollutantBasifpollutantBisacatalyzerofthe  
POllutantAreactionsinplants・   
Case2isasfollows．Bothpo11utantsAandBmaycausesamedamage，andtheextentof  
contributiononitbyindividualpoJlutantscannotbeevaJuatedseparatelyinthetreatmentin  
combination．MostproblemsencounteredintheresearchonalrpOllutanteffectaregroupedin  
CaSe2，becat）SeSimp）ydeterminableindices，SuChasvisibleilりuryandinhibitionsofphoto・  
syntheticCO2fixationandtranSpiration，havebeencommonlyused，lfvisibleinJurygreater  
thanadditiveappearedbymixtureofpollutants，ithast）eengrOuPedassynergisticeffectinthe  
usualde爪nition．H6wever，fromouropinionitisalsopossibletosaysimplythatthejLICreaSed  
effectsmaybecausedbytheincreaseoftheconcentrationsofpollutants．  

治 巨三  
Po仙亡a呵COnCenI将はM  

Fig12 Schematicexpres凱OnOfeffects  
Of two pouutants to ev血ate the  
“mixtureeffect＝   

P01lulant ton⊂ent柑tbn   

Fig．1A relationship between pol－  

1utantconcentfationanddamage  
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The damage usuaJJy does not appear beJowacertain threshold concentration but this  
damageincreases exponentially with theincrease of the concentration of po11utant as  
SChematizedinFig・1．Thisistrueわ∫NO2effectonthephofosyT）thesjsofaJfaJLaandoat（  
＆ Bennett，1970）andonthevisibleiquryonsunflowerleavesasshowninTablel，Howcan  
We eValuate themixtureeffectonplantswhichrespondexponentia11ytotheincreaseofpol－  
1utantcoIICentration．WewilltrytoproposeaproceduretoevaluatethemixtureeffectinCase  
2，  

Tablel Visibleinjuryin sunflowerleaves caused by NO2and／or O3  
fumlgation   

Visiblei叫uIy＊  
l・てl  

Evaluation by 
Old definition Proposed deflnition 

Fumigated gas 
COnCentratiom（ppm）  

NOユ  0，  
0  

1．0  

2．0  

4．0  

8．0  

0  

0  

0  

1，0  

2．0  

4．0   

8．0  

0  2．2土1．1  

0  7．8土5．5  

0．2  0  

0．4  1．9土0．5  

0．8  22．5士1．4  

0．2  11．0土‘．3  

0．2  9．2土2．7  

0．2  19、5土6．8   

0．2  44．8±11．3  

5yllergism  Em九aneeddamage  

Synergism  Enhanced damage 

SynerglSm  Enhanceddm喝e  

Syne∫glSm  

＊Vigib】e血uryappeared〔l爪tIt¢わurth，貢nh，Six血，SeVenthandeightllleaYeSOrt¢n  

plar）tSaIeindicated asaverageswithstandarddeviations．（Redrawn from thedata  

byInose，1980）  

Undertheconditionswheretheinjuriouseffectsofairpollutantsmay呼PeareXPOnentjal．  
1y，pOllutantsAandBshowthedamagesDAandDB（note：thisvalues should bebelowthe  
innectionpoints）attheconcerltrationsofCA andCB reSPeCtively（See Fig．2）．1fthetwo  
POllutants weremixedattheconcentrationsofCAandCB，WeCannOtinfertheestimated  
degreeofdamagesandevaluatetheexperimentalresultswhethereffectsappearedtruelyby  
血xtureortwopoMul訓tSO∫5i∫叫yduetotbeinc∫e且5eOfpoi50nOuざpOl】uta点tCOれCentr班ons，  
becausewedonotknowwhatwi1loccurattheconcentrationsbeyondC＾andCB・1ftwo  
pollutantswereemployedattheconcentrationsbelowCAandCB，theexpecteddamagesmay  
bebelowthestralgl1tlinesconnectingbetweenoriginandA（CA，D＾）ofB（CB，DB）．Whenthe  
COnCentrationofpollutantAisaCA（0＜a＜1）andthatofpollutantBisbCB（OQ＜1，and  
a＋b≦1），theeEfectofmixturesofthetwopouutantscouIdbeinferredasifthedamageby  
pollutantB was addedtothedamagebypollutantA，OrViceversG，andtheexpecteddegreeof  
dama基eCOuldbebetweenDAapdDB・¶lereわre，jf血edegreeordam鉾bym玩tureortwo  
PO11utantsattheconcentrationsmentionedabove wasbelowthelargeroneofDAandDB，itis  
hardtofindanyfactorsleadingtoenhancementofdamages・lncontrasttothis，ifthedamages  
aremorethanthelargerone，SOmefactorscouldbe surelygeneratedinthemixingoftwo  
po1111tantS．   
hthelightoftheproposeddefinition，thedatabyTingye［aL（1971）thattheleafinjury  
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WaSCauSedbymixtureofNO2and SO2at5to25pphmsuggest tlleinvoIvementofsome  
factorsgeneratedinthemixlngOftwopollutants，because50pphmSO20r200pphmNO2WaS  
requiredtoinducetheleafiniurybysinglepollutant・WedescfibedthedamagβSCauSedbyNO2  
andO3mlXturefromtlleViewofnewdennitionbelow．   

．＼■りこ．J畑ノり1くソ．／i■lソトり川＝．／いけl、r／t－．Jl・ハ  

NO2inhibited photosynthetic CO2nXation（Bennet ＆ Hill，1974；Hill′＆ Bennett，  
1970；Srivastavaetal．，1975）andcausedvisibleinjuTyCnPlantleaves（Srivaslavae［at・，1975）・  
03alsoirlhibited the photosynthetic activity（Furukawa ＆ Kadota，1974）Llnose（1980）  
examined theeffectsofNO2andO3mixturegasonthevisibleinjuryontheleafsuTfaceof  
sunnower（Jk［ianthusannuusL．cv，RussianMamrnoth），anddamageswerecountedbynaked  
eyesasthepercentagesintheleafafter24・hrs’storeinthedarkaftergasfumigation，There・  
Sultsare showninTablel，andevaluationbasedorltheoldornewlyproposeddefinitionswas  
Carriedoutbypresentauthorsasindicatedinthattable．EffectofNO2andO3fumlgationin  
COmbination orinindividuals on CO2flxing and transplratOry aCtivities ofsunnowerleaves  
Were eXamined as followsin thesimi1ar mannerwithFurukawaandTotsuka（1979）．Four－  
Weekoldsunnowerplantswere fumigatedwithNO2and／oTO3inacontrqlledenvironment  
room（1．7×2．3×2．Om）・Thelightsourcewasconsistedoftv／entV・four400whalidelamps  

（Toshiba Co・，Ltd．），arldthelightilltenSitywasaround30 KIxatthe plantheigl1t▲ Anair  
velocityinthisroomwasO，2－0．4m／s，andaventiIationratewasaround2OOm3／h．NO2  
WaSSuPPliedfromacylindercontaining500ppmNO2inN2，andtheconcentrationofNO2in  
theroomwasmonitoredbyaThermoElectronNOxanalyzer（Model14）・03WaSPrOducedby  
asilentelectricaldischargeindryoxygen，andTegulatedbyacontro11ingsystemofaKlmOtO  
ChemiluminescentO3analyzer（Mode1806）．TomeasurethephotosyntheticCO2nXingactivi・  
ty ofleaves，a Sing）e attached matureLeafwas sea）edin（O a PLexfglassassimilatjonc上1amber  
（30×22XIcm）．Priortogasfumigationtheleafwaspreilluminatedformorethanonehour  
togetthesteadystateofphotosyntheticuptake，thentreatmentbyNO2and／orO3WaSStart－  
ed．TherateofnetphotosynthesiswasdeterrninedbymeasuringtheCO2COnCentrationsatthe  
inletandoutletoftheassimi1ationchamberusingaShimazuinfraredCO2analyzer（URA・2S）L  
TomeasurethetranspiratorywaterJoss，tLledecreaseoftheweight丘omthepottedpl＆ntW且S  
Chased on aMettlerbalance（PEll）二 tllelossofwaterfromthesoilsurfacewasprevented  
COVeringthepotwithavinylsheet．  
Al1data on the changesin photosynthetic and transpiratory activities by one and two  
hours’fumigationwith NO2and／or O3are Summarizedin Table2．NO2at2ppmorO3at  
O、2ppm did afTect so much on the photosynthetic activity．Mix（ure gas［reatmeLl［bylppTTI  
NO2andO．1ppmO3Seeminglydecreasethatactivitycomparedwithsingletreatmentby2ppm  
NO20rO．2ppm O3，thoughthiswasnotsign沌cant．Treatmentbyrnixtureof2ppmNO2and  
O．2ppmO3greatlydecreasedthephotosyntheticCO2fixingactivity・TraJISpiratorywaterloss  
WaSSlightlyaffectedbyO・2ppmO3treatment，Whereas2ppmNO2didnotshowanysignificant  
decrea5eduril唱2hours．随xturetreatmentbylppmNO2aれdO．1ppmO3CauSedlemafkable  
decreaseoftranspirationrates，arldthetreatmentby2ppmNO2andO．2ppmO3CauSedmore  
severe effect．   

Ifwe followthe old definition，reSultsofthe treatmentbymixtureo［2ppmNO2and  
O．2ppmO3incomparisonwitllthesingletreatmentbyeachgasshowsthatNO2aJldO3have  
syneristjc扉1ibitoけe鮪c上古oれphoto5ynthetjc離d transpira土ory activjtje5玩5unnOW即・  
However，judgingfromtheconception ofproposednewdefinition，mixtureeffectsoflppm  
NO？andO・1ppmO3Shouldbecomparedwiththeeffectsby2ppmNO2andCI・2ppmO3・The  
evaluationintheligntofnewdefinitionindicatesthatthereissigni丘cantmixtureeffectonthe  
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Table2 Effect of NO2 and O3fumlgationalone orincombirlationon  
thephotosyntheticandtransplratOryrateSOfsunflowerleavesa  

PllOtOSynthesis  TransplTation  
Tre∂亡merl【  

ExperiTr）ent  l＿hour  2－hour  l－hour  2＿hour  

800321  十4  

428  －1  
503  ＋3  
507  0   

508   十2（十2）b  

gOO324  ＋4  
325  ＋1  
426  －1  
502  ＋2  
507  －8  
508  －4ト1）  

0  

－1  
－1  
0  

＋3（0）  

NOユ2ppm  
＋11  
＋2  
－5  
＋3（＋3）  

＋1  
＋2  
－11  
－7（－4）  

－2  
◆ニ  
ー3  

十7（＋1）  

030・2pprIt  ー2  

－9  
－8  －6  
－6  －11  
－1ユ  ー13  

－5（－7）  －11（－10）  

一29  －39  

－15  －26  
－22  －25  
－21  －3（i  

－26（－23）  －28（－31）  

－5l  －65  

－76  －45  
－43（－57）  －57（－56）  

NO。1ppm  800403  」  －6  

0，0・1ppm  424  －6  －24  
425  －4  －2  
429  －3  －8  
430  －1（一4）  －8（－10）  

NO】2ppm  800321   －27  －42  

0，0．2ppm  324  －24  －31  
32ぎ  ー15ト22）  －30（－34）  

a，Alldataare expressed aspereentageincrease（＋）ordecrease（－）comparedwith  

lhe valuesJ11St before gas treatments・Eaeh experiment consistedof4rep・  
1icates．  

b，ThenumeralsintheparenthesesaretheaveTageSOfexperiments．  

transpiratoryactivitybutnotonthephotosyntheticactivity・1nthesimilarmannerwecansay  
thatNO2arldO3haveamixtureeffectontheappearanceofvisibleinjury（Tablel）．Some  
inl1ibitoryfactorscouldbegeneratedinthemixlngOfthetwopollutants・   

〟ec加〃f∫m5げ〟0っ／03m正座腑crJ   
TherehavebeenfewattemptstoexplaintheinteractiveeffectsnotonlyofNO2andO3  

butalsoofothercombinationsofairpollutants．Threemechanismsofinteractiveeffectswere  

COnSideredinthecombinationofNO2and O3・（i）The twopouutantsmayreactwitheach  
O（heriTl血eatmospherebeforecontac［withfbliage，andproducesometoxICSubstanceswhlCh  
may enhance the damage．Mixing NO2andO3gaSeSisknowntoinducethedecreaseofthe  

COnCentrations ofindividualgases，and produce NO3 and N205gaSeS and unidentified  
COmpOunds・mePrOductsevenatlowconcentrationsmigl1tbeverytoxictoplantswhenthey  
aIeabsorbed・（ii）Onepollutantmaypromotefoliaruptakeoftheanotherpollutantbyaltering  
S［omatalresistancetodiffusionofgases・¢ii）Onepoilutantmachangethereactivitieso［  
anothergasinplantcellsordestroytheprotectingmechanismsagaユnSttOtheattackbyanother  
POllutant・BothNO2andO3gaSeShaveoxldativeactivities，andtheseactivitiesinplantcells  
mightbeenhancedbycoexistenceofthetwogases・Ozoneisreportedlyadestroyingagentof  
NAD（P）Hinyi［ro（Menser ＆Heggestad，1966），therefor，thereductionofmitritecamefrom  

NO2mightbe行止1bitedthroughthedecreaseortheNADPHsupply．   

We conducted some investigations as indicated below to characterize the possible 
mechanismsofsynergisticeffectsofNO2andO3uSlng3－WeekoldsunnowerplantJs．undera  
COntrOlledenvironmentalconditionpfeViouslydescribedinthepresentreport，Wefumigated  
O・2－0・3ppm O3for4hours to the plaJltS Which had already treated with2ppm NO2  
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continuoslyfor2hoursinthellghtL   

checkl：Nitritewasnotaccumulatedintheleavesfumigatedwith2ppmNO21andaddi－  
tionalO3treatmentdidnotcauseanincreaseo［nitriteinleaves・   
Check2：h7Vitronitritereductaseactivity（Yoneyamae（aL，1978）intheleavesdidnot  

decreasebyadditionofO3．ReductionprocesseswererlOtimpaired・   
Check3‥Malondialdehydetest，anitldicatorofcelllipidperoxidation（Heath＆Packer，  
1968），ShowedthattheactivitiesdidnotdifferintheleavesfumigatedwitllNO2aloneor  
NO2－03mixture．   

Check4＝Chan卯gtheventilationratesfromordinaryone（200m3／h）tolarger（1，200  
m3／h）inorderto【educethetoxicproductswhlChwereinducedbythemixingofNO2andO3，  
didnotbringaboutanyaffectiontotheinhibitionextentofNO2－03inthetranspirationof  
Sunflowerplants．   

So far，We COuld not characterize aJly pOSSible reasonsofthe damage enhanced by  
fumigationofNOユー03mixture・Othermethodsshouldbetriedtofindoutthereasons・  
Whatshouldbedonefirstofal1intheresearchonthernixtureeffectofairpouutantsisto  
clarifywhetherthephenomenacausedbyfumigationwithmixtureofpollutantsistruelydue  
toenl1anCementbythefactorsgeneratedinthemixingorsimplyduetoincreaseofpollutant  
concentrations．Tomakethisclear，neWeXperimentalsystemssuchasproposedhereshouldbe  
devised，Wedidr10tdiscussadditiveorantagonisticeffectsinthepresentcommunlCation・  
FurthereffortisnecessafytOknowwhatiscausedbyalrPO11utantmixtureandhowithappens  
undercomplexenvironments．  
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NO2と03の混合により生じた要因によるヒマワリ   

での障害の増加一相乗作用の評価をめぐって一  

米山忠克▲Z・戸塚 績■   

一般に使われている大気汚染ガスニ成分混合による相乗効果の定義からは増加した障告が二つ  

の汚染質の混合により生じた要巨引こよるのか，単純な汚染貿の濃度の上昇によるのかとちらとも  

言えないと考えられた。この間題に対する実験上の一解法を提案する。   

もし汚染質Aが楠掛こ非常に特異的な障害をもち，この障害は汚染質Bで起こらないことが  

わかっている場合に，汚犯笥Aの障害が汚染肇Bの共存のもとで増加すれば，混合効果があっ  

たといえる。次に汚染質A．Bの効果が使われた方法では区別できない場合次の方法で混合効  

果が評価されうる。   

まず汚染貫A（濃度CA），汚染質B（濃度Cn）による障害（DA，D。）を測定する。次に汚染  

質A（濃度aC＾）と汚染質B（濃度bCB）の況合による障害DMを測定する。（但し0＜a，b＜1，  

a十b≦1）。ここでもしDMがDAやDBより大であれば，混合により生じた要因が障害牒高めた  

といえる。   

この定義に従って，ヒマワリ葉でのNO2と03混合による光合成活性，蒸散活性の阻害を評価  

したところ，可視障害や蒸散障害に汚染ガス混合により生じた要因の関与が推定されたが，その  

要因の性質，メカニズムはまだ明らかではない。  

1国立公害研究所生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
2 現在：農林水産省農業生物資源研究所（〒3q5 茨城県筑汲郡谷刑部町観音台ZT目12）  
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Res．R¢p．Natl．1n5t．Envjron．StudりJpn．．No．6S1984・  

T71eChangeinLeafProteirlaSeandProteinasehhibitorActivities  

byAirpollutant＊  

t．participatiorLOfProteinasesinCellularandMolecularDamages   

OrPlantIJaYeSbyso…‾andH202  

TsuneoWatanabeI・2andNoriakiKondol  

JEnvironmenta18iology Division，lhe Nationallnstitute for EnvironmentalStudies，   
Yatabe－maChl，Tsukuba，lbaraki305，］apan，   

2 nesel】t addJeSSこI♪5机uほfo∫良ioJ¶edjca】Re5βarれSuカーO∫yいdりShjm8mOわーCho，   
Mishima，Osaka618，Japan．  

p∫0Iej刀aSe aCfiy毎jncrea5edirl段7血♂C〟βお化C打払ves but nolin roots when  
SOdium sulfite，hydrogen peroxideandsodiumazidewereiniectedthTOughthepetioLe  
underlight conditlOn，but theactivitywasnotafrectedbysulfuricacid・Cbltheother  
hand，PrOteinase－inhibitory activltyin both】eaves and toots were decreased by the  
ln」eCtion．ProteiJlaSe aCtivityirL RiciT7uScOmmunisleavesincreased when hydrogen  
peroxide and sodium sulfite verein］eCtCdthroug11山epetioleandkeptfoT4hunder  
lightcondition．NoYisiblein］uriesweTeCauSedtotheleafduring4Lhl画一tillumination・  
Ontheotherhand，prOteinase－inhibitoryactivityinleaveswasdecreasedbythein3eCtion  
OrhydT喝enpeIOXide・Chan各eSi】11lleaClivityorprot¢inasepfObal）1yca11Sedtlle輌uTy  
orleaves such as chlorosisand necrosis，Which were observed onleaves one week after  
theinJeCtionwithhydrogenperoxiderProteinaseextractedfromleavesofsodiumsulfite  
orhydrogen peroxide－treatedS＿OteraCeaWaSinhibitedbyp－OteinaseinhibitorfromS・  
0］eracearoots．ProteirlaSefromR．Cbmmunisleaveswasinhibitedbyproteinaseinhibi・  
torffOm凡CbJmmu〃l曾Ieavestれems¢1ves．  
These results suggest thatin thehealthyleafthe proteinaseinhibitorprotectsthe  

Cellularcomponentsfromtheproteir）aSe．  
KeylyOrd∫ニ叫7drog印perOXidβ，p∫Otぞ加給，什0亡¢jnaseinhibjtor，尺お面〟∫Cク椚m〟〝ふ  

Sodiumsulme，∫〆〃〟Ce〟OJg和re〃，   

Sulfurdioxideisoneofthe maJOrairpollutantswhichcausechlorophylldestructionin  
plantleaves（Peiser＆Yang，1977）being the maln SymPtOm and some damages to the  
rnesophyll（Soikkeli＆Tuovinen，1979）・SO2－hmigationincreasedactiveoy邑en，0；and  
hydrogenperoxide，in山echlotoplastandtheincTe且SeWaSgreaterUndeTillumlnatjonthaniTt  
darkness．H202formationwasdependentonlight（Tanakae（al・．1982）・0；wasformedon  

● Apartor曲sstudyhadbeenpubIishedinBiIo．plant．（Praha），25，100・109（1983）■  
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thylakoidmembranesunderilluminationandinitiatedtheaerobicchainoxidationofsulfiteto  

yieldalargeamountofactiveoxygen，0妄，102，H202andOH・（Asada＆Kiso，1973；Asadae（  
叫1974）．   
Superoxidedismutase（SOD）inchloroplastsdecreasesthesteadystateconcentrationofO妄  

to about O・01％・However，SO2fumigationsignificantlyinactivatedSOD（ShlmaZakユe［a］．，  
1980），andtherefore，the concentration ofO；shouldincrease greatlyin chloroplasts．In  
addition，0言productionwouldbeampllnedviaaerobicchainoxldationofsulfite，initiatedby  
O言（A氾da＆mso，1973；AsadaerαL1974）．   
H202WaSPrOduced fromO盲h theprocessofSO㌻oxldationinleaves（Tanakaetal．，  

1982）・Chlorophyll′bound to proteinis relatively stable tolightand o不ygen，Wh11e free  
ChlorophyllinanorganicsoIventisextremelylabiletosuperoxideradicals，Whichareproduced  
duringtheaerobicoxidationofbisulfite（Peiser＆Yang，1977）．ThesesignsofleafinJuryCOuld  
be explalmed byincreased proteolysisin SOiTor H202treated・1eaves，andit might be  
reasonabletoassumethattheproteindegradationisduetoincreasedactivitiesofproteinases  
PreSentinleaf．However，relativelyfewneutralproteinaseshavebeendennedwhichhavethe  

PrOpertydegradingintracellula∫PrOtein．Inthepresentstudy，effectsofH202andSO㌻on  
proteinase and proteinaseinhibitor were examined withspecialreferencetoactiveoxygen  

Participation．  

Ma鹿rialsandMethods  

〃JIJ／川JJ〃7J／   

Spinach（S＞inaciaole，aCeuLcv・NewAsia）andcastorbean（Ricinuscommunis）plants  
wefegrOWninpotscontalnJngVermiculite，peatmOSS，perliteandfinegravels（2：2＝1：1・V／v）・  
TheseplantsweregrowninaglasshouseundeTSunlight・Thetemperaturewas200cintheday  
timeand150catnightforSOle7VCeaand250cinthedaytimeand200catnightforR・  
communiswitharelativehumidityof70±5％，Thetestplantsgrownintheglasshousewere  
transferredtoagrowthcabinetforinleCtion・SoleraceaandR・COmmuniswerepreconditioned  
for2weeksinthecabinetat200cand25Oc，reSpeCtively，underilluminanceof30klxatleaf  
level．Plantsusedfortheexperimentwere7T8weeksold．   

呵ecrブロ習qrC力e那加JJ   

One・tenthsml／petioleofsolutionoflmMsodiumsulfitewithlmMEDTA，1mMsodium  
azide，29，4mMhydrogenperoxide，1mMsulnlricacidanddisti11edwatereachwasiqjected  
intothepetioleofSoleraceabymeansofasyringe・Thentestplantswerekeptat20Ocunder  
30klxatleaflevelforlh・R・COmmuTZisplantswerepreconditionedbeforeiqectionfor2  
weeksinthecabinetat250cunder2030klxatleaflevel．Ahalfml／petioleofsolutionofl  
mMsodiumsulfitecontalninglmMEDTAwaslnjectedintothetenpetiolesofR・COmmunis  
byrneansofasyringe．Ahalfml／petioleoflmMsodiumazide，29・4mMhydrogenperoxide  
anddisti11edwatereachwasln）eCtedinto tenpetioles・ThentestplantSWerekeptatregular  
intervalsunder20－30klxatleaflevelforl・5，4handlweek．   

タmJe加αJeeズ加C〟∂〃   

ApproximatelylOOgofleavesof21testspinachplantswerehomogenizedinapolytron  
homogenizerat40cinlOOmloflOOmMTris－HClbuffer，pH7・4，COntainlng500mMNaCl  
andlmMdithlOthreitol・ThehomogenatewascentrifugedatlOOOOxgfor15min・andthe  
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SupernatantWaSfilteredthroughnlterpaper・nle fractionof30r70％saturatedammonium  
Sulfate（i．e．crude fractions）wassubjected togelfiltrationonUltrogelAcA44，followedby  
affinity chromatography of proteinase uslng amino porous glass reacted with the serine  
PrOteinaseinhlbitor，aPrOtimin，andl・ethyl・3・（3・dimethyl－aminopropyl）carbodiimide（Wata－  
nabeeJれ1982）．   

ProceduresforhomogenizationoftheR．communisleavesandpurincationoftheextracts  
havebeen asdescribed above．me bufferwas50mMTris・HCl，PH7．4，COntaining500mM  
NaClandl％glycerin．mefractionof30－70％saturatedammoniumsulfatewassub］eCtedto  
gelfiltration on utrogelAcA44，followed by affinitychromatographyonaprotinin，POrOuS  
dぉS（WatanabeeJ庇，1982）   

介oJef〃β∫e f〃鋸加わ′eズJmc〟0〃   

ProteinaseinhlbitorwasextractedfromSoleracearootsorR・COmmunisleavesaccording  
tothemethoddescribedbyWatanabeandWatanabe（1981）．Approximately90gofSoleracea  
roots were homogenized at40cinlOOmlof6％perchloric acid・The homogenate was  
CentrifugedatlOOOOx g for30min，andthesupernatantwasfilteredthroughfivelayersof  
gauze．Solidammoniumsulfate wasadded to the crude extract to30％saturation，and the  
result山gprecipitate wascollectedbycentfifugation and discarded．The supernatant of30％  
Saturated ammonium sulfate was fractionated by adding solid ammonium sulfate to70％  
SaturationandwasagaincentrifugedatlOOOOxgfor30min．TheprecipitatewasdissoIvedir1  
10nloflOOmMTris－HClbuffer，pH7．4，COntaining500mMNaCl．The30－70％saturated  
ammonium sulfate fraction was applled on UltrogelAcA44column（2．64× 90cm）  

equilibratedwith50mMTris・HClbuffer，PH7．4．ThengelnlteredffaCtionwassubjectedto  
DEAE・SephacelionexchangeChromatography（2．64x60cm）andtoaffinitychromatography  
Onimmobilized tryspin．Harvest and homogenizationofR．communisleaves were done as  
describedpreviously（Watanabee（al．，1982）．   

」汁oref〃αJg耶∫りノ  

a）PeptidaseActivity：ThereactionwasinitiatedbyaddltionofO．8mloftheproteinase  
fraction and O．5mlof50mM Tris．IIClbuffer，PH7．4，COntainiIlg150mMNaClandO．5％  
glycerin to O・2mlof3．5mM H・D・Valyl・L・1eucyl．L・1ysine・P・nitroanilide（S－2251）in an assay  

microcuvetteand△A／mln（405nm）wasdetermined．Theincreaseinabsorbanceat405nmwas  
recordedfor5min，ToobtainpHprofileoftripeptide（S・2251）・hydrolyzingactivitypresentin  
enzyme purinedby afnnitychromatography，theenzymereactionwascarriedoutin50mM  
Tris－aCetatebuffer，COntalning150mMNaCl，5mMCaC12andO・5％glycerin，OfdifferentpH  
values丘om4．Oto9．0．  

b）Proteinase Activity：The activity of proteinase（protein－hydrolyzing activity）was  
measuredbyhydrolysisofO．2mlofO．5％α－CaSeinaddedtoO．2mlof50mMTris－HClbuffer，  
p＝7・4，Or50mMTris・aCetatebuffer，p＝5・0，COntainlngenZymeSamPleat370cforlh・   

伽Jef〃αJe如加納0用JJり′  

PfOteinase・inhlbitory activity was assayed on the basis of the method described by  
Watanabe and Watanabe（1981）．¶le reaCtion was carried outin the microcellof a  
SpeCtrOphotometerinareactionmixturecontainlngO．4mlof50mMTris－HClbuffer，pH7．4，  
0・05miofplasmin（0．6caseinunitsml‾1），0．35mlofproteinaseinl1ibitorfractioninthesame  
bufferand O．2mlof2mM S－2251assubstrate．Theinhibitoryactivitytowardplasminwas  
measuredbydecreaseofabsorbanceat405nmat370cfor5血l（Naito＆Aoki，1978）・Asa  
blanktesttheactivityofO・6caseinunitmi‾1plasminwithoutinhibitorwasmeasuredunderthe  
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Sameassaycondition．   

伽′e如deJe〝れ血α如〝   

ProteincontentsweredeterminedbythemethodofBradford（1976）usinglyophilized  
PreParationofbovineplasmagamma・globulinasstandard・Theseexperimentalresults，Shown，  
aretheaverageofthreemeasurements・Al1spectrophotometricdeterminationswerecarriedout  
usingaShlmaZduUV200Srecofdingspectrophotometer，   

αemねαJJα〃d∫〟∂J加ナビJ   

Plasminand S・2251werepurchased h・OmKabiDlagnOStica，Sweden．Coomassiebri1llant  
blueG－250（Bio・Radproteinassaykits）wasaproductofBio－Radl』boratories，U．S．A．H202  
WaSObtainedrromMitsubishiGasKagakuCo・，Tokyo・DEAE－Sephacelwaspurchasedfrom  
Pharmacia Fine Chemicals，Swedenand UltrogelAcA44fromLKB，FraJICe．Otherchemical  
reagentswerepurchased丘omNakaraiChemicalCoリKyoto・  

Results  

Proteinase actiVitywasdetectedin theleafofS olerqceagrowninagreellhouseunder  
Sunlight・Whenvariouschemicalswereinjectedintothepetiolesandtheplantthenkeptforlh  
underlight conditions，aSigmificantincreaseinproteinaseactivltyOfcrudefractionfromthe  
leaveswasdetected（Tablel）．Theinductionoftheactivitybylighiillumhationwasstimulated  
byirtleCtionofsodiumazide，hydrogenperoxideandsodiumsulfitebutnotbydisti11edwater  
andsulphuricacid（Tablel）・Mostmarkedwasthestin1ulationbysodiumazide－injection，the  
SpeCific activity of a crude proteinase beingirlCreaSed about 3 times．Suchaninduced  
appearanceofproteinaseactivitywasnotobservedwheninjectedplantswerekeptunderdark  
COndition（Tablel）・S oleracealeafextractsinl1ibitedthebloodproteinaseplasmin．Table2  
demonstrates that theinl1ibitory activityin theleaves toward this serlne prOte山ase was  
decreasedbyinjectionofhydrogenperoxide，SOdiumazideandsodiumsulfiteby57，680r57％  

Tablel Induction ofproteinasesinS．oleracealeavesbyinjectionof  
Chemicalsintothepetiole  

Plantsweretreated by叫ectionintopetiolewithO．1ml／petiolex tenpetiolesof  
SOlutionindicated．AfteTlnjection，plants were transferred to agrowthcabinet  
underilluminance of30klxatleaflevelorunderdaTkconditionat20Ocforlh．  

Light  Dark  

Spec享fic  

Protein Proteinase 4ctiyitY PfOtein  
COntent  
【mgml’  

【霹，× Relative  
mirL－】  aCtivity  

mg▼，or  
protein】   

Proteinase  
activity  

COntent aCtivity  
【mgml‾】  

l．△A OreXtraCt】 mln‾】】  l▲11昌一■11 0reXtfaCt】【△Amin‾】】  

H－0  0・759  0・022  29  

Na】SO。（1mM）  0・572  0・033  58  

HlOl（29・4mM）   0・530  0■038  72  

NaN｝（1mM）  0・568  0・049  86  

H，50．（1mM）  0・684  0・0柑  26  

1．00  0．438  

1．99  0，538  

2．47  0．713  

2．98  0．491  

0．91  
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None  O，771  0．020  
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atterlhunderJightcondition，reSpeCtively・ProteinaseactivltyWaSdetectedintheroot，eVen  
WhenS oleracea wasinjectedwithdistilledwater，hydrogenperoxide，SOdiumazide，SOdium  
SuliiteorsulfuricacidthroughthepetioleandthenkeptforlhunderlidltCOndition（Table  
3）．   
Theinhibitoryactivityofroottowardplasminwasdetectedanddecreasedbytheinjection  
Ofsodiumazideandhydrogenperoxide（Table3）・AsshowninTable4，aSignincantactivityof  
proteinase wasdetectedin1eavesof凡communis．Whendisti11edwa†erw』Siq）eC‡edjntoIhe  
Petioleandthentheplantkeptforl・5and4hunderlightcondition，nOincreaseinproteinase  
activity andno visibleinJurieswere observedin anyleaves．Injection ofsodiumsulfite and  
hydrogen peroxideinto the petioleincreased pfOteinase activityin theleaf．Hydrogen  
PerOXide．treatedleaveswerenotablyinjured，i，e．，Chlorosisandnecrosisobservedonthesurface  
Ofleavesafterlweekunderlightcondition．   
AsshowninFig。l，theactivityofproteinaseinthegel－filtered fractionDfextractfrom  
SOdjumsu肋e andhydrogen peroxlde・treatedS okracealeaveswasinhibited byproteinase  
inhibitor（PI－1）fromS o］eracearoots．Gel－filtratedproteinasefromR．commuTZisleaveswas  
inl1ibited by the proteinaseinhibitors fromhydrogen peroxide・treated（PI－PL（H2O2））and  
distilledwater－treated（Pl－RL（D．W．））R．communisleavesby15．2and52．2％，reSPeCtjvely（Fjg．  
2）rProteinaseextractedfromR・COmmunLsleavesandpurifiedbyaffinitychromatographyhad  
apHopt血umof7・4，Whetherthesubstratewaso，・CaSein（Table5）orval・1eu・1ys・PNA（Fig，3），  
TheunboundenzymehadapHoptimumDf5．0（Table5），beinganacidproteinase．  
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Fig．1EffectofproteinaseinhibitorfromSolencearootonproteinase  
rrom 艮 OJerαCeα1eaf  

－A＝1mM7qSO，injectlOnintopctioleL O▲1mi／Petiole XlO・B：29・4mM  
HlO2inject10nintopetiole，0，1ml／petiolexlO・P－1：0・967mgml‾10fpro－  
t由IaSeil血bitor缶om5．oler8Ce丘TOOt；0．5（氾m筈ml‾1（）†p‡OteillaSeinhibitoTfIOm  
且クね〝Ce♂∫00亡．TIle enZyme feaC血爪Was C血ed outin亡he microcuvette or  
spectrophotoTT）eterinaIeaCtion mixture containing O．6mlof50mM TIis－HCl  
buffeT，pTi7，4，0．1mlofenzymesolutlOn，0．1mlofinhibitorsolution（0．967mgof  
protein／mlorO．502mgofprotein／TTIl）andO．2mlofS－2251a5Substrate．  
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Table2 Effect of extracts from S．oleracealeaves on plasmi11aCtivity  
ExpeTim¢ntalprocedlJIeaS山Tablel，  

Protein Residualplas－   Activity  

I函ion   
登呂ア；t㍍ 詔  

【。f【             extract   min▲1   ofortein  
］  】  p】  

Hユ0  0・759  3・8  

Na250。（1mM）  0・572  6・7  

Hま02（29・4mM）  0・530  6・2  

NaN3（1mM）  0．568  8・8  

HISO．（1mM）  0・684  4・2  
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4
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1
 
0
 
0
 
0
 
0
 
 

Table3 Proteinaseactivityandinhibitoryactivityforplasminofextracts  
fromrootsofS・Oleraceainjectedwithsodiumsulfiteandhydrogenper－  
OXidethroughpetioles  

Aftertheinjection，theplantwastransferredtoagrowthcabinetunderlightintenr  
Sityof30klxatleafat20Ocfoflh．  

SpeciflC  
hot¢ina5e   
activity  

【今AxlO‾I mln▼1m‾】  

g  

OrpIOteinl  

Re5id11al   
Protein activity  
【mgml▲】  pl弧mh  
Ofextract】 lC．U．×  

10‾2】   

Activity  
【C．U．clO‾3 mh‾1m‾1  

g  

0rpTOtein】  

Relative  

inhibition  
叫¢Ction  

0．1  0．192  

0．1  0．157  

0．1  0．161  

0．4  0．113  

1．1  0．083  

0．1  0．197  

0．1  

H20  
Na2SO｝（1mM）  

（1M）  

叫01（29．4mM）  
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Table4 Proteinase activityofextractsfromR．communisleaves  

Petiolesiniectedasdesc∫1bedintheMaterialsandmethods．Aftertheiruection，the  
plantwastransferredtoaglOWthcabinetunderi11uminanceof20－30klxatleaflevel  
at250cforl．5，4and168h，  

Proteinaseactivity   
【△Amin‾1mg▲】ofpfOt¢h】  

0  1．5h   4h  

Visible damage on leaf 
surface after 

Ⅰ再ection  
1（；8h O  

【％】  

1．5h  4h 168h  
【％】【％】【％I  

＝20  13・1  14・2 11・4  42・0  0  0  0 10  
Na。SOさ（1mM）  12・9   18・1 18・8  0   0  0  －  

H201（29・4mM） 13・7   17・3  46・1   418・0  0   0  0  66  
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u l  之   3   年   5   G  
INCUBAT10N TLME［min］  

Fig・2 Effect of proteinaseinhibitorsffOmR・COmmunisleafonpro－  
teinase activity of尺communisleaf．P：3．5〃gprOtein／0．1ml，prO－  
teinase fraction of gelfiltration on UltrogelAcA44of30－70％satu＿  
rated（NH4）2SO4 fraction from H202－treated凡communisleaf．（30  
klxfor4h）・PトRL（H202）＝0．1ml，PrOteinaseinhibitor（Pr），fraction  
fromH202treatedR・COmmunisleaf，（30klxfor4h）．PT－kL（D．W．）：  
0・1ml，prOteinaseinhibitor（Pl），fractionfromD．W．treatedR．communi∫  
18ar。（30klxror4h）．  
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Fig．3 pH profile of Val－1eu－1ys－PNA（ST225けhydrolyzing activities  
presentinthepurifiedproteinasefromR，COmmuntSleaves  
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Table5ThehydTOlysisofalphacaseinofproteinasepurifiedbyaffinity  
Chromatography  

PfOleinaseactivit  △Aat二！80nmh【1  
Treatment of enzyme solution 

boundenzym㌔  unboundenzyme 
わ  

Non¢  0．073  0．040  

80DcfoJ15mi11  0  0．011  

aTheactivityofneutralproteinasewasmeasuredbyhydrolysisofO．5％Q－CaSeinin  
50mMTris－HClbuffer，PH7．4．  
Theaetivityofacid proteinasewasmeasuredbyhydrolysisofO．5％α－CaSeinin50  
mMTris－aCelatebuffer，PH5．0．  

DisctlSSion  

Protein－1ikeproteinaseinhibitorsarewideJydistributedintheplantking－dom（Birk，1976；  
Watanabe＆Watanabe，1981）・MostoftheseinhibitorshavebeensllOWntObepresentinthe  
Seedofvariousplants，buttheyarenotnecessarilyrestrictedtothispa∫tOftheplant（Birk，  
1976）．  

Recently，inanimalcellsattentionhasbeendirectedtothecoexistenceofaproteinaseand  

itsspecificinhibitorinacellororganelleandtheinvoIvementofsuchaninhibitorconsideredin  

theregulationofintracellularproteinaseactivities aswellasproteinase－mediated′prOteinases  
（NishiurチetaL・1978；Waxman＆Krebs，1978）・However，1ittleinformationisavailable  
COnCernlngthephysiologicalsignincanceofproteinaseinhibitorsinplantce11s（Ryan，1973；  
Gustafson＆Ryan，1976；Fuchardson，1977；Salmia，1980）．   
Wefoundinthepresentstudythechangeinactivitiesofproteinasesandtheirinl1ibitorsin  
SoleraceaandjLcommunisleavesa托ertreatmentwithhydrogenperoxideandsodiumsulfite  
underlightcondition・SecondlypresentresultssuggestedthatleavesofR・COmluniscontain  
inl1ibitorsofendogenousproteinases・1twasalsoshownthatR・COmmunisleafinJuryCauSedby  
hydrogenperoxideorsulfitewasassociatedwithincreaseofpfOteinaseactivity・1tseemslikely  
that，ingeneral，hydrogenperoxideinducesanincreaseinproteinaseactivityandadecreasein  
proteinaseinhlbitor activityintheleaf ofhigher plants．Althoughthe preparation of  
proteinases and theirinl1ibitorswerenothighinpurityinthepresentwork，thesimplest  
explanationfortheseresultsisthattheincreaseofproteinaseactivityintheleafofS・Oleracea  
and凡communismighthavebeencausedbyactivationoftheproteinasebyactiveoxygen，  
WhichwasproducedintheprocessofSO…Loxidation．111uminatedchloroplastsisolatedfrom  
SO2・fumigatedSoleracealeavesaccumulatedrnoreH202thanthosefromnon・nlmigatedones  

did，aCCOmpanying O2uPtake・The H202formation，260mM H202／hinSO2－fumigated  

Chloroplast，WaSdependentonlightandinhlbitedby3・（3，4－dichlorophenyl）－1，1－dimethy）urea  
（DCMU）（Tanakee［aL，1982）・PfObably，thedecreaseofproteinase－inhibitoryactivityinleaves  
androotsmayalsobecausedbyinactivationoftheinl11bitorduetoactiveoxygen・   
Weproposethatsuchchangesintheactivityofproteinasecausethesenescenceofleaves  

feSultinginchlorosisandnecrosiswluchweTeObservedonR・COmmunisleavesinjectedwith  

hydrogen peroxide aner about oneweek・We wouldspeculatethatinthehealthyleafthe  

PrOteinaseinhibitor・prOteCtSthece11ularcomponentsfromtheproteinase（Fig・4）（Watanabe，  

1982；Baumguartner＆Chrispeels，1976）・Such protection may also operate during the  
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＼、 ヽp雨spho紬id  
Prote⊥nase  

HSO3‾＼   

2－   
04   ・一－ 

Prote⊥nase 土nhlbltor  

Protl≧」n   

＼cytotoxicitY  
＼  
VIsib】e damage  

Fi各．4 Scheme for the processfromSO2ftlmigationto tlleapPearanCe  
of visible damage onplantleaves（Watanabe，1982，Wata71abe＆Kondo，  
1983；WatanabeerαJ．，1983）  

germination（Salmia，1980）・Proteinases and theirinhibitors have been studiedin alarge  
LIUmberofmicroorganisms（打oIzerefaL，1975；Fischer＆Thompson，1979）．Proteinasesand  
theirinhibitofShaveoftenbeenfoundtobelocatedinseparatecompartments，theenzymesin  
VaCuOlesorlysosomesandtheinl1ibitorsinthecytosol．Ithasbeensuggestedthattheroleof  
theseinhibitoTSistopTOteCt the cytoplasm against theaccidentalruptureoftheproteinase－  
COntalning vesicles．1tis not clear，however，Whether theinhibition ofleafproteinase by  
proteiTlaSeinhibitoffromrootisdue to theirreversibleinactivationbyinhibitorordueto  
COmpetitiveinhibition byinhlbitor．FurfheTmOre，meChanjsmsoftransport6fthej血jbjtor  
fromS o］eracea root toleafare sti1lobscure tTZVivo．Furtherinvestigationto clarlfythese  
rnechanismsandphysiologicalrolesofproteinaseanditsinhlbitorarenowinprogress・  
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大気汚染物質によるプロティナーゼと   

プロティナーゼインヒビター活性の変化  

Ⅰ 亜硫酸や活性酸素による細胞傷害発現時  

におけるプロティナーゼの関与  

渡辺恒雄12・近藤矩朗1   

ホウレンソウやトウゴマの茎の中空部に亜硫酸や活性酸素の一種，過酸化水素水を注射器で注  

入処理した後，光照射した。4睡間の光照射条件下では，菓の表面の可視害は観察されなかった  

が，菓のプロティナーゼ活性が増加することが見いだされた。7日後には彙面積の60％に可視害  

が認められプロティナーゼ活性は約10倍高くなった。過酸化水素水処理したホウレンソウやトウ  

ゴマ築から得られたプロティナーゼインヒビターは，無処理のインヒビター活性と比較すると，  

阻害活性が低下することが見いだされたことから，大気汚染物質による植物の傷害発現にプロ  

ティナーゼとインヒビター系のバランスの乱れが関与している可能性が示唆された。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷田部町小野川16番2  
2 現在：サントリー株式会社 生物医学研究所（〒618 大阪府三島郡島本町若LL冶トト1）  
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Res．Rep・Natt．1nst・Envirom・Stud・，Jpn．，No．65，1984，  

TheChangeinLeafProteinaseandProteinaseInhibitorActivities  

byAirPollutant  

lI．Purification and Some Properties of Proteinase andIts   

lnhibitorintheLeafofRicimLSCOmmunis  

TsuneoWatanabel・2andNoriakiKondol  

1EnviTOnmentalBiology Division，the NationalInstitute for EnvITOnmentalStudies，   
Yalabe－maChi，TsⅦk11ba，11）a工aki305，Japan，  
2 pTeSentaddress＝lnstitute forBiomedicalResearch，SuntoryLtd．，ShimaJTtOtO－Cho，   
Mishima，Osaka（；柑，JaparL  

Neutralproteinase was fouIldin theleaves ofRiclnuscommunisasassayedwith  
QヾaSeinandH－D－Val－Leu－Lys－pNAassubstrates．TheenzymeismaximallyactiveatpH  
aTOund7．4、A．selective adsQTbent for serine ptoteittase was prepared by attaehing  
aprotiniTltOaminoalkyl－pOrOuSglassLWhenpartia11ypurifiedleafproteinasewaspassed  
throughacolumncontainingtheadsorbent，theproteirLaSeaCtivitypresentwasboundto  
theporousglass．Theproteinaseel11tedatlMNaCIwasin】1ibitedbyapTOtinin，leupeptin，  
DFP，phenylmethylsulfonylnuoride（PMSF）and serineproteinaseinhibitor fromJL  
communLfleaves，Whereas pepstatin，EDTA，EGTA，aTtd DTT had no effect on the  
enzyme．Thisinhibitionprofilesuggeststhattheleafproteinaseisaneutralproteinase，  
SuChasaserineproteinase．  
Keywords：月fc加以∫eO〝lm〟〃血，Serineproteinase，SerineproteiJlaSeinhibitor・   

lntracellularproteinases arethoughttoplayanimportantroleincontinuousturnoverof  
Cellular proteins・ln the case ofhigher plant tissues，SeVeralendoproteinases such as acid  
（DallingetaL，1976；Fe11ere（LZ］．，1977；FrithetaL，1978），thiol（Wittenbach，1978；Miller＆  
Huffacker，1981）andserineproteinases（Martin＆Thimann，1972；Drivdald＆Thimann，1978）  
have beenisolatedandcharacterizedtHowever，1ittleisknownconcerningthenatureofleaf  
Serine protcinases，inspiteoftheirpossibleimportance，OWlngtOdimcultyintheirextraction  
andpurification．DuetotheifSelf－digestingnature，prOteinasesaredifficulttobeisolated．   
Recently，Wehave partia11ypurifiedandcharacterizedaneutralserineproteinaseandits  

inhlbitorfromleavesof即inac由0（eracea（Watanabe＆Kondo，1983）．Thetissuedistribution  
Ofthistypeofproteinasesisnotyetknown，butanenzymewithplasmin－1ikeactivityhasalsc＞  
beenisplatedfTOmR・C？mmunisleavestreatedwithhydrogenperoxide（Watanabe，1982）・  
lncreaseinactivityofserlneprOteinaseanddecreaseinactivityofserineproteinase－inl1ibitor  

AbbreYiations：DTT．dithiothreitol；DFP，diisopropylfluorophosphate；PEG－6000，PO）yethyleneglyco）－6000；  
PMSF，phenylmcthylsulfonylnuoride；SBTl・SOybeamtrypsininhibitor・  

253   



TsurLeOWatanabeandNoriakiKondo  

血avebeenobservedinhomogenatesofhydrogenperoxide－treatedleavesbeforeoccurrenceof  
necrosisandsenescence（Watanabe，1982），Theconcentrationoftheserineproteinaseinthe  
leafisverylow（T・Watanabe，unpublishedwork），SOthatitisdimculttopreparetheenzyme  
fromleavesina homogeneous formirlSumCient quantities forits purification and  
Characterization．   

ThlS rePOrt preSentSSOmeinformationontheendoproteolyticsystemofR．communis  
leaves・Our resultsindicate thep∫eSenCe Ofserineproteinaseinhydrogenperoxide－treated  
leaves・The serine proteinase whichis notreadilydetectedinnormaluntfeatedleaveswas  
purinedbyaffinity chromatography onimmobilized aprotinin－pOrOuSglassbeads，andhas  
3，000・foldactlVityoftheammoniumsulfatefractionpreviouslydescribed（Watarlabe＆Kondo，  
1983）・A serine proteinaseinhlbitor whichinhibits theserineproteinase fromhydrogen  
peroxide・treatedleaveswasalsoisolatedfromnormalleavesofR．communis．  

Mate血1sandMethods  

相川／／りJ／t・′JJ／   

Ricinuscommuniswasgrowninaphytotronasdescribedpreviously（Watanabe＆Kondo，  
1983）．   

月e呼〃r∫   

Commercialmatenals wene purchased as follows＝ plasmin，H・D－Valyl－L－1eucyl－L－  
1ysine・P－nitroanillde dihydrochloride（S－2251），H・D・V叫′1・L－1eucyl－L・arginine・p－nitroanilide  

dlhydrochloride（S．2266），H－D－prOlyl－しphenylalanyl－L－arpnine－p－nitroanihdedihydrochloride  
（S・2302）andL・pyrOglutamyl・glycyl－L－arginine－p・nitroannidehydrochloride（S－2444）fromKabi  
ma卯05ぬ；α－Ca5血舟om5jg汀】a；uけOge】AcA44丘omLK王‡；ユ0れg－Ch血am血oporou5如5g  
（Glass・Co－NH・（CH2）6NI12））forraffinity・SuPpOrtifrom Electro．NucleonlCS，lnc．，Standard  
proteinsfromBio－Rad；anda1lotherchemicalsfromBoehringerMannl1eim．   

飯加血狛餌眈血机血㊥吋加ぬ   
Procedures for homogenization oftheleafand purincation oftheextractshavebeen．  
previouslydescribed（Watanabe＆Kondo，1983）．The30r70％ammoniumsulfatefractionwas  
Subjected to geJfiltratlOn On UltrogeIAcA44，fbuowed by afnnity chrornatography of  
proteirLaSe・Theamnityadsorbentwaspreparedbyreactionof5goflongchainaminoporous  
glasswithlOOmlof5000kauikrein－inhibitory 

， 

describedbyI．arssonandMosbach（1971）．   

伽Je加α∫e－加加抽ore方加Cぬ〃α′豆四所cdぬ〃   

Details ofprocedures for the extractionand purincation were described previously  
（Watanabe＆Kano，1982；Watanabe＆Kondo，1983）．   

．」叫l■   

Proteinase activity was determined by thehydrolysisofα－CaSein（Watanabe＆Kondo，  
1983）．Amidaseactivitywasmeasuredcolorimetrical1ybythehydrolysisofS－2251andS．2302  
assubstrate（Chrispeels＆Boulter，1975）・Detailsoftheincubationprocedureandanalysisof  
thereactionproductsweredescribedinthepreviousreport（Watanabe＆Kondo，1983）．One  
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unitwasdenndastheamountofenzymewhichliberateslljmOleofp－nitroanilineequlValents  
forlminat370c．   

血研血〝蝕叫   
Plasmin－inhlbitoryactivitywasassayedbymixinganaliquotoftheinhibitorsolutionwith  
plasmin（Caste11ino＆Powell，1981）and determiningthe amidolytic activltyOfthemixture  
（Watanabe＆Kondo，1卵3）．伽e unitori血ibi【0けaCtivitywas defined a5theamount or  
inhlbitorwhichinhibitsO．03unitsofplasminby50％・   
For the measurement ofserine proteinase－inhibitory activity，0・3mloftheproteinase  
inl11bitorfromleaveswereincubatedwithO．4mlof50mMTris・HClbuffer，PH7．4，COntaining  
500mM NaCland O．5％PEG，and O．1mlofenzyme solution frornleaves．AfterlO min  
incubationthe aasay was startedbyaddingO．2mlof2mMS－2251tothereactionrnixture，  
whichwasincubatedfor20minat370c．Theabsorbancewasreadat405nm．   

丹ore加deJer〝1f〃αJわ〃   

Protein was measured according to the method of Bradford（1976）using bovine  
immunoglobullnaSaStandard．   

肋J．I化dere〃刀f〃♂rわ〃   

Determinationofmol．wt．bygeIfiItrationwasdonebychromatographyonUltrogelAcA  
44，uSingrabbitmusclephosphorylasea（1＝mOl・Wt・94，000），humanalbumin（2：mOl・Wt・  
67，000），tryPSin（3：mOl．wt．24，000）andspermwhalemyoglobin（4：mOl．wt・17，200）as  
standards．   

汁0βJe∫0／p〟depe〃dg〃CeO／p和ref〃α∫eαCJル妙   

pH profiles ofα・CaSein－hydrolyzlng aCtivity were made with the enzyme purified by  
afhitychromatography．Theassaybufferswere50mMcitrate－phosphatebuffer，PH4・5to  
6・5，and50mMTris－HClbuffer，pH5・Oto8・7・Eachbuffersystemcontained150mMNaCl  
andO．05％PEG．6000．FordeterminationofthepHdependenceofα一CaSeindegradation，the  
activity ofproteinase was estimated spectrophotometrica11y（A280）fromchangesinTCA－  
solubleaminoacidcontentafterhydrolyzation（10h，37Oc）ofO．2mlofO．5％α－CaSeinbyO・2  
miofenzymesolutionandO・6miofthebuffer・  

Results  

SerineproteinaseanditshhibitorswerepurinedfromR・COmmunisleaves・Acombination  
of ammonium sulphate precipitation，gelnltration on UltrogelAcA44and affinlty  
chromatographyonaprotinin．amino・pOrOuSdass（PG）achieveda2，950－foldpurincation（Table  
l）．ChromatographyonUltrogelAcA44separatedtheproteinaseactivityintomaJOrIandlI  
andaminor（III）fractions（Fig．1）．Aftergelnltration，III－aa爪dllトbwereseparatedreadilyby  
affinitychromatographyonaprotinin・PG（Fig．2）・III－bwasnotboundtoacolumnequilibrated  
with50mMTris－＝Clbuffer，p＝7・4・III・bhadapHoptimumOf5・0，inthecaseofsubstrate  
S－2302．11l・a WaS bound to the column and eluted fromthe columnwith1．OMNaCl．III－a  

activitywasunaffectedbyCaC12andMgCl2andinldbitedwithZnC12by63％・DTT，EDTA  
andpepstatinhadnoeffect・III－aaCtivitywasinhibitedwithDFPby95％・AdditionoflmM  
PMSFtothereactionmixture reducedlII・aaCtivityby42％・111－aaCtivitywasinhibitedby  
aprotininandSBTlby58and31％，reSpeCtively（Table3）・ⅠII・ahadpHoptimaof7・4to8・4，  
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TablelPurificationofserineproteinasefromR．communisleaves  

Proteinase aciivity 

Fraction  urition Y1d  volume PTOtein Units 需盟∵訟  
ml  mg／ml xlO3  ×10｝  

30－70％saturated  
ammanium rulfate 100  5．89  0．22  0．004  1  
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UltrogelAcA44  13  0．03  0．62  2．07  516．5  
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Chromatography  3  0．01   1．18  11．8  2950．0  
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Fig・1UltrogelAcA44columnchromatographyofproteinasefrom  
R・COmmunisleaves（columnsize，264x960mm）  

1nthecaseofsubstrateS－2251（Fig．3）・   
Various artificialsubstrates were hydrolyzed byIII・a（Table3）．Among tripeptide  
Substratesforserineproteinase，Val－Leu・Lys，PNAwashydrolyzedatthehighestratebylII・a．  
TheseresultssuggestthatIII－amaybeaserineproteinaseLThetimecourseforhydrolysisby  
lII－aOfO・35to3・5mMVal・Leu－Lys・pNAwaslinearfor20min（Fig．4）．Theenzymewas  
unstabletoheatanditsactivitywasdecreasedbyheatingat500cfor15mintoahostahalf  
（Tabユe4）・Themo】・W‡・Ofllトawa54乳000±2，000那determ血edbyge‖加rafjononU出oge】  
AcA44（Fig・5）・The gel－filtrated fractions containing serine proteinaseinl1ibitor were  
COmbinedandfractionatedonanamnitycolumnconsistingortrypsincovalentlylinkedto  
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Fig．2 ElutionprofileofthepooledUltrogelAcA44fractions（lJI）ona  
COlumnofimmobilizedaprotinin－amino－pOrOuSglass  

Table2Influenceofvariouschemicalsonneutralproteinaseactivity  

Treatment  Relativeneutralteinaseactivity  
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Fig．3 pH profile for thehydrolysis of a－CaSeinbypurifiedproteinase  

III－a  

Table3 Substrate specificity ofneutralproteinase fromR．communisleaves  

S11bstrate  Tleatment of Relative proteinase 
（3．OmM）  enzyme solution activity％  

S－2266  

S-2302 

S・2444  

S2251  

5－2251  

S-2251 

S－2251  

S－2251  

3‘   

0  

28  

100  

ユ2   

0  

‘0  

100  

nOne   

nOne   

nOne   

nOne  

880cfor5miれ  

650cror60min  

500cfoI15miれ  

450cror60min  

Profe血5eaCtjyi亡y wasmeおuⅣd spectropIlO【om¢tric山1ybymeansor血pl鮎min，  
glandularykallikreins，plasmakallikreinandurokinasespeciflCtripeptidesubstrate，  
3．O mM S－2251，S－2266，S－2302and S－2444，feSpeCtively．（See Materiaユs and  
Methods）．  

amino・POrOuSglass・TheelutionpatternisshowninFig．6．Thecolumnwaswashedwiththe  
samebufferandthenelutedwithlOmMHCltoremovetheboundtrypsininhibitor．Table4  
shows th且t the activity ofR・COmmunis proteinase wasinl1ibited by50％by alO・m血I  
preincubationwithO・02pg／miofproteinaseinhlbitorextractedfromuntreatedleavesofR．  
ぐ0〝〃†M〃柑．  
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Fig．4 ProteinaseactivitiesatdifferentconcentrationsofS－2251  

Table 4 Effecf of proteinase inhibitor on serine proteinase from 
凡C（）mm〟〃f∫  

PIOteina駆  Re由dtlalpIOteimase  
activity  actiYity   
units  ％  

Proteinaseil血ibitor  

None  

ProteiJla醍iI血ibitoT   
O．02Il岳／ml   
O．05J▲g／ml  

Discussion  

In theleaves before the occurrence of vISible damage caused by hydrogen peroxide，  
pTeViouswo－khasshownthep－eSenCeOfatleasttwopTOteinases（Watanabe＆Kondo，198外  
OneoftheseenzymeswasactiveatneutralpHandshowedamarkedincreaseinactivity  
beforetheappearanCeOfvisiblesymptom・TheotherenzymewasactiveatacidpHvaluesand  
itsactivitywasincreasedmoreslowlybyhydrogenperoxide・Thepreviousworkhasshownthe  
presence ofseveralklnds ofneutral，alkaline and acid proteinasesin1eaves．Neutralserine  

259   



Tsuneowatanabeand NoriakiKondo  

0
 
8
 
6
 
 
 

4
 
 

1
 
 

0
 
 
 
 
 
 
 
 
 
2
 
 

γ
O
L
X
 
l
工
忠
む
き
」
巾
一
っ
り
空
0
≡
 
 

120  200  

ElutlつnVOh」me （mり  

Fig．5 Molecularweightde亡erminationbyrechromatographyofpuTified  
serineproteinaseonaUltrogelAcA44column  
FractionsoflOmlwerecollectedatanowrateoflml／2min．（COlumnsize；27・0×  
950mm）．  

U
眉
S
三
石
音
名
0
ロ
¶
の
U
コ
霊
∝
 
 

S
｝
モ
 
㍗
0
1
“
 
 

∈
U
O
黒
 
石
山
U
U
D
モ
O
S
芸
．
．
占
．
一
〇
…
 
 

2  4  6  8 10 IZ 14  沌 18  

F川Clio【トIo．  

F．No．1－7 15ml／Fraclto‖   

F．No．8－18 3■河／Fracl10n  

Fig．6 Elution profile of serine proteinaseinhibitor fractions on a  
columnofimrnobilized－trypSLn－amino－pOrOuSglass  
ThefractionsonUltrogelAcA44columnwiththeinhibitoryactivitywerepooled  
andused．  

260   



Phy5iologicalroleofproteiIla6eiItleaY¢S  

proteinasemayplayaroleofregulatorintheproteinmetabolism・Aserineproteinaseinl1ibitor  
was purlned fTOm7・Week－01dhealthyleaves．Thisproteinaceousinhibitorwasinhlbitedby  
hydrogenperOXidein vivoandinvi（ro（Watanabe，1982；Watanabe＆Kondo，1983）．Protein  
mobilizationorsenescencein．1eavesmaybedependentontheincreaseinneutralendopeptidase  
（Chrispeels＆Boulter，1975）orneutralproteinase（Watanabe＆Kondo，1983）activitiesinthe  
tissue．Whether thisincreasein enzyme activityis due todenovo synthesisofprotein，the  
activationofinactiveproenzyme，Orthedisappearanceorinactivationofinhibitorsremainsto  
be demonstrated．Sincehealthyleaves ofR．communisarearichsourceofserineproteinase  
inl1ibitors，Wedecidedtostudythelastpossibility（Watanabe，1982）・   
Relativelylittleisknownabouttheroleofplantproteinaseinl1ibitorsintheregulationof  
proteinrnetabolisminplants（Ryan，1973；Baumgartner＆Chrispeels，1976；Salmia＆Mikola，  
1980）・TheserineproteinaseinhibitorhadanapprXlmatemOl・Wt・OfaboutlO，000daltons  
（unpublisheddata）andcompletelyinhibitedtheactlVityoftheproteinaseifaddedinsumcient  
excess．1ncreasesin proteolytic activity was foundin1eaves before vISibleiniuryhasbeen  
Observedinthehydrogenperoxide－treatedleaveOfR・COmmunisandS・Oleracea（Watanabe＆  
Kondo，1983）・Thisincrease 

． 

cotyledons6favarietyoflegumes．ThlSincreaseinproteolyticactivitywasalsoassociatedwith  
adecreaseintrypsin・inhibitory activity（Pusziai，1972；Hobdaye（al”1973），butthereisno  
evidencethatthesetwoeventsarecausallyrelated．Royerefa［．（1974）showedthattheremoval  
OrtrypSininhlbito－丘omext－aCtSOrCOWpea COtyledonslncTeaSedthe caseolyticactiYityof  
theseextracts，WithoutaffectingtheamidasaCtivity・ShainandMayer（1968）measured  
PrOteinase activity and proteinaseinhibitorsln germinatinglettuce seeds．They observed a  
50－foldincreasein trypsin・1ike activity during thelst3daysofgerminationandacomplete  
disappearanceofthetrypsin－inhlbitoryactivityduringthelstdayofgermination・Theincrease  
inenzymeactivitymaybecausal1yrelatedtothedecreaseininllibitoryactivity．   
Theinvivokineticsofthedecreaseininhibitoryactivityandofenhancementofenzyme  

activityandthesubce11ularlocalユZationoftheinl11bitoryactivityarenotclear．Proteinasesand  
theirinhlbitorshavebeenstudiedinalargenurrlberofmicroorganisms（HoIzeretal・，1975）and  
have oftenbeen foundtobelocatedin separate cornpartments＝theenzymesinvacuolesor  
lysosomes，and theinhibitorsinthe cytosol．1t has been suggestedthatthe roleofthese  
inhlbitorsis to protectthecytoplasmagainsttheaccidentalrupture（Watanabe，1982）ofthe  
PrOteinase－COntainingvesicles・ThismayalsobethefunctionoftheproteinaseinhibitorsinR・  
communisleaves（Watanabe，1982）・Furtherinvestigationstoclari抒thesemechanismsarenow  
inprogress・  

／  
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大気汚染物質によるプロティナーゼと  

プロティナーゼインヒビター活性の変化  

Ⅱ トウゴマ葉のセリンプロティナーゼ  

とインヒビターの性質  

渡辺恒雄】・2・近藤矩朗l   

過酸化水素によって活性化されるプロティナーゼのうち，セリンプロティナーゼに関して得ら  

れた結果について報告する。過酸化水素水処理したトウゴマ薫から得られたプロティナーゼをセ  

リンプロティナーゼインヒビターであるアブロチニンをアミノ化多孔質ガラスに結合させたカラ  

ムを用い，アフィニテイクロマトで精製した。分子量約48，000±2，000で，アブロチニン，ロイ  

ペプチン，DFP．PMSFで阻害されペブスタチンで阻害されないことから，このプロティナー  

セはセリンプロティナーゼであろうと推定した。   

過酸化水素水処理したトウゴマ彙のプロティナーゼ活性はトウゴマ柔から得られたセリンプロ  

ティナーゼインヒビターによって阻害された。この結果もこのプロティナーゼがセリンプロテイ・  

ナーゼである可能性が示唆している。  

1国立公害研究所 生物環境部 〒305 茨城県筑波郡谷四部町小野川16番2 2現在：サントリー株式   
会社 生物医学研究所（〒618 大阪府三島郡島本町若山台1－1－1）  
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水環境に及ぼす影響一昭和53，54年度．（1g81）   

第21号 陸水域の富栄養化に関する総合研究（Ⅴ）【一問ケ補流入河川の流出負荷丑変化とその評価一  

昭和53，54年度．（1981）   

第22号 陸水域の富栄養化に関する総合研究（Ⅵ）一貫ケ浦の生態系の構造と生物現存量一昭和53，  

54年度．（1∈削）   

第23号 陸水域の富栄養化に関する総合研究（Ⅶ）－朝招の富栄養化状態指標に関する基礎的研究一  

昭和53．54年度．（1981）   

第24号 陸水域の富栄養化に関する総合研究（Ⅷ）一高栄養化が湖利用に及ぼす影響の定量化に関す  

る研究一昭租53．54年度．（19別）   

第25号 陸水域の富栄養化に関する総合研究（Ⅸ）－［肋′クCγ∫rf∫l（藍藻類）の増殖特性一昭和53・  

54年度．（1981）   

第26号 陸水域の富栄養化に関する総合研究（Ⅹ）一藻類培養試験法によるAGPの測定一昭和53，  

54年度．（1981）   

第27号 陸水域の富栄養化に関する総合研究（氾）一研究総括一昭和53．54年鼠（1981）   

第28号 複合大気汚染の植物影響に関する研究一昭和54，55年皮 特別研究報告．（1981）   

第29号 studiesonchironomidmidgesortheTamaRiYer．（1981）  

Part3，SpeciesofthesubfamilyOrthocladiinaerecordedatthesummersurYeyandtheirdistri－  

butioIlinrelationtothepollutionwlthsewagewaters．  

Part4．ChironomidaerccordedatawintersurYey．  

（多摩jltに発生するユスリカ燥の研究  

一策3報 夏期の調査で見出されたエリユスリカ亜科Orthocladiina¢各種の記載と，その分  

布の下水汚染度との関係について－  

一第4報 南浅川の冬期の調査で見出された各種の分布と記載－）  

妓第30号 海域における富栄養化と赤潮の発生機構に関する基礎的研究一昭和弘55年度 特別研究報  

告．（1∈抱2）   

第31号 大気汚染物質の単一および複合汚染の生体に対する影響に関する実験的研究一昭和55年皮  

特別研究報告．（1981）   

第32号 スモッグチャンバーによる炭化水素一室素酸化物系光化学反応の研究一環境大気中における  

光化学二次汚染物質生成機横の研究（フィールド研究1）一昭和54年皮 特別研究報告．（1982）   

第33号 臨海地域の気象特性と大気拡散現象の研究一大気運動と大気拡散過程のシミュレーション  

一昭和55年ま 特別研究報告．（1982）   

弟別号 環境汚染の遠隔計測・評価手法の開発に関する研究一昭和55年虔 特別研究級数（ユ鋤2）   

第35号 環境面よりみた地域交通体系の評価に関する総合解析研究．（1982）   

第．誠号 環境試料による汚染の長期モニタリング手法に関する研究一昭和55，56年皮 特別研究報告，  

（1982）   

第37号 環境施策のシステム分析支援技術の開発に関する研究．（1982）   

第38号 PrepaIation，analysisaT［dcertificationofPONDSEDIMENTcertinedIeferencematerial・（1982）  

（環境標準試料「地底質」の調製，分析及び保証債）   

弟39号 環境汚染の遠隔計測・評価手法の開発に関する研究一昭和56年度 特別研究招致（ユ982）  

×   



第40号 大気汚染物質の単一及び複合汚染の生休に対する影軌こ関する実験的研究一昭和56年度 特  

別研究報告．（1983）   

第41号 土壌環境の遠隔計測と評価に関する統計学的研究．（1g83）  

無策42号 底泥の物性及び流送特性に関する実験的研究．（19幻〉  

※第43号 StudiesonchironomidmidgesoftheTamaRiYerL（1983）  

Part5．AnobserYationonthedistributionofChironominaealongthemainstreaminJunewith  

descriptionof15newspecie5■  

Part6，DcscriptionofspecicsofthesubfamilyOrthocladiinaerecoYeTedfTOmthemainstream  

inth¢Junesurvey．  

hrt7．Additionalspeciescollectedinwinterfromthemainstream．  

（多摩川に発生するユスリカ煩の研究  

一策5報 本流に発生するユスリカ頬の分布に関する6月の調香成緻とユスリカ亜科に属す  

る15新種等の記録－  

一票6報 多摩本流より6月に採集されたエリユスリカ亜科の各掛こついて－  

－第7報 多摩本流より3月に採集されたユスリカ科の各掛こついて一）   

第現号 スモッグチャンパーによる炭化水素一望莱酸化物系光化学反応の研究 一環墳大気中におけ  
る光化学二次汚染物質生成機構の研究（フィールド研究2）一昭和54年匿 特別研究中問報  

告．（1984）   

第45号 有機廃東軌合成音機化合物．重金属等の土壌生態系に及ぼす影響と浄化に関する研究一昭  

抑53年～55年皮 特別研究報告．（1983）   
第46号 有機廃棄物，合成有機イヒ合執 事金属等の土壌生態系に及ぼす影響と浄化に関する研究一昭  

和弘．55年匿 特別研究報告 第1分冊，（1983）   

第47号 有機廃棄軌 合成有機化含物．重金属等の土壌生態系に及ぼす影響と浄化に関する研究一昭  

印54，55年虔 特別研究報告 第2分冊．（1983）   

第亜号 水質観測点の適正配置に関するシステム解析．（1g83）   

第49号 環境汚染の遠隔計測・評価手法の開発に関する研究一昭和57年度 特別研究報告．（1984）   

第50号 陸水域の諒栄養化防止に関する総合研究（T）一環ヶ浦の流入負荷塁の算定と評価一昭和  

55－57年度 特別研究報告．（1984）   

第51号 陸水域の富栄養化防止に関する総合研究（Ⅲ）m霞ヶ浦の湖内物質循環とそれを支配する因  

子一昭和55－57年度 特別研究報告．（ユ馳4）   

第52号 陸水域の富栄養化防止に関する総合研究（皿）…霞ケ浦高浜入における隔離水界を打用した  

富栄養化防止手法の研究一昭和55－57年度 特別研究報告．（1984）   

第53号 陸水域の富栄養化防止に関する総合研究（Ⅳ）一霞ケ浦の魚類及び甲殻類現存盈の季節変化  

と富栄養化一昭和55－57年度 特別研究報告．（1984）   

第洪号 陸水域の富栄養化防止に関する総合研究（V）一霞ケ補の富栄養化現象のモデル化一昭和  

55－57年度 特別研究報告．（1984）   

第55号 陸水域の富栄養化防止に関する総合研究（Ⅵ）一言常温化防止対象一昭和55～57年皮 特  

別研究報告．（l％4）   

第56号 陸水域の富栄養化防止に関する総合研究（Ⅶ）一場ノ湖における富栄養化とその防止対策一  

昭和55－57年度 特別研究報告．（1984）   

弟57号 陸水域の富栄養化防止に関する総合研究（Ⅷ）一総括報告一昭和55－57年虔 特別研究報  

告．（1舗4）   

第認号 環境試料による汚染の長期的モニタリング手法に関する研究一昭和55－57年度 特別研究総  

合報告．（1粥4）  
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第調号 炭化水菜窒素酸化物硫黄酸化物系光化学反応の研究一光化学スモッグチャンバーによる  
オゾン生成機構の研究一大気【ゎにおける有機化合物の光鮒ヒ反応機構の研究一昭和55－57  

年度 特別研究報告（第1分冊）．（1％4）  

第60号 炭化水素一変葉酸化物一硫黄酸化物系光化学反応の研究一光化学エアロゾル生成機構の研究  

嘩∃印55－－57iF匿 特別研究報告（笥2分冊）．（1％4）  

第61号 炭化水素一撃葉酸化物一硫黄酸化物系光化学反応の研究一環境大気中における光化学二次汚  

染物讐生成機構の研究（フィールド研究1）一昭和55－57年度 特別研究報告（第3分冊）．  

（1984）  

第62号 有害汚染物蜘こよる水界生態系のかく乱と回復過程に関する研究一昭和56～58年度 特別研  

究中間報告．（柑84）  

第63号 海域における富栄養化と赤潮の発生機胤こ関する基礎的研究一昭和56年度 特別研究報告．  

（1984）  

第別号 複合大気汚染の植物影毒割こ関する研究一昭抑54－56年度 特別研究総合報告．（1984）  

第65号 Studiesoneffectsofairpollutantmixturesortplar）tS、Partl．（1984）  

（複合大気汚染の植物に及ぼす影響策1分冊）  

第66号 Studiesonerfectsc・fairpo11utanlmixturesonplants－Part2．（1984）  

（複合大気汚染の植物に及ぼす影響一第Z分冊）  

第67号 即鼓ヰーの有害物質による人の慢性影響に関する基礎的研究－一昭和54－56年度 特別研究総合  

報告．（1984）  

第68号 汚泥の土壌還元とその環境に関する研究一昭和56－57年皮 特別研究総合報告．（1∈B4）  

第69号 中禅寺湖の富栄養化現象に関する基礎的研究．（】984）  

第70号 StudiesonchironomidmidgesinlakesoftheNikkoNationalPark（19B4）  

Par亡l，Eco】ogjca15！udje5PJld血0刀0】¶jd5inlakesortheNikkoNationalPafk．  

PartⅢ．Ta3（OnOmicalandmorphologicalstudiesonthechironomidspeciescollectedfromlakes  

h HleNikko Na！iona】P8rk．  

（日光国立公園の湖沼のユスリカに関する研究  

一第1郡 日光国立公園の潮のユスリカの生態学的研究～  

一策2部 日光国立公園の湖沼に生息するユスリカ類の分規学軋 形態学的研究一  

策71号リモートセンシングによる残雪及び雪田植生の分布解析．（19朗）  

幾残部なし  

lヽ  ヽ  

lI   
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Report of SpecialRese8TCh P10ject the NatiomlInstitute for Environment且1Studies   

No．1＊Man activlty and aquatic environment一with specialreferences to Lake KasumLgauTa－Progress  

reporti爪1976・（1977）   

No．2＊Studies on evaluation and amelioration ofair pollution by plantsProgTeSSrepOTtin1976－1977．  

（1978）   

【StartingwithReportNo．3，thenewtitleforNIESReportswaschangedto：］   

Rese＆rCh Report from the Nationallnstitute for Environment且1Studies  

草No．3 AcomparativestudyofadultsandimmaturestagesofnirLeJapanesespeciesofthegenusC7zLronomus  

（Diptera．ChiTOnOmidae）．（1978）   

No．4■Smogchamberstudiesonphotochemicalreactionsofhydrocarbon－nitrogenoxidessystemrProgress  

reportin1977．（1978）   

No，5＊Studies on the photooxidation products ofthe alkylbenzene・nitrogen oxides system，and on their  

effectsonCulturedCells－Researchreportin1976－1977．（1978）   

No．6■Man activity and aquatic environmentWith specialreferences to Lake Kasumlgaura－PTOgICSS  

reportin1977－1978．（1979）  

※No．7 Amorphologicalstudyofadultsandimmaturestagesor20JapanesespeciesofthefamilyChirono－  

midae（DipteTa）．（1979）  

草No．8■SttldiesonthebiologicaleffectsofsingleandcombinedexposureofairpollutantsResearchreport  

in1977－1978．（1979）   

No，9＊SmogchambeTStudiesonphotochemicalreactionsofhydTOCarbon－nitrogenoxidessystem－Progress  

IepOrtin1978・（1979）   

No．10＊Studieson evaluation and amelioration ofaiL pOllution by plants－Progressreportin1976・1978・  

（1979）   

No．11StudiesontheeffectsofaiIpOllutantsonplantsandmechanismsofphytotoxicity・（1980）   

No．12 Multielement analysis studies by nane andinductively coupled plasma spectroscopyutillZingcom－  

puter・COntrO11edirLStrumentation．（1980）   

No．13 StudiesonchironomidmidgesoftheTamaRivel．（1980）  

Partl．The distTibution ofchironomid speciesin a tributaTyinrelationtothedegreeofpollution  

Withsewagewater．  

Part2．DescriptlOr［Of20speciesofChironominaeIeCOVeredfromatIibutary，   

No．14．StudiesontheeffectsoforganicwastesonthesoiIecosystem－PTOgreSSrepOrtin1978－1979．（1980）  

薬No．15＊Studieso71thebiologicaleffectsofsingleandcombinedexposureofairpollutants－Researchreport  

in1977－1978．（1980）   

No，16．RemotemeasuremeTttOfairpollutionbyamobilelaserrada【，（1980）  

叛No．17＋InnuenceofbuoyancyonnuidmotionsandtransportprocessesMeteorologicalcharacteristicsand  

atmosphericdifrusionphenomenainthe占oastalreglOnP10g∫eSSr¢pO－tin1978－1979▲（1980）   

No．18 Preparation，analysisandceTtincationofPEPPERBUSJIstandardrcferencematerial・（1980）  

菜No．19＋Comprehensive studiesontheeutrophicationoffresh－WaterareaS－LakecurrentofKasumigaura  

（Nishiura）－1978・1979．（1981）   

No．20■Cornprehensivestudiesontheeutrophieationoffresh．wateTareaS－GeomorphoIogicalandhydrome－  

teorologicalcharacteristicsofKasumigaulaWaterShedasIelatedtothelakeenYlrOnment－1978・1979L  

（1981）  

×‖   



No・21＊ComprehensiYeStudiesontheeutrophicationoffresh－WateTareaSLVarlationofpollutantloadby  

innuentriY¢rStOLakeKasumigaura－1978－1979．（1981）   

No・22＋ComprehensiYe Studics on the eutrophication offresh－WateT areaSStructureofecosystemand  

5tandingcrop5inLakeKasumigaura－1978－1979．（1981）   

No・23＊Comprehensive studiesontheeutrophicationoffresh－WaterareaS－Applicabihtyoftrophicstate  

indic¢Sforlakes－1978－1979．（1981）   

No・24’Comprehensivestudiesontheeutrophicationoffresh・WaterareaS－Quantitativeanalysisofeutrophi－  

Catione晩ctsonmainutilizationorlakewate＝eSOu－CeS1978－1979．（1981）   

No■25■ComprehensiYeStudieson theeutrophicationoffresh－WaterareaS－GrowthcharacteristicsofBlue－  

GreerlA】gae，坤どハクとγ∫Jお1978・197タ．（1；lき1）   

No・26＋ComprehensiYeStudiesontheeutrophicationoffresh－WaterareaSLDeterminationofarga）growth  

potentialbyalgalassayprocedure1978－1979．（1981）   

No・27＋ComprehensivestudiesonthecutIOphicationoffresh・WaterareaS－Summaryofresearches－1978－  

1979．（1981）   

No・28－Studiesonerrectsorairpolluta山mixtuJeSOnplants－Progressrepotin1979・1980．（1981）   

No．29 StudiesonchironomidmidgesoftheTamaRiYer．（1981）  

Part3・Speciesofthesubfami1yOrthocladiinaerecordedatthesummersurYeyandtheirdistribution  

inrelationtotllepOu11tionwitllSewagewaterS，  

Part4．ChironomidaerecordedatawintersurYey．  

遵No・30■EutTOphication and red tidesinthecoastalmaTineenv－rOnment－PTOgreSSrepOrtin1979－1980．  

（1982）   

No・31＊StudiesonthebiologlCaleffectsofsingleandcornbinedexposureofalTPOllutants－Researchreport  

山1980．（1981）   

No・32＊SmogchamberstudiesonphotochemicalreactiorLSOfhydrocarbon・nitrogenoxidessystem■Progress  

TepOTtin1979ResearchonthephotochemicalsecondarypollutantsfoTmationmechanisminthe  

er‡yi∫OI】爪印fa】atmoざphe∫e（Pa∫【1）．（けβ2）   

No・33＋MeteorologicalcharacterlSticsandatmospheTicdiffusionphenomenainthecoastalIegユOn－Simulat－  

ionofatmospheTicmotionsムnddiffusionprocesses－Progressreportin1980．（1982）   

No・34＋nedcvelopmcntandevaluationofremotemeasuTementmethodsfoTenVi（Onmentalpollution－Re－  

SearCh【epOItin1980．（1982）   

No・35◆CompTehcnsiYeeYaluationofenYiTOnmentalimpactsofTOadandtlaffic．（1982）   

No・36■Studies on the methodforlongtc．menviTOnmentalmonitorlng－ProgTeSSrePO∫tin1980－1981・  

（1982）   

No・37＋StudyonsupportingtechnolosyforsystemsanalysisofenYirorLmentalpollCy－TheeYaluationlabo－  

ratoryofMan・¢nVironmeTltSystems．（1982）   

No．38 Preparation，arLalysisandceTtific且tionofPONDSEDIMENTcertifiedrefererLCematerial，（1982）   

No・39◆T鵬deYelopment a爪d eYaluation orモemOtemeaSu－ementmethodsforenYi－Onm印talpo11ution－  

ReseaIChrepoItim1981．（1983）   

No・40＋Studiesonthebiologicaleffects・OfshgleandcombinedexposureofairpouutantsrResearchreport  

h1981．（1983）   

No．41◆Statisticalstudicsonmethodsofmeasurementandevaluationofchenicalconditionorsoil，（1983）  

躾No・42■ExperimentalstudiesonthephysicalpropeTtiesormudandthecharacteristicsofnudtransportation・  

（1983）  

姓No．43 StudiesonchironomidmidgcsoftheTamaRiver．（1983）  
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Part5．Anobservationonthedistribution ofChironominaealongthemainstreaminJune，Withdes－  

Criptionof15newspeeies．  

parf6▲De5Cript】OnOr甲子Cje50r血5Ubfami】yO－tわoc】adjmaerecoγeredfrom血majn5t∫eamjnlhe  

Junesurvey．  

Part7，Additionalspeciescollectedinwinterfromthemainstream・  

No．44＊SmogchambeIStudiesonphotochemicalreactionsofhydrocarbon－nitrogenoxidessystemrProgTeSS  

reportin1979rResearchonthephotochemicalsecondarypollutantsforrnationmechanisminthe  

¢nVironmentalatomosphe【e（Par12）・（1983）  

No．45＊StudiesontheeffectoforganicwastesonthesoilecosystemrO11tllneSOfspecial【eSearChproject－  

1978－1980．（1983）  

No．46■StudiesontheeffectoforganicwastesonthesoilecosystemResearchreportin1979－1980，Partl．  

（1983）  

No．47＋Studiesontheeffectoforganicwastesonthesoilecosystem－Researchreportin1979－1980，PaTt2．  

（1983）  

No・48＊Studyonoptimalallocationofwaterquahtymonitoringpoints・（1983）  

No・49＋The deYClopment and evaluation of remote measuTement method for environmentalpollution－  

Researchreportin1982．（1984）  

No．50’ComprehensiYeStudiesontheeutrophicationcontroloffreshwatersvEstimationofinputloadingof  

hkeKasumigaura．r1980・1982．（1984）  

No．51●Comp【ehensivestudiesontheeutTOphicationcontroloffreshwaters－Thefunctionoftheecosystem  

andtheimportanceofsedimentinnatiorLalcycleinLakeKas11migaura．r1980r1982．（1984）  

No▲52’ComprehensiYe Studies on the cutrophication controloffreshwateTS－Enclosu【eeXperiments for  

restorationofhighlyeutrophicshallowLakeKasumigaura．1980・1982，（19＆4）  

No・53’CompreherLSiYe Studies on the eutrophication controloffreshwaters－SeasonalcharLgeSOfthebio－  

massofnshandcrustacjainLakeKasumJgauraandjtslelatユ011tOtheeutrophicatjon．1980・1982．  

（1984）  

No．54■ComprehensiYeStudiesonthecutrophicationcontroloffreshwaters－Modelingtheeutrophicationof  

bkeKasumigaura．－1980－1982．（1984）  
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