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アreface  

Asaresultofrapidgrowlngindustrializationandmotorizationinmanyurbanareas，  

itisincreasinglybeingrecognlZedthatsubstaJICeSharmfuユIothepユantandanimaJkir）g－  

dom are being releasedinto the environment as air pollutants．In paticular，muCh  

attentionhasbeengiventothetoxICeffectsofsulfurdioxideonmanandplants．More  

recently，OXidesofnitrogenandphotochemicalsmoghavealsoattractedmuchattention，   

1nthisconnection，theNational1nstituteforEnvironmentalStudiesinitiatedin1976   

a speCialresearch program designated“Studies on EYaluationand Amelioration ofAir  

PollutionbyPlants＝asoneofitsmaJOrreSearChproJeCtS・Aspeciallydesignedfacility，  

thePhytotoron，equlpped withplantexposurechambers，WaSCOnStruCtedforthestudy．  

During the first three years，efforts have concentrated mainly on accumulatillg basic  

dataon theeffectsofsulfurdioxideand nitrogendioxideoncertainplantspecies．Such  

effects have been studied from the macroscoplC and microscoplC VleW pOints by re－  

SearChersfromthephyslOlogical，biochemical，eCOlogicalandmicrometeorologicalfields，  

Thisreport covers thc results obtained during theinitialthree yearperiodbythe  

VariousgroupsofworkersengagedLintheproJeCt・Wehopethattheresultswillstimulate  

discussion among workersinenvironmentalreseardlfieldsa71d thatthereport can coLl－  

tributetothepromotionofenvironmentalsciencethroughouttheworld．  

The second three year program commencedin1979and the studyisprincipa11y  

COnCerned with the effects ofmixedair－bornepollutantsonhigherplants．1tishoped  

that usefulsuggestions and collaborations fromtherelatedresearchfieldswillbegiven  

tothisstudy．  

ManabuSasa，M．D．  

DirectoroftheNationalInstitutefor  

Env止onmemtalStudies  

／／／彪乙．／ゼ乞す軋一－  
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5fudje50rl抽¢¢肋ct50f血pol】u†a∬tSO】lplants  
andmechanismso†phyt（〉tOXicity  
Res．Rep．Natl．ⅠれSt．Environ．Stud．No・11（1980）  

TheeffectofSO20nnetphotosynthesisinsunflowerleaf   

AkioFurukawa，ToshikiNatoriandTsumuguTotsuka  

DivisionofEnYiLOr）mental13iology，TheNationalInstituteforEnvilOnmentalStudies，  

Yatabe，抽afaki305  

The mte orCO。eXChangein theligb！andthed野kwasinYeStiga！edinattac！1ed  
leaves or sullnOW引用朝加抽那抑制冊L．m．RussianMmmotll）inthe assimilatio】l  
chamberduriItgSO，eXpOSuIe・Relativehumiditywasmaintainedat50－60％andleaf  
teTnperatureWaS25／2rC，Therateofnetphotosynthesiswasreducedto25％ofthe  
pretreatmentrateafter30minexposuretol．5ppmSO2・Therateofphotorespiration  
wasdeterminedfrorrlthedifferencebetweentherateofCOユeXChangeat20％02and  
at2％0っ．When therateofnetphotosynthesiswascompletelyinhibited，therateof  
phローorespirationw那akコ00mpktelyi血jbj【ed．Furlわe∫mOreとムe∫ateOrCOユeyO】u【jorI  
intoCO2－freeairinthellghtwasredueedtothelevelofdarkrespiJationbytheexposure  
tol・5ppm SO2．TllisresultsuggeststhatphotorespirationwasinhibitedbySO2・The  
resistanceofcoユdiffusionthroughboundarylayerandstornataslightlyincreasedfrom  
4sec／cmto5sec／cmduringtheinitia130minofSO！eXPOSure，Ontheotherhand，the  
IateOfdarkrespirationwasnotaffectedbysoっ・FIOmtheseresults，WeCOnCludedtLlat  
SOユdecreasedthegTOSSphotosynthesisofsunnowerleavesthroughabreakdownofthe  
chloroplasts．  

Keywords：Sulfurdioxide－NetphotosynthesisSunnowerplant－Photorespiration  

－CO。COnCeれt∫訳ion   

IthasbeenrecognizedthatSO2isthemostwidespreadairpo11utant，andtheeffects  
of SO2 0n Vegetation have been studied more than those of other maJOr gaSeOuS  
pollutants（7）．Many workers have reported about the effects of 502 0n net  
photosynthesis（8，10，15）．However，mainfactorswhichcontributetothereductionof  
netphotosynthesisbySO2aTeObscure．   

Inthepresentreport，WeCOmParedtheeffectsofstomatalclosureandchloroplast  
actjvity on photosynthetic TeSpOnSe tO SO2・Tllerate Ofphotosynthesisin C3Plants  
depends primarily on stomatalaperture，Chloroplast activity for CO2fixation，and  
mitochondrialand／Or perOXisomalactivity for CO2eVOlution．Recently Shimazakiand  
Sugaha＝a（9）haveshownthatchlorQplastactivity，meaSuredasoxygenevolutioninthe  
presence of 2，6－dichloroindophenolas an electron acceptor，isinhibited when  
chloroplastsareisolatedfrom splnaChleavesexposedto2．OppmSO2．Theyhav占also  
shown that the inhibition of chloroplast activity parallels that occurring when  
photosynthesisis measured as oxygen evolution fromleaf slices dippedinto water・  
tloweveT，S∬and Swanson（］0），and Ohshima et al・（8）showed that the rate of  
transplration，anindirectindicatorofstomataLaperture，WaSreducedbYtheexposureto  
SO2．Furthermore，Taniyamaetal，（14）showedanincreaseintherateofdarkrespiration  

l   



A・Furukawa，T．NatoriandT．Totsuka   

Whenriceplantswereexposedtol－2ppmSO2foT4hr・Thus，fromthesedata，itwas  
notpossibletodistinguishwhetherstomatalclosure，Chloroplastactivityormitochondrial  
FCtivitylimitedphotosynthesisduringtheexposuretoSO2．  

The rate of net photosynthesisis considered to belimited byeitherthediffusive  
resistance to CO2 entryinto theleafintercellular space through the boundarylayer  
adjacenttotheleafsurfaceandthroughthestomatalcavityortheactivityofchloroplast  
forthecarboxylationassociatedwithCO2fixation・ForlimitationduetoCO2diffusion，  
therateofnetphotosynthesis（P）isrepresentedby：  

Ca－Ci  
P＝   

Ra十Rs  

WhereCaistheCO2COnCentrationofthebulkairandCiistheCO2COnCentrationinthe  
intercellularleafspace5，Raand RsareboundarylayerandstomatalresistancesforCO2  
diffusion・Accordingtotheaboveequation，iftheinhibitionofphotosynthesisbySO2is  
associated with anincreased diffusion resistance for CO2 then inhibition of net  

photosynthesisis due primarily to stomatalcIosure・This approach was usedin the  
present worktodeterminethemainfactoraffectingthephotosyntheticinhibitioncaused  

bySOユ．  

Ma【erials且ndmethod5  

Sunflowerplants（JIeLianthusaTZnuuSL，CV．RussianMammoth）weregrownfor4to  
5weeksinaphytotrongreenhouseat250cand75％relativehumidityinplasticpots  
（11cmin diameter）containing peat moss，Vermiculite，Perlite，andfi11egraVel（2：2：1：l  
V／v）・Environmentalconditionsinagreenhousewereasfouows；airtemperature250cand  
relativehumidity75％．Theattachedleaveswereplacedinanassimilationchamber．The  

acrylicassimilationchamberwas30cmlong，17・5cmwide，and2cmdeep．Thechamber  
wasconditionedfor25－270cleaftemperature，50L60％relativehumidity，and30klx  
Oflightintensity・TheCO2COnCentrationwascontrolled bymixingCO2－freeairwith  
CO2fromacylinder・CO2．freeairwasprepared bypassingairthroughtubesfilledwith  
SOdalime・When photoresplration was measured，theCO2andO2COnCentrationswere  
regulated by mixing N2 with CO2 and O2 from cylinders．Air at the desired  
concentration of COI waspassed in succession through a humidity controller and 

throughacoiledglasstubeplacedinthewaterbath・Watertemperatureinthebathwas  
COntrO11eduslngaThomasthermo－regulator・SO2fromacompressedcylindercontaining  
l，000ppm SO2inN2WaSinJeCtedthroughathermalmass－flowcontrollerinto theair  

Streambeforeit entered thechamber・TheconcentrationsofSO2andCO2intheair  
entering andleaving the chamber were simultaneously measured・Theconventional  

method was applied for the determinationoftherate ofnet photosynthesis（2）．The  

COnCentration of CO2in the air was measurequsinganinfrared CO2analyzer（FuJi  

Electric Co・，ModelZAP）．SO2COnCentratiorL WaS mOnitored by a flame photometric  

detecterofSO2（Bendix，Mode1830）．Thewatervaporcontentsoftheairenteringand  
leaving the assimi1ation chamber were measured by wet and dry bulb thermocouple  
psychrometerswhich werecalibratedroutinely，andthetranspLrationratewascalculated  

fromthedifference betweenthewatervaporconcentrationsintheir11etandtheoutletof  
the chamber・Leaf temperature was measuredwith three copper－COnStantan thermo－  

COuplesattached to the underside oftheleafsurface．Therate．ofairflowthroughthe  
assimilation chamber was maintained atlOliter・minJ）．when dark respiration was  

measured，the nowratewasadjustedto51iter・mirrl．Incidentlightbeamswereprovided■  

2   



Ert七ctsofSOっOnnetphotosynthesisofsunf）ower   

bymeaIISOftwo500WincandescentlampsandwerefilteredthroughwaterfilteroflO  
Cmin depth to absorb heat radiation．A semitransparent film made of vlnylwas  
interposed between the water filter and the assimilation chamber to get uniform  
distribution oflightintensity．This providedalightintensityof30klx，meaSuredwith  
Lambda photometer，insidethechamber．AnirLtaCtleafofsunflowerwasplacedinthe  
assimi1ationchamberandpre－i11uminatedforrnorethananhourtogetthesteadystateof  
photosyntheticCO2uptakelevelbeforeSO2eXPOSure．  

Re5u】ts  

WestudiedtheeffectsofSO20ntherateofnetphotosynthesis，Photorespiration，  
dark respiration，thegasphase diffusion resistance ofCO2，andtheCO2COmpenSation  
pointofsunflowerleave5．  

Fig．lshows the response of net photosynthesi～and transpirationin suntlower  
duringtheexposuretol．5ppm SO2forlhr．Jnhibitionofphotosynthesiswasinitia11y  
rapid with a more gradual，but steady，decrease during the remainderoftheexposure  
Period．Afterintroducing SO2，Photosynthesis rapidly decTeaSed to 25 ％ of the  
pretreatment ratewithin the first30minofexposure，The．rate oftransplrationduring  
theexposuretothesameSO2COnCentrationdecreasedslightly．  

Fig．2 shows that the diffusion resistance wasincreased slightly just after the  
initiation of SO2eXpOSure．ThediffusionresistancetoCO2tranSferthrough boundary  
layer and stomata was calculated from the data presentedin Fig．l．The diffusion  
resistancecanbedividedintotwoparts・Oneis－theboundarylaye＝eSistance，theotheris  
StOmatalresistance．Theboundarylayerresistancewasheldconstantdu王ingtheexposure  
OfSO2by theconstantflowingoftheairandthesamesizeandshapeoftheleaf．Asa  
－eSult，Chan糾ngd江fusionresistancewasprimaTily（111etOCllangln各InStOmatalTeSist別ヽCe．  
Therefore，We regard the changes of the diffusion resistanc己shownin Fig．2as the  

主
・
N
∈
モ
O
N
日
田
ご
2
u
＝
2
；
s
u
2
ト
 
 

三
叶
2
ミ
ど
≡
．
d
l
…
 
 

△△△△△△△△△△△△△ △△△△△△△△ 
△△△△  

0   

0  

0O 
ODO 0O 

00000  

－4【l －2ロ  0  20  
Time，min  

40  60   

Fig．1，肋Jp力0わ∫γ〃J加Jfc〝rg〃〃d加叩血Jわ〝和才g〆∫〟〃β川ビrJ錯／J仰Jedw油  
J．jpp∽∫02わr川β〟れ   



A．Furukawa，T．NatoriandT．Totsuka  

Changesofstomatalresistance．  

Theeffecfsoraトhour exposureわユ．5ppJn SO20J】darkrespirafioJ－are5力owJ】il】  

Fig．3．The rate of dark respiration prior to SO2treatment WaSl．4mgCO2／dm2・hr．  

Afterl－hr exposure tol．5ppm SO2，the rate ornetphotosynthesiswasdecreasedfrom  

31．OmgCO2／dm2・hr，tO5．OmgCO2／dm2・hr，buttherate ofdarkrespirationwasnot  

ChangedbytheidentjcalconcentratjonofSO2andtheduratjoJ】Ofexposure．  

Photoresplration and photosynthesis occur simultaneouslyin thelight，and the  

accurate measurement oftherateofphotoresplrationinleavesuslngtheCO2eXChange  
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Eff8CtSOrSOlOnnelphotosynthesisofsunrlower  

methodisextTemelydifficult．TheTefoTe，tWO methods weTe applied to determine the  
effectsofSO20nphotorespirationLOnemethodwastomeasuretheratesofCO2uPtake  
at20％02and2％02（16），anOtherwastomeasuretheCO2eVOlutionintoCO2－freeair  
inthelight．  

Fig．4showstherateofCO2uptakeat20％02and2％02．Beforetheexposureto  
SO2，thedifference between therateofCO2eXChangeat20％02and thatat2％02，  
designated as photorespiration rate，WaS17．1mgCO2／dm2・hr．However，When net  
photosynthesis was completelyinhibited，the differencecouldnotberecognized・From  
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thisresult，WethoughtthatphotoresplrationmightbeinhibitedbySO2eXPOSure．  

Fig．5shows that the rate of CO2releaseinto CO2－free airin thelight decreased  
from 3．6mgCO，／dmi・hr of the pretreatment rate tol．5 mgCO2／dm2・hr，dark  

respirationlevel，by30minexposuretol．5ppmSO2．FromtheseresultsshowninFig．4  

and5，WeCOnCludedthatphotorespirationwasinhibitedbySO2eXPOSure．  

TodemonstratetheeffectsofSO20ntheCO2COmPenSationpoint，therateofnet  

photosynthesis wasmeasured at two CO2COnCentrationsbeforeandafterSO2eXPOSure．  

From the relation between the net CO2 uPtake rate and the CO2 COnCentration，We  

determined the CO2 COmpenSation point，Where thereis no netCO2eXChange．Fig．6  

Shows theincrease in the CO2 COmpenSation point by SO2 eXPOSure．During the  

pretreatment period，the CO2COmpenSationpoint was below54ppm．Theexposure to  

l．5 ppm SO2 atl12ppm CO2 reduced the rate of net photosynthesis，After the  

exposure，We meaSured the rate of net photosynthesis at81ppm COiaJld the CO2  

COmPenSation point was determined．The CO2 COmPenSationpoint thusestimated was  

above81ppmafterl．5hrexposure．  
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compensa（ion poiTlt．Numeralsin the rigure are the CO2COnCentration ofthe aiT  
aroundthelear．  

Discussion  

It has been welldocumented that photosynthesisis a very sensitivephysiologlCal  

processinresponsetoSO2（6）．Thepresentresultalsoshowsthat netphotosynthesisis  

inhibited by SO2 eXPOSure（Fig，1）．However，the mechanism which determines the  

reductionofnetphotosynthesiscaused bySO2isobscure．BytheexposuTetOSO2，the  

levels of metabolicintermediates may change（1，6，12），photosynthetic electron  

transportisinhibited（9），andratesofrespirationinthelightorinthedarkmayincrease  

ordecrease（8，10，14），Hencetheprimarypurposeofthepresentresearchistodetermine  

the main factor which contributes the reduction of net photosynthesis caused by SO, 

eXpOSure・  

From the simultaneous observation50fphotosynthesis and transpiration（poto－  

metric water uptake experimentsusingcutleavesofpinto bean），Si］and SwarLSOn（10）  

speculated that stomatalclosurecould notaccountforthereductionofphotosynthesis  

caused bySO2eXpOSure．HoweYer，theirsuggestionwasnotbasedondirectestimationof  

the stomataldiffusion resistance but on observations of transpiration rate duringSO2   



ErrectsorSOュonlletpl－OtOSynthesisofs11nnOWeT  

exposure．Although transpiration rateis anindirect estimate of stomatalaperture，the  
degree of stomatalclosure may be underestimated．Stomatalclosure shouldinduce an  
increaseinleaftemperature，reSultinginanhcreaseintranspiratioIlrate．Therefore，We  
deteTmined the邑aS phase diffusion resistance to claTify the contribution of stomatal  
closure to thereduction ofnet photosynthesis，The present results（Fig．2）stlggeSt that  
the diffusion resistance wasincreased slightlyimmediately after theinitiation of SO2  
exposure，Duringthissameperiod，therateOfnetphotosynthesisdecreased to25％of  
thepre－treatmentrate．Fromtheseresults，WeCOnCludethatstomatalclosure wasnota  
maJOrfactorcontributingtheSO2LinducedreductionofphotosynthesisinsunnowerL  

Changein dark respiration of sunflower did not contribute the reduction of  
photosynthesis during SO2 eXpOSure．Noincrease or decreasein the rate of dark  
respiration was observed during the exposure tol．5 ppm SO2 forlhr（Fig・3），  
Concerning this phenomenon，Taniyama et al・（14）rでpOrted anincreasein dark  
feSpiTation of SO2eXPOSed rice plants・1ht other w‘－Tkers（3．9，10）could notdetect  
stimulatory effects of SO2 0n darkrespiration ratesinhigherplants，From the present  
resultsand theresultsreportedelsewhere，itappearsthatchangesindarkrespirationrates  
induced by SO2eXPOSure are tOO Smallto have an appreciable effect on rates ofnet  
Photosynthesis，   

1t can be postulated that the effects ofSO20nPhotorespirationmaybebrought  
about by theinhibition of metabolic pathway of photorespiration and／or shortage of  
substances for photorespiration as a result of the inhibition of photosynthetic 
interrnediates．AccordingtoZelitch（17），Sulfitecausedamarkedinhibitionofglycolate  
OXidiItion systeminvi！ro as wellasin vivo■SpeddingandThomas（11）suggestedthat  
SO2mayaCtuallyinhibitphotoresplrationpossiblythroughtheformationofα－hydroxy－  
sulfo】1ateS（13）knownasaspecificinhibitorofglycolateoxidase．Zelitch（18）reported  
that theinhibition of photorespiration by the applicatioI10fα－hydroxysulfonates to  
tobaccoleavescausedlargeincreaseinCO2fixation．More than50％ofthenewlyfixed  
COlduring photosynthesis by many C3－plants may be releasedinto the a血bient  
atmosphereinthelight by theprocessofphotorespiration（19）．So，it maybeadequate  
to consider that the elimination of photoresplration without adversely affecting  
photosynthesis could significantlyincrease net photosynthesis．However，the net  
photosynthesisratewasnotstimulatedbySO2；OnthecontrarySO2CauSedreductionsin  
both photosynthesis and photorespiration rates（Fig．1，4，5）、Thisresult suggeststhat  
SO2inhibits not only photorespiratory glycolate oxidation systeminperoxisomesbut  
also photosynthetic CO2 fixationin chloroplasts，（Since SO2 had no effect on dark  
respiration，mitochondrialactivitywasnotprobablyinhibitedbySO2．）Furthermore，the  
suggestion that the reduction of photorespiratic．n during SO・2eXpOSureis due to the  
Shortage of photosynthetically produced substrate should be ruled’out because the  
reductionofphotorespirationwasveryrapid（Fig．5）．  

Ziegler（20）reported that theinhibition of photosynthesisinisolated spinach  
Ch10rOplast wasduetothecompetitionbetweenbicarbonateandsulfitefortheactivesite  
On ribulose－1，5－diphosphate carboxylase，Centralenzyme for photosynthetic CO2  
fixatiDn．ShimaヱakiandSugahaTa（9）st11diedinhibitionofphotosyntheticelectronflow  
by SO2．They showed that SO2inhibited the electron flow drivenbyphotosystemll  
OCCurredinchloroplast when plants were fumlgated with SO2・From these reported  
results and the results presented here，We SpeCulate that the reduction of net photo－  
synthesiscausedbySO2isprlmarilyduetothebreakdownofchloroplastactivityrather  
thanthroughchangesinmitochondrlalorperoxisomalactivityorstomatalclosuTe・lfthis  

7   
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SPeCulationisacceptable，SO2ShouldinduceanincreaseintheCO2COmpenSationpoint  

as suggested from the Bravdo’s study（4），We observed such anirlCreaSein the CO2  

COmpensationpointduringSO2eXpOSure（Fig、6）．  
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Studiesontheeffectsofairpollutantsor）plants  
andmechanismsorphytotoxicity  
Res．Rep．Natl．Int．Environ．Stud，No．11（1980）  

EffectsoflowconcentrationsofSO20nthegrowthofsunflower  

HideyukiShimlヱu，AkioFtlmkawaandTsuml⊥guTotsuka  

DivisionofEnYironmentalBioIogy，TheNationalInstituteforEnviTOnmentalStudies，  
YatatIe，lbaraki305  

Sunf）ower（Hella〝［husLmnuuS L．cv．Russian Mammoth）wasexposed to O，050r  
O・1ppmSOlfor5weekstoinvestigatetheerfec10fSO2OnPlantgrQWth・ExpQSuretO  
SO，Wa5earriedoutinthecontrolledenvironmentroomunderhighlightintensity（135  
WTTr2），SunflowerplantsweTeharvested onceaweek todctcrmine therelativegrowth  
rate（RGR），the net assimilationmte（NAR），theleafareaTatio（LAR），theleafweight  
ratio（LWR）ar）d thcspecificleararea（SLA）．NosignificarlteffectofSO20nthedry  
Weightofthe stem，rOOtandwhole plantwasdetected．HoweveT，theleafarea andthe  
leafdry weight ofO．05and O．1ppm SOユーeXpOSedplantsweregreater than thoseor  
COntrOlplantsafter2wceksexposuTe・ExposuIetOO，1ppmSOっfor4－5weeksreduced  
theNARby20－25％．whereastheRGRwasnotaffected．ExposuretoO．050rO．1ppm  
SO2incTeaSed the LARandtheLWR bulnottheSLA．ExposuretoO．050r O．1ppm  
SO，eauSed ar）increaseinthedryweightofthcwitheredleaves，adecreascinthedry  
WeightofthenoweTbudandⅢlinhibitionofthestemelongation．  
Keywords：Sulfurdioxide－PlantgIOWth－SunflowerLGrowth analysis   

1nrecentYearS，SeVeralinvestigatorshaveconductedexpeTimentswiththeeffectsく）n  
plantgrowthofprolongedexposurestolowconcentrationsofSO2・However，theeffects  
oflow concentrations of SO2 are nOt Welldefined．Furthermore，therehas beensome  
contfOVerSyaStOWhetherbeneficialeffectsoccurduringSO2eXPOSure．  

BellandClough（4）reportedthatcontinuousexposuretoO．12ppmSO2for9weeks  
and O．067ppm for26weeksreducedtheshootgrowth ofS23ryegrassby50％relative  
to the control．They exposed ryegrass over autumn and winterin perspex chambers  
situatedin an open－Sided greenhouse withoutsupplementaryheatandlight．Therefore，  
theirexperimentalconditions，eSpeCially thelightconditionmaynothavebeenadequate  
forplantgrowth．Thissuppositionmaybesustainedbytheirresultofverypoorgrowth  
inryegrass．Incontrasttothis，Lockyeretal・（16）reportedthatexposuretoO・073ppm  
SO2forllweeksdidnot reducethegrowthofS23ryegrass，thesamecultivarasused  
byBenandClough（4），WhilstO，146ppmSO2did．Theirexperimentwascarriedoutina  
greenhouse from October with daily16－hr supplementaryillumination，maintainlrlg  
minimumlightintensity of30Wm‾つatplantheight．Thus，thelightintensitymaybe  
somewhathigherthanthatappliedbyBellandClough（4），butitmaybesti11i11Sufficient  
forplantgrowth．CowlingandKoziol（8）exposedS23ryegrasstoO，0160rO・147ppm  
？02for5■1daysfromlate叫rchinthegreenhouseusedbyLockyereta】・（16）・However，  
theycouldnotfindareductionofshootgrowthofryegrassforexposuretoO・147ppm  
SO2．ThedifferencebetweentheresultsofCowungandKoziol（8）andthatofLockyer  
et al．（16）may have resulted from the difference ofthelight conditions employed・  

9   
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CowlingandKoziolexposedplantstoSO2underhigherlightintensitythanthatapplied  

by Lockyer et al．From these conflicting re5ultswe assume that thelight conditionis  

animportant factorin determiningthesensitivityofplantstoSO2．Alltheseinvestiga－  

tions，eVeninthe experiment of Cowlingand Koziol，havebeenperformed underrela－  

tivelylowlightintensities，because thelightintensityingreenhouseisusual1yextremely  

iowcomparedwiththatinthefield▲   

AshendenandMansfield（3）reportedtheimportanceoftherateofairmoement  

acrosstheleavesinrelationtotheeffectsofSO2．Someworkersl（5，6．7，16，19）pointed  

Outthatthenutrientssuch assulfurandnitrogenareimportant factorsfordeterminlng  

the sensitivity of plants to SO2．However，they exposed plants to SO2 underlow  

lightintensities．Therefore，thereis a comsiderable doubt about the validity of their  

experimtntaユresultsastowhethergrowthreductionoccurswhenplantsare grownunder  

high1ightintensityin the field．Furthermore，aSal1theseinvestigatorsdidnotharvest  

plantsperiodicallytomakegrowthanalysis，itisquestionablewhetherexposuretoSO2  

COuld affectthe plant growth continuously．1nthepresent report，WeWilldescribethe  

effects of a5－Weekexposure to O．050rO．1ppm SO20n thedrymatterproduction of  
‾2 

sunnowerunderahigh1ightintensityof135Wmwithdaily14hrsphotoperiod．  

Materialand metl10ds  

ハJ・け明一／．・′JJJ  

Seedsofsunflower（Helianthusannziu L．cv．RussianMammoth）wereobtainedfrom  

phntsgrownintheKawakamiFannsituatednearour－nstituteandwerestockedat40c  
forahalfyearbeforeuse．Seedswerester揖zedbydippingintolg／1iterBenlatesolution  

for30minutesandthenrinsedwithrunningtapwaterfor12hrs．Three5eedsweresown  

ineachpot（11cmindiameterand20cmhigh）containingvemliculite，PeatmOSS，perlite  

andflrlegraVel（2：2：1：1v／v），inthecontro11edenvironmentroom，Sixdaysaftersowing，  

plantswerethlnnedtooneplantperpot・Nutrientsweresupplledtwice aweekusingl  

g／1iter Hyponex solution and for microelelnentS Hoagland’sNo．2solutionwasused・  

Beforesowing，5gMagampKand15gmagnesialimewereaddedtoeachpot．   

′’．l■Jい川r（Jl・∫りニ  

The exposuIe to SOz was performed 7 days after sowing for 5 weeks in the 

contro11edenyironmentroom（170x230×190cm3）．1nthepresentexpe血一ent，WeuSed  

3rooms．1n two rooms，SO2 WaSlnJeCtedinto the air stream to maintaina constant  

COnCentrationofO．050rO．1ppmSO2．AnotherroomwasusedaslaCOntrOl．  

ThefieldairwaspassedthTOu各hactivatedcharcoalandcatalystJbeanng（contalnlng  

MnOx and CuO）filters to remove ambient pollutants andledinto the room，The  

fiItration system removed SO2 Very efficiently．SO2 from a compfesSed cylinder  

COntainingl，0000r2，000ppm SO2in N2 WaSiqected througha thermalma5S－nOW  

COntmllerinto the gasstream．Theconcentration ofSO2intheTOOmWaSCOntinuously  

monitored and regulated using a controlling system based onapulsed fluoreicent SO2  

analyzer（ThermoElectron Corporation，Mode143）、RecordingoPftheSO2COnCentration  

insidethe roorn showed thattheconcentrationwasregulatedatO．05±0．005ppmorO．1  

±0．01ppm SO2．ExperimentalconditionsintheroomswereasfollowsこAirtemperature  

was25±0．50cduringthelightperiod（14hrs）and20±0．5Qcduringthedark（10hrs）  

withrelativehumidityof75±5％．Lightintensitywas33KIx（135Wm‾2，600FLE  

mL2sec‾1）±5Kl声atplantheight，andphotosynthetica11yactive．radiation（PAR）was  
96，6％ofthetotalradiati9n．Thelightsourcewasconstructedfromtwenty－four400W  

stannous halidelamps（Yoko Lamp，Toshiba），arld the emitted radiation was filtered  

】0   
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through a heat absorbing glass filter which removed radiation above800nmt The air  
velocitywasO・2－0・4mse｛1，andventilationratewas1400m3hz．1（ca．190timesper  
hour）．Measurement ofenvironmentalconditions ensured that theexperimentalcondi－  
tiollSWereulliformamongthethreerooms．   

〟α′γe∫J∫α〃dgr（フWJ力α〃α恒fJ  

Plantswereharvested aftersowlngOnCe aWeek from thelstweektothe6thweek．  
Plantsweredividedintoleaflaminae，Stem，flower，rOOtandwitheredleaves．Leafpetiole  
WaSincllldedinthestempart．Leafareawasmeasuredby aplallinleter（tlayashlDenko  
Co・Ltd二，JMODEL AMMr7），andtherootwasseparated from thesoilby sieving■and  
washing．Theseplantpartsweredriedat80－900cfor2－3daysandthenweighed．   

Therelativegrowthrate（RGR），thenetassimilationrate（NAR），theleafir占aratio  
（LAR），theleaf weight ratio（LWR）and the specificleaf area（SLA）were calculated  

accordingtothefollowingformulae（9）：  

RGR＝（1／W）・（dW／dt）＝（1nW2－JnWl）／（t2－tl）   

NAR＝（1／F）●（dW／dt）＝【（W2’LWl）（1nF2－lnFl）J／（（t2Ltl）（F2－Fl）】   L 
AR＝F／W  

LWR＝F／W  

andSLA〒Fげ，  

Where WiandFiarethedryweightofthewholeplantandtheleafareaaftimeti，  
respectively（i：1and2），andFisthedryweightoftheleaves．  

Results   

丘〟gcJ∫0′∫020〃drγm〃〃erprロ血c血〃  

TheeffectofSO20nthedTy WeightgTOWthofthewholeplantisshowninFig．l．  

PlantswereexposedtoO．050rO・1ppmSO2for5weeksbutvisiblesymptomsofinJury  
Were nOt detected，ExposuretoO・1ppmSO2inducedanincreaseinthedry weightof  
wholeplantsby15（P＜0．01）and20％（P＜0．05）atthe3－and4－Weekharvests，reSPeCtive－  
1y．However，there was no significanteffectofO．1ppmSO20nthedryweightgrowthof  

the whole plantat otherharvestingtimes．Exposure to O．05ppm SO2had no effect on  

thedryweightgrowthofthewholeplantthroughouttheexposureperiod．  

The effect of SOlOnthedistributionQfphotosynthateinthestem，fOOtandleaf  
laminaeisshowninFigL2，3and4・Theroot dry weight ofplantsexposed toO，1ppm  
SO2WaSSlgnificantlygreaterthaflthatofthecontroIplantsatthe3－and5－Weekharvests  
（P＜0．05）．However，nOSignificantdifferencewasdetectedbetweenthestemdryweight  
OfplantsexposedtoO・1ppmSO2andthatofthecontroIplaJltS，Asignificantincrease  
imtheleafareaoftheO，1ppm SO2deXPOSedplantswasobservedatthe3－，4－（P＜0．001）  
and5－Week（P＜0・05）harvests（Fig，5）．ExposuretoO．05ppmSO2increasedtheleafarea  
atthe4－and6LWeekharvests（P＜0，01），TheleafdryweightofplantsexposedtoO．1ppm  
SO2WaSSignificantlygreaterthanthatofcontrolplantsatLthe3－（P＜0．01），4－（P＜0．001）  
and5－WPek（P＜0・01）harvest畠，WhilsttheleafJdryweightofOO5ppmSO2Le史p6sedplants  
wasgreaterthanthatofthecontrolplantsatthe6－Weekharvest（P＜0二05）．  

即炸c！∫0′∫020乃grOWr力〃Jけfみufe∫  

The exposuretoOLO5ppm SO2didnothaveanyappreciableeffect orltherelative  
growthrate（RGR）throughout theexposure period（notshowninafigure），However，  
theRGR・OfO・lppmSO2－eXpOSedblantswassmallerthanthatofthecontrolplants  

ll   
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posures were startedlweek after sowing，  
andcontinuedfor5weeks．Eachvaユueisthe  
mean drlO plantg．0ニO ppm（corI亡用l），  
㊥：0・05ppm，．●：0・1ppmSO2・Verticalbars  
indicate2xstandarddevlationofmean．  
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卯川棚矧托／釦ガノ げmポowe′・SO2  
exposureswerestartedlweekaftersowing  
andcontin11CdfoT5we¢ks．0：Oppm（COll－  
trol），●：0．1ppmSO2・  

グロW′力qrざ〟〝ガロwe′．SeelegendfofFig．1．  

duringthelaterperiodofexposure（Fig．6），ThemostremarkableeffectofO．1ppmSO2  
0nlhe RGR was detectedbetweenthe4－and5LWeekharvests．ExposuretoO．1ppnlSO2  
reducedthe RGR to85％ofthecontroIvalue．  

Expbsure to O．1ppm SOユfor4－5 weeksTeduced the NAR byユ5％Telative to the  
COntrOl（Fig・7）・TheexposuretoO・05ppmSO2alsoreducedtheNAR（notshowninthe  
figure），but thereduction wasonly6％，Theincreaseinleafarea without changein the  
dry weight ofthewholeplantandthedecre？SeintheNARwithoutappreciabledecrease  
intheRGRstlggeStanincreaseintheleafarearatio◆（LAR）oftheSO2－eXpOSedplants  
（Fig．8）．  

The LARofplantsexposedtoOLO50rOlppmSOユWaSgreate【thanthatofcontrol  
plantsthroughouttheexposuTeperiod・However，ahighervalueoftheLARwas．observed  
for plantsexposed toO，05ppm SO2COr71ParedwiththoseexposedtoO．1ppmSO2．The  
LAk ofO．b5ppm SOユーeXpOSed plants wassignificirtly・greaterthanthatofcontroI  
plantsat the3－，4Land6－Weekharvests（P＜0．01），WhereasO．1ppm SO2inducedasig－  
nificar［tincreaseinthe 

， 

Tfleaf thicknessis reduced by SO2eXPOSure，the SLAshouldincrease．1fSO2in－  
duced the accurnulation of photosynthatein theleaves，the LWR5houldincrease．The  
resultsshownin Fig．9andlOindicatethatchangesintheLARduringexposuretoO．05  
0r O，lpprr）SO2WereattributabletochangesintheLWR，i．e．theSLAdidnotchangefor  
PlantsexposedtothevariousconcentratiorlSOfSO2．  

WealsodernonstratedtheeffectsofSO20nSOmeOtherfactors．TheeffectsweieobL  
SerVed at the finalharvest（Tablel）．F10Wer budforrnation wasinhibited significantly  
（P＜0．01）byO，05andO．1ppmSOユ．FIowerdryweightwasreducedto48and43％ofthat  
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Fig．10．me句碑cJo／∫010〃〟け∫pgC所ビ  
タeげ〃′gα／∫上dノ0／∫以I押wer．Seelegendわr  

Fig．1，  

Of controlplants by exposure to O・05and OLIppm SO2，reSpeCtively，Thisresultrnay  

indicatethat SO2douldaffect the partitior．ingofphotosynthatesrequiredforgrowthof  

therlowerorgan．  

Areductionofstemelor［gationforSO2－eXpOSedplantswasobserved．Thestemelon．  

gation（designated as Lplant height’inTablel）wasreducedto91％and87％byexposure  

toO・05andO・1ppmSO2for5weeks，reSpeCtively．Peis占randYang（］8）indicatedthat  
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Table17加g〟gcr∫q†ぶO10〝訂OW油の7r沌〟Jgぶ0／∫以〃ガowe′〃J班e‘－Weeた力めe∫J●‘  

SOっconcentration（ppm）  

0．00  0．05  0．10  

43．63±3．10   

24．30士1．68  

Totaldryweight（g）  

Leararea（dm】）  

45．74±7．51  42．79±2．59  

29．24±4．62 b  25．99±2．51  

1．08±0．52  1．27±0．55a  

o．38±0．28b  o．43±0．34 
b  

129．5 ±11．6b   124．5 ±10．8C  

Witheredleavesweight（g）  0．83±0．32  

Flowerdryweight（g）  0．89±0．36  

Plantheight（cm）  142．4 ±4．5  

＊EachvalueisthemeanoflOplants±Standarddeviation．  

a・bandCind呈catemeanY頭ほSthat；江eS！gnげicantlydi触印！如mcentr〇1a‡theO．05，0．012nd  
O．0011evels，reSpeCtively．  

PlantsexposedtoO．7pprn SO2for8hoursproducedethyleneandethaneatlevelsalmost  
10and5tirnesgreater than the controlplants，reSPeCtively．Weassumethatevenforex－  

posure tolow concentrations of SO2，ethyleneproduction may be promotedin sun－  
flower，reSultinginareductionofstemelongation．  

The most significant effect of SO2 WaS the promotion of theleafsenescence．The  
dry weight of witheredleavesincre？Sed withincreasing concentration of SO2，but we  
？Ouldnotdetectas18nificanteffectofO．05ppmSOユOnleafsenescence．TheprQmQtive  
effect of SO20nleaf senescence was alsodernonstratedby Belland Clough（4）in the  
greenhouseandbyHeitschmidtetal，（13）inthefield．  

Discu5Sion   

ltisnoteworthythatlowconcentrationsofSO2reducedtheNAR（Fig．7），Whilethe  
RGR was hardly affected（Fig．6）．The NAR began to decrease2weeks after the  
exposure．Thisresultcoincided with theestimation ofFurukawaandTotsuka（10）who  
reported that a10％reductionin therate ofnetphotosynthesISinsunflowerleaveswas  
attributabletoexposuretoO・04ppm SO2for714days．Fromthegrowthanalysis，We  
SuSpeCt that the reduction oftheNAR ofSO2－eXpOSed plantswascompensated for an  
increaseintheLAR（Fig・8），andthu去theRGRdidnotchang？．However，theRGRof  
PlantsexposedtoO・lppmSO2、declinedatthelaterperiodoftheexpo亨ure（Fig・6）・This  
ObservationsuggeststhatprolongedexposuretoSO2mayreducetheproductionoft・1ant  
matter．  

Exposure to O．05 ppm SO2 for3 weeksinduced anincreaseof18％intheLWR  
relativetonon－eXpOSedplants・SumminguptheresultsofotherinYeStigators，Evans（9）  
reportedthatchangesintemperaturebetween15and200candchangesinlightintensity  
betweenl．2and2．6caldm．2mirrlhadnoeffectontheLWR．SincetheLWRistherati。  
Ofthe dry weight ofleavestothat oftheLwholeplant，anincreaseintheLWRwould  
reflect a decreaseinthedistributionratioofphotosynthatestootherorgans，1，e．Stem，  
nower and root・Thisspeculationissupported by thepresentresults ofinl1ibition of  
nowerformationand／orincreaseinleafareaandleafdryweightgrowth．   

1n the present study，We COuld not detect significant effects on the dry weight  
growth ofsunnoweTWholeplantsexposed toO・050rO．1ppm SO2for5weeks・Some  

l千   
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investigationshavebeenconductedconcernlngtheeffectsoflowconcentrationsofSO2  
0n Plant growth using the greenhouse（2，4，6，7，8，12，16，20，21，22）orcontrolled  
environmentrooIn（1，3，5，14，15，17，19）．PlantsshouldreacttoSO2inadifferent  
mannerdependingnotonlyontheconcentrationanddurationofexposuretothegasbut  
also on a number of otheT factors，e．g．SpeCies aJ］d nutJ］tioJlaland environmeJ】ta］  
COnditions．Nutritionalcondition5（5，6，7，16，19）orwindspeed（3）havebeenreported  
tobeanimportantfactorcontrollingtheeffectsdfSO20nplantgrowthLHowever，1ittle  
attention has been paid to other environmentalconditlOnS，eSPeCial1ylightintensity  
Whichisknown to be anlmpOrtantfactorforplantmetabolismandgrowth．Thelight  
intensity transmitted through the glass of greenhouseis usually reduced to50－70％  
comparedwiththelightintensityinthefield．InourInstitut占，thephytotrongreenl10uSeS  
havesingleandJdoublepairedglasswh19hfeducethelightintensityto63aJld46％ofthat  
in the field，reSpeCtively，Plants grown under theselowlightintensities have the  
Characteristics of the so－Ca11ed“shade plants”．W畠 assume from our preliminary  
experimentthatshadeplantsarecharacterizedby thlnleaveswhichhavehlghsensitivity  
toairpollutants．  

TheannualmeanconcentrationsofSO2inurbanandindustrialareasinJapanoften  
exceed O．02ppm SO2．If the gTOWthofplantsgrownin theseareasisreduced to50％  
COmPared to plants from unpolluted areas，natural1y grown vegetationmaybeheavily  
damaged，andanoralchangeWilloccurinthefield．Furukawaetal．（11）investigatedthe  
growth ofgolden rod from May toOctoberin thefieldnearapowerplantwherethe  
atmospheric concentration ofSO2，hourlymeanmax，inthe daytime，Can－beashighas  

O．04ppm（themeanSO2COnCentrationfromJunetoOctoberwasO．01ppm）．However，  
they could not find thereductionofdrymatterproductionforgoldenrodrelativetothe  
Same SpeCies grownin the areawhere nodetectable concentration ofSO2WaSpreSent．  

Fromtheseresultsandspec111ations，WeCOnCludethatthedrymatterproductionofplants  
WhichisgenerallyresistanttoSO2ishardlyaffectedby］owconceJ）trationsofSO2under  
fullsunlight conditionsin the field，Whereas physioIoglCalchanges rnay occur for the  
Sameplantsunderthesameconditions．  
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Studiesontheeffectsofairpo11utantsonplants  
andmechanismsofpトtTtOtOXicity  
Res．Rep．Natl．Inst．L▲．ViTOn．Stud．No．11（1980）  

Amod占IforestimatingSO2effectsoncanopyphotosynthesis  
in sunnower plants 

Tsumugu Totsuka 

DivisionofEnvironmentalBiology，TheNationallnstituteforEnvlrOnmentalStudies，  
Yatabe，IbaTaki305   

InterTelationships among SO。COnCentratlOn，1ightintenslty，1eafareaindexand  
CanOpyPhotosyTlthesisweredlSCuSSedusingamathematicalmodel，Themodelwasbased  
Onequation（1），Whichrepresentedthetimetrendinpho10Synthesisrateofasingleleaf  
exposed to SO2・As tovariablesinequation（1），theexponentoftheequatiorl，Which  
WaS designated as aninhibition coefncient ofphotosnthesis，COuldbe formulatedasa  
′ 山nction ortheleaf訂eaindex（LAl），SO－COnCentration andthelightintenslty（eq．  
（8））▲Equation（9）was血t了Oduced to estimatelhe e汀ecIs DfSOユOn tl－e Can叩y  
PhotosynthesIS Of sunflower populations．The results obtained f工Om the numerical  
Calcula也onofequatlOn（9）wefeaSfollows：When，theSOICOnCentrationwasbelowO．2  
ppm，inhibitionofcanopyphotosynthesisofthesunLlowerfc・liagewithaLAlof4was  
rlegJlgiblefor60minfumigatlOn，regardlessoflightintensity．However，atO．4pp7TISO，  
for5hrsandlOhrsfumigatlOnat40klx，thephotosynthesisofthefoliagedecreasedto  
92％and84％ofthecontroIvaluerespectlVely；atO・2ppmSO，thephotosynthesis  
SCarCeJy decreased the respectiYe Values b｛ing 98％and97％．The rate at which  
photosynthesis wasinhibitedincreased with decreaseofthe LAlbelow4．0，eSpeCially  
rorSOっconcentratlOnSaboveO．4ppm．  
K甲γOT血：Mathemalicalmodels－Su帆ユ＝封oxidee叩OSⅥre－Canopyphotosynthesis  

S11nnOWerplants  

Theeffectsofsulfurdioxideonthenet photosynthesisofplantshave beenstudied  

intensivelybyThomasandhisassociates（1951）．StudiesbyThomasetal．（1961）showed  

that sulfur dioxlde atlow concentrations decreased net photosynthesiswitholltVisible  
irりurybut whel－gaSeXPOSureendedthephotosynthesiswasrapidlyrestoredtonorrnal．  
Recently，SeVeralworks have been reported concerning the effects of SO2 0n net  

photosynthe由sin severalplant SpeCies．Taniyama（1972），SijandSwanson（1974），aJld  
Matsuoka（1978）haveinvestigated time trends of net photosynthesis rate during  

fumigationwithSO2incornandpintobean（8），paddyri占eandrape（9）andriceplant  
（3）Oshimaetal．（1973）andMatsuoka（1978）havedescribedrelationship betwもenthe  
effects of SO2andlight－photosynthesis for sunflower（5）andrrice plants（3）．ln the  
investigations，detachedleafor whole plants were used・However，therehave been rLO  
StudiesconcemlngtheeffectsofSO2OnCanOPyphotosynthesisexceptforthereportby  
ThomasandHⅢ（1937）whostudied alfalf戸foliage．   

1n this paper，a mathematicalmodelfor predicting the changes of canopy  
photosynthesis ofsunnower plants under fumigationwith SO2isdeveloped，basedon  
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dataon亡九eeFFectsorIleafp血0【osyn仙esisorsunflowerp】antsw九icllhave beenreported  
by Furukawa and Totsuka（1978）．Using the mathematicalmodel，interrelationships  
amongSO2COnCentration，lightintensity，leafareaindexandcanopyphotosynthesisare  
discussedforsunflowerpopulations，  

1．EffectsofSO20naleafphotosynthesisinsunnowerplalltS  

Asreported byfTurukawaaJ】dTotsu】くa（り，alearphotosyntわe5由ofsuJげ】owe∫p】a山5  
is very sensitive to SO2 eXpOSure．Experiments were performed by the following  
procedures：Pottedsunflowerplants（Heiiqn［husannuu∫L．cv，RussianMamrnoth）were  
growninaphytotrongreenhouseinsummerattemperaturesof25±0．1Oc（day）and20  
±0．lOc（night）andrelativehumidityof75±5％．Whentheplantswere5r6weeksold，  
the photosynthesis of detached leaves was measured with an assimilation chamber 
installedJin the gas exposurecabinet（1．7x2．3×2，Omhigh）．Inthecabinet，thelight  

SOurCe COnSistedoftwenty－fo11r400Wmetal－haJideJamps，The emittedJightwaspassed  
through a heat absorbing filter to remove radiation above800nm．Ambient air was  
introducedinto the cabinet after having passed through an activatedcharcoalfilterto  
remove air pollutants，The ventilation rate w左s about30times／hr．The velocityofair  
passinghorizontal1ythroughthecabinet wasO．2rO．4m／s．TheSO2COnCentrationofair  
inthecabinet wasregulatedbyin）eCtin蛮acertainvolumeofSO2gaSthroughathermal  
mass－flowcontroller，andmonitoringtheSO2COnCentrationsbyaSO2analyzer（Thermo  
Electrorl，Mode143）．   

Thedetachedleafwasplacedintheassimilationchamber（17．5x30cm2and2cm  
deep）withits petioleimmersedin asmallglassvialcontainingdistilled water．Priorto  
fumigation withSO2，theleafin thechamberwaspreilluminated forrnOrethananhour  
at alightintensityof36klxtoobtainasteadystateofphotosyntheticCO2uptakeunder  
Clean air conditions．When the photosynthetic activity reached a steady state，the air  
Sl】汀Oulldillg 抽e cllamb打 W肋 a gjyeJISOヱ COJICe－1け幻io∫1wa5j山roduced j∫1fo一山e  
assimilationchamberatafloYrateOflOl／mintoexposetheleaftotheaircontaining  
theSO2gaSunderexperimentalconditionsof250c（air），75％RHand36klx．Therate  
Ofphotosynthesiswas determined by measuringthedユfferenceintheCO2COnCentration  
fortheairinletandoutletofthechamberusinganinfraredCO2gaSanalyzer（Shimazu，  
ModelURA－2S）．  

Fig．1shows the timetrend ofthe netphotosynthesisofleaves withdifferentleaf  
ages during fumigationwithSO2at LOppm，WhichhasbeenreportedbyFurukawaand  
Totsuka（1）．The valuesin the ordinatesofthe figureare expressed as apercent ofthe  
rate ofthenet photosynthesIS priortogasexposure．Changesofnetphotosynthesisrate  
with timein Fig．1－A were simply expressed by the two straightlines on a  
Semi－10garithmic plot（Fig．1－B）．The slopesOf the straightlines changed after a  
fumigation timeofabout30min．However，atrelativelylowSO2COnCentrations，therate  
Ofnetphotosynthesis，plottedonlogarithmicscale，decreasedalmostlinearlyduringthe  
fumlgation time for more than90m血Thelinear relationsl11p between net photo－  
synthesisandtimeinFig・1－Bcanbeformulatedby  

タJげ0＝αeXp（一如），  
（1）  

where Po and Pt referto the net photosynthesisratespriortogasexpos甲eandthose  
af托汀抽ega5eXpOSureforacert∂血IjmeJ，Te5peCfive】y・Tl】eslopeoftわe5tra】ght】iJ】ejs   
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oIder nurrtbered frDm the cotyledon．Measurements at250cand36klx．Netphoto－  
Syntheticrates（NetP）plottedastlleOrdinateaTe thepercentoftheinitialvalue．Fig．  
1－BshowsthesamedataasinFig・1・A，butdatawereplottedonIogarithmicscale・，  
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sunJ70WeTPhznts，NumeralsintheabscISSaghowtheleafordernumberedfTOmthe  
coty．edon．MeasuringconditionsarethesameasinFig・1・  
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determinedbyb，Whichcanbeconsideredasanindicatorwhichexpressestheextentof  
inhibitofy effects of SO2 0n the rlet photosynthesis rate．The value of b has been  
designated as the’inhibition coefficient of photosynthesis’in relation to the effectof  
SO2（けTわeini［jal。∫ldtムeseco刀dslopesofthelinesinFjg．l－8aredes励atedas血1s亡  
（bl）andthe2nd（b2）inhibitioncoefficients，reSpeCtively．   

Fig．L2summarizestheeffectsofl・00rO・5ppmSO20nthenetphotosynthes王sof  
leaves of different ages，Theincrease of theinhibition coefficientin olderleaves was  
apparent at both SO2COnCentrations．TheinhibitionCOefficient，bl，increasedprogres－  
5jve】ywitbiJ】Crea血g】eaf∂ge．Tユ】isirlCrea5eOfみ18ppearedわbelmOreprOJlOurlCeda仁10  
ppm SO2eXPOSure tllan at O．5ppm SO2．Forexample，the values ofblfor the6th  
（younger）1eaf．was30％ofthatforthe3rd（01der）1eafatO，5ppmSO2，Whileforl、O  
ppmsO2thecorrespondingfigurewas45％．ThevalueofblWisalwayshigherthanthat  
Ofb2atanyleafage forexposure torelativelyhighSO2COnCentrationssuchasOL5and  
】．OppJれ．  

As shownin Fig・3，theinhibition coefficient，bl，increased remarkably with  
increasing SO2 COnCentration above O，5ppm；while b2 did notincrease so much as  
COmparedwithbl．WllentheSO2COnCentrationwasl．Oppm，blintheolder（2nd）leaf  
wasabout3timesthatintheyounger（5th）1eaf．BelowO．5ppmSO2，bothbl■andb2  
becalⅥedj5tjJ】Ctly5ma】】e∫fora呵′leafdgetegted．  

Fig．4showsthe代IationbetweentheinhibitioncoefficientわIandttlel噌Iti血enslty  
under fumigation with SO2atl．O ppm．The pIotted valuesinclude those obtainedin  
leaves ofdifferentleaf ages fromthe2ndtothe6thleavesinFig．2．Asshownbythe  
SOlidline，Whichis a fit of the maximum values of blfor eachllghtintensity，the  
COe用c血咤 ∂Ⅰ，jれCrea5ed∫em8rkably wit】1jncrease of Hg加ill亡ensjty and亡ended to  
become saturatedunderilluminationsabove40klx，   

lnFig．5，inhibitioncoefficientsforb2Wereplottedagainsttho亨e Ofbl，Showlnga  
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Fig．4．抑eJo／抽如加g那ゆ0〃J加山九蹴力b乃eOd偉由〃Jみ．0／甜〃ノわwerJeαγg∫  
ルm如tedG（1・OppmSO2LThecontinuouslinecoveISthcmax血umvaluesobtained  
わrt，latdif知entlightintensities・  

llnearrelationshipbetweenthetwo．The plotteddatawereobtainedfTOmmeaSurementS  

onleavesofdifferentagesforSO2COnCentrationsintherange，0・3tol・5ppm，andfor  
differen，tlightintensitiesof2L5←38klx・WhenblWaSbelow2・5xlO．3／min，b2equaled  
bl，aSShownintheopencircles血thefigure・ThisindicatesthatthestraightlineinFig・  
1．B does not bend underfumigations with relativelylowSO2COnCentrationssuchasO，3  

ppmorbelow（cf．Fig．3）．However，Whenb．becomesgreaterthan2．5×10－3／minunder  
fumigationwithrelativelyhighSO2COnCentrations，b2decreasedto20－40％ofbl．  

11．Mathematicalmodelforcalculatingcanopy  
photosynthesis under fumigation with S01 

Time trends of the photosynthesis rate affected by SO2 fumigation have been  
formulatedbytheexponentialequation，aSindicatedlinthepreviouschapter．1nequation  
（1），P。istheinitialrateofnetphotosynthesisofasingleleafpriortofumigation，andis  
expressedasafunctionoflightintensityreceived．TherelationofPotoliglltintensitylS  
ingeneTa】foTmulatedbythefollowingTeCtangulaThyperbolicequation・Thatis，  

βJ  

み≡‾月  
（2）  

WhereIis thelightintensityilluminatingtheleafsurface，Ristherespirationrate ofa  
Si－1gJeleaf，a∫1dA andBarecoJ】StantS・Theljght－photosyr．thesiscurveofsunflowerleaves  
under．clean air conditionsisindicatedin Fig．6，Which was obtained by the method  

mentionedinthepreviouschapter．  

Asforthelightintensity（I）receivedontheleafsurfacewithlnaplarltCanOpy，Saeki  

23   
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Fig・5．如加助成ゆ h加彫和 血＝油献  
血椚∝呵神海郁q〃1α乃d伽rげみユ・Open  
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Valent to bっ▲Measurement5WeTe donein  
SunnOWerleaves with di舵rentleaf ages  
under fumigation with SO，at O・3pl．5  
ppm・   
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Fig・6．上な加一p庇，わ叩乃J力e∫由 αルe けrα  

∫f〃gJg わβ／加 Ⅲ〃ノわルビr〆βJ眈 Measufe－  

ments at25Dc，70％RH・Leafrespiration  
ratewasO，067mgCO。／dm2／min．  

（6）hasproposedthefouowingequation．Thatis，  

J＝んexp（∬ダ）／（】昭）  （3）  

WhereIb rePreSentS theincidentlightintensity above the plant canopy，Kis the  
extinctioncoefflcien【ofZightin亡hecanopy（4），misthelighttransmissivityoraleaf（2）  

andF，theleafareaindeモ（LAI，m2／m21andarea）・Then，thephotosynthesisrateofaleaf  
Within the plantcanopy canbeestimatedby equation（2）wheTe thelightintensiIy］is  

Substituted by equation（3）．1nsertion of equation（2）（including equation（3））into  

equation（1）anditsintegrationwithrespecttothe LAIgiveschanges withtimeofthe  
CanOpyphotosynthesisrate存，；）asafunctionoftheincidentlightintensity（ん）and LAl  
（F）duringSO2fumigation．   

On theotherhand，CanOpyphotosyntbesisorfoliagewithoutSO2fu血gation（P呂）  
Canbe estimatedbyequation（4），WhユChhasbeenpresentedbySaeki（6）asafunctionof  

LAI（F）andincidentlightintensityabovethecanopy（I。）．  

（1明）＋∬」ん  
ご．∴卜   ＿ 月F  

（4）  

り明）＋∬」んexp（一片ダ）  

lnequation（4），Kandmarethesameconstantsasinequation（3）andR，AandBarethe  
Sa∬】ea5iJ】eq11ahon（2）．A5∬】eJ】rjo】1edir】！加prevjol柁Chapter，tltejn加bit血ICOefficjerlt  

（b）inequation（1）canvarywithlightmtensity，SO2COnCentrationandleafage．lnthe  
foliage canopy ofsunflower plants，01derleaves willdominate thelowerlayersofthe  
foliage．The Telationship betweenleaf a各号‾andl8af areaindex of tlle folia酢WaS  
investigatedin sunfloiverpopulations（plantingdensityof18plants／m2，aSrepOrtedby  
Shimizu aTld Totsuka（7）where the plants were grown・rOr5weeksin a phytotron  
greenhouseasmentionedinthepreviouschapter）．ThosepopulationshaddLAJofabout   
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Fig．7・J月加抽fo〃cα〟ぎcJビ叫占1．〆ローナビdα那加JJg〟／〃re〟f〃dビガ仙川わどred直川血，  

Joplayerofthe陶Jtage ccnopy．Numeralsinthefigure showleafordercorresponding  
tothoseinFig．2．   

4．As a result，it wasilldicated that tlle6th，5th，3Td and2ndleaYeSShowniTIFig．ユ  

COrreSpOndedrnOStly to thelst（＝the uppermostlayer），2nd，3rd and4th（＝thelowest  

layer）1ayersoftheLALUsingthisrelationshipbet＼veenleafageandLAI，thedatainFig．  

2wererearrangedtoindicate therelatiorlOftheinhibitioncoefficientbltOtheleafarea  

index，aSShowninFig，7．ValuesatO3ppmSO2ShowninFig．7wereredrawnfromFig，  

3・Therefore，theinhibitioncoefficient，bl，Plottedagainsttheleafareaindexcouldbe  

formulated，aS  

カi＝（5∫十7．8）x】『3  （5）  

Where the SO2COnCentration wasl．O ppm and thelightintensity was40klx．Fig，8  

Showstherelationship betweentheinhibition coefficientbland the SO2COnCentration  

at thelst（F＝1）and the4th（F＝4）LAIsinsunflowerpopulations，Whichwasbasedon  

the datain Fig．7．Chang¢S OF the coe汀icientみ1COuld be expressed as afurlC【泊nOr  

SO2COnCentration．TheblValueatthe4thLAIinFig．7wasformulatedby  

♭1＝ユ7．8ぶ2・7xl（r3  （6）  

Thevalueofb】atJ．Oppm SO2CanbevariedwiththepositionoftheLAI，aSeXPreSSed  

byequation（5）．Tllerefore，the relation ofbltOtheLAlandtheSO2COnCelltration（S）  

bahbeexpressedbyequation（7）．  

み1三（5ダ十7．8）×10■3×ヂ・「  （7）  

Here，the LAland the SO2COnCentrationapplicable toequation（7）arelimited tothe  

rangeofo～4fortheLAIandO～1・OppmfortheSO2COnCerltrationI  

Z5   
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Fig．8．（Ⅵ〃〃geO／J加coe〟むfe乃J∂1－V油川C′e〃∫eO／∫01CO〃Ce〝血ーわ耶・Thesame  
dataasthoseatthelstandthe4thLAIinFig．7．  

On，the otherhand，the relationship between the coefficient bland thelight  

intensity，aSalreadyshowninFig・4，WaSpreSentedbyalogisticequationto？PprOXimate  

maximumvaJues（mostLymeasuredatolderleaves）ateachlightirltenS止y・TheequatioT1  
ohtained was 

人′，†  
（8）  ∂1＝   

l＋58，3（）eXp（0．219J）   

Where Km corresponds to the valueofblObtainedunder thesaturatedlightintensity，  
ThevalueKm dependsonSO2COnCentrationsinleaveswithdifferentleafageswhichare  
includedinthecorresponding LAIsshowninFig．7（cf．Fig．8）．Equation（7）represents  
thechangesofKm・JnFig■4whichrepresentsdataobtainedatl・OppmSO2underdiffe－  

rentlightintensities，thevalueKmshowninthecontinuouslinewas27．8×1O＋3，  

Usingequations（7）and（8），theinhibition coefficient blinleavespositionedatthe  
upper（1st）and thelower（4th）layer ofthe LAlin the foliage canopy ofsunflower  
POPulations wascalculated for O．5andl．OppmSO2Withdifferentlightintensitjes，aS  
Shownin Fig・9・Fig・10also showsthe calcuJatedinhibition coefficient blinleaves  
Wiihintheplant canopy wheremutualshadlngOfleavesoccursandthelightintensity  
received on theleaf surface can be expressed by equation（3）．ttisshownthatatthe  
ユowe∫」8yer50f抽eLAいわecoefficj佃W刃】bedec∫ea5ed5trik川g】yev蝕athigher502  
COnCentrations，becausethelightintensltyilluminatedontheleafsurfaceisexponentially  
attenuatedbythefollageCanOpy．  

Therelationshipbetweentheinhibitioncoefficientbl（＝thevalueinthenrst30min  

afterstartinggasexposure）and thatofb2（＝thevalueforexposuretimesmorethan30  

min）hasbeenindicatedinFig、5inthepreviouschapter．Thatis，   
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Fig．9．α㈹ge∫0／J毎加加帥加cog研CJ叫∂】．血射切直硝湘妙如拙岬川野厄㈹  
βJr力gノ∫Jα〃df加〃r力上月Jw油f〝血β地gecβ〝OPγ〟〃derル椚なげJfo乃〟川．5〃〝dノ▲β  

pp椚∫0，・Calculationswe∫eperわ∫medarterequations（7）aれd（8）・  

1）b2isequaltobl，Whenblissmallerthan2．5×1OL3（equation（8）isapplicable  
forcalculatingbothcoefficients）   

2）b2is2／9thatofbl，Whenblislargerthan2．5xlO‾3；b2Canbecalculatedby  
multiplyingthevalueofblObtainedfromequation（8）by2／9．  

Based on the above meLltioned relati（〕nShlpS between bland b2，the canopy  

PhDtOSynthesisrateinhibitedbySOユ，Ef，Canbecalculatedasafunctiorroftheincident  
lightintensity，LAIandfumigation time，aSShown byequation（9）（basedonequation  
（1）），Thatis，ifbl＜2．5×10‾3／minandbl＝b2＝b，  

君＝J；αちexp（一拍dダ  （9a）  

andifみl≧2．5×1げ‾3／minand占2＝ゐ1×2／9，  

P㌍J；βPoexpトわ1×30）6Xpl－みⅠ×与（ト30）冊  （9b）  

WherePois expTeSSed by equation（2）incl11ding equation（3），and blisexpressed by  
equation（8）whereKmissubstitutedbyequation（7）．Thevalue9fainequations（9a）  
and（9b），Which corresponds to that of equatioIl（1），Callbe approximated asl．0．  
Therefore，the【elativerateofcanopyphotosynthesisinhibitedbySO2fumigationcanbe  
Calculatedastheratioofequation（9）toedtlation（4）．Thesolutionofequation（9）wa5  
CalculatednumericallyusユngNewton｛otes’function．Forthe calculationofthecanopy  

Photosynthesi50fsunflowerpopulationsusingequation（9），thefollowingconstantSWere  
used：A andBinequation（2）wereO．1476andO．1117，reSPeCtivelyandwereobtained  
fromthegraphin Fig．6．Rin equation（8）wasO．067mgCO2／dml／min．Kandmin  

27．   
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Fig．10．乃eegrf椚βJed加／】沌rffo〃COg〝わ如r，占1，0／m岬州erJgα一昭W油加ー加β肋ge  
CqnOEV Where mu［uaZ shading ofleaves occurs．lncidentlightinterLSity above the  

CanOpy at40klx（brokenlines）and70klx（COntinuouslines）▲FurnigationwithSOI  
WaSdoneatO．5andl．Oppm．   

equation（8）were O．9and O．1，Whichwere determined fromdatareportedbyShimizu  
aIldTorsuka（7），  

Figs・11and12show changesin the canopy photosynthesis ofsunflower foliage  
（LAI＝4）indlIrerentlightintensitiesand－so2COnCentrations，Whenthefumigationtime  
is60min・It wasindicated that when the SO2COnCentration wasbelowO．2ppm，the  
inhibition of canopy photosynthesis willbenegligible，regardlessoflightintensity（e．g  
19ら 山九ibi亡ion at 70k‡x and O．2ppm SOユ）、Orlけ陀 OHler hand，a【higher SOユ  
concentratiorlSthanO．4ppm，theinhibitionofcanopyphotosynthesiswi11reach7％at20  
klxand13％at40klxforl．OppmSO2fumigationfor60min・Fig，13showsthatlonger  
durations of fumigation willincrease theiJlhibition of photosynthesis even atlower  
concentrationsofSO2．Forexample，at O．4ppm SO2for5hrs．andiOhrs．fumigations  
at40klxlightinteIISlty，the canopy photosynthesis ot●foliage w汀h LAL of4willbe  
decreasedto92％and84％ofthecontroIvalue，WhileatO，2ppmSO2thephotosynthesis  
willbe decreased to98％and97％，reSpeCtively．Inhibitory effects of SO20nCanOPy  
photosynthesisarealsodependentonthemagnitud盲ofLAl■AsshowninFig．14，the  
inhibition ratd willbeincreasedwithdecreaseofthe LAlbelow4・0，eSpeCiallyremark－  
ablyforh鳩山SOっcoJICe∫ltratioJ】5油oveO．4ppm．Thi55ugge5‡5t如t抽ere5j5tanCeOf5Un－  
flower plants to SO2fumigation with regards to canopy photosynthesis wi11be much  
increasedforhigherplantlngdensitieswithlargerLAIs．   
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The author thanks Dr．Akio Furukawa，One Of ouT COlleaguesin the National  

Institute for EnvironmentalStudleS，forpermission to use ofhlS dataonphotosynthesis  

measurementsinsunnowerplants．  
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伸助d折′e〃r上月九   

Fig．13．rわⅠどf′e〝め0／cα〃β〝P加ro叩〃・  

油どぶf∫′〃Jeo／甜〃ガoルビり0抽gew浦上AJo／  

イ 〟〝虎′ルm加ゎ〝∫ W油 d旗′e〃Jぶ0ユ  
co〃Ce〝加血〃g／〝u椚g′め 飯 r加／】如′り．  

1ncidentlightintensity above the canopy  
was40klx．  
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StudiesontheeffectsofaiTpO11utantsonplants  
andmechanismsofphytotoxicity  
Res．Rep．Natl．Tnt，Environ，Stud．No．11（1980）  

AbsorptlOnOfatmosphericNO2byplaJltSandsoilsV．  

DayandnightNO2－fumlgationeffectontheplantgrowth and  

estimationoftheamountofNO2－nitrogenabsorbed byplantsa  

TadakatsuYoneyamal，TsumuguTotsuka】，NaomiHayakawa2andJinyaYazaki2   

L DivisionofEnvironmentalBiology，TheNationallnstituteforErLVironmentalStudies，   
Yatabe，lbaraki305  

7DepartmentofAgriculturalChemistry，NihonUniverslty，Setagaya－ku，Tokyo154  

DuTing 2weeks of vegetative growth stages of sunfloweT，COrn，kidney bean，  
CuCumber，tOmatOandswisscha－dplantsgrowninpottedsoil，theplantswereexposcdto  
O．3YOlppm NO，in nattlTally－1it growth cabinets（250c，R．H．70％）ムthe（bytime  
（7：∝ト15：00）orinthen帥ttime（19：00－5：OD）forlOl】OurSeVeTyday．Theinvestigation  
Ofthecffect ofNO了fumigationomplantgrowthar）dtheestimation ofNOユーrLitrogen  
absorbcdintheplantswascafTiedoutillearly summer．Daytimefurnigationsignificantly  
iTICreaSedthcleaf・areaanddry－Weightofcucumberplants．Nighttimefumigationresulted  
in the stimulation ofgrowthinsunflower，kidney tガan and cueumber plants，Whileit  
CauSed depression ofgTOWthincoTnplant■NosignincanteffectofNOユrumigationwas  
ねundin10matOandswisscha∫dplants．  

Theamountofthesoil－andfcrtilizer－nitrogentakenupbyplantswascalculatedin  
theNO2・fu血由tedplantsbyaddirLg15Nrlabeled（NH．）1SO．totJleSOil，andtheTCStOf  
tllC plaJlt nitLOgen WaS COnSidered asNO，－nitrogcnabsorbedin the plants．Usir）gthese  
data，NO…absorbirLg aClivity（diy，Weightandleaf－areabasis）ofplantswascalculated．  
Sunflower，tOmatOandswisschaTdp】antshadhighactivity，butcoTnPlantwasfoundto  
have verylow activity，The血ytime actiYity was around twice that for nighttiJne．  
NO。－nitIOgertWaSgreatlydistIibutedintheleaves，indicatingthatthelearisamainNO2  
absorbingsite・TheequationproposedbyFriedandMiddelboe（4）tomeasuretheam？uElt  
Ofrixed nitrogen bylegume cropswas fo11nd to be ausefulequationinmeasuringdle  
NOユーnitTOgerL absorbed by plants，The contribution dfNO2－nilrogenlin theincreaseof  
plantnitrogenduringgrowthwasestimatedtobe8－23％ atO．3ppmNOl，andl・3％at  
O．03ppm．  

Keywords＝Airpollution，Dayar）dNight－）5NNitrogendioxidePlantgrowth  
Soil－grOWnplants  

The concentration ofムtmosplleTic NO2islncIeaSln各year by yeぴthrol鳩hll＼1man  

activities．The plants ar［d their car10piesare believedto beasinkforatmosphericNO2  

（6）．ApreviousinvestigationconfirmedthatthenitrogencomingfromNO2COuldbeused  

a・Apartofthisreport waspresentedto theannualmeetlngOrthesocietyofthe  
SCienceofsouandmanure，Japan（Sappo10，197タ）   



T．Yoneya汀Iaetal．  

jJ】prOdlユCirlgpla雨proteiれ5（ノの．1一九∂Sbe8れObざe∫Vedtha‖1jgllerplant5，kep仁山∂C】05ed  

box，COuldreducetheNO2COnCentrationofthe boxatmospheretolessthanO．01ppm  

NO2，When they were fumigated with O．110 ppm NO2（17），The system for  

transformationofNO2may givetheplants thecapacity ofcontinuousNO2absorption，   

In order to know the amount of NO2 absorbed by plants，We COnducted an  

experiment where test plants were culturedin water；the nitrogen comlng from the  

medium wasdistinguishedfromNO2rnitrogenbylabelingwith15N（9）・Thisworkhas  

Tablel（つ〟J肋eo／e∫Perrme〃r∫  

Exp．1（sunflower，COrn，kidneybean）  
い．1（．－   

1978，5，190ne kgofair－driedsoilperpot wastransferred，andlOOpotswereprepared  
for each plantspecies．Around200mlofwaterwasadd巳dto eachpot，and  
Lhereafter everydaydurimgexperimentalperiod，apPrOpriateamountofwater  
WaSSuPPJiedar】7：00一柑二00．  

5，23The seeds weTe Sterilized by steepingin O．1％usuplun solution forlhour，  
WaShedbytapwater，andkeptintapwaterforonenight．  

5，24 Fourseedsper pot were sown，andtheplantedpotswerekeptinnaturally－1it  
chambers（250c，R．H759乙）．  

5，29Theseedlingswerethinned，TemainirLglwohealthyseed】ingsperpot，  
6，1Uniform seedlirLgS having similar height andleaf area were selected，and  

around 80pots having one seedling per pot were prepared for each plant  
SpeCjes．  

6，50．766gorKHユPO4andO．620gor（15NH。）2SO。（4．70atom％excess15N）  
Wereadded toapotir）10mlsolution．  

6，7Thepoued plarltS Were dividedintofourgroups，ar）deachgroupconsistedof  
around20pla山SrOreaChspecies．0IlegrOupWaSSampledas∠亨replicates（one  
repl）CateCOnSistedof5plants），SeParatingintotheleaf，thestemandtheroot．  
In thecaseofcorn，the shoot wasseparatedinto theleafbladeandtheleaf  
Sheath．The root sample wasobtained after w8Shingby tap water within the  
鎚mp－ingday・Aり鎚mp】esweredrjeddr900cねr4days．Theo伽rplanrs（3  
groups）weregrown fora fuTther2weeks．OnegroupwasfumigatedwithO．3  
ppm duringdaytime（7：00－17：00），andthesecondgroupwasfumigatedwith  
NO2 at the same cor）Centration during nighttime（19：00－5：00）．The third  
groupwaskep〔wj一九ou亡NOユfumjgarjorl．  

6，2］NO2fumigationwasstopped，andtheplantsweresampledasmentionedabove・  

Exp．2（cucumb打，fom8量0，SIVi55Ch8rd）  
Date  

】878，6，23 Preparationofthesoil（1kgperpot）  
6，24SterilizatioT）Oftheseeds  
6，255〔〉WjJlg一九e5eed5．r45eed5perPOり  
6，28Thir）ningtheplantsto2seedlingsperpot．  
7，5 FurtherthinniTLg101seedlingperpotandselectionofuniformseedlings，  
7，7ApplicaIionofKI12PO．（0．766g perpot）and（15NH．）2SO．（0．652gper  

pD！，4．96∂拍m％exce5S15N）50加jDn（】D汀‖perpoり  
7，10The plant5WeregrOuPedinto4，and NO2treatment WaS Startedin the5ame  

manner之ISExp．1．  
Ir）itialsamplewasobtaiTLed．  

7，24NO2加8上川和一wa5粟Opped，8刀（＝ムep】an一朗mp】e5WereObIajJ】ed．  
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NOユabsorptionbyplantsandゝUils（V）  

now been extended to the experirnents uslng SOil－grOWnplantswithfumlgation during  
daytimeandnighttimeseparately，TheamountofNO2－nitrogenabsorbed byplantswas  
estimatedtogetherwitharlinvestigatior．ontheeffectofdayandnightNO2fumigation  
Onplamtgrowth．  

Materialsandmethods  

ThesoiユwasobtainedfromtheuplandfieldinIbaraki，Slightlyair－dFied（30％water），  
andpassedthrol鳩haユーm】≠Sieve．CarbonandnltTOgenCOntentWaS3・79％，andO・ユ59％  
oven－driedbasis（100Oc，1hour）andthepH（water）was5．8，OnepotheldlKgsoilwith  
thesurfaceaEeaOflOOcm2．Theseedsofsunflower（Helian［husL7nnuuSL．c．v．Russian  
Mammoth），COrn（Zea mqys L，C．V．Dento），Kidney bean（Phaseolus vuLgaris L・C・V・  
Shin－edogawa），CuCumber（Cucumis sativus L．），tOmatO（Lycopersicon esculen（um Mi11  
c．v．Fukuju No．2），and swiss chard（Beta vulga痛L．var，CiclaL．）weTeObtaindfrom  
thestockroomofthephytotronoftheNationalJnstituteforEnvironmentalStudies．The  
OutlineofexperimetltSaredescribedinTablel．  

Naturally－1it gas cabinets（KoitoK．K．，S－20Otype）weresetattheuppermostnoor  
facingtothesouth．The designofthegasexposurefacilitiesisshowninFig・1・Thebase  

aTeaWaS2×2m？，andthevolumeusedforplantfumigationwasapproximatelylOm3・  
Theairinthecabinetwasexchanged6tirrleSPerhour．Cleanairwasobtainedbyfilterlng  
fresh aⅡtllTOl喝h activated ca∫bon and manganese powdeT．NO2gaS WaS addedto the  
incoming air，this mixture was directed up from thefloorthroughastainlesssteelnet  
having many smallpores，The concentration of NO2in thecabin？tSWaSCOntinuously  
monitored by NOx analyzer（ThermoElectronCo▲14D），andcontrolledbyafeedback  
system to maintain a constant concentration（0，3voIppm）．Pure NO2gaS（purchased  
from Seitetsu－Kagaku，Tokyo）storedin a pressurized cyllnders containing O・6％NO2  
with99，4％N2WaSintroducedintothecabinets．SomeNo，1essthanlO％oftheNO2  
concentratioll，WaS prOduced under the strongradiation ofthe summer sunshine．No  
significant ozone wasdetectable，The environmeIltin the cabirletSWaS；Airtemperature：  
25±2Oc，Relativehumidity：70±5％，Radiation＝50％intensityofnaturalsunlight・  

Beforetreatments，teStPlants weregrowninNO2－freeair．Fortheexperimentsthey  
WereSeParatedinto4groups，eaChwith20plantsofeachspecies．Onegroupwassampled  

～019■l・川■～■■・  

Honitorhp pan●l  

NO2ga曇m－－8も†tow  
COntr01l●r  

Fig■1・仇画卯わ再化㌧卯り如璃炉血＝融血沈  
A．OutletforairfilteredbyactivatedcarbonandmangarleSefllter，  
臥IT11etfQTaiTnlteredbyactivatedcaTbo【landmanganeserilteT、  
C．Gassampliれg  
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T．Yor）eyamaetal．  

at the start of the experime】】t tO ObtainIheinjtjaJleaf area，dry wejBhtand n止rogen  

COrLtent for each plant species．Each of the other groups was placedinto one of3  
fumigation cabinetsfor daytime fumigation，nighttime furnlgationandcontrol，reSpeC－  
tively．At the end of2weeks the plants were sampled．Most samples contained4  
replicates，eaCh replicate was comprised of5plants．Thelea（area was measured by  
Planimetricleaf area meterimmediately after separationoftheplantsintoplantparts．  
Afterdryinginanoven，dryweight，nitrogencontentand15Ncontentofeachpartwere  
measured as described previously（9）．Significance of the treatments wasexamined by  
トtest．  

Results   

旦〝旨cJ∫0乃r加ダOWJわ  

NovisibleinJury byNO2fumlgation．appeared ontheleaves ofanyplants．1nvisible  
effects wer占examined concerning theleaf－areaincrease（Table2）and the dry－Weight  
increase（Table3）．Accordingtot－teSt，10hours’fumigationduringdaytimefor14days  
CauSed a significant stimulation oftheincreaseinleafareaincucumberplants．SimiZar  

resultswereobservedwithnithttimefumLgationofsunflower，kidneybeailandcucumber  
plants．Nighttime fumigation depressed the rate ofincreaseinleafareaofcornplants．  
Treated tomato plants also failed to show aslargeleaf－areaincrease asplantsirL the  
COntrOlbut the results were not slgnificant．NO2 fumigation had positive or negative  
effectsonthedry－Weightincreaseofsomeplantssimi1artothatobservedfortheleafarea  
（Table3）．Daytime fumigationhad a positiveeffectoncucumberplant，andnighttime  
fumigation had a positive effect on suTlf】ower，kjdLley bearl，andcucumberplants，a∫ld  
negativeeffectoncornplants，Theresultsofnitrogenamlysisfordifferentplantpartsare  
Summarizedin Table4・Daytime fumigation brought aboutincreaseofnitrogeninthe  
leaves of cucumber，and kidney beanplants，andadecreaseofnitrogenintheleafand  
Stem Of corn plants compared with the nitrogenin non－fumigated plants（control）．  
Nighttime fumigation broughtaboutanincreaseofnitrogeninsunnower，kldneybean，  
andcucumberplantS，anda decreaseincornplants．Significantlypositiveaffectionswere  
Ob駆∫Vedinfムe∫00tSj∫1ki山1ey bea刀a－1dcucumberp】aIltS，aJld－jJ】抽eユeafiJ】別汀ばkwer  

plant．  

Table2 聯cr〆d町血l“虚血紳佃那ル巧ル血れ血mれ由雄妨研削妨毎血狛耶血  

Aftt）r2weeks  

ControI  Daytime fumigation NighttiTr［efumigation  

2430（103）b  

4050（98）  

3840（102）  

3610（124）＊＊  

1940（92）  

1440（95）  

Sumflower  

CoIn  

KidneybeaTI  

CIICUmbe∫  

Tomato  

Swirs chard 
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3070（131）＊＊C  

3480（84）＊C  

4630（123）＊＊  

3330り」4）＊  

19（iO（92）  

1460（97）  

a，Eachplantiscomposedof5indjviduals，andtheleafareaisiLldjca－edjncTnユD5theaveTageOf30T   
4replicates．  

b，Thenumeralsintheparenthesesarerelativevaluestocontrol（100）．  
c，Significantユydifferedfromcontrolat5％（＋）andl％（＊＊）1evels，reSPeCtively．  
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NOlabsorptionbyplantsandsoils（V）   

Table3 帥crげ血γ†Jme〟〃d塘加J／mビ〃0】ル椚吻J如β〃血dけ－ルgな如∽Cre〃∫e〆6p如才  
∫p2Cfe‡♂  

Arter2weeks  
PlaIlt  Plantpart Init山   

ControI■Daytimefumigation Nighttimefumigation  

648（99）b  

6，04（90）  

2．65（97）  

15．17（95）   

9．15（95）  

4．71（84）  

5，79（9（））  

19．65（92）   

7．94（106）  

4．57（88）  

3．20（91）  

15．71（97）  

14，24（124）＊＊  

5．09（147）＊＊  

3．25（113）＊  

22．68（127）＊＊   

5．14（99）  

3、14（100）  

1．〔嶋（87）  

9．32（98）   

5．70（109）  

1．27（119）  

6－97（110）  
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7．26（111）＊C  

7．96（l19）＊  

2．86（104）  

18．08（113）＊   

7．89（82）＊  

4，27（7（；）＊  

5．61（93）  

17．77（83）   

8．ユヱ（109）  

6．22（119）＊♯  

4．44（】26）＊♯  

18．88（116）＊＊   

12．25（106）＊  

4．33（125）＊  

3．13り09）＊  

19．71（110）＊＊   

5．06（98）  

3．03（96）  

1．28（108）  

9．37（99）   

5，3ユ（10ユ）  

1．23（115）  

6．55（104）  
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a・Eachplantsampleiscompqsedof5individuals．Dry－Weightisindicatedingastheaverageof3   

0r4Ieplicates．  

b．c，Seettler∝）tnOteSOrTableユ．   

凡れ柳沼射出隠抽血相り庖咄   
The nitrogenin the plants had four sources，SOil，Seed，fertilizer（15NLlabeled  

（NH4）2SO4）and atmospheric NO2L Distributionofnitrogenfromthesoil（including  
Seed）andfertilizerintheplantswascalcu）atedfromthefollowingequations，withsome  
assumptions，andsummarizedinTable5tolO．   

FN＝TNx  

Where   

FN＝tOtalamour．tofthenitrogenderivedfromfertilizerintheplantpart，   
TN＝tOtalnitrogenintheplantpart，   
B ＝atOmpercentexcess15Noftheplantpart、arLd   
D ＝atOmpercentexcess15Nintheapp！iedfertilizer（（N＝4）2SO4）．  

Sum（SN）ofsoil，SeedandNO2nitrogenintheplantpartisobtained  
SN＝TN－FN  
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T，Yoneyamaetal．  

Table4 旦脾crげ血γffmeα門d〃砂7J血】g〃0ユル∽卸J相月0〃rカビJ〃C′eβ∫eJ〝JoねJ〃J加群〃f〃∂  

〆α門J岬ec′e㌔  

plant  Arter2week5  

part  
ControI Daytimefumlgation Nighttimefumlgation  

Su仙）WerLeaf   32．0  348．7  397．4（114）b  

Stem  7．2  122．5  12（■．8（104）  

Root  4．7   （；5．1  5S．3（90）  

Tota1   43．9  536．3  582．5（109）  

Corn  Lear blade24．3  317．4  290．3（91）＊C  

Learsheathll．7  1∫1．8  117．2（77）＊  

Root   13．1 109．2  107．2（98）  

To一山  49．ユ  57β．4  514．7（ぎ9）＊  

Kidneybean Lear  60．7  368．9  429，5（116）＊  

5tem   15．1  日4．5  121．5（朗）  

Root  20．8  83．9  79，3（95）  

Tota1   96．6  597．5  630．3‖06）  

437．3（125）＊＊c  

124・1（101）  

64．3（99）  

625．6（117）＊磨   

286．8（90）＊  

11（）．8（丁7）才   

94．6（87）  

49ぎ．1（86）＊   

419．9（114）  

142．3（粥）  

105，3（123）＊  

665．4り‖）＊＊   

439．3（107）  

ユ占乱∂り11）  

111．9（1Zl）＊＊  

720．0り10）＊   

290．3（94）  

109．6（87）  

42．7（104）  

442．6（93）   

310．9（98）  

43．7（102）  

365，1（101）  

e
 
 

b
 
 

m
 
u
 
 

u
 
C
 
 

a
f
 

e
 

L
L
e
 

1
 
5
 
4
 
0
 
 
0
 
（
ノ
 
7
 
4
 
4
 
3
 
0
0
 
′
b
 
O
 
つ
▲
 
0
 
つ
J
 
 

1
 
 

7
 
 
ユ
 
 
 
 
 
9
 
 
1
 
 

409．3  501．9（123）＊＊  

152．0  ユ69，4（j】1）＊  

92．7  102．7（111）  

654．0  774．0（118）＊＊  

309．7  307，3（99）  

126．0  1二≧7．2り01）  

41．1  36．1（88）  

476．8  470，5（99）  

318．3  343．1（108）  

42．7  51．Or119）  

3（il．0  394．1（109）  

Swisscllard Shoot  7．5  

Root  l，6  

Tota1  9．1  

a，Eachplantsampleiscomposedof5individ11als・Totalnitrogenisindicatedinmgastheaverage  
Or30r4replicates．  

b，C，Scぞ班ef80tJ10te50∫Tab】e2，   

Inthesetables，theincreasesoftotal，fertilizerandsoil（includingseedandNO2）nitrogen  

during 2 weeksin the nonfumigated（COntrOl），daytime fumigated，and nighttime  

fumigatedplantsarealsoshownas△TN，△FNand△SN，   

△TN＝（TNinthetreatedplant）（TNatinitialsampling）   

△FN＝（FNinthetreatedplant）¶（FNatinitialsampling）  （3）   

△SN＝（SN山一lletrea亡edplant）（SNatinitialsampling）  

Theincreaseofsoilnitrogeninfumigatedplants（SN’）wascalculatedwithfollowing  

【hre（！a5∫um〆ユOJ】S．  

a）S盲ednitrogendidnotcontributetotheincreaseofnitfOgenaftertheinitialsampling  

time．  

b）Redistribution of the nitrogen presented at theinitialsampling timein different  

plantpartsdidnotoccurduringtheperiodoftreatmerltS．  

c）During2weeks of treatment，SOilnitrogenis absorbed by different plant parts  
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NO。absorptionbyplantsand5Oils（Ⅴ）   

together with fertilizer nitrogen，and theratios，SOilnitrogentofertilizernitrogen  
absorbedinthefumlgatedplantsareequaltothoseinthecontrolplants．  

△SNincorLtrOlplant  
△SN’＝（△FNinfumigatedplant）×   

nFN in control plant （4）  

g∫J血〃rわ〃0／αわ∫Orゐed〃02〃ffroge〃J〃〆α〃J∫  

Three methods were employed for the calculation to estimate the amount of  

NO2－nitrogeniIldifferentpartsofthefumigatedplants．andshowninTablellto16・  

A）Difference of△TNin the plant paTtS betweerlthe fumigated plants and control  

plants，  

B）Difference of△SNin the plant parts between the fumigated plantsand control  

ptants．   
ln rt】migat¢d p！a！1t，△SNiscompcsed ors〔）ilandNO2nitr〔）geヱ1，W王111eitisc〔〉mpく）SCd  

Ofonlysoilnitrogenincontrolplants．  

C）Differenceof△SNand△SN‘intheplantpartsofthefumigatedplants．  

As disc11SSedlater under”Discussion”，method C各aVe mOSt prObable val11eS．The  

PreCentageincrease oftheNO2－nitrogenestimatedbymethodCduring2weeksisshown  

inthelastcolumnofTablellto16．  

Table5 〃か聯〝df∫け肋JJわ〃加甜可70ルビr〆d〃J∫d  

lncreaseduring2weeks（mg） d  

N
 
 

T
 
 

p
 
 

n
 
 

〔
r
 
 n

 
 
m
 
 

T
 
 

15Ncon－  
tent（atom  
％excess）  

△TN  △FN  △SN  △SN’  

加
慧
凧
加
 

S
t
e
 

32，0   0．77   

7，ユ   1．37  

4．7   1．37  

43．9  

史
リ
 
l
l
 
つ
J
 
2
 
 

′
b
 
5
 
つ
J
 
5
 
 

〈
ノ
ー
 
 

3
 
 

2
 
1
 
4
 
7
 
5
 
「
‘
 
1
 
0
0
 
 

n  O
 
 

O
 
C
 
 

348．7   4．09   303．4  45，3 316．7 298，2  

122．5   4．19、 109，1 13，4 115．3 107，0  

65．1   3．74  5l．8 13．3  60．4  50．4  

53（〉．3  464．3  72．0 492．4 455．6  

5
 
つ
J
 
O
 
O
O
 
 

只
）
 
（
H
 
O
 
／
b
 
 

397．4   3．54   299．ユ  9g，ユ 365．4  

12（〉．8   3．90  105．2  21．6 119．6  

58，3   3，36  41．7 1（i，6  53．6  

5＆2．5  44（〉．113（）．4 538．6  

4
 
5
 
3
 
つ
】
 
 

l
－
 
′
h
U
 
3
 
1
 
7
 
1
 
1
 
（
U
 
 

ハ
リ
 
l
 
つ
J
 
4
 
4
 
っ
J
 
O
 
7
 
 

q
′
 
0
 
4
 
3
 
 

つ
▲
 
，
1
 
 
 
 
4
 
 

っ
」
 
O
 
n
U
 
つ
】
 
 
8
 
1
 
5
 
▲
4
 
8
 
8
 
▲
R
Y
 
4
 
 
1
 
史
U
 
q
′
 
q
ノ
 
 

1
1
 
 

3
 
 
 

3
 
 
っ
‘
 
 

Nighttime   
lし川－い   

gatlOn  

437．3   3．83   35（）．4  80．9 405．3・351．2  

124．1   4．05  107．0 17．1119．4 104，9  

64．3   3．62  4≦I．5 14．8  59．6  48，1  

625．7  512，9 112，8 584．3 504．2  

4
 
4
 
1
 
0
 
 

5
 
1
 
1
一
 
〇
〇
 
 a，Valuefor5plantsisindicatedresp¢Ctively．  

b，Nitrogenderivedfrom’5N－1abeled（NH．）。SO．appliedtothesoil．  
C，Nitrogenderivedfromsoil，SeedandNO】1  
d・Calculationsofthesevaluesareexplainedinthetext・  
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Table6 肋r聯〃d加伽Jわ〝f〃COrJ叩加′∫a  

15Ncon－  FN  くN IncreaseduHng2w¢eks（mg）  
m
㈹
 
 

p
 
 

n
 
 

p
▲
 
 TTeatment  temt（atom  

％exce5S） Ull岩ノ リ11占／ △TN  △FN △SN   ∠ゝSN，  

1nitiaユ  つ
J
 
7
 
1
 
’
－
▲
 
 

4
 
L
 
3
 
9
 
 

っ
】
 
－
1
 
1
 
4
 
 

e
 
 
 

一
u
 
J
 
 

a
 
e
 
 

b
l
S
h
 
 

L
e
a
－
L
e
a
r
R
O
O
t
T
O
－
d
 
 

4
 
4
 
7
 
 

1
 
5
 
7
 
 

〇
．
1
．
〇
．
 
 

つ
▲
 
0
ノ
 
0
 
－
▲
 
 

2
 
7
 
1
 
1
⊥
 
 

っ
】
 
 
 
l
 
J
T
 
 

l
 
g
 
．
1
 
0
 
つ
‘
 
へ
J
 
2
 
（
X
U
 
 

n O  

h
 
 

e
 
t
 
 

d
 
a
 
 

a
 
 
¢
 
 

b
．
引
 
 

e
a
f
 
e
a
r
 
O
。
t
血
 
L
 
T
L
 
R
 
T
 
 

O
 
 

C
 
 

317．4  

151．8  

109．2  

578．4  

8
 
．
1
、
l
 
月
 
2
7
2
1
描
町
轡
 
 
 

っ
J
 
（
U
 
′
O
 
D
ノ
 
 

q
ノ
 
4
 
q
ノ
 
つ
∠
 
 

「
∠
 
1
 
 
 
－
ヽ
J
 
 

5
 
q
ノ
 
（
U
 
4
 
っ
▲
 
4
 
7
 
4
 
 

4
 
－
▲
 
つ
】
 
p
U
 
 

O
ノ
 
q
ノ
 
つ
」
 
0
 
 

4
 
′
0
 
2
 
4
 
 

7
 
て
】
 
（
8
 
∩
ノ
 
 

ヽ
‘
・
1
 
 
 
4
 
 

7
 
一
斗
 
4
 
 

0
 
2
 
5
 
 

4
 

4
 
2
 
0
 
′
0
 
 
′
b
 
「
⊥
 
つ
†
 
∩
リ
 
 
 
 
 
 
 
 
 
 
 
 
7
 
5
 
5
 
7
 
 
7
 
く
J
 
て
ノ
 
′
エ
U
 
 

l
 
l
 
へ
j
 
l
 
 
 
 
 
1
 
 

3
 
 

3
 
0
∩
）
 
つ
J
 
 
7
 
1
〉
 
0
ノ
 
0
ノ
 
 
4
 
ロ
U
 
4
 
′
0
 
（
U
 
7
一
b
 
へ
J
 
 
っ
ー
7
 
0
n
Y
 
8
 
 
5
 
5
 
■
さ
 
′
り
 
 

っ
－
 
 
一
1
 
4
 
 
3
 
 
 
1
 
【
〕
 
 
7
－
 
 
 
1
 
4
 
 

h
 
 

e
 
t
 
 

d
 
 
＜
d
 
 

a
 
e
 
 

b
l
血
 
 

e
a
－
e
a
－
0
0
 

L
 
L
 
R
 
T
 
 
 

認
血
 
 

－
i
 

y
餌
g
a
 
 

D
 
 

290．3  3．81  

‖7．Z   4．09  

107．2   3．39  

514．7  

ヱ35．4  54，9 266．0  

102．0  15．2 105．5   

77．3  29．9  94．1  

414．7 100．0 465．6  

3
 
2
 
2
 
7
 
 

3
3
 
粥
 
7
5
鵬
 
 

史
U
 
（
盲
 
′
b
 
2
 
′
b
 
／
b
 
4
 
史
U
 
 

0
0
 
t
l
 
q
ノ
 
▲
U
ノ
 
 

2
 
－
⊥
 
 
 
4
 
 
 

h
 
 

e
 
t
 
 

d
 
a
 
 

b
l
 
S
h
 
 

い
 
 

心
り
 
N
 
 

つ
ん
 
一
ヽ
）
 
q
ノ
 
 

0
ノ
 
l
 
つ
J
 
 

ュ
J
 
4
 
つ
J
 
 

239．2  

103．1   

68．2  

410．5  

l
 
つ
ヽ
－
 
1
 
く
J
 
 

7
 
ロ
ノ
 
‘
U
 
2
 
 

3
 
∩
フ
 
′
b
 
ハ
U
 
 

、
▲
 
 

J
 
 

5
 
■
1
 
5
 
1
▲
 
 

っ
‘
 
5
 
1
 
∩
フ
 
 

′
b
 
ハ
U
 
R
U
 
■
4
 
、
■
 
 
－
 
 
 
 
・
†
 
 

′
D
 
T
 
4
 
「
リ
 
7
 
ウ
「
J
 
′
h
U
 
7
 
 

4
 
1
 
つ
ー
 
∩
6
 
 a，Ⅴ山uefo∫5pユa刀†5i5j11djcatedrespec士j冊1y．  

Table7」VrけOge〃df∫打肋ノれわ〃∫〃たf血少占e∂〃P血〃′∫a  

t5N con・  
l【－1111」lいH】  

％excess）  

FN SN lncreaseduring2weeks（mg）  TN  
（mg）  

P血Ilparf  
（mg）（mg）△TN △FN △SN △SN，  

L
e
a
r
慧
M
 
 

L
e
 

7
 
1
 
q
U
 
′
b
 
O
ノ
 
5
 
q
・
へ
J
 
n
）
 
5
 
「
J
 
O
U
 
O
ノ
 
ユ
ノ
 
つ
J
 
5
 
 

（
U
 
5
 
（
U
 
‘
U
 
 
〔
凸
 
4
 
っ
J
 
7
 
 
つ
】
 
l
 
q
ノ
 
つ
ん
 
 
q
ノ
 
つ
⊥
 
つ
J
 
■
）
 
 

′
b
 
1
 
2
 
0
ノ
 
 
′
b
 
4
 
0
U
 
q
′
 
 
フ
一
つ
▲
 
7
 
つ
」
 
 
1
▲
 
4
 
（
U
 
′
b
 
 
 
 
 
 
 
 
 
 
 
 
 
3
 
1
 
 
 
 
5
 
 
d
T
 
l
 
 
 
 
′
b
 
 
4
 
1
 
ユ
 
′
b
 
 
 

1
 
3
 
0
 
 

．
4
 
7
 
．
7
 
0
 
（
U
 
O
 
 

4
 
0
0
 
7
 
q
ノ
 
 

5
 
2
 
7
 
5
 
 

つ
J
 
つ
J
 
1
 
7
 
 

5
 
2
 
3
 
0
 
 

0
ノ
 
4
 
1
 
4
 
5
 
一
・
一
 
【
ヽ
J
 
「
∠
 
 

0
ノ
 
2
 
5
 
7
 
 

っ
▲
 
1
 
 
 
 
4
 
 

7
 
5
 
0
ノ
 
 

7
 
q
／
 
＜
U
 
【
 
 

つ
J
 
3
 
つ
J
 
 

73．0 3〔l乱2 290．6  

23．1129，4 119．1  

28．8 （〉3．1 52．0  

124．9 500．7 4（〉1．7  

へ
J
 
1
 
4
 
史
U
 
」
 
7
 
′
b
 
4
 
 
 
 
 
 
 
 
 
 
 
 
莫
り
 
n
O
 
〈
U
 
′
b
 
O
ノ
 
q
ノ
 
3
 
つ
▲
 
 

1
▲
 
 
 
 
i
 
つ
J
 
 
■
1
 
 
 
 
1
▲
 
 

4
 
 

6
 
3
 
．
1
 
（
U
 
6
 
1
 
8
 
5
 
5
 
4
 
S
 
7
 
 

7
 
0
 
1
 
9
 
g
 
3
 
9
 
L
 
 

4
 
5
 
き
 
8
 
 

】
 
1
 
1
 
3
 
 
5
 
1
 
 
 
【
る
 
 
4
 
1
 
－
▲
 
7
 
 

7
 
（
U
 
7
 
 

3
 
．
7
 
0
 
■
 
 

ユ
ノ
 
ー
J
 
3
 
 

30さ．0 1I4．0 ユ占】．3   

95．6  25．9 106．4   

51．8  27．5  58，5  

455．4 167．4 526．2  

7
 
3
 
7
 
7
 
 

っ
ん
 
へ
J
 
8
 
4
 
 

n
U
 
O
ノ
 
4
 
4
 
 

9
U
 
7
 
4
 
 

5
 
．
7
 
∧
U
 
■
 
 

っ
J
 
つ
J
 
r
J
 
 

320．0  99．9 359．2 314，7  

114．1 28．2127．2 11l．8  

66，8  36＿5  82．5  63．7  

500．9 1（；4，6 568．9 490．2  

Njgh柏me   
fumi・   

gation  

a，Valuefor5plantsisindicatedrespectively．   
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Table8」VJ机）gビ〃df∫〝肋JJgo〝J〃川C〟扉erp加出a  

品t（認‥荒 
、  

Increaseduring2weeds（mg）  
en p

 
 
 

n
 
 
 

p
▲
 
 仙

 
 
 

T
 
 

△TN  △lTN  △SN  △SN’  

9
U
 
ワ
一
 
′
b
 
′
b
 
 

′
b
 
l
 
 
 
 
〔
8
 
 

0
 
4
 
q
ノ
 
つ
J
 
‘
U
 
－
・
 
1
 
9
 
 

鳳
S
t
e
m
R
。
。
t
T
。
b
．
L
e
a
r
地
霊
L
e
a
r
S
t
e
m
R
。
。
、
M
鳳
S
t
e
。
R
。
。
t
M
 
 

74．1   0，40  

13，5   0，53   

8，4  1．14  

1Ihり   

409．3   3．73  

152．0   3．97   

92．7   3．80  

654．0   

5〔旨1．9   二；．35  

1（；9．4  ：l．76   

95．6   3．5〔1  

7（）6．9   

4：i9，3   3．6ユ  

1（；8，8   3．98   

93，8   3．73  

701．9  

4
 
3
 
7
－
0
ノ
 
 

3
 
史
U
 
5
 
′
h
）
 
 

3
 
1
 
1
 
／
b
 
 

1
 
0
 
0
ノ
 
l
 
（
U
 
つ
】
 
′
b
 
O
ノ
 
 

3
 
1
 
 
 
 
 
4
 
 

勺
∠
 
5
 
3
 
0
 
 

5
 
n
O
 
4
 
Q
U
 
 

3
 
3
 
0
0
 
5
 
 

307，8 101．5  

121．6  30．4   

71．0  2l．7  

500．4 153．6   

338，8 163，1  

128．4  41．0   

67．5  28．1  

534．7 232．2  

n  O
 
 

O
 
C
 
 
 

′
O
 
q
ノ
 
4
 
ハ
U
 
 

3
 
1
 
1
 
7
 
 

ハ
U
 
O
ノ
 
′
b
 
5
 
 

5
 
p
U
 
l
1
 
5
 
 

リ
ノ
 
2
 
つ
‘
 
4
 
 

〇
〇
 
〇
 
′
h
）
 
4
 
 

▲
j
 
2
 
′
」
U
 
2
 
 

つ
J
 
1
 
 
 
 
 
5
 
 

▲
】
U
 
q
ノ
 
つ
】
 
q
ノ
 
一
∴
 
5
 
7
 
0
 
 

「
∠
 
5
 
9
U
 
7
 
 

4
 
1
 
 
 
 
「
0
 
 

3ユ0．7 118．6 365．ユ 314．7  

135．4  33．4 155．3 134．0   

70．5 ：Z3．3  85．4 （胤6  

526．6 175．3 （〉05．9 517．3  

4
 
0
 
5
 
（
U
 
 

へ
）
 
つ
】
 
1
 
7
 
 

く
J
 
つ
J
 
O
O
 
′
b
 
O
 
l
 
′
b
 
Q
U
 
 

5
 
つ
】
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0
0
 
 a，Ⅴ山ue払T5plantsisindicated【e印¢CtiYely．  

Table9」Ⅴ∫〝qge〃d扉rfム〟Jfo〃f〃′om♂Joク由〃J∫a  

】5Ncon－  
tent（atom  

IncreaseduTing2weeks（mg）  
TN  FN SN  

en p
 
 
 

n
 
 
 

n
r
 
 

加
 
 
 

T
 
 
 

（mg）（mg）△TN △FN △SN △SN、  （mg） ％excess）  

0
 
4
 
5
 
0
ノ
 
9
 
2
 
0
 
L
 
 

八
U
 
＜
ヽ
〕
 
2
 
5
 
 

1
 
0
 
0
 
1
 
 

a
f
 

L
e
紬
R
。
。
 

0
 
「
／
 
7
 
4
 
 

（
U
 
つ
】
 
0
 
3
 
 

8
 
1
 
つ
▲
 
 

4
 
′
b
 
つ
－
 
 

0
 
0
 
L
 
 

200，4 109．3 299．7 199．4 100．3  

86．6  39．4 123．3  鮎．3  37．0  
28，8 12．3  40．4  28．5 1l．8  

315．8 161．0 463．4 314．3 149．1   

179．2 128．1 297．3 178．2119．1 86．9  

81．8  45．4 124．5  81．5  43．0  34．9  

23．9 12．ユ  ー5．4  23．7 11，7   9．8  

284．9 185．7 457．2 283．4 173，8 131．6  

309．7   3，21  

1：！6．0   3．41   

41．1   3．47  

476．8   

307．3   2．89  

127．2   3．19   

36．1   3．ユ8  

470，6   

ユ90．3  3．n5  

109．6   3．40   

42．7   二‡．44  

442，6  

つ
J
 
l
 
つ
ー
 
′
b
 
9
 
つ
】
 
つ
▲
 
ュ
J
 
 

R
）
 
■
J
 
l
 
つ
J
 
 
 

178，5 111．8 ユ80．3 177．5 10ヱ，8  

75．1 34．5 106．9・ 74．8  32．1  

29．6 13．1 42．0  29．9 12．6  

283．2 159，4 429．2 281．7147．5  

Ni帥tlime  
rumi－   
gation  

a．Vallleb【5plantsisiれdicated【eSpeCtivety、  
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TablelOJⅥ〝Oge〝血rrJ占〟rわ〃f〃ざW～∫ざC力β′d〆β〃チエa  

パNconて  
tent（a10m  
％excess）  

lncleaSeduring2weeks（mg）  FN SN  

（mg）（mg）  

p 
  
‖ 
  

p
l
 
 

n
 
 

m
 
 

T
 
 

△TN  △FN  △SN  △SN’  

慧
凧
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1，6   0．56  
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Discussion   

F〟別離rわ〃嘩cJ∫0〃PJα〃rgrOWJ力  

Chroniceffectofthefumigationofairpollutantsatlowconcentration（1essthanO．5  

ppm）onplantsaresometimestestedbytheirdry－Weightchangesduringexposureperiods  

because visibleinjury us11ally does not apperar（5，9，12，13，15）1Resultsin the  

investlgation oflow concentrations NO2fumigation onplantgrowthfluctuatesamong  

speCies，andamongexperimentalconditions．Eveninonespecies，nOdefinitetrendshave  

been obtained・Taylor and Eaton（13）reported that continuousexposure ofNO2at  

O，15－0．21ppmduringlO－22daysresultedinreductionofgrowth（dryweight）intomato  

p】aれr5▲Spjerjれg5（ノブ）8ユ505tated山一fumigaとion witl10．25ppm NO2during抽eentire   



NO2absorptior．byplantsandsoils（Ⅴ）  

Table12 g∫J冊〃rわ〃‘巾ゐ∫Or∂ed〃0っ〃J什Og印加cor〃P血〃J∫a  

Di脆rence  rromContJOl（mg）  Plallt  
pa∫t  
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（mg）  △m  
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in aTN in△5N  

Daythlerumlgatiorl  加
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ー27．1  12．4  

－34．6  0．3  

－ 2．0  2．9  

－63．7  15．6   

－30．6  5，1  

－35．0  rl，2  

15．3  5．8  

ユ．1  ユ．0  

3．9  4．1  

21．3  4．6   

7．8  3．0  

0．6  0．6  

2．2  2．7  

10．6  2．4  

Nighttimefumigation  Leaf  
blade  

Lear  
shea．th  

Root  －14．6  － 0．6  

Total  －80．2  3，3  
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growthperioddepressedtherateofincreaseindryweightintomatoplantsby41％over  
thatfor non－fumigated plants．On the contrary，TroianoandLeone（15）reportedthat  
fumigationwith O．23ppm NO2 for80hor with O・37ppm for164h stimulatedan  
increasein dry－Weightin tomato plants when the test plants were preparedirL a Sand  
culture containing140mgNO3－Nl▲l▲Thedifferencesintheirresultsmayattributeto  
the differencesin plant variety，age，nutritionalstatus，and environmentalfactors  
（temperature，11ghtintensity，humidity，and so on）・In the present experiment，NO2  
fumlgationgavestimulativeeffectontheincreaseofdry－Weightandleaf－areaincucumber  
plants．Thegrowthofriceplantgrowninthesubmergedsoilwaspositivelyaffectedby  
NO2fum由f血1atO．30rO．6ppm（∫）．  

Anotheraspectofthefumlgationeffectisthechangeinnitrogencontent・InTable  
17，thenitrogencontentinthepartsoffumigatedandcontrolplantsisshown・Thistable  
indicatesasignificant effect was brought about onlyinafewcases：pOSitiveeffectinthe  
stem of sunflower plants（daytime and nighttime fumigation）and kidney bean plants  
（nighttimefumigation），Ourpreviousstudy（14）usingsunflowerplantsrevealedthatNO2  
fumigation at O．1and O．5ppm for24daysincreasednitrogencontentintheleaf，the  
stem aJld the root．SpjeTiTlgS（12）and TTOianoand Leone（15）repoTtedanjTICreaSeOf  
nitrogencorLtentintheleafoftomatoplant，butTaylorandEaton（13）didnotfindany  
slgnificantincrease．IfNO2isabsorbedintheplants，thenitrogenissuspectedtoincrease  
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Table17旦脾cr♂／如〃〝如な加〟0，ル椚如Jわ〃0〝伽ぐ力α〝ge血〝Jけ曙e〝CO〝Je射0／Pね〃JpβrJ∫a  

NitTOgerlCOntent（％dryweightbasis）  
Plaれt  f，art  

ControI  Dayf＼lmi各ation  Niかtfumigation  

5．33  6．15（115）＊b  6．03（113）  

l，8ユ  2．12（116）  1．57（烏6）  

2．39  2，21（92）  2．2占（95）  

Sunnowef  Leaf  

Slt、川  

Root  

Corn  Leafblade  3．30  3．12（95）  3．66（111）  

Lear5heath  2．71  2．47（91）  2．80（103）  

R小、t’  

Kidney bean Leaf  

Stem  

Root  

Cucumbel  b正  

Stem  

Root  

Tomato  Leaf  

S【⊂lll  

Root  

Swiss chard Shoot  

Root  

1．81  1．87（103）  1．70（94）  

4．90  5．46（111）  5．08（104）・  

2．77  2．67（96）  2．29（83）＊  

2．38  2．47（104）  2．33（98）  

ユ．55  う．Sユ（99）  3．59（1t）1）  

4．42  3．34（76）＊嶋b  3■80（86）＊  

3．22  2．94（91）  3．00（93）＊  

6．01  6．04（100）  5．81（97）  

4．01  4．06（101）  3．61（90）  

3．46  3．46（100）  3．35（97）  

6．05  （5．02（100）  5．85（97）  

4．02  4．02（100）  3．80（95）  

a，Thenumeralsintllepa∫Cnthesesarerelativevaluestocontrol・  
b，Significantlydifferedfromco∫ltTOlat5％（＊）andl％（＊＊）】evels，reSpeCti¢ely，  

thenitrogencontent（dry weightbasis）一Theresultsinourpresentreport（Table17）and  

in other woTkers’TepOrtS do not altogether support thisidea．，The amount of  

NO2－Tlitrogen rn且y nOt be so nluCh as to changethe nitrogen content sudderlly．andthe  

growth or developing ofthe plalltSduring the treatment periodsmayhide the trend of  

increase of nitrogen coTltent．ll－CTeaSe Of totalnitrogenin each plantpartorinwhole  

plantmi邑htbeamoreusefulcTiterionforthecharlgeCauSedbyNO2absorption．Table4  

indicatesthatsomeplantsorsomepartsshowpositiveeffectwhileothers（corn）showa  

Significantly negative effect．The tomato plantinTroianoandLeone’sexperiment，the  

S11nflower plantin our previous paper（14），aIldseveralplantsinvestigated byFujiwara  

血dl血ikawa（5）ぬowed由一O辞nincTeaSetヴlongteTmiⅥmi邑ationwitbNO2atlow（less  

thanO・5ppm）concentration・However，itisnotsurewhethertheincreaseofthisnitrogen  

is caused byNO，nitrogenorbyanincreaseinuptakeofnitrogenfromthesoil（or  
れutrientsolution），  

DiffeTentialeffects of fumigation11ndeTd汀ferentl短btTegimeshavenotbeenr1111y  

St11died．Treatmerltwith30ppmNO2forlhrinthenighttimeca11Sedmoresevereinjury  

thantreatmentduringtheday（2）．Exposureofplantsto4pprnNO2CauSedsevereinjury  

inthe daytime，When the nitrite reductase activityintheleaveswaslow（19）．In both  

experlments，highconcentrationsofNO2Wereemployed，andthepresentstudyprovided  

thefirstinformationconce川1ngthedaytimeandnighttimefurnlgationeffectatlowNO2  

COnCelltration．Both negative and positive effects ofdaytimeandnighttimefumigation  

WereeXpeCted．NO2absorptionrateishighinthedaytimecomparedwithTlighttime（19），  

and actualactivity of nitrite reduct8Se，・Whichis believed to be a main en乙yme  

detoxicating NO2in plant cells（19），is high underlight cor）dition，NO2nitrogenwas  
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foundtobetransformedintoaminoacids，aSOurCeOfproteins（18）．1nthedaytime，NO2  
nitrogenmaybeeasily tr？nSformedintobeneficialformsinplants，iftheamountofNO2  
absorbedin the cellsis within the plant capacity of NO2 detoxication，andif the  
Participation ofPNO2nitrogen does not disrupt theplant metabolism．In the nighttime，  
－heacfualr】如jferedl】Cねseacljvj【yi5beljevedh）below，buf5tjユ】oper∂rive（7），andNO2  
absorption rateissmall（19）．Therefore，ifplantscanutilizeNO2beforesufferingfrom  
inJury，additionaluptake of the NO2－nitrogen may be beneficial，butif the nitrite  
reductaseis not effectively operative，plants could be damaged，Our present study  
revea】ed t加【0．3ppm NO2fumlgatわれiJltheday臼meisno【harmfulf8r抽egrow抽of  
plants，but nighttime fumigation showed both results（POSitive effect to sunflower，  
kidneybean，andcucumberplants，negativeeffecttocornplant，）  

Whether the NO2fumLgation depresses plant uptake ofsoilandfertilizernitrogen  
was checked as following．Theincreased dry－Weight（△driT Weight）and theincreased  
fertilizer－andsoil－nitrogen（△fertilizer－andsonLnitrogen）duringthetreatmenttimewas  
comparedinthefumigatedandnon－fumigatedplants，andtheratios（％），thevaluesinthe  
furnigatedplantstothevaluesinthenon－fumigatedplantswerecompared（Fig．2）LThe  
COrrelationwasY＝0・75X＋18・2（r＝0・95）＝WhereY＝今fertilizerrandsoil－nitrogepratioand  
X＝△dry weight ratio．This relationshipindicates that when the dry－Weightincreaseis  

depressedbylO％，thefertilizer－andsoil－nitrogenincreaseisdepressedby14％，andwhen  
theformerisacceleratedby20乳thelatterisacceJera亡edor11Yby8％・NO2fumigationdt  

（
空
中
竜
：
乱
○
】
l
苧
ニ
O
S
p
亡
？
－
眉
≡
】
中
】
勺
 
 
 

100  110  

△Ory w¢ightratio（別  

Fig．2．乃ere加0那坤みerw醐dサー購廟如和正川mり加朝㍑－〃〃d∫0〃朝汁Oge〃和rfo  
′〃〟ば〟01・何頭仰甘西畑  

d：daytimefumLgatedplants，n＝nighttimerumlgatedplants・Fordetailedexplanation・  
see thetext．  
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0．3 pprn depressed the uptake of fertilizer－and sDil－nitrogenin6plants，This also  
indicates that NO2 fumigation does not necessarily cause theincreaseoftheapparent  
nitrogencontentof．theplants（Table17）．  

g∫J∫椚αJわ〃meJ力odノbrr力g叩！OU〃J（オ〟02一雨旬脚＝心血知日叩血梢  

Very few trialsin the estirrlation of plant absorption of air pollutants atlow  
COnCentrationsinlong－term eXPerimentshave beenreported．In theelegantexperiments  
by OIsen（10）and Bromfield（I），anisotope dilutiorlmethod waseinployed toestimate  
the amount ofsulfurabsorbedbycottonandmustardplantfromambierLt†atmosphere．  
The crops usedinthese experiments were growninrlutrient solution，Wheresulfurwas  
applied assulfqte，andlabeled肌th35s・Jnourpreviousexperiment（9），plantswere  
culturedin the nutrient solution containlng15N－1abeledKNO3aSthenitrogensource，  
arld the NO2－nitrogen absorbed by the plant was estimated after2weeks’fumigatioII  
With O．3 ppm NO2．In this experiment，nOn－fumigated plants were also gTOWn  
with15N－1abelednitrogen，andcorrectionforseed－nitrogenparticipationwasconducted  
uslngthedatainnon－fumlgatedplalltS．  

The present experiment may be the first trialin the estimation of NO2Lnitrogell  
absorbedinthesoil－grOynplants．IftheplantsaresoilLgrOWn，and，inaddition，iftheyare  
fumigated with the atmosphere containlng nitrogen compounds utilizable for plants，  
three nitrogen sources（SOil，Seed，nitrogenin the atmosphere）ife eXpeCted to be  
absorbedintotheplants，andfertilizernitrogen，ifapplied，maybeanothersource・Jnthe  
present experiment，NO2 fumlgation was started about2weeks after germination of  
Seeds．Durin岳thisltimeallseed nitrogen was considered tohave been distributed to the  
plantparts．Therefore，duringthefumigationperiod，threenitrogens（soil，fertilizer，NO2）  
we；eexpectedtobemainnitrogensDurCeSforplants．Amongthree，fertilizerwasapplied  
as（NH4）2SO4andlabeledwith15N：Whichmadepossibletocalculatetheamountofthe  
fertilizer nitrogen absorbedin plants，The distributiollOfthefertilizernitrogeninplants  
WaSnOt muCh affected byNO2fumigation（Table19），Soil－Tlitrogenisconsideredasthe  
Ilitrogen whichis concomitantly moving with fertilizer nitrogen by the same rates  
bothin NO2－fumIgated and non－fumlgated plants，Using equation4，the amount of  
SOil－nitro芭enabsoTbedbytheNO2－fumlgatedplantswasCalculated．TlleeStimationofthe  
absorbed NO2－nitrogenin different plant parts was carried out，and shownin Table  
ll－16．The values obtained from the differencein△TN ar）d△SN of controland  
fumigatedplantsweresometimesnegative，andthethirdmethod，△SN＾△SN’，gaVemOStly  
positivevalues．  

A recent proposalby Fried and Broeshart（3）and Fried and Middelboe（4），“a  
measurement of the amo11nt Of nitrogen fixed by alegume cTOp”，Stimulated us to  
Calculate the amount of NO2－nitrogen absorbed by plantsuslngan equationsimilar to  
theirs．  

atom％excess15NinNO2－fumigatedplant  
NO2－nitrogeninplantpart＝（1－   

atom％excessISNinnon－rumigatedplant  

×tOtalnitrogeninNOユーfumigatedplant  （5）  

The values calculated using this equation are shownir）Table18．Thesevalues arevery  

Simi1artothoseinTablesllL16，Therefore，theequation5maybeusefulandconvenient  

forestimatingtheamountofNO2－rlitrogenabsorbedbyplants，  

β加ribu由no／庫rrさ！izer一，∫Ogト〃〝d〃0ユー〃fけ（材e〃J〃p／d〝J∫  

Percentagedistributjonofnitrogenfrom3sourcesinplantsissummarizedinTable  
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Table18 g∫ff椚〟rfo月げ〟ぼ♂mO〟”Jo／〃01一雨職印離職両肌恒血招叩拘廟  
rr，、t■JJ〃J．りIJJ／√トl－√■†－・小J川りI  

NOl劇itrogenabsorbed（mg）a  
NOl  
tIeatment  pa∫t sunnoweJ  Corn 監恕ey cucumber  Tomato  
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a，Calculatedfrom△FNOfTable5－10．  
b，CalctJlatedrrom△SN（incontrolplants）and△SN’（infumigatedplants）ofTable5－10・  
c，Calculatedfrom（△SN・△SN’）ofTablell～16．  
d，ガ皿dSmean】eafb】adeand】eaf言上eafh，regPeC再γe】y・  
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NOlabsorptionbyplantsandsoilsⅣ）   

19．Generally，thepercentagesofthefertilizer－nitrogenintheleafwerehigherthanthose  
ofsoiJ－nitroBen，WhereasjntheTOOtthepercentaBeSOfsoil－nitrogerLOYercOmethoseof  
fertilizer－nitrogen．ThepercentagesofNO2－nitrogenintheleafinfumigatedplantswere  
morethanthDSeOffertilizer－nitTOgenirla11plantsexceptswisschardplant、Thetrerldsof  
fertilizer－and soil－nitrogen distributions were similar to the previous experimentusing  
rzceplanfsgrownjn thewateTJogged50iJ（20），ThepercentagesofNO2－nitrogeninthe  
roots werelower than that of fertilizer－nitrogenin a11plantsexcept swisschard plant，  
ThesedataindicatethatabsorptionofNO2ismainlythてOughtheleaves・  

AreversalinNO2－nitrogendistributionwasfoundintheswisschardplant・Thedry  
weightaTld theJeafaTeaOfthisplantweresmallcomparedwithotherplants（Tablesl  
and2）一丁hesmallleafareaofswisschardduringmostperiodoftheNO2treatrnentmay  
havecausedtherelativelylargecontributionoftheNO2absbTptit）nTOutethrou％hthesoil  
and root，   

二＼●ハニJトー（、′ノー川rJ▲＝「＝－■・サノー鳥＝り   

In thepresent experiment theconcentrationofNO2Wasmaintainedataconstant  
O．3volppm duringthe treatrnent timeLIn the daytime，When the sunlightwasstrong，  
someNOwasproduced，andtotalNOx（NO2十NO）concerltrationwasincreasedbythe  
apparenf addルわn of NO fo O．3ppⅣINO2．TI】er丘teOfNOab50rpfjoJ）j5】es5抽a幻One－  
tenththatofNO2inhigherplants（6，17），andinthesoil（17）．Therefore，thernaximum  
NO－rlitrogenabsorvedbyplantsandsoilsmaybelessthanl％ofabsorbedNO2－nitrogen．  

The NO2rnitrogen absorbingactivity showninTable20wascalculatedusing the  
餌low山gequat旧爪gニt厄兄指tequafion6－】wa5PreVious】yu5ed（タ）・  

a）Plantdryweightbasis（pgN／gdw／h）  

AbsoTbedNOl－nito柑モn  
（6－1）  ÷140  Activity＝  

lnitialdryweight十Finaldryweight  

ユ   

b）Learareabasis（〃gN／100cm2／h）  

AbsorbedNOユーnitrogen  】00  
（6－2）  Activityゴ  

140  Initialleafarea＋Finalleafarea  

2   

Here）inearincreasein dry－Weigh（alldinJeaf－area duTing the freatment peTiod was  
assumed．   

lnthistable，tWOCalculationswere carriedovt，（i）withtheassumptionthateach  
Plant partabsorbedNO25eparately，and（ii）withtheassumptionthata11NO2－nitrogen  
WaS absorbed仇roug九抽elearわaviJlg a rela【Ⅳe】y】∂rge5射ねce are∂．In tlle former，  
translocationofNO2－nitrogentootherplantpartsafteritisabsorbedbyaplantpart正as  
not takeninto consideration．In thelatterit wasassumed that noabsorption from the  
StemOffromtherootoccurs，thisisnotalwaystruebecausethestemortherootcanalso  
absorbsomeNO2Lnitrogen（16）．Thecaseofswissch之rdplantinthepresentexperimeふt  
COuldbeanexample，  

Calculation（i）inTable20indicatestheleafisthernostactivesiteofNO2absorption  
（dryweightbasis）quringbothdaytimeandnighttime・Among6sp？Cies，thesunflower  
】ear言上OWed伽訂eate5taCfjvityrol】owed bytムefoJ¶atO】e紙thecornlearshowedthe  
10WeStaCtivityduringbothdaytimeandnighttirne．Theabsorbingactivityduringdaytime   



T．Yoneyamaetal．  

was around twice as much as that of nighttime．The data obtainedin the previous  

experiment（9），WhereplantswereculturedinanutrientsolutionandfumigatedwithO・3  
ppmNO2throughoutdayandnightcontinuously，areredrawninTable21withfurther  
calculationtoadjustthedimensionoftheactivitytoTable20．Thevaluesintheprevious  
e叩erimentaregenerallybetweendaytimeactivityandnighttimeactivityofthepreseht  
experiment．When theleaf activityis expressedasleaf－area basis，Sunflowerleafhad  
highestactivity，followedbyswisschardandtomatoleaves，  

Theanothercalculation（ii）inTable20revealedalOp30％greateractivitythanthe  
firstcalculation．Reliabilityofthesecondcalculationhassomedoubt・Inthestemand  
root，uptakeaftersoil－SOrptionofNO2maynOtSOSmalltolgnOreitunderthelongqterm  
fumigation as suggestedin the case of swissIChard plantin thepresent experiment▲  
However，theinformationofthequantityoftheabsorbedNO2．nitrogenthroughtheroot  
inlong、termeXPerimentsarelacking・Furtherresearchisneededtodrawthedetailsofthe  
fateofNO2inasoil－plantsystern，   

Addifjonalmtrogen upta】（eiれp加t50CCurSdu血g NO2fumig8tjo刀・Thehiめest  
percentageincreasein the present experimentswasfoundinsunflowerplant：12・4％by  

Table20八√0，一雨Ⅷ肌血油如拙呵凸机働血卵油刷鋸廟軋柑  

NO，・nitJOgenabsorbingactivity  
TJeatment Plant  

Swiss  
chafd  

Kidney  
lヽ・、1∩  

Cucumber Tomato  time pa＝t Sunflower Com  

（j）WjthassumptionthateachplantpaTtabsorbedNO2SeParately－  pgN／gdw／h  

Daytime Leaf  lO3  Bb22  60  52  86  64  

Stem  18  Sb6  12  26  36  

Root  26  8  34  26  48  

Whole  57  14  30  44  63  61  
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12  18  

7  6  

（ii）WitllaSSumptionthatallNO｛nitrogenintheplantwasabsorbedthroughtheleaf  

Leafdryweightbasis  JLgN／gdw／h  

Day叫e  130  30c   6占  69   113  

Nighttime－  71  17c   52  18  38  

Leafareabasis  JjgN／100cmユIh  

Daytime  35  7c  

Nighttime  17  4c  
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26  30  29d  

6  10  12d  

a．seethetexfね∫eXpI訓adon．  
b．BandS meahlearbladeandlearsheath，reSpeCtively．  
c．Leafbladeisとonsideredas“Leaf”incalculation．  
d．Shootisconsideredas“Lear’hcaユculation．   



NOっabsorptionbyplants叩dsoils（Ⅴ）  

Table21〃0，・血明朝加脚柚那加叫H血伊仙加代q叩血㈹  

Plant  NO，－NabsoTbingactivity（鵬N／gdw／h）  
paJt  Sunnower  Corn  Tomato  

High－N  Lear  

Stem  

Root  

ⅥJも01e   

Medi11mJN  Lear  

Stem  

Root  

Whole  
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a，RecalculatedfromthedatainRef（9）foreompaLisonwithTable20．  

Inthisexperiment，plantswerefumigatedwithO．3ppmNO，for14dayscontinuously・｝  

daytime fumigation and7．0％by nighttime fumigation．Thelowest percentages werein  
COrn plant：4．6％by the daytlme fumigation and2．4％by the nighttime fumigation，  
Provided that daytime and nighttime absorption occurs during12hours respectively，  
totalpercentages ofNO2－nitrogenintotalnitrogentakenupduringthefumigatedperiod  
COuld be23％insunflowerplantand8％incorn plant・（TfleSimilarestimationinthe  
Previousexperiment（9）reveals22％inthemedium－Nplotofsunflowerplant，and14％in  
the mediurn－N plot ofcorn plant）．Itisgenerally observed that theamount ofabso．rbed  
nitrogenin plantsislinearly correlated with the NO2COrlCentrationin theatmosphere  
（11，17）．If the NO2 COnCentrationin the atmosphereis reduced to O．03ppin，the  
PerCentageSCOuld be2．9％and O．9％insunflowerandcornplants，reSPeCtively．TheNO2  
COnCentrationin Tokyoisrepqrtedly around O．03ppm（average19741975）（8）．The  
COntributionofatmosphericNO2qnitrogentotheplantnitrogenmay bel3％inhigher  
plants．However our previous experiment（9）alsoindicates that the percentageinthe  
sunflowerplant，Whosegrowthwasdedressed bynitrogen deficiency，WaS46％withO．3  
Ppm NO2・Therefore，at O．03 ppm the percentagein the sunflower grownin the  
nitrogen－POOrSOilcouldbenearto8％．  

SpeCialthanks should be givento Mr．A．Shimi乙u Of the division ofengineeringof  

Ourinstitute・Without his skillfulassistanceinNO2COntrOl，thisresearchcouldl10tbe  

SuCCeSSrul．  
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AbsorptionofatmosphericNO2byplantsandsoilsVI・  

TransformationofNO2absorbedinthele鱒VeSandtransferof  

thenitrogenthroughtheplantsa   

MasakazuKaJil，TadakatsuYoneyama25TsumuguTosuka2andHideoIwakil  

．GraduateSchc，OiforEnvironmentalSciences，UniversityofTsuk11ba，Sakura－mura，   

tt）araki305  

2DivisionofEnvifOnmentalBiology，TheNationalInstituteforEnvironmenta］Studies，   
Yatabe，IbaJak1305  

TheleavesorsunflowerandsplnaChplantswercexposedto15N－labeled NOユata  
concentrationof46ppmfor20rrtininthedaytimcorinthenighttimc．Totalamount  
Of NO2－nitrogen absorbedin sunflowerleaves wasgreaterin thc daytime thanin  
niBhttime．Theday and n短ht difreTenCeinNOlabsofp亡川IlbyspjnacI11eaveswasno亡  
clear．In thc daytirr［C，99％ofabsorbed NO2－nitrogen was transn）rmedinto reduced，  
Organic nitrogen compounds with remainlngl％ as nitrate and nitrite・In the  
nighttirne，8589％15N was reduced to organie formsand the restwasrLitratc and  
nitrite．A considerable amount of nitrite was accumulated in the splnaChleaves  
fumigatedin nighttime．The aTlalysIS Of］5N contentinaminoacidsrevealcd thatthe  
amide nitrogen orglutamhellad丑帽jligltest】5N conf餌亡，砧帖Wed by g加㌦1a略  
aspartate，alanine andγ－amino butyric acid・Night fumigation showedahigher15N  
inco叩Orationin the amide ofgl山肌meWithYeIylow】5N colllentinotheIamin（ゝ  
acids・From theseresultswecpncludcdthatthequantityofNOユabsorptionismostly  
deper）dentonthestomatalapertureandthatNO2absorbedinthecellsi苧COnVertedinto  
nitrateandnitrite and几1rther asslmilatedintoaminoacidsviaglutamincsynthetaseand  
glutamatesy∫lthasesystem．The醍reaCtjonsaremorerapjdu爪der】如fcondjdon・  

The】5N expeTimenlconnTm¢d that NO2－nitrogen ab弧rbedirlm曲Teleaves  

WaS tranSlocated to growing oIgarl革（yourLgleaves，rOOtS）・The results suggest that  
NO｛nitrogencouldbearLitrogennutrientunderconditionswherepoISOnOuSeffectsaTe  

notgertcrated．P  
KeywoTds：AbsorptionofNO2HigherplantsrMetabo）ismofNO。】5N．nitrogen  
dioxidモーT一之nSloca亡ion．   

Many studies have shown that higher plar［tS are OneOfimportantnaturalsinksof  
atmospheric NO2（4）．Our previous study（16）comfirmed，by use of15N，that  
NO2LnitrogenisassimilatedintoaminoacidsunderlightconditioTIS，tnthepresentreport，  

NO2trarlSformationinplantJeave曳inthedayandnightperiodsisexaminedbyexposlng  

a．ApartofthisrepoTtWaSpreSentedtothe16thaTlnualmcetingonTadioisotopesinthepllySical  
sciencesandindustIy（Tokyo，1979）．  

b．Allcortespondcnceshouldbeadd一色SSed toT．Y．  
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toISN－1abeled NO2．The transfer of the absorbed  

the sunflower plant was alsoinvestigated．So far asis  

p11blished on thetranslocationof theNO2－nitrogenin  

SPinach and sunflo＼Ver plants  

NO2－nitrogen to other sitesin  

known，nOinfoTmationhasbeen  

pユarlとsarとeriとisabsorbed．  

MaterialsaJldrrletllOds  

Growg〃gqfJe∫rp加rJ  
Artificialsoils containing vermiculite，peatmOSS，perlite and fine gravelby2：2：1：1  

（volume）were prepared，and pottedinlO‾■ a pots with fertilizer，5g Magamp K  
（N；P20s：K20＝6：40：5，W．R．GraceCo．，Tennessee，・U．S、A．）and15gMagnesiumcarbonate  
p（汀pot、  

The seeds of sul－flower（HiltanthusaTZTluuS L．cv．Russianmammoth）and spinach  
（SpinaciaoleraceaL．cv．Newasia）weresterilizedbysteepinginO．1％usplunsolutioh  
forlhour，and washed by tap water for 24 hours．One week after germination  
in artificialsoils supplied with fertilizer，the seedlings were thinned tolplant  
（sunflower）and5plants（spinach）perpOt，Every week，100－200mloflOてstrength  
Hyponex solution was supplied to each pot．Sunflower plants were gTOWnin a  
natura11y－1itchamberwithacoJIstanltempera加eaf250candaTelatiYehumidity70％．  
Spinach plants were・also grownin a naturally・1it chamber with70％R、H．and the  
temperaturewascontfOlledto200catdaytime（14hQurS）and150catnight（10hours），  
Thirtytofortydaysaftergermination，plantswereselectedfortesting．  

gズpe′才椚e〃Jか15∧「（フ2α∫∫i∽〃がわれ   

J5N－1abeledNO，（95．1atom％JSN）wasgeneratedasdescribedpreviously（18），  
15NO2 fumigation of sunflower andspinachplantswerecarriedoutinafumigation  
Cllamber（50ズ50ズ】4．Oc汀1）．P】antswereputinsjdethec九alllberaf［erencloshgthepots  
inplastic bagstoprotectthesoilsfromcontactwithNO2，andfumigatedwith4－6ppm  
IS NO2for20rnininthedaytime（14＝00r16：00）with30klx oflightintensityatthe  
top ofplantsorin 

． 

ChambeTWaS 

． 

intervals．Theairin thechamberwascirculated by asmallfan．The NO2absorptionby  

Plants was so rapid that the NO2COnCentration fluctuated between4and6volppm．  
Unfortunately，Only one fumigation chamber was available．Therefore，fumigationwas  
CO∫lductedplantsloplants．   

Immediatelyaftertheendofthefumigationtreatment，SOrneleaves（aroundlOgof  
freshweight）wereobtainedand cooledin、anicebox．Thecoユdsampleswerewashedby  
tap water forlO sec．，dried by tissue papers，then weighed，and storedinafreezerat  
－20Oc before fo1lowLng fractionation・The samples were groundin porcelainvessels  
together Withliquid nitrogen，？nd extracted by80％ethanoIsolution，The sarnple  
solutionWaSpaSSedthてOughtheNo．6filteTpaper（TQyO－Roshi，Tokyo）．Twofractions，  
thesolublefractionpassingthroughthefilterpaperandtheinsolubJefracfjonremajnjng  
OnthefiltefPaper，WereObtained．Aportionofthesolublefractionwaspassedthrougha  
cationexChangeresin（AmberliteIR－120，r｛type），andtwofractions，abasicfractionand  
a combined acidic and neutralfractionwere obtained（15）．A portion ofthecombined  

acidic and rleutralfraction was employed for the measurlng the nitrite concentration  
（I7），theremaininBPOrtio∫】WaSuSedforthemeasuTementOfcombinedEljttafeLILldnltr如  
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NO，absorptionbyplalltSandsoils（Vl）   

concentrationand the15Ncontentasdescribedpreviously（15）・JtwasrecentlYfound  
that passing the samples through the cation exchange resin caused somelossofnitrite  
（Yoneyama andIwata，unpublisheddata）．Therefore，thenitritecontentestimatedinthe  
PreSent eXPeriment could be underestimated．The volume of the basic fraction was  
reducedbyvacuumevaporationatbelow400c，reWettedwithanadditionof5mlof80％  
ethanoIsolution，anddriedagain．ThedriedsamplewasdissoIvedbyadditionoflOOJjlof  
distiued water．A portion ofsample wasspotted onaSilica－gelthinlayer，andtheamino  
acids were developedtodeterminethe15Ncontentbyemissionspectroscopicmethod  
（16）．Totalnitrogen of the soluble andirlSOluble fraction was determhed by kJeldahl  
method（8），andthe15Ncontentwasdeterminedbyemissionspectroscopy，Allanalyses  
Wereduplicatedusingreplicatesamples．  

丘ゝpe′Jme〃り∂rけα〃∫わCαJわ〃0／〃02一〃ょけOge〃／〃∫U乃βクルg′〆α〃r∫  

Sixsunflowerplants，Whose potswireenclosedbyplasticbags，WereputintheNO2  
fumigationchambersitedinanaturally－1itgrowthroom（25〉c，70％R．H．），andfumigated  
with15NOl（2－4volppm）for2hours（14＝0016：00）continuouslyonafinedayof  
December．Two plants wereimmediately harvested arld separatedintovariouspartsas  
ShowninTable3．Theother4plantswereretainedinthenaturally－1itgrowthroomwith  
NO2－freeatmosphere．After3daysandagalnthe8thday，pairsofplantswerehilrVeSted  
and separatedintovariousparts，The fresh weightsoftheseparatedpartsweremeasured  
and then dried at90Dcfor3days，Thesampleswereground and totalnitrogenand  
the15Ncontentinthegroundsamplesweremeasuredasabove・   

The15NO2gaSinth■efumigationchambercontainedsorr［e15NO・Thecontentwas  
less thanlO％that of】5NO2．The absorption rate of NO（fresh weight basis）by  
sunflower and spinachleaves wasaround one－fifteenthasmuchasNO2absorption rate  
（Kaji，unpublished data）．In this report，the participation of NO－nitrogenin the  
distributionof15Nisnottakenintoaccount，  

Resultand di5euSSion   

l畑血相W耽細山蛸川血制止軒如油川  

Datasummarizing15NincorporationarefePOrtedinTablel，TheamountofNO2  
nitrogenabsorbedcouldbeestimatedbydividingtheexcess15NbyO・947・DayandNight  
absorption（freshweight basis）in20minwas60and17FLgN／ginsunflowerleaves，and  
23and24pgN／ginspinachleaves，reSpeCtively，Theabsorptionrateat25Oc，eStimated  
from the disappearance of NO2in a・gaS Chamber having sunflower plants hside，also  
indicated greater absorptionin the daytimein comparison with night absorption：the  
experiment on spinachplantsrevealedthatalargerdayabsorptionalsooccurredbutwith  
asmallerdifferencebetweendayandnightabsorption，（KaJiandYoneyama，unPublished  
data）．Nodifferenceobservedinthepresentexperimentonspinachleaveswhichmightbe  
attributedtobigfluctuationsinthecontrolofatmosphericNO2COnCentration・  

Percentagedistributionof15Nindicatedmost（99％）NO2－rlitrogenwastransforrrled  
intoreduced organic nitrogen compoundsinthedaytime．1ncorltraSt，inthenighttime，a  
considerable percent（11－15）remainedin the acidicforms（maybenitrateand nitrite）  
（Tablel）．Substantialnitrite wasdetectedinthespinachleavesfumigatedinthenight・  
The amount of nitrate comillg from atrrlOSPheric NO2 WaS greaterin the nigl－ttime  
fumigation thanin daytime fumigation．Usually，nO nitriteis detectedin the  
non－fumigatedleaves（16），therefore，the nitrite detectedin the NO2－fumigatedleaves  
wasconsidered to originate fromatmosphericNO2andtohavea15NcontentOf94・7  
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Tablel■5〃d由′伽血〝f〃〟ほ如γe∫g叩0∫e（！ro15ルJ々毎Jd〃0っ〃／4・β即竹】か2β椚J〃  

Njkog印COnte刀I  ISNc（）刀如モ  

（〟gN／gr．w，）  （atom％excess）  
Excesst5N（〃gN／gr．w．）  

Fraction  
、Day  Ni各bl  Day  N短ht  Daγ  Nigbt  

Sunflower  

1nsoluble  7193  

Soluble  753   

NOま＋NO∋  137  

NO；  0，02  

NO；   137   

0ther  616  

Tota1  7946  

0．04  9．4（17）C  2．3（14）  

1．88   47．5（83） 14．2（86）  

1．32  0．5（1） 1．8（11）  

94．7a  o．02  0．03  

1．28b o．48  1．77  

5（i34  0．13   

755  6．31  

138  0．40   

0．03  94．7a  

138  0．35b  
617  7．63b  

6389  

2・01b 47，0（82）  
56．9（100）  

12．4（75）  

l（〉．5（100）  

SpjれaCl1   

3668  0．09  0．04  3．4（1（〉）  

610  3．03  3，50  1臥2（84）  

227  0・1（；  Ⅰ．56  0，2（1）   

1．5   94．7a  94．7a  o．03  

225  0．13b  o．93b o．17  
383  3，99b   4．64b l臥6（83）  

4278  21．6（100）  

Insoluble  

SoIuble  
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 a，A山NOユ・i刀伽Jeave∫Wag8Sざumedと00fjgjnatehコma【omosphericNO篭・  

Excesst5N  b，Calculatedbythefollowlngequationニ  

C，TheれⅦmeTalsin仇epaleTlthesesaTeTelaliYeYallleStOl‘Total’’（10q．   

atom％excessISN．Usingthisassumption，the15N contentofnitratewascalculated  
（Tablel）．Compared with the15N contentjn伽T）itraleahjgheT15Nco刀tentWaS  
estimatedin“other”fraction（con5ideredtobemair11yconsistingofaminoacids）．  

Table2showsthe15NcontentintheaminoacidsandamidesDfthebasicfraction．  
Intheday，thehighest15NcorLterltWaSdetectedintheamidenitrogenofglutamine，and  
also high15N content was detectedinaspartic acid，glutamicacid，Serine，alanineand  
γ－amino butyricacidLInthenight，aneXtremelyhigh15Ncontentwasdetectedinthe  
amidenitrogenofglutamine，butthe15Ncontentsofotheraminoacidswererelatively  
low．Thesedatahaveapatternof15Ncontentsimilartothecasesof15N－1abelednitrite，  
nitrateandammDniaassimilation（6，7）．  

Based orlnitrate and nitrite assimilation（6）and on data obtainedin the present  
experiment，a SCheme for nitrogen dioxidereactioIISatthecellularlevelisproposedirl  
Fig．1．The quantity of NO2 absorptionis relAted to NO2 COnCentration（13）and  
stomatalaperture（17）：thisresultedinmoreabsorptionintheatmosphereofhighNO2  
concentration，andinthe（laytim早．AbsorbedNO2isconvertedintonitrateandnitTitein  
the cells（16），aSin water．The nitrate and nitrit9is reduced to ammonia by a  
combination of nitrate reductase and nitrite reductase．The operatiorL Ofthisreduction  

systemi5 mOre aCtive underlight conditions（6）．In the night，nitrite and nitrate  
originatingfrorn NO2COuldbeaccumulatedthaninthedaytime，Theammoniaproduced  

54   



ed  

a  

et 

・1S   



M．Kajjeta】．  

noとdepeIldellとorl【加l短加，bu亡Ⅰ血rogentransrer什om一九eamidetoaminoacidiss血Ctly  
dependent onthelight．The resultsshowninTable2areconsistent withtheirfirldings，  
Very rapid transfornlation of NO2in plantce11swithverysmallamounts∫emainjngas  
nitriteandnitratesuggestthatNO2mightbedireムtlycoupledwithareductase（nitrite  
reductaseisprobabl¢）beforeit changesinto nitriteand nitrate．Theprobabilityofthis  
reduction systemshould bestudiedLInconclusion，NO2absorbedintheleafisactiYely  
assimilatedinto reduced organic nitrogen comp（）unds throu％h nitrate assimilation  
5y5femg．   

仇fr伽め〃0／15∧rα如℃rわedα∫〟0】7乃∫〟〃β州e′〆α〃J∫  

Data summarizing the distribution ofthe NO2－nitrogen absorbedin the shoot of  
SunflowerplantsarereportedinTable3，Duringthe8－dayexperimentalperiod，thefresh  
Weight and totalnitrogen of the plantsincreased，eSpeCiallyin Leaf4，5，6，7，Stern  
l，2，3，4，5，6and Root．15NO2WaSabsorbedmainlyintheJleaves（Leaf2，3，4，5）atday  
O；伽bigge‥heleaffre5わwejg加抽e more NO2－m正和ge∫－absorbed・Perce血distnbu－  

Table3 α！け加血〃〆15〃f〃m′押wg′〆β〝r∫d  

Distribution Changesof％   
Or】5N du∫jngsampト   

（％）  pefiod  

FTeSllWeight Totalnitrogen Excess15N   

（g）  （mg）  （ルgN）  

（1）DayO（Justaftertheendof15NO】fumigation）  

Leaf 5  0．87  7．9  190  10．5  

40．1  

32．8   

8．2   

ユ．ユ   

2．6   

1．4   

1，8   

1．6  

100．1  

4  2．12  

3  2，27  

2  l．O1  

1  0．72  

Stem 3  2．32  

2  2．02  

1  2．08  

16．4  724  

13．7  592  

3．8  148  

1．4  19  

6．4  47  

4．7  26  

4．4  3  

Root  2・34  4．6  28  

To†a】（me∂れ）  15．74  占3．1  1糾）‘  

1ndivid11al （11．82，19・66）（51．7，74．6）（1587，2024）  

（2）Day二I  

Lear（；  0，69  

5  1，43  

4  2，15  

3  2．3（1  

2  0．79  

1  0．74  

Slem 4  仇96  

3  ユ．07  

2  2．41  

1  3．14  

Root  3，03  

T〔血＝mean）  19．74   

DayO－Day3  

＋29．6  

・
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3
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9  243  13．6  

2  464  2（，．3  

478  27．1  －13．0  

15．3  －17，5   

2，3  － 5．9  

0．2  － 0．9  

2．2  十 2．2  

1．8  － D．8  

■1．6  ＋ 0，2  

3．5  十 1．7  

6．0  十 4．4  

37  269  

3．3  41  

1．5  3  

2．4  38  

4．6  31  

4．1  29  

4．5  62  

5．8  105  

70．9  1761  100．1  

1ndividual （18．96，20，52）（70．0，7l．8）（1935，1586）   



NO2absorptlOnbyplantsandsous（Vl）  

Distribution changesof％   
or‖N du血gsamplr   

（％）  period  

Total nitrogen Excess 1IN 
（mg）  （〃gN）  

Freshweight   

（g）  

（3）Day＄  

Lear 7  

ト  
5  

4  

3  

2  

1  

Stem（〉  

5  

4  

3  

2  

1  

Roof  

Total（mean）  

Day3－Day8  

＋ 5．8  
1．74  13．5  

4．05  29．4   

5．07  28．5  

4．54  22．3  

3．00  13．9  

1．15  4．4   

0．64  1．】   

0．64  1．7  

1．65  3．6   

3．59  6．7   

7．50  11．0   

7．45  9．3   

6．60  7．3   

臥0：！  12．ユ  

55．61  1（）4．4  
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32．1  ＋ 5．8  

23，8  － 3．3  

8．4  － 6，9  

l．S  － 0．8  

0．3  ＋ 0．1   

0．7  ＋ 0．7   

0．9  ＋ 0．9  

1．6  － 0，6   

2．0  ＋ 0．Z  

l．8  ＋ 
2．8  － 0．7   

4＿5  －1．5  

9⊆し8  

Individual （62．67，48．55）（182．0，14（i，7）  

a，Theplantswcrefumigaledwith2－4ppmJ5NOユfor2hoursatDayO．   
A11dataindicatedaremeansofthearlalyticalresultsofduplicates（twoplants），  

b，ThenumbersoftheIeafandsteminthreesamplirlgtimesarecorrespondingeachother，  

tionof15Ntothestemsandtherootwasverysmall，thoughthefreshweightwascon－  
siderable．Theamountoftotal 

decreaseof、】5Nwasdetec亡edill亡如plantsa捏er8day5，Jnano抽erexperime叫Whe∫ea  
specificleaf waslabeledwith15N，nO Significantlossover3dayswasobserved（Kaji，  
unpublished）．Thepercentageoftotal15Ninplantorgans，0，3and8daysafterfumiga－  
tion was calculated and the distribution of the nitrogen absorbed as NO2 from the  
atmosphere was discussed．The NO2－nitrogen absorbedin the mature oralmostmature  

leaves（Lear】，2，3，4）decreased durjIlg上〉ayOandDay3，Whe∫ea5拍epercell土∂ge Off力e  
nitTOgenincTeaSedin the Tapidly srowing parts（Leaf5，6，Steml，4and Root），During  
Day3toDay8，theperCentage15Ninthematureleaves（Leaf2，3，4）wasfurtherreduced  
withincreasesinthegrowingleavesandstems（Leaf5，6，7andStem5，6），Jntheroot，the  
percentage was declined from Day3toDay8．These data confirm that the nitrogen  

absoTbed as NO2Can be tTanSfeTTed from the partswl】ereNO2WaSabsoTbedtoother  
parts・The direction of the transfer阜S generally from mature organs towards growing  
OrganS，Thedataalsosuggestthatsomenitrogenintheshootcouldbetranslocatedtothe  
root，anda各ainitmi各htbereturnedtotheshoot．Ma！tin（10）andPate（12）reportedthat  
some15Nwasdetectedintherootwhen15N－1abelednitratewasfedtotheleaves＿  

35sabsoTbedinthe］eavesasSO2fro∬】atmOSPhereseemstobetranslocatedtoother  
organs（2，3，14）andthetranslocationformissulfate（14）．Fluoride，anOtherairpollutant，  
wasreportednottobetranslocatedfrom theleaftothestemnorfrom thestemtothe  
root（ノ）．  
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The NO2absorbedin theleavesare rapidly assimi1atedintoaminoacidsandamides  

asreportedinthefirstexperiment，andsomeofthearninoacidsandarnides（5）maybe  

translocatedtootherorgans（mainlytogrowingparts）LWeplantoinYeStigatethespecific  

re加jo∫l血1pamOIlgp】aローp8rtSCOIICernll】gl血rogeJla】10Ca亡ioII．  
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NO2funligation（5）▲Measurementsof15NOluptake，nitriteaccumulationandnitritereductase   
activityin herbaceous plants・Jn Studies oTleValuo（tonandomeLiora（iono／■airpoL［uTionby  
Plants・Progressreportin1976－－1977，Reportofspecialresearchprq］eCt，NIESRL2，plO3－】‖，  
1978．  
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Re5．Rep．Na11，Inst．EれVifOn，Stud・No▲11（1980）  

AbsorptionofatmosphericNO2byplantsandsoilsVII．  

NOユabsorptionbyplaTltS：re－eValuationoftheair－SOil－rOOtrOute   

TadakatsuYoneyamal，TakashlYasuda2，JinyaYazak12andTsumuguTotsukal   

】DivISionofEnvironmentalBioIogy，TheNationalInstituteforEnvironmenta）Studies，   
Yatabe，IbaJaki305  

2DepartmentofAgricu］tura］Chemj翼try，NihnnUr！ivcrsi！y，Se！agaya，Tokyo154  

Plantsin sou were fumigatedwith15N・1abe）ed NO2 rOr60－70min，and the  
NO2－nitrogenwhlChhadaccumulatedintheplantswasestimated・Justafterfumigation，  
NOっ－nitTO許nWaSmQStlydist－ibutedil－theleaveswithasmallamoⅥ¶tinthらSl¢mSand  
roots．However，ifthefuTnigatedplantswerefurthergrowninNO，・freealrforlweek，a  
considerableincreaseofNO2－nltrOgen壷asobserved espeCia11yinthestemsandroots・  
When tlleSOilsofthepots，Ⅶhefeiれ画anlsweTe釘OWn，We－ehmi脚tedwilhNO”the  
NOl－nitrogen sorbedintosoilswasabsoIbedbyplantsoveralongtimeperiod；inthe  
experiment uslng COrn plarLtS，absorption continued for14days・The amountor  
NOユ・nitrogenabsorbedbyrootsappear由tDbepa一山ydependentonthemassorthe  
roots（dry・Weight）．  

TheconclusionsareasfolIows＝NO2intheairisabsorbedbytheaerialplantpaLtS  
（mainlyleaves）arldsoil．NOユーnilrogensOrl）edintot】一eSOilisgIadua11yabsoTbedbythe  
roots，the pTOCeSS taking a TelatlVelylong time・Thererore，the proportion of  
NO2・nitrogenabsorbedbyrootscouldbecorLSiderablewhenplantswererumlgatedwith  
NO2rOrlong匹nOds・  

Keywords：AbsoTPtionofNO，LAirpollutiorL－Nitrogendioxide－Plantandsoilsystem  

Plantsand soilsareconslderedtobemaJOr Slnks ofatmosphericairpollutantS，SuCh  
as SO2andNO2（1，3）．However，themechanismsoftheremovalsystem5arenOtfully  
understood．StudleS On NO2absorption and metabolismin soiland plantsystemsmay  
servefortheunderstandingofthefateofatmosphericNO2，animportantalrpOllutant・  
ln such stlldies，15NLlabeled NO2may beof use to trace theNO2－nitrogen・lnvestiga－  
tior［S Of15NO2metabolismin plantleavesrevealed that NO2israpidly changedinto  
organic forms throughthe generalnitrate assimilation pathways（7）．Tlle rOutes for  
NOrnltrogen absorption by plantshadbeen determinedfrom tracerexpedmentsusing  
15N（5）．Onerouteisadirectabsorptionby，thcaerialplantparts，andanotherisroot  
uptakeoftheNO2－nitrogenafterNO2issorbedintosoil．ThecoTltributionofthelatter  
route‾inNO2－nitrogenabsorptionbyplantsinashorttimewasestmlatedtoberelatively  
small．  

S11CCeSSIYelon告－tem eXaminatlOnS（川）have TeVeald that the amount of NOユー  
nitrogen h plants fumigatedin the nighttime was around one－half of the daytime  
ab50rption；theratioobtainedfordayandnightab50rptionwasratherhlghincomparison  
with the rate obtained from a short－term15NO2fumigation experiment（8）．1t was  
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T，Yoneyamaetal．  

COnSideredthattheamountofNO2・nitrogenabsorbedthroughsoilandrootcouldnotbe  
insignlficantin along－term NO2 fumigation．ThlS WaSinferred from the following  
Observations：a COnSiderable amount of NO2－nltrOgen WaS detectedin the soilin a  
Short－term1SNO2fumigation（5），andtheNO2L血rogenwaseasilytTanSferTedfTOmthe  
Site of absorption to thelowersoi11ayersalongwith watermovement：Along time，  
however；mightberequiredforabsorptionoftheNO2－nitrogeninsoilsthroughtheplant  
roots．   

In thlS paPer，We have conducted somelong，term eXPeriments to evaluate the  
air－SOil－rOOtrOuteOnNO2absorption．  

Materialsandmethods  

The soilusedin the present experiment was the same type as usedin aprevious  
experlment（5）．The soilwatercontentwas30％onadryweightbasis．Onekgoffresh  
50封wa5p】acedjneacわpoりsoJsurfaceare8：】00cmヱ，pO〔heigh【：20cm）．   

In thefirstexperiment，yOungplantsofsixspecieswereused．Theseedsofcucumber  
（Cucumissa［ivusL・），kidneybean（PhaseolusvuLgarisL），tOmatO（LycopefTiconesculen－  
tum Mill），Sunflower（HeliandzusannuusL．），SWisschard（Beh”uLgqrzs L．），andcom  
（Zea mays L．）were sownin pots on the9th of May，and grownirL a naturally－1it  
growth∫00m（roomtempera加e：250c，∫el血veh皿j抽y二70％）．On血30thofMay，6  
uniform plantswereselected foreachplant species・Theseedlingsofsunflower，Swiss  
Chard，andcomweretransferredintoanartificially－1itgrowthchamber（airtemperature：  
250c，reIativehumidity：70％），andfumigatedwithJ5NO2atlppmforlhourinthe  
daytime（12：00r16：Od）inthelight（30klx）using a smallfumigation chamberas re－  
ported previously（5）；fumigation for each species was conducted separately．On the  
next day，theseedlingsofcucumber，kidney beanandtomatowerealsofumigatedwith  
15NO2inthesamemanner．Threeplantsweresampledjustafterterminationof15NO2  
fum唱a山）n皿d，al10山er地代e Were Smpled afterIweek durmgwllic血仙e fumig訳ed  
Plants werefurthergrown under NO2－freeconditionsin the naturally－1itgrowthroom．  
PlantswereseparatedintoseveralpartsasindicatedinTablel．  

Sunflowerandcornplantsoftwodifferentgrowthageswere preparedandusedfor  
the15NO2fumigationexperimentasfollows：thesunflowerseedsweresownin80pots  
Oll抽e3】sf ofMay，a∫ld grow∫一山占＝閑turaHy一】itgrow血room．Twe】ye山Iiformp】arlt5  
were obtained andsixwerefumigatedwith15NO2 at2．02．2ppm（hour－aVerageOf  
minute－determination）in tlle nighttime（23：00r24：00，June14）in the dark and the  
another six were fumigated underlight condition（30klx）in the same mannerinthe  
daytime（12：25－13：25，Juムe15）usingthegasfumigation。hamberasrnenti。nedinthe  
firstexperiment．Therestofthesunflowerplantsweresupp］iedwithfertilizer（0．25gof  
（N＝4）2SO4 and O・25g of K＝2PO4per eaCh pot）on the15th c．fJune，and further  
gTOWnin the naturally－1it growthroom・Day and nighttime fumigation tolargeplants  
Were Performedonthe27thofJuneunderthesameconditionsasforthesmallplants．  
Corn plants were sown on the30th ofJuly（1arge plants）and on the13thofAugust  
（sma11plants）；theformerplantsweresuppliedwithO．25gof（NH4）2SO4andO．25gof  
KH2PO40nthe13thofAugust・15NO2fumigation tothelargeandsmallplantswas  
cムrriedoutonthe28thofAugustunderthesameconditionsasforthesunflowerplants．  
naれt5Wereざamp】edju5ta鮎rthetem血aぬn or15NOユ蝕m顧tjonanda鮎rlweek  
during that time the fumigated plants were furthergrownin the nat11rally－1itgrowth  
room，andseparatedintoseveralpartsasindicatedinTable2（sunflower）andinTable3   



NOユabsoIptionbyplantsandsoils（ⅤIl）  

（corn）．  

Time－COurSe eXperiments on plant uptake of NO2－nitrogen sorbedinto soils were  

carried out for sunnowerand corn plants as follows・TheseedsofsuIlnOWerandcorn  

were sown on the23rd and27th ofAugust，reSpeCtively，and growninanaturally－1it  

growthroom．0．5gof（NH4）2SO4andO．5gofKH2PO4Wereaddedtoeachpotonthe  

31stofAugust．Onthe13thofSeptember，16uniformcornplantsweretranSferredtoan  

artificiallyLlitgrowthchamber．Thesoilsofeightpotswerefumigatedwith15NO2for70  

mhat3・8ppm（averageofminute－determination）inthedayt血e，andtoanother8pots，  

a solution of K15NO3（1．5mg K15NO3per eaCh pot）wasapplied on the soils．The  
IS NO2fumigationbox（30x60x68cm）had8holesontheupperside；throughwhich  

Tablel伽明両明函抽廟紬棚招  
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Swisscllard Shoot  34．7  90．0   4．0   24  

Root  ll．8   0．4  0．4  
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Corn  Learblade ユ16  443  6．4   38  

Learsheath  267  2．9  2  
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Tota1  4：i±11  
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ユ1ユ   850   7．6   33  

501  3．2  13  

978   9．0   21  

も7±13  

a，NOユgaSWaSlabeledwith15N（99．7atorn％），andtheamountofNO，・nitrogeninplantswas   

e5timated．  

b，NO2COnCentrationwasrnonitoredeveTyminute，andthehour－aVerageSfluetuatedbetween  

l．00pl．07ppmfortherumigationofthe6plantspeCies．  
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T．Yoneyamaetal，  

theplantsshotleafsheathsandleafblades，andtheleafsheathsintheboxwerecovered  
byvinyltubestoprotectplantsfromdirectcomtactwith15NO2gaS（5）．TheaiTinthe  
box was continuous】ymixedl】Si】】g3smallfans（ModeJPXJ43】】1，JAPANSERVOCO．  
LTD）．（It had previously been checked that the NO2introducedintotheboxquickly  
mixedwithair，andtheNO2COnCentrationintheboxrapidlybecamealmostconstantat  
allpoints．）After15Napplication of15NO2OrK15NO3，2plantsweresampledatthe  
followingtimes，justafter15Napplication（DayO），3days（Day3），7days（Day7）and  
14days（Day14）．The plants were separatedinto severalparts as shownin Table5・  
Fumigationby15NO2andapplicationofK）5NO3tOSunflowerplantswereconducted  
Onthe20tllOfSeptemberinasimilarwayasforcornplants．Plantswerealsosampledon  
appropnatedaysafter15Ntreatment，andseparatedintothepartsshowninTable4・  

Smallplantswerewateredeverytwodaysandlargeplantswerewateredeverydayto  
PrOVide moist conditions．The concentratlOn Of NO2in the fumigation boxes was  
monitoredminutebyminutebyaKimotoNOxallalyzer，andthedecreaseofNO2inthe  
boxwasreplenishedwithaddltion．TheNO2COnCentrationintheboxusuauynuct11ated  
within 20％ of the appointed concentration，and varlations of the average NO2  
collCenけationatt】1efumi即日onperjodswerewi山刀ユ0％for殿Cムhea加e∫】f．SomeNO  
wasevoIvedintheNO2fumigationchambers，buttheestlmatedamountofNO－mitrogen  
absorbedbyplantsandsoilswaslessthan2％oftheabsorbedNO2－rutrOgen．  
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a，NO？gaSWaSlabeledwithlSN（997atom％）・andtheamountofNOl・nitrogenwasestimated  
b，HouトaVeTageSrOleaChrumigationnuctuatedbetween2■0－2・2ppm・  
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NO2absorptionbyplantsandsoils（ⅤⅠⅠ）  

Al1sample5Weredriedinanovenat90Ocforatleast3days，andbeforeanalysis  
theywerefurtherdriedatlO50cforlhour・Groundsampleswereemployedforanalysis  
of totalnltrOgen by the Kjeldahlmethod．The15N content wasdeterminedbyan  
emissionsp占ctroscopicmethod（4）．Theamountofnitrogenintheplantsoriginatingfrom  
NO20rKNO3WaSCalculatedasfollows．  

15Natom％excessofplantsamples  
Totalnitrogeninplantsx   

15Natom％モXCeSSOf15Ncompoundapplied  
ThemeanvaluesforthTeePlantSareindicatedinTablesl，2and3，Whllethemean  

Values fortwoplantsareshowninTables4and5．The datafortotalNO2－nitrogenare  

followedbythestandarddeviationfromthemean．  

Results  

InyolユngplantsalargeprcportionofNOユーnitrogenwa5dlstributediJlllleleavesbya  

l・hourNO2fumigatlOnin6plantspeciesasshowninTablel，andtheplantsharvestedl  

WeekafterNO2treatmenthadaccumulatedmoreNO2－nitrogen；eSpeCial1y，the amount  

Table3 上）f∫けf占〟Jわ〝qr〃〟′（那〃derルdノね川〟01血一触co川戸加r方舟m如Jed伊納  

〃Ol〃ル′川0〃r〟r2．∂”抑㌦れ血旬血附加鴫佃れ  

Justarterttlモterminationor  
餌mlgation  

1weekaFteTNOltleatment  

Plant ,Fumigatian Plant 
Leaf Dry Total Nrrom  
area weight N  NO】  

（cm2）（mg）（mg）  山g）  

mass time  part Leaf Dry Total  
area weight N  
（Cml）（mg）（mg）  

N rrom  
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blade  

Lear  
sheath  

RooI  
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Small Nighttime Lear  
blade  
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Tot山  

Large Daytime Leaf  
blade  
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Sheath  

Root  

Total  

19ユ  ユ10   7．4   68  
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847±109   
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17土6  
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303  4．1 30  
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156±9  

299  （i53 12．1 48  

319  4．3 19  

498  5．8 17  

84±6  

1205  3753  65，2 574  

3040  29．5 229  

2250  27，9 164  

967±108  

1117  3315  61，7 16  

2274  33．0  27  

1894  25．1 20  

63±10  

Large Nightt血¢  Lear  
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Lear  

sheath  

Root  

Total  

a，b，SeethefootnoteofTable2．  
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T．Yoneyamaetal．  

OfNO＝－nitroBeninstems androotshadincreased，Formostoftheplantsinvestigated，  
the NO2－nitrogellWhich had accumulatedin theleaves by NO2 fumigation decreased  
during the fo11owing week，perhaps being translocated to other plant parts．The  
percentageincrease of NO2，nitrogen duringlweekrelativetotheinitialNO2－nitrogen  
Were7，8，10，15，33and56％intomato，kidneybean，CuCumber，SunnOWer，Swisschard  
andcornplants，reSpeCtively．  

Daytime fumlgation resultedin anincreasedpaccumulation of NO2－nitrogenin all  
parts for both small and large sunflower plants compared to nighttime fumigation as 
ShowninTable2．Afterlweek，mOre NO2－nltrOgen WaS detectedinthe plants．The  
PerCentageincrease wasll％（smallplants）and80％（1arge plants）for the daytime－  
fumigated plants，and98％（smallplants）and48％（1argeplants）fornighttime－fumigated  
Plants．A sim鮎rinvestigat］On for com pユants（Tabユe3）iLldjcated that the amount of  
NO2－nitrogenabsorbedintheleavesinthenighttimewasonly4％（smallplants）andl％  
（large plantS）ofthe NO2－nitrogenin theleavesfumigatedinthedaytime．Afterlweek，  
more NO2－nitrogen was detectedin the plants thaninitially；eSPeCially for theleaf  
Sheathsandroots，aZargeincreaseofNO2，nitrogenwasobserved．Thepercentageincrease  
Of the NO2－nitrogen forlweek waslO5％（smallplants）and14％（1arge plants）for  
daytin1e－fumigated plants，and1600％（smal1plants）and 270％（1a∫ge plants）fof  
nighttime－fumigatedplants．  

When only the soils，On WhlChthe plants were grown，Were eXPOSed to NO2，a  
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a，TTlenitrogenappliedas NOユOTKNO，WaSlabeledwith15N（99．7atom％），andtheamountof   
thenitrogenderivedfromNOユOTKNO3WaSeStimated・15NO2gaSWaSfumigatedfor70minat   
3・8ppm（averageofminute－deteTmirLations）・1・5mgofK’5NO，WaSappliedtoeachpot．  
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NOユabsorptionbyplantsandsoils（VII）  

Table5JWJ／℃gビ′川ろ∫ロ岬J／ロ〝∂γCOr／一クね〝／∫〝カg〝〟ク2ク′揖J∂3け〃∫占p〆由♂の∫ク肋〃  

NO。treatment  KNOぅtJeatme】lt  Days  
after  
15N plant Leaf  
treat－  parl area  
ment  （Cm2）  

DIy Total Nfrom Dislてi－ Leaf Dry  TQtal Nfrom Distti－  
Weiか N  bn 

（）（g） 
776 33．1  0  ユ98  797 33．5   0   

384 17．2  1  440 17．6   3  

328  9．8  1  345 10．3   0  

2  3  

921 43．9   56  41  518 1036 4ユ．ユ  3S  

54ヰ  23．5   63  ヰ6  45ラ 17．ラ   28  

305  8，8  18  13  649 15．2  12  

Day（）  加
慧
血
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。
。
t
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監
温
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。
。
t
M
L
e
a
r
仙
L
e
a
r
慧
M
L
e
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慧
油
R
。
。
t
M
 
 

137±5 100  75±41100  

81，7 132  46  837 2202 77．9   63  44  
、
 
 

L
 
 

n
U
 
 

1297  26．7   90  31  1192  27．7   54  38  

】050 2】′2  65  ：！3  1193  二！3．6   27  19  

287±36 100  144±9 101  

78，5  177  54 1472 二‡240  88．6 104  55  
2
 
 

3
 
 

2052 41．1  99  30  1881 38．2  62  32  

1819  25．8   54  1（〉  1570  21．5   24  12  

330±I5 100  193±29  99  

a，See山efoo‡noteorTable4．   

cumulativeirlCreaSeOfNO2－nitrogen’wasobservedinsunflowerplants（Table4）andcorn  
plants（Table5）．1nsunnowerplants，theincreaseofNO2－nitrogeninplantsappearedto  
stop after3days，butincornplants，it continued up to Day14・A simultaneous  
examination ofthe nitrogen absorption from KNO3appliedtothesoilsindicatedthat  
plants continued to absorb KNO3nitrogen upto Day14，though alarge amount or  
nitrogenwasabsorbedwithlrllweek・ThedistributionsofnitrogenderivedfromNO20r  
KNO3inplantsweresimilar．  

Discus5ion   

Theaimofthepresentexaminationwastoevaluatequantitativelythesignificanceof  
theNO2Lnitrogenabsorptioninplantsthroughtheair－SOiJ－rOOtrOuteincompaTisorIWith  
thedirectabsorptionthroughtheaerialplantparts．Ourpreviouspaper（5）indicatedthat  
thecontributionoftheair－SOil－rOOtrOuteforNO2－nitrogenabsorptlOnOVeTaShorttime  
WaSinsignificant．Most oftheNO2－nitrogenintheplantssampledjustaftertermination  
of the15NO2fumigationperiods（6070min）originatedfromtheNO2－nitrogenab－  
sorbeddirectlybytheaerialplantparts・TheincreaseofNO2－nitrogenintheplantSkept  
in NO2－free air forlweekcouldbeattributedtotheabsorptionbytheplantrootsof   



T．Yoneyamaetal．  

No2－nitrogen sorbedintothesoil・Theexperimentspresentedhereindicatethatittook  
ratheralongtimeforplantstoabsorbtheNO2－nitrogensorbedintosoils．Withinlweek  

after NO2 fumlgationin plant－SOilsystems，a COnSiderable amount of NO2－nitrogen  
SOrbedinto soils was absorbedinyoung plants（Tablel），insma11andlargesunnower  
plants（Table3）andinsmallandlargecornplants（Table4）．Especially，theamountof  
NO2－nitrogen absorbedbynighttime－fumigatedplantsthroughtherootsafterthefurni－  
gationperiodhadendedwereJarge（Tables2and3）．AfterlweekthetotalNO2－nitrogen  
insmallsunflowerand cornplants，furnigatedinthenighttime，reaChedto42％and54％  
Ofthatoftheplantsfumigatedinthedaytime，reSpeCtively．   

Previousexaminations（2，9）indicatethatNO2SOrbedintosoilsconvertstonitrate  
and nitTite，and thenitriteisTapidlyoxidized tonitrate．ExperimentsbyYoneYamaet  
al．（9）indicate thatnitrate and nitrite produced from NO2mOVe down to deeper  
SOil－1ayers following the movement of water・The nitrate and nitrite，Which approach  
the roots，Can be absorbed by plants，and someis reducedinto organic nitrogen  

500  1000  

R00t dry－㈹ight（mg）  

Fig■1・加ゎ〟0耶坤如weg〃和OJdサーWgな加α〃d〟0。・油′呼e乃〃ゐ∫0′ゐgdr加叫頭血  
air－SOi［－，00trOuTe・TheamountofNOl－nitrogenwasrecalculatedassumingthatsoils  
WerefumigatedwithlppmNO2andkeptinNO2－freeairforlhour，thereafter，inall  
CaSCSLI）atawereobtainedfroml・CuCumber，2，kidneybearl，3．tomato，4．sunflower，  
5・SwisschardarLd6・COInOfTablel，7・Smalls11nnOWer（daytime），8．smallsunflower  
（rLighttime），9・1argesunflower（daytime），andlO．1argesunnower（nighttime），OfTable  
2，11，Snlallcorn（daytime），12・Smallcorn（rLightti7T．e），13・1argecom（daytime），and  
14．1argecorn（nighttime），OfTable3，15，SunnOWer OfTable4and16．cornofTable  
5．   



NOまabsorptionbyplantsandso山s（VH）  

compoundsin theplants（6）．Thenitrogenabsorbed from rootsmaybe distributedtoa  

greaterextentintherootsandthestemsthanthenitrogentakenupbytheleaves．Wedid  

not determine the distrlbutlOn Of NO2－nltrOgenin soils，therefore the amount of  

NO2－nitrogenwhichremainedinthesoilsafterplantuptakeisunknown．   

The factorswhich determinethe■amountofNO2－nitrogentakenupbyplantroots  
areiLltereSting．The massofplantrootsisconsidered to be one ofthemainfactors．The  

relationshlPbetween．thedryweightofth占rootsatthefumigationtimeandtheamount  
OfNO2－nitrogentakenupthroughsoilsisshowninFig．1，Whereitisassumedthatlppm  

NO2WaSfumigated forlhourandtheplantsweregrownfurtherinNO2－freeairforl  

Week，Asignlficantrelationship wasfound．However，Otherfactorsofsoilconditionsand  

rootnatureshould alsobe takenintoaccount．  
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Stll雨esorltlle¢ffectsofairpo11utanlsonplants  
andmechanismsofphytotoxicity  
Res．Rep．Natl・Inst・EnviTOn・Stud・No・11（1980）  

SpecificinhibitionofphotosystemIIacdvitylnChloroplasts  

byfumlgationofsplnaChleaveswithSO2   

Ken－ichlrOShimazakiandKiyoshiSugahara  

DivisiorLOfEnvironmentalBiology，TheNationalInstituteforEnvironmentalStudies，  
Yatabe，Ibaraki305   

The phytotoxic effects ofsulfur dioxide（SO。）wereinvestigated by fumigating  
Spinaeh plants with SO。．1nhibitionof2，6LdichloTOindophenol（DCJP）photoTeduction  
was obscrved h spinach chloroplastsisolated fromfumigatedleaves．NADPandDCIP  

PhotoreductiollSWereinhibitedtoasimi1arextentbynlmigationwith2，OppmSO2but  
electTOn flow from reduced DCIP to NADP was not affectedlWhcn electronflowfrom  

H20 to NAI）P wasinhibited by 36％，a39％inhibitlOn Of nor）－CyClic photophos－  
Phoryladon was observed．However，Phenazine methosulfate（PMS）ヾatalyzed cycIic  
photophosphoTyladon was as active asin the controIchloroplasts．Moreover，in the  
presenceofPMS，nOSignificantsuppressionwasobservedintheextentoflightLinduced  
H＋uptakeorin the rate ofH＋efれuxinchloIOplasts．F【Om these results，itcanbe  
COnCluded that SO？inl1ibits theelectron f）ow driven by photosystemIIwhenplants  
havebeenfuTnlgatedwithSOっ■  

InspinachleavesfumlgatedwithSO2，therateofphotosyntheticO2eVOIutionwas  
7educed unde71ight－1imited condltions，While the rate ofrcspiratory Oっuptake was  
Sh宮htly changed．Key wolds二 ChloTOplasIs － effect or SOま・electron t∫anSpOJモ ー  
photosystemIl－photosynthesis－Sulfurdioxide  

Sulfurdioxide，ama）OratmOSPhericpollutant，has been knowntocausedamagesto  
Plant．EnvironmentalfactorsaffectingSO2Phytotoxicity，descriptlOnOfvisibleinjurie5，  
andthesusceptibility ofmanyplarLtSpeCieshavebeenreportedbyanumberofworkers  
（5，6，10，12，23，24，25）．However，therearefewreportsondamagetoplantsbygaseous  
SO2Withrespecttophysiolo臣Calalterationsatthesubcellularlevel（9，21）．  

ChlorosisandrLeCrOSISarethemostpTOminentphenomenaofSO2phytotoxicityand  
are derived from the breakdowrlOfphotosynthetic pigmentslocalizedinthe thylakoid  
membranes・Recently，Wellbumetal．（26），uSinganelectronmicroscope，foundsIVelling  
Of thylakoid membranesinduced＿by SO2 fumigation．Ziegler（29）showed a great  
incorporation of sulfurinto chloroplastlammellae during SOヱ fumlgation・Thu5，  
irreversible damage can be expectedin the thylakoid membranes，When plants are  
exposedtoSO2．Recently，Malhotra（14）investigatedtheeffectofSO20nultrastructural  

1．Thisstudyw乱Spubli血edinこPJdnr＆Ce！‖’たッsわi．ユ0こ945¶955（1979）．   

Abbreviations：DCTP，2，6・dichloroindophenol；DCMU，3－（3’，4’Ldichlorophenyl）一1，1Ldimethylurca；  
PMS，phenazinehethosulrate．  
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K．ShimazakiandK，Sugahara  

Organization and the activity of the DCIP・Hillreactionin chloroplastsbytreatment of  
pine needlesin acid aqueous conditions▲He showed that SO2induced theswellingof  
thylakoids andinhibitionoftheHillreactioJlbutdidnotmentionthesiteofinhibitionin  
theelectrontransportsystem．  

The presentstudywasaimed todeterminethestepsinthephotosyntheticprocess，  
especiadyin the photosynthetic electron transport system，Of spinachleaves damaged  
during SO2fumigation．The resultsindicatedthatspecificinhibitioninphotosystemIJ  
activityinchloroplastswascaused with SO2fumlgation・In addition，We describethe  
effect of SO2 0n photosynthetic O2 eVOlution byleaf strips underlight－1imited  
COnditions．  

Materials and methods 

アね〃Jmαfe′Jαわ  

Spinach（Sp［nacz■a oleracea L，CV．NewAsia）plants were growninpotscontaining  
vermiculite，peatmOSS，Perliteandfinegravels（2：2＝1：1，V／v）at200cinthedaytimeand  
150catnightwitharelatlVehumidityof70％inaglasshouseundersunlight．Seedswere  
treatedwithO，l％hydromercurichlorophenoIforlhrandwashedwithdistilledwaterfor  
24hrbefore sowing．Amoldcontainlng4g／literMagampKand8g／lltermagne6iallme  
WaSappliedfirstandlg／literHyponexwassuppliedevery5daysasnutrients，Plantsused  
fortheexperimentswere4－6weeksold．   

ざ02ル机如由〃  

SpiJ】aCl】pユants were fumigafed wifムユ．00r2．Oppm（Ⅴ／v）SOziJl∂騨OWtllCabiJlef  
（230×190 

． 

Wllicl】anapprOpri射ecoれCelltr∂tior10fSO2ムad beeれadju5tedfor九】mig8日0れ．SO2W“  
prepa∫ed by diluting6，000ppm SO2in nitrogen with air．AnalysIS Of SO2inairwas  
made at twopositionsinthegrowthcabinet‘withapulsedfluorescentanalyzer（Thermo  
別ectroJICorp．）．Windve】ocityi刀抽eca抽IetWagO．22J可SeC．Ⅲ血血血沈血1WaSprOVided  
With heat－filtered whitellght using stannous halide vaporlamps（ToshibaYokoLamp，  
400W）atalightintensityof25，000r35，0001uxattheleafleYel．  

PrepαrdJ相月0／Cわわr叩加r∫  

After SO2fumigation，Spinachleaves were homogenizedin O．05M Tricine－NaOH  
buffer（pH7．5）contalningO．02M NaClandO，4M sucroseatOOc．Afterfilteringthe  
homogenate throughfollrlayers ofgauze，the filtrate wascentrifugedat200xgfor5  
minandthechloroplastswereisolatedfromthesupernatantbycentrifugationatl，500x  
gfor7min・Chlorophyllconcentrationsweredetermineduslngabsorptioncoefficientsof  
Mac山nney（JJ）．  

〟gα∫〟′eme乃Jo／p力oro叩〃J加〟ceねcけ0〃〝α那POrJ  

The rates of DCLP and NADP photoreductioLIWere determiLled by fo）1owing the  
absorbancechangesat590and340rlm，reSpeCtively，uSingaHitachi556dualwavelength  
spectrophotomete■r．The measurernentS Were performed at220c．ActinlClight was  
obtalned from a亡ungsten）amp（ELMO，S－300）afterpassage through a red cut－Offfilter  
（Coming2403，＞620nm）and a7cmlayerofwater，Thelightintensitywas■1．5xlO5  
ergs・Crn‾2・SeC，lrneasured witharadiometer（LambdaInstrument，Modelu－185）．For  
measuringDCEPphotoreduction，aguardfiJter（Cornlng9782）w孟splacedinfrontofthe   



Irthibitiortorphotosystem11withSO2fumigation  

Photomultipliertoeliminatestraylight・FerredoxinwasobtainedfromthesplnaChleaves  
bythemethodofTagawaandArnoll（19）．  

〟eα∫〟rg研e乃rqrp加）r叩力0岬力0げ加加  

Photophosphoryladon was mitiated by ulumination with heat－filtefed whltelight  
（intensity30，0001ux）at220c and terminated by the addition of O．3miof20％  
trichloroaceticacidto3mlofthereactionmixture．Thereactionmixturefornon－CyClic  
photophosphorylationcoupledwiththe electron flow from H20toNADPcontained53  
mM Tricine－NaOIJ（pH7．8），19mM NaCl，3．3mM MgClヱ，1，7mM ADP．1，7mM  
K2＝PO4，106cpm32pi，0．33mMNADPandasaturatedamountofspinachferredoxin  
in3ml．Fortheme？SurementOfcyclicphotophosphorylation，0．03mMPMSwasadded  
instead ofNADPand ferredoxinbuttheotherir）gredientswerethesame．Theamountof  
ATPformedbychloroplastswasdeterminedaccordingtothemethodofAvrorl（3）   

祐邪踊伸助＝直新山血兢d虻狛－α〃ge   
lsolated chloroplasts were washedonce withthe solution containing O．4M sucrose  

and O．03M NaClandresuspendedinthesamesolution．Thelight－inducedpHchangewas  
measuredふithaglasselectrodeconnectedtoaHitachiHorlbapHmeter（ModelF－7ss）at  
20Oc・Theamountof＝◆transportedwasdeterminedbytitrationwith50nequivalents  
of H＋，Illumination with alightintensity ofl．5xlO5ergs・Cm‾2・SeC‾1came from a  
tungstenlampafterpassingthrougharedcuトOfffilter・  

〟g〃∫〟′e刑e乃J？√02gズC加〝geJ〃Jedγe∫  

After fumlgation，plants were a1lowed to standin the greenhouseOVernlght to  
distinguish theirreversible process of SOlinhibition（22）from reversible hhlbitory  
actions．Photosynthetic activity was determined with a Clark－type electrode as O2  
evolutionin aqueousmedia（11，27）．Preliminaryillumination was done for60－90min  
toobtairLaCOnStantphotosYntheticactivity．Then■anexcisedleafstrip（1．2x5cm）was  
put between two plastic framesandimmersedin the transparent reaction cell．The cell  
wasplacedintoathermostaticwaterbathat200carlddarkenedtoestimatetherateof  
respiratory Oユuptake．Photosynthesiswa5Started byillumination perpendicular tothe  
leafsurface by a tungstenlamp througha7LCmlayerofwater．Lightintensitywasvaried  
with neutraldensity filters and rneasured with alux－meter（LichtmeLStechnik，Model  
PO－57，Berlin）．Thesensitivityoftheoxygenelectrodewascalibratedusingdistnledwater  
WithknownquantitiesofO2．  

Results   

抑cf∫0／∫0コル肌なαJわ〃0〃e如け0乃frα乃岬♂′rαC一滴∫如才〃C鋸oropね∫J∫  

Fig．1shows the effect of SO2 0n DCJP photoreductionin chloroplastsisolated  
from fumlgated splnachleaves．No significant effect was observed forlhr then the  
inllibition proceeded rapidly during the next7hr of fumigation．The rate of DCIP  
photoreductionwasreduced to40％ofthecontrolbyfumigationat2・Oppmfor5hr，  
Whilel．O ppm SO2 fumigatlOn for6hrdecreased the rate to80％ofthe control．This  
inhibition rnay be due to certain toxic substances formed by SO2inleavesandreZeased  
in the rnedium during the chloroplastisolation procedure or toirreversibledanlageOf  
reaction cornponents during SO2 fumigation・Chloroplastsisolated frorn non－fumigated  
16aveswereincubatedinthesupernatantobtainedfromSO2イumigatedleaves．AfterlO  
min at OOcin this supernatant，nOinhibitory action on DCIP photoreduction was  
Observed（Tablel）・Further，theinactivationoftheHillreaction causedbySO2fur71igar  
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Fig．1．J〃旭frfo′JqrβC〃〉p力oJore血cJ旧〃 函 dJo′0〆α∫J∫みノぶOlルm如Jわ几  
FumjgatJOn WaSperf8rmed atl．0（0）add2．0（●）ppm．Ther8aCtlOnmjx［ure，4ml，  
COntained25mMTricine－NaOH（pH7．5），200mMsucrose，10mMNaCl，50pMDCIP  
and 20JJg Chlorophyllas chloroplasts．Rates of DCIP TedllCtionin the refeTenCe  
SamplesateachsamplingtimeI弧gedfTOm125to150〃mOlesmgchl‾J・h▼】．  

Tablel聯Cr∫OJ馳pe川〃ね11J∫0如〃f乃d両肌∫01ル刑如′edJe〟yeざ0〃βCノア  
p力oJord〟CJわ〃f〃C／7Joわがd∫r∫g∫0加ed舟0∽仰〃－ルm如′edJeβyg∫  

lllCuba臼on5up  DCIPpI】DID！educ扇Dna  

〃mOles／mgchl・hr  

129  

128  

Non・fum】gatedb  

FumigatedC  

IncubationwaspeIformedforlOminatOOcthenthechloroplastswerecollectedby  
Centrifugationandresuspendedintheisolationmedillm，  
DCIPphotoredllCtionwasmeasuredundeIthesameconditionsasinFig，1．  

Residualsupematantafterisolationofchloroplastsfromnon－fumigatedleavesas  
describcdin“Materialsandmethods”．  

CResidualsupernataJltafterisolationofchloroplastsfromfumigatedleaves．Fumigation  
WaSperformedat2．OppmSO2for5hLTheactivityofelectronflowinchloIOplasts  
isolatedfromfumlgatedleaveswasreducedto40％ofthecontrol．  

tion wasnot removed by washingin15rnMofTrisrHClbuffer，pH7．4（datanotshown）．  

Tl】eSereSuJt5irIdicate that SO2fumjgatjoJldidno†pTOdl】CeaSubstancejT］hib汗oTytOthe  

DCIP－Photoreduction but causediTreVerSibledamagetothereactionduringthefumiga－  

tion．  

Theinhibitory actions of SO2 0n the activities of photosystemslandIlin  
ChloroplastsareshowninTable2．ElectronflowfromH20toDCIPwasinhibited，While  

tlはt丘om reduced DCJpわNADf－wasnotaffected11れdertlleUJ】COup】edconditjons．50ヱ  

inhibited the whole－Chaln electron now from H20toNADPtothesamedegree asthe  

electron flowfromH20toDCIP・Frorntheseresults，WeCOr．CludedthatSO2inhibited  

theelectronflowdriverlbyphotosystemlIbutnotthatbyphotosystemI，   
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Table2楯cJ∫0／∫0ユ0〝ビタecけ0〃rm′叩OrJ〃CJf府ほ∫  

SO。rumigation（h†）  
ReactioれmeaSured  

0  ユ  4  

〃mOlesacceptorIeduced／mgchl・hr   

170  107  66  

95  97  108  

217  124  70  

H, O-NADPaaa 
DCDPa  

品  
＝zO→DCIPb  

SO2furnigationwasperformedat2LOppm・Theb3Sicreactionmixturecontained25mM  
Tricine－NaOH（pH7，5），200mMsucrose，10mMNaCl，2mMNH．Cland20－40FLg  
chlorophyllaschloroplastsin4m］・  
aFn－仙eme力叩em印†pr由仁tr印加wfTりm＝っOt〇NADP，0・2mM軋IDpヱnds急turated  
amountsofferredoxinwereadded，WTlileforthemeasurementofelectronnowfTOm  
DCIPHユtONÅDP，2mMsodiurT”SCOrbate，150JJMDCIPandlOFLMDCMUwerealsop＝eSent・  
bForthemeasurementofDCIPphotoreduction，50pMDCIPwasaddedtolthebasic  
rt：aCtionmixt11Te．  

Table3坤cJ！∂／∫0ユ0〃〃0〝一CJ′CJJcβ〝d叩C抽p力or叩ム0∫P力0丹加わ〃J  

SO？COnCerltration（ppm）  

Reaction measured 

A）・ElectrontlanSpOrt  甘mOles／mgchl・hr  

H】0→NADPa  47  30  

B）・Photophosphorylationb  pmolesATPformed／mgchl・hr  

Hま0→NADP  l19  73  

＋PMS  177  177   

SOlrumigationwasperrormedror3hT．   

aNAI）PphotoreductionwasdeterminedasdescribedinTable2exceptfortheremovalof  

1．。。nd。y。1ic，h。t。Ph。S。h。ryI。．i。nS，S。eMa．e，ialsa。。  

methods．  

抑cJ∫0／∫∂2 ル用なα血門0〃p力oJ叩た0岬力∂け加わ乃α〃dJfg如－上月血ced p〃c加〃ge7月  

C九Joγ∂p血fぶ  

Table3showsthe effectsofSO2apPliedbyfumigationonphotophosphorylationin  
Chloroplasts．Whenelectronflowfrom H20toNADP wasinhibited by36％，nOn－CyClic  
photophosphorylation wasinhibited by39％，However，PMS－Catalyzed cyclic photo－  
phosphorylation was nolt affected．The similarityin the extent ofinhibitionin the  
non－CyClicelectronflowar［dnor卜CyClicphotophosphorylationindicatesthattheeffectQf  
SO2is mainly due to inactivation of the electron transfer componentlocatedin  
PhotosystemIlbutnottoitsactionontheenergy－COnVerSionprocesses．Furthersupport  
for this concl11Sion was obtained fTOm the result of thelight－induced prIcharlge by  
ChloroplastsinthepresenceofPMS．WithSO2fumigation，theextentofJ｛uptake，the  
rate of H十efflux and the half－reCOVery time ofthe H＋change were not significarltly  
affected，butelectronflowfromH20toDCIPwasremarkablyinhibited（Fig．2）．   
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F密・2▲楯ぐJ∫〆鱒まル∽如J加♂〝榔一拍血c由p〟cみ岬ビヤー伽p′e躍〝Ce〆月怯£  
Fumigation was performed for 5phr at 2．O ppm of SO2．The reaction mixture  
COntainedin6ml，100mMsucrose，75mMKCl，4mMMgC12，0．03mMPMSand150  

〃g Chlorophy11aschloroplasts．InitialpHofthereactionmixturewasa匂ustedtopH6．  
lnitialratesofH’uptakewere690and600J▲eq．H＋・mgChl．1・h（1and thoseorH’  
efflux were 250 and 220 FLeq．H＋・mgChll・hr▲▲ non－fumigated and fumigated  
sLmples，reSPeCtively．E元tentofIr uptakewas610and570neq，H＋・mgChl1and  
half■reCOVery time（tl／2）were5Lland5L2sec，innon‾fumigatedandfum攣ated  
Samples，reSpeCtively．However，theratesofDCIPphotoreductioIlinthenon－fumlgated  
弧dfumlgated姐mpleswere134and65〃mOlesmgchl‾l・h‾▲，【eSpeCtively．  

J
ぞ
■
竜
ぎ
＼
勺
聖
、
巳
り
N
q
岩
■
2
邑
 
 2500  5000  7500  

Li9hlinl…Si細恒両  

Fig．3．上な加dgpe〃dg〃CeO／Oleγ0由〟加〃rわw相加血ビ〃∫㍍e∫みゆ′g「0ノor（沼er／～  

PLm如tton．FumiEationhadbeenpeIformedfor2hLat2・OppmofSO2・Uptakeand  
evolutionofOIWeremeaSuredat20OcbydeteTminingtheamountofOldissoIvedin  
the bicaIboTlate mediunlinwhich theleafwasimmersed．After Oluptake ofdark  
respi∫ationbecameconstant，theleafwasilluminated．Onillumimtion，therateofO。  
evolution reached the constanlvalueswithin15min．The steady－State rateS OfOl  
uptake and evolution are presentedin this figure．The reaction mixture（pH7．0）  
containedin25ml，38mM phosphate buffer and25mM NatiCO，．The photo－  
syn亡heticacと油y wag5抽∫8とed a120mM ofNaHCO｝肌dtわeopとimumpfIoftlle  
reactionmixtureforOleVolutionwasabout7・Oinspinachleaves（datanotshown）・  
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n∫JゐJe（ねmαge7〃血ce（ブムヅ∫02  

Chlorophyllin spinachleaves began to decompose at4to5hrafterinitiationof  
fumigationwith2・OppmSO2・DurhgfumigatiQnfor24hrirLlight，interveinalchlorosis  
developedandfiJlallyshowedSO2・inJurySlmilartothatobservedunderfieldconditions  
（5）．On the other hand，fumigationin the dark加duced only slight visible damage．  
ElectronflowfromHlO toDCtPinchloroplastsisolatedfromthedark－fumigatedleaves  
wasasactiveasthatinthenon－treatedchloroplasts（datanotshown）．  

抑cJ∫∂／∫020〃タカoJo町〃J力grJcO2ey∂J〟rわ〃g〃岬f瑠CわJeαリg∫  

TheresultsmentionedabovecleaTlyindicatethattheactivityofelectrorltrarlSPOrtin  
Chloroplasts wasinjured by SO2fumlgation，Theeffect of SO2 0n O2 eVOlutionby  
Spinachleaf wasinvestig且ted next・Fig．3shows thelight dependeJICe CurVe Of O2  
evolutioninfumigatedandnon－fumigatedleaves．Exposureoftheleavesto2，OppmSO2  
reduced the rate oflight dependencyin apparent O2 eVOlution underlight－1imited  
COnditions．1ndarknessaslightchangeinresplratOry O2uptake wasobservedwithSO2  
flユmigation．The inhil）itory effect of SO2 SeemS tO be more remarkablei11the  
Photosyntheticprocessthaninmitochondrialrespiration．  

Discussion  

The pfeSentinvestigationshowed thatSO2fumigationunderilluminationinhibited  
the activity of photosystemIIbutdidnot affectthatofphotosystemI．SO2irlhibited  
both non－CyClicelectronflowand photophosphorylation to the same extent buthadno  
influence on the activity of cycllC photophosphorylation driven by photosysteml．  
Furthermore，inthepresenceofPMS，theextentofH＋uptake，therateofrreffluxand  
its half－reCOVery time were not affected by SO2 fumlgation．From these results，We  
COnCluded that SO2SPeCiflCally suppressedtheelectrontransferinphotosystemIJand  
hadnoeffectontheenergy－tranSfersystem．  

Duringfumigation，SO2enteringleaftissuethroughthestomataproducesf｛，HSO3‾  
and・SO32‾inthecells．Thesesubstancesaccumulatedinthecytoplasmicfluidandsome  
are preferential1yincorporatedinto thethylakoidmembranes（29）．Thus，theaction of  
sulfite（HSO，‾，SO32▼）orlPhotosynthetic processesin chloroplasts hasbeenstudied  
underaqueousconditionsasamodelsystemofSO2phytotoxicity，Inthislineofstudies，  
Asada et al．・（2）demorLStrated that the sulfiteinhibited both cyclic and non－CyClic  
photophosphorylation without affecting the electron f10W．Recently，Silviuset al．（18）  
showed thatthesulfiteinhibitsboth non－CyClic and cyclicphotophosphorylatioTlunder  
acidic conditions．Apparently，theinhibitoryeffectsofsulfiteontheelectrontransport  
SyStemin aqueous conditionsinvitro are different from the effects ofgaseous SO2  
0bservedinthisstudy．The differences aTePrObably duetotheexperimelltalconditions．  
For example，in the modelsysteminvitro，meaSurementS Of electrolltranSpOrt Were  
madeinthepresence ofsulfiteionsandilluminationofchloroplastswithsulfiteionswa5  
done only during the measurement．It should be pointed out，however，that the  
phytotoxIC effects of SO2 are SeVereinlight andin the case ofleaf fumigation，  
Chloroplastsareexposedtolightwithsulfiteionsduringfumigation．Inordertoobserve  
the phytotoxic effects ofSO2uSing a modelsystemin vitro，theeffectsofsulfiteon  
Chloroplastsinli各ht shol11d be elllCidated，We note that chloroplasts pTOd11Ce the  
Superoxlde anion（02‾）by a one・Clectrollreduction of molecular oxygen under  
illumination，andin thepresenceofsulfite，theO2rformedinitiatesthesulfiteoxidation  
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toyieldalargenurnberorradicalsinachainreaction（1），  

Most ofthe SO2absorbed through stomataisconvertedintosulfatebyoxidation  

enzymatica11y and non－enZymatically（20）．Sulfate accumulation takes placein plants  

exposed to502（夕）．Su肋短i5howれtOl汀eVergibユy山血bifbo班cycユjca刀d noJトCydic  

photophosphorylationbyaffectingthecouplingfactorofchloroplastthylakoids（］6）．The  
Observed effectonphotophosphorylation caused by SO2fumigation wasdifferent from  

the effect of sulfate，Sulfate probablylS nOt the toxic substance responsible for the  

PhyfotoxiceffectsofSO20nthephotosyntheticprocesses．  

Thepresentstudyalsoshowedareductionintheslopeofthelightdependencecurve  

OfO2eVOlutioninfumigatedleavesunderllght－1imitedconditions．Asimilarinhibitory  

effecthasbeenreportedforphotosyntheticCO2fixationofriceplantsafterfumlgation  

withvariousconcentrationsofSO2byTaniyamaetal．（22）、Thephotosyntheticelectron  

transpor亡Sy5【e叫Whicl15upp】ie5ATpa∫1dNADf〉H2fortl】eCO2flxatio∫－SyStemノmainly  

】imitsthewholeprocessofphotosynthesisunderlight－1imitedconditions，Consequently，  

the decreasein the rate of O2 eVOlution represents alterationsin the activity of  

pl10tOSynthetic electron transportinleaves．Thisimplies that atleast one of the sites  

inJuredbySO2fumigationinleavesiswithinphotosystemlI・ltshouldbepointedout｝  

however，that the present data do no亡exclude the possibility that the CalviJICyCle  

禦ZymeSinleavesarealsoinactivatedbySO2furnigation（15，28・30）・  

The effects of air po11utants such as ozone（7）andperoxyacetylnitrate（8）onthe  

Photosyntheticelectrontransportsystemhavebeeninvestigated・Bubblingofthesegases  

throughachloroplastsuspensionresultsinnon－SPeCificinl1ibitionoftheactivitiesofboth  

photosystemsIand11・Thus，the specificinhibitory action of SO20nphotosystemfI  

indicatedin thlS Studyis noteworthy．The site and mode of SO2inhlbition  

photosystemlIarepresentedintheaccompanyingpaper（17）．  

We wishtothankProf．M．Nishimura，KyushuUniversity，forhiskindguidanceand  

his criticalreading of the manuscript．Wealso wish to thank Dr．T．Oku，Kyushu  

Universlty，forhishelpfuladviceandvaluable criticismin thecourseofthlSeXperiment．  

ThisworkwassupportedinpaTtbyagrantfromtheEnvironmentAgency．  
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lnhibitionsiteinelectrontransportsysteminchloroplasts  

byfumlgationoflettuceleaveswithSO2  

Ken－ichiroShin1aZaklandKiyoshiSugahara  

DivISionLOfEnvironmentalBio）ogy，TheNationalInstutileforEnvironmentalStudies，  
Yatabe，Ibalak1305  

Electron flow from water to2．6－dichloroindophenol（IXIP）wasinhlbited but  
electron flow from reduced DCIP10methylviologen（MV）was not affeetedin  
Chloroplastsisolated from SO，－furrligatedIeaves・Diphenylcarbazide（DPC）oTMnCll  
COuldnotrestorl＝theaclivity oftheDCIP－HillreactionofSO2・inhibitedchloropIasts・  
ElectIOnnOWS，†TOmWale＝ofeITicyanideoTtOS丑komolyt，dicacid（SM）inthepres－  
enceofDCMU，WereinhibitedinadegreesimilartothatoftheDCIP・Hillreactioll．  

The rate ofcarotenoid photobleachingin the presence ofcarbonylcyanide・m－  
ChlorophenylhydralOne（CCCP）wa5SuPpreSSedinparallelwith theinhibition ofthe  
DCIP－Hillreaction，  

TheextentofvariablepaLtinthefluorescencetransientwasdiminishedinSOっ一  
inhibitedchloroplasts・Thenuorescenceシield，lowefedbySO？fumigation，WaSincreased  
On additionofDCMUormorepronouncedlybyincubatingthe samplewith sodium  
dithionitebutcouldnotTeCOVertO theyieldofnon・fumlgatedchloroplasts．Thetime  
required to reach steady－Stateleveloff］uorescencebecamelongerintTleabsenceof  
DCMUbutthe timewasnotalteredinthepresenceofDCMU．Thepoold7eOfthe  
primaryelectronacccptorsdeterminedinthepresenceofDCMUdecreasedwithSO】  
fumigation・FromtheseresultsweconcludedthatSOっinactivatedtheprimaIyelectron  
donoro＝eaCtioTICenteritself・ThemodeofSO2aCtionintheelectrontraJISpOrtChain  
kalsQ disc11SSed、  

KeywoTds：ChloroplastseffectofSO2－electrorltranSferphotosystemlトphoto－  
SynthesisSulrurdio：くide  

Sulfurdioxide，amajoratmospherlCpOllutant，CauSeSVariousdamagestoplantssuch  

as chlorosisand necrosis（22，8，13，17，25）．When plants are fumigatedwith SO2，the  
toxicantenterlng theleaftissueispreferentia11ylnCOrpOratedintothylakoidmembranes  

（31）andinduces swelling（28）or disintegration of the membrarLeS（15）．Recently，We  

have shown that SO2fumigation suppressed the photosynthetic O2eVOlutionseverely  

butdid－10taffecttherespiTatOryO2uptakeinspianchleaves（20）．Wealsohavedemon－  

Strated that SO2inhibits the activity of．photosystemIIwithout affecting theenergy－  

COnVerting process during the fumigation（20）．However，the site of SO2aCtionin the  

Abbreviatiotts：DCtP，2，6dichlorolndQPhenol；DCMU，3＜3’，4′dichlQ【Ophenyl）－1，1Jimettlylurea；  
CCCP，Carbonylcyanide－m－Chlorophenylhydrazone；DPC，diphenylcarbazide；MV，methylviologen；  
PQ，plastoquinonc；SM，Silicomolybdicacid  
Apartofthisstudyhasbeenpublishedin；Plant＆CelIPhysiology21：No．1（1980）  
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VicinityofphotosystemlIhasnotbeenclarified．  
The present study was，therefore，undertaken toprovidemorein［ormation onthe  

Site ofSO2Linhlbitioninelectrontransportchainthroughtheanalysisofelectrontransfer  
andchlorophyllafluorescenceinchloroplastsisolatedfromtheSO2－fumigatedleavesof  
lettuce．Evidence wasobtained thatSO2inactivatedtheelectrontransferatthesiteclose  
tothereactioncenterofphotosystemlI．  

Materialsand methods   

タ／α肌用dJe血Jα〃dco〃dJ血刀∫わr502ル椚なα血〝  

Lettuce（Lactuca∫a［iva L．var．Romalne）plants were grownin aglasshouseunder  
Sunlight．Plants，6－8weeks old，Were fumigated at2．O ppm（v／v）ofSO2inagrowth  
cabinet at200c・Tbe山g出血eれぷty WaS25，000－35，000加at沌eleafkve】du血g  
fumigation．Other conditions for growth and fumigation were the same as reported  
previously（20）．Afterfumigationoflettuceplants，Chloroplastswerepreparedaccording  
tothemethoddescribedpreviously（20）．   

．一いニー招‘■い亘－・ん■．■Jrりり州り．咋r  

The rate of DCIP photoreduction was determined by following the absorbance  
decrease at 590 nm with a Hitach1556spectrophotometer．The reactionmixture  
COrl亡ained，in4ml，14mMTdcine－NaOfI（pH7．5），‖OmMsucrose，50pMDC（Pand20  
〃gOrChlorophyllascl山）rOplasts．  

The rate ofO2eXChange wasdetermineduslngaClark－tyPe OXygenelectrode．The  
basalreaction mixture contained，in6ml，58mM Tricine－NaOH（pH7．5），67mM  
SuCrOSe，0・5 mMferricyanide and 200JJg Of chlorophyllas chloroplasts．For the  
measu∫e∫neJ】t Of O2即0】u山0刀j∫l抽eprese∫】Ce OfDCMU，】．】mgsi】icolmO】ydicacid aJld  

7FLM DCMU were also added to the basalreaction mixture．For the measurement of  

photosystemI－drivenO2uptake，0▲1mMmethylviologen，1mMsodiumazide，150〃M  
DCIP，2mM sodiumascorbateand7pMDCMUⅥ7ereaddedtotheferrlCyanidefreebasal  
reactionmixture．   

G7r♂ナビ〝ク～dクカβわ∂おαCカ函g  

CCCP－induced carotenoid photobleaching was measured，uSlng aHitachi556dual  
WaVelengthspectrophotometer，at490nm－minus．540nminthedualwavelengthmodein  

afour－Sidedtransparentcell（1×1×4cm）．Thereactionmixturecontained，in4ml，67  

mMphosphatebuffer（pH7，0），membranefragmentsequivalentto40JjgOfch10rOPhyll  
andlOOJIMCCCP．  

ActinlClight forthemeasurementofabsorbancechangeswasobtainedfromalOOW  
iodinelamp；thelightwaspassedthrougharedcutrofffilter（Corning2403，＞620nm）  

anda7cmlayerofwa（er・The］jghtin（ensjtywas2×JO5ergs・Cm‾2・SeC‾J，meaSured  

Witharadiometer（Lambdalnstrument，ModelLl－185）onthesurfateofthecuvette．A  
lightbluefilter（Corhing9782）wasusedtoshieldthephotomultiplier，  

C力わr叩力γJJαβuore∫Ce〃ee  

Asuspensionofchloroplastsinafour－SidedtransparentcellrwasilluminatedbyalOO  
Wiodine Lamp operated on a d．c・Stabilizer；thelight waspassed throughaglassfilter  
（Corning9782）・Thereactionmixturecontained12・5mMTiicirLe－NaOH（pH7．5），100  
mM sucros占，5mM NaClandlO〃gOfchlorophyllaschloroplastsin4ml．Thelight  
intensity was controlled by varylng the voltage supplied tolamp．The fluorescence   
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emittedintheright angle to theactiIliclight wasdetectedbyaphotomultiplier（Hitachi  
R－375）combinedwitharedcut－Offfilter（Corrling2030，＞650nrn）andaninterference  
filter（Maximum transmittance683rlm，halfbandwidthlO nm．）Thesignalfromthe  
photomultiplieT WaS amplified andrecordedonastripchartrecoTder（Yoko8aWaTech－  
nicorderF Mode13052）orarapiddigitaltransientrecorder（KawasakiElectronicaModel  
TM・－1410）．   

Chlorophyuconcentrationsweredeterminedbyusingthe absorptioncoefficientsDf  
Mackinney（14），Allmea5urementSWereCarriedoutat20Oc22Oc，Silicomolybdicacid  
wasklndlyprovidedbyProf．M．Nishllnuril，KyusyuUniversity▲  

Results   

抑cJ∫β／∫Ozo〃J力e〟Cr川J擁∫0／eJecけ0〃r化〃∫斤r  

ElectrontrnasferfromwatertoDCIP wasinhibited，Whereaselectron transferfrom  
reduced DCIP to methylviologen was not affectedin ch10rOPlastsisolated from  
SO2－fumigatedleavesoflettuce（Tablel）．ThisindicatesthatSO2inactivatesthereac－  
tions driven by photosystemIlbut not those by photosystemIin electron transport  
chain．Theresultconfirmsourprevious reportonastudyusingspinachplants（20）．  

The rate of DCIP photoreductioninhibited by SO2COuld not berecovered by the  
additionofdipherlylcarbazide（DPC），anartiflCialelectrondonorforphotosystemII（27）  
（Tablel）．MnC12atlmM，anelectrondonorforphotosystemll，alsQWaSWithouteffect  
（datanotshown）．lneffectiveness of DPC or MnC12in restoring the DCIP－Hillre－  
actionindicates that the site of SO2aCtionislocated closer tothereactioncenterof  
photosystemIIthanthedomtionsiteoftheseartificialdonorsoronthereducingsideof  
photosy5temII．  

The O2eVOlution supported by femcyanidein chloroplastswasinhibitedbySO2  
fumigation（Fig．1）and thatofDCIP photoreduction wasinhibited to the same extent  
（data not shown）．When7pM DCMU was added to the SO2－inhibited chloroplasts，  
02 eVOlution was suppressed completely．However，further addition of silicomolybdic  
acid，alipophilicelectronacceptorofsystem‖（3，5），reStOredtheHillreactionuptothe  
originalvaluesdeterminedintheabsenceofDCMU（Fig・1）・Nostimulativeeffect of  
silicomolybdic acidin O2 eVOlution was observed・Thus，the siteinactivated by SO2  
fumlgation，Whichis responsible for theinl1ibition of the DCIP－Hillreaction，WOuld  
not be located in the reducing side of the primary electron acceptor of 

Tablel抑cr∫0／∫0。0門gJecrro〃けα那pO′r〃C抽〟ほ∫α血癖cJo／βクCo乃∫0っイれ長洲ed  
βC〟）－〟fJJ′e〃CJわ〃  

SO】rumigalion（hr）  
Reaction measured 

0  2  3  5  

Hま0→DCIP   
（〃mOlesDCIPreduced／mgchl・hT）  

H20→DCIP（＋DPC）a   
（pmolesDCIPIeduced／mgchl・hr）  

IX：JPH。→MV（＋DCMU）   
（JJmOlesO】uptake／mgchl・hT）  

45  13  

49  15  

193  190  

148  86  

16（i  9：事  

21（〉  20（〉  

SOユーumi脚tiく）nWaSp巳TrOlmedatユ．Oppm．  

aDiphenylcarbazideatO．5mMwasaddedtothebasalIeaCtionmixture・  
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Fig．1．抑cr∫0／∫0ユ0〃βC〝ひ∫g〃∫肋eα〝dイ那g那ff加0ユ印0血Jわ札RateorOユ  
evoIutionintheabsenceofDCMU（－0－），rateOrO，eVOlutioninthepresenceofboth  
DCMUandsilicomolybdicacid（－．－）・Fumigationwasperformedat2．OppmofSO2．  
SilicomolybdicacidwasaddedtothechloroplastsuspensionafteradditionofDCMU  
duringthemeasurementunderactiniclight．  

0  1  2   3  4  

Fumigati＝tjme（hr）   

Fig・2・埴cJ∫0′∫Oto〃β（押タカoJore血cめ〃〃〃♂CCCクーf〃血cgdc〃和fe乃Ofdp力0わー  

blecching・lnitialrate orabsorbance changeat490mmin thepresence oflooFLM  

CCCP（ro），rate Of t）CIP photoreduction（一●－）．SO，fumigation wascarriedout  

at2．Oppm．   
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photosystemlldesignatedQ（4），Sincesilicomolybdicacidisassurnedtoacceptelectrons  

directly什omQ（3，5）．  

抑cr∫0／∫020〃CCCf，イ月血cedc〟仰re〃OJdp力oJo抽〟C加〃g  

Carotenoids areirreversibly bleached when chloroplasts areilluminatedin the  

PreSenCe Of CCCP，hydroxylamine or NaN3 Which hhibits electron transfer on the  

OXidizing side of photosystemlI（29）．However，theseinhibitors do not affect the  

primaryphotoreactionofsystemIl，andthefateOfcarotenoidsphotobleachingisclosely  

related to the production of the oxidized component by systemIlreactionin the  

PreSenCe Of the aboveinhibitors（Il，I2，29）．ThllS，theirutialrate of carctenoids  

Photobleachinginduced by CCCPis an excellentindicatorofphotochemicalreactionof  

SyStemII（23）．Figure 2shows the effect of SO2 0n theirutialrate of carotenoid  

Photobleachlng，Therate wassuppressedin parallelwiththeinhibition oftheDCIP－Hill  

reactionin SO2－inhibited chloroplasts．The resultindicates thatthesiteofSOっactionin  

the electron transport chainisclosertothereaction center ofphotosystemllthan the  

inhibitionsiteofCCCP（12，29）．   

楯ぐfo／∫020〃Jわピ伽ore∫CeJICeけ♂那Je〃r  

ThetimecouTSe OffluoTeSCenCeintensity showedtheinitialTapidrisetoFi，thena  

gradualriseto attaina steady－Statelevel，Fs，aShasbeen described byMurataetal．（］8）  

and Malkinand Kok（16）（Fig．3）．1tisgenerally accepted that agradualincreaseinthe  
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Fig．う・聯cfgo′ぶ0】0搾一わefi椚e亡Our∫eO′！九e刀uDre∫eeれCe細乃ざfe砿F11mi邑atio†lWaS  

performedat2・OppmofSO2・Thelengthsorfumigationperiodsareindicatedatthe  
top．Chloroplastswereir）Cubatedinthedarkror5minbeforei11umination・A：1，nO  
addition；2，10J｝M DCMU；3，10FLM DC入イUandafewgTainsofsodiumdithionite・  
Actiniclightintensitywas7，000ergs／cml・SeC．ThcTateSOfDCIPphotoreduetionwere  
135，87and35JJmOles／mgchlorophyll・hrforO，1．75and3．5hrofSO2fumigation，  
respectively・B＝FIuorescenceinductionwasrecordedbyadigitaltTanSientrecorderin  
tllepTeSenCeO†pCMU．ActiniclightintensitywasIS，000モーgS／cm】・SeC・  
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fluorescence yield corresponds to an accumulation of the reduced primary electron  
acceptor，Q（4，16，18），  

Effect of SO2WaS prOminent on the variable part of fluorescenceinduction．The  
extent ofthe variable part offluorescence（FsFi）wasreducedmarkedly butonJya  
Slight change was observedin thelevelof Fi（Fig．3）．The time requiredtoreachthe  
Steadylevel（Fs）also becamelongerwithincreasingtimeofSO2・fumigation（Table’2），  
Theresultsindicatestha亡SOユinhibited亡heaccumulationoffeducedQ，   

Table2 聯cJ〆∫0フ0〃血加担f∫e伽e〆γ〃′ねゐJeβ〟0′e∫Ce〃Cei〃〟ほp′g∫e〃Cピβ〃d  
α如eJTegO／βCⅣ扶  

Ha鋸甜tjme（亡1／2）  
lntensity of 
actiniclighl  

（ergs／cmユ・SeC）  

SOユrumigationtimea（h）  

0  1．5  3．0  

rDCMUb  o，81  1，3  2，4（sec）  

十DCMUe  52  53  56（msec）  

t1。4諷。38仰l。S′mg。hl。T。。hyl．．hrf…1．5  

and3．OhrofSO2fumlgation，reSpeCtively．  

ClnthepresenceoflOpMDCMU，thetransientphaseinfluorescenceinductionwasrecordedwith  
adigitaltransientrecorder．  

0  2  4  

fumiga【i…time（hr）   

Fig・4▼聯CrJO／∫0。0〃pOOJ∫加J〆eJecれ〃〟CCepJor∫f〃伽p′e∫e〃Ceβ〃d。み∫e〝ぐe  
QrDCMU．RelativepooIsizeofelectronacceptorsdeterminedintheabsenceofDCMU  
（－0），andinthepresenceofDCMUト・－）・Differentordinatescalesapplyforvaユues  
Ofworkintegralin the presenee andabsenceofDCMU（cf．Fig．3）．Fumigationwas  
pertormed at2．Oppm orSO，、ChloropLastswereincubatedin the dalk for5mill  
beforei11umjnation・LightintensityatthepositionofthesamplecuvettewasappIOXi－  
mately，7，000ergs／cm2・SeC．Fordetails，SeeteXt．   
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OnadditionofDCMU，the fluorescenceshowedarapidriseandthesteadylevelwas  
Significantly increasedin SO2－inhibited chloroplasts（Fig・3）．ThlS SuggeStS that Q  
remalnedintheoxidizedstate duringthemeasuTementOffluorescenceintheabsenceof  
DCMU・Inordertofo1lowthevariablepartoffluorescenceinthepresenceofDCMU，the  
tirneCOurSeOffluorescence wastracedwithatranslentreCOrder・Thetransientphasewas  
dlmin1Shed andfluorescence yield was decreased with SO2 fumigatiorL（Fig，3，B）．  
However，the time required toreachthesteadylevelwasunaltered bySO2fumigation  
SuggeStingthat thephotoreductionofQwasalmostcompletewithirlthesarnetimeasthe  
COntrOIL The timerequiredfor50％increaseoffluorescenceduringthetransientphase，  
measuredattwodifferentlightintensities（7，000and15，000ergs・cmL2・seCLl），WaSnOt  
ChangedbySO2fumigation（Table2andunpublisheddata）．  

Fig・4showstheeffectofSO20nthepooIsizeofelectronacceptorsonthereducing  
Side ofphotosystemII，eXpreSSedin terms ofworkintegralofMurataetal，（18）．The  
re！at呈VeSize oFthe pく）01measu∫edfroヱ℃t土1e trarlSientp！1aSe〈）naChartrccorderreac土1eda  
maximum after fumigatirlgleaves for a few hours and thendecreased withfumigation  
timein the absence of DCMU（Fig・4）・In contrast，the pooIsize of the primary  
electron acceptorQ，meaSuredfromthetransientphaseonatransientrecorder，decreased  
With time of SO2fumigation（Fig．4）．The decrease of the pooIsize ofQ wasaccom－  
paniedbylossof．theHillreactionactivity．  

Variable nurescenceis restored when chloroplasts are keptin the dark．The  
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Fig．5，聯CJ∫0／5020〃血′たrgcoveけ‘オ動Ore∫Ce〃Ce〃朋∫血f．Ratioor【Fs－Fi（t）】  
to tFs一下i（出）lin the coれtrOlト0），inSO2－inhil）itedc川oroplasts（－ト）against  
darkincubationtime，WhereFsisthefluorescenceintensityat thesteadylevel，Fi（cK＞）  
is the fluoreseenceintensity ofinitialrapidriseat the onsetoffirstiluminationand  
Fi（t）isthefluorescenceintensity ofinitialrapidrise afterdarkincubationofvarious  
length・FumigationwasperfoTmedat2・OppmofSOユ．Chloroplastswereilluminated  
first ror30secatlO，000ergsafteT thedarkincubatior［forlOmin．The secondand  
lhes11CCeedingilltlminationswereglVenafterthedarkperiodsofvariouslengths・The  
rates of DCIP photoreduction were154and5111mOles／mg chlorophyll・hr for the  
COntrOland SO】Linhibited chloTOplasts，reSpeCtively・The tirne required for50％inL  

二phasewerel■4and3‘7光CrOrthecontrol   
i   
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reoxidation of pl10tOreduced Q，through adJaCent electronacceptors，prOCeedsduring  
darkincubation・Figure5showstheeffectofSO20nthedarkrecovery oftransient  
nuorescence・Thefluorescenceinduction ofSO2－inhibited chloroplastsrecovered simi．  
】8丁】y to tbe co加roland血re wa5egge雨ia】1y noch8ngeOf軌edark鉦merequiredf8r  
50％increase of variable fluorescence（Fig．5）．The result suggests that theelectron  
flowfromQtothelargeeleetronpool，PreSumablyofplastoquinone，WaSnOtaffectedby  
SO2rumigation．  

TheeffectofdithioniteonthenuorescenceinductionwasstudiedinSO2－inhibited  
Chloroplasts・Incubation of the chloroplastswith dithionite for3minincreased the  
Steadyleveloffluorescence significantly．Theincreasein the steady－Statefluorescence  
levelby dithlOnite becamelargerwithfumigationtime（Fig．3，A）．Thismightindicate  
tha亡thephotoreductionofQwasblockedbySO2fumigation．  

Diseussion  

The resultsobtainedinthe present studyindicatethatSO2inhibitedtheelectron  
transferat thesite close to the reaction center ofphotosystemIl．SO2decreasedthe  
initialrateofcarotenoidphotobleachinginthepresenceofCCCP・SO2alsoinhibitedthe  
O2’e）01utionin the presence ofsuicomolybdicacid．1nthecomparativestudiesonthe  
actionofelectron transferinhibitorsinthevjcinityofphotosy5temlJ，Ⅹimimraeta】，  
（I2）andKatoh（Il）shovedthatthepooIsizeofQwasnotchang9dbytheaddition  
OfCCCP，NaN30rhydroxylamine．However，SO2decreased thepooIsizeofQ．From  
these resuJtswe conclude that SO2inactⅣated the primary eIectron donororthe re－  
actioncenteritselfinelectrontransportchain．   

SO2decreasedthepooIsizeofQbutdidnotalterthehalf－risetime（tl／2）inthe  
VariablefluoresceneinthepresenceofDCMU，Thissuggeststhattherateofphotoreduc．  
tionofQwasnotaltered by SO2intheoperatingelectrontransportchain．Themain  
Cau5e Of SOユーi血jbitiorlirl抽e Hil】reactjo両sprobably什ほdecreasejmnumberofthe  
reactioncenterortheprimarydor10f，   

In the absence of DCMU，there wasamarkedprolongationofthevariablepartof  
fluorescenceinSO2・inhibitedchloroplastsindicatingthesloweraccumulationofreduced  
Q・ThisisprobablyduetothedecreaseinthenumberofQwhichcanbephotoredムced  
bysystemIIreaction・lfelectrontransferfromthephotosystemlltothephoIosy5†eml  
PrOCeedsindependentlylneaChoftheisolatedchains，nOprOlongationofthetransient  
phaseisexpected・Iiowever，thepathwaysofelectronsprovidedbyphotosystemlItothe  
PLlOtOSYStemIcan－10亡beregardedasisoJateqchains．AccordingtoStiehlandWitt（22），  

Siggelet aL（2］）and Haehnel（7）electronexchangestakeplacebetween atleast six  
electronchalnSthroughacommonplastoquinone（PQ）pool．Recently，itwasshownthat  
reducedQrapidlydonateelectronstothepoolofplastoquinonethroughthesecondary  

acceptor（6）・ThusinSO2，inhibitedchloroplasts，itmaytakealongertimetoreducea  
la瑠e pOOlof pla5tOqui刀OneS by＝1e pムoto仁山emjcaユre8Ctiondrjveれbytlle加creaぶed  
numberoffunctioningreactioncentersofphotosystemIIandresultintheproIongation  
Ofthetransientphase・ThesedatacanbeexplainedbytheschemepresentedinFig．6．   

Otherpossib山iestoexplaintheprolongationofthevariabIefluorescenceare（a）a  
partialinhibition of electron flow from Q to PQ asobsen，ed atlow concentrationof  

DCMU（1826）・（b）anaccerelationoftheoxidationofthephotoreducedendogenous  
electron pool．Ifone of theseis the casein SO2－inhibited chloroplasts，Stimulativeor  
SuPpreSSive effect of the dark oxidation rate of Q would be expected．However，nO  
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DpC   

ヾ  
…・ ？・すP700  6白0如」♭・  叱0－→仙→Yl一肘Y2   

H20ムMn→Y－→Y2▲→P680朝ユト   

H20→Mn→YlムY2→P680如→・・  

Fig．6．」propo∫ed∫C力e椚e肋∫血血g7月ノ一蹴わヴざfreo／∫02f〃eJgcrro〃けα叩OrJ  
5yStem．The actiollSite ofinhibitorsin the electron transport system and that of  

eleごtmn d〇nOTS如ph8モロSyStCmlla了C裏sて）Sもown．El已Ci10neXCha稲毛isp（〉SSiblもbe－  
tweendifferentelectrontransportchainsthrough thecommonpoolofplastoquinone  

molecuIes．Fordetails，SeeteXt．   

essentialchangewasobservedintherateofdarkoxidationofQL  
TheinhlbitoryactionofSO2intheelectrontransportchainisunlqueandinteresting  

asshowninthepresentinvesti邑ation，Whenplantsarefumi各atedwithSO2，SO2entering  
leaftissuethroughstomataproducesHSO3－，SO3r and＝十inthecytoplasm．Sulflte  
formedis highlyreactivewithvariousorganicsubstancessuchas，Pyrimidines，disulfide  
and olefinic rcompounds（）7）．1t also reactwith aldehyde to form cr－hydroxy－  
sulfonate，aninhibitorofglycolateoxidase，WhichisfoundinSO2－PO11utedplarltS（24）L  
However，incubationofchloropLas〔swlthsuJfjteoTα－hydroxysulfonateatneutTaJpr7did  
not affect theactivity ofelectron transport（1）．Therrproduced bySO2fum唱atiorL  
wouldlower the cytoplasmic pH．When chloroplasts wereincubated at an acidic pH，  
the oxidizing side ofphotosystemIIwasinhibited but the activity could be restored  
by adding the electron donor ofphotosystemIl（9，10，19）．Thisis rLOt the case for  
theinhibitory action of SO20n SyStemIldescribed above．The entities or situations  
which directly exert theirreversiblyinhibitory action on photosystem11during SO2  
fumigationremainstobedetermined．  
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invaluable crlticismin tlle COurSe Of this experiment．We are alsoindebted to  
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StudiesontheeffectsofairpollutarltSOnplants  
andmecllanismsofphytotoxicity  
Res．R¢p．Natl．Inst．Environ，Stud．No・11（1980）  

ActiveoxygenparticipationinchlorophyudestruCtionand  

lipid peroxidationinSO2－fumlgated teaves ofsplnaCh   

Ken－ic旭oShilnaZaki，TakeshiSakakiandKiyoshiSugahaTa  

DivisionorEnYiIOnmentalBiology，TheNationalt－1StitutefoT EnY甘OnmenlalSIudies，  
Yatab¢，IbaTaki305  

Chlorophyllqarldcarotenoidsofspinachplantsbegantobedestroyedin2to3hr  
after theinitiation offumigation with2，Oppmsu肌1rdioxide（SO2）inlight，Whereas  
Chlorophy11bwasappaIentlyl】ndamagedduring8hIOfexposuTetOSO2・Thecontent  
OfpheophytinG，Chromatographica11ydetermined，WaSnOtChanBedbySO，fum如tion．  

Whenleafdisks（4）＝10mm），eXCisedfromtheleavesfumigatedwithSO。at2．Oppm  
foT2hr，Wereilluminated，ChlorophyllaaTldcaLOtenOidswerebrokendown，butthey  
Were nOt de5trOyedin血rkness．ThedestructionofchlorophyllaandcaTOtenOidswas  
SuppreSSedunderastIeamOfnitrogen．ChlorophylJa destructionwasinhibitedbyfree  
radicalscavengers，l，2dihydroxbenzene・3，5disulfonate（tiron），hydroq11inone and  
ascorbate，Tlle Singl¢t OXygen SCaVengerS，1，4－diazabicyclo－【2，2，2l・OCtane（DABCO），  
methionine and histidine，andhydroxylradicalscavengers，benzoateand formatewere  
without effect on the destruction of chlorophyllG．ChlorophyllG destruction was  
inl1ibited by the addition of5uperOXidedismutase（SOD）tothehomogerlateOfSO】－  
fumlgatedleaves・SOユfumlgationfor2hrIeducedtheactivityofsupeTOXidedismutase  
to40％withoutprodtICiTLgthesignificantlossofchlorophyll．Fromtheseresultswecon・  
CludedthatchlorophylladestructionbySO，WaSduetosuperoxideradica15・  

MoreoYer，malondialdehyde（MDA），anindicator oflipid peroxidation，WaS  
accumulatedinSOl－fumigatedleavesinlight．MDÅformationwasinllil）itedbytiron  
and hydroquinoJle，and by DABCO but was notinhibited by benzoate and formate．  
MDA formationwasincreasedbyD20・FromtheserestJltsitwasconcludedthatJo2  
hadtheim7TlediaterelationwiththecauseoflipidperoxidationinSO。一fum垣atedleaves．  
J（eywords：CarotenoiddestruCtion－Chlorophylldestruction－effectorSO2－1ipid  
peTOXidation－OXygentOXicity－Sulfurdioxide．  

Exposureofplantstosulfurdioxide，aWidespread左irpollutant，CauSeSChlorosisand  
necrosis（6，15，24，32，36，37），Which are prominent phytotoxic effects of SO2．A  
numberofworkersreported theinJuriouseffectsofSO20nPhotosyntheticpigmentsin  
manyspeciesofplants（L9，29，31，37）．   

111uminatedch10rOplastsproduceO｛onthesurfaceofthethylakoidmembranes（2，  
3・9）LTheformationofO2‾invIvpwasa150ShownbyRadmerandKok（30）under  
illumination．lnplantleafcells，0｛canbethemaJOr50urCeOftheotheractiveoxygens  

AbbLeviationsニBSA，bovine serum albumin；DABCO，1，4・diazabicyclo－［2，2，2］－OCtane；MDA，  
malondialdehyde；MV，methylvioIogen；PMS，PhenazirLemethosulfate；SOD，SuperOXidedismutase；  
101，SinBletmoleeularoxygen；ttrOn，1，2－dihydroxybenzene－3，5Jisulfor［ate   
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suchaslo，，H202andOH・（4）．Theseactiveoxygensarehighlyreactivewithvariousce11  

COmpOnentS（I，6，7．8，9，10J3，35）．However，endogenousscavengersorquenchersin  

Chloroplastslower the steady state concentrations of active oxygens and protect  

Chloroplastsfromthetoxicityofactiveoxygens（4）・   
Recently，Asadaetal，（2）demonstratedthatonceO2Jwasformedonthethylakoid  

mernbranes underillumination，the O2Linitiated the aerobic oxidation of sulfitein a  

止aj刀reacfjoJ】10yie】d a18摺erJ】uJ¶ber ofactjyeoxygem＝血釘＝皿05eWereformedjJ】tlle  

absence of sulfite．More recently，Ziegler（38）showed that when SO2WaS aPplied to  

plantleaves by fumigation，the sulnte which was producedin cytoplasm was  
preferentially incorporatedinto thylakoid membraTleS rather than the stroma．Thus，  

during SO2 fumigation，it seemslikely thatincreased amounts ofO2anditsderived  

productscould，atleastpartly，beresponsibleforthephytotoxiceffectsofSO2，   

In the present study，theeffectsofSO20nthephotosynthetic plgmentSandlipid  

were examined withspecialreferenceto theoxygentoxicity．Theresultsindicated that  

chlorophyllawasdestroyedbyO2－anditsderivedproduct，102，WaStheproximate  

CauSeOflipidperoxidationinSO2－fumigatedleavesofspir■aCh．  

Ma亡erialsand meH10ds   

タJd乃r刑αrerJdJ∫  

Spi11aCh（Sptnaciaoleracea L，CV．New Asia）plantsweregrownjJIPhytotronBreen  

houseasdescribedpreviously（33）．spinachusedforfumigationwere4－6weeksold，  

∫02ルm加ゎ〃  

Spinachplantswerefumigatedwith2．Oppm（v／v）SO2inagrowthcabinetat200c  

inthe・mOmingasdescribedpreviously（15）LThelightintensitywas25，000－35，0001ux  

afleaf】evel．  

r力e加ferJ門血rわれ∂／p力ofo叩〃r力er7cp密menf∫  

Forthechromatographic separation，p】gmentSWereeXtraCtedcompletelyfromthe  

leafdiskswithice－COldabsoluteacetoneinglasshomogenizer，Theacetoneextract，Which  

WaS Obtained by filtering throughaglassfilter，WaStranSferred toperoxide－free diethyl  

eHlerin a separ∂［即y furlれe】aれd wasわed w仙】0％NaCガso】u亡旧n SeVera】Hme5．The  

extract，driedWithapowderofNa2SO4，WaSSubjectedtothin；1ayerchromatographyon  

amicrocrystalline cellulose plate（20×20cm；AvicelSF）irL anaSCendingmannerwith  

hexane：aCetOne（90：10．v／v）．Chlorophylla and b，and pheophytin a separated on  

thin－1ayer chromatogram were elutedin diethylether．The pigrnents were determined  

spectrophotometricallyusingtheabsorptioncoefficientsofFrench（11）．Totalcarotenoid  

WaSeStimated bythesaponificationmethodaccordingtoLiaaen－JensenandJensen（16）．  

The contents of chlorophylls and carotenoidsin 80％ acetone extracts were also  

de【ermわ1ed by Hle mefhod50f Mackjれ刀eyりβ），aJ】dKjrkandAlユenりイ），re5peC日vely．  

AbsorptionspectrawererecordedwithaHitachi556dualwavelengthspectrophotometer  

orwithaHitachi200spectrophotometer．  

J肋mf〃αfわ〃（ゾ∫02ル刑なαred如ye∫  

Sevenleafdisks（¢＝10mm），eXisedfromleavesfumigatedwithSO2at2．Oppmfor2hr，  

weref】oa【edor140mMpho5pllatebuffer（P王J6．0）j∫1Peけidjshes（¢＝45rnm）whichwere  

thermostattedat200cbyrunningwater．111uminationwasprovidedby5tungstenlamps  
through7cmlayerofwaterperpendiculartothesurfaceofleafdisks・Thelightintensity  

was30，000to32，0001ux at theleafsurface・Activeoxygenscavengersorotherreagents  
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dissoIvedin40mM phosphate buffer（pH6．0）were added totIleleal■disksby vacuurn  

innltration・PureD20wasaddedinsteadofphosphatebuffer・SuperOXidedismutaseat  

lmg／mlwasaddedtotheleafhomogenate．  

．・lI坤■l・丹Jりノハ、・り11山JハリJ  

Lipid peroxidation was estimated by the malondialdehyde formation according to the 

method of HeathandPacker（I2），Threemloftheleafhomogenateindistilledwaterwas  

mixedwith5m10f O．5％thiobarbituric acidin20％trichloroacetic acid．The mixture  

wasincubated at 950cin water－bath ror30min．MDA formation was determined  

SpeCtrOphotometricallyforthesupernatantobtainedfrom centrifugation ofthemixture  
usingthedifferencemiuimolarabsorptioncoefficient，△EmM（532－600nm）＝155（12）・  

AJ∫の′q「∫岬erOズJde（ガぶ椚〟加e  

After SO2fumigationfor2hr，1eafdisks（¢＝10mm）wereexcisediindwereilluminated  
further for the period＄うndic司ted，TheleafdisksweTehomogenized呈nO．1M potassium  

phosphate（pH7．8）withaPolytTOn（kinematica PTlO／35）at4Oc．Thesupernatants  

obtained from the centrifugation were dialyzed against 10 mM phosphate buffer 

OVernight（pH 7．8）．After centrifugation of dialysates at15，000x g for30min，the  

supernatants were used for the assay ofthe activity ofsuperoxide dismutase，SOD was  

assayed by theinhibition of cytochrome c reduction by O2‾according to McCord and  

Fridovich（30）w享th a slight modification．Thecytochrome c reduction was followedby  

the absorbanceincrease at 550 nm using a Hitachi556 dualwavelength spectro－  

Photometer．The reaction mixture，1ml，COntained50mM potassium phosphate buffer  

（PH7．8），0．1mM EDTA，0．OlmMcytochromec，0，lrnMxanthine，enZymePreparation  

ar）d xanthiheoxidase．Thereactionwasstarted bytheadditionof20〃1xanthineoxidase，  

One ur）it of superoxide dismutase was defined as the amount whichinhibited the  

reductionrateofcytochromecby50％undertheassayconditionsmentionedabove．  

ProteinwasdeterrrlinedaccordingtoLowryetal，（17），   

C／7em～c（7J∫  

Bovine erythrocyte5uPerOXide dismutase，milkxanthineoxidaseandheartcytochrornec  

WerePurChasedfromSigmaChemicalCo．  

ResⅥ1ts  

Fig．1shows the absorption spectra of80％acetone extracts obtained from the  

Same area Of－fumlgated and unfumigatedleaves．The decrease of absorptiorL OCdurred  

bothin the red and the blue regions by SO2fumigation．However，aneWpeakandpeak  

shift did not appear．Theshoulder，arOund455nm correspondingtothesoretbandof  

chlorophyllb，became promirLent SuggeSting that carotenoids are morelabile than  

ChlorophyllbonSO2fumigation，  

Chromatographicseparationrevealedthatthepigmentswerenotdestroyedwithin2  

hr，after this time chlorophyllLIWaS rapidly broken down but chlorophy11b was not  

degradedoverthe8hrperiod（Fig．2）．The susceptibilityofchloTOphyllatoSO2WaSin  

good agreement with the earlier report by Mi111er（24）．Thecontentofpheophytinawas  

not changed and pheophytin b was not detected，Carotenoids were rapidly broken as  

We11．Whenfumlgationwasprolonged over8hf－fumigationperiod，therateofpigments  

breakdown slowed and chlorophyllb wasgradually degraded（data notshown）・A new  

SpOt Ofthevisiblecomponentotherthan thosementioned above，WerenOtdetectedon   

thethin－1ayerchromatogram．  
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Whehfumigation wasperformedinthedark，Chloroticsymptornsdidnotappearat  

least forlO hr．ln darkness，the entry of the gasintoleaves may bereducedbecause  

OfstomatalcIosure．However，it wasnot clearwhetherlightonlystimulatedtheentryof  

400  500  600  

Wavelength（nm）  

Fig・1・抑cJ〆∫∂2ルmなαrfo〃OJl血沈如咋めm押拍“再血加伊痛舶恒痩冊舶  
in spinuchleaveェ Thelengths of fumigation periods areindicatedinthe figuEe．  
Pigmentswereextractedwith80％acetonerromthesameleafareaofSO2，fumigated  
leaves．  
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Con†ents ofehloTOPhy11q（－Or），ChloTOphyllb（－△－），pheophytina（－●－）and  
totalearotcnoids（一口ー）inspinachlcaveswhichwerefumigatedwith50ユforYaTiol▲S  
pe∫iodゝFordela晦SeeteXt．  
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SO20ritalsocausedthedegradationofphotosyntheticplgmentSwiththeaidofSO2・  

Thus，the effect oflight on the destruction ofphotosyntheticpigmentswasexamined  

usingleafdisks（¢＝10mnl）pllnChedfromspinachleavesfumigatedwithSO2at2．Oppm  

for2hr・During thistime，nOSlgnificantlossofchlorophyllwasobserved．Chlorophyll  

awasalmostlinearlydestroyed for5hrinlightbutwasnotdqstroyedindarkness（Fig．  

3）．Carotenoids seem to bemoreTapidlydestroyedthanchlorophyl10．1nunfumigated  

leafdisks，thepigmentswerenotaffectedinlight（datanotshown）．  

TherequirementofO2forthedestructionofchlorophyllisshowninFig．4．When  

O2WaS－emOVedby astreamofN2，ChloTOphylldestrllCtiDれWaSS11ppTeSSed，S11各邑eStin邑  

the participatior［Ofactiveoxygensin this event．Chlorophylladestructionwasinhibited  

by freeradicalscavengers，hydroquinone，tiron（22）andascorbate（9）butsingletoxygen  

SCaVe丁場eTS，DABCO（25），metbionineandhlstidine（6）andhydTOXylradicalsca代ngerS，  

benzoate（6）and formate were essentially without effect（Tablel），Moreover，D20，  

whichiengthenthelifetimeoflo2（21），didnotstimulatethechlorophylldestruCtion．  

These results sl鳩geSt that chlorophy11destruction by SO2fumigation was due tofTee  

radicals，PrObably superoxide radicals．If so，the chlorophylldestruCtion may be  

SuPpreSSed by superoxide dismutase（SOD）which catalyzes the dismutation of  

Supe【OXide Tadicals to hydrogen peroxide and oxygen（20）．The effect of SOD on  

chlorophyll destruction was enamined by adding the enryme to the homogenate oE 

fumigatedleaves．SOD strongly suppressed the chlorophylldestruction，though the  

inhibitoTy effect of this enヱyme WaS nOt COmplete．A controlprotein，boYine serum  

albumin（BSA）had noinhibitory efrect on the destruction ofchlorophylla（Fig．5）．In  
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． 

血∫Ol・ル面如軌＝血相・Chlorophyl＝  
inN－g8S（○）andinaiI（トー）・Total  
carotenoidsinNっgas（－△一）andinaiI  
（▲」．S¢efootnotesiJIFig，3・   

Fig．3．擁直ハ叩血糊肌りか班ゼ政一  
軌溺血川〃加ph佃加減班り地肌出  
血 ∫0－－ル椚なロ′ed 加ソe∫ 〆岬血cれ  

Cl1lorophylトクhda∫k∫leSS（○一）a∫ldin  

lightト●－）．Tota】carotenoidsin dalk－  
ness（－△－）andinl痩ht（－▲－）．Chloro・  

phyllsand caroterLOidsweredetermined  
by the methods orMackinれey（ノβ）aJld  
KirkandA）1en（14），reSpeCtively・  
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unfumigated sample，Chlorophylla was destroyed by】ess than5％ororjgjn81vaJues  
during2hrillumination，however，SOD and BSA had noinhibitory effect on the  
Chlorophylladestruction（datanotshown），  

Fig・6shows the effect of SO2fumigation ontheactivltyOfendogenousSOD，a   

Tablel叩C持〆rわ〃．d∫COr如rg，力γd′叩以f〃0〃ビ，β月βCO，刑gJ鋸b〃f略β】0′占e〃ZOαre〃乃d  
β′椚βrgO月r如dビ∫Jme血〝0／C力わ′OpカメJa玩ぶOt一舟椚如Jed如γビ∫叶岬加旧C力  

Cl】】0∫OpI】y】】βdesfroyed（％）  

Additions  111uminationtime（hr）  
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SO2fumigationwasperformedfor2hIat2・Oppm・・ThechlorophyllGdestructionintheTeference  
Samples（None）wereabout30％oftotalchlorophyllDfor3hr・i1111minationand60％oritfor6  
hr－i11umination，reSpeCtively．Thereagentswereaddedtotheleafdisksundervacuuminfiltration．  

Time（hr）  
Fig．5．即沖eJo／∫0β0〃C／血r叩カメJa（7ggrmcffo乃血〟柁力0椚Ogα〃♂Jgo如α加gdノわ椚  

SO2・ルmiguTedk，aリeSqrSPinach．ChlorophyllGinthepresenceofSOD（－●－）andBSA  
（△）・Noaddition（LO－）・Spinachleavesfumigatedw汀hSOlfor3hr，Werehomo－  
genizedindistilledwaterwithPolytron（KinematicaPTlO／35）．Thehomogenatewas  
filtered throughfourlayers of gauze and the resultant filtrates were used for the  
experiments．The filtrates（0．265mg chl／ml）in Petridishes wereilluminatedwith  
Whitelightattheliglltintensityof30，000lux．Superoxidedisrnutaseandbovineserum  
albumin（BSA）wereaddedtotheleafhomoBenateatlmg／ml．  
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rna）OrSCaVengerOfO2「inspinachleaves・SODactivitywasreducedby60％duringSO2  
fumigationfor2hrwithout producingany chlorophylldestruction・SODactivitywas  
furtherreducedwhenchlorophylldestructionwasproceecEed・However，SO2fumigation  
f。r2hr decreased the protein content bylO％indicating the reductior．ofspecific  
activityofSOD．FromtheseresultsandaboveobservationswecOnCludethatchlorophyll  
dWaSdestroyedbyO2LinSO2－fumigatedleavesofspinach・  

Themalondialdehyde（MDA），anindicatoroflipidperoxidation（］2），WaSformedin  
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Fig．6▲鞘gcro／∫01ルm吻如月0”血∫0β〃Cff叫，α乃dco〃加f∫0／ぐ別bropろγJJa  
Qndpro［ein・SO2fumigation（惚辺一WaSperforrnedfor2hr・Arterfumigation，leafdisks  
wereexcisedandwerei11uminatedasdescribedabove．  
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1‖umination time（hr）  
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11山口】inalion time（hr）  

Fig．7a，即沖C√0／β－0（－ト）・βAβCO（－△－）〃〃d伽〃（－▲－－）0乃血〃以βm〃－  
J加J門∫0ユ小川な〟g抽βリe∫0／ざp血“勇・Noaddition（－0【）・  

Fig．7b・抑亡′0／ββ（－ト），以βCO（－△－）d”drfro”（－▲－）0〃伽加わropみメJ  
deg上川CJ加‘〃ぶ0ウールm如fed血リe∫0／叩J〃βC九Noaddition（－0一）・  
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paralLelwith the chIorophy11a destruction（Fig．7）．DABCO effectivelyinhibited the  
MDA formation．MDA formationwasincreasedbyD20．However，benzoateandformate  
hadnosignificanteffectonMDAformatioJl（notshown），Thussingletoxygenmayplaya  

－dominantTO】e jnJipjd peTOXjdatjonofSO2－fumigatedJeaves．ALlthesereagentssuchas  
DABCO，D20，benzoate and formate were without effect on the breakdown Of  
Chlorophylld（Fig．7）、  

Discussion  

ThedestruCtionofphotosyntheticpigmentsbySO2requiredbothlightandoxygerl・  
Theeffect50fscaYengerSand enzymeorlCわ】orophylJdeshⅥCtions加wedthattheevent  
WaSduetosuperoxideradicals．  

Chloroplasts produce O2－underillumination，howeverrnost oftheO2‾formedin  
Chloroplastsisscavenged by SOD．According to the estimate ofAsadaeta］．（4），SOD  
dismutatestheO｛anddecreasesthesteadystateconcentrationsofO｛toaboutO．1％．  
If SOD wasimctivatedbySO2fumigation，theconcentrationofO2‾wouldincrease  
greatlyinchloroplasts・1nfact，SO2fumigationaffectedtheactivityofSODsignificantly．  
【t seems reasonable to assume that the production ofO｛increasedduetolossofthe  
SCaVenging ability of O2．by SO2f11migatioIl．In addition，0｛production could be  
amplifiedvia aerobic oxidation of sulfitein a chain reaction asindicated byÅsadaet  
止り）．  

On the other hand，Sulfiteis hi％hly reactivd with disulfide bondin proteins．  
Sulfitolysisofthedisulfide bond may cause theunfoldingoftheproteinsbecauseofthe  
key role ofthe disulfide bridgein the conformationalstTuCtureOfprotein molecl】1es．A  
recent study by Miszalskiand Ziegler（23）indicated thatSO2fumigationelevated the  
thiolgroupsin the thylakoid and the elevation was greaterunderiuuminationthanin  
darkness．Chlorophyubound with proteinisrelativelystabletolightand oxygen，While  
chlorophyllirlfree formin an organic soIventis extremelylabile to active oxygens（26．  
27）．1tcannotbeexcluded，therefore，thatsulfiteexertsadetriolatingeffectonprotein5  
whichstabilizesthech12）rOphyll．  

RecentJy，in a65％efhanoIsoLutioni7ZV（tro．PeiserandYang（27）demonstrated  
thatchlorophy11wasdestroyed byfreeradicalsproduced duringthe homolyticcleavage  
Oflinoleic acid hydroperoxide by bisulfite．More recently，they（28）showed that a  
gTeaterprOductio∫】OfMDA occuTTedjn】eaveswhjchwerehighLydamagedfoLlowingSO2  
fumigation．On thebasisofthese resultsobtained rrominリi［roandinvivoexperiments，  
theysuggested that thelipidhydroperoxideformationwasessential■tothedestructionof  
ChloTOphyll（28）．ln our presentinvestigation，1ipid peroxidation，ParaユIe】to the ch】o・  
rophylla destruCtion，Wa5alsoshowninSO2－fumigatedleaveswhichwerevisiblydam－  
agedinlight．HoweveT，neitherDA】）CO，Whichi血ibitedthelipidperoxidation，nOrD20，  
Which stimulated thelipid peroxidation，hadanyeffectonthechlorophylladestruction．  
The results cast somedo11bt ontheessentialrole oflipid hydroperoxideinchlorophyll  
destruCtionassuggested byPeiserandYang（28）．Furtherinvestigationisnecessaryto  
Clarlfythispoint．  

MDA fo∫m∂fjo刀Wa5jれCrea5ed w勅j乃C∫eaSj刀g伽desけuc亡io－10rCflJorophy‖α・  
MI）A formation was decreased withdecreasing chlorophy11a destruction throu邑h the  
additionIOftiTOntO theleafdisks（Fig．7）．Theparallelisminchlorophylldestructionand  
MDAformation（Fig．7）suggeststhatthereisaninterrelationshipbetweenformatioTIOf  
O2－andlo2 aSSumlng these effects result from the production ofO2－andlo2，  

98   



ChloTOphylld∈StruCtioninSO。－fumigatedleaves   

respectively・AseavengerOfO｛，tiTOnat50mM，Whichdoesnotdirectlyreactwith102，  
suppfeSSed coJnPletely the formation oflo2aS mea5ured by MDA formation．This  
indicates that the production ofloIWaSmediatedthroughOユーasdemonstTatedby  
5eVeralworkers（β．JJ，∫イ，∫∫）．   

Asdescribedab。V。，02－whichwasf。。dinSO，－f。migatedleaf。。11s，n。t。nly  
destroyedthechlor。phyllbutalsoprod。C品10ユWhichwasresp。nSiblef。rthelipid  
peroxidation．Thus，the superOXide anion plays a centra】rolein expressing thevisibIe  
damage ofSO2・Asadaetal．（3）and Epeland Neurnann（9）demonstratedthattheO｛  
WaSformed t）yunivalentreductionofmolecularoxygenwithareducedprinlarYelectron  
acceptorofphotosystem】ini）lumi11atedchloroplasts・PhotoreductionofO2invtvobya  

reductantin photosysteTnIwas also shown by Radmer and Kok（30）usirIggreen and  

blue－green algae．As shownin Table 2 phenazine methosulfate（PMS）at O．1mM  

dimirlished thechIorophyllbreakdown by50％ofthecontrol＿PMS，amediatorofcyclic  

e】ectron flc．w，may L；Ompt・te With O2foracceptingelectronsfrom theTeducingsideof  
photosystemJandmight thereby decrease therate ofO2‾formation．MVincreased the  

dllorophylldestruction2to3－fold・MVisreduced bythe pTlmary electron acceptorof  

SySternIandformsaveryautoxidizableradicaltoproduceO2‾byrapidreactlngWithOプ．  
Itis possible，therefore，that some part of O2－was generated a（the reducing side of  
photosystemlitt SOrfumigatedleaves．We can note tllat SO2fumigationinJuredthe  
photosystemllactivity but the activity ofphotosystemIwashigh1yresi占tanttoso2  
rumigation（J∫）．   

Table2 坤cr∫げ腑〃〃d〟「0〃〃抒deJ血CJわ〃0／e別b′叩カメJ〝血∫0，・ルm碑αJedJe〃リe∫0／  
∫〆〃〃亡ん  

Chlorophyllacontent（％）  

Illumiれationtime（hr）  
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SO，fumlgation wasperformed for2hrat2，O ppm，ThefeagentSWereaddedtotheleafdisks  
undervacuuminfiltration．  

Wewishto thank DT．N．Kondo，Nationallnstitute for EnvironmentalStudies，forhisvaluable  
discu5Sionandsuggestioninthecourseofthiswork．  
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Effectsofsulfiteionsonwater・SOlublechlorophyIlproteins   

KiyoshiSugaharal，SetsukoUchidaつandMichiakiTakimotoユ  

1DivisionofEnYiIOnmentalBiology，TheNatlOnalInstituteforEnviTOnmentalSttJdies，  
Yatabe，lbaTaki305  

つDepaTtmentofEnvironmentalChemistry，FacultyofScience，TohoUniverslty，  
Furlabashi，Chiba274  

Toclarifythemechanismsandprocessesofchlorophylldestructionandtherelation  
to the appearanceofvisiblesymptc・mSinSO2－injuredplarltS，mOdelexperimentswere  
Carried outby utillZing thepeCuualpfOperties ofawater－SOluble chlorophylIprotein  
rromCんe〝OpOd血mβ砂以椚．  

The accel¢Tation or chlo10phy11destTuCti（〉n by suげiteions undeT aeTObic and  
illuminatedconditions，repOrtedpreviouslylnOrganicsoIYent，WaSTtQtObservedforthe  
Water－SOLubleplgment－prOtein complex，eVenin4xlOユMsulfite・Thisindicatesthat  
plgmentSaJeStabilizedbycombiningwithpTOteinmolecules．  

OnthecompaTisonofpigmentdestructionbetweentheIeCOnStitutedchloroph），11a－  
aJld chlorophy11ide a－prOteinsinthe presence ofsulfiteions，the formerwassllghtly  
SenSitivetosulfiteioJIS．Ontheotherhand，itwasdemonstratedthatphotoconversionof  
WatCr－SOluble chlorophyllprotein wasinhibitedbyderLaturationoftheproteinmoiety  
CauSedby sulfiteionsinthepreseIICeOflight．Inadditionitwasshownthatitwasneces－  
Saryforthep垣mentabsoTbingthel帥tenergytobestfuCtura11yrelatedtotheprotein  
moietyforinhibitionofphotocoTIVerSion．  

From these results，theinhibition processes of photoconveTSion aleinferred as  
follows：eOnformationalchangesorapoproteinmoleculeswereinducedbylightenergy  
absorbed by the pigments and which allowed sulfite ions to attack the apoprotein 
TTIOleculcs．Themechanismofthesulfitea云tionontheapoproteinisthebreakdownof  
disulfide bolldsin proteins，the disulflde bonds having LmpOrtant functionsinthe  
photoconYerSionprocess、  

From the present modelexperiments，itis suggested that the b【eakdown of  
disulflde bondsocc11rredandinduced damageto thechloroplastlamellaeorphysioIog）r  
CalfunctionsirLtheSOユrinjuTedplanttissues．  
Keywords：Airpollution－J3TeakdownofdisulfidebolldLChIorophlldestruCtion  
SulfiteionsLSulfurdioxideWater・SOlublechlorophyllprotein  

Sulfiteis generally accepted to be the principle mode of SO2 aCtion on cell  

metabolism．After passlng through the stomata，SO2 dissoIvesin the cytoplasm and  

producesH’，HSO；andSOミL．ThesesulfiteironsaffectphysiologlCalfunctionssuchas  

photosynthetic electron transport（13，14），Photophosphorylation（1，12）and CO2  

fixatiollりノ，J7）．  

DuringSO2fumlgation，Visiblesymptomsappearontheleafcausedbychlorophyll  

destruCtion．Manystudieshave beenperforrnedtoestablishcertainrelationshipsbetween  
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thevisiblesymptomsandSO2inJury，butlittlehasbeendonetoelucidatethemechanism  
OfchlorophylldestructionbySO2．  

Recently，the mechanismofchlorophylldestructionbysulfitewasinvestigatedin  
detailin an organic soIvent，76％（V／v）ethanol（9）．However，Chlorophyllisassociated  
with thethylakoid membrane of chloroplast andis connected withlipidandprotein  
moleculesEnvivo．Therefore，itisunreasonabletoconsiderthatreactionsforchl？rOphyll  
destructionin the organic soIvent are the sameasthoseinthethylakoidmembranein  
chloroplastsinvivo・ltisdesirable，therefore，tOdesignamodelinvitrosysteminwhich  
thestateformofchlorophy11ismoresimilartothatinvivo  

Fromthispoint ofview，WeSelecteda water－SOluble chlorophyllproteinisolated  
fromtheleavesofChenopodl’uma［biLm（16），Thereasonswhyweselectedthematerial  
are as followsニ1）itis water－SOluble and stableinaqueousmedia，2）the dark form，  
prepa∫edindarkness（CP668，mainabsorptionpeak668nm），isphotoconvertibletothe  
i11uminatedform（CP743，mainabsorptionpeak743nm），3）theapoprotein，Obtainedby  
removjng pig爪－entS什om t如c吊orophyl】proIein with melh河曲y】keIme，C8月be  
reconstitutedwithchlorophylla，pheophytinaandchlorophyllideatoformtherespec－  
tivephotoconvertibleandwater－SOlublechromoproteins．  

Thus，We COuldinvestigatetheeffectsofsulfiteionsonplgmentandproteinmoieties  
ofthepjBment－pTOteincomplexbyusingthewater－SOlublechlorophyllproteininvttro・   

In the presentstudy，Chlorophylla－prOteinand chlorophyllidea－PrOteinwererecon－  
stituted from the apoproteinoftheoriginalCP668，in order to examine thepossibility  
thattheprocessofchlorophylldestructionbySO2maybevtachlorophy11ide（5）・More－  
over，forelucidatingtheactionofSO20nthemembraneprotein，theeffectofsulfiteon  
theproteinmoleculewasinvestigatedbyusingthephotoconvertibilityofthematerialas  
anindicatorofproteindenaturation．  

Materialsand methods   

PJα〃J肌αrerねJ∫  

Leaves of Chenopodium a］bum were obtainedinsummerfromtllefieldsnearthe  
lnstituteandTohoUniversitytoprepareawater－SOlublechlorophyllprotein．  

Spinach（SpinaciaolerqceaL．）plantswefegrOWninagreenhouseofthephytotron  
andwereusedforisolationofchlorophyll．  

Theyoungleaves（sprouts）oftea（TheasenensIsL．var．Sayamamidori）plantswere  
harvestedfromthefarrnofIbarakiHorticulturalTrainlngSchoolforuseintheextraction  
orchlorophyllase．  

∫pecJrop力oJo肌errfcmeα∫Ureme円r∫  

Absorptionspectraandphotoconversionofawater－SOlublechlorophy11proteinwere  
measuredusingaCary17DXspectrophotometer，   

タ〟吋‡cαfわ〃（オc／lわr叩力γ7Ja  

Chlorophylla waspurifiedonacolumnofpowderedsugaraccordingtothemethod  
ofperkinsandRoberts（川）．   

gズけ即rわ乃0／c／丁わ′叩力γ肋∫g  

About300gofyouJlg】eaves（5PrOut5）ofteaplan短WaSわomogenjzedinan如イ0】d  
O．05M phosphate buffer（pH7．2）with amixer・Afterthe homogenate wasfiltefed  
through severallayers of gauze，the filtrate was droppedinto a deep－freezed acetone  
（－150c）．The pfeCipitate obtained was collected on a Buchner funnel，driedin a  

104   



Sulfitcactiononwater－SO】ublechlorophyllproteiTt   

desciccatoTandstoredatOOc・1gofdriedprecIPitatewassuspendedinlOmlofO．05M  

phosphate buffer（pH7，2），Stirred forlhr and centrifuged at15，000×g for15min．  

Thesupernatantwasusedastheenzymeextract．  

丹e卯rα∫わ〃0／c力わr叩妙JJ〟ea  

Purified chlorophy11a was convertedinto chlorophy11ide a bychlorophyllaseina  

reactionmixture containing O．01M phosphatebuffer（pH7．2），50％ofムcetone，  

chlorophyllaandtheenzymeextract，at300cforlOmin・Attheendofthereaction  

time，aCetOneWaSadded tothereactionmixture，givingafinalconcentrationof70％，tO  

StOp the enzyme reaction，To the mixture，an equalvolume ofn－hexanewas added，  

shakenandcentrifugedatl，000×gfor15min．Bythistreatment，anyChlorophyllathat  

Stillremained was transferred tothen．hexanelayer，Whilechlorophyllideaproducedwas  

presentin the aqueousacetonelayer．Chlorophyllidea was extracted from the aqueous  

acetonelayerwith ethylether，then．theextractofethyletherwasevaporatedtodryness  

usingarotaryevaporator．Residualch10rOphyllideawasdissoIvedinethanolforuse．The  

ChlorophyllideLtPrOductwasconfirmedbypaperchromatography（2）．  

ム〃加わ〃0′αWαJer－∫0血∂Jec力わr叩力γJJpr（フJeJ〃  

A water－SOluble chlorophyllprotein was．extracted fromtheleavesofChenopodium  

album，isolated arld purified on the basis・Ofthe method of Yakushiliet al．（15）by  

performing column chrom立tography using DEAE－Cellulose，Amberite CG 50pand  

Sei）hadexG－100，inthatorder．   

月ec（J〃∫J血Jわ〃0′c／－わr叩力γJJa－α〃dc力わ′叩／王〆JfdビaやrOfe血  

The preparatior10f apoproteinfrom the water－SOlublechlorophyllprotein and the  

reconstitution of chloTOphy11a－ and chlorophy11ide a－PrOteins were carried outin  

accordancewiththeprocedureofMura［aetal，（7）．  

C力わr叩力γ〃dどrerm血rわ〃J〃r加w♂Jer－∫OJu抽c力わ′叩力γJJクrOreJ／7  

From the purified water－SOluble chlorophyllprotein，Chlorophyllwas repeatedly  

extracted with four parts of methyL ethylketone untilremovalof chlorophyu was  

complete．AfterdehydrationwithanhydrousNa2SO4，theextractofmethylethylketone  

COntainlngChlorophyllwasevaportated to drynessand thentheresidualchlorophyllwas  

dissoIvedin 80％acetone，The chlorophyllconcentrationin the acetone solution was  

determinedbythemethodofMackinney（4）．  

Results   

βg∫け〃Crわ〃0／c／7わr叩／けJJa（7〃dc／王わ′叩カメJfdgaJ乃Orgα両c∫0加〃Jわγ∫〟Jβre  

Peiserand Yang（9）reported that the destructionofchlorophyllin76％ethanolin  

the presence of sulfite requiredlight and O2and the optimum pH was4，Beforrewe  

investigated the destruCtion ofchlorophylliIlthepigmentrproteincomplexbysulfite，We  

repeatedtheaboveexperiment．  

Fig，1shows the changesin absorptioIISPeCtra Of chlorophylla byillumination；  

Evellintheabsenceofsulfite（Fig．1A），adecreaseofabsorbanceat663mmwasobserved  

foreachilluminationoflmin．However，thepresenceofsulfite（Fig．1B）casuedaiapid  
decreaseinabsorbance，apPrOXimately80％oftotalchlorophyllabeingdestroyedbythe  

firstilluminationoflmin・Jnthecaseofchlorophy11idea，eSSentiallysameresultas  

Chlorophyllawasobtained（Fig．2），   

1tisconfirmed from theseexperiments，therefore，thatchlorophyllisdestroyedby  
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Fig・1・α〃〃ge∫加α占∫0岬J”〃甲eC加mガC九br叩カメJa f〃0聯′即∫0れで〃Jケγ  
i［Zumination・Reactionmixture，in4ml，COntained：glycinebuffer（PH4．1），0．02M；  
NaHSO3，2xlO‾3M；ethanol，76％；Chlorophyll〃，equivalenttoO．3－0．40rabsorbance  
at663nm・TheiJluminationwascarriedoutusing300Wofpro］eCtOrlampat50，000  
hxわrl∫Ⅵれrepeafed】y▲（A）CoのけOJ（－N且H50き）（即＋N8月50，．neれu汀加r血  
figuresshowstotali11urrLinationtimes．  
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F短・2・αd〃gビg f〃め∫OrPrfo〃∫PeC血m扉c別brop力γJJ揖gaJ〃∂W〝fcJO毎月Jムγ  
H］uminq（ion・ReactionconditioTISarethesameasinFig．1exceptthatchlorophylideq  
WaSaddedtothereactionmixtureinsteadofchloTOPhy11a．（A）Control（－NaHSO，）  
（B）十NaHSO，・   

SulfiteintheorganicsoIventinthepresenceofO2andlightaspreviouslyreported（9）．  

抑cJo′∫〃研reoれC力わ′叩力γJJg〃Wαrer一∫0山地c力わr叩力γJJproJe函  

Awater－SOlublechlorophyllprotein ofChenopod血m a［bum containschlorophylla  
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650  700．750  650  700  750  

Wavelength（nrn）  

Fig■3・Cわ〃〃gg∫f〃〃如orprfo〃∫peCけ〟m呼reco那J血rgd c地ropカメJaやrOfef〃f乃  
岬㈹鮎川椚抽椚わ用加血血血．Reactionmixture，h4ml，COntained：glyciIlebufrer  
（PH4・1），0・07M；NaHSOま，4×10．2M；illuminated form of chloTOphylIa－prOtein，  
equivalentto O．05－0．lofabsorbanceat743nm，Theilluminationwasthesameasin  
Fig・1・（A）Cont－01（－NaHSO3）（8）十NaHSO】・   － ，illuminatedformor  
CllloTOphy11a－PrOtein；－＝，after3minillumination．  

650  700  750  6∈0  7（氾  750  
Wawl引1gth（nm）  

Fig・4・αβ〃ge∫血β♭JOrPrfo〃∫PeC仙川∂／rビCO〃∫J血′gdc〃oropカメJ揖ea－prOre加f〃  

qqueousmedtumbyi］tuminq（ton．ReactionconditionsarethesameasinFig．3except  
that chlorophy11idea－prOtein wasusedinstead ofchlorophylla・prOtein．（A）Control  
（一NaHSO3）（B）＋NaIISOい  

andchlorophyllbandtheratioofatムbisabout6（16），Inordertostrictlycompare，  

however，theeffectofsulfiteonchlorophyllaandchlorophyllideaintheorganicsoIvent  

With thatin the pigment－PrOtein complexin aqueous media，Chlorophylla－and  

Chlorophyllide a－PrOteins were reconstituted from the apoprotein of the dark forrn  
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（CP668）with purified chlorophylla and chlorophyllidea．After photoconversion of  
these proteins byillumination forlmln，Changesin the absorption spectra of the  

illuminatedformweremeasuredinthepresenceofsulfitewitheachilluminationforlmin．  

Fig．3showsthechangesinabsorptionspectraofchlorophylla－prOteinafterthethird  
illumination oflmin．No appreciable decreaseofabsorbancewasobservedat668nm  

and743nmbothintheabsenceandpresenceofsulfite・Forthechlorophyllidea－prOtein，  
asseeninFig・4，aCOnSiderabledecreaseinabsorbancewasobservedforbothpeaksinthe  
absence ofsulfite，While，inthepresenceofsulfiteonlythepeakat74311m dec∫eaSed．  
Thelarge absorbancedecreasebysulfite，demonstratedinthe76％ethanoIsystem，WaS  
notshown，however，forthisexperimentbetweenintheabsenceandpresence・Ofsulfite．  
In any case，Chlorophylla and chlorophyJlide a wereTeSistanf to sulfite whenin the  
Pigrnent－prOteinomplexinaqueousmedia，eVenifthesulfiteconcentrationwas4xlO‾2  

M（cf．2×10▼3MintheorganicsoIvent）．  

血鋸拍わ〃0／’p力oJ∂CO〃腔γ∫わ〃7乃C加br叩わγJJp′Ofei〃・∂γ∫〟抑e  

The experimerltS merltioned above were performed with theilluminated form of  
Chlorophyllprotein after photoconversion・Next，With the dark form ofchlorophyll  
protein，the effect ofsulfite wasinvestigated by adding sulfite to CP668in the dark  
beforeillumination・AsseeninFig・5，WhenCP668wasilluminatedinthepresenceof  
Sulfite，Photoconversion of CP668toCP743wasblockedinbothchlorophylla－and  
ChlorophyllideLl－prOteins．Moreover，eXtendedilluminationoftheCP668didnotdecrease  

theabsorbance ofchlorophyllsignificantly・From thisresult，itisinferredthatsulfite  
preferntia11yattackstheproteinmoietyofthepigmentLprOteincomplex，  

Re如70那／叩毎ルビe〃伽cの乃C叩けαrわ〃∫0／∫〟抑eα〃♂c柚「叩わγJJpr占Jef乃i〃伽r乃加ゎf一  

正石山血血ぬ川棚加   
Fig・6iilus【rates the effect of suifite concentration on tIle photoconversion of  

Chlorophylla－and chlorophyllidea－PrOteins，Photoconversion ofchlorophyua－f）rOtein  

begantobeinhibitedwith3xl（「4Msulfiteandinhibitionwascompleteat6×1Or2M  
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Fig．5．J〃加抽fo〃qrタカoroco〃γerJfo〃f〃C／TJo′（p力γJJp′Oref〃妙∫如けrJe（A）Cll】oJO－  

phy1lo－prOtain，（B）Chlorophy11idea－prOtaln．ReactiommixturesaTethesamea＄inFig，  

3，．，beforei11uminationda∫kform）；”T，after2minillumination．  
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Fig．6．抑仁一o／J〟析rg co〃Ce〃如才わ〃0〃  

p力oJoCO月リe′∫fo〃 0／′eCO〝∫J〟〟Jed cJ7Jo′クー  

PhyllproTeE〝S．Reaction was caTried outin  
O，05M phosphate buffer，pH7．2．－0－○，  
ChloTOphy11LZ－PrOtein（0．18mgchlorophyll／  
1）△r△r，Chlorophyllide c・prOtein（0．57  
mgchlorophy111de／1）  

Fig．7．尺eJがfo〃J力車 ゐeJwe〃 CO〃ぐe〝J闇・  

Jわ〃ざβ／∫以研Jeα〃dorなf朋Jc力JoroタカγJJクrO－  

Jef〃プァ血／血fo〃0／油p力ofoc抑γgrざわ〃・  

ReactlOn WaS Carried outin O．05M phos・  
phatebuffer，pH7．2．Sulfiteconcentration：  
－○，7．1×10‾3M：－△ ，1．4xl（「ユM：0－，  
7．1xlO‾つM．  

Sulfite、On the otherhand，ChlorophyllideaLprOtein wasmoreserlSitive thaJIChlorophyll  
a－prOteinanditsphntoconversionwasinhibitedcompletelyabovelOL3Mofsulfiteeven  
thoughthe pigment coIICentration of chlorophyllide e．protein was higher than thatof  
Chlorophylla－PrOtein．For the originalchlorophyllprotein，inhibition of photoconver－  
sionstartedataboutlCr3MsulfiteandwascompleteatlO‾2Msulfite．  

ForthTee Sulfite concentTations，the effectofchloTOphy11protein concentration on  
Photoconvertibility wasinvestigated using the originalchlorophyllprotein（Fig．7），At  
low concentrations of sulfite（7．14xl（r3M）inhibitionofphotoconversiondid not  
occur，Whileathigh concentrationsofsulfite（7．14×1（r2M）completeinhibitionwas  

ObservedintherangeO．5to3mgofchlorophylla＋b perliterasthechlorophyllpro－  
tein．Atmediumconcentrationofsulfite（1．4×10．2M），however，inhibitionbegantobe  

reduced byincreaslng the concentration ofthe chlorophyllproteinabovelmg chloro－  
phyllperliter．  

From this result，We Caninfer that sulfiteiorlreaCtS With a certain groupin the  
proteinmoLecule，SuChasthedisulfidegroup，bycombiningeachother．   

♪reγer∫削折γ0／p力oroc〟〃リe′∫わ乃∂γrg椚0山門g∫〟〝抽ル0∽Jわe∫〟〃了Je・f〃吊∂如J∫γ∫rem  

After cornpleteinhibitionofphotoconversion bysulfiteunderillumination，Sulfite  
was removed from the sulfite－inhibited system by dialyzing the systemagainst aphos－  
Phate bufferorbyprecipitating thechlorophyllproteinwithammoniumsulfateanddis－  
SOIvlngitin fresh medium，Withillumination of the sulfite－free chlorophyllprotein，  
photocorLVerSiondid not takeplace（data：nOtShown）．Thisfactirldicatesthattheinhibi－  
tionofphotoconversionbysulfiteisirreversible，  
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Fig．8．∫c加JⅧJfcdげg′〃椚q／離cr（〉／ざu押eわ〃0〃タカ0加0郡e′∫わ〝0／wαJe′－∫OJ加地  

c別br叩カγ〝prorg血○，apOprOtein；0，dena加atedapoprotein；8呂，Chlorop佃lβ十∂；  
；‡，Chlorophylla；AA，Sulfiteions；1，dialysisorammoniumsulfatefractionation；（L），  
illumination；（D），daJk treatment；（＋），aCtivein photoconversion；（－），inactivein  

pI10tOCOnVeISion．  

上な加一掬押祓飾付血伽血m佑紳助粕淵脚血明砂川明  

AfterincubationoftheorlginalCP668inlO‾2Msulfitefor30mininthedark，the  
COnCentration ofwhichissufficient toprevent photoconversioninthelight，Sulfite was  

eliminatedfrom theCP668solutionby dialysisorfractionationofammoniumsulfateas  

described above．The CP668 treated with sulfitein the dark was norma11y photo－  

COnVertible byillumination．The same results were obtained for the reconstituted  

cll】orophyllproteinsandshowtわa川g加i古刀ecessarytoi血jb丑抽epわotoconγer5ioれOf  

Chlorophyllproteininthepresenceofsulfite，  

βe〃dr〟r〟J拍乃8／r力e岬叩rOfei〃7れC抽r叩力γJJproJef月i〃力削Jed pゐoroc（川1W∫われゐγ  

∫JJ小行  

From the sulfite－inhbitedCP668，theapoproteinwaspreparedandcornbinedwith  

chlorophyllatoreconstitutethepigment－PrOteincomplex，Theabsorptionspectrumof  

this complexis the same as the originalCP668，but photoconversion to CP743 by  

i11uminationdid not occur．   

r力ee〟ゼCrO／∫〟研reo〃抽ef∫0加ed叩叩rOref〃J〃Jわedα′たα円d血rわeJな如  

The apoprotein wasisolated from theorlglnalCP668andincubatedinlO‾2M  
sulfjteわr】O mirljn抽e dark orin抽elig加．Af蛤r removing suげ圧e by（】ja】y5isor  

fractionation withammoniumsulfate，aPOprOteinwascombinedwithchlorophylla．Both  

the reconstituted chlorophylla－prOteins from the darkhtreated andlight－treated apop－  

roteins were photosensitive givmg rise to a new absorption peak at 743nm after  

illumination，Sincethereisapossibility thattheapoproteindoesnot absorbvisiblelight，  

the ulumination with ultravioletlight（254nm ofmain wavelength，from ultraviolet  

lamp）was also performed on the apoprotein，However，the reconstituted chlorophyll  
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a－prOteinfromtheUVri11urninatedapoproteiIIWaSalsophotosensitivetoformCP743．  

Theresultsindicate that thepigmerltabsorbing thelight energymustbeconnected  

With the protein moietyin order for changes to take placein the apoprotein causing  

inhibitionofphotoconversionbysulfiteandli各ht．  

Discussion  

Using awater－SOllユblechlorophyllprotein，thepigment－prOteincornplex，the effect  

of sulfiteions on chlorophyu destruction wasinvestigatedin aqueous media．Rapid  

destructionofthechlorophyllmoietybysulfiteunderilluminatedandaerobicconditiorlS  

wasnot observedinthepigment－prOteincomplex．However，inthecontrolexperimentof  

free chlorophyllmoleculesin the organic soIvent，the acceleration of chlorophyll  

destructionbysulfite wasobservedaspreviouslyreported（9）．Thisresultindicatesthat  

plgmentSWereStabilizedbycombiJlingwithl〕rOteinmoleculesL  

Recently，Malhotra reported that aqueous SO2 aCtivated chlorophyllase and the  

enzyrneconvertedchlorophyllb tochlorophyllidebinpineneedles（5）．Thepossibility  

that chlorophylls are destroyed by sulfite vla chlorophyllides was examined using  

TeCOnStituted chloTOphyllかandch10TOphyllideローpTOteinsby comparing theiT SllSCeptit  

bilitytosulfite．Chlorophyllidea－prOteinwasonlyslightly sensitivecomparedtochloro－  

phylla－PrOtein．Fromthisresult，itisverydifficulttodiscussthepossibilitymentioned  

above．  

Meanwhile，ithasbeendemonstratedthatphotoconversionofCP668toCP743was  

inhibited by sulfitein thelight．Theinhibitory conditions were analyzed and are  
summarizedSChematicallyin Fig．8．On the basis of the schematic diagram，1ightis  

necessary toinhibれthephotoconversioninthep7eSenCeOfsulfite（Seeland3inFig．8）．  

ln addition，photoconvertibility，OnCeinhibited，COuld not be recovered by removing  

sulfite from the chlorophyllprotein solution（see 2in Fig，8）．Furthermore，the  

chlorophyl】a－prOtein obtained from reconstitution with the apoprotein from the  

sulfite－inhibited chlorophyllprotein did not showphotoconversionactivity（see4inFig・  

8）．While，theilluminationoftheapoproteinonlyfromCP668inthepresenceofsulfite  

did notaffectthephotoconvertibilitywhenthechlorophylla－PrOteinwasreconstituted  

withthisilluminated apoproteinandchlorophylla（see5inFig，8）．Thisresultindicates  

thatthepigmentisstructurallyrelatedtotheproteinmoiety．  

FrorntheseresultsinFig，8，WeCaninferthefollowirlg：thelightenergyabsorbedby  

pi邑mentS WaS tTanSferred to theapoproteirLmOiety and aconformationalchangeinthe  

apoproteinwasiIlducedinthe chlorophyllproteinmolecule；theconformationalchange  

allowedsulfitetoattacktheapoproteinandsulfitecombinedwithacertaingroupofthe  

proteinmolecule．  

Theinhibitory mechanism ofsulfite actionon theapoproteinmustbediscussed．It  

has been reportdd that photoconversion of a water－SOluble chlorophyllprotein was  

innibitedbyS－Sreagentssuchasβ－merCaptOethanolanddithiothreitolbutnotbySH  

reagents sudlaSP－Ch10rOmerCuribenzoic acid and N－ethylmaleimide（8），On the other  

hand，itis known thatsulfitebreaks down the disulfide bondin protein molecules as  

follows（の：  

RSSR ＋SOま‾ ≒ RS－十RSSOう   

From these facts，We Caninfer that the paticular group of the proteiIlmOlecule   
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mentioned aboveis a disulfide bond and sulfite breaksdown the disulfide bondin the  

apoproteinmolecules，   

Intheinhibitionofphotoconversion，theeffectiverangeofthesulfiteconcentration  

was】OJ3～】O‾2MasshownjnFigs．6and7，AccordingtoXondoaJldSugahara（3），this  

COnCentrationis capable of occumng SO2－fumigatedleaves．Thus，frornthe present  

modelexperiments，1tis suggested thatin SO2－inJuredplantsthe sulfiteions produced  

induce the destruction ofchloroplastlame11aeandinhibitionofphysiologicalfunctions  

by breakdownofdisulfidebondsinthepigment－PrOteincomplexes，Finally，Wehaveto  

keepinmindtheimportantroleoflightintheinhibitoryprocess．  
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Th号T6lativeTeSistanceorplants伏＝血m喝ebySO2WaShvest由ted、Measurements  
wcre made of the rate of transpILation and foliar responsesto SOユ．ln the present  
cxperiment，29 plant species，irlCluding 25 herbaceous and4woody species were  
fumigated．Fumigationwith2・OppmSO2for4hrcausednovisibleiruuryonleavesof  
severalplant species，While other species exhibitedlOO％leafnecrosis，The degree of  
foliariruury wasexaJninedinrelation toi）1eafthickrleSS（1eafaerialfresh毎eight）’ii）  
transpiration rate，andiil）thc amount ofSO2absorbedtodeterminethemainhctor  
∞ntIO11in呂mteTSpeCげicTeSpOns¢StOSO2．Weobtainedahi帥1ysigmficanteorrelation  
（一＝0，78）between the degree of foliarinJury and theabsorbed amountofSO，・We  
cc＞nCJudc that theinterspecげic differencesin responses to SO2 may be primarily  
deterTninedbyhowplaJltSpeCiesabsorbSOま．  
Keywords；PlantresistaJICetOSO2rSO2absorptior10fleaves－Transpirationrate－  
Visible injury of leaves 

Sulfurdioxideisanimportantairpo11utant．Jndustrializednationslargelydependon  
combustiorLOfhighsulfurcontainingfossilfuelsforenergy．TheemissionsofSO2tOthe  
atmospheTeareincreasmgasworld wideindustrialactivitiesincrease，Todate，numerOuS  
studiesllaVe beeJ】made on morphologicaland biochemicaleffects of SO20n plants．  
RevleWSbyThomas（24，25），Mudd（21），andBellandMudd（3）sumrnarizetheseeffects．  

Acuteexposureto SOICanCauSeneCrOSisonplaIltleaves，Plantspeciesandcultivars  
differin degree ofin）ury Which they sustain from the samelevelofacuteexposure・The  
exposure of approximatelyl．O ppm SO2 for24hr can cause foliarinjury to many  
PlalltS．IrlCOntraSt，SOme SpeCies can tolerate severaltimes this concentration with no  
Visible symptoms．Severalinvestigations have compiled tables of these differencesirl  
responses to SO2（2，13）；nlOSt nOtable，is the work carried out by O’Gara，Cited by  
Thomasand′Hendricks（26），Whofumigatedo†er300speciesarldcultivarswithSO2and  
訂aded resistance by a resistance fac亡orrela如e to alfaぬ．Hefourld血書du一之tioJ10f  
exposuretimeandSO2eOnCentrationrequiredtoproducefoliarinJurydifferedasmuch  
as15－foldbetweenspeciestested．  

Mechani5mSOfSO2phytotoxicltyandthemechanismsresponsibleforinteTSPeCific  
differencesi∫一reSistance to SO2arepOOrlyunderstood・However，tWOprerequisitesfor  
SO2in）ury COuld be considered，lnterspecific orintraspecific（among cultivars）  
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differencesin resistance to SO2COuldreflect the differencein stomatalresistance tO  
entry of SO2 0r biochemical（enzymatic or non－enZymatic）detoxication of SO2  
血corpoTafedjれfocel150rboth．Thomaざaれd〃j】1（ブタ），a5earユyasl夕35，Showed伽亡抽e  
extent ofinjury sustained by alfalfa plants5ubjectedtoYaryingamountsoflightand  
humidityinthepresenceofSO2WaSCOrrelatedwiththeamountofSO2absorbed．From  
these results，Thomas speculated thatspeciesdifferencestosO2Weremainlydueto  
differencesintherateofSO2absorption（25）．However，thishypothesiswasnotchecked  
experimentauybyThomas．In1978，Caputetal．（9）fumigatedthreespeCiesofPinusand  
Bressan et al．（8）fumigated cultivarsofCuczNbi（apepoandCucumissattvus，andthey  
SupPOrtedthesuggestionofThomas．   

In the pfesent study，We fumigated29plant species and undertook tolook for  
ねcror5WわjcllCO∫一打0ユ1加er5peCific djffereれC郎inre叩Ongeぎ【0502・Wea】sochecked  
Whether SO2induced the stomata of various plant species to open or close，Which  
mayaffecttheinterspecificresistancetoSO2．  

Mate∫ね1sand methods   

Jl山〃J川〟Jく・′山J、（  

SpeciesofplantstestedarelistedinTablel・A11speciesweregrowninaphytotron  
greenhouse・Growing conditions and stages of．developmelltarealsoshowninTablel．  
Herbaceousandtreespecie5WeregrOWninlO－and25－Cmplasticpots，reSPeCtivelyLThe  
Seedlings were thinned for uniformity亭fter emergence to one plant per pot for all  
experiments．A day beforeuse，Plantsweretransferredtoacontrolledenvironmentroom  

（1■7x2・3x2・Omhigh）with16／8hroflight／darkcycle，250cduringthelightarld200c  
duringthedarkphase，75％relativehumidity（6mmHgofwatervaporsaturationdeficitat  
250c），aれd30kユxa＝加】eYeユorIhepla聴  

凡椚如fわ〃畔∫rem  

Plant fumigation was performedina controlled environment room designed and  
COnStruCted for studies of the effects of air pollutants on plants，Thelight source  
COTISisted of24400．WstanTIOuShaiide）aLnPS（Toshjba）．Theiightwasfilteredthrough  
heatabsorbingglassfilter，Whichremovedradiationabove800nm．Freshairwaspassed  
througllcharcoalandcatalystbearing（COntainingMnOxandCuO）filterstoremoYeany  
ambient po11utants andledinto the fumigation room・This filtration system proved  
effective for removalof SO2．Theairvelocityinthecontrouedenvironmentroomwas  
O・2－OL4m・SeC‾1，andtheventilationratewas30times・hr－1．so2fromacompressed  
Cylinder containing4，000ppm SO2inN2WaSinJeCted through athermalmass－flow  
controller into the gas stream. SOz concentration was regulated using a controlling 
SyStemOfapulsedfluorescentSO2analyzer（ThermoElectron，Mode143），Recordingsof  
SO2 COnCenfra亡ioLISinside the room showed that on starting the fumigation the  
COnCentrationsreachedthefixedlevelwithin5min（Fig．1）．Concentrationsofpollutants  
Wereregulatedwithin±5pphmoftheaveragevalues，  

■け．Jlけ／）I付II州／肝J∫lハ、川川J、I   

The transpJTatio几ra［e was measured bY the gravimetric method uslngelectronic  
top－loadingbalances（Mettler，ModelPEllandModelPT15）andcontinuouslyrecorded  
Withathermaldataacquisitionsystem（EtoDenki，ModelThermodacJl）equippedwitha  
personalcomputer（Canon，ModelCanolaSX－300R）．  

Thetranspirationrate duringSO2fumlgationwase丈pressedasapercentoftherate  
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Tablelノ’加rm〃Jg′招J∫〟∫gdβ′J加eメタOm′er（）∫02．▲  

Cultule  
Medium  

Daysart¢r  
Sowing  

Plar［tNo．CommonName CultivarName  SpeciesNaJne  

1  sorghum  

2  tomato  Fukl那′u・2  

3  gi11kgo  

4   coJn  Y（さ1lowDentColn  

5   soybean  W且Se・Sl】irator1  

6   cucumbモー  

7 ■ pokeweed  

8  ch¢rry  Somei－Yoshino  

9  pimento  Ace  

lO Tie已  Ni！10nba王己  

11  eggplant  

12   wheat  Norln－61  

此明血∽＝由紬川  

上γCOper∫わp〝ビタCuJe〃山m  

C∫乃たgoムfわぁ〃  

Ze〃明〃γ∫  

t小…け叩Jl■  

αc〟mfJ餌rル〟∫  

Pみγわ由cc（王dmerむdれd  

伽〃〟∫γed∂g〃∫f∫  

G叩扇血∽＝河川几W  

l）・l：山ヽJ‖川  

ふ）J甜以Mmeわ〝ge〃〃  

乃血血∽＝朝雨川研  

創池川扉㌍血  
几叩頭バ仇肌憫〝血m  

〟皿呪血い血如血  
．1仙机∫／r〃l－ぐJく・J  

β〝∫∫fc〃Cα椚Pe∫rr由  

∫pf〃〃C血oJg用Ce〃  

点呼血川馳‖幻加机  
上〃CJ〟ぐα∫〃Jル〃  

Pgr肋／mJe∫C印∫  

劫〟rゐ′Jば〃fJ  

〟ゼdね〃gOJ〃rf化  

lI（、山／d／v  

火元血Mい∝川棚肌川東  

舟gop）／m椚eJC〟Je円山m  

Jワα拍〃〟∫OC（1fde〃JαJf∫  

夕飯JJ押ぶ〃JJγ〃m  
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1：1  gwisschard  

14  poplar  

15  kidneybe  

l（〉  p8弧ut  

17  

柑  spinach  

19   radish  

20  1ettuce  

21  b¢erSteakplant  

22  mominggloTy  

Shin－Edogawa  

ChibaJHandate  

Wlutt：Concille  

New Asia 

Comet  

WhitePafis  

Sc町1etOhaTa  
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23  Common  

24   broadbean  Otafuku  

25 castor oilplantt 

2（i buckwheat  

27  planetree  

28  pea  Alaska  

29  sunflower  RussianMammoth 〟βJ血〃J血‘∫〃〃〝仙J  

1■Herbaceousspeciesandpopla＝CllttingsweregrownfromseedsorcuttingsinaphytotTOngreen－  
houseat250cdayarLd200cnightandat70％R．H．  

2，＊NIESculturemedium／sandyloam＝3／1（v／v）  
持gramysandylo釘】1  

OthersOVIESc111turemedium）＝peatmOSS／vermiculite／perlite／flnegraVel＝2／2／l／1（V／v）  
3．TreespeCiesexceptpoplarweregrowninagreenhouseforabout2yea＝SandweTetrarLSferred   

intc・aPhytc・trOngreenhouseaboutaweekbeforetheexperiment．   

prior to SOユ tTeatment（pretreatmerlt rate）．The experimentalconditions for SO2  

fumigationwas250c，75％relativehumidity（watervaporsaturationdeficitof6mmHg）  

and130W．nT2（30klx）atplantheight．Theseconditions，knowntobefavorablef占r  
opening of stomatain broad bean（Viciafaba）（16），Were employed foreach ofthe  

SpeCiestested．  

The amount of SO2 absorbedinto theleaves was calcu）ated byintegrating the  

transpirationrateduringSO2fumigation（Fig．2）．TherateoftranspiratioJIWaSCOrlVerted  
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0，0 0．5 1，0 1．5 2，O  

PPm SO2  

F短．1．尺eのrdαr∫02〝〝Ce〃血fわ〃如上加ル椚～わJわ〃rOO仇   

into the rate of SO2absorption using the datareportedbyOmasaahdAbo（2I）．The  

conversionfactorappliedwasl．8xlO‾3［mmHgwatervaporsaturatiorldeficitl・（vol  

ppmso2】‾1  

FoliarinJurywasdetermined24±2hTSafterexposureforeachplantspeciesheldin  

thefumigationroomin the continuouslight．lnJury WaSdeterminedona O－100％scale  

onlearareabasisusinglO％increments．  

Results and discussion 

月e岬〃1JeO／如月∫〆rdfわ〃rOぶ0ヱ  

ThecomparativeresponsesoftrarLSPlrationindifferentplantspeciesto4－hrexposure  

わ2pp汀】SOヱ即epreSe山ediJIFig．3．  

The pattern of changesin transplration rate during the course ofSO2fumigation  

variedarnongplant speCies．Fofriceandtomato（Fig．3），therateoftranspiTationbegar）  
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Fig．2．〟e油odβ′deJerm血JJわ乃qr〃ゐ∫Or如d〃椚0〃〃Jqr∫02・TotalabsorbedSO2WaS  
ObtainedbyintegratingtIanSpirationrate（hatchedaTea）durlngtreatment．  

to decrease rapidlyjust after exposure to SO2，The maximum responseintherateof  

transplration occurredwithin20rnin after exposure，the time wasconsistent between  

these two plant species．Maximum inhibition of transpiratiorlreaChed 65％of the  

pretreatment ratein2．O ppm SOユーtreated rice and onty35％in2、O ppmSOユーtreated  

tomato．Noleaves of tomato and rice plants exposed to2．O ppm SO2Showedvisible  

山juryduringthecourseofthe4－hrexposure．   

Formominggloryチndplanetree（Fig－3），eXpO5uretO2・OppmSO2CauSedthe  

transpiration rates to decline gradually，Decreasein the rate oftranspiration of these  

plant speCies was slow during the first2hr of exposure with a more rapid reduction  

during the remainder of the treatment．These species were generally moresensitiveto  

SO2thanthosephntspeciesthatshowedarapiddeclitleOftransplration、  

Forotherplant species，e．g．Sunflower，Peaandbuckwheat（Fig．3），therewasabrief  

initialincreaseintransplrationfollowedbyadeclineoverthe4hrtreatmentperiod．The  

initialincreaseintransplrationofsunflowerwasinnuencedbyconcentrationsofSO2and  

humidityconditions（datanotshown）．Whentherelativehumiditywas75％at250c（6  

rnmHgofsaturatior）deficit），theinitialincreaseintranspirationcouldbenoticed■Atlow  

relative humidity（12mmHg ofsaturation deficit），nOStimulationoftranspirationwas  

noticed．HoweYer，the present results on tranSpirationindicate that SOICOuld not  
Stimulate stomata ofplant speCies，including broad bean and corn but excepting  
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Only ginkgo，OPen for solong time as observgdin broad bean，COrnandbarleyby  
MajernikandMansfield（15）andBiscoeetal．（7）．Theincreaseintranspirationinthese  
Plantspeciestestedherecontinuedforl．5hratmost．   

Inhigherplants，gaSeOuSdiffusiontakesplacethroughstomatathatareopeninthe  
light enabling SO2tO enter theleaftissue quiterapidly．tonsequently，theamount of  
SO2 absorbedintoleaf tissue depends prlmarily on the number and size of stomatal  
POreS．However，the reported results concerning stomatalresponses to SO2 may Seem  
COntradictory．Some workers report stimulation of stomatalopeTling due to SO2  
fumigation（15，16，18），While others have reported stomatalclosure during SO2  
fumigation（19）．Summing these contradictory results，MqJernik arld Mansfield（16）  
emphasIZed theimportance ofthehumidityduringSO2fumlgation，Theyshowedthat  
Viscous flow resistance of stomatainbroad b亘Tldecreased withincreasing SO2－  
concentrations upto9ppmfor12hrundermoist品nditions（1essthan7mmHgof  
Saturation deficit）．Under dryconditionsandthe samerangeofSO2COnCentrations，the  
StOmata Closed．Ifexposure to SO2iscapableofincreasingthestomatalopeningsarapid  
rate ofincorporation of SO2intoleaf tissue may occur and may resultinincreased  
SuSCePtibility to SO2andinincreased waterloss due toahightransplrationrate，Onthe  
Otherhand，rapid stomatalclosure mayincrease thestomatalresistancetoSO2diffusion  
enabling the plant species to tolerate to SO2．Experimentalresults obtained by some  
WOrkers（22）support the speculation that under moist conditions foliarinjurydueto  
SO2is more severe 仙an under dry cond汗ion5．打owever，thisideais not entirely  
SuppOrtedbythepresentresults・SO2hducedthestomatalopeningofginkgoplant，but  
We COuld not detect any folialinjury′（Fig．3）．Furthermore，We COuld not detectany  
COrrelation between the sotmatalclosing or opening reactionwith the degree offoliar  
i叫uryinduced by SO2fumigation（Fig．3），However，amOng the plants we tested，it  
wouldappearthat thoseplants；howingarapidresponsetoexposuretoSO2（tomato，  
riceandcucumber）exhibitedtheleastdamage．Furthermore，Wherethetranspirationrate  
WaSSIowtochange（stomatalre5pOnSe WaSminimal）necrosisoftheleafwashighest．As  
indicatedabove，theginkgoplantsshowanentirelydifferentresponsetoSO2，OrLWhich，  
inviewof抽eirMesozoicorIgInS，Warran亡srur抽erexamina［ion．  

．＼■‘●L、′・－∫l∫J′山／l㌧〃J恒l・人†l．∴†J  

The relation between theleaf thickness and foliarlnJuryinduced by the4－hr  
exposures to2．O ppm SO2isindicatedin Fig．4．lnthe present experiment，there was  
lO－fold variatjorIS山地eleafthjck爪eSSamOng Hle teStedplants．T九ethimne5tIeafexa－  
mhedwasthat ofpeawitl15．4mgF．W．／cm2，andthethickestleafwasthatoflettuce  
with51．OmgF，W．／cm2．Linearregressionwasmadetodeterminewhethertheleafthick－  
nesswasaprominentfactordeterminingtheinterspecificdifferencesinresponsestoSO2．  
From this statisticaltreatment，there appeared that there was negative correlation be－  
tweentheleafthicknessandthedeg＝eeOffollarinJury．Thelinearrelatiomwasindicated  
in the figure，However，We COuld not find a slgnificant correlation betweenthesetwo  
factorson99％conridencelevel．  

Asaleaf becomes thicker，the fresh and dry weight perunitareagenerallyincrease．  
〃01m許eJ】（ノイ）reported tl－a＝he rnesopllylユCOヱ ∫e5j5ranCeiJleCO亡ype5 0f5’∂J～如♂  

Virgaurea decreasedasthe dry weightperunitleafareaincreased，DornhoffaJldSchibles  
（10）also found that the rate of photosynthesis for soybeanhadapositivecorrelation  
withleaf fresh weight as wellas dry weight per unitleafarea，The mesophy11CO三  
resistance generallyis considerablylarger than the boundarylayer and the stomatal  
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10  20  30 ‘0  50  
Freshweight／しeq†qr甘口ノmg／Cm2  

F短・4．rねed呼eeガ由げ〝eぐ和∫f∫C〃〃音gd如2■0〝m∫02〃∫α舟乃eめ〃〝kげ  
（hickness（h｝GfoenatPeshweight）．Solldlineisaregressionlineforthedata．Y＝the  
degfeeOflearnecrosis；Ⅹ＝1e且raeTialrresllWei帥t．  

resistancestoCO2diffusion（12），andhenceattentionisrightfully directedtowardSO2  

Or Sulfite diffusion of chloroplasts for understanding theinterspecific differencesin  

responsestoSO2．  

Once SO2enterSintothemesophylltissuethroughstomata，manyPllySiologlCaland  

biochemicalprocesses associated withlivingorganismswouldbeaffected（17，20）．The  

SpaCe Wi仙刀tlleleaf js co∫】Side∫ed fo belOO％re加jve加mjdj丹（ノり；jJ】addj臼On，  

mesophyllceusarecoveredwithathinlayerofwater＿ThiswaterlayercouldalterSO2tO  

Sulfite which penetratesinto cytoplasma（6）andis convertedinto sulfate by sulfite  

OXjdatjon sy5fem h planfmjlocl－0刀dria（ノ▲2ブ）．SjれCe5u】fj亡ei530t血eざmOre tOXicb  

Plantcellsthansulfate（25），arapidconversionofsulfitetosulfatereducesSO2damage．  

Thelargeresistanceofmesophy11tissuetodiffusionofsulfitemightreducethetoxicity  

CapaCjty of5uユ点Ie．〃owever，ⅣeCO山dI王Ofdetec亡asigrliflC8雨correla仁ion beとweeJIleaf  

thicknessandthedegreeoffoliarlnJury．  

∧セc′0∫f∫〟月♂∫02め∫0叩〃0〃  

Fig，5shows the relation between the rate of transpirationandthedegreeofleaf  

necrosiscausedbya4－hrexposureto2．OppmSO2．Thetransplrationrateshowninthe  

figureistherate prlOrtO thefumlgation．Valuesfortransplrationrateandthedegreeof  

leafnecrosisshowasignificant（99．9％confidencelevel）positivecorrelation（r＝0．68）．  

Asmentioned above，theabsorptionrateofSO2isduetostomatalresistancetothe  

diffution ofgases．Furthermore，StOmataldiffusionresistancecan be determined by the  

transpiration rate andleaf air vapourpressure difference（12）．The transpirationrateis  
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0   0．5  1．0  15  2．0  25  31）  
Tr8nSPir（Itionrdtち9H20drn－2hr－1  

Fig．5．me虎訂eeげJgげ〝eCrO∫fざぐα〟∫e♂占γ2βクp沼∫0】♂∫β舟〃CJわ〃げ  
t7VnSPirationrG（e，ThetranspirationrateistheratepriortoSO2fumigatioTl．Solidline  
isaregressionlineforthedata．Y＝thedegreeofleafnecrosis；X＝therateoftran－  
spirationprlOrtOSOっftlmigation・   

therefore anindicator of the SOlabsorptioIlrate、The resultsshowninFig．5indicate  

that degree of foliarinjury may depend on the rate of SO2absorption．However，the  

transplrationrate showninFig．5istherateprlOrtOthefumlgatioll．Althoughthedegree  

ofleaf necrosis has a highly significant correlation with the pre．exposure rate of  

transplration，itisquestionablethatthedegreeofleafnecrosisisdeterminedsolelybythe  

rate．of transpiratiorl，Orin other words the rate of SO2 absorptiol一，because the  

transplration rate changed during exposure to SO2．In addition，the changesin  

transpiration due to exposuretoSO2hadgreatvariabilitiesbetweenplantspecies（Fig．  

3）．  

Assuming the absorption ofSO2isdirectlyrelatedtothetTanSpirationrate during  

tlle COurSe Of the experiment，then the degree ofleaf necros遁Should have higher  

correlationwith the totalamountofSO2absorbedduringtheexposure，The・relationship  

between the absorbed amount of SOland the degree ofleafnecrosisstrengthensthis  

argument that species differencesin resistance to SO2apPear tO be mainly due to  

differencesin the absorbed amount of SO2ratherthanth6rateofabsorptioIlOfSO2・  

Thisisshown，inFig・6whereacorrelationofO・78wasobtainedbetweentheamount6f  

SO2absorbed and the degree ofleaf necrosis．ThetotalamountofSO2absorbedwas  

determined byintegrating・tranSpir左tion duringSO2fumigationasiTldicatedin Fig．2・  

These results provide direct evidencein support of Thomas’sidea（25）that species  

differencesinresistarlCetOSO2aretherersultofabsorptiondiffereLICeS・  

Thecorrelation betweentheabsorbedamountofSO2andthedegreeoffoliarlnJury  
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1（） 15   2．0  25  

SO28如rbed．mgSOzd巾2  

Fig．6．乃ede訂ee〆k材〃gCrO∫f∫Cα〟∫e‘‖）シ2．Op戸川∫0ユα∫〃舟〃ぐrfo〃0′〟ば〃∽0〟〃J  

ofSO2qbsorbed．S？11dlineisafegiessionllnefoTthedata・Y＝thedegreeofleaf  
nedrosiちX＝the且mOuntOrSOっabsoIbed・  

couldbeusedtodevelopconceptualmodelsontheinterspecificdifferencesinresistance  
toso2．Possibly，theseresultscouldbeusedasageneralconceptualmodtlforgrading  
PlantspeciesinresponsestoSO2・  

Conclu5ions   

EvidenceprovidedinthispapefindicatesthatthedegreeofleafnecrosisQOuldbe  
duetotheamobnt．ofSO2ibsorbedduringthefumigation・PlantssensitivetoSO2absorb  
greateramountsofSO2thanresistantplantspecies・AlthoughambientSO2COnCentra－  
tions．aremuchlowerthantheconcentrationappliedinthepresentexperimentandleaf  
n6cr6siscausedbyotherairpo11utantsYaSnOt detected，thepresentevidencemaybe  
able to apply to theinterspecificdifferencesintheresistancetootheraiTpOllutants  
becausetheuptakeofgasesareprmlarilyduetothestomataldiffusionresistance（6・21）・  
（We have now conduct盲d experiment畠to check this speculationby determiningthe  
，elati。nShipbetweenleafnecrosisand■ozoneabsorption・）   

tfvegetationdムesconstituteanimportantsinkorfilterforatmosphericpollutants，  
assuggestedbyanumberofinvestigators（4，5），thenlplantswhichhavehighabsorbing  
capacity ofairpo11utantswouldplayabeneficialroleinthisphenomenon・fIowever，  
those leaves which could absorb air pollutants efficently could not tolerate higher 
concentrationsofairpouutants／Ontheotherhand，Plantingtheresistantspeciesisnot  
beneficialforcleanlngphytotoxicairpollutantsfromtheatmosphere，becausethehighly  
resistantspeciesdonotabsorbairpollutantsefficiently・  
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Treesandwoodyshrubsareplantedasagreenbeltoralongroadsinheavilypoll11ted  
urbanareas・Tree sp．ecieshavelargeramountofleaveswithlongerlife－SPanthanherba－  
CeOuSSpeCies．Thischaracteristicsoftreespeciesmaybemorebeneficialforremovlngair  
pollutants．Thus，ifwewarLttOuSeVegetationasatmosphericfiltersthenwoodyspecies  
wouldbemorebeneficialthanherbaceousones．  
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StudiesorltheeffectsofaiIpOIlutantsonplants  
andmechanismsofphytotoxicity  
Res．Rep．Natl．Inst．Environ，Stud．No．11（1980）  

Abscisicacid－dependentchal唱eSintransplrationratewith  

SO2fumlgationandtheeffectsofsulfiteandpJlonstomatalaperture   

NorlakiKondol，lsseyMaTuta2andKlyoshiSugaharal  

lDivisionofEnviIOnmentalBiology，TheNationallnstituteforEnvironmentalStudies，  
Yatabe，lbaT8ki3∩5  

ユTheGraduateSchoolofEnvironmentalScience，TheUniversityofTsukuba，   

Sakura－mufa，lbaraki305  

TTanSpi【ationTate0†TicらplantwhichcontahedextIemelylaI各eamOuntOfabscisic  
acid（ABA）decreasedrapidlywith2・OppmSO2furnigation，reaChed20％oftheinitial  
levelafter57Tlin exposure，then recbvered slightly and thereafter remalned constant．  
SO。fumigation of alday and tobacco（NTCO（EGnD tabacum L．Samsun）which haYe a  
lower ABA content showed a50％decreaseintranspilation Tate．Similarly，rateS foT  
Wheat and tobaccoW t4baaLm L．SamsunNN）whichcontainedevensmalleramounts  
OfABAthanaldayandtobacco（Samsun）decreasedby35and45％，reSpeCtively，30min  
after the beginninB Of the fumigation．In the cases orbroad bean and tobacco（N  
ghLt7T70SaL．）withlowABAcontents，thelateSSllghtlyincreasedimmediatelyafterthe  
StaIt｛）fth¢fumi各ati（）nalldbe各antOdecTeaSe騨adl】auyユOand40minlaleI，IeSpeCtiYely．  
The tJanSPlration rates of toTn and soIghum，inspite of their extremelylow ABA  
COntentS，prOnOunCedlydecreasedwithSO，fumigationandreached65and50％ofthe  
irLitiallevelsafter20to40minexposure，reSPeCtively．FoliarapplicationofO．04NHCl  
to peanut］eaYCSremarkably depressed the transpl∫ationIate，WhiletheappllCationof  
O・04M Na2SO3decTeaSed ther且teOnly to thesamelevelaswatertTeatment・Follar  
appllCation of either HClor Na2SO3 tO radishleaYeS eXerted－no changein the  
transpirationrate．When3xlO’■MABAwasappliedtoradishleavespriortoHCland  
NaっSO3 treatment，the transplration rate ofradishwasdecIeaSedbyHClappllCation，  
but nc・tby NaiSO，．Thestomatalapertt）7e Size c・f sor．icated epidermalstripspeeled  
from broad beanleaves wasidenticalin a pH range of3．O to7．Oin the rr［edium．  
AdditionoflOJIM ABAto themediumdecreasedtheaperturesizeintheacidicregion  
OfpHwithaminimalvalueatpH4．0．Na2SO，prOducedasl薩htincreaseiLltheaperture  
SizeintheabsenceofABA，butshowednoeffectinthepresenceofABA．  
Keywords：Abscisic acid－pH－StomataSulrite－SulEtlrdioxide▼TTanSplration．  

Thein）ury CauSed by SO2fumlgation depends atleast partly on entryofthegas  
throughthe stomata．The number and aperturesize of stornata areimportantin  
determining plant sensitivity to SO2・Iiowever，these stomatalcharacteristics・do not  
always correlate with plant resistance to SO2（3，4）．Recently，We found that the  
transplrationratesofresistantplantsrapidly decreasedfollowingSO2fumigation，While  
thoseofsensitiveonesgradua11ydecreasedaftersomelagperiodsorevenslightlyincreased   



N．Kondo，l，MarutaandK，Sugahara  

（7）．We also demonstrated that the transpiration rate of theleaves containing high  
COnCentrationsofABArapidlydecreasedwithSO2fumlgation．Theseres111tssuggestthat  
ABAmayact asacontrollingfactorforprotectionofplantsfromSO2damage，AsABA  
is known to decrease the stomatalaperture（10），SO2 SeemSlikely to amplify the  
inhibitory action of ABA on thestomatalopenlngOrSenSitizetheguardcellstoABAL  
SO2 absorbed by plant．1eavesthrough stomata dissoIvesandistransformedinto sulfite  
and／orbisulfiteionsfolloふedbysimultaneousprotongenerationonwetsurfac 

J 

mustbederivedfromsulfiteorbisulfitejonand／orlowerinBthepH．  
Stomatalmovement depends on some metabolic reactions（9，10）．To clarify the  

metabolic processesincludedin stomatalbehaviors，methodswere developedtoobtain  
PSeudo－isolatedguard ce11s，i．e．，rOlling（2）and sonication（6）toclearcellsotherthan  
guard ce劃g丘om epjderma】5とrip5．Tllepreざer】【ざIudyぎhow5tわecllange5jれtraJlgpユralioJl  

rate followlng SO2 fumlgation and ABA contentin theleavesusing broad bean，three  
species of tobacco and five species of Gramineae plants including two species of Cq 
plants，and confirmsABAinvoIvementinthestomatalresponsestoSO2 fumigationwith  
the excep亡ion of C4 pJants．MoreoYer，tOinvestigate the stomata）behavIOr On SO2  
fumigation，theeffectsofpHandsulfitein thepresence orabsenceofABAwerestudied  
Ontheaperturesizeofstomatainepidermalstripspeeledfrombroadbeanleaves．  

MatefialsandInethods   

r山Jり川Jlく、′lJJ‡  

Rice（Oryza sativa L cv．Nihonbare），alday（Coix Maプuen Roman）and wheat  
（抽血桝〃gJ血用L・CV・No血No■61）we∫e訂0γ刀fo∫8bou亡8weeksaり5±0・50cw仙  
a relative humidity of70±5％in anenvironment－COntrO11edglasshouse undernatural  
light conditions．Corn（Zeamays L．cv．YeuowDent－COrn），SOrghum（Sorghuhz vzJLgare  
Rers．），broad bean（ViciaJbba L．cv．Otafuku），Peanut（Arachis hypogaea L．cv，  
Chib通andachj）andrad励（月〃〆〃〝〟∫∫♂J～リ〟∫L・CV・Minow？Se）were訂Ownforabour4，  

6，67，8and4weeks，reSPeCtivelylnthesame conditionsasdescribedabove．Tobacco  
（Nico（ムna tqbacum L．cv．Samsunand SamsunNNandN．gluTinosa L．）plantswere  
grown for about three months after sowlngln．a greenhouse where temperature was  
maintainedbetween20and280c．  

駅ちル血如血軋細か那細川Ⅶ川＝中細明細加納川津  
The testplantswere transferred toagrowth cabinet（170x230x190cm）forSO2  

fumigation．The plants were preconditioned for2hr to achieve the steady state of  
stomatalapertureinthecabinetat25±0，50cwitharelativehumidityof75±3％under  
lightintensityof25，000to35，0001uxatleaflevel．Thelightwasobtainedfrom24metal  
halldelamps（400W；Yoko Lamp，Toshiba）which were passedthrough filterglassesto  
e山川血由加afradi8日0几SO2fuJn如t川刀at2．0±0．Ogppl刀（moユe扉moユe5）wasp打fo∫med  
by diluting6，000ppm SO2in nitrogen with air．Transpirationratewasmeasuredbythe  
rate of decreasein the weightofthe pot containing plants．Transpiration rates were  
reportedforacommonleafaTea（100cm2）toallowcomparisonbetweenplants．Thepot  
wascoyered wiけ1a V】れy】血ee【to preveJlley∂pOr加iorIOfwa【訂什orn抽esoilざurf8Cearld  
placed onabalance（MettlerPEll）equippedwithanamplifier（MettlerB丘13）anda  
recorder（Technicorder F Type3052，Yokogawa）．The changein the pot weight was  
COntinuouslyrecorded．   



SulflteandpHeffectsinstomatalresponsetoSO2  

rY／「‘汀lい†川／lこJ棚・J川・川Itリ＝りノ＝ト】  

Approximately3to5g ofleavesofthe test plants were randomly excised and  
weighed as fast as possible・Next，theleaves wereimmersediniceLCOld60mlof  
methanol－ethylacetate－aCetic acid（50：50：1，V／V）containing20・mg／1iter butylated  
hydroxytoluene，homogenizedinahomogenizer（Polytron，Kinernatica）andallowedto  
standovernightat40c．ThehomogenatewasthencentrifugedforlOminat7，000xgat  
40c．Theextractionwasrepeated，andtheextractswerecombinedandcohcentratedin  
anevaporatorat400ctoaqueousphase．Theaqueoussolution．wasdilutedwithdistilled  
anddeionizedwaterupto50ml，andfirstpartitioned3timesagalnStequalvolumesof  
n－hexaneatpH2．5，andthereafteragalnStequalvolumesofdichloromethane3timesat  
pH9．0・andthen3timesatpH2・5■Theacidicdichloromethaneextractswerecombined  
and evaporated to dryness・The dried extract was dissoIvedin smallamount ofethyl  
acetate andloadedon20x20cm2，0．2－mm－thickplatesofsilicage160F254（Merck）・  
Authentic cisrtrL7nS ABA（Sigma）wasplacedoneitherside’ofthestrt：akandtheplates  
were developed with toluene－ethylacetateLaCeticacid（40＝5：2，V／V）■Afterdeveloping，  
ABA wasIocated under ultravi01etradiation（Fl－3SUVlamp，TokyoKogaku）andthe  
correspondingzoneswerema∫ked・Thezonesu，ereSCraPedofftheplatesandelutedwith  
water－Saturated ethylacetate二Theeluates were driedin anevaporatorandmethylated  
with diazomethane．The methylated substances were evaporated again to dryness，  
dissoIvedinO．2mlofethylacetateandanalyzedbygas－llquidchromatographywithagas  
。hromatograph（11itachi163）fittedwitha63Nielectron－CaPturedetector・Oneplofthe  
samplewasinjectedontotheglasscolumn，0・3cnldiameter，2ml？ng，paCkedwithl％  
XE600nAW－DMCSChromosorbW・Thecarriergaswasnitrogenwithaflo、VrateOf50  
ml／min．TheoventemperatureandthedetectorandinJeCtOrtemperatureWere200and  
2400c，reSPeCtively．ABA wasquantified by measuring the a∫ea under thepeak・Each  
sample was rneasured3times■ValuesinTablelare averagesofthequantitiesoftwo  
Samples．  

丹epαrα血刀α〃d∫0〃fc〟fわ〃∂／叩fde＝刀〃J∫打払！   

Broadbeantestplantswereplacedinthegrowthcabinetfor2to4hrat250cunder  
lightilluminationofabout35，0001uxbeforeharvestingtheleaves：Epidermalstripswere  
peeled fromtheabaxial（lower）leafsurfaceandputintoasolutionoflOmMKCland  
O．1mM CaC12．Thepeeled epidermalstrips were sonicated for2min with a20－KC  
ultrasonic disruptor（A350G，Ultrasonic）and washedwithafreshsolutionofKCland  
CaC12，Microscopicobservationsshowedthatnomesophyllcellsadheredtothesonicated  
St∫1ps．  

〟eα∫ureme〃Jo／∫JomαJαJ岬ビ〃“′e∫fzeJ〃epfde用－αJ∫〝如  

The sonicated epidermal strips were transferred tolO mlof buffer solution  
containinglOmMKClandO・1mM CaC12inthepresenceorabsenceofmixedisomerof  
cis－tran∫and（rans－（ransABA（Sigma）and／OrNa2SO3invials．WhentheeffectofpHwas  
examined，atenthstrengthofMcIIvaine，sbufferwasused，unlessotherwisementioned▲In  
the othercases，10mM MES・bufferwasalsousedbesidesMcIIvalne，sbufferLThevlals  
were placedin a water bath kept at250c andilluminated at about40，0001ux・  
Illumination was obtained from a300Wincandescentlamppassedthrougl15－Cm．thick  
waterlayer to eliminate heat radiation．Afterincubation forl，5to2・Ohr，ePidermal  
stripswerephotographedandstomatalaperturesizewasmeasured・Valuesrepresentedin  
FigsandTable2areaveragesofmeasurementsofabout30to50sto町atawithstandard   
errOrS．  
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Results  

C加〃ge∫加地那pfrα由〃rαJewfJ力∫02ル椚】わ血〃  

Fig・1showstheGhangeintranspi∫ationrateoftobaccoplantswitllSO2fumjg油O几  
ThetranspirationratesofN（qbacum L．cv．SamsunandSamsunNNbegantodecrease  
rapidly，withiT110minafterthestartofSO2fumigation，reaChed50and55％oftheinitial  
levels after30minexposure，reSpeCtively，andthereafterdecreasedveryslowly．Onthe  
Otherhand，thetranspirationrateofN．頭痛血朋L．didnot changefor40minafterthe  
beginnlng of fumigation，then decreased gfadual1y．Fig．2 shows the changein  
transpirationrateofbroad beanandfivespeciesofGramineaewithSO2fumigation．The  
traJISpiration rateofrice plant decllnedimmediately to20％oftheinitialratein5min  
afterinitiation of fulnigation，then recovered slightly and thereafter the・1evelwas  
malntained．Thoseofaldayandcorndecreasedalsorapidlyfollowingfumigation，20min  
Jater felito50and65％ofthe）eveispriorto the fum培ation，reSpeCtively，and then  
remained constant．Th¢tran5piratioIlrateOfwheatalso decreasedby30％after20min  
exposure．Thelevelwa5maintaiJledforlhr，andthenbegantodecreasegradually．Inthe  
CaSe Of sorghum，the rate began to decreasewithinlOmin after the start of the  
fumigationand reached50％of theinitialleve140minlater．Thetranspirationrateof  
broadbeanplantdidnotchangeorevenincreasedslightlyduring20minafterthestartof  
fumigation，thendeclinedcontinuouslywithaslightosciuation．  

・1川付肌′〃lソ．山‖山り血／IJ／√Jl・ぐ∫  

TablelpresentstheABAconteTltintheleavesoftestplants，TheA】】A contentin  
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Fig．1．C乃〃Jばe∫J〃′〝〃岬frαrfo〃r〃feO′Jo由仁c（〉pね〝J∫W油∫0】舟和也廿r旧札Tobacco  

（〟∴旭加紀肌Ⅵ1．Ⅳ．Samsun；・－，andSamsunNN；0一，and凡が血如朗L－△一）  
plantswerepreconditionedforabout2hrlntllegrOWtllCabinetpriorto2．OppmsO，  
fumitation・SO2gaSWaSintroducedintothecabiJletatOtimeindicatedbytheaTrOW・  
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Fig・2・α〃聯∫J〃如J叩fm血〃相JeげGJV研血e〃ビ，′如何ノ，〃Jd町勅W加αりq，eO用  
／叫〃〃d∫0扉〟椚／臥α〝♂か〟d占eβ〝／円血力∫0ユカJm如血几50】hmigationwas  
peTformedinthesan－emanneraSdescribedinthelegendtoFig．l．  

rice was highest and alrnost equalto thatin peanut．The contentsin凡tabacum L．cv．  
Samsun and alday were second followed byN．tabacum L．cv．SamsunNNand wheat．  
The content of ABAinN g／utinosa L，，SOrghum，broad beanandradish waslow．The  
COntentincornwasextremelylow．  

乃e嘩cJ∂／ルタ由川戸p〃rα血〃げ肋2ぶ03■〟〃d〟CJo乃J加rr叩p血fわ〃r〟Je  

Theeffectsoffoliarapplicationof NalSO3 andHC10nthetransplfationrateweTe  
testedusingpeanutandradishplants．AfterattainlngaSteadytranspirationrate，disti11ed  
and deionizedwater，0．04M Na2SO30rO．04NHCIwasappliedtotheleaves，and the  
measurement of transpiration rate was continued．Application of water alone partly  
CIosedpaiTSOfleafletsofpeanut・Thiswasfollowedbyadecr？aSeintranspirationrate，  
1ater the rate gradua11y recovered（Fig：3）．The rate ofchangein transpirationrateof  
peanutleavesappliedwithNa2SO3WaSSameaSthatforwater，WhileapplicationofHCl  
depressed the transpirationrate ofpeanut to70％ofthe waterlevel．Ontheotherhand，  
the application of Na2SO3and HCldid notinfluence the transpiration rate ofradish  
（datanotshown）．Theapplicationof3×10J4MABAalonetoradishleavesdecreasedthe  
transpirationratebyabout30％oftheinitiallevel．SubsequentapplicationofHClfurther  
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Fig．3．砕er∫0／舟Jw岬〆fc〃rfo〃げ〃ロ〃搾d弛ま∫0，0〃〟ば什〃〃岬如才”〝化汀e〆  
卿〝〟J〃ノ♂〝♂化ゐカ「動．0・04N〃C】（0），0・04MNaっSO，抑ddejo刀jzedw8ter（●，）  
weTeeXOgenOuSlyappliedatOtime（A）orat120min（B）・lnJ3，3xlO‾4MADAwas  
appliedatOtime．  
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catedepidermalstripspeeledfTOmbroadbeanleaveswereplacedinlOmloflOmM  
MES bufrer（PH6．0）JcontaininglOmMKCl，0．1mMCaC12andYa∫iousconcentTations  
ofNa，SO，inthepTeSenCe（MO－）oTabsence（－●－）oflO．7MABA，AfteTl，5to  
2．Ohrincubationat25Ocunderabout40，0001ux，StOmataWerephotographedandthe  
aperturesizewasmeasured．Verticalbarsrepresentthestandarderrors．  
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Fig．5．聯er∫0／〆70〃r力eJrOJ門〃rβ／叩e勅′e∫fzef〃〟托epfdビrmβJ∫r郎J・Sonicated  
epidermalstripspeeledfrombroadbeanleaveswefeplacedinlOmloratcnthstrength  
ofMc11vaine’sbuffefWithdirferentpHcontaininglOmMKClandO・1mMCaClっin  
thepresence（－0）orabsence（一・－）oflCr7MABA・Incubationandmeasurer  
mentasdescIibedinthelegendtoFig．4．  
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Table2 糟cJgげd脚Z′e〃Jム〟肪r∫0〃〃ほざJO加佃J岬g佃′ど∫たe如上加gpfdem〃J∫rr耶0／むroα朗gα〃  

Stomatalaperture（〃m）b  

Bum汀a  －A】iA  ＋10‾7MABA  

Mc11Yaine   

Mc11vaine  

Glycine－NaCl・HCI  

Tris－malt∋ate  

5
 
0
 
5
 
（
U
 
4
 
7
 
4
 
7
 
 

9．57±0．48（52）  5．99±0．37（51）  

10．73±0．56（46）  11．68±0．31（49）  

10．02±0．39（48）  6．55±0．25（47）  

9．85±0．37（48）  10．63±0．33（45）  

aAtenthstrengthofeachbufferused．  
Eachvaluewithstandarderror．Figuresinparenthesesrepresentingthenumberofstomatameasured．  
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Fig・6・即沖CJざq「月且4co〃Cg門J相加〃OJJr加∫rOm〟JαJ叩e〃〟re∫fze加伽epfdgrmβJ  
s［ripsoEpH710〃ノand4．O P）．ThepHwasadJuStedふithatenthstre爪gthof  
Md】vame’5bufre∫COnt血血咽10】¶MXCla刀dO・1mMCaCll・Incuba加n叩d汀】ea5U∫e－  
mentasdesαibedinthelegendtoFig．4．  

decreased therate by about20％，Whereasthe sulfiteapplicationexertedllttleeffecton  

thetransplrationrate．  

旦炉cr∫∂／川析re〟〃dp〝0乃J加∫わmαねJ叩e′J〟柁∫加納∫0〃J“Jed叩fdビrJ〃αJ∫けfp  

Fig．4showstheeffectofsulfiteonstomatalaperturesizeinthepresenceorabsence  

oflO‾7MABA．SulfiteconcentrationsbetweenlO．5andlOr3Mincreasedthestomatal  

apertureslightlyintheabsence ofABA．InthepresenceoflO．7鵬ABA，nOeffectof   



SulriteandpHef托ctsi♪StOmatalre6pOnSetOSOっ   

Sulfite wasobserved■Sulfitegavenoeffectonthestomatalapertureevenwhenhigher  
COnCentrationsofABAwerepresent（datanotshown），althoughABAalonereducedthe  
aperturesize・AperturesizeremainedunchangedinapHrangeof3to7intheabsenceof  
ABA（Fig・5）・On the other hand，at a pH of4．O with ABA the aperture size was  
markedlyreducedLThisinhibitoryeffectofABAonthestomatalaperturesizeatalow  
pHwasalsoobservedusirlgOtherbuffersolutions（Table2）．ABA concentrationsabove  
lO．8MwereeffectiveinthereductionofaperturesizeatpH4，0，Whueconcentrations  
abovelOJ6MwerenecessarytoreducethestomatalaperturesizeatpH7．0（Fig，6）．  
These results show thatlowerlng the pH ofthe medium mayamplify theinhibitory  
actionofABAonstomatalopenmg．  

DiscllSSion  

Inapreviouspaper（7），WerePOrtedthatthetranspirationrateoftheplantswitha  
l山gh ABA conterlt rapidly decreased when fumlgated with SO2．In the present study  
using three speciesin the same genus，tObacco and five speciesin the same fami1y，  
Gramineae，thepreviousobservationwasconfirmedforC3plants，WhileC4plant5，COrn  
andsorghumwerenotthecase・WhethersuchexceptionsarerestrictedtoC4plantssuch  
ascornandsorghumornotisnotknown．AsshowniTIFig．1and2，thetranspirationrate  
prior SO2 fumigation was greatly different amorlg plant species．In addition，the  
transpirationrateofplantswithasmallinherenttranspirationratewasrapidlydecreased  
by SOlfumlgation・However，SuCh acorrelationwasnotobservediItapreViousrepoTt  
（7）．The difference′in the transpiration rate of unfumigated plants must be partly  
determined by experimentalconditionssuchasleafangletollghtandwindvelocityon  
leafsurfaceaswellasinherentfactorssuchasstomataldinsityandphysiologlCalstateof  
leaves．  

Theeffect ofSO20IIPlalltSShouldbeseparatedintotheeffectofsulfiteorbisulfite  
andthatofacidity・TheresultsoffoliarapplicationofNa2SO3andHCIshowninFig．3  
SeemtOindicatethattheeffectofSO2fumlgationontranspirationratemaybetheacidic  
effect・To examine the effect of sulfite and acidity on stomatalaperturein detau，  
epidermalstripsofbroadbeanwereused．TheresultsshowninFig．4and5andTable2  
SuggeSt that the ABA－dependent stomatalclosure caused by SO2fumigation resulted  
fromloweringthepHonthesurfaceofguaTdcellsorinthecytoplasmofguardcells．On  
the otherhand，it has been reported thatlow pH ofanapplied mediumenhancesthe  
StOmatalopening（5，12），Noincreasein stomatalaperture size was observedin the  
present experiments．1thasbeenobservedthatSO2fumigationbroughtaboutstomatal  
Opeming（7，13）．ThisSO2－inducedstomatalopeningmightbeduetoaloweringofthepH  
SurrOunding the guard cells．In the present studywith no addition of ABA，Sulfite  
application slightlyincreased the stomatalaperture sizein the epidermalstrips，Which  
mayalsoexplaintheSO2－inducedstomataloper11ng．  

Lowering the pH of the medium maylower the ABA concentration requiredin  
Closingthestomat云sincerelativelyhighconcentratioIISOfABAcouldreducethestomatal  
aperture size evenin neutralregionofpH．Furthermore，theriseinABAinguard ce11s  
following thelowering of pHofthesurroundingareasuggestsa possiblemechanismof  
PH－deperldent activation of ABA．Cultured plant cells absorbedlarger amounts of  
indole－3－aCeticacidinalowpHmediumthanintheneutralpH（11），Toexaminewhether  
SuChamechanismservesintheintactleavesornot，WemuStStudytheABAtransportin  
leaves．  
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Itis known that malicacid formationplaysanimportantrolein stomatalopenlng  

（1）・ItwasalsoreportedthatsulfiteinhibitedtheactivityofphosphoenoIpyruvate（PEP）  

Carboxylase，aふimportantenzymeformalateforrnation・Ofcorn（14）andspinach（8）・  
Accordingly，the SO2－induced decllneOftranspiTationrateofcornmayresultfromthe  

inhlbitionofPEPcarboxylase bysulfite・Itwouldbeinterestingtoinvestigatetheeffect  
OfsulfiteonPEPcarboxylaseextractedfrom variousplants・  
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Sulfiteoxidizingactivitiesinplants   

NoriakiKondol，YokoAkiyama2，MakotoFuJiwara3andKiyoshiSugaharal  

）DivisionofEnvironmentalBiology，TheNationalInstituteforEnviTOnmentalStudies，  
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ユTheGraduateSchooIofEnvironmentalScience，TheUniversityofTsukuba，   

Sakura－mu∫a，lbaraki305  
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Sulfite oxidizing activityin plantleave亨WaS meaSured by the reduction of  
cytochrc．mecin thepresenceofsulfiteandby thedecreaserateofsulriteexogenously  
applied．舘rgざわpo〃血，坤d′〟〝ggβク〟〃fc〃加〃．伽勅加地＝馴叩捌血加，CaStOr bean  
and kidneybean showed highactivitiesofcytochromec－1inked sulflte OXidation，While  
Cle（hrabGrbinervis，tOmatO，broad bean，SPinach，SunnOWerandperi11ashowed alittle．  
The activity had optimum pHbetween8．Oand8．5．Theactivesubstancewassmal1in  
molecular sizcand notaffectedbyeitherheatortrYpSintreatment，Thedecreaserateof  
Sulfite exogenouslyapplledwaslaLgeinextractfTOmCaStOrbean，andlessinthosefrom  
broadbean，SplnaCh，peanutandkidneybean．Theactivityoftomatowasespeciallylow．  
On Sephadex G－25gelfiltration，the fractionswithlhe abilitytodecreasesulfitewas  
Separated from those with cytochrome c－llnked sulfite oxidizing activity，The active  
Substances decreaslng Sulfite had high moleeular weights．AnalysIS With anion  
chromatographshowedthatalmostallsulfitewastransformedtosulfatebythedialysate  
orcaslorbeanext∫aCt．  

TheratioofdecreaseinchloTOPhylla／bratiotosulfurincreaseinleavesexposedto  
SO。WaSuSedasanlndicatorofthesensitivitytoSO？absorbedbyplants・Castorbean  
WaSTeSistanttoabsorbedSO”butbroadbean，SpinachandpeanutweIeSenSitive．  
KeywoTds：SO2reSistance▼SulfiteoxidationrSulfurdioxide．  

Chlorosisand necrosisare thetypicalvisiblesymptomspfOducedbySO2イumlgation  

ofplants．Itisknownthat thesevisible damagesdiffergreatlyin degreeamongplant  
species even under the same conditions．1t has been suggested that the variabilityin  

damage depends on SO2absorption rふtethroughthestomata（19，20）．Itwasrecently  
proven that plant species which were able to decrease SO主 absorptlOn by the quick  

reductionofstomatalapertureonSO2fumigationwerestronglyresistanttothegas（11）  
Furtherrnore，the possibility has been pointed outthattheresistance ofplantsto SO2  
m寧Itbecontrolledbybiochemicalfactors（3）・SO2absorbeqbyplantsistransformedto  
sulfiteionandmetabolizedtocystine，glutathione，etC．，andwhenplantswereexposedto  
3Sso2mOStOf35swasfoundtoexistassulfate（22）．Sulfateappearstobeaboutthirty  
timeslesstoxicto plantsthan sulfite（21）．Recently，it wasreported that theoxidation  
rateofsulfiteaddedto plantsisproportionalto theplantresistancetosulfiteions（J4）・  

Peroxidase（6，10，23），CytOChromeoxidase（6）andferredoxin－NADPreductase（15）   
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havebeenreportedto beabletooxidizesulfite．Aerobicoxidationofsulfitetosulfateis  
alsoinitiated by metalions，ultravlOletirradiation，illurninated dyesaswellasseveral  
e刀Zymeざ（ノ）Furt加rmore，ざu仙e wasoxidjzed血illumi爪a［ed chloroplasts（ノ）▲l亡WaS  
SuggeSted that the reaction wasinduced through the electron transport systemin  
chloroplasts（1）．Sulfiteoxidizingactivitiesinplantmitochondriawerealsoreported（2，  
］7，18），but the nature of the active substances has not been studied extel－Sively，In  
addition，hepatic sulfite oxidase ofanimalsand a closecorrelationbetweenthesulfite  
OXidaseactivityinthemandtheirresistancetoSO2havebeenalsoreported（4，5）．   

Jn the present study，Sulfite oxidizingactivitiesweresurveyedamongseveralpla∫lt  
species．The activity catalyzlng the sulfite－dependent cytochrome c reduction was  
measuredspectrophotometrica11y，andtheabilitytodecreasesulfiteexogenouslysupplied  
Wa5dete∫印加∋d byり－ere8C臼on ofざulfl一戸w肋5，5’■j伽Obi㌻（2一面robemzoicacid）・h  

addition，therelationshipbetweentheseactivitiesandtheresistanceofplantstoSO2WaS  
dsoexamined．  

Materialsand methods   

タね〃rJ乃〃Je′ね血  

Leaves of Pieris］aPOnica D・■Don，CLethra barblnervis Sieb・et・Zucc，Hydnngea  
paniculqta Sieb．andEnkianthuscampL7TMLaTusNichoIswereco11ectedatOwakudahiin  
11akone and held at－200cinafreezeruntiluse．Peaput（Arachishypogqnea L．cv．  
Chibahandachi），tOmatO（LycopersicoIZ eSCulentum Mi11cv．Fukuju No．2），Sunflower  
（HelianthusannuusLvar・RussianMarrlmOth），perilla（PerillaJru（esceTZSBritt，Var・Crispa  
DecalSne），CaStOr bean（Rtcinus communis L．），kidney bean（Phaseolus vuhTaris L．cv．  
Shinedogawaand Masterpeace），andbroad bean（VtciaJabaL，CV．Otafuku）weregrown  
at25±0．50c wi＝l∂re】atjve加midjfyof70±5労jnaれeれYironmenトCO両rolledgla5S  
house under natura111ght conditioIIS．Spinach（Spinacia oteracea L cv．Newasia）was  
grownat20±0・50c・Pottingsoilwascomposedofvermiculite，peatmOSS，Perliteand  
fLne graVel（2＝2＝1＝1）・As nutrients，8g／1iter magnesialirne and4g／1iterhyponexwere  
suppliedtwiceaweek．  

∫02ルmな〃Jわ月  

Thetestplantsgrownintheglasshouseweretransferredtoagrowthcabinet（170x  
230x190cm）forSO2fumigation，Theplantswerepreconditionedforlto3hrinthe  
cabinetat25±0．5Oc（20±0．50cinthecaseofspinach）witharelativehumidityof75±  
3％underlight．inte－1Sityof25，000to35，0001uxatleafleYel．Thelightsourcewas24  
metalhalidelamps（400W；YokoLamp，Toshiba）．TheSO2COnCerltrationofO．5fo2．O  
ppm．was adjusted by diluting 6，000 ppm SO2 gaSinnitrogen with air．The SO2  
concentrationin the cabinetrosein5tolOmin tothe desiredleYel，and wasmeasured  
wi血a puユ躍d f】uoreざぐen【502analyzer（Tムermo E】ecけOJIC（〕rp．）．The w血d ve】ocityin  

thecabinetwasO．22m／sec．   

∫J†叩／【、P′叩J′JJ川I  

SampleswereprepaTedbygrinding5gofleavesinahomogenizerforafewminutes  
jJ】45∬】】ofO．】Mpoね5血mpl】05pl】alebuf托r，p〃7．8，COnね血ngO．lmME工）TA．The  
filtrates obtained by filteriJlg the homogenate through twolayers of gauze were  
centrifuged at7，000xgforlOmin・Thesupernatantswereusedasthesample．A11the  
aboveprocedureswerecarriedoutatOto50c．  
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山間川小机触Ⅷ血抱擁仲山呵′∂γ川和〃∫0／ヮrocか0用eC′e血cr加  
TomeasuIeSulfiteoxidizingactivlty，theformationofreducedcytochromecinopen  

CuVetteSWaSObservedspectrophotometrically．Samplewasaddedtocuvettescontaining4  
xlOL5Mcytochromec（Sigma），1O－4MEDTAandO」MTris－HCl（pH8．5）withafinal  
VOlumeof2．9ml．Themixture waskeptfor30to40minatroomtemperatureuntilthe  
absorbanceat550nmbecamestable，Sincethesamplesbythemselvesreducecytochrome  
c．T九叫0．1mlof3xl（r3Msodiumsulfite（Na2SO。）wasaddedandtheincreasein  
absorbance at550nmwasfollowed，Theactivitywasdeterminedbytherateofincrease  
intheabsorbance betweenO．5andl．5millaftertheadditionofNa2SO3．SpectrophotoL  
metric measurement was performedin a double beam spectrophotometer（200－20，  
Hitachi）．   

飯服用血抽雨用行埴油川刷り汀M  
To know the ability of plant extracts to trap sulflte，the decrease rate of sulfite  

exogenously applled to the extracts wasmeasured．Sulflte WaSSpeCtrOphotometrically  
determined after thereactiollwith5，5’－dithiobisq（2－mitrobenzoicacid）（DTNB）（9）．The  
sampleswereheldin test tubescontaininglOJIMNa2SO3，104MEDTAandO，lM  
Tris－＝Clwithafi∫lalvolumeof3，OmlatpH8．5at250c、AfterseveralminllteSl．Omlof  

themixturewasplacedintesttubescontaining4mlof6．25×10‘L5MDTNBbufferedby  

2・5×10一名MpotassiumphosphatetomakepH7，0．Absorbanceat412nmwasreadfor  

the determination．Concentrations up tD3・5xlO・j M of sulfite could bellnearly  
determinedwith5×10■づMDTNB．   

仇－JJJりJJr．叩∫川什t、J川！川J∫・．イJ／lでぐエけd＝り‘r1日tPJL川IJ仙・l・J  

Theextractsfromplantleaveswereheatedat960cforlOmininthewaterbath．The  
heated extracts were cooledimmediatelyinanice bath and centrifugedat7，000xgfor  
lOmin．The supernatants were used as the sample．One mloftheextractsfrom plant  
leaveswastreated withlmg／mloftrypsiJl（Sigma）at370cfor3hr，afterwhichtheir  
SulfiteoxidizirlgaCtivitiesweredetermined．   

CeJ♪けr（7′わ〃わ′∫叩わαdeJG－2j〃〃♂－20β  

The sample was prepared by homogeni2ringlO g ofleaves randomlyexcisedfrom  
Plantsin40mlofO．1Mpotassiumphosphatebuffer，pH7．8，COntainingO．1mMEDTA．  
The filtrate obtained by filterlng the homogetlate through twolayers of邑auZe WaS  
Centrifugedat7．000xgfor10min．ThesupernatantwaslyophiliLedovernight，thenthe  
Obtainedpowder dissoIvedin3mlofO．1Mpotassiumphosphatebuffer，pH6．0．This  

SOlution was applied to acolumn（2．2x32cm orl．9×44cm）packedwithSephadex  

G－250rG－200，Whichhad been equilibrated at50cwithO．05MpotasslumPhosphate  
buffer，pH6．0，andthenchromatographedwiththesamebuffer．Fivemlfractioneach  
WaSCOllected．   

J州く11九川ヾt●いりl川川l■／け・りl‖／・・gr叩／l．l・  

Active fractions－Obtained fromgelfiltrationwerecombinedandappliedtoacolumn  
（3x12cm）packedwithDEAEorCMcellulose，WhlChhadbeenequilibratedat50cwith  
O・050r O・005M potassium phosphate buffer，pH6．0．Elution was performed with a  
lineargradientofNaClmadeupin0．050rO．005Mpotassiumphosphatebuffer，ptt6．0．  
ThetotalYOlumeofthisgradierltWaS400ml．Fivemlfractioneachwascollected．  

わ〃Cかヤ乃drOgr叩妙  

Theproductsofsulfitetransformed by activesubstance5WereeXaminedwithanion  
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Chromatograph（SystemlO，Dionex），Samples wereheldwithsulfiteinl．OrnM EDTA  
containlngbufferingreagentsat250c，theninJeCtedintothechromatograph．Elutionwas  
Performed with a solution composedofO．003M NaHCO3and O，0024M Na2CO3at a  
flow rate of97．5ml／hr，Retention time of sulfi亡e and sulf加e was13andJ7min，  
respectively．   

βeJerJ乃7〃drわ乃qrmerαね  

Some metalsinfractionsobtained bygelfiltrationofleafextractweredetermined  
Withanatomicabsorptionspectrophotometer（170，50A，Hitachl）．  

βeJe川l血雨用〆d血判殉川狛抑‖  
Testplantswerefumlgated withO．5tol．5ppm SO2for3hr，andkeptinthelight  

foradditiona16hr．Twentyto251eafdiscsl．5cmindiameterexcisedfromleaveswere  
homogenizedwithaPolytrorl（PTJO／35，Kir［em盆tica）in80％acetone．1nthecdSeOfFig・  

10，叩エれaChplantswereexpoざed－02・OppmSO2CO刀血uou5】y，andユOdisc5We∫eeXCised  
atl．5 hrintervalfrom the start of the exposure．The homogenate was used for  
spectrophotometric determination ofchlorophyllaandb by themethodofMackinIley  

（ノブ），  

伽炉血榔血叩再岬抑御伽射れ呵柄   
ThetestplantswereexposedtoO、5tol・5ppmSO2for3hr・Allleavesweresnipped  

offimmediatelyaftertheexposure，driedat70Dcforseveraldaysandgroundwith  
mortar and pestle to powder・Sulfur content of the powder was determined with a  
fll】OreSCellfX寸ayanaユyzer（D－9C，Rigal【uCorp．）．  

Res山ts   

q′rOCJi′0∽eCre血crわ乃ゐγ∫〟研Jec〟rαかZedゐγ〆d〃reズrr〟ぐr∫  

The 9ulfite oxidizing activityin plant extracts was determined by means of  

Tableユ 」c由一けα庸少Z加gり′如か♂研gC′e血ど血〝〃〟∫dわ・∫〟研抒  

103△A，，。ノmin／mghwt  

Exp．1且  Exp．2b  

36．0  67．0  

1．0  

12．0  

11．5  

凡如り如即血  
C7ピーか〟占αr占f〃er血  

均励w堺勘叫血血加  

伽血拙血別離岬抑止蝕  
Tomato  

Braad bean 

Spinach  
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Peanut  
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Sulfite oxidizing activities m plnnts 

CytOChromecreduction，andshowninTablel．Pierisiaponica，JlydrangeapantcuLq（aand  
Enkianthu∫CamPanulatus which were collected at Owakudanishowed the highest  
activityLCastorbeanandkidneybeangrowninthe如sshousealsoshowedhighactivity．  
Cle［hnbarblnervis，tOmatO，SPinach，Sunflower，perilla，Peanutandbroadbeanexhibited  
littleactiⅥty．   

βec′♂〃∫ef〝∫〟析JeeズOge〃Ou∫レ叩PJfedわ〆α〃Jeズ汁αCr∫  

TheabilityofplarlteXtraCtStOtraPeXOgenOuSSulfitewasexamined．Thetimecourse  
Ofthedecreaseinsulfiteexogenouslyapplied tokidneybeanextractisshowninFig．l．  
Sulfitedecreasedalmostline？rlywithreactiontime．Tocalculatetherateofdecreasein  
Sulfite，thedifferenceinthecontent betweenlOand30minaftertheadditionofsulfite  
tothe reaction m亘ture wasused．Therateofdecreaseinsulfiteandthatofreductionof  
CytOChromecwerecompared（Table2）・Theabilitytodecreasesulfitewaslargeinc吋Or  
bean，andless in tomato，SPinach，peantlt，kidney bean and broad bean，Both the  

activitiesin tomato，Spinachand broad bean werelow，While thosein castorbean were  

○ ＼。 ＼、・、∵  

J 」 ．」」‾  
0   10   20   30  

Time（min）  

Fig．1．伽c′2α∫e g〃∫〟研Je e∫Oge月0〟Jか叩〆f2dわ慮〟〃eγ毎α月ビズ伽CL TlleeXtraCt  

fromkidneybeanofO．5mlwasheldinatesttubccontainlngreactionmixturewitha  
nnalvolumeof3．Omlatroomtemperature．Afterthevarioustimeintervals，l．Omlof  
thereactlOnmixtl11eWaSplacedinatesttubecontaining4．OmlofbufferwithDTNB  
andtheabsorbanceat412nmwasreadinaspeCtIOphotorneter．   

Table2 meco椚p〃ガJO〝ムgJwe印叩JOe力ro〝】どひ如加d∫〟研reoズfdzJ〝g  
〃Cfル坤〃乃♂r力…鋸〟伊JodecreαgegズOge〃0〃∫∫ul巾e加〟ほeJJ涙ぐJ♪oJ〃re∫Jク血〃J∫  

Cytcreduced  sulfitedecreased  
（nmoles／min／mgrr．wt）  
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high．However，thedecreaserateswerenotnecessarilyparalleltothecytochromec－1inked  

SulriteoxjdjzillgaCtivities．  
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Fig．2．GeJβ加rfo′川／血ざ〟如加CeざW油ざ岬Jeoズfdfz∽g〃Cか油∫・Theextract  
fromcastorbeanleaveswasappuedtoaSephadcxG－25column（2．2×32cm）and5  
mlfractioneachwasco11ected．CytochTOmeC－1inkedsulfiteoxidizingactlVity（－0一）  
aJldtheabilitytodecreaBe Sulfitecxogenouslyapplied（－●－）weredetermined・   
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Fig．3．加血判如血町げ毎叫…㈹励庸雄勘触摘肌用れ血拍妙g叶卿加抽明血恒  
sephadexG・25．Theconcentrat10nSOfFe（・．●”）andMn（－0－）weredetemined  
withanatomicabsorptionspectrophotometeT・Cytochromec－llnkedsulfiteoxidizing  
activity（一）wasalsodetermined．  
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録げ肋鮎雨用付加相加加聞＝痴情勅触Ⅷ頭痛擁仲川嗅′  

When the extract from castor bean was fractionated with Sephadex G－25，the  

fractionswiththe ability to decrease sulfite were separatedfro汀Ithosewithcytoじhrome  

c－1inked sulfite oxidizillg aCtivity（Fig．2）．The former fractions werelocatedin void  

volurne，theregionwithhighmolecularweight，andthesubstanceinthelatterwassma11  

in molecular size．Some metalsin each fraction were determined with an atomic  

absorption spectrophotometer．Filtration patternsofMn and Fe are shownin Fig、3．A  

largePeak ofFeandasmallpeakofMnoccurredinvoidvolume．Neitherofthesemetals  

wasfoundinthefractionswithcytochromec－1inkJedsulfiteoxidizingactivity，Manganese，  

Cu，Co and Mo werealso soughtinthelatter fractions but werenotfound（datanot  

Shown）．  

βわC／王emわαJpr叩err7e∫∂／ナわe∫出み∫r〃〃Ce∫Wff力∫U研reo∫fdfzf〃g（JC如7伊  

The activity catalyzlng the s111fite－dependent cytochrome c reductionin kid‡1ey  

bean had optimllm PH between8．O and8．5（Fig．4）．The extracts from some other  

plants also showed the same pH optimum（data not shown）．Neither heatnortrypsin  

treatment affected the activity（Tableヨ）．The active substance was eluted by about  

O．85M NaClon DEAE cellulosecolumnchromatography（Fig．5），andnot trappedby  

CM cellulose．The substance byitselfco111dreducecytochromecwithoutsulfite，andsul－  

fite enhanced the cytochrome c reduction（Fig．6）．Therateofcytochromereduction  

promoted by sulfite declined gr且dually，and the decreasedratewasnotrestored by an  

anotheradditionofsulfiteorcytocllrOmeC．  

The substanceswith the abillty tO decrease exogenous sulfite wasfractionated by  

Sephadex G－200gelfiltration，and separatedinto two peaks（Fig．・7）．One peakwhich  

wassma11erin molecularsize thanthe otherinvoidvolumeshowedmostoftheactivity．  
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Fig．4．pHDependenceq［cyToChromec・EiTlkedsu牌eoxtdizingdCt7Vily・Theextracts  
from twocultユValS（Shinedogawa，－。LandMasterpeace；－－・－－）ofkidrLeybean，  
0．05mleach，WaS added to reaction mixture・ne pH was adJuSted with O・1M  
potassiumphosphate（PH6．Oto8．0）andwithO・1MTris－HCl（pH7・5to9・0）・  
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Tat）1e3 騨Cfq／／柁〟Jβ乃dJけク∫わけeαJme〝J∫0〃叩rOぐゐ′Omeひ〃〝加dJ坤汀e  

‖＼山上一再ご．◆rけ申  

10ユ△A5，。／min／mgれwt  

HeattTeatment（min） Trypsintreatment（hr）   
0  10  0  3  

Kidneybean  
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Fig二5・Jo〝e∫C力α〝geCO山椚〃C力′0椚αrO卯p力γ0′c〃OC加0椚eC一助如d∫〟卿eoズ甜fz∽g  

ac［ivity．AcetoneextractfromlOgofcastoIbeanleaveswascentrifuged，COnCentrated  
toremoveacetone，loadedonacolumrLpaCkedwithDEAEcellulose，andtheneluted  
byagradientofNaClinO．05Mpotasslllmphosphatebuffer，PH6，0．   

Tabl“．研ぬ虻凝狛m物膵血腑踊醐ふ叩血Ⅶ血砂わ血服Ⅳ山神  

nt  
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The former fractions were combined andloaded onthe columnpacked withCM cellu－  

1ose・Alinear gradient ofNaClin0・005M potassium phosphate buffer，PH6．0，WaS  

applled．The active substance was eluted at O．1M NaCl（Fig，8），and not trapped by  

DEAE cellulose．The substance obtained by gelfiltration was subjected to heat and  
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trypsln treatmentS．The activitywasresistanttotrypsinbutsensitivetoheattreatment  

（Table4）．  

〟e〃榔c〃rわ〃0／〟ほprO血cJけα〃j沖′med函∽甜1巾eみγ〃ば∫以み∫ねJ7Ce W油α鋸J7けr∂  

decreα∫e∫〃〝7re  

AboutlOgofcastor beanleaveswere excised，homogenizedandcentrifuged．After  

r   
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Fig．6．乃mビCO以和eO／cγ化忙かomecre血cdo門∫搾血cビd占γf／JeβC血g∫〟如才立郎ピタ〝d  

enhancedby su坤e．FTaCtionswithcytochfOmeC－1inkedsulfiteoxidizingactivityon  
DEAE eellulosecolumnchromatography（Fig．5）were combinedandconcentratedto  
lOml．FirtyJJlofthesamplewasaddedto2．85mlofreactlOnmixtureatOtime，and  
O．lmlof3ふMsulfiteaddedtothernixtureat31minfo1lowedbyananotheraddi－  
tionofsulfiteat39min．  
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Fig．7．GeJβJJ相〟0〃げ〃ば∫〟み∫r〃〃Ce∫αムJefoぬrビ〟Je∫〟坤e．Extractrrom5gor  
castorbeanleaves wasloaded on aSephadexG－200column（1．9x44crn）・Fiveml  
rractioneachwascolユectedandassayed．  
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甜び加・FractionsofNo．13to18i爪Fig．7wer¢COmbinedandloaded。naCMceuu＿  
losecolumn・Elutionwaspe．formedwithalineargradientofNaClmadeupinO．005  
Mpotassiumphosphatebuffer，pH6．0．  

0  5  －0 15  20  
T州【tl鵬両  

Fjg・タ・加地仰〝ぴJ聯p妙〆∫〟研ね〃ノ〃〝d血グ仰血ど打仰佃〝ゆ澗dβ¢椚  
∫叫βJeゐγ伽∫〟ムgJ㈹Cg∫〃わJeわ虎creβ∫e∫岬妃E畑actfromlOgofcastorbean  
leaveswaslyophillZCdanddialyzedagainst・0・005Mpotassiumphosphatebuffer，PH  
6．0．Dialysatewasmade up tolO mlwithsamebuffer．ThreemlofO．1MTris・TICl  

buffeI，pf18・5，COntainedO・3mMNaっSO）andO．2mlofsamplewasheldat250c  
わ∫35min，and伽れ珂ec【d血oa爪io爪Chromab訂aphy．Middklime岬）∫ep代5entS  
thechartobtainedbythemixturecontainingsamplebutnotsulfite．   

Centrifugation，thesupernatantwaslyophilizedanddialyzedagainstO．005Mpotassium  
phosphate buffer，pH6・0・Dialysatewasmadeup tolOmlwithO・005M potassiurn  
phosphatebuffer，PH6・0，andusedassample・Solutionof3mlofO．1MTris－HClbuffer，  
pH8・5，COntainingO・3mMNa2SO3andO・2mlsamplewasheldat250cfor35mln，then  
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PlantswereexposedcontiIluOuS15，tO2．OppmSOl．TendiscsexcisedfTOmtheleaves  
werecollectedatl．5hint¢rV山s．   

Table5 ♪！Cre〃ざe7〝∫〟抑′CO乃re〝r〟〝dc加岬f〃dJor叩／画J〟bJ廿fわf叩由〃rJeαソビタg墨）0ざedJo∫01．  
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0．0  19．09±0．47a  

l．0  20．51±0．88  

0．0   3．74±0．17  

1．0   5．38±0．30  

0．0  （〉．11±0．10  
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Tomato  
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Castorbean  
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3．14±0．05  

1．64   2．68±0．06  

3．37±0．04  
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3．70±0．04  

0．72   3，49±0．05  

3．60±0．0（】  
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astanda∫deTrOr  
FiguresinparenthesesrepresentlrlgthenumberofplantsusedL  

iJTJeCtedintoanionchromatograph．Fig．9show5thatalmostallsulfitewastransformed  

tosulfate．   

g∫rf肌αrわ月β／〆α〃J′β∫fJねれCeJoαム∫Orわβd∫02  

ToknowwhatrolesbiochemicalfactorsplaylnthemechanismofSO2r¢Sistancein  

plants，SOrne quantitative measure ofplant darnageis required．When theleaves were  

exposed to SO2in thelight，Chlorophylla degradated more easily thanchlorophyllb  
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（Fig．10）．Thus，the ratio of chlorophylla to b（chla／b ratio）decreasedfollowingan  

increasein plant damage，The damagedependsontherateofSO2absorptionwhichis  

COntrOlled by the density arld size of the stornata・Therefor9，tOinvestigate the  

biochemicalmechanismsofSO2reSistance the damage bySO2muStbecorrectedonthe  

basisoftheamountofSO2absorbed，Theratioofdecreaseinchla／bratiotoincreasein  

SulfurcontentduetoSO2absorptionwastested asanindicatoroftheresistancetoSO2  

ab50rbed byp】aれtS．Casbrbea8WaSreSistaJl亡foabsorbedSO2，Wl】封e5p血ch，broadbeaれ  

andpeanut were sensitive（Table5）．ExceptforpeanutwhichabsorbedonlyalittleSO2，  

theseresultsgenerallyseemtoagreewiththevisiblesymptoms．  

Discussion  

A substarlCe With cytochroITle－1inked sulfite oxidizingactivity wasfound hvarious  

plant species．From Fig．2and Table3，it was proven that this substanceis smallin  

molecularsizeandunlikelytobeproteinaceous．Thepartiallypurifiedsubstancebyitself  

reduced cytochrome c without sulfite and sulfite enhanced the cytochrome reduction  

driven by this substance（Fig．6）．This stimulative effect ofsulfite seems to belimited．  

Howsulfite affectsthe actionofthesubstancemustawaitfurtherstudies，Acytochrome  

C reducing substance（CRS）inplants was alreadyreported（7，8）．CRShasarelatively  

high molecular weightandCRS couldnotbeeasily extractedbybuffer．Therefore，the  

presentsubstanceseemstobedifferentfromCRS，Substanceswithhighmolecularweight  

Catalyzingsulfiteoxidationwerealso foundinthepresentstudyandwereseparatedinto  

two peaks on gelfiltrationuslngSephadexG－200．Thesubstancewithlowermolecular  

Weightwassensitivetoheattreatment．Thesesubstancescouldnotreducecytochromec  
during5ulfiteoxidation，aユthoughsulfiteoxidaseinanlmalsreducedcytochromecwith  

sulfite oxidation．Sulfite oxidation due to peroxidase，CytOChrome oxidase and  

ferredoxin－NADP reductase required Mnつ◆，ferrocytochrome and NADP，reSpeCtively・  

However，thepresentsubstancesdidnotrequireanyadditiontothereactionmixturefor  

sulfiteoxidation．Therefore，thepresentsubstancesseerntobedifferentfrornsubstances  

previously reported．Ilowever，Whether the active substances have peroxidase or  

cytochromeoxidaseactivityornotisnotknownyet，  

The methods described below have been sometimesl15ed for the estimation of the  

damagecausedbyairpouutants．  

り ThemeasurementofaleafareaexhibitingcMorosisandrleCrOSisperwhoJeleaf  

area（j）．  

2）The decreaseinchlorophyllcontentperfreshordryweightorperleafarea（12）．  

These methods exhibited some disadvantagesin the present study．For example，  

pronounced shrinkage ofplantleaves，eSPeCially broadbeanleaves，OCCurredwithSO2  

fumigation，and both the fresh and dry weights of plantleaves decreasedwith SO2  

fumigationinalmosta11plantspeciesused．Thus，thesemethodswerenotapplicableto  

the present study．1t has been reported that cllla／b ratioinleavesdecreasedwithO3  

injury（12）．In the present experiments，SO2fumigation also caused adecreaseirlthe  

ratio，SuggeSting that thechla／b ratiomay beaconvenientevaIuationofplantdamage  

caused by air pollutants．ln our experimdnts，CaStOr bean had highest resistance to  

absorbed SO2左smeasured by thechla／b ratio．Withtheexceptionoftomatoesthis  

ability to decrease sulfite ar．d resistance to absorbed SO2 Showed generally parallel  

re加joJ15加p5（Table5）．Jt wassu館e5ted班8fcllbropllyllde5けuctio∫lCau5edbySO2W8S  

due to O2．PrOduction bythe reaction ofsulfitewith chlorophyllunderillumination   
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（16），lnaddition，it wasalsoreported that chlorophylla wasmore sensitivetoO2．than  

Chlorophy11b（16），Accordingly，themeasurementofchla／b ratioseemstobea useful  

meansforthe－evaluationofplant damage caused by SO2，However，the practicaluseof  

thismethodmustawaitfurtherextensiveinvestigations．  

Sulfiteis very reactive；it generates free radicals following ractionswith some  

enzymes，metals，Chlorophyll，etC．，reSultingin sulfite oxidation．Theability to decrease  

exogenoussulfite，Which wasshowninFig．2，maylnCludeatleastoneofthesereactions．  

Damage to plants may occur durlng these reaction processes．In the present study，  

however，the sulfite oxidizing activity seemslikely to play animportant rolein  

detoxication of sulfite，Since castor bean having the capacity to oxidize sulfite was  

strongly resistant to absorbedso2．Highactivity catalyzing the sulfite－dependent  

CytOChrome c reduction was foundin plants grownin Owakudaniwhere plants wer  

exposedtovoIcanicsmokecontainighighconcentrationsofH2SandSO2LTherefore，this  

activity maさ′ま1soparticipatelargelyin detoxicatiく）nOfslユ1fite，TIieidentificatic■n Of抽e  

Substance，however，remalnStObestudied．  

The calculationsfromTable52and5with an assumption that theratio offresh to  

dryweightofleavesis6showedthathalfofSO2absorbedbyplantleavescouldbeoxi－  

dizedbytheactivitytodecreasesulfite・Soybeanconvertedsulfiteattherateofca・50  

PgSO2／g／min（14），Whereasthepresentsubstanceswithhi邑handlowmolecularwei各hts  

incastorbeancouldoxidizesulfiteonlyat therateof2．6and28pgSO2／g／min，reSPeC－  

tively，eVeniftheseactivitiesfunctionedinintactplantleaves・Therefore，aparticipation  

ofelectrontransportsysteminchloroplastsseemstobealsoimportantin sulfite oxida－  

tion．  
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ResistanceofspruCeSeedlingstosulfurdioxidefumlgation   

TatsuoOkul，Ken－ichiroShimazaki2andKiyoshiSugahaTa2  

1Depqrt7T．entOfForestry，FacultyofAgficultufe，KyushuUniversity，Fukuoka812  

2DivisiorIOfEnvironmentalBiology，TheNationalInstituteforEnvironmentalStudies，   
Yatabe，Iba∫aki305  

SpruCeSeedlingswerehighlyresistanttoSO2inJuryWhenexposedtothegas．The  
Oユ eVOlution associated with CO壬 fixationin the presence of bicarbonate sllghtly  
decreasedafterexposuTetO2ppmSO2for24hr．Injurioussymptomssuchaschlorosis  
and glaヱ1ng Oftheleafsurfacewerenotdetectedonthecotyledons．Wllenbisulnteat  
highconcentrationwasaddedtothereactionmcdium，SJlghtinhibitionofOっevolutior）  
WaSObserved・On the otherhand，SOlfumigationtolettuceplantsat2ppm forlhr  
ma∫kelycausedadecreaseinO2eVOlution・  
Key words：Airpo11ution－Bisulfiteions－EffeetofSO2－ResistancetoSOl－  
SpruCeSeedllngSLSulfurdioxidc  

The absorption of atmospheric SO2 through the stomatainjures plants as  
characterized byvisiblesymptomsontheleaves．PrimarySO2injuryisch且raCterizedbya  
destruction of cellularintegrity and damage to theguard and spongyparenchyma cells・  
The degree ofSO2inJurydoesnotdependonthestomatalaperturebutontherateof  
SO2absorption（1，10）．Some plantssuchastomatoandpeanuthaveresistancetoSO2  
inJury（2）．Kondoand Sugahara（2）showedthat stomatalclosingwascontro11ed by the  
actionofabscidicacidintheleaves．Furthermore，theysuggestedthattheresistanqewas  
associated with a bisulfite－OXidizing substancein SO2－fumigatedleaves（3）．Thus，tWO  
req叫ementsforSO2reSistibilityofhigherplantsmaybearapidresponseofthestomata  
andabiochemicaloxidationoftheincorporatedSO2tOanOnLtOXicsubstance．  

FewirlVeStigationshavebeenreportedonthebiochemicaleffectsofSO2fumigation  
onconiferousvegetationexceptforthepapersofMalhotraandhisco－WOrker（4．5）．The  
present preliminary notereportsthe r声Sistance ofspruCe SeedlingstoSO2fumigation・  
Theresistibilityisdiscussedinrelationtofurtherinvestigation．  

Materialsandmetl10ds   

spruCe（Piceaabies）seedlingsweregrownonvermiculiteinthedarkat270cfortwo  
weeks，thenundernaturallightforoneweek・TheseedlingswereexposedtoSO2gaSat  
2．Oppmforindicatedtimeperiods．Thefumigationsystemwasthesameasdescribedby  
ShimazakiandSugaha∫a（卵．  

TherateofO2eVOlutionassociatedwithCO2fixationinthepresenceofbicarbonate  
wasmeasuredwithanoxygenele。tr。de（YSICo．，Mode14004）at250c（6）・Eighteen  
pieces ofcotyledons cutofffromthetopofthehypocotylswereattachedtoaplastic   



T．Oku，K．ShimazakiandK・Sugaha∫a  

frame（4．Ocmx3．5cm）inasinglelayer．Theframewasblacedinthereactioncuvette  
COntaining27mlof50mM HEPES（pH7．2）and30mM bicarbonate．Actiniclight at  
intensity of2ilOS ergs・CnT2・Se｛lwasprovided from a300W tungstenlampafter  
passingthroughal％CuSO4SOlution（5cmpathlength）．  

The preparation of chloroplasts from cotyledons and the measurement of O2  
evolutionbyisolatedchloroplastswereperformedaccordingtothemethodofOkuand  
Tomjta（7）．  

Resultsanddiscussion  

TheeffectofSO2gaSOnphotosyntheticO2eVOlutioninsprucecotyledonsisshown  
inFig．1A．The rate of O2eVOlutionremainedullChangedforcotyledonsexposed to2  
ppm so，forl－6hr；elativetothecontroIsample（Curvel），ProIongeqexposureof  
CC・け1edoJ】5fbr：4br caused a s】jg加reduclioTliJ】抽eO2eYOユu貢0刀（Curve2）．Tl】eO2  
uptake for respirationin the dark was not affected by SO2 eXpOSure．These results  

Fig．1．聯CJo／ぶ02伊∫0〃血Ot eγ血わ0〃加∫戸川CeCOひJg血〃∫〃ノ〃〃dJe仙Cg  
leaves（P）．Exposureto2ppmSO。WaSPerformedfor24hrtowards5pruCeandfor2  
hTtOWardslettuce．Curvel，nOn・eXpOSed；Curve2，eXPOSedleaves・TheO－eVOlution  
IateinCurveiwasabo山65〟mOles／mgchlorphylトhr．  

152   



ResistanceofspTuCeSeedlingstoSO。  

indicatethatspruceseedlingswerehighlyresistanttoSO2fumigation・Ontheotherhand，  

1ettuceleavesweremarkedlysusceptibleto SO2aSShowninFig．1B．TheO2eVOlution  

ratewasreducedtoabout30％ofthecontrolafterexposureto2ppmforlhr（Curve2）．  

Theseleaves sometimes showedindications ofinitialvisibleinJury aS Characterizedby  

如azingoflearsurrace．  

A primary determinant forSO2inJurymay betherateofSO2absorptionthrough  

thestomata（1，2）．Therefore，theaboYeObservationontheso，reSistanceofcotyledons  

SuggeStSthatthestomataremaintightlyclosedduringSO2eXpOSure，butcorlnictingthis，  

they are open during measurement of O2eVOlution．To resoIve this question，SOdium  

bisulfite was added to the reaction medium．If the stomata partly opened，then the  

bisulfiteions added may diffuseirltO theleaf tissue and causediIlhibition of O2  

evolution．Cotyledons were preilluminated for more than60min withlight（105  

ergs・CnT2・Se｛1）toletthestomataopen，thenplacedinthereactionmediumcontaining  

bisulfiLeimmediateiyafterharvesting．AfterincubatlOnOfthecotyledonsinthedarkor  

light for 20 min．and the addition of bicarbonate，02 eVOlution was started by  
illumination．Theresult obtainedisshownillFig，2．ThesteepO2uPtakeinthedarkwas  

Observedin the presence ofbisulfite（C11tVe2and3）．Therefore，theOユeVOlutionrate  

was estimated after correction for the drift of the baseline due to added bi岳ulfite．The  

COrreCted value showedthatO2eVOlutionwasnotinhibitedbylOmM bisulfite（Curve  

2）．Theadditionofbisulfiteatthehigherconcentrationof50mMinhibitedO2eVOlution  

by only5％relative to the control（Curve3），Thissuggeststhatstomataarenotclosein  

the presence of bisulfite becausebicarbonateionsweretakenupintoleaftissueinthis  

condition．  

On theotherhand，COtyledonscutinto smallpleCeSWereinfiltratedwiththesulfite  

Fig・2・抑c√0／抽岬ナビ加∫？〃由0まどリ0山r加 
． 

Centrationsfor20mininthedark，thenmeasur9dforOl七VOIvingactivity・Curvel，  
COntrOl；Curve2，lDMmNa2SOき；CuTVe3，tOmMNa2SOき・  
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Tablelq川血血咤叩貼叩血呵坤再血伸一叫盲JJr叩dcoけ如0〃g  

Cotyledon一代atmeれ－  t 

（］1hr）  
Contro1  

20 mM bisulfite 

40mMbisulfite  

20mMbisulrite－illumination  
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ThebisulfitesolutionatindicatedconcentratiorlSWaSinfiltratedintocotyledonsunder  

詣㌫蘇（野豊霊㍑㌍1mentSCOtyledonswerefurtherinuminatedwith  

SOlution under vacuum，then homogenized afterillumination withwhitelight．TheO2  

evolution by chloroplastsprepared■from thesecotyledonsegmentsisshowninTablel，  

The chloroplasts showed only aninhibition of23％relative to the coIltrOlfortheO2  

evolutiorL．Shimazakietal．（9）showedthattheSO2injuryproceededuIlderillumination．  

The acceleratedinhibition due toi11umination was，however，nOt Observedin this  

experiment．Thus，for theresults obtained we can presumethat the SO2reSistibility of  

SPruCe Seedlingsdoesnotresultfromtherapidstomatalresponse butfromthecapaclty  

forguardandparenchymace11stooxidizeabsorbedSO2（bisulfite）．ThedataofKondoet  

aユ．（J）5uppOrI亡九i5pOS5ibiユ正y：抽ey言ゎowed仇atSOコre5i虞a刀fp】anl5re18血1ed一九ehigh  
activityofsulfiteoxidation．Whenbisulfiteionswereremovedfromthereactionmedium，  

the slightinhibition found for Curve30f Fig・2diasppeared c？mpletely（data not  

Shown）．This recovery of O2 eVOlutionis probably due to the rapid detoxificationof  

incorporatedbisulfiteions．   

In conclusion，thestrongresistibility ofspruceseedlingstoSO2fumigationseemsto  

resultmainlyfromsomebiochemicalexidationofabsorbedSO2（bisulfite）butalsofrom  

rapidstomatalclosing．ThedetailedmechanismfortheresistancetoSO2fumlgationmust  

Waitfurtherinvestigation．  
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Res．Rep．Natl．Inst．Er）Viron．Stud．No．11（1980）  

RoleofsuperoxidedismutaseinthedeferlSeagainstSO2tOXicityand  

inductionofsuperoxidedismutasewithSO2fum短ation   

KiyoshiTan止aandKiyoshiSugahara  

DivisionofEnvironmenta］Biology，TheNationalTnstituteforEnvironmentalStudies，  
Yatabe，IbaTaki305  

Theroleofsuperoxidedismutase（SOD），CatalyzingthedispropoTtiorLationofthe  
SuperOXideradicalstohy血ogenperoxideandoxygen（0っ＋02‾＋2H＋→0っ＋H‡0っ），  
in the defense agalnSt Sulfur dioxide（SO】）toxicitywasinvestigatedusingleavesof  
poplarandspinachplants・Youngpoplarleavesweremoreresistanttothetoxicityof2．O  
ppm SOlthan the old ones were・Young poplarleaves contained approximatelynve  
times more SOD than oldleaves did．Sprayingspinachleaveswithdiethyldithiocarba－  
mate（DDTC）causedamarkedlossofSODactivityinleaveswhichresultedinadecrease  
intheirresistancetothetoxiceffectsofO・5ppmSO】，  

The SODin poplarleaves wasincreased by fumigationwith O・1ppm SO2・  
PTOdllCtionofSOl）byQ・1ppmSO2WaSmQ－eeVidentinyollngleavesthaninoldones．  
Theinduced SOD wa5aCyanide・6enSitiveCu，Zn－enZyme・The poplarleaves，Which  
のntainedahighcontentofSODinducedbyO，1ppm SO；－fumigationwhichweremore  
resistant to2．O ppm SOユthan contIOlleaveswhich corltained the usuallevelofthis  
erlZylいe．  

ThesefindingssuggestthatSOっtoxicityiscontributedinpartbythetoxicityof  
thestlperOXideIadieal，andthatSODparticipatesinthedefenseagainstSOっtoxicity・  
Keywords＝Inductionof superOXidedismutaseOxygentoxicity－SOっResistance  
SO2ToxICity－Superoxidedismutase   

NumerousstudiesonphysiologicalandbiochemicaleffectsofSOl，anah：pOllutant，  
On plant cellmetabolism have been madein recent years（14，35），These studies are  
genera11y dividedinto two subjQCtS，i，e．，the toxic effects of SO20n plants and the  
mechanismofresistanceofplantstoSO2tOXicity▲Theresista∫lCeOfplantstoSO2may  
be determined by the stomatalregulation of SO2－absorptioIland the defense at the  
physiologicallevelagainstthetoxicityofSO2absorbed．MenserandHeggestadreported  
that stomata of tabocco plants closed oJISO2－fumigation（2，5），KondoandSugahara  
SuggeSted that abscisic acidinleaves controlled the rapid stomatalclosure followlng  
SO2－fumigation（20）・1tis conceivable that the removalof protons producedin the  
dissolutionofgaseousSO2inplantcellsandtheenzymaticandnon－enZymaticoxidation  
OrreductionofsulfitemayalsocontributetotheresistanceofplantstoSO2tOXicity（14，  
jノ，∫∫）．  

Abbreviations＝DDTC，diethyldithiocarbamate；SOD，SuperOXidedismutase   



K．TanakaandK．SllgahaIa  

Lately，theimportanceofactiveoxygensinSO2tOXicityhasbeenproposedbysome  
workers（28）．One such active oxygenis the superoxide radicalwhichis produced by  
illuminated cl110roplasts．Chloroplasts are also the source of other active oxygens，  
hydrogen peroxide（H202），hydroxylradical（OH・），and singlet oxygen（102）．These  
ac桁e oxyge－1S CallCauSe∫10∫トSpecific oxjdation of yarious ch】0∫Opla5t COmpO∫】eれ【5，  

resultingindamagesordeathofplants．  
However，Cu，Znrsuperoxide dismutase containedin the strorna of chloroplasts  

rendersthe steadystateconcentrationofO2．inillumhatedchloroplaststoolowtocause  
the oxygen toxicity（7）．Asada and Kiso reported that the presence of sulfite and／or  
bisulfiteled toincreasedformationofO2‾through afreeradicalchainreactioninitiated  
byO2．inchloro占1asts（4）．IthasbeenalsoproposedbyAsadae（al，thatchloroplastsor  
greenleaveswereresistant tolO、9MO2‾butwered8maged byJO‾8toJO‾7MO｛  

（7）．  

There are reasons for believmgthat some of damages to plantsapparentlycaused  
by SO2－fumigationmight be dueto theactiveoxygens，Shimazakie［al．showedthatthe  
destruCtion of chZorophYl】and the formation of peroxidative product of unsatuT＆ted  
fattyacid，malondialdehydeinSO2－fumigatedsplnaChleaveswascausedbyOiand102，  
respectively（29）．Peiser and Yang observed that the production rates ofethyleneand  
ethaneincreasedafterexposureofalfalfaplantstoSO2andspeculatedthatthismightbe  
ultimatelycausedbytheactiveoxygens（28）．   

IftheSO2tOXicitycontributed，eVenPartly，tOOXygentOXicity，plantsmightprotect  
themselves against theSO2－induced oxygen toxicityuslngSCaVengerSforactive oxygens  
suchassuperoxidedismutase（SOD）andperoxidase．Wenowreportthatthehighcontent  
ofSODinleavescorrelatedwiththeincreasedresistancetoSO2tOXicityandthelevelof  
SODwasincreasedbylongtermfumigationwithalowconcentrationofSO2，  

Materj且Igandme抽odざ   

Pわ乃rmαre′由J∫   

PPoplar（Populuseuramericana）cuttingsweregrowniLIPOt，at25±0．50cduringthe  
day and20±0．50cat nlght，with arelativehumidity of75±5％inaphytotromunder  
natu∫allightconditionsfor5to7weeks，untilwhentheirheightswere130to180cm．  
Soiユ血pof wa5COmpOざed of ver汀】jculi！e，peaImoss，per】ite，fjne釘∂Ve】aJ】d red clay  
（1：1＝1：1：4）．Asnutrients，8g／literhyponexwasappliedevery5days・Inadditiontothese  
nutrients，microelementsofHoaglandNo．2wereaddedtwiceaweek・  

Spinach（Sptnacia oleracea L、CV．New Asia）was grownin the sameconLditionsas  
poplar，eXCeptthatthetemperaturewas20±0．5Ocduringthedayand15±0．5Ocatnight  
with a relative humidity of70±5％．Soilof spinach wascomposedりfvermiculite，peat  
moss，perlite and finegravel（2：2：1＝1），Nutrients were the same asin poplar，but no  
rnicroelementwassupplied．  
SOヱイ〟別離rわ刀   

Theplantsgrowninaglasshousewerefransferredtoacabinet（170×230x190cm）  

forSO2－fumigation・Theplantswerepreconditionedfor2hrinthecabinetat25±0・50c  
wjthareJativehumidityof75±5％underalightof25，000to35，0001uxatleaflevel，The  
2．0±0．080rO．1±0．01ppmSO2WaSpreparedbydiluting4，000ppmSO2innitrogenwith  
theappropriateamountofair・TheSO2COnCentrationinthecabinetwasmeasuredwitha  
pulsed fluorescent SO2analyzer（Thermo Electron Corp▲）・After SO2－fumigation，1eaf  
punches（1．5cmindiameter）ofpoplaror5piJlaChwereexcisedatindicatedtimes．These  
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Werehomogenizedin O．1M potassium phosphate（pH7．8）withaPolytron（Kinematica  
PTlOJ35）at50c．onepartofthehomogenateswasusedtodeterminechlorophylland  
malondialdehyde．The remaininghomogenateswerecentrifugedatlO，000gfor30min  
and the supernatants were dialyzed against twoliters of20mMphosphate buffer（PH  
7・8）with three changes of the buffer．After centrifl鳩ation ofthedialyzedsolutionat  
lO，000gfor30mm，theclearsupernatantwasusedtodetermineproteinandtheactiv－  
itiesofperoxidaseandSOD．  

d乃αJ〃JcαJ∽eJ力od∫  

SODwasassayedaccordingtoMcCordandFridovichwithaslightれ10dification（24）．  
The reactiQn WaS Performed at2SOcin a totalvolume oflmlcontainin各50mM  
potassiumphosphate，PH7．8，0，1mMEDTA，0．01mMcytochromec，0・1mMxaTlthin  
and xanthine oxidase（5tolO pg），Which was suspendedin2M ammonium sulfate  
COntaininglmMEDTAadjustedtopH8．0．Thereactionwasstartedbytheadditionof  
xanthine oxidase．One unit of SOD was defiIled as the amount of enzyme whlCh was  
required toinhibitthereductionrateofcytochromecby50％undertheassayconditions  
described above．The enzymaticlmitis equalto（V／v－1），Where V and v are the  
reductionratesintheabsenceandpresenceoftheenzyme，reSPeCtively（6）．  

Peroxidase was assayed according to Siegeland Siegel（30）．The reactiorlWaS  
Performedin atotalvolumeoflrnlcontaininglOOmM potassiumphosphate，PH6．0，  
0・1mMEDTA，1mMguaiacol，0．005％H202andcrudeenzymes．Oneunitofperoxidase  
WaSdefinedastheamountofen乙ymeincreaslngtheabsorbanceat470Tlmbyl・OpeTmin－  

ChlorophyllwasdeterminedaccordingtoArnon（3）．Proteinwasmeasuredaccording  
to Lowry et al．（23），Lipid peroxidatiorlprOducts reactive to thiobarbituricacid were  
determined according to the method of Heath and Packer（16）and expressed as  
equivalentarnountsofmalondialdehyde．  

Allspectrophotometricdeterminations were carried out uslnga Shimadzu UV200s  
recording spectophotometer，Cytochrome c from horse heart（TypeIII）was obtained  
fromSigma．Xanthineoxidasefrommi1kwasaproductofBoehringer．  

Resul【s  

月e加わ〃∫坤みeルピe〃CO〃re〃J∫qr∫0∂研d（おm聯ぶわ，ぶ02二極mなαfわ〃加p叩J伊如リビゴ  

dJd離renJ昭eS  
Asshownin Fig．1A，yOungpOplarleaveshadhigheractivity ofSODthanoldones  

did，althoughtherewasnoslgnificantdifferenceinperoxidase・Fig・1Bshowsthatyoung  
poplarleaves were more resistant to the SO2tOXicity than oldlower ones．Here，the  

damage due to 2，O ppm SOl－fumigation was expressed both by the amount of  

malondialdehyde formed by interaction of unsaturated tatty acids with slnglet oxygen 
Whichwasmostlyproduced from O2‾（33），andbythedestructionofchlorophyllcaused  
byO2‾（29）．lnpoplarleaves，bothindicesofdamagebySO2－fumigationagreedwellwith  
伍sibleinjuTies．F垣▲柑sⅥ各geStS that theleaves，aSthey a各e，eXhibit a decreaseinthe  
COntentOfSODandtheirresistancetoSO2tOXicityalsodecTeaSeS．  

加励桝函ふ蹄摘虻恒血砂血相妙咋血ぬ  
According to HeikkilaetaL，admin1Stration of diethyldithiocarbamate（DDTC），a  

COPperchelatingagent，tOmiceloweredSODactivityinthebrain，liveranderythrocytes  
（17），ToexaminewhethertheresistancetoSO2tOXicityinhigherplantsdecreasesornot  
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d脾rentqges．Thehorizontalaxisshowsthelengthfromthetopofstalk．Thepophr  
Plant at30days after cutting was used．Enzyme activities，prOtein and chlorophyll  
weredeterminedasdescribedinMaterialsandmethods．  
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Fig．1Ⅰ）．尺e加fon∫伽p如rwee〃r加ぐ0〃fg〃rげ∫0β打〃d伽re∫如〟月Ce ro∫O17〃  
p叩Jαr如リビ∫即d鞭′e〃r聯∫．ざ0βαぐれけけ加∫加㌍〃dergrJ乃血d占ゆ′e∫∂，－  
ル仰血力b仇Ar一打2．OppmSO－イumigationfo【22hいheformation ofmanOndial・  
dehyde andthedestruCtionofchlorophyuwereTT．eaSured・Thepoplarplantat40days  
arteTCuttingwasused．  
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Fig．2．血βCJ”d〃0乃0／∫0βf乃∫p加〟ぐみJgαyg∫ゐγββ7℃The spinachleaves w¢re  
Sprayed with2％DDTCin20mM potassium phosphatc（pH7．8）．Theleaves were  
COllectedatindicatedtimes，WaShedfullywithdistilledwater，thenusedtodetermine  
SODandchlorophyu．  

Time．hr  

Fig．3．旦砕c川′∫0ユー両極血mm画血拍刷町か捕れ附加ふ血油壷朗  
DDTC Afterspraying2％DDTCin20mMpotassiumphosphate，pli7．8，tOSplnaCh  
leaves theleaveswerefumigatedwithO．5ppmSO，．Thecontentofchlorophyllwas  
expressed as％of the content ofchlorophyllinleaves without SOt血migation，  
WhetherDDTCwassprayedornot．   

whe爪SOD wasinactivated，2％DDTCin20mM potassium phosphate，pH7・8，WaS  

耶ayedonthe sllrraCe O－spinachleavesundeTlight（30，000lux）．A触rsprayingwith  
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Fig．4．J月血c加〝0／∫0♪ゐγわ〃gJer〝－ル棚卸鮫川W沼日日几叩＝旧・Thepoplar  
plantat30daysaftercuttir）gWaSfumigatedwithO・1ppmSOっfor20days・BothSOD  
（A，upper）andperoxidase（B，lower）actiYitiesofleaYeSinthefifthtocighthpositions  
ateightdaysafterO・1ppmSO】・fumigationwerealsofouowed（b；COntrOl，d；SO2一  
山migation）．  
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DDTC the activity of SOD decreased by65％after 2hr and thereafterit gradually  
diminishedby77％after22hr（Fig，2），Chlorophy11comtent wasconstantduringlOhr，  
thenitgradually decreased．TheseobservatiollSSuggeStthat O2‾concentrationincreases  
inchLorophstswith theinactivation of SOD by DDTC whichcauscsthcdestIuCtionof  
Chlorophyll・After亨PraylrlgwithDDTCtheleaveswerefumigatedwithO・5ppmSO2・The  
chlorophylldestruction by SO2－fumigation wasenhancedbyDDTC－treatment（Fig・3）．  
These resultsshowthat theinactivationofSODlowerstheresistanceofspinachleavesto  
SO2tOXicity．  

j・・ト・・・・、・・∴・－・■小・・ご∴り一、・・い・‥・い   

It has been reported that the biosynthesis of SODisirlducedin some organisms  

Tablel血加血川げ仇．Z〃・∫0か加p叩〟ねrJeαリ～ざわ′∫0っ  

SODactivity（units／cm3  
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CN－SenSitive  

CN－hsensitive  

Bothcrudeenzymesofdandb（d；pOpularpl且ntat20daysafterO・1ppmSO。－fumigation，  
b；COntrOl）were中CubatedfoT30minin5mMKCNin50mMpotassiumphosphate，pH  
7．8，at25Oc，beforetheassayofSODwasdone，  

Fig．5．上ソ沖CrOJ2．βタグm∫01－ルm碑ー柑〃0′叩0ク血rp仏門J∫f〃W肋力血co醸〃rO／  
SODwaslncreasedwi（hO．1ppmSO，・PLmLga（ion・Bothpoplarleavesofdandb（d；at  
20daysafterO．1ppmSOl－fuTT．igation，b；COntrOl）werefumigatedwith2・OppmSOl・  
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undertheconditionswheretherateofintracellularproductiohofO｛ishigh（）1）．If  
SODcontentinplantleavesincreasesbytheinductionoftheenzymetheirresistanceto  
SO2tOXICityintheleavesshouldincrease・Totestthispointofview，POplarplantswere  
exposed toO・lppmSO2for20days・NovisibleinJuryOfleaveswasobserved．Fig．4A  
Shows that the SOD activityin poplarleaves，at the fifth to eighth position  
（approximately20to30cm）fromthetop，increasedduringSO2－fumigation．TheSOD  
COntentinthefumigatedleavesbecametwiceasmuchastheenzymeintheunfumigated  
leaveswiththe12days－fumigation（Fig．4A，C，a），TheSODactivityinthenewlygrown  
fifthtoeighthleavesduring8days－fumigation（correspondingtothefirsttofourthones  
Ofthestartingplants）increased4．4timesasmuchasthecontrolafterthenext12days  
（Fig・4A，d，b）．Here，theinductionofSODwasgreaterinyoungerleavesthaninolder  
OneS・Under the same conditionsthere waslittle difference between SO2fumigated  

leavesandthecontrolinthecontentofperoxldase（Fig．4B）．Tableldemonstratesthat  
theCu，Zn－SODwasinduced，becausetheCu，Zn－enZymeWaSSenSitivetocyanide，While  
theFe－andMn－enZymeWereinseIISitive（10），TheseobservationssilggeStthatsuperoxide  
radicalsincreasedbySO2－fumigationinducedthebiosynthesisofCu，ZnLSOD．  

Thepoplarleaves，Whichhad contained4・4timesasm11ChSODasthecoJlfTOlby  
fumigationwithO・1ppmSO2for20days，WereeXPOSedto2，OppmSO2，Asshownin  
Fig・5，the decreaseinchlorophyllcontentinhighSOD－1eaves（fumigated，d）wasless  
than that of controlleaves（unfumigated，b）．The r占sults‘indicatethat theleaveswith  
induced－SODacquiredagreaterTeS］StanCefoSO2tOXicitythaJlfheconIro］，  

Discussioれ  

Althoughitis wellknownthatthedegreeofplantdamage byairpollutantsvaries  

dependingonYariousfactorssuchasspeciesorvarietiesofplants，nutritiveconditionsof  
plants，ageSOfplants，gaSeOuSCOnditionsa∫Oundplants，1ightconditionsandsoon，there  
have been few reports on the relationship between plant resistance to SOz and the 
PhysiologicalresponseofplantstoSO2（9．14）．TheSO2tOXicitymaybeclassifiedinto  
direct andindirect effectsofsulfite on plantsL Studieson the formerhave prevailed．  
However，itremains to beresoIvedhowmuchsulfiteconcentrationaccumulatesinleaves  

Of hlgher plants exposedJto gaseous so2・Judging frominvitroexperiments，Sulfite  
exhlbitstoxicityatlO．3toIOr2Minleaves（36）．However，itisdoubtfulwhethersucha  
highPconcentrationofsulfiteaccumulatesinleaves（26）．   

Ontheotherhand，ithasbeenrecognizedthatO2ratlO‾8tol〔「7Mcausesplant  
damage such as chlorophy11destruction（7），and that hydrogen peroxide atlqS to  
IO．4MproducedfromthedismutationofO2－inchloroplastinactivatestheCO2－fixation  
（18，19）．ItislikelythattheactiYeOXygenatSuChconcentrationsaccumulatesinleavesin  

the presence of sulfiteL Evidence hasbeen presented showingthat SO2Lfumigationof  
plantleavesincreasestheconcentrationofO2rinchloroplastwhichdestroyschlorophylls  
andlipids（29）・Therefore，itisimportantinSO2JetoxificationtoremovetheO2‾from  
Chloroplasts・InaddltiontoscavengingofO2‾bySOD，02‾isalsoremoYedbyinteraction  
With severalcomponents in the chloroplast such as cytochrome f，plastocyanin，  
ferredoxin，aSCOrbate，reducedglutathioneandMn2＋（2，8，21，24，27，34），However，the  
contribution ofthese compounds to the scavenglng OfO｛isonlyserveralpercentsof  

thatofSOD（7）、ヰSShowninFig．1AandlB，thepoplarleavesgradual1ylosttheirSOD  
WithagiJlgandtheamountofSODinleaveswascorrelatedwithplantresistancetoSO2  
toxicity．Administration of DDTC to spinachleavesinactivated SODiT11eaves（Fig．2）．  
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The SOD－inactivated spinachleaveswerelesstolerant to SO2thanthe control（Fig，3）．  

TheobserYations（Figs．l，2and3）suggest that SODparticipatesin the defence against  

SO2tOXldty．   
Theinduction of SOD hasbeenreportedinsomeorganisms．InS［rep（OCOCCuSJbe・  

calis（12），Pseudomonasovuris（11），andScccharoTnyCeSCereVisiae（13），highconcentra－  

tion of oxygen produced SOD．ln Anqqys｛is nidulans，thephotooxidativeconditions、  

increasedthelevelofSOD（1）．HassanandFridovichreportedthattheadditionofmethyl  

viologentoE，COlicausedarapidpronouncedincreaseintherateofbiosynthesisofSOD  

（15），In allcases thece11swhichcontained highlevels ofSOD weretherebyrendered  

more resistant to thelethallty Of hyperbaric oxygen・Induction ofSOD and parallel  

aquisitionofoxygentDlerancehavealsobeenseenlnlungofwholerat（11．32）・How－  

ever，therehasbeennoreportontheinductionofSODinhigherplants・   

Inthepresentstudy，When thepoplarleaveswere fumigated with O．1ppmSO2the  

levelof SOD glladuallyillcreased（Fig，4A）．We considerthatthisincreaseinSODwas  

caused byimcreased synthesis of this enzyme triggered by O｛，Which was produced  

through sulfite－mediated chain reactionsin・ChloroplastsTablelshows that the SOD  

produced by SOユーfumigation was aCu，Zn－SOt）．Therefore，hiBher plants maY havea  

differentmechanismofenzymesynthesisthaninotherorganisms・AsshowninFigL5，the  

poplarleaves which acquired high1evels of SOD by virtue of fumigation of alow  

concentration of SO2（0，1ppm）were more resistant to the toxicity of a higher  

COnCentrationofSO2（2．Oppm）．Theseobservation5SuggeStthatpartoftheSO2tOXicity  

Orlginates from oxygen toxicity and that SOD plays animportant rolein the  

detoxificationofSO2．  

There has beenlittle report onanyphysiologlCalchangesinhigherplantleaveson  

SO2rfumigation at suchlow concentration（0．1ppm）．Theinduction of SOD with  

SO2－fumigationmay beinterestingasabiochemcialiTldicatorofSO2pOllution，Through  

determinationofSODcontentsin1eavesofhigherplantsinthefielditmaybepossibleto  

estimatetheenvironmentalpollutionintheatmosphere．  
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FormationandscavenglnBOfsuperoxideinchloroplasts，with  

relationtolqurybysulfurdioxide  

Kozi Asada 

TheResearchlnstituteforFoodScience，KyotoUniversity，LtIi，Kyoto611   

Injury ofplantleafce11sbysuLfurdioxide・eXpOSureisgreaterinday time▲thanin  
night．AhypothesisisproposedthatthefIeeradicalchainoxidationofsulfiteisinitiated  
by the supeTOXide radicals（0ま）producedinilluminated chloroplasts，and that the  
resulting amplified production ofO”the hydroxylradicals and thebisulfiteradicals  
CauSeS theinJury Ofleaf tissues．ln this review，the production ofO2inilluminated  
Chloroplasts and scavenging of Oユ by superoxide dismutase and their relation to  
OXidation ofsulfiteinchloroplastsarediscussed．Superoxidcdismutaseinchloroplasts  
playsanimportantroleinprotectingleafcellsfromiruurybysulfurdioxide．  
Keywords：ChloTOPlastsHydroxylTadicalr Scavengersfor supeTOXide r Sulfite  
radical－Superoxidedismutase－SupeTOXideradical  

The superoxide anion radical（0ち）is formed through the univalent reduction of  

molecular oxygen，In aerobic organisms，this radicalis mainly produced by several  

OXidases，autOOXidationofreductantshavingalowredoxpotentialandbyphotochemical  

reactions（1，15，16）．Spontaneousorsuperoxidedisrnutase－Catalyzeddisproportionation  

OfOちproducesH202andOl；  

202十2H＋→ Hヱ02十02  （l）  

lnteraction amongH202，0ちandcellcomponentsproducethehydroxylradical（OH・）  
andsingletexcitedoxygen（102）．Thus，aCtiveoxygensuchasH202，OH・，andlo2is  
formed from Oち 血the cells（1，16）．These reduced and excited molecular species of  
OXygenarehighlyreactiveandoxidizecellcomponentsbringlngaboutcellulardamageif  
thereis no scavenging system for these speCies of oxygen．1nthenorrnalstate cellsof  
aerobesareprotectedfromactive oxygenbyscavengerssuchassuperOXidedismutasefor  
O言，CatalaseandperoxidaseforH202，1andtocopheroIsandcarotenoidsforlo2（1，16）．  
For the hydroxylradicals no specific scavenger has been found．but、pOlyhydroxy  
compounds such as carbohydrates are very reactive with this radical and may prevent 

oxidationofbiologicallylmpOrtantCe11components，  

Thece11sofplantleavesaresimuartocellsofaerobesinrespecttotheformationof  
active oxygen and theirscavengers．1t hasbeen observ9d that damage ofplantsbyair  
pollutantsisgenerallygreaterindaytimethaninnight，eSpeCiallyinthecaseofsulfur  
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dioxide（see No・9paperin thisissue）・Since o；is producedin chlo！Oplasts on  
illumination，One Of the causes ofleaf damagein day timeis attributable to the  
interaction of the pouutants with superoxide，ln this paper the formation of O2in  
Chl〔）rOplasts11nderillumination and theinteractionofsulfitewithOiaredescribed．The  
free radicalchain oxidatioTIOfsulfiteisiTlitiatedbyphotoproducedO2inchloroplasts  
叩d resultsin the amplified production of Oち，the hydroxyland bisulfite radieals．  
Subsequently，the scavengimgsysteJnSfor O2jn chjoroplasfsand thepatticjpationof  
these systemsinprotectingtheplantcellsfromdeleteriouseffec†sofsulfurdioxideare  
disclユSSed．  

I．ProdllCtionofsuperoxideinchloroplastsandfactorsaffectimgit  

The reduction of molecular oxygen byilluminatedchloroplastswasfirstfoundby  
Mehler（29）whoidentifiedH202aSareducedproductofO2・Recently，ithasbeenmade  
Clearthat11202isadismutationproductofO2WhlChistheprimaryreducedproductof  
O2 by a photoreductant of chloroplasts（8，21）．The productio！10f Oち has been  
demonstratedbyO2Linducedreactionswithiuuminatedchloroplastsandtheirinhibitions  
bysuperoxidedismutase（8）．  

Figurelshowsthereductionofcytochromecbychloroplastsonilluminationandits  
inhibitionbysuperOXidedismutase（6），ThereductionofcytochromecbyOらhasbeen  
COnfirmedin severalO盲Lgenerating systems・Itsinl1ibition by5uperOXide djsmulase  
confirms that the reductionis mediated by O2 and that cytochromecisnotreduced  
directly by a photoreductant．Thus，a photoreductant formedin chloroplasts reduces  
univalently molecular oxygen to form O；which，in turn，reducescytochromec．The  
PrOductionofO2inchloroplastshasbeenshownbyotherO2－inducedre且Ctionssuchas  
the oxidation of sulfite（see below），ePinephrine，aSCOrbate，Mn2＋，tiron and of  
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坤加商d地相画舶．The工eaCtionmixtule（ユml）contained50mMp（〉taSSil】mphos・  
phate，pH7．8，10mM NaCl，20FLMferricytochromec，Chlorop】astscontaininglOJLg  
Ofchlorophy11andindicated amountofCu，Zn－SuperOXidedismutase．Reaction rates  
Were determined from theinititalabsorbance chanBe20safterillumination，（Asada  
eJαエ（1974）（6）），  
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ThereactionmixtuTe（1ml）containedin（A）：50mMTris－C「，pH7・8，0・2mMazide，  
1JIM3（3，4Jichlorophenyl）－1，1dimethylurea，0・2mMdichlorophenol－indophenol・  
10mM ascorbateand chlo叩1asts（19．1鵬Chlorophyll）ニin（B）50mMTris｛「pH  
7．8，0，2mM dichlorophenolindophenol，10mMascorbate，0・1％TritonX－100and  
chloroplast fragrnents（0，2腫Chlorophyll）・After removalorOlin the reaclion  
mediumbybubblingargontoabout30pM，theO】・uplakewasfollowedundeTWhite  
light．（AsadaandNakano（1978）（7））・  

hydroxylamine（8），Theprimary．electronacceptorinphotosystemlisthemostpfO山k  
photoreductantofO2（6）．   

ThereactivityoftheprimaryelectronacceptorinphotosystemlwithO2isveryhigh  
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Fig・3・埴cro／叩grO裏dg血m“JαJeβ月dりけOCか0椚？CO〝伽pro血crわ乃0／力γdro・  
gen peroxidebyillumlnatedspinach chloropLasts．Thereactionmixturecontained50  
mMphosphate，pH7．8，10mMNaCl，and chloroplasts（10pg chlorophyll），inatotaユ  
volumeof2ml（OpO）．Jn additionto theabovemixture，20FIMcytochromec（●●），  
20J止1cytochrome c and O．53pM superoxidedismutase（x－－・rX），Or O，53FLM supeT・  

oxidedismutase（ロロ）wereadded．（AsadaetaL．（1974）（6））．   

TablelK∽リdJ“e∫か0ズγge〃0／01・岬Jα加rg〃C血那～〃JeげCg抽u〃dgrr／ほ晦加  

Reactions  Locationincells  KrrLforO｝  

（M）  

Chloroplastthylakoids  2～3×10‾6  

Chloroplaststroma  2xlO4  

PhotoreductioninphotosystemI  

Ribl1losebisphosphate＋0っ・＋   
Phosphoglycolate＋3－PhosphoglyFerate  

（Ribt）los占bisphosphatecarboxylase／   

OXygenaSe）  

G】y∝血書e＋0望→   

Glyoxylate十H】0っ   

（Glycolateoxi血se）  

Glycine＋（NAD→0。）→   
Serine＋CO】＋NH，十ATP  

（Glycinedecarboxylase－Serinehydroxy－   
methyltransferase→Cytochromec   
OXidase）  

10▼4～10‾S  P町50Ⅹi50meS  

～10‾7  MitochoT】dria  

（7）．Apparent Km values for O2in classIIchloroplasts andin photosysteml  
subchloroplastfragmentsareboth2to3xlO‾6M，aboutahundredthconcentrationof  
thatin air－Saturated water（Fig，2）．Simi1arvalueshavebeenobtainedalsoby Lien and  
SanPietro（28）．E’。OfP－430，theprimaryelectronacceptorinphotosysteml，is0，53V  
（25）andEbofO2／0；is－0・16Vwhenmolarcon？entrationisusedforO2・Thus，△EL  
between P－430and O2／0；islargeenoughtoreduceO2andtheautooxidationrateof  
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P430inphotosystemIsubchloroplastfragmentsishigh；～107MLIsLl（7）．   

In the presence of cytochrome c the accumulation of H201 iS not detectable 

indicatingthatO云istrappedbythecytochrome（Fig．3）．1naddition，Fig，3showsthat  

H202isforrned only throughthedismutationofO2inchloroplasts．H202aCCumulates  

in the absence ofcytochrome c orin the presences of cytochrome cand superoxide  

dismutase．Thus，the divalent reduction of molecular oxygen does not occurin  

止loroplasts（∂）．   

In addition to the univalent reductionin photosystemlleaf cells uptake O2in  

SeVeralreactions，eVen underilluminated conditions．Tablelsummarizes thesereactions  

WiththeirKmvaluesforO2．Ribulosebisphosphatecarboxylase／oxygenaseproducesthe  

Substrate for photoresplration，phosphoglycolate．Two other reactionsin peroxisome  

andinmitochondriaparticipateintheglycolatepathwayofphotorespiration．Oxygenase  

Supplies thesubstrate forthelast tworeactionsinTablel，thus，the photoreductionof  

O2is the major O2－uPtake at！cLW O；eく、nCentraticLn，Whlle the O2－uptake due to the  

OXygenaSe and to the accompanylng Photorespirationincreases with anincrease of  

O2－COnCentration．  

Competition occurs between COz and 02 for thc primary electron acceptor in 

photosystemlinintact chloroplaststhatareabletoevoIveO2dependingonCO2，Under  

COnditions where CO2isdeficientorthecarboncycleforCO2－fixationisinhibited，02is  

reducedin place of CO2，Fi邑．4shows thatinintact chloroplaststheO2－uptakestarts  

WhenCO2hasbeenconsumed（A）orwhenribulosebisphosphatecarboxylase／OXygenaSe  

hasbeeninhibitedbycyanide（B）．Theuptakewasobservedinchloroplaststhatcontain  

an endogeneous electron donor for H202，Otherwise the evolution of O2 CeaSeS．The  

effect of cyanideindicates that most of the O2－uptakein Fig．4is due to the  

Photoreduction of O2in photosystemlrather than the oxygenase reaction．Direct  

evidence for thelight－dependent O2－uPtake has been attainedin algalcells．The  

1802－uptake underlightis high under the conditions where CO2is notfixed，The  

1802－uPtakebyalgalceuisalsoaffectedlittlebycyanide（36）．  

Thus，thephotoreduction ofO2andthe formationofO2inphotosystemIarenot  

an al’tifact ofisolated chloroplasts．1t has been suggested that the reduction of O2is  

Fig・4・抑cJqr加て〟r占0〃〟feα〃d叩〟〝fdeo〃J加02・eVO山Jfo〃妙血〟Cr岬f舶C力  
Chlorop［asts・In（A）thereactionmixture（1ml）contained50mMN－2－hydroxyethyl  
piperazineN’－ethanesufonic acid（rIEPES）－KOH，PH7．6，0．33M sorbitol，0．41mM  
HCO；andintact chloTOplasts（50ALgOf chlorophyll）．On；Whitel由htofaprQ）eCtOr  
lamp（10ユ4W／mつ）．ln（も）tlle陀aCtkmmlxtlユTe（1ml）contailledt）．33MsoTbitol，0．S  
mM flCO；，50mM HEPES－KOH，pH7．6，andintact chlorophsts（154JLgOrChloro－  
Phyll）▲KCN（lmM）wasaddedwhereindicated．（NakanoandAsada，Unpublished）・  

169   



K．Asada  

essential to the production of ATP by pseudocyclic photophosphorylation and to 
adjustingtheratioofATPandNADPH2forthecarboncycleofCO2－fixation（12），For  
thisreasonOちmaybeproducedevenwhenthephysiologicalelectronacceptor，CO2，is  
sumcientlysuppliedtochloroplasts・lnfact，the180・七XperimentsshowthatO2．uPtake  
OCCurSWhenalgalcellsorintactchloroplastsevoIveO2dependingonCO2（12，36）．  

Direct determination of O2－prOductioniT11eafcellsisdifficult andtheproduction  
may bevariabledependingonenviTOnmentalconditions・AlowKmvalueforO20fthe  
photoreductionofO2（Tablel）andtheevolutionofO2inphotosystemlIsuggeststhat  
O2in chloroplastsis notlikely tolimit the production of O2．Jn contrast，CO2  
COnCentrationanditstransporttochloroplastsaffecttheproductionofOち，aSindicated  
bytheresultsinFig．4．Undernaturalconditions，CO2－deficiencyfrequentlyoccurswhen  
the stomatais closed by water stress or the concentration of CO2in the atmosphere  
around theleaves decreases due to CO2－fixation or to alack ofaircirculatioTl．Under  
thesecircumstances，02WOuldbereducedinplaceofCO2．  

Asdiscussed abovetheproductionrateofO2inchloroplastsisvariabledepending  
On enVironmentalconditions，Particularly，On CO2 COnCentration andlightintensity，  
Therefore，the followingis only an estimate：iflO％of photosynthetic capacity of  
electron transportinchloroplasts（～200FLequivalent mgChl．1hr－1）isused forthe  
reductionofO2（～20pmolmgChl，1hrJl）thentheproductionrateofO；willbel．3×  

10▼4Msrlinintactchloroplasts・Jnthisestimation，Chlorophyllconcentrationinintact  
chloroplastsisassumedtobe2．5×10．2M（33）．  

II．Tnitiationofsulfiteoxidationbysuperoxide  

Aerobic oxidation of sulfite to sulfateisinitiated by metalions，ultraviolet  
irradiation and byseveralO2－generatingsystems．The oxidationofsulfiteisinducedby  
illuminated chloroplastswhich providesanadditionalevidencefortheproductionofO2  
inchlor叩Iasts（Fig．5）（5）．Theoxidationrateofsulfite（～20mmolmgChl▲1hr▼1）is  
hlgher than the rateofO2－PrOduction determined byphotoreductionofcytochrome c  

Fig．5，上なカr一両押通湘α血加加用ハ叫徹り′甲血c〟c柚〉mク血路・Tわe reactjo爪  
mixttJre（2ml）contained50mMphosphate，pH6・8，2・5mMsulfiteandchloroplasts  
containing3pgchlorophyll・（AsadaandKiso（1973）（5））▲  
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（～15pmolmgChlTlhr－1）．ThisindicatesthattheoxidatiorLOfsulfitepr。Ce。dsasa  
Chain reaction whichhasbeenobservedintheotherinitiatingsysfem（6）．Thus，photo－  
producedO2isa＝trlgger’’ofthechainoxidationofsulfiteinchloroplasts・  

Thefo110WlngreaCtionsequenGehasbeenproposedforthechainoxidationofsulfite  
inltiatedbyO盲（jワ，4J）；  
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lnadditiontoO；，OH・isalsoabletoinitiatethechainreaction，Thereactions（2），（3），  
（4）and（5）arechainpropagatingreactiorLSinwhichOち，OH・andHSO3・arethechain  
Carriers・The reaction（6）is the disproportionation of HSO3radicalandis the chaln  
terminatingreaction▲The reaction（7）isthehydrationofSO3formingsulfate．Besides  
reaction（6），reaCtion（1），the disproportionation oioち，and reaction（8）arechain  
terminatingreaction．  

BothO2and OHlare Chalninitiatorand carrier，therefore，the scavengersforthese  
radicals are expected toinhibit the oxidation of sulfite．Superoxidedismutaseinhibits  
oxidationofsulfite withilluminatedchloroplasts（Fig，6）andtheotherscavengerforOi  
SuChascytochrome calsoinhibitsthereaction（5）．However，Catalasedoesnotaffectthe  
OXidation．H202，PerSe，isa poorinitiatorofsulfiteoxidation（17）．Mannitol，aPOtent  
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Fig，6．相加川再岬肌血弛繭槻血針m甜抑．pゐoJo－0ズf血Jわ〃砂∫〆〃〟Cカc力わro・  
plqs［s．ReactionconditionswerethesameasinFig．5exceptthatCuZn－SuperOXide  
dismutasewasaddedasindicated，ThesteadystateconeentrationofO；irlthereaction  
mixluTeisestirnatedassumingthat theproductionrateofO；bychloroplastsis15  

JJmOlmgChl‾■hr▼】（6）（6．3×10．9Ms－．inthepresentsystem，Vineq■（9））andksp  
andksoDineq・（9）aTe5xlO～and2xlO9M1s，l・reSpeCtively・（AsadaandKiso  
（1973）（5））．  
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Fig・7・旦〝gcfo／∫u邸r∫0”∫〟坤ep舟oJo－0∫f血血〃ムγgp血βC力c力わro〆〟軋Reaction  

COnditions were the same asin Fig，5except that sugars were added asindi占ated．  
Conc叩け∂山On fo＝he ha】f・j血bjtjon or5U肋e pho‡0－0Ⅹjd8‡わ刀；m8nれjtoj，0．070  
mM；myO－inositol，0・095mM；SOrbitol，0．15mM；mannOSe，0．1mMandfructose，0．2  
mM．（AsadaandKiso（1973）（5））．  

SCaVenger for OH・，inhibitseffectivelythechloroplast－inducedoxidationofsulfite（Fig．  
7）．Th60thersugarsincludingmyo－inositol，SOrbitol，mannOSeandfruCtOSe，alsoworkas  
inhlbitors（5）．WhenNADPandferredoxinareaddedtochloroplaststheoxidationrateof  
SulE了teis decreased by the decreasein the producfion ra亡e ofO2 due to．competition  
betweenferredoxinandO2fortheprimaryelectronacceptorinphotosysteml（5）．  

The most prominent feature of this reaction，1n reSpeCt tO Ce11toxicity，is the  
amplified production of active oxygen，02 and OH・，and of HSO3radicalduringthe  
OXidation．ln comparison withOち，OH・ismorereactivewithcellcomponents（1，16）．  
When chloroplasts failto stop the chain oxidation of sulfiteinsulfurdioxide・七XpOSed  
leaves the production of the reactive radicalsis ampufied and resultsin theinJury Of  
Chloroplastsandofleaftissues．  

1ⅠⅠ．Superoxidedismutasesinchloropl孔StS  

As shown above superoxide dismutaseinhibits the chain oxidation of sulfite by  
SCaVengingOち，thus，SuPerOXidedismutaseisoneofthetolerancemechanismofleafcells  
againstsulfurdioxide・Superoxldedismutasehasbeenclassifiedintothreegroupsonthe  
basis of the metalin the enzyme；Cu，ZLl－，and Fe－aTld Mn・COntalnlngellZymeS．Lalld  
Plantscontainonlythe Mn－and Cu，Zn－enZymeS・Algaelack the Cu，Zn・七nZyme，but，  
containthe Mn－andFe・七nZymeS．Fordistributionofthreetypesofsuperoxidedismutase  
in other organisms，See a reView（4）・1n tlllS SeCtion，the kind and concentration of  
SuperOXide dismutasein chloroplasts are described；the scavenging capacity by the  
enzymeandbytheothercomponentsinchloroplastsfollowsinthenextsection・Figure8  
Shows theintracellular distribution profile of superoxide dismutasein spinachleaves   
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2  4  6  8  JO  
斤ロCfJo〃 No．「Jmり  

Fig・8．∫〟ムce肋〃r d如r肋ノJfo〃0／川戸e和ズ紹g dfm〟加e加平fれαC力Jeβリβ∫．Spinach  

lモaVeSWeT¢homogeniヱedinthTeeYOlumesoragIindingmediumconsistedo川．3ユM  
SOrbitol，1mM EDTA，1mM叫gCl℡，50mMTricine－KOH，pH7．8，andO．5％bovine  
Serum albumin uslng a Waringblendor for3s・Thecrudein‡actchloroplastfraction  
WaSObtaiT．edbycentrifugationat1700gforlminafterfiltrationthrougheigh11ayers  
Ofgauzeandwassuspendedinasmallvolumeofthegrindingrnedium．Thesuspension  
、（1ml）waslmmediatelylayered orLtOlO mlof thellnear Percoll（Pharrnacia Fine  
Chemicals）gIadient（10L90％，V／v）containing O・33M sorbitol，1mMMgClユ，1mM  
EDTA，50mMTricine－KOH，pH7．8，andl％bovineserumalbuminandcerttrifugedat  
5000gfor15min．Superoxidedismutaseactivitywasassayedinthexanthine・Xanthine  
OXidase－CytOChromecsystemcontainingl％TritonX－100inthepresenceandabsence  
OflmMKCN・（Kanematsu，HayakawaandAsada，unpublished）  

WhlCh has beenfmctionatedbysilicasoldensity centrifugation（24）．Thisfractionation  
allowsthe separation ofmitochorldria andintactchloroplaststhathaveaIlenVelope，The  
present results confirm ihe previous findings showing the location of superoxide 
dismutasein chloroplasts（9）・HoIVeVer、becauseofintactnessofehloroplasts，thecontent  
Ofsuperoxidedismutaseisaboutthreefold higherthanincLassllchloroplasts（24）・No  
SuperOXidedismutaseisdetectableinleafperoxisomes（9）．  

Fu州1er rraC【ioll∂tjon of5pjれ8CllC吊oropla5fsj山05trOma8月dI力ylakoid f∫aCtions  
Shows the occurrence ofsuperoxide dismutaseinboth fractions．Thestroma enzymeis  
inhibited by cyanide，but，thethylakoid enzymeisinhibitedonly byhalftoonethird．  
Since only Cu，Zrl－SuperOXide dismutaseissensitivetocyanide，theseobservationsshow  
thatthestromaenzymeisthe Cu，ZnヾnZymeandthethylakoidenzymeiscomposedof  
theCu，Zn－andMn－enZymeS．TheMn－andFe－SuperOXidedismutasesaredistinguishedby  
Sensitivity to H202；the Fe｛nZymeisinactivatedbyH202buttheMnゼnZymeisnot  

173   



K，Asada  

affetted（10）．Thecyanide－insensitiveactivityinthylakoidsisresistanttothetreatment  
with H202，This provides an additionalevidence for the binding of Mn－SuperOXide  
dismutasetothylakoids，ThebindingoftheMn・七nZymeisalsofoundinblue－greenalgae  
（34）andin EugLeTla（23）Thus，the thylakoid－bound superoxide dismutaseis the  
Mn一七nZyme・inphotosyntheticorganismsincludingprokaryoticandeukaryoticalgaeand  
land plants．However，the叩tOSOILenZymeinblue－greenalgaeandthestroma－enZymein  
EuglenaareFe－SuPerOXidedismutase，1nCOntraSttOtheCu，Zn－enZymeinthestromaof  
SplnaChchloroplasts．  

Fullactivityofthethylakoid－boundenzymeisdetectableonlyafterthetreatmentof  
the thylakoidswithdetergentsuchas Triton（23，24，34）・Thisisprobablyduetothe  
diffusion－COnttOlled reaction rate ofO2 With superoxidedismutase，Thereleaseofthe  
enzymefromthylakoidmembranesmayincreasethechanceofreactingwithO2・  

ThecontentofsuperoxidedismutaseinintactchloroplastsshowninFig・8isabout  
100（McCord－FridovICh）unitsmgchlorophyllJl，inwhichaboutlO％isthecyanide－  
insensitive Mn－enZyme．These values correspond to O．94moleculeofCu，Zn－SuperOXide  
dismutase and・0．09 molecule of Mn二superoxide dismutase forlOOO molecules of  
chlorophyllassumlng SpeCific activities of3000and2500units mg proteinPland  
molecular weights of32000and400000f the Cu，Zn－and Mn－enZymeS，reSPeCtively・  
Assumingtheconcentrationofchlorophy11inintactchloroplastsis2・5xlO‾2M（33），  
thentheconcentration oftheenzymeinchloroplast写Canbeestimated fromthemolar  
ra亡jo ofsuperoxjdedismuねSeandchlorop毎ユユgi血g yaluesor2・】×10‾5Mfor伽  
Cu，Zn－enZyme and2・3xlOイM fortheMn－enZyme・SinceMn－SuPerOXidedismutase  
localizesinthylakoidstheconcentrationoftheMn－｛nZymeinthylakoidsissimilartothat  
oftheCu，Zn－enZymeinthestromaifthevolumeofthylakoidsisaboutlO％ofthatof  
intact chloroplastsL Thus，it may be reasonable to conclude that theintact splnaCh  
chloroplastscontalnSuPerOXidedismutaseatabout2xlOJSMthroughoutthylakoids  
aTld stroma．  

The biosynthesis of superoxide dismutaseisinduced under conditions that the  
productionofO；incellsisincreased．ExposureofEscherichiacoil（19），Strep（bcoccus  
Jhecalis（19），Photobactertum Leiognathi（35），yeaSt（20）andrat（37）toairortoO2at  
highQOnCentration resultsin theincreasedaccumulationofsuperoxidedismutase・In  
Euglena culturedunderphotoautotrophicconditionstheenzymecontentishigherthan  
thatincellsculturedunderheterotrophicconditions（3），Whichreflectstheformationof  
O；underthelightinchloroplasts，Theinductionofsuperoxidedismutasebiosynthesisin  
E．colthasbeenobservedwiththe additionofparaquat（22），thatisreducedinthecells  
and，bytheauto■oxidationofthereducedparaquatcationradicals，02isproducedata  
rapidrate（7．7×108M‾1s▼1（JJ））．   

lnplantstheinduction of theenzymebytheexposuretosulfurdioxidehasbeen  
shown（see No．15paperin thisissue）．This suggeststhattheproductionofO；in  
chloroplastsisincreasedbysulfurdioxidedeXpOSure，aSdiscussedinll・Inadditiontothe  
adaptive formation of superoxide dismutase，the content of the enzymeinleavesis  
affectedbytheirage（8）．Thismayihferwhythetoleranceofleavestosulfurdioxideis  
variedbytheirage・  

ⅠⅤ．ScaYenglngOrSuperOXideiれChloroplasts  

The superoxide radicalsinaqueous solutlOn mainly work as a reductant and a  

・OXidant（40）．Jtsdisproportionationistheinternaloxidation－reductionreaction（eq．（1））   
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andis the maJOrSCaVengingpathwayin chloroplasts・First，SPOntaneOuS and enzyme－  
catalyzeddisproportionationofO2isestimated・   

1n asteadystate the production rate of Oち（v）isequaltoitsdisappearancerate，  
thus；   

v＝ksp【0ち12十ksoD［0ち】tSOD］十koxi－Red［＾orAH］［0ち］  （9）  

Thefirst termret＞reSentS thespontaneous disproportionation and thesecondtermthe  
supeTOXideldismutase（SOD）－Catalyzed disproportionation・たspis the second order  
reaction rate constant between O2 and O；，and ks。Dis that between O2 and  
SuPerOXidedismutase．Forthethirdterm，Seebelow．   

SincepKaofsuperoxideis4・88，inneutralpHmostofsuperoxideoccurinaformof  
O2andHO2isaminormolecularspeCies′Ontheotherhand，ksp forthespontaneous  
disproportionationbetweenHO2andHO2，betweenHO2andOら，andbetweenO2and  
O2are8・6xlO5，i・02×1がand＜0・55MJs■1，reSpeCtively（fj）・Therefore，たsplS  
largely affected bypfI；itisthehighestatpHofpKaofsuperoxideanddecreasesby a  
factoroflOlwithanincreaseofeachpHunit・Atp＝7・0，kspisabout5xlO5M－1s▼1  
andathigherpHthelifeofsuperoxldebecomeslonger，duetoslowdisproportiorLation  
by electrostatic repulsion of O2and bylow concentration of＝＋・The steadystate  

灯●lがl＝ヂl♂「Hプ  

′（M s‾lI  

F短．鼠meJre〃み∫ねJeco〃亡e〃rmrわ〝0／∫岬e′0ズ揖eg〃〃′e〃C如〃mfズ拍re〃＝αrわu∫  
p′0（九c血刀r〟JビゴO′∫叩e′0ズfde（Ⅴ）β〃dlWわ以∫CO〃Ce〝J′〃ナわ那0／叩erOズrdgd正m〟ねJe  

／SOD）GEpH710・kspandksoDineq・（9）areassumedtobe5×105and2xlO9M▼1  
S‾1，reSpeCtively．   



K．Asada  

Table2Jモ郎どれけゆ0／C仙）′Op血∫JcoJ叩0〃印J川如0；ノ如か′e〃CJ旧〃和一eCO〃∫加′J  
α〝dco〃Cg月J用れわ〃∫i〃C／】Jo′OP加r∫  

ReaetionwithO；  Reactionrateconstants ConcentTationinchloroplasIsa）  

（AorAH）  （亭oxi．Red，M‾1s‾1）  （M）  

6．2xlO－Sb，C）   

6．2xlO■5b，C）   

6．2×10‾～b，C）   

4．0×10‾■（2乃C）  

2．5×10‾ユ（Jβ）  

3．5ズ川‾3（ノメ）  

Cytochromef（Fe3＋→   
Cytochrome／（Feコり  

Plastocyanin（Cuつ◆）→   
Plastocyanin（Cげ）  

Ferredoxin（Fe帥）→   
FerJedoxin（Fel＋）  

Mn2†→Mn3◆  

Ascorbate→   

（Dehydroascorbate）  

Reducedghtatllione→   
0ⅩidiヱedglutathlOne  

6．1×10‘（pH7．8）（jざ）   

1．1×10‘（pH7．8）（2∂）  

6＿0×10‘（pH7．8）（2刀  

6．7×10S（pIi7，3）（且2）  

6．7×105（pH7．8）（2）  

a）Thesevaluesarenotlocalconcentrationinthyhkoidsorstromabutanaverage   
conceムtrationinintactchloTOplasts＿Lo田】co”Ce血8tjon50rCytOChrDme差ノ   
plastocyaninandferredoxininthylakoidswouldbelO－foldtheseval11eS，  

b）Estimatedassumingthatthecontentislmoleculefor400molecu：1esofchlorophyll．  
C）Estimatedassumingthatconcentrationofchlorophyllinintactchloroplastsis   

2，5xlO2M（jj）．  

COnCentration of superoxideis estimated usingeq．（9），When superoxide dismutase and  

Otller SC8VeJlger5are absenf，and the∫eSult5at pI17is pre5ented jn Fjg．9at varjous  

PrOductionratesofO2，   
1ncontrasttospontaneousdisproportionation，ksoDISindependentofpHinarange  

of5to9；about2xlO9M‾1s‾l，but，thecatalysisratesofFe－andMn－SuperOXlde  
dismutasesdecrease abovepH8、（1，15）・ThesteadystateconcentrationofOちinthe  
presence of various concentrations of superoxide dismutase is estimated at various 
production rates of O；（Fig．9），uSingeq．（9）andneglectingthefiTStandthirdterms．  
SpoJlt8月eOu∫ di叩rOpOrtユ011ationis secolld orderir】0ヱ，but，ざuperOXide djざmuta5e－  
CatalyzeddisproportionationisfirstorderinrespectofO2andoftheenzyme．Thisisthe  
reasonwhytheconcehtrationofOちismoreeffectivelydecreasedbytheenzymewhen  
theproductionrateofOちislow．   

Asdescribedin11lsplnaChchloroplastspontain2×10▼5Msuperoxidedismutase，  

Whenthe productionrateofOちisl．3xlOr4Ms‾1，aboutlO％ofthecapacityof  
electron transportin chloroplasts（See，l），the steady state concentration of O；is  
cdユcu】ated－obe3・3xlO‾9M・UndertheざameCOれditjon5，jf5upel℃Xjdedismutasej5  
absent，thesteadystateconcentrationisestimatedtobel・6xlO▼5M・Thus，SuperOXide  
dismutaseinchloroplasts，lowerstheconcentrationofO；byaboutlO‾l．   

In addition to superoxide dismutase，the chloroplast componentsin Table2are  
oxidized or reduced by O主（the thh．d termin eq．（9））．Their reaction rate constants  
（koxi＿Redin eq・（9））withOちandtheir？OnCentrationsinchloroplastsarealsoincluded  
in the Table．These valuesindicate that the contribution of these reactlOnS tO the  

5CaVengiJlg OfOzin cl】ユoroplasIsis∂bout】0洛oftbafbysupero又idedjsmuta5e，eVenif  
these components occurin an oxidized or reduced form whichis reactive with O2．  
However，plastocyanin，CytOChromefand ferredoxinbind to thylakoids and theirlocal  
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concentrationsishigh，Therefore，under5peCificconditionswherethesepfOteinsoccurin  

reduced（ferredoxin）oroxidized（cytochrornefandplastocyanin）form，theirparticipa－  

tioninthescavenglngOfO2CannOtbeneglected・Apreliminaryevidenceshowingthat  

Qiisanetectrondonortophotosystemlhasbeenpresented（30）・  

Ⅴ．Concludhgrema∫ks  

The formation Qf Oユis an unavoidabLe reactionwhenanelectron acceptorisnot  

avallableforchloroplasts．EvenwhenphysioIoglCalelectronacceptor，CO2，issurriciently  

supplledtochloroplastsO2isproducedtoforrnATPbypseudocyclicphotophosphoryla－  

tion．Under normalstates，photoproduced－02is scavenged mainly by superoxide  

dismutasein chloroplasts，aS discussedinlV，andnoapparentdamagetoleaftissuesis  

Observed．  

Whenleavesareexposed tosulfur dioxide the dissoIvedPOllutant comesin contact  

with chloroplasts even though severalmechanisms suchasstomatacLosure（seeNo．12  

paperinthisissue）worktopreventitsabsorption．dxidationofsulfitemaybeinitiated  
under conditions wherethesteadystateconcentrationofO；ishighthroughenhanced  

productionofO言（see，l）and／orlowscavengingcapacityofO；（see，1V）・Oncethechain  

oxidationisinitiated theproductionofcytotoxic O盲，OH・and flSO3・isincreased and  

these radicals oxidize chloroplast membranes．The estimated concentration of O2 at  

variousconcentrationsofsuperoxide dismutaseisincludedinFig．6；thechainoxidation  

ofsulfiteisremarkedabovelO－9～10LlOM．AsdiscussedinlV，iflO％ofchloroplast  

reducing powerisusedforO2－PrOductionthenthesteadystateconcentrationofO2is  

aboutlO－9Minchloroplastscontainlng2xlO－5Msuperoxidedismutase・Thus，inrespeCt  

of O2，Chloroplastsinitiate the oxidation of sulfite underllght co∫lditions when the  

CO2－SuPplytochloroplastsislimitedandwhenmorethanlO％ofthereducingpoweris  

used fortheproductionofO2．1naddition，thescavengerofthehydroxylradicals，the  

sugarsinchloroplasts，mayOfferanotherimportantdefensefrominJurybysulfurdioxide  

（Fl昌一て）．  
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Studiesontheeffectsofairpo1111tantSOnplants  
andmechanismsofphytotoxicity  
Res．Rep．NatlJnst．EnvⅣOn．St11d．No．11（1980）  

AnalysISOfairpo11utantsorptionbyplants  

（1）RelatidnbetweenlocalSO2SOrption andacutevisibleleafirtjury  

Ke叫iOmasaandFumiakiAbo  

DiYisienor里ng如eer蛤昌，TlleNationall！lS豆tし1teforEnYi∫0Ilmen†山Stu鎚cs，Yatabc，lbaヱaki305  

1n ordeltOinvesligalethe－elationt・etWeeユーtheSOISOTptiDnintotheleavesand  
plantresistancetoSO－，aprObleminvISibleleafiruury，VaJyingaccordingtoitslocation  
on theleaf，WaStakenupandexaminedundercontro11ed・enVironmentconditions．The  
feSultsobtainedwereasrouows．  

（1）ÅneqⅦalion†oflheTelationbetⅥeene／W’狛d♪朋WaSOblainedaseルー空1・＄x  
lO‾3p，S，Where w’was transpiration rate divided by the water vapor pressure  
differences between gas－1iquidinterfacein theleafand the atmosphere，Q was SO2  
SOrPtiorlrateand㍍wasatmosphericSO，COneentration・Theresultagreeswiththe  
equatiDnWhichisobtainedbyamodel，8／w′二（たw／た∫り亀∫一覧）withタJ㌔Ovolppm  
andkr＝1・53，WherePLsisSO2COnCentrationatgas－1iquidinterfaceintheleaf・kYisthe  
ratioofSO2diffusiveresistancetowatervapordiffusiveresistamce，kwisaconstant，  
1・06xlO6mmHg・Cm3・gJ・andksisaconstant・3・95xlOBvolppmrcm3・g‾J  
（ユ）Relationt〉elweenleaトaiTteTnpモーatuIedi洋eTellCeandtTanSpi∫aliollrateWaSObtahed  
as alinear equadon during SO2 fumigation under coTltrO11ed conditlOnSin the  
experimentalchamber，・theregressioncoefricientwasLL5・8xlO5cmつ・S・Oc・gL）・Accord－  
ingtotheresults，thelocaltranspIIatlOnIate，indicatingthedegreeofstomatalaperture，  
maybeestimatedbymeasunngleaftempeTature・Thusthe SOユSOrptionratecanbe  
estimat¢dfromleartemperatllre．  

（3）AcloserelatlOn WaSnOtedbetweenthedegreeofvisibleleafinJury atVarioussites  
ontheleafandchangesinleaftemperatureat these sites．Thatis，therewasatendency  

forthcdegreeofinjuTytObegreateratsiteswithaslowcrincreaseinleaftemperatuTe．  
Thisis probably because the rate of stomatalclosureis slower at siteswith a5low  

hcreasein1eaftemperatureandtherefore，theamountofSO。SOrptionishigher山anat  
SiteshaYingarapidiIICreaSCinleartemperatu工e・  

Keywords：SOっsorptionLLeafinjuryLeaftempeIature，   

Thedegreeofairpollutantin」urytOplantshasbeenfrequentlydiscussedinrelation  
tofactors，SuChastheconcentrationandthe dose，thatrelatetotheamollntOfsorptlOn  
（7，9，14，15）．However，theleafboundarylayer，StOmatalapertureandthenatureofthe  
gas－1iquidinterfacein the substomatalcavity are alsoimportant factorsgovernlng the  
masstransferand maybethoughttocolltributetoairpol！utantinJury．Inparticular，the  
varianceinthesefactorsmaybestrikingwhenthespecies，age，Siteoftheleafandleaf  
positiorlare dissimilar．Therefore，the effect ofthese factorsin relation toleafinJury  
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Should beexamined．   

1tisknownthatboundarylayerorstomatalresistancetodiffusionofairpollutants  
toleavesmaybetreated，bythe masstransferanalogy，inthesamewayasthediffusion  
Of water vapor or CO2（1，8，16）．There are a few reports relate to such boundary  
COnditionsasthenatureofleafsurface，Hill（6）andBennetetal．（］）havereportedonthe  
relationbetweenthesorptionofairpouutantsbyplantsandsolubilitylnWater．Spedding  
（13）reported on differencesin the rate of sorption of pollutants depending on  
differencesin the materials compnsing the surface，Thereis a report by Fowler and  
Unsworth（2）regarding differencesin sorptionrates dependingondifferencesinleaf  
Surfaces．However，nOrepOr亡hascome tolightasameasuredboundaryconditionofthe  
leafsurfaceuntilinjuryoccurs．1ngeneral，Surfaceboundaryconditionsvaryaccordingto  
thesolubilityoftheobjectpo11utant，tranSPOrtWithintheplantbody，metabohcactivity，  
buffercapacity，etC・，andrequireexperimentalinvestigation・  

Our researchisintended to resoIve unclear pointsin mechanisms of sorption of  
pollutantsby plantsandtoelucidate therelationbetweenthevariousfactorsconcerning  
the sorption of pollutants and plant resistance．1n the present report we have sought  
experimentallytodeterminetherelationbetweenSO2SOrPtionandtransplrationratesof  
t加】eaf u雨i】∽jury occur5fo H】eユeaf．We aユso attempfed aJ】aユysユ50f col】CeJ】けa血刀  

boundary conditionsonthesurfaceinthesubstomatalcavityoveraperiodoftime，uSlng  
Simplemodels．Inaddition，WeinvestigatedthefactorscontributingtoacutevisibleinJury  
occurringlocallyontheleafusingtheabovementionedresults．  

Materials and methods 

肋ferねJ∫  

Sunflower（Helian［hus annuus L．cv．Russian Mammoth）plants were used as  
experimentalmateria15，The plants were grownin the PhytotroTl（daytime：25℃；  
nighttime：200c；70％RH；natura11ight）for4－5weeks（1000－2500cm21eafarea／plant  
andlO－201eaves／Plamt）after plantingin pots（10cmin diameter，20cmhigh）which  
Were filledwithamixtureofyermicullte，Perlite，peat mOSS and finegravelatthe ratio  
2：2：1：1（Ⅴ／け   

g叩fpme〃r  

An environmentalchamber for exposure to gaseous po11utants（effective capacity：  
2．3（W）xl．7（D）xl．9（H）；m3）wasusedforthisresearch（10），Theequipmentemploys  
Yokolamp（Toshiba）aslight source；infrared rays above approximately800nmwere  
removed by means of glass filters with phosphoric acid containing ferTic oxide．The  
intensity ofi11uminationl．3m beneaththeughtsourcewas40±5kluxwhena111amps  
wereon．Temperature，humidityandSO2COnCentrationwerecontrouedbelow±0．5Oc，  
±3％RHand±0．04volppm respectively．The averagewind velocityinsidethe chanlber  
was o．22m・S▲1（Standard deviation‥0．05m・S‾1）．The concentration of SO2 WaS  
determined by measuring theintensity ofits fluorescencein the300－390nm range  
underexcitationbyultravi01etraysinthe190－230nmrange，   

〃g耶〟rf〃g〝leJわod∫  

The SO2SOrption rate ofthe plantswas rneasured asfollows：Asta†1dardgaswitha  
constantconcentrationwassuppliedtothecharnberataconstantflowrate．Afterthegas  
concentrationinside the chamber was constant，10sunflowerplantswere placedinthe  
chamber and the sorption rate was measur早d from the subsequent change－in gas  
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COtlCe－1trationinside the chamber・Withthis methQd15L3Ominutesarerequiredafter  
placing the sunflower plantsin the charnber to stabilize conditions．To enhance the  
PreCision of the experiment，the SO2 WaS SuPplied from a tank with a known  
COrlCentration and regulated by a mass flow controller．Also，air temperature and  
hurnidity within the chamber were controlled solely with an electric heater and  
humidifierinordertoeliminateanyinfluenceofcoolinganddehumidifyingcoilsonSO2  
COnCentration．The transpiration rate was measured by the weighing method with a  
recording balance・Theleaf temperature was measured by a copperlノOnStantan  
thermocoupleofO．1mmdiameter．  

g叩erJme〃f郁gJわod∫  

ExpeTlmentl⊥Simultanも0、ISmeaSuTement OfleaトaiT t‘empeTattlTe di汀eTenCeand  
transplrationrateduringSO2fumigation：  
Leaf－airtemperaturedifferenceandtranspirationrateweremeasuredsimultaneouslyfor  
SunnOWerplant duringSO2fumigation，Leaf－airtemperature diffeJ：enCeSWere meaSured  
by attaching six thermocouples each to the upper andlowersurfacesofaleaf，1n this  
CaSe，leaveswereremovedfromtheplantexceptthoseinthefifthandsixthleafposition  
and the patterns of changesinleaf－air temperature differences measured by 24  
thermocollpleswe一号neaTlyunifoTm．  

ExperimentlT－SimultaneousmeasurementofratesofS02SOrptionandtransplra－  
tion：  

Changesin the totalrates of SO2SOrption and transpiratiollWere meaSured simultane－  
OuSly for10sunnowerplants furnigated with O．2Ll．5voIppm SO2for5hours．Leaf  
temperatures were measured at random dlrectly from the upper or lower surfaces of 
leaves prior to SO2 fumigation and an average ternperature for thelO plants was  
Calculated．  

ExperimentlIl－MeasurementoflocaltemperaturechangesontheleafduringSO2  
fumlgationandassessmentofthedegreeofacutevisibleleafinlury：  
Leaf－air temperaturedifferellCeSinvarioussitesoftheleafdurlngSO2fumlgationwere  
measured■The degree ofvisibleleafinJury reVealedillthe varioussitesfollowingSO2  
furnlgation was also assessed．Leaf temperature was measured by attaching six  
thermocouplestotheuppersurfaceofleaves，reSpeCtively．ThedegreeofinJurytOplants  
fumigatedwithSO2fclr2hourswasassessed20hourslaterbymeas11ringtheproportion  
Of thesurfaceareathathadsufferedvisibleleafinjuryWithinacirclelcmindiameter  
adjacent tothe pointofattachmerltOfthethermocouples，Thesetestcirclesweredivided  
intothreecategories＝thoseinwhichvisibleleafinjurywasentirelyabsent，rePreSentedby  
（－）；thoseinwhlChOtol／20fthetotalsurfaceareahadvisibleleafinjury，repreSented  
by（＋）；andthoseinwhichl／2toa1110fthetotalsurfaceareahadyisibleleafinjury，  
representedby（十＋）．  

Experimentalre凱11tsanddiscussion   

∧「0椚e〃CねJur（，  

cal・Cm－2・S‾1  

cal●Cm－2こs‾1  

g
∫
エ
W
 
 

Netradiation on theleaf  
Sensibleheatbyconvectionontheieaf  

Latentheatbyevapofation  

Transpirationrateontheleaf  

Cal・g  

g・Cm▼ユ・㌻1   
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Coefficientofabsorptionofshortwave  

radiation on the leaf 

Shortwaveradiationontheleaf  

Absorp臼0れOfloれgWaVerad如ioJ1071the】ear  
Longwaveradiationfrorntheleaf  

Coefficientoflongwaveradiationon theleaf  

stefan－BoltzmarLnCOnStant（1．37xlO■12）  
Air temperature 

Leafre汀】peratU∫e  

Leaf－airternperaturedifference（TrTL）  

Coefficientofhe？ttranSferontheleaf  

SO2SOrptionrateontheleaf  

Saturatedvapordensity／pressureconversion  

coefricient（1．06×106）  

SaturatedvaporpressureatTOc  
Relative humidity 

AtmosphericSO2COnCentration  

SO2COnCentrationatthegas－1iquidinterface  

inthelear  

SO2COnCentrationunitconversioncoefficient  

（3．95×108）  

Boundaryrayerresistancetowatervapor  

StomatalresistarlCetOWaterVapOr  

BoundarylayerresistancetoSO2  

StomatalresistancetoSO2  

Gas－1iquidinterfaceresistancetoSO2  

Boundarylayerresistanceon theleaf  

Coefficientallowingforthetilt，fluttering，  

etc．ofleaves  

Distancerromtheleadingedge  

Characteristiclengthofaleaf  

Schmidt number 

Reynoldsnumberat二r  

Air-gas diffusivity 

Air-SOz diffusivity 

Air－WaterVapOrdiffusivity  

町串（T7卜¢∬∫（rα）i  

caトCm‾2・S‾1  

caトcJn‾2－5－1  

cal・Cm‾2・S－1   

cal・Cm－2・S－1・OK‾4  

0c，OK  
Oc，0Ⅹ  

8c  
cal・CmL2・S－1・Dcrl  

g・Cm‾2，S‾1   

mmHg・Cm3・g‾1（350c）  

mmHg  

VOlppm  

VOlppm   

volppm・Cm3・gLl（35oc）  
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s・Cln－1  

s・Cm－1  

s・Cm－1  

s・Cm－1  

s●Cm－1  

尺－・  

cm2・S‾l  

cm2・㌻1  

cm2・㌻1  

g・Cmr2・S－1・mm＝g▲1  

刀  
巧  
βw  
W′  

尺e加fo〃如拙ee〃J如こαかre椚Pe用拍red酢re〃Ceα〃dJ加地〃岬わⅥrわ〃柑re血rか曙∫02  

．由′り一如両州  
According to Monteith（8）and Gates andPapian（3），theheatbalanceontheleaf  

maygenerallybeglVenbythefollowingequation：  

g＝5十ん〝   

h】Eq．り）netradiatiol】gj5  

g＝αpち＋gJ－2印r′  

（1）  

（2）   
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Arlalysisofairpollutantsorptionbyplants（1）  

Jfwe assume that absorptionEt oflongwave radiationisblack bodyradiationbythe  
SurrOundingwallsandthetemperatureisequaltoairtemperatureTム，the Et become  
20rT2：Ifwefurtherapproximatethecoefficient ofradiation ontheleafatl、0，the  
followingequationisobtained．  
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g；αpg∫＋2α（㌔4一吋）  

＝αクg∫＋紬（㌔－れ）㌔3  

Sensibleheat∫is  

ぶ＝－2力r（㌔1）  

A岳（TTpT。）＝AT，arelationbetween∠1TandWisgivenby  

』r＝一項8けだ・2毎））〝十αp即（紬だ・2月γ）  

（3）  

（4）  

（5）  

1flightintensity，alr temPerature，humidityandwindvelocitywithintheexperimental  
chamberareassumedtobeconstant，itmaybesurmisedthat∠】TandWwi11belinearly  
related．   

Fig．1givesrepresentativeexamplesofleaftemperatureandtranspirationrateduring  
fumlgation withlp2volppm of SO20Ver an8hour period■Thetranspirationrate  
decreasedand theleaf－airtemperaturedifferenceincreasedasSO2fumlgationcontinued・  

0
 
 

8
 
 。

 
 

0
 
 

6
 
 
 
 
′
力
 
n
u
 
O
 
 

0．20  0．ム0  0．60  0．80 1．00  

－い■  

Fig．3，月ピノ鋸わ〃抽wg印∫0っ∫0岬血〃rαrビ「eノ〟〃dJ相〃∫pf′βJわ〃′〃rerWノdu′7月g∫01  

hLmiga（Eoh．TheSOICOnCentrationisaboutl・5volppm（a），aboutlvolppm（b），about  
O．65volppm（c）and about O．2voIppm（d）．Thefumigationtime（min）iscalculated  
from30mf＋15，WheremfindicatesthenumberiJldlefigure・Airtemperature，35－36  
Cc；humidity，65％RH；lightintensity，20klux▲  
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Therearedeviationsresultingfromspeciesvariation，Variationsbetweenindividualplants，  
the ages of the phnts，the differentleaf positions，etC．，blユt the hi各her the SO2  
COnCentrationthemorestfiklngttlephenomenon．  

Fig．2 shows the relation between theleaf－air temperature difference and the  
transplrationrateobtainedfromtheresultsshowninFig．1．Thefactthatthereslユ1tsmay  
beexpressedbythelinearf呼号SSion∠1r＝一5，gX105tγ十3・5veTi－iesth雨thelineaT  
relationshowninEq．（5）continuestoexistbetweell∠】Tand WduringSO2fumigation，  

ト・－   －・・い‥ ∴‥、 ＝∴・ニー‥＝ご・‥∴ －・・  

TherelationbetweentheSO2SOrPtionrate andthetranspirationrateinsullflowers  
WaSinvestigated experim印tallyin order to study the mechanisrnOfSO2SOrPtionin  
plants（Experiment11）．Fig．3showsLtherelationPbetweenchangesintheratesofSO2  
SOrption－e and tTanSpiTatiDnlリ ーor 5 hours of fumigation with SOヱin わur  
COnCentrations ranglng from O．2tol．5voIppm．The fumlgation timeis calculated as  
30mf十15min（mf＝1，2・3，‘■■），forexamplemr＝5denotesavalueequaltoapointin  
time2hours and45minutes after the onset of fumigation．Thephenomenon ofSO2  
SOrption and transpiratio】lrateS bothdecreasingasfumigatiorlCOntinuedisapparentin  

Fig．3for SO2 COnCentration oflandl．5volppm．The decrease was greater atl，5  
VOlppmthanatlvolppm，ThesametendencywasapparentatO．65voIppmaswell，butit  
WaS nOt aS marked．As forvisibleleafi叫ury，Water－SOaked ontheleaf，aPreCurSOrOf  
necrosisandchlorosIS，andsubsequentwiltingofleaveswerevisibleatlandl．5voIppm，  
These phenomenabegantoappeaて2hoursafterfumigationwasbegunatl．5voIppmand  
3houTSafterfumlgationwasbegunatlvolppm．rlowever，therelationderivedfromFig．  
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0  0．5  1．0  1．5  2．O  
SO2COnCentrqtion．Pqs（voIppm）   

Fig・4■伽Jβめ〃ゐeルピ帥ぶ02CO〝Ce〝けβJ加「㌔∫ノ〃〃dr力e用rわ0／∫01∫叩血〝′αJg  

drvfded♭γ一触ⅧrerVαpOrpre∫mred脾γeれCegわe！Wee”gかぎ一物浦玩呵如雨用出物  
and（heGtmOSPhere（Q／wソ．DataweTeObtainedfrorntheresults5howninFig・3・  
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3reflects theinfluence of changesin SO2COnCentration over a period of time wh11e  
measurements were being taken and anincreaseinleaf temperature accompanying a  

decreasein the rate of transplration．To eliminate theseinfluences the relation was  

adjusted to that between Q／wlandP。S・Fig・4showstheresultsofthis・Here w’is  
CaユculaIed as  

w′＝町伍（1）－¢ろ（叫  （6）  

liowever，theleaftemperatureis requiredin order to calculate w，・The only value  
obtained for leaf temperature was that determined before fumigation began. A value 
pertinentto anextendedtimeperiodwassoughtbyusingtheregressioncoefficient－5・8  
xlO5cm2・S▲Oc・g‾10btainedforATand WinExperimentltoestimatecharlgeSinleaf  
temperature from changesin the rate of transpiration AW and by addingtothesethe  

prefumigationvalue．Accordingto Eq．（5），aChangeinairtemperaturewillinfluencethe  
regressioncoefficient，butthisinfluenceisslightwithchange．ofuptolOOc・Whileitis  
difficultto obtain areliable estlmate Ofleaftemperaturewiththis method，itshouldbe  

po5Sible fo arriYe at an apprOXiJmate Value for＝1eaVer8ge】eaft印IpeTatu∫ei月Orderto  

calculate w，．According to Fig，4，WaterLSOaked on theleaf or wilting ofleaves  
notwithstanding，itisapparentthatarelationapproximatingQ／w’二1．8×103p。8may  
beobtainedbetweenQ／w’andP。S・［tmaybeconcludedfromthisresultthatasidefrom  
the specialcase of water－SOaked onthesurface，the malnrOuteOfSO2SOrptioninthe  
sunfloweiisabsorptionthroughthestomata．Further，itshouldbepossibletotreatthe  
mechanismofSO2SOrPtioninthesamewayas［hemechanismoftraEISPiratiomoftheleaf  
（4，β）．  

Next，Plantsurfaceboundaryconditionsinregardtc，SO2Wereinvestigatedbymeans  
ofasirnple modeldealingwlthratesoftranspirationandSO2SOrptionontheleaf・When  
stomata are present on both surfaces of theleaf，the rates oftransplration and SO2  
sorptionontheleafmaybeapproximatedrespectivelywiththefollowlngequations・  

〝＝21ち（ち）－¢ち（㌔申たw（㌦。十㌦∫う  （7）  

e＝2（㌔∫一夕J∫）／た∫（′ざ。＋r∫∫十rム）  （8）  

WhenQ／iv’iscalculatedfromEqs．（6），L（7）and（8），thefouowingequationisobtained＝  

帥・三i鬼Ⅳ（′〝α＋′押∫）ノた∫（～♂＋㌔∫十′叫（ろ軒」㌔）  （9）  

1nEq・（9）surfaceresistanceYbtOSO2isapproximatedasrb＝Os・Crn‾1，Sinceabsorption  
ofSO20ntheleafmaybethoughtofasprecipitatereactionabsorption・lMoreover）Since  
thefactthatthehighestwindvelocitywitttinthetestchamberwasO．4m・S‾1（Re二5x  
lO3），localoraverageboundarylayerresistancer。Ontheleafmaybeapproximated  
respectivelywiththefollwoingequations（5，12）：  

㌔＝1ノ（α・0▲332∫ぐ1／3月eど2β／ズ）  

㌔＝l／（α・0▲664ぶcl／3呵り2卯）  

Further，thefollowingrelationwillexistin㌔。／Yw。，71S／rws（8）  

ちれ。＝（q〟㌦）－叩＝】・53  

ちJ㌦∫＝（β∫〝㌦）‾1ミ1・89  

（local）   （10）  

（average） （11）   
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ltis difficult tobase calculationsofbDundaTylayeTreSistanceondatafrom actual  

measurementswhenthenumberofleavesisgreat・However，ifwepostulatethatr8。／rw。＝  
rss／rws＝k，，thereisnofurtherrleCeSSitytocalculateboundarylayerresistance，andEq・  
（9）issimplified．  

鉄心′＝（㌦／もり（㌔一塩）  （14）   

Whenthekw／ksk，inEq・（14）iscalculatedonthebasisofk，＝l・53andk，＝1・89，it  
becomesl・8xlO‾3mmtlg・VOlppm▼1（たr＝1・53）andl・4xlO‾3mmHg・VOlppm‾1（た「＝  
1．89）．These values are virtuallyidenticalwith theregression coefficientl．8xlOL3  
mm＝g・VOIppmrlobtainedinFig・4・Whenkr＝1・53，PJ▲†＝Ovolpprnaresubstitutedin  
Eq■（14），Q／W’二1L8xlO▼3p即isobtained・kw／kBkrappearstobesomewhatvariable  
duetoairtemperatureandhumidityconditionsduringtheexperiment・  

Fig．5showsthecomparativeeffectsofairtemperature andhumidityconditionsof  
32Oc，50％RHand35．5Oc，65％RHcnQ／wITherew且SatendencyforQ／1～′′tobelessat  
320c，50％RHthanat35、50c，65％RH、Thismaybeattributedtoi）changeinQ／W’itself，  
il）errorin rneasurement or approximation of the SO2SOrPtiollrate，air temperature，  
humidityandleaftemperatureor，iil）theprecisionoftheapproximatemodelsinEqs．（5）  
and（6）．Theseproblernsawaitfurtherdetailedstudy．Theresultsobtainedherearebased  
on approxlmatelyfivehoursofexperimentalfumigationwithSO2・Nomentionhasbeen  
madeofSO2SOrptionduringlongterm（severalweeksorseveralmonths）fumigation・This  
questionisextremelyimportantwhenestimatingamountsofSO2SOrptioninthefield，  
anditrequlreSfurtherdetailedstudy．Whenwe makeinferencesfromthedataathand，  
however，it appears that the present results would be applicable fortheperiodbefore  
visibleleafinjurybecomesmarked．   

舶5rrαCfioわ0／fれわrmαrion regcrdfngJrOmαfdicper拍reαれdざ02gOr郎相打rdfer如0ぴg九  
mどα∫如re〝ほ〃ン0／加／rgmpe相加e  

Therelationbetweenleaftemperatureandstomataliesistancetowatervapormaybe  
obtainedbysubstitutingEq．（7）inEq．（5）．  

』r；－⊥‡ち（1）一中ろ（㌔））／〈㌦（4α㌔3・力r）（㌦。十㌦∫）〉・鱗／（紬ピ十2帰  

（15）  
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If we assume thatlightingconditions，airtemperature，humidityandwindvelocity  
Withinthe testchamberwere kept constant，itispossibletoestimatestomatalresistance  

to water vapor by measuring∠】T Furthermore，StQmatalresistanceto watervaporand  

StOmatalresistanceto SO2aremutuauytranSformablebyEq．（13），lnaddition，thelocal  

SO250rption ratemaybee5fjmated丘om∠】rbyusユ乃gthepreyjou5】yobta川edrelation  

betweenthemechanismoftranspirationandthatofSO2SOrPtion．Thismethodmaybe  

COnSidered acceptable for practicaluse butit dose present difficulties fromastrictly  

theoreticalviewpointofmasstransfer．  

merojeo／伽∫rO明〟fdJ…加地J叫、叫uけ岬peα′edわcdJけ0れ伽J叫1  
VisibleleafiLt）uryin p】ants fumigated wjth atmospJleric po11utants wi11vary on  

differentleafpositionsorsiteson theleaf．However，therehasbeennoanalysiswhatever  

ofthecausesofthisphenomenoTl・Thisisduetothefacttherehasbeennoevaluationof  

visibleleafinjury up to the present time based oninformation about theleafthatis  

accurate down to thelocallevel，nOr has there been any quantificationofthefactors  

presumed to contributeto visibleleafinlury．Thereforewe qualitativelylnVeStigated，in  

relation to quantities ofthelocalSO2SOrPtion，the causes ofvisibleiquryappearlng  

locally onleaves variously disposed on plants subsequent to fumlgationwithSO2ina  

concentrationoflp2volppm（ExperimentlII）．Theestimatedquantityoflocalsorption  

degree o†locGI  
Visib‘e－e□f叫U「y  
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degIeeOflocalvisibleleafiqurywasestimatedbymeasuringtheratioofiruuredleaf  
areainacilCulararea（10mmindiameter）whereathermo－COuplewasset．－denotes  
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AnalysisofaiIpOuutantSOrPitonbyPlants（1）  

was based oI11eaftemperature measurements，uSingtllerelation merltionedabove．Leaf  
ternperature wasmeasuredwithatherrnocouple．SincethlSmethodinvoIvesmeasurement  
by direct contactitis not necessarily a desirable one for obtaining accuratelocal  
information．However，there hasnot been any essentialomissionintheresultsobtained．  

Fig，6shows representativeexamplesofleaf－airtemperature difference at different  
sites on aleafunder fumigation with approximately2voIppm of SO20Ver a2hour  
period．Despitethefactthattheleaf－airtemperaturedifferencesatallsiteswererelatively  
urliformat1．3to1．70cpriortofumlgation，uniformitywaslostasfumigationwent  
on，Visibleleafinjury progresseswith water－SOaked on theleafsurface，wi1tingofleaves，  
fadingofpigment，neCrOSisand chlorosis．However，inthisexperiment，attheendofthe  
2hour exposure to SOlnO Signs ofinJury Were Visible120hourslaterlnJury had  
PrOgreSSed to the stage of necrosis and chlorosis，but no further，The siteswith the  
greatest degreeofvisibleleafinjuryatthistimewerethosethathadexhibitedtheslowest  
increaseinleaftemperature．  

〇
．
）
－
『
 
 

O
U
u
巴
む
こ
石
■
 
巴
⊃
l
P
」
＆
∈
む
一
し
石
⊥
○
山
」
 
 

1．0   

0．0   

－1．0   

－2．0  

5  

P、m・  
1  2  3  ん  

Time  

12  

q．m．  

Fig．7．rfmecoIJ′JeO／Jg〟二〃かナビ椚PeⅢrured脚′g門Ce／』乃w仙〝0β0】ルmな〟め札Ah  
temperat11re，260c；humidity，60％RH；1ightiJltenSity，40k】ux．  

（
U
L
 
ト
¶
 
 

巴
じ
巴
ヱ
一
高
▼
2
⊃
1
2
乳
∈
ヱ
 
J
竃
⊥
巳
」
 
 

Time（min）  

Fi各．8．Sc如伽！ic repreざe門ー庁Jionげ！力e respon5e O∫‘ed√dかremperαrured錘「印Ce  
（AT），duringSOIPLmigq（Lon．ThedegLeeOfresponseisindicatebytheratioofareas  
（A／（A十B））．A／（A＋8）becomessmallroIaねstresponse．  
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AsFi畠．7shows，theleaf－airtemperaturedifference（valuefrommeasurementatone  

point）is constant when environmentalconditionsinside thetest chamberare constant  

withoutSO2fumlgation．Thissuggeststhattheincreaseinleaf－airtemperaturedifference  

atvarioussitesoftheleafisduetostomatalclosureundertheinfluenceofSO2．Wehave  

quantified the degree ofinJury andincreaseinleaftemperatureinordertodiscussthe  

relation betweentheminquantitativeterms，Thedegreeofin）uryhasbeenexpressedasit  

WaSinExperimentlJI，  

Quantification ofchange occurring overaperiod oftimeinleaftemperature agrees  

Withthe modelshowninFig，8．1nthefigure，thetotalareaencompasslngthecurvedline  

isdesignat6d（A＋B），thisareaissubdividedintoAandBbythesamecurvedlinewhich  

representstheleaf－airtemperaturedifference．AsmallerratioofA／（A＋B）signifiesamore  

rapidincreaseinleaftemperatureunderSO2fumlgation，  

Fig．9showstherelationbetweenthedegreeofvisibleleafinJuryandA／（A＋B）on  

leavestakenfrom differentlocationson aplant．A closerelationcouldbediscerned，for  

eachleafbetweentherateofleaftemperatureincreaseandthe degree ofvisibleinJury．  

Weconcluded fromtheinterrelationobtainedbetweentransplrationrate，Changeinleaf  

temperatureandSO2SOrPtionratethattherateofstomatalclosureissloweratsiteswith  

aslowincreaseinleaftemperature．ConsequentlycomparativelygreateramountsofSO2  

are sorbed at sites whereleaftemperatureincreasesslowly．Furthermore，thisinterrela－  

tionindicates that changein stomatalresistance at various sites on theleafis an  

importantfactorinvisibleleafinJury．  

The aboveconclusions，reaChedwiththeaidofanartificialenvironment，SuggeStthat  
apparentlycomplexphenomenaobservedunderactualfieldconditionsmaybe？Xplained  

byindexes of amounts of sorption．1tis to be hoped that hereafter these various  

phenomena Ielating to mechanisms of sorption will be elucidated as a prerequisite to 

Studiesofvariousbiologicalfactorsattheindividuallevel．  
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wesincerelywishtothankDr・1▲＾iga，grOupmanagerOftheDivisionofEngirleering  

of ourInstitute，Dr，T．Totsuka，grOuP manager Of the Division of Environmental  

Biology，andDrs・A・FurukawaandN・Kondofortheirvaluableadvice，andmembersof  
the Division of Engineering who took partin maintenance ofthe equlPment and  

cultivationofplantsusedintheexperiment．  
This reportis a reconstructed version of a paper（11）publishedinJournalof  

Agricultul．alMeteorology，  
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12L Parlange，J・Y・・P・E・Waggone7ar．dG・tLneichel：Boundarylayerresistance、andtemperature  
distributiononstillandnappingleaves．P［qnfPhysio［，48：437－442（1971）．  

13・Spedding，D・J・＝Uptake ofsuIphurdioxidebybarleyleavesatlowsulphurdioxidecoLICentra・  
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il小Iriesinseveralcrops．ノ叩．√〔ナ叩∫cf．37：3（i6－371（196引．  
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StudiesoritheeffectsofairpollutarLtSOnplants  
andmechanismsofphytotoxicity  
Res．Rep，Natl．1nst．Environ．Stud，No■11（1980）  

AnalysISOfairpouutantsorptionbyplants  

（2）AmethodforsimultaneousmeasurementofNO2andO3  

SOrptionsbyplarLtSinenYironmentalcontroIchamber  

KenjiOmasal，FumiakiAbol，ShuFunada2andlchiroAigal   

lDivISionofEngiTleering，TheNatiomlInstituteforEnvlfOnmentalStudies，Yatabe，Ibaral（i305  
2FacultyofAgricultu．e，EhimeUniversity，Matsuyama790  

AmethodforsimultaneousmeasurementofNO？andO3SOrptionratesofplantsin  
anenvironmentalcontroIchamberwasexamined・Namely，NO2andO3reaCtionsinthe  
Chamber wereidentifiedandanequation ror calculation ofthe sorptio爪rateS，Which  
tookthereactionsofgasesintoconsideration，WaSeXanlined．rnteresultsobtainedwere  
asrollows．  

（1）NOっreactionrateRNO＝andO3reaCtionrateRO｝inthechamberweTegivenby  

月NO】＝とNO】・錯0】・ ぜ，，  

and  

月0，≡た0‥ぜ0‥¢き，  

wherekNO2istherateconstantoftheNO2reaCtion・kO］istherateconstantoftheO3  
0‥stheO｝COnCent∫ation・me  NOlistheNOICOnCentrationand  

tJ．  
reaction，  

value or  、こ・：1   wasabout17．5m●・g▲】・S‾1andkU3WaSabout9．5m6・g－l・S－1，and  

thesevalueswereslightlyinfluencedbytheairconditioningsystFm・Theresultswere  
nearlyequaltotherateconstantsofthereactionsofNOt十03→NOさ＋01andNO∋＋  
NO－十RlO→2HNO3．  
（2）AnequatioJlrOltIleCalculationorgassorptionrate5inNO2＋0，WaSgivenby  

タヵ＝d・布十β・ズヵ＋C・㌔，  

Where，  

d克NOl  

・J、さ∴  』ら力0，』ら£i  
』らヵNOl一』錯二1   

瑞＝  

ーたNO‥ち03－たNOl・らNO2  

－た0‥C。01一丸Oい（㌔Ot  

－F O   

O－F  
」＝  〟＝  

and  

』ち力＝1（2ち一丁）／（2い瑚』ら机・lT／（2い丁糎C。力十叫加），  
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andwhereA訝02istheNO2SOrptionrate，碑P3istheO，SOrptionrate，Fisthe  
ventuationflowrate．Visthevolurneinthechamber，Tisasamplingtime，ACbNOlis  
thechangeinNO。COnCentrationfromtJleinitialconditionandACbO31SthechaJlgein  
O，COnCentration・Thesuffixhdenotesthevaluesattimeh・TandSdenotesthevaluesin  
thesteady－Statebeforeplantsareplaecdinthechamber・ThereactiontermB・㌔aJldthe  
differentialteImC・Zhintheequationarecorrectiontermstoobtaintheexactsorption  
∫8teざ・珊e且ズヵIermco汀eCt5血5tatjccharacferjs！jc∫，∂刀d伽C●％出川correCt5抽e  
dynamiccharacteTistlCSLAsanexample・theeffectofB・XhOnStaticcharacteristicswas  

…′ト、、、‥ 
十∴‥・ 

aTegiveninFig・3・ByconsideringB・Xhltheerrorswerereducedto5％▲Effectsofthe  
C．zhterm On dynamic characteristics were also examined・．TTle effect oftheC．ち  
dependeduponthetimeconstantTbofthedlgitalfilteraJldnoiseofthepfOCeSSandthe  
g∂S弧山yze∫一I”血s†eadyrstaIら抽eer∫0∫5Werej刀打ea5edbyC■％・HDWeγer，jmc∫ea5eOf  
㌔tendedtoreducethenoise，beeausethenoisewassmoothedbythefilter・Intransient  
COnditiorLS，theerrorwasincreasedbythenoise，1ikesteady－StatewithsmauT；andalso  
bythelagtlmeOfthefilterinthecaseoflargeTb・13ychoosinganoptlmalT；、however，  

theerrorwasreducedtowithinlO％uAEAthax）tochangesin∠1P／Tk’Ch占＝0・9×  

10Jeg‾2・S・VOIppmJl，WhereTt（WaSglVeninFig・3・1nthesystem・theoptimumvalue  
OrrムWa5rOundtobe巨2min・  
（3）Rates of transpiration，NO2SOlption andO，SOrPtionwcre measuredsimultaneL  

OuSly・The fastest changeofgassorptionrateofplantswasapproximatelyl．5xlO▲，  
g・S‾つ▲VOIppm1・Therefore，themethodofmeasurementandthesystemdescribedhere  
mayhavesatisfactorydynamiccharacteristics．  

JCeywoTds：NOz＋0，－Plantsorptions－Simultaneousmeasurement．  

AIlatmOSphericairねIurban and血IduぎーriaユjzedareascoJltaiJISaVariety（〕fpollu【a雨s  

SuChassulfuroxides，nitrogenoxidesandphotochemicaloxidants（9）・Therehasウeena  

number of studies publishedin recent years on the effects of mixed airpollutantson  

VeBetation・Suchstudiesaresti】1smaユIerin 

， 

mixed air pollutants by plantsis a prerequisite for studies on theeffectsofmixed air  

pollutants on plants as wellas for studies on models for forecasting the air－Cleansing  

functionsofplants（13，14．18）．  

Studiesonmethodofmeasuringthesorptionofairpollutantsbyplantsexposedto  

Singlegashave beenreportedbyHill（7，8）andRogersetal．（17）．However，manyOfthe  

去irpollutantsarehighlyreactiveandtheextentofreactivityvariesfromonepollutantto  

another．Moreover，When plants are exposed to various aiT pOllutants，theaccuracyof  

measurements are slgnificarltlyinfluenped by reactions a血ongdifferentgasesandtheir  

reactionswiththeheat exchanger and the wallsurfacesinsidethechamber．However，nO  

report has been rnade on a sorption measunng method which takesinto account the  

efrectsofthesereactions．   

lnorder［orrleaSuretheratesofsorptionofgaseouspollutantsbyplantsexposedto  

mixed gases，itisimperative（1）thatthereactionsamongthegasesinthechamber，the  

reactions of the gases with the heat exchanger and the wallsurfaces，and any other  

pユ】enOme∫－∂Wjtl】bearlng11pO－1抽eaccuracyof∫neaSurerれ印書SbeaccuTalelygra5ped，射1d  

themeasurernenterrorsbefullyexamined；（2）thattherateofsorptionofeachtypeof  

gasandtherateoftranspirationcanbemeasuredsimultaneously；and（3）thatthesystem  
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Analysis ofair pollutant sorptionby plants（2）  

Of measurement be able to trace the sorption behaviors ofplants，With the use ofthe  
envlrOnmentaL controIchamberinstalled at the Nationa11nstitute for Envirotlmental  

Studies（1），WeeXPOSedplantstoagasmixtureofNO2＋03tOeXaminearnethodfor  
SOrptionratemeasurementwhichsatisfiestheconditionslistedabove，  

Outline of the measuring method 

The flow of air pollutantsinside the environmentalcontroIchamberformeasure－  
ment ofthe rates of gassorptionbyplantsisschematicauyshowninFig．1．Assuming  
thatthe dynamic characteristics oftheairinthechamberarethoseofamodelofperfect  
mixtuTe（4，6，11），thegaseousexchangeisexpressedby  

勘γ・ち）／dJ＝彗・Cf－ち・ち一夕一月β十U  （1）  

where Vis chamberinnervolume（！3m3），F；isflowrateoffreshair（mJ・S‾l），Fdis  
f10WIateOfexhaustaiT（m3・S‾l），CJis昌aSCOnCモntTationoffTeShair（各・m‾5，VOlppm），C♂  
isgasconcentrationinthe charnber（g・rn－3，VOIppm），Pisgassorptionrateofplants  
（g．s‾1，m3．voIppm．s‾1），Ris reaction；ate（g．s‾1，m3．volppm．sJl），Dis disturbanc  
（g．s‾1，rn3．voIppm．s．1），Uis manipulated variable，i．e．，gaS addition rate（g・S－1  
m3．volppm，S．1），and［istime（s）．Reactionsofairpollutantsinthechamberarevaried．  
Forinstance，air pollutants react with each other；they are absorbed by the heat  
6xchanger；and they are adsorbed by the wallsurfaces．Due to the complexity ofthe  
reactionsystem，itisgenerally difficulttorepresentgaseousreactionsintheforn10fan  
accurate and detailed reactionmodelt Forthesake ofsimplicity，therefore，thatportion  
ofthereactionswhichdependsongas concentrationandisrepresentableisexpressedby  
thereactiontermRandtherestisexpressedbythedisturbancetermD．Risobtairledby  
experipents，andwhenthereactionsofNdifferentgaseousingredients（ら1，Cb2，・  
CiV）areinvoIveditisgenerallyexpressedbythefollowingequation．  

D  

呵tudl  

ドi鰐．j．∫cカg〝揖Jfr助g和明0／血mα′eねβJみ〟加cgo／〃frpo肋拍〃丹～甘〃〃g〃ソ7′0〃∽e′汀αJ  

c（フ〃けOJd〃m加r．  

C′ ：gaSCOnCe抽atioれOrrreShaiT  
Cd ＝ gaSCOnCentrationofrooiⅥandexhaustair  
彗 ：ai川owTateOrrreSha止  
Fb 二 airnowrateofexhaustair  
R reactionratewhichdependsongasconcentration  
タ   gasso叩tionrateorplants  

manlpulatedva∫はble  

distulbance  

ぴ
β
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月≡≡月（Gl一¢，‥・，C㌔）  （2）  

By way of a Taylor’s expansionofEq．（1）aroundsituationS，WithEq，（2）takeninto  
COnSideTation，bylinearizing the expanded equation through elimination of the2and  

加gわerorder如m5，and byexpTe5S】刀g血dev】a！血ofeachv∂mb】eby∠1q，』ら‘，』タ，  
AD，A坊thefollowingequationisobtained，  

γ・d』Cd仲≡F・叫－ダ・』Cd－』グー引∂町∂¢】∫・』Cdしムp十』U（3） 7  

WherethesuffixSdenotesvaluesinsituationS，andAC（′ACd・AP・ADand∠】Udenote  
thevalueswithrespecttothatgas？OuSingredientoutoftheNingredientswhichisbeing  
measuredatpresent■Furthermore・itisassurnedthatFt＝Fd＝FandthatFandVare  
COnStant．  

There are alternative rnethods forusingEq．（3）to calculate the rate ofgassorption  
byplants．Oneistocalculatethesorptionrateonthebasisofthechangeingasconcen－  
tration∠1CdZin thechamber・The otheris to calculate on the basis ofthechangein  
gasaddition rate AU．Thispaperexplains a procedure based ontheformermethod．The  

calculationiscarriedoutinthefollowingway：first，thegastobeexperimentedwithis  
SuPpliedinto the chamber at a certain f10W rate；When the gas concentrationin the  

chanlberhas become steady，the plants are placedin the charr［ber；and the rate ofgas  

SOrptioniscalculatedon the basis ofthesubsequentchangein gas concentration．Since  

thegas addition rateis controlled to be constant，AU＝0．Moreover，iftheairpollutants  

COntainedinfreshairinletareremovedbythefilter，then∠】Ct＝0・Now，ifitisassumed  
thatsituationSisthatofsteady－State beforeplaclngtheplantsinthechamber，thenAP，  
ACJandADrepresentsdeviationsfromthesteady－StateValues．Thechangeingassorption  
rate，AP，isderivedfrornEq二（3）andrepresentedasfollows．  

』P守＝－f・』Cd引∂瑚¢】∫・』C♂f－F・d』q伸一』β  
（4）  

1tshouldbenotedthatinsituationS，namelyinthesteady－Statebeforeplantsareplaced  

in the chamber，the gas sorption rate Pis zero，and therefore that the ch？ngein gas  

SOrPtion rate∠］Pisidenticalwith the gas sorption rate．Thus，hereinafter AP sha11be  

CaJledgassorp亡10爪柑［e．  

When actually measurlng the gas sorption rate with the use of the chamber，1tis  

necessary，tO e羊amine through experirnents beforehand the reaction term  

字【∂R／∂C；］s・ACdand the disturbanceterrn AD・Asforthe reaction term，itis  
irnperativetodetermine［∂R／喝】s beforehandsothatitcanbeusedincalculatingthe  
gas sorption rate．As for the disturbance term，itisimperativetoIQokintothecauses  

glvingrisetodistuTbancesanddevisemeasuresthatwarrantanassumptionthatAD＝0．1t  

isalsoinlPOrtant tOdevise nleaSureSforcopingwiththenoiseofthegasanalyzersoasto  

measure∠］Cd aCCurately・Aoki（2）has proposed a method forrneasudngthe rate of  
photosynthesis uslng an aVerage Of concentration values measured at differentperiods．  

Smoothing of the values ofgas concentrationin this way or otherwiseis effectivein  

removingnotorLly theanalyzernoisebutalsothehighfrequencycomponentsoftheair  

now which cannot be repTeSented byamodelofperfectgasmixture．lnthisreportwe  
adopted a digitalfilterrepresentedby thefollowlngequation whichiswelladaptedfor  
COmputerPrOCeSSing．  

』ちゎ＝l（2㌔一丁）／（2㌔十叶』ち力＿1小／（27い丁）1●（』Gん十叫毎）（5）  
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Analysis orair pouutalllsorptiu11by pla爪tS（2）  

Thisfilterisadigitalrepresentation ofa filterhavingtime constant7もin the analog  
SYStem Withafirst orderlag．Intheequation，Tdenotesasarnplingintervalandthesuffix  
h denotesthevaluesatsamplingtimeh．Inviewofthesepoints，therequiredequationfor  
calculationofgassorpt10nratebyplantsisexpressedasfollows．  

』毛＝－ダ・』ちh一写【∂町∂G’】∫・』ぢhr・（』ちね－』ち机）／丁（6） l  

WherethesamplingintervalTShouldbesufficientlysmallcomparedwiththetirnelagsof  
theprocessandthefilter．  

Equipmentandmethodofexperirnent   

g〃γ7′∂刀川e〃r〃Jc（フ〃けOJc／！α椚ムg′   

Theapparatusconsists ofarneasurementcharnberinwhichplantsareexposedtoair  
pollutants to汀】eaSurC thcratcsof抽eirp（）11utantsorption（inner volu∫11eOfthegrolVtll  
room＝2．3（W）×1．7（D）xl．9（H）；m3），afreshairprocessingandsupplyingdevicefor  

supplylngthemeasurernentchamberwithastableflowoffreshpollutant－freeairanda  
processlng device forremovingthepollutants from thelexhaustair・The flowrateof  
processedfreshairsupplytothemeasurementchamber（ortheflowrateofairexchange），  
F，iscontrolledbyan automaticdamperwithhighaccuTaCy・Themeasurementchamber  
is capable ofcontrouingtemperature，humidity and gasconcentrationinthechamber・  
The temperature and the humidity ofthefreshairarealsocontrolled・Thevelocityof  
recyclingairnowisconstant，i．e．，atthelevelofO▲22rn・㌻l（Withstandarddeviationof  
O．05m・㌻1）inthegrowthroom．  

β刀C即∫Jemノb′eズ〃m加〟加〃0／r加椚gα∫u′e椚e〃J用e∫力od  

A block diagram ofa DirectDigitalControl（DDC）systern forexamination ofthe  
measⅥほ汀帽nt metl10disill11StTatedin Fig．2．l】ヽthissystem，tlleCOmp11teT，Withwhich  

Figこヱ・β加た弛g和mO／ββC叫∫Je仇   

ノ G∫ ：gaSStOrage  
ST : stabilized power supply 
几甘：dischargetube  
〟FC：maSSnOW COntrO11er  

Jfて：aCtivecarbonfilte一  
方ぴ ：gaSSamp山IgunitingrowtllrOOm  
OG月 ＝ 0，gaSanalyzer  
〟Gd：NOlgaSanalyzer  
DCS：digitalcomputersystem  
GC ：ga5jetunitincolltIOIchambel   
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both detectors and nlanipulated means are connectedin an on－1ine mode，is capable of  

undertaking analysis by employing any algonthm that is suited for the purpose of an 

experiment．A mass flow controller controIs，ln aCCOrdance with manipulation signals  

relayed from thecomputer，theflowrate ofgasesofpredeterminedconcentrations，and  

feedthemintothe measurementchamber．NO2gaS WaSSuppliedfromagastankofpre－  

determined concentration，Whereasthe〔ちgas，Whichcannotbesuppliedfromagastank，  

WaS generated from O2 With the use of an O3generatOr by way ofsilentelectricdis－  

Charge，and was supplied by keeplngits concentration asconstantas possible．Thegas  

analyzers for both NO2 and O3 are based on the chemiluminescent methods as their  

Principleofmeasurement．   

。Iノーリ／h）Jlイl■lT，【ソ上明し〃／  

The method of measurement based on the princjple meJ】tioned above for u5ein  

measuringpthe ratesofgassorptionby plantsexposedtoagasmixtureofNO2＋03WaS  

examined．Theprocedureactual19fo110Wedintheexperimentwasasfollows．  

ExperimentI－Examinationofthereactionterm：Thepropertyofthereactionterm  

R was investigated by conducting an experiment with combinations of various 

COnCentrationsofNO2（1．0－8．O volpprn）and O3（0．20．8volppm）．Theflowrateof  

air exchange F was kept constant and the concentration of one ofthe twogaseswas  
maintainedataconstantlevel，Whilethedesiredconcentrationvalueoftheothergaswas  

Changes once every two hoursin accordancewith a programmed schedule．For each  

different concentrationlevelofthegas，thesteady－StateValueUoftheflowrateofits  

inlet was obtained；and with the use of U，the reaction terrr）WaSCalculated from the  

followingequatiorl．  

月＝；【／rf・ら  
（7）   

In carring out the above experiment，temperat11re and humidity of the airinside the  

Chamber，ternperature Of the coilsurface，temperature and hurnidity of fresh airwere  

maintained constantlevels soas toreduce the effects ofthe airconditioningsystem on  

measurements．  

ExperirnentllExamination of the effetts oftheairconditioningsystem ongas  

COnCentration：Thequalitativecharacteristicsoftheeffectsoftheairconditioningsystern  

OngaSCOnCentrationincaseofgasmixtureofNO2十03WereeXamined・AfterNO2and  

O3 Were SupPlied to the measurernent chamber at constant flow rates，and after their  

COnCentrationsinside the chamber were constant，temperature andhumidity ofthe air  

inside the charnbeTand temperature oftheheatexchanger’scoilsuIfacewerevaried．The  

resultirlgChangesingasconcentrationwererneasuredoveraspanoftime．  

E二￥Pe血¶ent11I－E二￥am血a＝0刀Oftl】epreC5sjor10fme8Sureme出り）ニT上Ieefrecf50r  

the reaction termin the present method for measuringtheratesofsorption by plants  

exposedtogasmixtureofNO2＋03Wereinvestigated・AfterNO2andO3WeTeSupPlied  

tothe measurernent chamberat constantflowrates，andaftertheirconcentrationsinside  

the charr）ber were constant，NO2and O3Were manipulated stepwise at a rate almost  

equivalent to the rate ofgassorption，AP，bylOsunflowerplants．Onthebasis ofthe  

changesin gas concentrations，COnlParison was made between the measurement error  

when the reaction term was taken into consideration and when the term was not taken 

into consideration．In this experiment，the differentialtermin the equation was  

neglected．With the assumptionthatthechangeingasintroducedAUrepresentsthenet  

SOrptionrate∠】P，thenthemeasurementerror P－APwasgivenby－AU P・Here，  
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PcanbederivedfromEq．（6）oTEq．（11）．  

ExperimentIV－Examination ofthe precision ofmeasurement（II）：Theeffectsof  

thedigitalfilterandthedifferentialterminthepresentmethodformeasuringtheratesof  

sorption by plants exposedtogasmixtureofNO2＋03Wereinvestigated．Theprocedure  

ofthe experirrlent and themethod for assessment ofthe reliability ofmeasurementsare  

schernaticallyi11ustratedin Fig．3－NO2WaSSuppliedintothechamberataconstantr10W  

rate，With O3 COnCentration controlled at a fixedlevel；after NO2 COnCentration was  

constant，tlle NO2flow rate was chan㌍din astep oTlaml）mOdeasshownin Fig．3・  

F，。m the，。Sulting changesin gas concentration，APNO2WaS Calculated，and the  
accuracyofthecalculatedvalueAPNOlWaSeValuatedwit中theuseofIAE．1Aki．e．，an  
averagewithrespecttotimeoftheiJltegraloftheabsoltlteerrOrbetweenthenetgassorp－  

tionrate and thecalculatedgassorptionrate－Whichis defined by the followingeqtla－  

tion，  

⊥1g＝芸l』阜NOり』UNO丹丁／r   

＝鉦㌦01－』ダ叫・丁／r  
（8）  

Where tlrne span TTin Fig・3was used for Tinassessinghowaccurately the static  
characteristics were corrected，and T；in assessi一一g how accurately the dynamic  
characteristics were corrected．Theinteger nurnber nis obtairled from n二T／T，The  
sarnplingintervalTWaS Chosen to be smallenoughcompared with both the timespar［T  

arldthetimeconstantTcofthedigltalfilter，1▲e・⊃T＝2sec・  
Experimerlt V － Continuous and sirnultaneous measurement of the rate of  

transpiration and the rates ofNO2and O3SOrPtionbyplants：Byexposingplantstothe  
gas mixture，the rates of their transpiration and NO2 and O3SOrptlon were measured  
continuously and simultaneously，The NO2and O3SOrption ratesweremeasuredbythe  
method explained above，Whlle the transpiration rate wasrneasured with the use ofan  

electronic balance scale accurate to O．】g．Asthe materials for the experirnent，10  
sunflower plants（HeliGn（hzJSannuu∫ L．cv．RussianMammoth）whichhad been grown  
for6weeksafterplanting（andhadgrowntohaveatotalleafsurfaceareaof2．06x104  
cm2）wereused．  

Tlt一†－¶s－－－1  

Fig．3．∫c力帥灯Jfc′gPre∫g〃ねJ加ゎ‥加g仰山βrfo〃0／椚e〃∫〟′gme〃rerrO′・』Udenotes  
changes ofmal－ipulated variablc，a】一d－AUis nct sorption rate（』P）r』Pdenotes  
sorptionratecalculatedfromEq．（6），（Cf．Eq・（11））▲lntheexpeIiments，AUismani－  
pulatedasasteporlampIT）Ode，andrellabilltyOr∠】PisevaluatedbyL4E（Eq・（8））▲  
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G且SreaCtiomshthemeaMememtChamber  

尺e〃CJ加“〃der叩叩rer∂gα∫別離〟′eO／〟02十q   

Alarge number of reports have been made on reactions ofair pollutantsin the  

atmosphericair（5，10）．A system ofreactionstakingplaceinsid8an enVironmental  

ControIchamberisconsideredtobecomplex，aSitinvoIvesr10tOnlygasreactionsinthe  

atmosphericair，butalsoreactionsoftheairpollutantswithaheatexchanger，ahumjdjty  

COntroller｝Wallsurfaces，etC・■Consequently，thereare manypointstobeclarifiedabout  

gasreaCtionsinachamber・TodeterminethereactiontermintheequationforcalculatioTl  

Ofsorption rates by plants，aninquiry was madeinto reactions takingplacein the  
ChamberduringfumigationwithagasmixtureofNO2十03．・  

ThereactionratesofNO2andO3atdifferentconcentrationlevelsareshowninFig・  

4（ExperimentI）・Inthe figure，（a）and（b）wereobtainedfromexperimentsinwhich  

NO2COnCentrationwaschangedinムccoTdaJ）CeWifhaprogrammedschedule，W血03  
COnCentrationkeptconstant；While（c）and（d）wereobtainedbychangingO3COncentra－  

tion，WithNO2COnCentrationkeptconstantLItwasohservedthatbothNO2reaCtionrate  

RNOlandO3reaCtionrateRO3foreachconcentrationlevelvariedlinearlywithgascon－  
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Fig・4・〟0－矧血附加岬叫ノ〃〃dO3′eαC′加〝re′尺qノ血血c′∽血r・（a）and  

（b）wereobtained fromexpeIimentsinwhichNO，COnCentrationwasYariedandO3  
concentrationwasmAmtainedconstant．（c）and（d）wereobtainedfromexperimentsi】1  
whlChO3COnCentrationwasvariedandNO2COnCentTationwas剛ahtainedconstant・  
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centration，1TreSpeCtiveofthetypeofgasbei鴨Cha鴫ed．Thissuggeststhatthefo1lowing  

tworelationsexistbetweenreactionrateRNO，orRO，ontheorLehandandNO2COnCen－・  
trationC㌔01andO，COnCentrationC♭03ontheother．  

尺NO】＝たNO】・らNO‥ら0，  

月0｝ ＝た0‥らNO‥GOさ  

1nordertotesttheserelations，theresultsinFig．4werereorganizedintoarelationbe－  

tweenR／ちNOland C♭0・asshowninFig，5■FromtheresultsgiveninFig・5，itwas  
甲nfirmed that therelationsrepresented by Eqs・（9）and（10）actually holdtrue・The  
regressioncoefficientsinFig．5，therateconstantsofreaction kZ＜01andkO3inEqs，（9）  
and（10），WerefoundtobekNO】＝17．5m6・gLIRs‾1andkOき＝9．5m6・g‾1・s‾1，i．e．，  
kNO2＝2kO，，Bydividingtheseconst三ntSbythechamber，sinncrvolumeV，rateCD11－  
stantsofreactionperunitvolumeofthechamber，k，NO2andk，O，，WereObtained，i・e・，  
た′NO】＝1．3m3・g－1・s‾1（0．16VOlppm‾1・min‾1）andた’01＝≡0．7m3・g‾1・S‾1（0朋  

voIppm－1・min，1）．Tf the gas reactionsinsidethechamberareassumedto beNO2＋  
03→NO3十02andNO3＋NO2＋H20→2HNO3，thentheperunitvolumereaction  
rateconstantsareobtainedasfouows：klNO2＝0．164volppm－1・min－1andk，0，＝0．082  
volppnTl・mir（1（10）．Thesevaluesarenearlyequaltotheresultsofexperimentsob－  
tainedin the chamber．Itis thusinferred that most of the reaction products formed  

inside thechamberarearesult ofthe reactionsspecified above－They areremoYedfrom  

the system together with the vaporthatisfixedasaresultofdehumidificationbythe  

heatexchanger．  
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巨・∴、‥・、・ご・‥・J∴・㌧・、・、∴・い・－‥・● ＝・い   

The rate coJIS†ants ofga5reaCtiorlSinside the chamber are slightly affected by  
changesinfactorssuchastemperatureandhumidityoftheairinsidethechamber，ar．dthe  
ternperature oftheheatexchanger，scoil；uIface（Experimentll）．Oneexampleofthe  
effect caused bychangesintheairconditioningsystemispresentedinFig・6，inwhich  
temperature oftheairinsidethechamberwasraisedfrom250cto30Dcinsteps・A  
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Changeinthetemperatureoftheairinsidethechambergave rise tochangesinhumidity  
Oftheair，inthecoilsurfacetemperatureandiJltherateofdehumidification．Theincrease  
inthetemperatureofthechamberairby50cwasfoundtohavecausedchangesinNO2  
COnCentration and O3 COnCentration by O・07volppm arLd O・01volppm，reSPeCtively．  
Althoughthisseemstobeascribable tovariousfactors，likeachangeinrateconstantsof  
reactionsandachangeinthewetsurfaceonthecoilcausedasaresultofthetemperature  
Change，the realcauseis not clear．However，aS ShownillFig．7，Whenfactorssuchas  
temperatureandhumidityofthechamberair，COilsurfacetemperatureandhumidityof  
freshairwere controlledatconstantlevels，nOChangeingasc？nCentrationlevels，and  
thereforemochangeinrateconstantsofgasreactionswasobserved．Inviewofthisfact，it  
became clear thatin measurlng gaS SOrPtion rate by plants，itisnecessarytokeepthe  
COnditionsofaiTCOnditiomlngCOnStantduringtheperiodofmeasurement．Inadditionit  
isnecessary todetermiTleforeachexperimenttherateconstantsofreactions，Whichare  
affected，though slightly，by the conditions of airconditioningLltis，however，eaSytO  
Calculaterate constants ofreactionbymakinguseoftheobservationsaboutgasreactions  
already explained．Allthatis neededis toinsertin Eqs．（9）and（10）thevalues ofgas  
COnCentration and theflow rateofgasaddedundersituation S，i．e，，understeady－State  
COnditionsprlOrtOtheplacementofplantsinthechamber．  

Ev且1uatiol10f theprecisioI10fmeasurement  

Anequationforcalculationofsorptiotlrateforeachgasingredientduringexposure  
Ofplants to gas mixtureofNO2十03CanbeobtainedbycombiningEqs，（6），（9）and  
（10）▲SincetherearetwopollutantsareinvoIved．thederivedequationmaybewrittenin  
theformofavectorequationasfollows．  

瑞＝d●㌔＋β●∫ゎ十C●ヱヵ  
（11）  

where  

』らご01－』らご？1  

垂㌔一武濃  

ーたNOっ・ち0ユーたNO‥らNOモ  

ーた0き・ら0ユ ーた0‥らNO2   

ThereactiontermB・XhandthedifferentialtermC・Zhin Eq・（11）canberegardedas  
correctiontermsforimprovlngtheaccuracyofmeasurementofgassorptlOnrateS，butthe  
functionsofthetwotermsarecompletely different．AccordingtoEq．（11），gaSSOrption  
ratescanbederivedbymeasunngthechangesingasconcentrationinthechamber；but  
changesingasconcentrationlevelsareaccompaniedbycorrespondingchangesinreaction  
rates，aSitisclearfrom Eqs．（9）and（10）．Therefore，inordertoobtaintheexactgas  
sorptionrates，itisimperativetocorrecttheerrorsduetothechangesinreactionrates・  
The reaction term serves this purpose．1tis effectiveirlCOrreCting the steady・State  
deviation caused by changesin reaction rates，thatis to sayin correcting the static  
chaTaCteristics・Ipcontrast，gaSCOnCentrationinthechamber，aSindicatedbyEq・（2），do  
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not reacl血ta山1yfochangesinsorptjonrateざbutw仙ざOmetime】agdependingupon  
theinnervolurneofthechamber・Therefore，tOObtalntheexactgassorptionrates，itis  
neCesSarytOCOrreCterrOrSdueto thetirnelag・ThedifferentialtermservesthispuTPOSe・  
It j5effec［Ⅳe jれ COrreCt川g如月5jeカーdev血ion5Cauざed by delayed re叩OnSe Of ga5  
COnCentrationlevels，i・e・in correcting the dynarnic characteristics．However，this  
COrrection，made by way of dlfferential，is susceptible to noise．Generally，the  
reactionanddifferentialterms do not exhibit the sanlelevels of effectiveness but are  
affected by variousconditionsLInviewofthlSaninqulrywaSmadeintothecorrection  
effect50f伽djffere雨jalandreactjo”ferm50刀払ebasjsof払ere5u】tぶOf王‡xperime乃t5日l  
andIV．  

Fig．80ffersanexampleofthecorrectioneffectsofthereactiontermobtainedfrom  
ExperlrnentIll．Since［hecoefficien【ma［rixBdependsongasconcentratioLl，［hehjgher  
thelevelofgas concentration，the greaterthe correction effects ofthe terrn tendsto  
becoJⅥe・Ⅰ刀班eざⅩamp】ep∫e5e刀tedil】Fig．8，Wlle刀一山ereachon terJn Wa5nOttake刀iれtO  

COnSideration，errOrSinmeasurement（トAP／AUm。X）ofsorptionratesarnountedto  
approximately20％forNO2andapproximately30％forO3．Bytakingthereactionterm  

Fig・8．抑cJ〆′餌CJわ〝Je′椚岬・∫〟onの′卯fo〃川Jgげ扇．¶leめ叩tionratesor（a）  
and（c）aIeCalculatedf－Omノl・垢＋β・∫力，andthoseof仲）and（d）たom－4・ズヵ．  
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Time constnnt o†digitQ【filter－Tc（min）  

Fig▲9，抑cJ《オd酢rg〃J由／ナビ′研「C・Z山0〃∫0叩rわ〃rαJeげ〟．（a）and（b）aIe  
Obtainedinsteady－State，and（c）；（d）and（e）intransierLtCOnditions（FiB．3），Wherethe  
SOrPtion ratesof（a）and（C）arecalct・1atedfromEq．（11），thoseof（b）and（d）from  
A・Xh・B・Xh，andthatof（e）fromA・XhParameters：T；，30min；T，s，20min；AUズ浩，  
ユ▲4xlO‾5g・S‾1；NOICOnCentratioれ，Cお0ユ，2・3vQlppm；0。00nCentTation，C。93，  
0．4volppm  

l 

・ 

・ 

・・  

Fig．10．JAEin（TqnSle〝icondiTions．The sorptionrateiscalculated from Eq．（11）．  
Paramcters＝T，s20min；AUR鉛2・4×10‾5g・S▲1；NO2COnCentration，CdTO2，2・3  

YOlppm；03COnCentration，Ce｝・0・4volppm・  
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intoconsideration，theerrorsundersteadyLStateCOnditionsweTeTeducedfo5％or］essfoT  
both NO2and O3・From thisin the actualmeasurement ofgas sorption rates，the  
reactiontermwilleffectivelyreducemeasurementerrors．  

On the other hand，thedifferentialtermisverysusceptible tonoiseoftheprocess  
and fhegasanaLyzer・ThusinordertoevaluatecorrectioneffectsofthedifrerentiaLterrn，  
itis necessary to examine them concurrently withmeasurestaken toreducethe noise．  
Theeffectsofthe differentialterm withrespecttoNO2meaSurementSWaSeXarninedby  
ExperimentIV・Fig・9representsrelationsbetweenthetimeconstant T；ofthedigltal  
filter used to reduce the noisein rneasurements and the correction effects of the  
differentialtermin steady－State Or tranSient conditions．Understeady－StateCOnditions，  
measurement errors were smaller when the differentialterm was not takeninto  
CO那ideraf血＝h8月Wh印行wa5・Thi5WaSeざpeCia】】yぎOrOraSmaユユertimeconstant7tof  
the digitalfilter．Thisindicates thatwhenTbissufficientlysmal1，thedifferentialterm  
actsasadisturbing，ratherthancorrectionalfactorasitisinfluencedbythenoise．When  

Tc becomeslarger，however，the noise tends to be smoothed out，thus reducing  
measurement errors，Even under transient conditions，a Simi1ar tendency wasobserved  

for7t＜1，0min，ForTc≧1．Omin，meaSurementerrOrSgreWlargerasTbwasincreased．  

Thisis due to the fact that when Tcis slgnificantlylarge，meaSurementerrOrS are  
magnifiedduetotimelagofthe filter．Itwa5found，however，thatwiththechoiceofan  

adequate Tc，the transient characteristics when the differentialtermis takeninto  
COnSideration can beimproved to be almost twice as much higherin terms of the  

measurementerrorevaluationcriterionIAE／Aこ農thanwhenthedifferentialterrnis  
no＝akeninfoconsideration，andthatmea5urementW仙anerrororiO％〟g／』【漂慧  
Orlessispossible．  

AIso，an eXamination wasmadeintohowfaithfu11y the measuredvaluescouldtrace  

Various transient changes in sorption rates（ExperimentIV）．The result of the  

examinationis sumrnarizedin Fig．10・Here，aS the transient characterlSticsin Fig．9，  

measurementerrorsincreasedduetotheeffectsofnoisewhenthetimeconstantTcwas  
Small，andduetotheeffectsofthetimelagofthefilterwhenTcwaslarge・Theoptimurn  
㌔ro＝hjs5ytem WaSfoundtober。＝ ト2min，i汀eSpeCtiveof伽magn上rudeor  
transientchanges，repreSentedbyTrrorbyAPNO3／Ttt・Anditwasfoundthatwiththe  
Choice of a filterwiththeoptimumtimeconstant，nleaSurerr）entis possiblewithin an  

erroroflO％んほ／』拓¢ズfortransientchangesorrfr≒20min，』ダ01／rrr・玩NOユ＝  
0・9xlO‾8g・s．2・VOlppm‾10rthereabout・Here，ChNOldenotesNO2COnCentration  
under situation S，thatistosay understeady－StateCOnditions prlOrtOtheplacement of  

plantsinthechamber．  

Sim111taneousmeasurenlentOfther且teSOftransplration  

andNO2andO3SOrptionbyplants  
Tl】e aCtl】a】procedure by wllicJ】抽e∫afes ol■a止pollutaJユー50rptjoJ】by plaJlt5且re  

measuredisillustratedinFig．11．Beforeplacingtheplantsinthechamberandmeasunng  

theTateSOfgassorption，theairconditioningsystem，the nowrateofairexchange，the  

rate constantsofreactionsand otherparametersmust bedetermined，lnanexperinlent  

with a type ofgas，Jike SO2，On WhlCheffectsofcooJinganddehumidification arenot  

easytograspquantitatively，itisnecessary tochooseacor）trOIsystemthatdoesnotrely  

on coolingarLd dehumidification（13，14），In anexperiment with NO2＋03，Where the  

gas reactions including the ones having to do with cooling and dehumidification are 
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Simu）atable，an air conditionlngSyStemrelyingoncoolingar．ddehumidificationcanbe  
used．The flowrateofairexchangeiscalculatedfrorntherateofgaseou5eXChangeofthe  
inert gases．Therateconstantsofthereactionsmustbedeterminedonthebasisofcareful  
examination ofthe reactions ofthegastobemeasured；theconstantsinthecaseofNO2  
十03are Calculated fromEqs．（9）and（10）rnakinguseoftheknowledgeaboutthe  
reactions mentioned earlier，Only after these chaTaCteristics are properly grasped，and  
afterrnakingsure thatgas concentrationsinthechamberhavereachedasteady－State，the  
plants be placedinthe chamberand measurementstarted．Uponcompletionofmeasure－  
rnents，theplantsareremovedfromthechamber，anditmustbemadesurethatthegas  
conceIltrations have recovered thesituationthat prevailed beforetheplantswereintro－  
duced．If the originalsituationis rLOt reCOVered，We find out whatis wrongwith the  
system，reCtify anydeficienciesandrepeattheexperiment．   

FollowiIlgthe above－mentioned procedure，theratesoftranspirationandNO2and  
O3SOrPtionbyplantsexposedtogasmixtureofNO2＋03WeremeaSuredsimultaneous－  
1y．OneexampleoftheresultsofmeasurementisillustratedinFigL12・Achangeintheair  
pollutant sorption rate consequent uponplantreactionswasataboutl・5×・10L9  
g・S・2・VOlppm－1atthemost・JudgingfromtheresultglVeninFig・10⊃thisconfirmsthat  
the method ofmeasurement and the system described here are capable oftracingthe  
actualgassorptionbehaviorofplants．  

Fig．11．Fbwぐ厄rrわ′ざ血“加配∂“£medg以re〝酬Jo∫〃かpo〃㍍α〃J∫Or戸山〝∫・Cd。and  
CUointhefiguredenotegasconcentratlOnSinsteadyLState・C咄istheinitia）valueand  
CdoisthevalueafterplantsaLeremOVedfIOmthechamber・  
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Fig．12．gズ〃叩Jg o／ゴーmuJJ〃〝gO昭椚e〃甜′eMe〃Jq／抽〃甲血J血相Je，〟02∫0岬抽〃  
招JeqndO，SOrPtionTGteOfpEGn（S．Conditions：airtemperatuIe，30Oc；humidity，60％  
RH；hghtintensity，40klux；NO。COnCentration，C茸02，about2volppm；0，COnCen・  
trat”nC8｝，aboutOL5volppm■   

WesincerelywishtothankMr．S▲MatsumotooftheDivisionofEngineenngofour  

Institute forhis valuable advice，andmembersoftheDivisionof Engineeringwhotook  

partin maintenanceoftheequiprnentandcultivationofplarltSuSedintheexperirnents．  

This reportis a reconstruCted version of a paper（15）publishedinJournalof  

AgriculturalMeteoroIogy．  
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Studieson仙eefrectsofairpouutanlso∫lpl：1ntS  
andmechanismsofphytotoxicity  
Res．Rep．Natl．lnst．EnYirorl・Stud・No▲11（19包0）  

AnalysISOfairpollutantsorptionbyplants  

（3）SorptionunderfumigationwithNO2，030rNO2＋03   

KenjiOmasal，FumiakiAbol，ToshikiNatori2andTsumuguTotsuka2   

）DivisionofEnglneering，TheNationalInstltutefoIEnvironmentalStudies，Yatabe，Iba∫aki305  
】Divisior10fEnvlrOnmental月iology，The NationalInstitute for EnvironmentalStudies，   
ヽratabc，1balaki305   

lnordertoinves也gateNO，andO，SOrPtionbyplantsduringfumigationwitllNO”  
0，and NO2＋03，the princip31gaseouspollutants，SunnOWerplantswerefumlgated  
withthegasesinanenvi＝OnmentalcontroIchamber，Thesorptionrate，tTanSPlrationrate  

andleaftemperaturcweremeasuIedduringfumlgation，aJldthesorptionprocesseswere  

discussedbytheuseofasimplifiedmodeLTheresultsobtainedareasfo1lows：  

（1）ThestomatalclosureaIldthe appearance ofvisibleleafiruuryonfumigationwitha  

Shglegas（NOユ0－0。）mdamlxedga5（NOっ＋0。）wefeObseTVed・TheonsetortlleSe  
phenomenawasrelatedtothegasconcentration，andthedegreeofin］uryincreasedwith  
increasmggasconcentration．Thedegreeofiqurywasalsodependentonthenatureof  

dte gas．ln the case of fumlgation with the single gas，NO。aJld O”the NO。  
COnCentratlOnatWhichthephenomenabegantoappearwasabouttentimeshigherthan  
that foT O，．ln the case offumigation withNO。＋0ぅ，the phenomena appeared at  
tlleCOnC8ntIationsorNOlandO。lo昭一tllantllatわ‡aSi一喝Iegas（NOユ0IO。）・Th㌢代－  
sultsobtainedheremayindicateoneofthesynergisticeffectsofaiTpOnutaJltS．Thede－  

g＝eeOfiqJuryforNOユandO，OnthestomatalclosuIeandtheappearanceofleafinjury，  
Wefedistinctlyin仙eorderorO。＞SO2＞NOユ・  
（2）TherelationsbetweenQ／W’andnzduringfumigationwithasingle（NO20rO，）oTa  
mixed gas（NO2 ＋03）were expressed by equations of the form QNOっ／W・竺  
1・4xlO▼3・㌔NOl，andeOっ／w’竺1・5xlO‾㍉㌔0－，WheTe¢NOユ弧dQOきa一号the∽rption  
rates ofNO2andO3，WristhetranspirationratedividedbythewateTVapOfpreSSure  
dlfrerencebetweenthegas．1iquidinterfaceintheleafandtheatmosphere，andP2NOっ  
andLLO3arethegasconcentrationofNO2andO3intheatmosphere・Theserelations  
Wereindependent ofthegas colnpOnentS uSedfor fumigation and tlle aPpearanCe Of  

VISibleleafiruury．Theseempiricalequationscorrespondedtothosewllichwerederived  
byushgasimpli鎖edmodel，e／W′＝（たJ㌔たr）【吼一ろ）atろ＝0volppm，WhereJ’Ii5the  
gasconcentrationatthegas－1iquidinterfaceintheleaf，kristheratioorthegasdiffusive  
EeSistancetothatforwatervapor・kwisaconstant：1・05×10‘mmHg・Cm3・g．］，andkgis  
aconstant：5．40xlO8（NO。）or5．18xlO8（03）volppm・Cm3・g．l・Thecalculatedvalues  
Ofkw／ちた，WerecoincidentwiththecoefficientsofQ／W’andF，・Fromtheresults  
mentn）nedabove，itwasconcludcdthattheNOっandO3COnCentfationsatthegas－1iquid  
interfaceintheleafare effectively zero，and the NOlandOユSOrPtlOn rateS Can be  
exphlnedbyfactorssuchas theboundarylayerandthestomatalresistances，Whichare  
∫elatedtogaseousdi汀usion．  

Keywords；NOl▼0さ▼Mixedgas－SorptionpIOCeSS・   
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Theimportanceofplantcommunitiesasasinkforairpollutantshasbeenreported  
by many researchers（3，13，16）．Sorption ofpollutantsbyplantsiscontrolledbythe  
COnCentrations of pollutantsinthe atmosphere aJld those on theleafsurface and the  
diffusionresistancebetweentheatmosphereandleaf・hordertoelucidatethesorption  
mechanismofpollutantsbyplantsandtoformulateapredictionmodelofthesorption，it  
isnecessarytoexamhetllOSefactorsgoYernlngthesorptionofpollutants．   

Ithasbeenknownthatthediffusionofairpouutantsintheboundarylayeronthe  
leafsurface andin the substomatalcavity，inthegaseousphase，maybetreatedinthe  
Same Way aS the diffusionofwatervaporandCO2（2．9，16）．However，Studiesonthe  
boundary conditions concernlng the gasconcentrationatthegas－1iquidiJlterfaceinthe  
Substomatalcavityarefew・Recemtly，WepOintedoutproblemsconcernlngtheboundary  
COnditionsfor theleaf surface and examined theseproblemsforSO2fumigation（10）．  
There have，however，been noreportswhlChhaveexaminedtheboundaryconditionsfor  
theleafsurfaceunderfumigationwithgaseousairpollutants（singleormixedgas），Other  
than SO2，untuiruury appears on theleaf surface．In thisreport，Wehaveattempted，  
experimenta11y，tO Studyinterrelation between the rates ofleaf transpiration，NO2  
SOrption and O3 SOrption untilvisibleln）ury aPpearS during NO2，030r NO2＋03  
fumigation．AnanalysisoftheboundaryconditionsforthegasconcentrationoTltheleaf  
Surface untiltheleafin］ury OCCurred has also been attempted using slmple models．  
Further，Previous results for an SO2 Study（10）are also discussedin relation to the  
presentfindings，  

MaterialsarLd methods   

〃αJgrねJ∫  

Sunflowerplantswereusedasexperimentalmaterials．Theplantsweregrowninthe  
Phytotron（daytime：250c；nighttime：200c；70％RH；naturallkht）for46weeks  
（15002500cm2leafarea／plantand15251eaves／plant）afterplantinginpots（10cmin  
diameter，20 cm high）which were filled with the mixture ofすermiculite，perlite，  
peatmossandfine許aVelataratioof2：2＝1：1（v／v）．  

上小IJり′け†I／  

An controlled environmentalchamber（1）was used to carry out the fuinigation  
experiments．Temperature and humidity controlinside the chamber wereless than±  
0・50c and±3％R＝■TheNO2andO3COnCentrationsforthefumigationexperiments  
WereCOntrOlledwithin±0．5％ofthedesiredvalues．Theaveragewindvelocityinsidethe  
ChamberwasO．22m・SJland theintensityofilluminationwas40±5kluxataposition  
l．3m belowthelightsourceunderfuuillumination．ThegasanalyzersforNO2arldO3  
Which are based on the chemiluminescent method wereusedfordeterminingtheNO2  
andO3COnCentrations．   

〟gα∫〟rf〃g／乃ビJ力od∫   

1n the case of NO20r O3 fumlgation，the gas sorption rate of the plantswas  
measured as fouows＝Astandardgaswithaconstantconcentrationwassuppliedtothe  
chamber at aconstant flow rate．Afterthe gas concentrationinside the chamber was  
COnStant，10sunflower plants were placedin the chamber and the sorption rate was  
measured froJ刀一山e sub光que∫－f cl－8月gejJ】ga5COれCe刀けa＝0月血sjde班echamber．OJl抽e  

Other hand，in the case of NO2 ＋03fumlgation，the concentration of one gas was  
maintained constant，andthesorptionrateoftheothergaswasmeasuredinthesameway  
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asinthecaseoffumigationwith asingle各aS．lnthiscase，thequantitiesofNO2andO3  
to belost for reactionsinside the chamberwere measured beforehand，and corrections  
were rnade for the calculation of the sorption rate（11）．The transpiration rate was  
measured by the weighiJlg method with a recording balance．Theleaftemperaturewas  
measuredbyacopper－COIIStantanthermocoupleofO．1mmdiameter・   

飢卯血相狛卵価兄  
Experimentl－Simultaneous measuTement Oftheleaf－air temperature difference  

and the transpiration rate of plants during the gas fumigation：For calculating the  
transplrationw perunitwatervaporpressuredifferencebetweentheatmosphereandthe  
interfacein the substomatalcavity，theleaf temperatureis necessary．An emplrical  
equationforestimatingtheleaftemperatureonthebasisofthetranspirationrateWand  
Oftheambientairtemperaturewasformulatedfromtheresultsofthetimecoursesofthe  
transplrationrateandtheleaf－airtemperaturedifferencesduringtheOlfumigationatO．R  
VOlppm foT 3hours afteT2－houT fumigation at O．4volppm．Theleaf－air tempeTatuTe  
differences were measured by attaching40thermocouplesonthe surfacesof401eaves  
Selectedatrandom，andtheaverageleaftemperatureoffiveplantswascalculated．  

ExperimentlI－Simultaneous measurements of NO2 0r O3 SOrption rat6and  
transpiratioTrateOfplaJltS：InordertoinvestigatetherelationbetweentheNO20rO3  
SOrPtion rate and the transpiration rate of plants during NO2，03 and NO2 ＋03  
fumigation，plantswereexposed forabout5hourstoNO2（0．2，6volppm），03（0．2L  
O．8voIppm）andllO2＋03，andthetimecoursesofthesorptionrateofNO2andO3and  
thetranspirationrateperlOplantsweresimultaneouslymeasured．  

Expe血ntalr鴨山tsalddkcu％ion  
．Ⅳ0∽e〃CJ〟山r（，  

W ：TranspⅣationrateontheleaf  

7も ：Ai∫temperature  

れ ：Leartemperature  

g・Cm－2・S－l  

Oc  
Oc  
Oc  
g・Cm▼ユ・S－1  

g・Cm‾ユ・S‾l  

g・Cm－2・S‾1  

n川1‖き   

g・Cm‾2・S‾1■mmHg－1  

VOlppm  
VOlppm  
VOlppm  

VOlppI¶  
VOlppm  

」r  

e  

；、－■、－－i  

eO】  

†∫trl  

中  
w′  

瑞  
㌔NOユ  

ち0さ  

Leaf－airtemperaturedifference（T？－Tb）  

Gassorptionrateontheleaf  

NO2SOrptionrateontheleaf  
O3SOrptionrateontheleaf  
SaturatedvaporpressureatTDc  
Relative humidity 

町（ち（アブト¢ち（㌔））  

Atmosphericgasconcentration  
Atmospheric NOZ concentration 
AtmosphericO3COnCentration  
Gasconcentrationatthegas－1iquldinterfaceintheleaf  
NO2COnCentartionatthegas一艮quidinterfaceintheleaf  

p
．
p
．
p
▲
 
 

03COnCentTationatthegas－1iquidinterfaceintheleaf volppm  
Proportionalconstantrelatedtothestructureofboundary  
layeronleafsurface，numberofstomata，etC．  
Saturatedwatervapordensity／pressureconverslOn  
coerricient（1．05×106）  

UnitconversioncoefflCientgasconcentration  
mmHg・Cm3・g－1（300c）   
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（NO2；5．40×10る，0。；5．18・×108，SO2；3．88×108）  
rwa ：Boundarylayerresistancetowatervapor  

volppm・Cm3・g‾1（300c）  

S・Cm  

s・Cm－1  

s・Cm－1  

Stomatalresistancetowatervapor  

Bo11n血TylayeTreSistancetogas  

Stomatalresistancetoga5  

Air－WaterVapOrdiffusivity  

Air－gaSdiffusivity  

Molecularweightofwatervapor  

MoleculaTWei各htofgas  

rw∫  

rg（】  

rgJ  
βw  

βg  

〟w  

〃g  

cm2・S－1  

cm2・S‾1  

月‘おめ〝肋間勘如乃瑚血血㈹腋㈹他面如叩卿血肌聯相聞所血鳳  
r／ほC／王α椚ゐer  

For comparative studies of the mechanisms of由s sorption and trarLSPlration of  
Plants，itisnecessarytoperformsimultaneousmeasurernentsoftheleaftemperaturein  
additiontothegassorptionrateand transplrationrate．However，itisvefytrOublesome  
to measuretheaverageleafternperature oflOplantsbythermocoupleswheneverthegas  
SPrPtionratewasmeasuredinExperimentII．Therefore，WedecidedtoderiveanequatioJ】  
forestimatingtheleaftemperature．Fig．1showstherelationbetweenthetranspiration  
rate and theleaf－air temperature difference of plants during O3 fumlgation under  
COnStarltCOndition50fhghtintensity，airtemperature，humidity，Windvelocityandplant  
arrangement．Th占transpirationrate WdecreasedandtheleafLairtemperaturedifference  
ATincreased as the fumigation time elapsed．Furthermore，there was alinearrelation  
between Wand∠］T regardlessofthekindofgas，Usingthislinearrelation，thefollowlng  
equationwasformulated forestimatingtheleaftemperatureT）fromthetransplration  
rate WwhichwasmeasuredinExperimentIl，  

不＝－6・4×105りγ＋㌔十2．2  
（1）  

Althoughitisdifficulttoobtainanaccuratevaluefortheleaftemperaturedurimggas  
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ty，609らRH；1ightintensity，40klux．  
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fumigationinthismethod，theaverageleaftemperaturecanbeapproximatedinorderto  
CalculatelV．   

月e加わ乃みefwee〃〃020rO3∫βrpfわ〃rαJビα〃drrα〃∫pfrα血〃′αナビ   

In order to elucidate the mechanisms of NO2 and O3 SOrption by plants，the  
relations between the gas sorption rate and the transpiration rate ofsunflowerplants  
during NO2，03and NO2＋03fumigation wefeinvestigated（ExperimentlI）・The  
relationsbetweenthegassorptionrateQandtranspirationrateWobtainedbyexperiment  
areshowninF短s．2to5，TherelationbetweerltheNO2SOrptionrateQNO－and W  
duringNO2fumigation（0．2－6voIppm）isshowllinFig．2，therelationbetweentheO3  
sorptionrateQOユandWduringO3fumigation（O．2rO，8voIppm）inFig．3，therelation  
betweentheNO2SOrptionrate QNO2andW duringNO2＋03fumigation（NO2：14  
VOIppm，03：0．2voIppm）inFig，4・andfinallytherelationbetweentheO3SOrPtionrate  
eO∋and11ノdu血gNO2十03fumigatioIi（NO2：1voipi－m，0ユ：0．2－0．6volppm）血Fig．  
5・The numbers（mf）1，2，3・・・・inthefigurerepresentthefumigationperiodwhichis  
亀1culatedf－Om60●ヮ／－ユOmin（m′＝l，ユ，3，…）．  

Althoughtheresultsobtainedincludetheeffectsofchangesinthegasc（、nCentrations  
atthetimeofmeasurement，unaVOidableduetothemeasuringmethodappliedhere，itis  
oonsidered that they represent experimental values for approximately constant gas 
COnCentratioTIS．Time courses of the gas sorption rate and the tran5plration rate under  
Slngleormixedgasfumlgationdepend onthe nature ofgasesandtheconcentrations．In  
maIlyinstdmces，it was noted that these values showed a tendency to decrease as the  
fumlgation timeincreased．The higher the gas concentration was，thelarger was the  
degreeofthedecrease．WhenthemeteoroIoglCalconditionsaremaintainedconstant，the  
transplration ratemay be considered asanindexofthestomatalaperture．Therefore，the  
StOmatalclosure duetotheeffectofairpollutantsmayberegardedastheprlnClpalcause  
Of the above phenomenon．ln each experiment for gas fumlgation，gaS COnCentrations  
Which showed a definite tendency to decreaseirlthe timecourserateswere6volpprn  
NO2（Fig．2），0．4，0．6and O．8volppm O3（Fig．3），1，2and4volppmNO2andO．2  
VOIppmO3（Fig．4），andO，2，0．45andO．6volppmO3andl．OvolppmNO2（Fig．5），  

AIso，COnCerning visiblein）uryOnthesurfaceoftheleaf，thoughthedegreeofinJury  
Varied withthekind．and the concentration ofgas，preSaglngPhenomenaofnecrosissuch  
asawater－SOakedappearance andasubsequentwiltingoftheleafwere obseIVed．These  
phenome叫begantoappearafter4hoursfumigationwith6volppmNO2（Fig．2），after  
、about4hoursfumigationwithO．6volppmO3andafterabout2110urSfumigationwitl1  
0．8voIppm（Fig．3），afterabout3hoursfumigationwiththemixedgasNO2十03at2  
VOIppmofNO2andO，2volpprnofO3（Fig．4），aLldafterabout4hoursfumigationwith  
the mixed gas NO2 ＋03 atl．O volppm NO2 and O．6voIppm O3（Fig．5）．1n this  
experiment，Visibleinjury did not occur during5hours fumigatiorlat COnCentrations  
otherthanforthosementionedabove．  

FてOm the above results，it can be said thatin the caseofasinglegasfumlgation，  
appearance of visible叫ury and stornatalclosure were noticed forO3COnCentrations  
aboutl／10thatofNO2．AIso，inthecaseofmixedgasfumigation，tllevisibleinjuryand  
the stomatalclosure appeared at the concentrations ofNO2andO3belowthecritical  
Yaluesforfumlgationwiththesinglegas，Thesephenomenaareconsideredas“complex  
POll11tionerr8CtS”・   

InthecaseofSO2，Visibleleafip）urybegantoappearafter3hoursfun唖ationatl  
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volppmandthestomatabegantocIoseatO．65voIppm（10）・Fromtheresults，COnCerning  
theharmfuleffectsofNO2，03andSO20nPlants，thatofO3WaSthelargest，followed  
by SO2and NO2．It must be stressed，however，that detailed consideration of the  
＝complexpollutioneffects＝inrelationtotheappearanceofvisibleiquryandstomatal  

closureisasubjecttobestudiedinthefuture・  
TherelationbetweenthegassorptiomrateQandthetranspirationrateWpresentedin  

F瞳．2to5includes the effects of the changein gas concentration at the time of  

measurlngandleaftemperatureincreasesduetothedecreaseofthetransplrationrate．In  

ordertoeliminatesucheffects，therelationbetweenQ／w’andthegasconcentraitonILis  
毎ured，aSS九own血Fig．6andFig．7．Fig．6shows抽ere】a〔ionbetweene叫ル■a爪d  
jLNO2 duringNO2（F垣・2）orNO2＋0，fumigation（Fig．4），andinFig，7therelation  
betweenQO3／w’andF，0，duringO，（Fig．3）orNO2・0，fumigation（Fig．5）isgiven，  
Wherew’isobtainedby：  

w’＝町（ち（ちト少ろ（㌔））  （2）  

Theleaftemperaturedatanecessaryforcalculatingw’wereobtainedbyEq．（1）according  
to，themethodmentioned previously．1tisshownin Fig．6and Fig．7that therelations  

expressedbyQNO2／w’空1．4xlO．3・LLNO2andQO3／Wl竺1，5xIO．3・1LO3aPprOXimate  
totherelationbetween Q／W’and㌔，regardlessoftheappearanceofvisibleleafinjury  
SuCh as water－SOaked symptomsandwilt血g，and ofsingleormixedgasfuInlgation，On  

account oftheseresults，theprocessesofNO20rO3SOrPtionofsunflowerplantsmaybe   
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卵∫・物〟〟J〃JeゆCe血血ねげ〃〃d血〃Jm叩如rg／eNOり項Datewereobtam6d  
丘omtheIe5ultsshowniれFigs．2and4．  
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加重Ce血血J吋8nd血8r”10Sp九‘re佗0りW’ノ．D8taWeIeObtainedrromthe－e餌It邑  
血owninFigs．3and5．  

treatedinthesamewayasthatoftranspirationontheleaf（4，9）．  

力血恒ね妙新明血∽m肌M  
Using simplemodelsofthetransplrationrateandthegassorptionrateontheleaf，  

theboundaryconditionsattheleafsurfaceforNO20rO3COnCentrationswasexamined・  
ThetranspirationrateandthegassorptlOnrateOntheleafareTeSpeCtivelyapproximated  
bythefollowingequations：  

W＝㌔・困1トや・ち（㌔）川㌦●（rw。＋rw∫）〉  

e三帰帆一瑚ち・（‰十1誹  

Where   

‰／rwd＝（ち仲w）‾耶  

もル扉∫＝（q胤）‾1  

Itisknownthat the coefficientsofmutualmoleculardiffusionofNO2，03，etC・in  
air can be expressed by the theoreticalequation of Hirschfelder et al■（6）using  
Lennard－Jones’smolecularmodel・Here，LVDwwasapproximatedbythenextequation  
asasimplifiedform：  
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q仲wご（彗／軋）‾1／フ  
（7）   

AlthoughEq・（7）isasimplifiedequation，itisincomparativelygoodagreementwith  
the values obtained from thecoefficients ofmutualmOlecular diffusion（7，15）for  
Variousgascompositionshair．   

To facilitate【he coTnParisonofthecaJcuJa（edQ／W’withexperimentalresults，the  
fouowingequationwasintroducedfromEqsL（2）to（4）byassumingb／rwa＝b／㌦s＝  
たr‥  

帥′＝（たw／ちり（㌔－ろ）  
（8）   

Tab】e 

． 

Thevaluesofkw／kgk，forNO”0，andSOIWereCalculatedbyassurning‰／Twa＝   
bh・ws＝k，・ThecoefficientsofQ／Wrand㌔forNし2andO，WereObtainedfromthe  
datainFigs．6and7a】ld thecoemcje爪tforSOっwasobta加dfromllteratUred8ta  

（J∂）．  

慮wル㌔r  かル㌔  

′gαル亜  ㌧∫ルw∫   た′ニ辱ルw〃   たr＝′g∫／r伸∫ （experime叫  

（mmHg・VOlppm■1）（mm＝g・VOlppm‾】）（mm＝g・VOlppm－1）  

NOユ   1・37   1・60   1▲42xlO－）  1・22xlO‾さ   1・4x10‾ユ  

0ユ ▲ 1・39   1▲64   1・46xlO－ユ   1・24×103   1・5×10‾ま  

SO2   ！・53   1・89   1・77xlO－3   1・43×10‾ま  1・8xlOま   

Thecalculatedvaluesofkw／kgkrofEq・（8）forNO2｝03andSO2areShowninTable  
l．ThepTOPOrtionalcons加圧5betweenQ／W’andLL forNO2，03andSO2Whichwere  
obtained frorn Fig．6，Fig．7and theliteratuTe（］0），are also showninTablel・The  
calculatedvaluesofkw／ちkン，forNO2，03andSO2arerOughlyinagreementwiththe  
proportionalconstantsobtainedbytheexperiment・   

TheforegolngreSultsshowthatregardlessoftheappearanceofvisiblein］ury，andof  
singleormixedgasfumigation，theboundaryconditionconcern！ngthegasconcentration  
ofNO2andO，attheleafinteTface，CanbeassumedaslrOユ竺OvolppmandJlO3竺O  
voIppm asin the case of SO2，and that NO2and O3SOrptionrates are governed by  
factorsinvoIvedinthediffusionin the gaseous phase such as the boundarylayer  

resistance，StOmatalresistance，etC．．Richetal．（14）havemeasuredthestomatalresistance  
to watervapordiffusioninbeanleavesandtheO3SOrptionrat′ewhendarkconditions  
were replaced bylight conditions during O3 fumigation，and have reported that the  

stomatal resistance was the major factor governing 0, sorption. On the basis of the 
experimentaLresultswMlaJfaZfacaJ10py，fuTmgatedw仙diffeTentkindsofairpo‖utants  
（single）forlto2hours，Hill（5）comparedthesolubilityinwateroftheseairpouutants  
withgassorptlOnrateSOfthecanopy，andhasreportedthatgaseshavinghighersolubility  
had，ingeれera】，g∫ea一打gaS50rP血nr如e5・Sj刀CeH川，sexper血enthasbeenperformed  
without measurement Of the boundaTylayer resistance and stomatalresistance，etC・，  
comparisonwithourdatacannotbemadedirectly・ButtherepoTted亨Orptionratesof  
NO2aJ）dO3WererOugh）ycoincidentwithourdata・Bennettetal・（2）haveproposeda   
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gas sorption modelbased on Henry，slaw on the gas－1iquid equlibrium todefine the  
boundaryconditionsattheleafinterface；theyreportedtheimportanceofgassoIubi］ity  
in the process of gas sorption by plants and the concentration of the solutioninthe  
gas－1iquidinterface whlCh was related to solubility・HoweYer，the mechanism of gas  
SOrptionbyplantscannotbeexplainedonlyintermsofthesolubilityofairpollutantsin  
Water・AsforSO2WithcornparativelyhighsolubiIityinwater，SO2SOrptionofsunflower  
plantsamountedtoaboutl・4xl（「5g・cm‾2after5hoursoffumigationatl．5volppm，  
asreported byOmasaandAbo（10）．Assuming thatthefreshweightofsunflowerleaves  
used for the experiment（ca．0．03．g・cm‾ユ）consisted entirely of water，the SO2  
COnCentration at theinterface willbe aboutl・5x103voIppm，from thegas－1iquid  
equilibriumofthesolubilityir）Water（8）．Thisvalueisextremelyhighascomparedwith  
the fumigation concentration ofl．5volppm．In［hecaseofO30rNO2，SOlubility（the  
CapaCityofdecompositioninthecaseofNO2）islessthanthatofSO2，andtheestirnated  
gasconcentration早ttheinterfacewillbeevenhigherthanthecaseofSO2・   

Theabovementionedresultssuggestthattheprincipalfactorgoverningthebourldary  
COnditions for the gas cor．centratior．attheleafinterface，namely，theconce几trationin  
SOlution，1SnOtthesolubilityinwaterbutratherisre）atedtophysiologica）functionssuch  
as metabolism，tranSfer，etC．，Whichreduce the concentratior10fthe solutionwithin the  
plant body．On theotherhand，Hill’sresults（5）suggestthatthesolubilityinwaterhasa  
directorindirecteffectonthefunctionscauslngaLoYeringoftheconcentTationofthe  
SOlution attheleafinterlace．From the above mentioned discussions，it might be  
concluded Lhat physiological activities function to decrease the concentration of the 
SOlutionattheleafLlnterface（1））toOvolppmuntiltheleafinjurysuchaswater－SOaked  
andwiltingofthelearisobseTVed．  

WesincerelylVishtothankDr．Ⅰ．Aiga，grOupmanagerOftheDivisior10fEngineering  
ofourInstitute and Dr．A．Furukawa of the Division of ErlVironmentalBio10gy and  
membersoftheDivisionoffngineeringwhotookpartinthemaintenanceofequipTn占nts  
andthecultivationofplantsusedintheexperiments．  

ThisreportisareconstruCtedversionofapaper（12）publlShedinJournalofAgricul－  
turalMeteorology．  
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Studiesontheerrectsorairpollutantsonplants  
andmechanismsorphytotoxicity  
Res．Rep．Natl．1nst．Envi∫On．Stud．No，11（1980）  

Remotesenslng Ofthephysiologicalfunctionsofplantsbyinfraredcolor  

aerialphotography（Ⅰ）：Relations betweenleafrenectivity ratio，bi－band  

ratioandphotosyntheticfunctionofleavesinseveralwoodyplants  

MasatoshiAokll，KazutoshiYabukilandTsumuguTotsuka2  

1co11egeofAgriculture，UniversityofOsakaPrefecture，Sakai，Osaka59l  

】DivisionofETLVironmenta113iology、TheNationalInstitutefoTErrvironrnentalStudies，   

Yatabe，lbaraki305  

（1）The relation between the reflection characteTistics ofleaves and the chlorophyll  
COntent WaSinvestigatedin severalwoody plants to obtain basic data for estimating  
photosyntheticfunctionsbyaerialinfraredcoloTphotography．ThechloTOphyllcontent  
OfaleafwasestimatedwithastandarderroroflessthanlO％oftheaveragech］orophyll  
contentofhealthyleavesbyutilizingtherenectivityratios，rNI’／rR，andrNI．／r仁一，Where  
rNl’，rR’andrG’arethereflectivitiesat800nTTl，630nm，and550nmrespective）y．  
（2）The cQlor devel（】pment ChatacteTistics of the film weTe eXamined and suitable  
WaYelengtTISforanalysisweredcterminedtobe455nm（13），550nm（G）and620nm（R）．  
（3）Thebi－bandratiosofR／BandR／GonthefilmcoTrelatedhighlywiththecorrespond－  
ing rerIectivityratio占，rNl’／rG’andrNl’／rR’．1twasfound that R／Band R／Gcanbe  
utilizedasindicesofthechlorophyllcontentofleaves，  
（4）Therelationsbetweenthebi－bandratioandthephotosyntheticf11nClionsofalearas  
expressedbythechlorophyllcontentandthenetphotosyntheticratewereinvestigated  
for various tree species・1t wasshown that suitable bi－balld ratios forestimatlng the  
photosynthetic functiollSOf theleafaTeRIG，R／BandR／BG（BG二491nmband），but  
R／Gisthemostsuitableratio，  
（5）The chlorophyllcontentin a healthyleafwas estimatedby thebi－band ratio R／G  
with an estimationerrorofaboutlO％ofthe average6hlorophylllcontentofhealthy  
l¢aVeS．  

Keywords：Remotesenslng－Bi－bandratio－Chlorophyllcontent－Photosynthetic  
rate－Woodyplants  

Aerialinfrared colorphotographyllaSreCentlybeenusedfortheremotesensingof  

theinjury to plant physiologicalfunctionscausedbyenvironmentalpollutionbecauseof  

itssuitabilityforsurveylngOVeraWidearea・Thetechniqueofremotesensingasapplied  

toplantphysiologlCalstudiesisbasedonchangeSinspectralreflectivityofleavesdueto  

thereductionoftheirphysiologlCalfunctions・Itissaidthatleafreflectivityatthegreen  

WaVelengthreglOnincreasesandthatatthenearinfraredreglOndecreaseswithadecrease  

inphysiologicalfunctionsoftheleaves．Sothatanincreaseofthereflectivityratio（g，een／  
infTared）mightresultiftherewasreducedphysiologicalfunctions．Sinceinfraredcolor  

filmis sensitive to radiation extending from the green to nearinfrared reglOnS，the  

ratio ofleaf renectivity can be estimated by analysis of thecolortoneonaninfrared  

COlorphotograph，Theratioofthecolortoneisgenerallydesignatedas‘thebiLbandratio’  
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fortheremotesensingmethod，andhasbeenusedasanindicatorofphysioIogicalfunc－  
tionsofplants（4）．However，CauSalanalysesofleafrenectivityandphysiologicalfunction  
hasnotyetbeenachieved．  

Theaim ofthepresentpaperistoclarifytherelationshipbetweenthecharacteristics  
Ofthereflectionofleavesandtheirphysiologicalfunctions．ThefollowlngPrOblemswer  
investigated usingleaves of woody plants：The relation between（1）the chlorophyll  
contentofleavesandspectralcharacteristicsofren占ction，（2）thespectralcharacteristics  
rofrenection and color developmentoftheinfraredfilm，and（3）thebi－bandratioand  
photosyntheticfunctionofleaves．  

Materials and methods 

Forstudiesonthespectralreflectivityandthechlorophyllcontentofleaves，Samples  
in seven species ofwoodyplantSWereObtainedfromtreesgrowninthecampusofthe  
UniversityofOsakaPrefecture・SpeCiesoftheplantstestedareusuallyplacedalongroads  
and often plantedin green beltedareas．Thespecieswerecamphortree（Cln  
CamPhoYa Sieb．），Japanese viburnum（Viburnum Awabukt K．Koch），Japanese zelkova  
（Zelkova∫erra［a Makino），planetree（PZatanusorien［alis L），01eander（Neriumindi  
Mill），pOPlar（PopulusnigTaL．）andcommoncatalpa（CataわabLgnoTZioidesWalt．）．Fiveto  
Sixtree5WereSelected foreachspecies asatestplant，andthreetosixleavesweresampl－  
edfromeachtree■Forthemeasurementofthereflectionspectrum，theleafsurfacewas  
wipedwithtissuepaper．  

ACary17DX Spectralphotometer（Varian Co．Ltd，）wasusedforthemeasurement  
Ofthe reflection spectrum．Thecentralpartattheright－h宣ndsideofthemidribofthe  
leafwasattachedtothewindowofthemeasurementcell（0．5cmxIcm）andtheadaxial  
reflection spectrum WaS reCOrded by wavelength scannlng from400nmto2300nm at  
speedof5nm・｛1（400r900nm）andlOnm．｛1（900－2300nm）．Thespectralrenec－  
tivity（％）at450nm（rB’），550nm（rG’），630nm（rR’）and800nm（rNI′）wasreadfrom  
thechartrecorder，aIldthereflectivityratioswerecalculatedfromthedata．   

Immediately after measuri11g the reflection spectrum oftheleaf，the chlorophyll  
content was measured bytheSmith－Benitezmethod（6），Tendisksofarealcm2were  
punchedoutfromtheleafandhomogeniヱedtoextractchlorophyll．Thecbntentofchl．a  
＋chl・bwasmeasuredbycoIorimetryandexpressedaspg・Crhr2．   

In anotherexperiment，1eaves whichwere arranged on white cardboardwerephoto－  
graphed byinfrared color positive film under various exposure conditionsin artificial  
and naturalllght．Next，the chlorophyllcontent oftheleavesweredeterminedbythe  
method mentioned above．Kodak EktachromeInfraredFilm（IE135－20）andaNikon  
Camera（Nikomat EL；1ens：Miero－Nikkor－P，1：3．5，f＝55mm）wereused forphoto－  
graphy．A Kodak Wratten geratin filter（No．12）was mountedin front ofthelensfo  
exclude radiation of wavelength shorterthan500nm．Naturallight and artifieialllght  
（IwasakiCo，Ltd．，typePRF500W；5900Kincolortemperature）wereusedforlighting．  
Lightexpospreby戸peCularreflectionofaleafwasavoided・Thephot9graPhywascarried  
Out under variouslevels of exposure・And for the determination ofthe bi－bandratio，  
overexposures ofl．5－2．O times more than thatindicated bythe built－inlightmeter  
wereused，  

A micro－densitometer（Photo Pattern Analyzer，Model：PPA－250，Applied Electric  
Lab．Co．Ltd．，Tokyo）wasusedfortheanalysisoftheinfraredcoIorpositivephotograph．  
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Theoutputvoltagesduetolighttransmissiononaleafimageweremeasuredbymounting  
interference filters on themicro－densitometer・The measurement area was o・2mm x  
O・2mmontheleafimage，andtheoutputvoltageswereaveragedbyscannlngOntheleaf  
imageavoidingthepartwherespecularreflectionoccurred．  

Sometime5thereflectionspectrumOfaleafwasalsomeasuredbeforephotography  
toexaminetherelationbetweenthespectralreflectivityandthebi－bandratio．  

ThespectralcharacteristicsofcolordevelopmentoftheinfraredcoIorpositivefilm  
Wereinvestigatedwithvariousinterfercncefilter（halfwidth：9－16nm）．Thereflection  
SPeCtra Ofthe developed colorimageswerecompared withtllepeakwavelengthofthe  
interferencefilters．  

When the relation between the net photosynthetic rate ofleaves and the bi－band  
ratiowasexamined，thephotographingoftheleafwascarriedoutimmediatelyafterthe  
measurementsofthenetphotosyntheticrate．Thenetphotosyntheticrateofadetached  
leafwasmeasuredinanassimilationchamber（15×20cm2，4cmdeep）undercontrolied  

environmentsofairtemperature250c（or200c），relativehumidity80％，400ppmCO2  
concentration，airvelocity of3．3cm・｛1and short wave radiation of O．3（orO．25）  
cal．cI正2．mi∫r2，  

Res山tsanddiscussion  

月e加わ〃占eルeg〃∫peCfrαレビ仲C如fけd〃dc力わr叩力γJJc（川re〃r‘）／Jビガ  

Renection speCtra Of the camphor treeleaf with variousleaves of chlorophyll  
COntentinFebruary1979areshow∫linFig・1・Therenectivityat500－600nm，eSpeCially  
ataround55Onm，1nCreaSedrqmarkably with decreasing chlorophy11content．Ataround  
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inthefigureshowthechlorophyllcontent（Pg・Crrr2）▲   
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800nm，aregionwherechlorophy11doesnotabsorbradiation，thespectralreflectivity  
decreased only slightly even when the chlorophyllcontent decreased from 57to  
14鵬・Cm‾2．   

FigL2showstherelatiorlSbetweenthespectralrenectivitiesat450nm（rl｛），550nm  
（rG’），630nm（rR’）and800nm（rNI’）andthechlorophyllcontentofthecamphortree．  
TherewasadistinctdifferenceintherelationsbetweenrG′andrR′aIldbetweenrNI’and  

rB’・In the former，the reflectivjtyjncreasedalmostej｛POnentja）1y w仙adecreasejn  
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rRlandrNI’denotethespectralreflectivityat450nm（B’），550nm（Gl），630nm（R，）  
・and800nm（Nl‘）respectiv¢1y．  
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血力作〝e∫eyJ∂〟r〝〟椚，CαmPカprf′ee〃〃doおα〃de差r8’，rG■，rR′andrNI－aJethesame  

asthoseinFig・2・Numeralsinthefig11reShowthecorTelationcoefficier）tS（一）．  
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chlorophyllcontent，Whileinthelattergroupsthereflectivitywasalniostconstantexcept  
atlowchlorophyllconterltS（below30FLg・Cm．2）．Simi1arrelationstothoseinFig．2were  
Obtainedforotherspecies，  

The relations between the chlorophyllcontent and the renectivity ratios selected  
from the few wavelengthspreviously mentioned wereexaminedinJapaneseviburnum，  
CamphortreeandoleanderinFebruary1979．AsshowninFig．3，thereflectivityratiosof  
rNl’／rR′，rNI′／rG’，rB′／rG′andrl｛／rR’showedalinearrelationtothechlorophyucontent  
witllCOrrelationcoefficierltSbeinggreaterthanO・83・Ontheotherhand，thereflectivity  

Tablel（b〝e払J旧〃COd併fe〝タブβ′抽g′eJα血〃ムeルee乃J如Jgガ′釘7ecJル叫′mぬ〟〃d   

J力ecJ血ropカメJco〝fg〃一山c〃椚p烏8′加e．oJg〃〃de′〃〃dノβpα〃e∫ビリー占〟用〟肌  

SymboIsareasinFig．2・nisthesamplesize・Nume－alsinparenthcsesshowthestandard  
estimationerrorcalculatedfromtheregressionline．＊Showshighlinearity・  

Measurements in 1979 

ratios rNl′／rB’and rR’／rG’correlated poorly with chlorophyllcontent，because the  
reflectivitiesrNI，andrB′andalsorR，andrG，respondedverysimilarly tochangesin  
Chlorophy11contellt（cf．Fig．2）．  

The correlationcoefficients（r）fortherelationbetweenthechlorophyllcontentand  
reflectivity ratios calculated for the different combinations of spectral reflectivity are 
indicatedinTablelforthreeplantspecies．Fourreflectivityratios（rNI′／rG′，rNI’／rR’，  
rB’／rG’and rli′／rR′）showed a high correlation coefficient（r＞0．83）in every species，  

Especially，for rNl’／rG′and rNI’／rR’thelinear relation was clearlyindicated．Those  
reflectivity ratios exhibited marked variations with changesirlChlorophyllcontent，  
Therefore，theratiosrNl’／rG’andrNI’／rR’seemtobethemostsuitableforestimationof  
the chlorophyllcontent．The standard estimation errors of the chlorophyllcontent  
evaluatedfortheregressionlinesbetweentheratiosrNI’／rG′andrNl’／rRrwereO．25（5．6  
1jg・Cn｛2chlorophy11），2．4（3．8pg・Cn｛2chlorophy11）and4．1（6．7pg・Crrr2chlorophyll）  
respeCtively for camphor tree，01earLder andJapanese viburnum．Since the average  
chlorophyllcontentofhealthyleaveswasabout60pg・CITr2forJapaneseviburnumand  
about50pg・CnT2forcamphortreeandoleander，thestandarderrorsareequlValentto  
lessthanaboutlO％ofthecontentinthesetrees．lnthecaseofrNl’／rR’，theregression  
lineswereapproximatelythesameforthethreespecies．  

Them叫OrCauSeOferrormemtionedabovewouldseemtobeduetovariationsinthe  
thickness ofleaf．Asindicatedin Fig．3，the corTelation coefficients between the  
renectivityratioandthechloropllyllcontentwereslightlysmallerinJapaneseviburnum  
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thanthoseintheothertwospecies，TheleafthickrLeSSOftheformerplalltShowedmore  
Variation，WhichresultedprobabJyinloweringofthecorreIationcoefflCient．Whenleaves  
Were piled up，the reflectivity at the uppermost surface of theleavesincreasedpartic－  
ularlyat750－900nm・Whileat400－700nm，therewashardlyaIly Changeinreflec－  
tivity and thereflection spectrum oftheleaveswasalmostthesameasthatQftheupper－  
mostIeaf．For example，the pilingoftwoleaveswithsimilarleafthicknessinJapanese  
Vib11rum，Whosereflectivityat800nmwas55．3％foreachleaf，reSult6dintheincreaseto  
65．3％forreflectivity at800nm．However，the．reflectivityat500nrrtofthedupllCated  
leaveswas4．9％，Whilethatofsingleleafwas5，0％（theupperleaf）and5．2％（thelower  
JeaE）．The ratio ofrNT’／rG’ofthe duplicatedleavesinJapaneseviburnum was5．79，  
whilethatofasingleleafwas6．51fortheupperleaf（chlorophyllcontentニ66．611g・CnT2）  
and6．14forthelowerleaf（chlorophy11content：60．2pg・CnT2）．Inthesameway，the  
ratioofrNI′／rR’of叫Plicatedleav占swas13・3，Whilethatofasingleleafwasll・1？nd  
JO．6respectivelyfortheupperandthelowerleaf．Thechlorophyllcontentofthedupli－  
catedleaveswasestimatedtobe791Jg・CnT2bytheregressionlineinFig．3．Sincethe  
sumoftheactualchlorophyllcontentsofthedupllCatedleaveswas127pg・C7Tr2（＝66，6十  
60，2pg・CnT2），theestimatedvaluewas48pg・Cm．21essthanthe actualone（relative  
error：48／79xlOO＝61％）．lnthesameway，thechlorophyllcontentwasestimatedtobe  
75pg・CIT｛20nthebasisoftherNl■／rR’，Thisvaluewas52FJg・CTTr21essthamtheactual  
one（relativeerror：52／75×100＝69％）．1nJapaneseviburnum where theleafthickness  

Varledmost amongthe threespeciestested，themaximumdeviationoftheleafthickness  
wasabout±10％relativetotlleaVeTageValue．Therefore，fortheuseoftherNl′／TG’一  
Chlorophyllrelationshipundertheassumptionthatthereflectivltyratioisproportionalto  
theleafthickness，themaximumerrorforestimatingchlorophyllcontentwouldbeabout  
±6％（＝±61x O．1％）．ln the caseofrNl’／rR’，themaximumerTOrisestimatedtobe  
about±7％（＝土69x O．1％）．As shownin Tablel，the standardestimation errorfor  

ChlorophyllcontentinJapanese viburnum was thelargest，Thereason forthisresultis  

mainlyduetotherelativelywidevariationsoftheleafthicknessinJapaneseviburnum．   
1t wasreportedthat therenection spectrumofdleafchangedwithadecreaseinleaf  

watercontent（6）．1tisprobable，therefore，thatthewatercontentisonecauseoferror  
for estimating chlorophyllcontent by the reflectivity ratio．Here，the effects ofleaf  
Water COntent On the reflectivity ratio were examined．The renectivity atwavelengths  

greater than1300nmincreased abollt 20％for a decrease of50％in theleaf wateT  
COntentinJapaneseviburnum，Whiletherenectivityatvisiblewavelengthsincreasedonly  
Slightly（ca．1％），andatthenearillfraredregiontheincreasewasabout4％．Changesin  
rNTl／rG′andrNl′／rR’，however，WereOnly5％ofthoserespectivelyobtainedunderthe  
leafwatercorLterLtOfhealtllyCOnditioninJapaJ）eSeVjburnum，CamPhoTtTeeando］eandeT，  
even when theleafwater content decreased to80％of the healthy state，becausethe  
increaseinspectralreflectivity at thegreento nearinfraredregion with decreaseinleaf  

watercontent was almostthesame．Therefore，fortheratiosrNl’／rG’andrNI′／rB’，the  
estimated errorduetD tl】e cわar】gejn】巳afwatercol】fent wil】benedig抽1eevenin】8aγeg  
withseverelackofwater．   

‘し．・ご、∴・∴、‥、・・、．∴・．・・．・‥・‥－．、・‥ ∴・ご ‥・、・・・‥‥ご・・ご ∴∵ぺ・・．・・‥；i   

It was made cleari刀fわe previousgectjon抽射抽e cl1loropIlyH co∫lknt ofa】eaf，  
Whichis anindicator of the physiologlCalfunction oftheleaf，Can be estimated by  
reflectivityratiossuchasrNI′／rR’andrNI’／rG’．Therefore，theestimationofchlorophyll  
COntentWillbepossiblebytheinfraredcolorphotography，ifsuitableillformationonleaf  

230   



RemotesenslngOrplantinJuryCauSedt）yairpdlutants  

reilection can be extracted from■the photograph・FifStly，thecoIordevelopmelltOfan  

infrared coIor positive film was studied to find out the most suitable wavelength for  

analyzlngthetoneofthecolorphotograph・Secondly，therelationbetweenchlorophyll  

content oftheleafand the coIor developmentofthefilm，andfinallytherelationbe－  

tween the reflectivity ratio of theleafand the bi－barLd ratio on thecolorphotograph  

wereinvestigated．  

（1）Developmentofinfraredcolorphotograph  

According to the spectralsensitivity ofthe KodakInfrared Color Film（3），three  

layers of yellow，magenta and cyan emulsion on the film base are developed by the  

exposuretolightof500．－600nm，500－700nmand500L900nm，reSPeCtivelywhen  

theKQdakWrattengelatinefilter（No．12）isused．  

Changesin coIor development ofthe film were examined byphotographinghigh1y  

renective cloudsin the sky with the camera on whichlens aninterference filter was  

mounted．The abseissaofFig．4showsthewavelengthoflight exposedto the film and  

the ordinatein the peak wavelengthinthetransmissionspectrum ofthe colorpositive  

film．Theincidentlightof500590nm was developedontheyellowemulsionlayeras  
the color tone of455nm（halfwidth：aboutlOOnm），andthatof600L680nmwas  

developedonthemagentalayerasthatofwavelength550nm（halfwidth；about60nm），  

andlightof690－900nmwasdevelopedonthecyanlayerasthatofwavelength620nm．  

Thus，it was ascertained that the basic wavelengths of color development on the film  

are455nm，550nm and620nm，and these wavelengths are suitable foranalyzlngthe  

COlortoneofthephotographs．  

（
∈
U
）
ト
Z
山
∑
d
O
」
山
＞
山
口
 
∝
O
J
O
U
 
 

J
O
 
エ
↑
じ
Z
山
」
山
＞
く
き
 
ゞ
く
山
d
 
 

rJも  

r－－＜ト（）OJ  

400   500  600   700   800  

WAVELENGTH OF LIGH†EXPOSED（nm）   

F隠4・月g血J拍〝抽wee〃伸〃ソgJ叩√力0／タカeJな加わW抽力血呵rα′edガJmw〃∫  
eズpO∫ed〃〃dr如pgα慮w〃リeJビ′堵タカ0／ー加eoわrdeveわpme′けneabsci5SaShowsthe  
WaVeIengthofincidentlightuponthefilm，andtheordinateshowsthepeakwaver  
lengthonthet∫anSnlissionspectrumofcolordeve）opment．  

（2）Relationbetweenchlorophy11contentandcolordevelopmentontheinfraredfilm  
Typicalexamplesofthereflectionspectrumofaleafandthetransmissionspecturm  

Oftheleafim争gePnthecoIorfilmareshowninFig．5．NumeralsirLthefigureshowthe  
chlorophyllcontentinFLg・C汀「2・Thedataoftheupperandlowerfigureswereobtained  
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Fig・5▲ みec汀αJc力αrαCJg′雨fc∫0／re」伽c血〃0／J吋β〃d fJ∫COJo′deγeわp椚e〝Jo〃  

f′函redβJm▲仙mg′βJ∫f〃血伽′ビ∫九州J力gc倒b′Op力〆Jco〃加′f〃揮・ビ灯2．Data  
fLoTtheupperandlowerfigureswereobtainedwitl】thesameleaves．   

Withthesameleaves・Threemaximawererecognizedinthetransmissionspectrumofthe  
leafimage，From the comparison between the two fig11reS，it can be said that the  
lT）aXimum at the620p670nm reglOn WaS CauSedby theincidentlight ofwavelength  
around800nin，and the dther two maximawere produced byinteractionbetweenthe  
incidentlightat500680nm and the changesin spectralsensitivity oftheyellowand  
magentaemulsionlayers．Thetransmissionspectrum beyond670nmmaybeaffectedby  
the transmission characteristicsofthefilrn base．  

Thetransmissionspectrumoftheinfraredcolorpositivephotographwasdependent  
On the quantity oflight exposed and the quality of thelight source．Underthesame  
COnditions，fora dark－green・COloredleaf，Whichcontainedmuchchlorophyllandshowed  

a relativelylowreflectivityatthevisiblereg10n，thedevelopmentgaveacolorimageof  
lowertransmissivityataureglOnS・Fortheyellowishgreencoloredleaf，however．which  
containedlesschlorophyuandshowedarelativelylargereflectivityatthevisibleredon，  
tlledeve】opme刀【gavehjghertra乃5mi5Sjvity山一わe waveleJlg止range350－5gOrIm．The  

transmissivityofthefilmatthe620nmdependedonthechlorophyllcontent，andwas  
inparallelwiththereflectlVityoftheleafat800nm．   
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（3）Bi－bandratioandspeCtralreflectivityofleaf  

As mentioned above，the wavelength ofthe developed colorimage onthefilm was  

Shifted to shorter wavelengths compared to that oftherealincidentlight（Fig．4），and  

also the transmissionspectTumOftheleafima各eWaSTemarkablY differentcompaTedto  

the reflection spectrum oftheleaf．Hence，therelations betweenthe bi－band ratiosand  

therenectivityratioswereexamined．   

Interference filtersof461nm，535nm arld624nm at maximum wavelength（half  

Width：reSPeCtively16nm，9nm and12nm）wereavailableforusetoanalyzethebi－band  

ratio，although the most suitable wavelengths foranalysis were445nm，550nm and  

620nm，aSShownin the previoussection．Theoutputvoltagesofthemicrodensitometer  

mounted with theinterference filteTS Of46lnm（B），535nm（G）and624nm（R）were  

measured，andvanousbi－bandratios（R／B，R／GandG／B）werecalculated．  

The correlation coefficients between tlle bi－band fatios and reflectivity ratios of  

lcavcsincamphortreeandoleaTldefareShowninTable2．TherelationsbetweenR／Gand  

Tat〉leユCcけre加fD円仁Oeガ盲cienrs舟′f如′eJ8fioれあeiwee乃fわe bf一飯川drが庖〉即拍†如  

吋7ee血砂r〃Jわ血e〃椚P万♂rけee〟〝d∂Je〃〃de′．  

reflectivity   
ratio   Camphortree（n二Z5）   01eandeT－（n＝25）   

bi・band   TNI’  rNI一  rNl一  丁Nl’  rR－   

Jatio   冊  1G‘  rG′   fR′  rG′  rG′   

R／G   0．9（i  O．95  0．42   0，88  0．86  －0．12   

R／B   0．83  0．91  0，32   0．82  0，90  0．16   

G仲   0．16  0．0（〉  0．11   0．14  0．32  0．65   

B，G andRdenotetheintensityoflighttTanSmissionoftheinfraredcoIorfilmat461nm，  

535nmand624nm，reSpeCtively・nisthesample5ize・OthersymboIsaTethesameasinFig，2．  

Measurements in 1979 

rNl’lrR’and between R／B and rNl’／rG′showedhighcorTelation coefficients■forboth  
trees（0・96andO・91incamphortreeandO▲88andO，90inoleander，reSPeCtively）．Also，  
betweenR／GandrNl’／rGland between R／IhndrNI’／rR’，highcorrelationswererec．  
Ognized・EvenwhenthelightquantityoftheexposurevariedovertherangeofO．751．5  
times that ofnormallighting，highcorrelatioIICOefficients simi1ar to thoseinTable2  
WereObtainedbetweenR／BandrNI′／rG’andbetweenR／GandrNI’／rR’incamphortree  
and oleander．  

Therefore，it canbesaidthatthebi－bandratiosofR／BandR／Gcanbeutilizedas  
betterindices ofthe chlorophy11content ofleavesinstead ofthe renectivity ratio of  
rNI′／rG’andrNI′／rR′．   

βf一血相刷れ拙け姑叫叩血血丞胱仙川〃面   
It was discussed in the previous sections that the estimation of the chlorophyll 

COntentin oleanderand camphortreeleaveswi11bepossiblewithhighaccuracybyusing  
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thebi－bandratioofR／BandR／G．Here，therelationofthebi－bandratiotochlorophyll  
COntent WhlCh was closely relatedwith the net photosynthetic rate was examinedin  
leavesofcamphortree，01eanderandJapaneseviburnum．AsshowninFig．6，thebi－band  
ratiosofR／Band R／Gwerehigh1ycorrelatedwiththechlorophyllcontentmeasuredin  
February1979．Especiallyin camphor tree，there was alinearrelationship toR／G（r：  

0・96）whichvariedoverawiderangewiththeJchangeinchlorophyllcontent．Ch血gesin  
COnditions oflighting and exposure at photographlnginduced sorne deviationin the  
linearregressionlinebetweenR／Gandchlorophyllcontent，aSShownintheleftfigurein  
Fig．6．  
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Fig・6・月e血加”録仙eg〃伽ぁー由れd化ぬα〃d血亡地相p力γ〃co㈹〃rJ門J岬β乃e∫e相〃mU沼，e〃椚・  
〆わ′伽g〃〃d∂ノ甜乃ぬr B，G，叩dRdenotethei月tengjtyofljghttran5mjざ5jonofthe血丹野edcolor  
POSitivefilmat461rLm，535nmand624nmrespectively・NumeralsinthefiguIeShowthecorrela，  
tioncoefficients（一）・ForJapar．eseviburnum，therelationwasmeasuredundeISixdifferentphoto－  
graphingcorLditions．  

Typicalexamplesoftherelationbetweenthebi－bandratioandthenetphotosynthet－  
icrateareshowninFig・7inpoplar（upperfigure）andcarnPhortree．TheR／Gratio  
Showed alinearreIationshipwith thenetphotosyntheticrateinbothplants，Whiletlle  
R／Bratiodidnotshowgoodlipearityinbothplants．  

Table3shows the correlation coefficientsbetweenthebi－bandratioandthechlo－  
rc．phyJIcontentand betweenthe bi・bandratioandthenetphotosyntheticrate，Which  
WereObtainedusingsixspeciesoftreesintheperiod1975－1976．TheR／Gratioalso  
Showed high correlation coefficientsbetween thechlorophy11contentandbetweenthe  
れetpl10tO5yれtl－eticrate（ーご0．8－0．9）forallpねntsexamined．  

Detailedallalysesofthecorrelationcoefficientandtheerrorofestimateareshownin  

Table4for camphor tree，01eanderandJapaneseviburnuminFebruary1979．Several  
kindざOfbi－barIdratjo5WereCa】cu】ated fromtheoutpllとsoftlle叩eCtral【ra爪Smissjol10f  

the film atthewavelengthsof417nm（P），461nm（B），491nm（BG），535nm（G），583  
nm（0）and624nm（R）to findoutthebandmostsuitableforestabllShingtherelation一  
助1pbetwee刀抽ebi－bandrafiDaJld班echlo∫Ophy】】collt仁山．Foり∂pane5e■ViburれulⅥ，伽  
COefficientwasobtainedinfivegroupsofleavesunderthesamephotographingconditons．  
The range ofvariationis alsoindicatedinthetable．Thebi－bandratio，G／B，COrrelated  

POOrlywiththechlorophyllcontentforallspecies．Theratios，R／P，R／0，0／BandO／BG  
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Fig．7 月eJ♂血〃ムgfwee〃J加ゎf一ゐ〃〃d用rfo〃〝dJ力e円erp力or（叩凧加血Ⅷ蛸塙叩叩血  

／upperJaTldcampJlOrTree・The biLband ratio．iscomposed ofB．GandRwhichaIe  
indicatedinFig．6．  

ShowedhighcoTTelationcoefficients（TこCa．0．9），blltlineaTitybetweentllelatlosandthe  
Ch10rOPhyllcontents were not good．For R／B and R／G，the correlationcoefficient was  
highforeveryplantspecies（r二0．89－0，96）andlinearitywasalsogood．’1nthecaseof  
R／G，thelirLearitywasbestamongallthebi・bandratios，andratiochangedmarkedlywith  
Changein chlorophyllcontent．Thestandardestimationerrorforevaluatingthechloro－  
phyllcontentwithR／Gwaslessthan5．3pg・CI正2，WhichwasequivalenttoaboutlO％of  
thenormalcontentofleavesinthethreespeciestested．Whenthequantityofexposure  
to the filmdecreased，R／G，R仲GandR仲incTeaSedevenfoTthesamelevelofchloro－  
Phyllcontent．However，the corfelation coefficients were almo5t the same as thosein  
Table4．From these facts，itisconcluded that R／Gisthe most suitablebi・bandratioto  
estimate the chlorophyllcontent ofaleaf．R／BG，Whichis anintermediatebi－bandratio  
to鱒／GandR／B，apPearedalsotobesuitable（seeTable4）．  

Concllldingremarks  

Thebi－bandratiohasbeenusedfortheremotesenslngOfplantiquryasexpressed  
bythegradeofplantactivitieswhlCharerepresentedbychangesofappeara∫lCeOfplarltS  
SuChasleafcolor，treeformsandelongationofbranches（1，2，4）．   

lnthepresentpaper，itwasshownthatthebi－bandratioR／Gcorrelatedhighlywith  
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Table3〔b′re加旧〃COe伊C如r∫か血′e如0乃∫占erwα〃f力e占抽〃d和才わ〃門♂血  
潮肌両川跡血机血≠川呵血抽叩血抽加拍闇脚か刷ゆ画湘・  

Japa－  

neSe  

vibur－  

num  

1976  

Japa－   
neSe  

zelkova  
1975  

COmrnOn Camphor plan  
Catalpa tree tree  
1975  1975  197（〉  

bi－balld  
Iatio  

poplar  
1975  

（n＝Ⅰ8）（n亡19）  （几＝1g）（】t＝17）（nご19）   

0．87   0．87  0．81  0．79   0．92   

0．86   0．85  0．89   0，85   0．81   

0．80   0．27  一0．68   0．5（；  0．51  

Chlorophyll  R／B  

（n＝2（，）（n＝＝23）（n＝18）（n＝20）  

RノB O，33  0，74   0．84  0．85   

R／G O，85  0．8（〉  0．80  0．89   －  

G／B  －0．41 －0，68  －0．55  －0．27   －  

net  
photosyn仙etic  

rate  

SymboIsarethesameasinTable2．  
Measurements in 19751976 

Tab】e4Cbr′e加わ帽COd抒cほ〝rりb＝如re加加ゎefweg〃加ゎ抜刀d′βわα〃d伽  
e別brop力γJJco〃J叫〃〝d血∫加血rde∫伽〃r加e仰′好血c肋ropカメJco〃rg門J  
偏・em‾2ノ0如β血edムγ鹿島旭〃d用rfor〃Cαmp力orrrge，OJeα”dg′α′∫d血pβ昭g  
直れ椚Ium．  

bd  ca Ji  
5 

＊0．94  

【0．88－0．98】   

＊0．9：！  

【0▲790．98】   

＊0，96  

【0．94－0．99】   

＊0．89  

【0．79－0．99】  

0．77、  

【0．480．97】  

0，71  
【0．32－0．99】  

（4．3〟かCm‾コ）   

（4．5   ）   

（3．7   ）   

（5，0   ）   

（6，5   ）   

（6．8   ）  

R／P  O．8フ（8．4〃g・C・正2） 0．87（5、叫g・Cnr2）   

R畑  0．93（6．3   ） 0．89（5．5   ）   

R／8G   ＊0．96（4．5   ） ＊0．92（4．7   ）   

R／G  ＊0．96（4．8   ） ＊0．90（5．3   ）   

R／0  0．夕1（7．2   ） 0．88（5．8   ）   

G／B   ■ 0．00（、  ） 0．2（；（、  ）   

0佃  0．87（8・5   ） 0．83（6．6   ）   

0／BG  O．93（6．5   ） 0．87（6、0   ）  

P，B，BG，OandRdenotetheintensityoflighttransmissionoftheinfraredcolorpositive  
filrn at417nm，461nm，491nm，535nm，583nmand624nmrespectively．nisthesamplc  
size．InJapanesevibumum，datafortheco一丁elationcoefficientshowmeanvaluesobtainedin  
5groups（n＝5ineach）ofleaves▲merangeSOfthecoerricientsareshownin【】＊ShoγS  
highlinea－ity・  

Messurements in 1979 



RenlOteSenSingofplantiT刃uryCaUSedbyairpollutants  

Photosyntheticfunctionsofleafwhichwererepresentedbythechlorophyllcontentand  

the net phtosynthetic rate．This means that the pllOtOSynthetic functions ofleaf can  

beestimatedbythebi－bandTatioR／Gontheinfr？redcolorphotograph．  

AsshowninJapanesevibum11minFi呈．6，thelinearregTeSSionequatiDnbetweentlle  

bi－bandratioandthechlorophyllcontentwasdeperldentonthephotographicconditions  

SuChasthequantityoflight used forfilm exposureand thequality oflighting．Inaddi－  

tion，the equation was also dependent onthe developlngPrOCeSS，eVenifphotographic  

COnditionsremained the same．Tllerefore，reSearChon thestandardizationofthebi－band  

ratioinretationtophotosyntheticfunctionsofleaf，SuChaschlorophyllcontent，Should  

beperformed．  

The aim of remote senslngwith the bi－band ratiois，generally，tO eStimate the  

decreaseinphotosyntheticfunction畠ofatreeasa‾whole（4，5，8，9）asaresultofiniuTy．  

The crownoftreesiscomposedofafoliagecanopywheretherearemutualshadingsof  

leaves with variousinclinations and orientations．1n this case，therefore，the relation  

between the bi－band ratio and phtosynthetic functions of the foliage canopy willbe  

more complicatedthanthatinthecaseofasingleleafmerltionedinthepresentpaperL  

Suchproblemsshouldbestudiedinthefurture．  

TheauthorsthankMrLShujilmaiLandMr・TatsuoShinohara（UnivtofOsakaPreft）  

for their helpintheexperimentsandtoDr．KiyoshiSugaharaoftheNationalInstitute  

for EnvironmentalStudies for hisvaluablesuggestionscomcemingmeasurementsofthe  

leaf reflection spectrum．The research was partly supported by“the SpecialResearch  

Project on EnvironmentalSciences（1）：Basic Study on the Remote Sensing”ofthe  

MinistryofEducation．  
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Studiesontheeffectsofairpollutantsonplants  
andmechanismsofphytotoxicity  
Res・Rep■Natl・Inst・Environ．Stud．No．11（1980）  

Measurementofthethermalpatternofplantleaves underfumlgation  

with air pollutant 

KenjiOmasal，FumiakiAbol，YasushiHashimoto2andIchiroAigal  

1DivisionofEngineering，TheNationalInstituteforEnvironmentalStudics，Yatabe，Ibaraki305  
】FacultyorAEriculture，Ehjmel丁口蓋ve！Si！y，MatsⅥyama790  

ln thispaper，We eXamined someJproblems ofmeasurlngleaftemperatureunder  
fumlgatlOnWithanairpo11utantinanenvironmentalcontroIchamberusmgascannLng  
typeinfraredthermalcamera，WealsomeasuredchangesiJltheleaftemperaturepattern  
durlngSOlfumigation．Theresultsobtainedwereasfouows．  
（1）The thcrmalemissivities of sunflowerleaves ullder various conditions were  
measured．Thoughthe values obtained were slightly differentwithindividualsample  
leaves，thesevalueswereaboveO．95．Thcemissivityval11eSOfleavesexposedtwohours  
toSOIWerenOtdi汀erentrrom仇oseofhealthyleaves．  
（2）Theeffectoftheinfraredradiationfromtheambientenvironmentwascorrectedby  
prlOr meaSurement．m¢refoIe，in the environmentalcontroIchamber，errOrSin  
measurementofleaftemperaturewerewithinO．2Cc．  
（3）Changesinleaftemperaturepatternsweremeasuredwiththisthermalcameraduring  
SO，fumlgationinthe chamber．ThesepatternSWere COmparedwith the patternOf  
visibleinJury OCCumngOnthesameleaf．Theleaftemperaturepatternwassimilartothe  
Yisibleinjury pattern．Changesinleaftemperaturewith SO2fumigationareindexesor  
SOt50rptionTateS，th11S，thelocalSO2SOrptionIateat5itesonthelearsufね∝Wereable  
to tx：eValuated from changesin thcleaf temperature pattern．As■the result，it was  
recognized that there was atendency forthevisiblein）ury tO OCCuratSiteswhere the  
amountofSO2SOrptionwasoverathresholdLValue．  
Keywords：Ai＝pOllutionLImageprocesslng－ThermalpatternrLeafinjury．  

Temperatureofaplantbodyisoneoftheimportantfactorsgoverningphysiological  
reactionsinlivlng plants and transportation of substances between plants and the  
atmosphere．1tis known that vegetaltemperaturei），is susceptible totheinfluenceof  
variqusenviTOムmentalfactors，ii），Changesremarkablywiththephysiologicalconditionof  
each plant，andiii），differswithspeciesofplant．Forinvestigationoftherelationbetween  
the environment and vegetalreactions，SuCh as the effect of air pollutants on plants，  
measurementofvegetaltemperatureisindispensable，  

Conventionally，Vegetaltemperature hasbeenmeasuredbythecontactmethodusing  
thermocouples or thermistors，With the recent developrnent of surface temperature  
measuring apparatus，nOn－COntaCt meaSuring methodsuslngradiation thermometersand  
SCanninginfrareq cameras have come to attractincreasing attention（1，3，6，7）・ln  
Particular，uSedfthescannlngirlfraredcamerapermitsobtainingtwo－dimensionalsurface   
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informationastovegetaltemperature，DevelopmentofthisvegetaltemperaturemeaSur－  
1ngteChniquetogetherwithimageprocessinghasjustgotunderwaywithmanyproblems  
reJnajJ】1J】gul】501ved．   

1nthisreport，WeattemPtedtoexaminetheproblemsofapplylngaSCanninginfrared  
cameratothemeasurementoftheleaftemperatureofplantsexposedtoairpollutants・1n  
addition，aS an eXamPle of the application，We eXtended an analysISOftherelation  
betweenSO2SOrptionrateandvisibleinjuryfromseveralsiteson■aleafsurface（4）to  
two・dimensionalleaf surfaceal1over，throughmeasurement of theleaf temperature  
PatternduringSO2fumlgation・  

Measuring method and equipment 

．れお〟∫〟rブ〝g∽g才力♂d〆Jg〆Jg川戸g〝J〟′β∂γ加ノね′gdぐα椚g′〝   

Assumingthattheleafsurfaceisopaque（2），theinteilSityR（入，T）ofspectralradia－  
tionofinfraredraysontheleafsurfaceisexpressedasthesumofthermalradiationfrom  
theplantandradiationfromtheambientenvironment（1，7），  

R（入，r）＝e（入，り・叫入，㌻）＋【（1－e（入，r）いg（入．㌔）  （1）  

where入isthewavelength；e（入，T）isthespectralemissivityofleafsurfaceattemperature  

T；W（入，T）isthespectralradiantintensityofblackbodyattemperatureT；andE（入，Ts）is  
the spectralradiantintensity from the ambient environment toleaf surface at  

temperah汀e，㌔・   

Whenmeasuringth占radiantintensityROL，T）fromtheleafsurfaceusirlganinfrared  
detectorhaving 

． 

与（r・㌔）＝上：1仲）・榊よ  

＝∈（り・㌦（r）＋【1一言（れJ・ち（㌔）  （2）  

whe∫e′（入）isacoerfici叫esfaら山sムedbycon5idering拍erad加加増】ec一丁加yconvers中  
efficiency of aninfrared camera detector，amplification factor ofinternalampllfier，  

transmissivityandreflectionfactorofair，lens，filter，etC”  

Themeanemissivity妄（T），Vw（T）and7b（T）aredefinedasfollows：   

和庁e（入射（入川・り叫′［㌣冊町岬一（3）   

（4）   

㌦（r）＝ギ仙崎r）瓜  

ち（r）＝仁仰）・g（榊  （5）   

Since the VT（Tl㌔）is given as output voltage ofthe detector，Vw（T）can be  
obtainedifthe meanemissivity畜（T）andvoltage VE（T）correspondingto theradiant  
intensity fromthe ambient environment are prellminarilymeasuredandestabllShed〉aS  
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rollows：  

㌦（㌻）＝［り（r㌔ト㌦（㌔）】／百（r）十佐（㌔）   
（6）   

Vw（T）isdefinedbytheoutputvoltageofthedetectorinmeasuringtheradiation  
fromablackbodyatatemperatureTTherefore，ifacalibrationcurvefortheblackbody  
isobtained，theleafternperatureTcanbederivedfromVw（T）・  

〟印J以r7れg印〟lPme〃J   

TheinfraredcamerausedfortheexperimentwasoftheobjeLCt－planescanningtype，  
having a CdtIgTe detector（8－13tl，COOled byliquid nitTOgen）・Main equipment  
specificationsareglVenbelow‥  

00／1600  BP】  

Monitor 

Colour monitor   
Chomber わ「qi「  
POllution studies  

ThermQI CGmerG  
しqmphouse  

Ther仰山  

Videol／○  
Cq「rIe「q ntrolle「  

tV．cq∫nern hed   

Environmentq1  
0nlrdmqchlne  

P†OCeSS inter†qce  

Fig・1・β！ocたdi昭′〃椚0′きJ侮g叩rOCeざ∫～〃gヴ∫Jgm一  

Fig．2．βわcた朗7g′♂m〆り〟eoproぐど∫∫Or．  
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一40to20000c  

o．050cforblackbodyat350c  
3001iTleS  

1201ines（Scantimelsec）  

2401ines（2sec）  

4801ines（4sec）  

250Hx200v  

20cm to∝   

Measurabletemperaturerange  

TemperatureresoIvingpoWer  

Horizontalimageresolvingpower  

No．ofscannlnglines  

Field of observation 

Focuざrange  

Detected signals from theinfrared camera are analyzed by animage processing  
system shownin FigLl．In thissystem，the detected signalsare convertedinto12Tbit  
digltalsignals（250Hx240V，reSOlvingpowerO．050c）byaninputunit（comprisingan  
A／D converter，filter，etC．）of a video processor（Fig・2），and thenstoredin adata  
memory．The stored signals are displayed on acolour．monitorand transmittedto a  
computer．The computer and video processor areinterconnected by a GP－IB t）uS・  
Therefore，nOtOnlythedataaretransmittedfromthevideoprocessortothecomputer，  
but also the results calculated by the computer are transmitted back to the video  
processorfordisplayonthecoIourmonitor・HavingmemoriescomprlSingmagnetictapes  
and cartridge magnetic disks，the computer can perform both real．time and batch  
processingasrequired・Themagnetictapespermittheemploymentofalargercomputer）  
too．whencombinedwithVTRorphotographicmeans，thissystemcanbeappliedalsoto  
the analysISOffield observation data・Thesystemisalsoconnectedtovidiconcameras  
（0．3to2，3pm）formeasuringvisibleinjuriesandplantgrowth・Signalsfromthecamera  
areconvertedinto8－bitdigltalimagedata（maximumresolvingpowerlO24HxlO24V）  
byavideoA／Dconverterandtransmittedtothecomputerthroughavideol／Odevice・  

Measurementofleaftemperaturepatternofplantsexposedtoairpollutants   

J十lと、Lソ．†‘リ．川舟心Ⅵh川l・け半／Iけl川Jい〃／町」川・‘◆JJ“，／lぐ〃り・【’・JハJ・t・   

1nmeasuringtheleaftemperaturewithaninfraredcamera，themeanemissivity盲（T）  
in Eq・（6）and the voltage VE（T）corresponding totheirTadiancefrom theambient  
environment mustbedetermined beforehand・As去umingthat畜（T）．E（㍉Ti）andother  
characteristics oftheinfrared cameraare not dependentupontemperature T，lhemean  
emissivity盲（T）canbederivedfromthefollowingequation：  

（7）  ざ＝一片（瑚ト㌧（rl）】／【㌦（ち卜㌦（rl）】  

Themeanemissivityofthesunflowerleafsurfacewasmeasured，VaryingTlandT2  
between230cand380c．Tokeeptheambientenvironmentconstant，themeasurement  
was carried outin a space enclosed with black－Plained－boards held at a constant  
temperature，The emissivity at theleafsurfaceprovedtobeO．950rhigher，withsome  
leaf－tO－1eaf variations．This result agreed with the reports of various authors on the  
emissivities of various plantleaves（1，2，7）．A comparison of emissivity between the  
healthyleavesaJldthoseexposedtoSO2forabout2hoursshowedllttlediffereIICe．   

1n the environmentalcontroIchamber for fumlgationwith air pollutants，the air  
temperatureiscontrolled within±0・20c・＝owever，nO COnSiderationisgiven to the  
emissivity and temperature of theinternalsurface of the chamber．Fbr example，the  
surface ofglass below thelight source often attains atemperatureofashighasabout  
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400c・Therefore，theeffectoftheambientenvironmentonthemeasuredtemperature  
WaSeXamined・Theeffectofradiationfromtheambientenvironmentcouldbecorrected  
by properly adjusting the voltageI与（T）in Eq：（6）ih accordance with the radiant  
intensityfromtheambientenvironment・Howeverthetemperatureoftheinternalsurface  
Ofthechambervariedfromplacetoplace，rangユngbetweentheairtemperaturetoabout  
400c・Withtheinfraredcamerafixedhorizontally，thesurfaceofleafwasmovedthrough  
anangleof120degrees（600to－600）両threspecttothecameraface，andtemperature  
measuredbythethermocoupleandinfraredcamerawerecompared▲Inchanglngtheangle  
betweentheleafsurfaceandcameraface，theleafsurfaceisexposedtoradiationfrom  
differentpartsofthechamberinterior▲γ云（T）in theexperimentwasadjusted tothe  
radiarltintensity from the ambient environmらnt received bytheleafsurfaceparalleled  
（00）tothecameraface．ThetemperaturereadingdifferencebetweentheinItaredcame，a  
andthermocoupleprovedtobewithinO．2Oc，irrespectiveofthevarylnganglebetween  
theleafsurfaceandcameraface．  

肋α∫〟re刑e〃川／r潤eCO〟′∫β∫〆JeげJe叩e〝加・叩加椚  

Leaf temperature measurements were made to examiIle therelation betweenlocal  

SO2SOrPtionrate andvisibleinjuryatseveralsitesonaleafsurface（4）usingtheinfrared  

Camera at the planelevet、AccordirLg tO Omasa and Abo（4），the relation among the  

leaf－air temperature differellCe ∠】T on the sunflowerleaf surfacein the controlled  

envlrOnment Chamber，tranSPiration rate W and SO2 SOrption rate Qis expressed as  

follows：  ′  
』r＝－（り（8けだ＋2帰〉欄・αp・ち／（8け㌔3十2帰  

eル＝か㌔／〈ろ（1ト中ろ（㌔））  

両here㌔isairtemperature，Tlisleaftemperature，Lislatentheatbyevaporation，Ois  
－－－、 

、‥．こ 

mmHg・VOlppm‾1，P。Sis atmospneric SO2COnCentration，Xs（T）is saturated vapor  
pressureatTDcand中1Srelativehumidity・  

From Eqs．（8）and（9），theleaftemperatしIreOfplantsinthechamber，inwhichair  

temperature，humidity，1ightintensity，Windvelocityandotherenvirorlmentalfactorsare  
COntrOlled constaTlt，may be regarded asindexes of the transpiration rate and SO2  

SOrptlOnrate．  

Takinginto account the above－described results，time courses ofleaftemperature  
patternsduringSO2fumigationweremeasuredwiththeinfraredcamera．FigL3showsthe  
temperaturesofahealthyleafbeforeSO2fumigation，atdifferentsitesinthehorizontal  
scanninglines Nos．1through5．The temperatures were nearly uniform exceptin the  

vicinity ofveinswheretheytendedtobehigher．Fig．4showsthetemperaturechanges  

overtimeinanSO2fumlgatedleafinthescannlnglineNo．3・Theleaftemperature，22j＝  
0．30cintheinitialstageoffumlgation，rOSetO24±】・40cin70minutesafterthestartof  
fumlgation．The differences between theleaf temperatureS meaSured by theinfrared  
cameTaandthermocoupledidnotexceedO．3Dc．Fig．5showsleaftemperaturechanges  
over time at sites a through g．1n 70 minutes after the start of fumigation，the  
temperature rose a maximumof3・20c・andaminimumofO・70c・Frorntherelation  
betweentheleaftemperatureandSOISOrptionrate，theSOユSOrptionrateisgreatestat  
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SiteswhereleaftemperaturesriseslowlyLVisiblelnJuriesoccurredata，C，eandg，nOtat  

b，d and f・The visibleinjuries were evaluated（5）20hours afteithecompletionof  
fumlgationLNovisibleinjuriesoccurredin70minutesafterthestartoffumigationduring  
Which theleaftemperatures werem6asured．Fig，6showstherelationbetweentheleaf．  

temperatures and visibleinjuries at sites a through g shownin Fig，4．Theleaf  

temperatures were values measured at60minutes after the start of fumigation．The  

threshold－Value for the occurTenCeOfvisibleinJuryWaSfoundinthevicinityof240c，at  
temperatureslessthanca，240cvisibleinjuriesw与repreSent，attemperaturegreaterthan  

一；L飽†temp．（Tl℃）  

ヽ  
Fig．3．加q＝empe′〃J“re〃J∫庇∫0／gぐ♂〃月山g〃根勅卜肋・5ム8わ′ビ∫02ルm紳fo札  
AiIt占mperatuIe，humidlty，windvelocityarLdlightintensityinsidethechamberweret  
maintain¢dconstant．  
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舟m如don．The black areaplottedlN’TepreSentS SiteatwhicIltheleaftemperature  
waslower than23．7Cc，and the white area repIeSentS temPerat11reS higher than  
23．70c．  
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MeasuTementOfthethermalpattemofplantleaves   

ca・240ctheleaves appeared healthy・Fig．7shows a two－Valuedimage ol・theleaf  
temperaturein 60 minutes after the start of fumigation，With 23・70cas the  
threshold－Value．The black area marked withletterNrepresentstemperatureslowerthan  
23．70c，Wh山ethewhiteareasrepresenttemperatureshigherthan23，70c．Fig．8showsa  
pattern ofvisibleinJuries on theleaf．The black area represents aportionwithvisible  
injuries，WhilethewhitearearepTeSentSahealthyportion．Moreareasremainedhealthyin  
thevicinityoftheveins．Jntheareasremotefromtheveins，lessvisibleinjuryoccurTedin  
leafportionswithafasttemperaturerise．  

TheforegoingfindirlgS，1nCludingthefactthattheinJuryPatternWaSdividedintothe  
clearly separated healthyandinjur占d areas（5），SuggeStSthatthevisibleinjuriesdueto  
SO20CCurOnlyinsiteswheretheSOISOrptionrateexceedsagiventhreshold－ValueL  

C（lnClllSions  

Jt has been established that theinfrared camerais applicabletothemeasurementof  
thetemperaturepatternofplantsexposedtoairpollutants，Withoutaffecting，breaking  
andcontactingthelivingplants▲Thevegetaltemperatureincludesinformationconcerning  
such substance transportation activities as transpiratiorl，SOrPtionofalrpOllutants，and  
storrlatalaperture．Thisinformation can beextractednotatapointbutinaplane，by  
imageprocessingthemeasurementdatafromtheinfraredcamera・Basedonthefindings  
obtained，WeintendtoclarifytheeffectsofairpollutantsPonplants｝eSpeCiallylnrelation  
tomasstransfer．  

Wesincerely■wish tothankMr．K．lokiofFacultyofAgriculture，EhimeUniversity  
forhis cooperationin theprocessingofpa∫tOftheexperimentaldatawithananalyzerat  
theuniversity’sLaboratryofAgriculturalEnvh．onmentalEngineering．Wearealsograteful  
to the Thermoviewer Group ofJEOL Ltd，，theComputerGroup ofMitsubishiElectric  
Co．and KyoeiSangyoCo，，Ltd．，andMr、l，NakagawaoftlamamatsuTVCo、，Ltd＿for  
theircooperationinthemanufactureofthemeasurlngSyStem．  
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StudiesontheeffectsofairpolllltantSOnplants  
andmechanismsofphytotoxicity  
Res．Rep．Natl．Inst．Environ．Stud．No・11（1980）  

Evaluationofairpollutionqury暮oplantsbyimageprocesslng  

KenjiOmasal，FurniakiAbol，YasushiHashimoto2andlchiroAigal  

■DivisionofEngineering，TheNatioTlalInstituteforEnvironmentalStudies，Yatabe，Zbaraki305  
2FacultyofAgficultuLe，EhimeUniYerSity，Matsuyama790  

Ånimage processlng method wasemployed to measure thedegreeandcharacteT・  
isticsofvisiblein）uTiesonplantleavescausedbyairpollutaJltS．11ealthyleavesandleaves  
in］ured bySO？andO，WCrephotographedthroughaninterfereneefilter．Thespectral  
images obtalned were analyzed using two simple characteristicindexcs．The results  
obtainedwereasfollows．  
（l‖3y measuring the surface reflectionofiItIuredleavcsthroughaninterference filter  
（centralwavelength671nm and half－bandwidthlO nm）under eonstantlighting  
COndition、itis possible to extract information ab（1ut VISibleinluriesinTelation to  
Chlorophylldestruetion．  
（2）Using tlle graylevelhistogram or thc spectralimages and the meanvalueofgray  
levels，itispossibletoquantitativelycomparecharacteTisticsofSO2injurywith血atof  
O3injury，andthentoquantitativclymeasurethedegreeofvisibleleafinJuries．  
Keywords：AiIpOllution－lmageprocesslng－Chlorophyll－Visibleleaf輌ury．  

The degreeandklndofvisibleinJurytOleavesofvariousplantspecieshavebeenused  

asimportantindexesin evaluatingthe effect ofairpollutantsonplantsinpollutedareas  

Orlaboratories（2，4，7．8，9）．ThemostcommonmethodofevaluatingleafinjuryinvoIves  

visualobservation（3）．Thereareafewreportswhichrelatetoquantitativeevaluation（2，  

3，5）．However，an autOmatic measuring method which can process alargenumberof  

samplesis des止ed．Objective recognition of symptomatic characteristics which corre．  

SPOndstothevisualobservationsbyexpertsremainstobedeveloped．  

OuT St＼1diesaTeilltended to developallautOmaticmethod ofmeasuTill各the de即ee  

and characteristicsofthevisibleiruuriestoleavesusingimageprocesslngOfmulti－SpeCtral  

images．1n thisreport，We have sought，aS a fiTSt StePinaseriesofstudies，tOanalyze  

reflected spectralimages of SO2■and O3inJuredleaves；andusingsirnplecharacteristic  

indexes，tOdistinguishbetweenthesetwotypesinjuries，  

Materialg and methods 

〟αrer由ね   

Sunflower（HelianthuiannyusLcv．RussianMammoth）plantsweregrowninpots  
fi11edwithamixtureofvermiculite，perllte，PeatmOSSandfinegravelataratioof2：2：1：1  

inPhytotron（daytime：250c；nighttime：20Dc；70％RH；naturallight）．Plantsusedforthe  
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experimentswere6weeksold（1eafareaperplant＝1500－2500cm2；numberofleaves：  
1525）．   

Cα∫ル研なαJわ托  

Test plants were exposed tol．5voIppm SO2for3hoursorO．8volppmO3for2  
hoursinanenvironmentalchamber（1）．Followingexposure，theplantsweregrownina  
Phytotronfor3daysuntilnofurtherthefadingofvegetalplgmentSattheinJuredparts  
occured．Environmentalconditionsinsidethe chamberwere：temPerature25±0．5Oc；  
humidity60±3％RH；aVerageWindvelocityO．22m・｛1；andlightintensity40±5kluxat  
l・3m belowllght source・ControlaccuraciesofSO2and O3COnCentrationswereboth  
Within O．5％ofthesetvalues．   

J明αgePrOCe∫∫f〃g  

Healthy andinJuredleaves werephotographedthroughaninterferencefilterunder  
constantlightingcondition．Thespectralimages（negativefilm，24x36mm2）obtalned  
Were analyzed by animageprocessor．Theleaveswerephotographedirnmediatelyafter  
theywerecutofftominimize theeffectofwilting．Jntheimageprocessor，Oneframeof  
thenegativefilmwasconvertedintodigitalsignalswiththenumberorpictureelements  
256x240andquantizationlevels（graylevel）256．  

加血血加ゎm直別m画両   
Apieceofleaf（20x20mm2）wascutoff，Photographedimmediately，andthen  

homogenizedin 80％ acetone．After centrifuging，the absorption spectra of the  
SuPernatant SOlution were measured by spectrophotometer．Chlorophyllcontent was  
determinedusingabsorptioncoefficientofMacklnney（6）．  

SelectionofthewaYelengthbandforextractiorLOfinformationabolltVisiblei両uries  

ZtisknownthatvisiblelnJuriesare observed throughthefadingofvegetalpigments．  
Chlorophyllis one of the mq］Or COmpOnentS Of the fading vegetalpigments（3，5）．  
Therefore，We attempted to 巳XtraCtinformation about visibleinjuries using the  
absorptionbandofchlorophyll．  

SO?, injury 1cm  1⊂m  01i「1ju「y  

F隠」．放〃椚クお∫〆畔√加／加J邸α「∫∂っ〃〝d∂。擁′どdお〆〝〃お′ノ如〝どピノ甜館r．・  
入用8ズ＝‘7Jれm，入〃2＝〃加叫   
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J…JJ【イl山八一Jサー〃lVJIJ〃廿  

Fig・1showstypicalimagesofSO2andO3inJuredleaveswhichwerephotographed  
throughaninterferencefilterwithacentralwavelengthof671nmandahalf－bandwidth  
OflOnm，Notethathealthypartsoftheleavesinthephotographsappeardarkbecauseof  
large absorption ofllght by chlorophyll，While parts of visibleinjuries appear whlte  
becaust，Of smallabsorption oflight andlarge reflection，It was observed that  
COmparativelybroadvisibleinjuriesoccurredontheSO2fumlgatedleaves，Whereasthin  
visibleinjuriesoccurredaroundveinsoftheO3fumlgatedleave？，  

The O3fumigatedleaveswereusedtodeterminethequantitativerelationbetween・  
the visiblelnJuries photographed by this method and the cl1lorophyllcontent．The  
Telatio－1betweenthe meanvalueofgraylevekofthespectralimages（negativefilm）of  
thephotographedleaves（20x20mm2）andth9tOtalchlorophyllcontentisshownin  
Fig・2，ThesampllngpOintintervalintheimageprocessingwasapproximatelyO．4mmon  
theleafsurface・FromFig・2，apOSitivecorrelationbetweenthem甲nValueofgraylevels  
and thetotalchlorophyllcontentofinjuredleaveswasrecognized．Sincethemeanvalue  
Ofgraylevelsisobtainedthroughanalysisofthenegativefilm，thereisatendencyforthe  
Valuetobesma11erwithalargerreflectionfromtheleafsurface，Althoughtheexperiment  
WaSrepeated3times，thedifferenceintheresultscannotberegardedasslgnificant．From  
the results，it was found thatinformation about visibleinJuriesrelatingtochlorophyll  
destruction was extractable by measunng the reflection oflight from theleaf surface  
throughthech10rOphyuabsorptionbandfilter．   



K．Oma姐etal．  

ComparisonofYisibleinJuriesocc11mingonSO2andO3fumlgatedpl乱ntS   

ltis presumed that there are characteristicil－dexes whichindicate the nature of  
VisibleinJuries・1nthisreport，thegraylevelhistogramarLdthemeanvalueofgraylevels  
Wereadoptedandexamined，aSprlnCipalcharacteristicindexes・Fig・3givesrepresentative  
examplesofthegraylevelhistograminthenegativefilmsofhealthy，SO2andO3injured  
leavesphotograp】1ed仙rouglla占71nminterFerencenはer．Inordertoobtaiれ∴nOrmalized  
results，thesizeofthesampleleaveswaskeptat90×75mm2andthesamplingpoint  
intervalwasaboutO．8mm．1nFig．3，thegraylevelhistogramofhealthyandO3injured  
leavesshowsanormaltypedistribution，howevertheO3injuredleafhadasmallergray  
levelthanthehealthyleaf・Ontheotherhand，theSO2inJuredleafhadtwomaximum  
values；thegraylevelinonemaximumwasclosetothatofthehealthyleaf，thegraylevel  
in the other maximum was close to thatofacompletelyinJuredleaf．Thismeansthat  
visibleinJuryOCCurSrelativelyhomogeneouslyovertheentireleafsurfaceinthecaseof  
theO3i叩1redleaf．Whereas，thehealthysectionandtheinJuredsectionarecompletely  
SeparatedinthecaseoftheSO2injuredleaf．  

Fig．4showsthemeanvalueofgraylevelsandthegraylevelofmaximumvalueof  
thehistogramindifferentleafpositionsofoneplant・Visiblein）uriesweregreateronlow  
leafpositionsinbothSO2andO3fumlgatedleaves・Themeanvalueofgraylevelsandthe  
graylevelof maximum valuesin healthy or O3fumlgatedleaves were approximately  
equalregardlessofleafpositionorthedegreeofinJury・Ontheotherhand，inthecaseof  
SO2fumigatedleaJes，theinjuredleaveshadtwomaximumvaluesasabove（Fig・3）・  
Leaveswithnoinjuryhadonemaximumvaluewiththeirmeanvaluesofgraylevelsbeing  
roughlyequaltothatofhealthyleaves．  

The above results show the possibility of companng quantitatively differencesin  
v由iblei叫urie5bet、yeen50ユfumigatedleave5andO3fu∫mga【edle∂Ve5u5ユngthegrayユeveユ  
histogramandthemeanvalueofgraylevels・Thesecharacteristicindexesmaybeusedfor  
automatic rec？gnitionofsymptomaticcharacteristicsofthevisibleleafinjuries・AIso，  
theymaybeusedforautomaticmeasurementofthedegreeofvisibleinjuriesbecausethe  
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graylevelhistogramisrelated to areaoftheinJuredpartsandthemeanvalueofthegraY  

levelsisrelatedtochlorophyllcontent．  

CoIICl11Sions  

lnthkrepoTt，am∈thod uslngtheimage pてOCeSSingfoTeValuationofvisibleinJuTies  

was examined．First，a WaVelength band for extractinginformations about the visible  

injuries was selected，andit was found that theinformation relating to chlorophyll  

destruction was obtained by measuring reflection from theleaf surface through aJl  

interference filterin the chlorophy11absorption band（centralwavelength671nm and  

half－band widthlO nm）．Next，reflected speCtralimages ofSO2and O3inJuredleaves  

photographed through the filter were analyzed．It was shown that symptomatic  

characteristicsofSO2injuredleaves could be quantitatively compared with that for O3  

injuredleavesbyuslngSimple characteristicindexes，SuChasthegraylevelhistogramand  

the meanvalue ofgraylevels．These characteristicindexesco111dbeusedforautomatic  

recognition of symptomatic characteristics of the visiblelrUuries．It must be added，  

however，that there are types of characteristicindexes ofin）uries other than those  

described here，We willintend to be developed an automatic measurement method of  

visibleinJuriesafteradetailedstudiesofsuchcharacteristicindexes．  

We sincerely wish to thank Mr．K．Shimazakiof the Division of Envirorlmental  

Biology of ourlnstitute for hisvaluable advice，and Mr，KIokiand Mr．S．Kaneko，  

Faculty ofAgritultureofEhimeUniversityfortheircooperations，andmembersofthe  

DivisionofEnglneeringwhotookpartin maintenanceoftheequipmentandcultivation  

ofplantsusedintheexperiments．  
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Studiesontheefr8Ctsofai‖）011ulantsonplaIltS  
andm占clla爪j5mSOfpllytOtOXicity  
Res．Rep，Natl．Inst．Environ．Stud．No．11（1980）  

Selectedrice（0わ，ZaSativaL．）strainsasanindicatorplant  

for air pollution 

YasumiFu」inumaandIchiroAiga  

DivisionofEngineering，TheNationalInstituteforEnviTOnmentalStudies，Yatabe，lbaraki305   

ThesensitlVltyOfselectedricestrainstotypicalalrpOllutants，i．e，0，，SO，OrNOっ，  
WaS eXamined using450localrice varieties（0り′ZaSa（ivGL．）inJapan．SomeYarieties  
Were SenSitive to SOユShowingvisiblefoliarlrljurycausedbytheeXPOSuretO2・Oppm  
SO，for4hrs・butresIStanttOO，WithnosymptomsevenwhenlheexposuretoO・5ppm  
O，WaSpTOlongedfor4hrs．，WhileothershadreverseresponsestosOlOrO，・Among  
the varieties，LO182was themost serlSitiYe tO SO2．Offsprings from LO182were  
pTOdueed usJng theJleEedjtaTymethod，andriceplantsmoresensitiYetOSO，thanLO  
18Zwerefound．ThecharaeteristicsoftheselicevaJietiesaJldthoseoffsprmgsmutated  
from LO stralnS Willbe described．FurthermoIe，the possibility of utilizadon of  

SOユーSenSltivemutantsasindicatorplantswi11bediscussed・  
Keywordsこ Airpo11ution－lndicatorplant－Gassensitivemutant－Riceplant－Sul－  
rufdioxide．  

Recently，thereha畠beenincreasedinterestintheutilltyOfplantsformonitoringand  

assesslng ai工pDllutio7l，Someinvesti各atOrSaTetryln％tOeValuat¢anumberofecologlCal  

andphysiologicalphenomenatoestablishtheirutility forearlydlagnOsisofairpollution  

injury（6∴7，10）、InJ如）an，mOrn血ggloryhasbeen utillZed formonitoringoxidantsin  

ruralarld山dustrjalizedareas（〃）．   

InourresearchproleCtSCOnCernedwiththeeffectsofairpollutiononplants，Weare  

attemptingtoobtainindユCatOrPlantsfromricevarietiestoassesstheconcentrationsand  

typeS Ofair pollutants．Rice plants are somewhat rnoreresistantto airpollutantsthan  

other herbaceous（suchthatmorningdory）orcropplants（2，3），andsoitseemsto be  

unfavorable to use rice plants as anindicator species．However，Omura etal．（9）have  

previouslyfoundsomesensitivevarieties byexposingSO2tOSOmehundredsoflocalrice  

VarietiesinJapan．Furthermore，becauseitis easy to obtain various rice varieties，the  

possibilityofutllizingriceplantvarietiesasairpollutionindlCatOrSisbeinglnVeStigated・  

Concerning thlS reSearCh theme，We are tfylng tO find much more sensitiverice plants  

fromtheoffspnngsproducedbythehereditaryprocedure．  

h＝伍eprese血repor亡，WeeXpOSed50汀】eCuユtivatedricevarietje5toO3，SOヱ0∫NO2  

to determine the experimentalconditions for selecting sensitive varieties．After  

detemin1ng the experimentalconditiorlS，mOre than 400 varieties were exposed  

individually to air pollutants．From this result，We found that some varieties are  

SPeCifica11y sensitive to SO20rO3．Then，SOmeOfthesesensitivevarietiesweretreated  

Z55   



Y．F再inumaandI．Aiga  

With mutagenic chemicals toinduce mutations・We wnldiscuss the s？nSitivityofthe  

Offsprmgwithrespecttotheairpollutants．  

Materi8lsandmethod＄   

J一山†り／加ノー・′山J∫  

Seeds of1300ricevarieties（1），｝COllected as LOstrainsin KyushuUniversity，Were  

kindlypresented byProfessorOmura・According to the resultofOmuraetal・（9），We  

selected 400 varieties from1300 varietleS．Some rice varieties were treated with a  

mutagenic chemicals，n－methyl－n－nitrosourea（MNU），byDr．Satoh，LaboratoryofPlant  

Breeding，KyushuUniYerSity．Theseedsthatwereobtainedfromthepaniclestreatedwith  

MNU，WeredefinedasMISeeds．  

CIJJr〟re椚eJ力0♂  

AftersterillZation，Seeds wereincubatedon rnoistened filterpaper for48hrsinthe  

dark．Germinating seeds were planted，radicle down，in amixture ofgranularcompost  

（prepared especially for rice seedlings）：Vermiculite（1：1，V／v）inpla5tic containers．The  

seedlingsweregrowninaphytotrongreenhouseat270c，70％R・＝，for3week5・Nutrient  
solution（0．1％Hyponex）wassuppliedtwiceper3weeks．   

g叩0∫〟rer∂αfrpo〃ur〃乃打  

Seedlings were watered and transferred from the phytotron greenhouse into the 

aTti員ciallyllt fumigation cabinet in the phytotron of the NationalInstitute for  

EnvironmentalStudies．Seedlings were pre－COndltionedin the cabinet for2hrsbefore  

exposuretoO3，SO20rNO2，Theexposuretotherespectiveairpollutantswasperformed  

at27Oc，70％R．H．，30Kluxandawindvelocityofbelow30cm・Se［1．  

g∫Jfmα如〃0／γけfゐJe叫uサ  

Visiblei叫uryCauSedbyO3，SO20rNO2Variedintheappearanceofsymptomsand  

also with respect to thedegree andarea ofnecrosis．Seedlingswere maintainedinlユght  

COヱIditioI15i刀比ecabirle【for－241那and抽ede訂eeOfinJu∫yWaSdeferm加edjrladop抽唱  

De9ree O†lniurY  

1  2  3   4  5  

t．。。e 一％ －％ －％．。Iled  
Damaged Leat Area   

Fig．1．血deズ〝∫dざ卵e∫0／yf∫J抽坤〟けげr7ceJeed肋g∫ゐ〟∫gdo〝血〝旭gedJ吋〃′e〃  
lαr加frpo〃〟佃〃J∫．   



Ricestrainsasindicatorplantrorai∫pOllution  

伽e grades ofnecTOSis onaleafareabasIS（Fig．1）．Theval11eSeXpTeSSingtllede邑re80f  

VisibleinJuryrePreSentedmeanvalueofatleasttenseedimgs．  

Res山tsanddiseⅥ5Sion   

∫Jα月血「（ブfz‘7Jわ〃0／∫eJec血g∫e〃∫汀れ偲′gCeVdr7e由∫  

To establish the method for selecting sensitive varieties of rice plants to air  

POllutants，tWO Varieties，Kinmaze and Nihonbare，Were grOWnin the phytotron  

greenhouseat27Oc，70％R・H・for3weeks・Thesetwovarietiesareshghtlyresistantt？air  

pollutants compared with other varieties（8）・However，We uSed these two varietiesas  

unitytocomparethesensitivityofotherricevarietiestoairpollutants．  

When these twovarietieswere exposed to2．O ppmO3forvariousexposureperiods，  

the mostinjurious effects were always noted on the 4thleavesin both varieties  

irrespective oftheexposure period（Fig．2）．ThefoliarresponsesofthesevarietiestoSO2  

orNO2Werealsomarkedonthe4thleaves．Basedonthesefindings，thesensitivitiesof  

rice varieties to air pollutants were graded by determinlng the degree of the necrosis  

whichappearedonthe4thand5thleavesof3－Weekoldseedlings．  
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Fig▲2．月ビ／αJわ〃∂ビルeg乃γf∫f別e叫〟サ〃〃dJ甲／βge．N血onbare（A），Kinmaze（B）．Rice  

SeedlingswereexposedwithO・2ppmO3underlightconditions．TiTneinngureindicates  
exposurepeTiod．  

The effects ofdifferent concentrations of SO2，NO20r O3at dlfferentexposure  
periodsarepresentedinFig．3－A＆BforfollarinjuryonKinmazeandNihonbare，These  
twoVarietiesrespondedsimilarlytoSO2，NO2OrO3regardlessoftheconcentrationsand  
exposureperiodsoftheseairpollutants．  

The relationbetween the dose（ppm・hr）ofSO2，NO20rO3andthedegreeoffoliar  
inJurylSillustrated on alogarithmic scalein Fig．4using the data presentedin Fig．3．  
Doses required toirlduce foliar necrosis on these rice varieties were approximately  
l，5r2．O ppm・hrSO2，0．2ppm・hrO3and1520ppm・hrNO2．Thusweassumed that  
thesethreeairpollutantscanberankedinthefollotvlngOrderaccordingtothedegreeof  
foliarnecrosis：03＞SO2＞NO2．Therankingoftoxicityoftheseairpollutantscoincides  
with the result observed byl】ennett＆Hill（5）in theinhibition of photosynthesisof  
alfalfa・Fromthedose－reSpOnSerelations，WeeXPOSedseedlingstoO・2ppmO3for4hrs，  
2LOppmSO2for6hrsor8．OppmNO2for6hrstodeterminetheorderofsensitivityof  
ricevarietiestotheseairpollutants．  
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Fig．4．聯ビJi〆g〃∫d郎e伽所・叫0〃γf∫加瀬叩叶rfcegee伽gざ・Nれonbare（●），  
揖nmaze（。）．FiguleSWeredes短nedfTOmFig・3・  
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∫e〃∫JJけe力pα乃e∫eわc¢J〃CeγαrfeJfe∫仕0∫J相加ノ   

Itisararesituationwhenonlyoneair pollutantispresentintheatmosphere．Many  
SOurCeSinurban andindustrialareasdischa∫ge tWO Or mOre major pollutantsintothe  
atmosphere. The need for identifying plant varieties which specifically respond to 
respectiveair pollutantsisthereforeapparent．  

Weselected400localricevarietiesinJapanfrom LOstrainsandthesensユtivitiesof  
these varieties toO3，SO20rNO2WereeXamined（Tablel）．Thelocaldistributionofrice  
VarietleS WaSranked bythe degreeoffoliarinjuryinducedbygasexposure．Omuraetal．  
（9）describedin their preliminary report that the varieties origlnatedin the southern  
reglOnSofJapanweremoreresistanttoSO2thanthoseinthenorthernregions．Wecould  
alsonndreglOrlaldifferencesinresIStanCe tOSO2．However，WeCOuldnot蝕IdthlSWith  
regardtoO3・Furthermore，WeCOuldnotnndanyNO2－SenSitivevaTieties．   

Table17加J併〃J血rr肋J血〃0／rfceリαrfeJfeJ血九戸〃〃「エロ∫厘f叫C加∫糎d〃ぐCO′d壇g  
rodeg作e∫〆ソfざf抽fJ叩ヴWfr力舟椚なα血〃0／r叩eCか叩0血J即J∫．■ぶ01．0さ〃〃d〟0っ  
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Eachvalueindicatesnl，lmbersofvarieties．  

TheresultpresentedinTablelisexpressedastherelationbetweenthedegreeofleaf  

necrosiscausedbySO2ヾXpOSureandthatcausedbyO3」さXpOSure（Table2）．Somevarie－  
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tiesrespomdedsimi1arlytobothSO2andO3，Whileforotherstheresponsewasdifferent  
Withregardtotheseairpollutants・ThosevarietieswhichrespondsimilarlytoSO2andO3  
accountedfor72％ofthevarieties（LOstrains）tested．However，themostnotablefinding  
isthatonestrain（wecoulddetectonLyonestrainfrom400strains），Whichcouldtolerate  
SO2（no visibleinjury），Showed thehighestdegreeofvisibleirLjurycausedbyO3．This  
interesting finding suggests that wemay beableto estimate theconcentrationsofindi－  
VidualpollutantsincomplexpouutedairenvironmentsuslngSuChastrain．   

Tab】e2 7乃e膵液血∫〆∫∂っ〟〝♂∂，∬〝∫血中加わα／′加yα′お血加励〝作ク  
∫！用血ノ  

DegreeofVisibleI摘ury  

SOユ  

＋  ・什  †廿  ・H・什  
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24  15   

57  3（i －  4   

35  22  
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EachvalueindicatesnllmbersofvaJ：ieties，   

∫02－∫e〃∫Jfルem以J〃〃f  

Weselected SO2SenSitive（LO138，152，182）andresistant（LO412，817）strains  

from the LO strains叩d treated them with MNU to obtain themutations forSO2  

SenSitivity・LOM2Seedingsweregrownfor3weeksandexposedtoO・5and2・OppmSO2  

for4h3・The wide v訂加io刀Sわr SO2 5e刀Si臼vity were ob5erVediヱIallorlOM】  

popl11ations（Table3），InLOM2－3，OfwhichoriginalstrainsLO182isknownasthemost  

Table3 C如〃ge∫加∫02ge〃g抽fけ0／〟1∫ビゼd加卵0／⊥0肋即加〃Jgdw佃〟Ⅳぴ  

Mutants  Original variety DegreeofinjulywitJISO。  

LOMユ1ine LONO．  SO－reSponSe O．5ppm4hrs  2．Oppm4llIS  
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醍nSitive  O－2（0）  

5enSitive  O－3（ひ1）  

SenSitive  掴（0－2）  

TeSistant  ひ2（ひ1）  

resi5tant  ひ2（ひ1）  

0－3（ひ1）   

ひ4（ひ2）   

ひ5（か4）   

1－3（0・2）   

ト2（ひ2）  

NIHONI‡ARE，  
KINMAZE  0－1  0・2  

Valuesinparenthesesindicatethevaliationsintheorlglnalvarieties．   
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SenSitivetoSO2inLOstrains，SeedLingsmoreSOrsensitive thanLO182seedlingswere  
Obtained・WhenLOMr3wasexposedtoO・5ppmso2for4hrs，15・7％ofM2Seedlings  
WeremOreSenSitivetoSO2thanLO182（Fig・5）．Theseresultsmaysuggestthatthereis  
a possibilltytOObtainSO2－SuperSenSitiverice varietiesbyrnutations．  

0  1  2  3  4  

Degree oIhjuly  
Fig・5▲β加′Jわ行rわ〃0／〟2JeeG椚〃がル′∫β。Je〃JfJfyfJγf〃⊥0〟…一Jpop〟加わ〃e叩0∫gd  

わ0・5ppm∫02沖r4／昭・  

CM2 SeedllngS Of Kinmaze wereexposed toSO2．Although Kinmazeisresistant to  

SO2，SO2－SenSitive seedlimgs weresegregatedinsome ofCM21ines．lnorder toexamine  

the relation between SO2 andO3SenSitivities，WeeXPOSed CM3Seedlings derived from  

SO2－SenSitive CM2 tO SO2and O3．Although Kinmazeis sllghtly resistant to O3，the  

O3－SenSitivityofCM3SeedllngSVariedfrorn resistantto sensitive、ThemostresistaJltand  

SenSitivelinesin average are shownin Table 4．This result shows that the mutation  

SenSltivetoO3aSWellasSO2isinducible．   

Table4 乃eyd相打～0〃∫OJ′e甲0那erOO】加∫01∫e〝∫fJルe椚〟ね射肋e∫「C〃，ノge門e〝red  

．亘川－1人血叩一ニー・  

KINMAZEmutants（CM，）  DegreeofVisiblelnjllry  

0。0，5ppm4h∫S．  SO, sensitive O，reSpOnSe  SO12・Oppm4hrs・   

C叫1－3－45  sensitive  

CM。ト4・2  sensitive  

CMぅ2－1－7  sensitive  

CM。2・4a－28  sensitive  

CM。24a・40  sensitive  

CM，1－1－1  1eSistaIlt  

CM。1－2・22  TeSistant  

CM31－3・20  IeSistamt  

KINMAZE（origiれ訂vareity）   
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We wish to express our sincerらthanks to Professor T．Omura and Dr．H．Satoh，  

KyushuUnlVersity，forprovldingthericeseedsusedin thisexperiment andfor treating  

riceplantswithmutagenicchemicals．Wearealsogratefulto Dr．A．Furukawa，Devision  

OfEnvironmentalBioJogy，theNLES，forhiscriticalreadingofthemaLluSCrip亡．  
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Studie＄Ontheerfectsofairpo11utantsonplants  
aJldmechanismsofphytotoxicity  
Res．Rep．Natl．Inst．Environ．Stud．No・11（1980）  

，lnheritanceofsensitivitytosulfurdioxideinrice，Oryzasa（ivaL．  

TakeshiOmural，HikaruSatohl，YasumiFujinuma2andlchlrOAiga2  

1LaboratoryofPlant13reeding，FacultyofAgricultuTe，KyushuUniversity．Fukuoka812  
2DiYision of Engineering，The Nationallnstitute for EnvironmentalStudies，Yatabe，Jbaraki1305  

A trialis describedfortheexaminationofthegeneticcharacteristicsofindicatoT  
plantsforairpollutantsusingthecrossprocedure・lnthepresentstudy，WeCrOS戸edlocal  
ricevarietiesinJapan；LO182（femaleparent）withLO271，818，1148and1181（TT）ale  
pムrents）・The（emalepa∫entWaSSO2－SenSitivebutthemaleparentswereSOl－reSistant  
FromthecrossexperimentswithLO182xLO818andLO182×LOl181，Wefound  

thatSOユSenSitiYitywasgovernedbyapauofgenesbuttherewasTlOdominante．Also  
theSOzresistantcharacterofLO271wascontrolledbyadominantgene．  
Key words：Air pouution－1nhe，itance of sensitivity to SOっ－Indicato，planトPlant  
b∫eedi∫唱－Riceplant－Slllrl汀dioxide．  

Sulfurdioxide，knownasamaJOratmOSphericpollutant，CauSeSVisibleleafdamageto  
‘Variousplant species（3），To date，many reSults have been reported concerningthe  
interspecific∂nd／orintraspecificvariationinresistanceto SO2（1，5），1n the previous  
reports，WeeXpOSedsomehundredsofricevarietiestoSO2andfoundthatthedegreeof  
Visible damage was dependent on the rice varietleS（2，4）．A fewvarieties were very  
SenSitive to SO2althoughmostofthem were resistant．Amongthe sensitive varieties，  
‘shimikimochl’（LO182）wasfoundtobethemostsensitiveonetoSO2．Hence，inthe  
PreSent WOrk，we have tried to clarify the mode ofinheritance for a physiologlCal  
CharacterofthesensitivltytOSO2uSlngthecrosscombinationwithLO182．  

Materials乱ndmethods   

ThemostSOi－SenSitivevarietyofLO182（femaleparent）wascrossedwithLO271，  
818，1148andl181（maleparents），WhichareSO2－reSistantvarieties（4）．TheFl，swere  
Cultivated atKyushu University・SeedswhichharvestedindividuallyfromeachFIWere  
SuPplied todeterminethesensitivitytoSO2．ThesensitivitytoSO2WaSinvestigatedin  
F2 seedlings. Seedlings were cultivated in the phytotron greenhouse situated in the 
Nationa11nstituteforEnvironmentalStudiesat27Oc，70％R・＝・for3weeks・Andthey  
Were eXPOSedin the artificiauylitfumlgationcabinetto2．OppmSO2for6hour畠．After  

exposure，the seedlings were allowed to stand for atleast24hoursin the fumgation  

Cabinetwithout SO2．The degree ofvisible damageinduced by exposureto SO2WaS  
determined bythe methoddescribedelsewhere（2）．ThesensitivitiestoSO2Weregraded  
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T．Omufaetal．  

bythedegreeofvisibledamagewhichappearedonthe4thand5thleaves．  

Result5allddiscu55iol】   

1n thepreliminary experiment，WeeXpOSedfiveparentalvarietiesofFlhybridsto  
2・OppmSO2for8and12hours（Tablel）．Onlyonevarietyexhibitedinjury．Chlorotic  
SymptOmSWerendtedontheleavesofafemaleparent，LO182，Whereaslittleornoin－  
JuryWaSfoundforthefourmaleparents，i．e．LO271，818，1148andl181．   

The segregation modesin F2 町e Shownin Table2．Although theparents were  
eitherresistant（）orsensitive（十＋），ther？apPearedslightlysensitive－OneSintheF20f  
every cross combination．However，the segregation modeis differeTlt betweenthe cross  

COmbinations・1nthecrosscombinationofLO182xLO818andLO182×LOl181，the  

Segregationmodeinto（十十），（十）and（－）coincidesfairlywellwiththetheoreticalratioof   

Tablel∫01∫e〃∫れル打γ0／卯re〃J〃Jリ〃〟erfe∫JeJecJed♪omわαJガce帽′由∫ビ∫f門血匹玖  

LineNo．  Variety name SO。SenSitivity  

LO 182 

LO 271  

．LO 818  

LOl148  

LOl181   

Sl】jl】dkjrmo（加j  

Makitanichinko  

Nankai一三4  

（unknown）  

（unknown）   

十＋（さe刀扇tjve）  

－（resIStant）  

－（resistant）  

－（resIStant）  

－（resistant）  

SOleXPOSureWeredonewith2．Oppmfor8and12hrsat27Oc，70％R．tL  

Table＝物轡血頑Ⅶ津晶輌恒巧頑血服由仙肌撒い㈹仙Ⅷ血四川㍑  
〟〃dノbu′ぷフ。′g∫f∫rα〃rリβr7g抽∫0化027J．＆柑∵パリβの元＝リ＆・  

Cro55COmbjれafjorl  5egre糾iorImOde  xつ  

Female）くMale  ＋＋  ＋  一  Total（3：1）（1：2：1）  

LO182xLO 271 （l） 18  18  
36  

（lI） 2Lγ」8  
42  

Tota1  42   36  
78  

164  200  5．226  

145 187  0．642  
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lnheritanceofsensitivitytoSOユinrice  

l：2：1、ThlSreSuLt maysuggestthattheSOl－SenSitivityisgovemedbyapairofgeneswith  

no dominance．   

On the other hand，the＿Segregation modeinF20fLO182x LOl148isdeviated  

from thetheoreticalratioofl：2：1．Thisobservation may beresultedfromanerroneous  

Classification，because the degree of thesensitivityisrathercontinuousand thereisno  

Criticalpointbetweenresistant（一）andslightlysensitive（十）orbetweerl（十）and（＋＋）．  

The segregation modein F2Of LO182×LO271isquitedifferentfromthatof  

the cross combinationsrnentioned above，Althoughslightly sensitive ones（十）werealso  

Segregated，theirfrequencyislow，aboutthesameasthesensisitiveones（＋十）．About3／4  

0fthetotalF2SeedlingswereresistanttoSO2，Showingnoinjury・Thus，WeaSSumethat  

theSO2－reSistantcharacterofLO271iscontrolledbyadominantgene．  

Atpresent，itisunclearwhetherthisgeneisal1elicwiththepalrOfgenesmentioned  

aboveornot．The appearence ofslightly sensitiveseedlings（十）inthiscrosscombination  

maylbeduetotheparticipationofmodifierdecreasingSU2SenSititrity．1fweassumethe  

Participation of the modifierin the cross combination of LO182 × LOl148，the  

deviation of obseTVed numbers fromth巳Oreticalonescan beexplained．Withrespectto  

thesequestions，geneticalanalysisshouldbecontinuedindetail．  

We thank Dr．A：Furukawa，Devision ofEnvironmentalBiology，theN．Ⅰ．E．S．，rOrhis  

Criticalreadingofthemanuscript．  

References   

J．AgTi■，FoTeSITy＆FisheTyTe血nologyCDunCiled．SllユdiesrDTCITC山ationo†pDnuledsubstances  
and biologicalindicatorson agro，forest＆aquaticecosystems．ReportqfResearch；102．（in  
Japanese）1タフ7．  

2．Fu5inurma，Y，andl・Aiga・Selected rice（OryzasativaL．）trainsas anindicator plantfor air  
pollution・Res．Rep，NatLInsE，Envtron．Stud．，No．11，p．255－262，1980．  

3． Mudd，，．B，Sulrer dioxide，In：，ResponseofPLan＝oqirpoLLution（edJ．B．MuddandT．T．  
Kozlow5ki），p．922．Academicpress1975．  

4． Omura，T．，H．H，SatohandK．Sugahara．DifferencesamonglocalriceYarietiesinresistanceto  
Sulrurdioxide．月gporJqr岬eCぬレビぶe〃′C力pro卸！，〟拡ゞ尺－2，p．135－144．（inJapanese）1978，  

5．TllOmaS，M．D．andtlendTicks，R．H．Effectofairpollutiononplant．1n：＾iTPOlluTLonhandbook   
（ed・P・L・Magilletal・），CD・9；p・1－44，McGTaW－Hill，NewYork1956．  

265   



Studies on the Effects of   

Air Po11utants on Plants  

and  

Mechanisms of Phytotoxicity  

RESEARCH REPORT FROM   

THE NATlONAL 工NSTITUTE FOR ENVIRONMENTAL STUDTES  

Noll  

国軍公害研究所研究報告 第】1号  
（R－11．’80）  

昭和55年2月29［］発行   

編集・発行 国立公害研究所   

茨城県筑波郡谷田部町小野川16番2  

印刷  勝美印刷株式会社  
東京都文京区小石川卜3－7  

Published by the Nationa11nstitute for Environmer．talStudies  

Yatまbe－maChi，Tsukuba，Ibaraki305．Jal）an．  

February 1980   


	R-11-'80
	表紙
	Errata
	Preface
	Contents
	Effects of sulfur dioxide on photosynthesis and growth of plants
	１. The effect of SO2 on net photosynthesis in sunflower leaf
	２. Effects of low concentrations of SO2 on the growth of sunflower
	３. A model for estimating SO2 sffects on canopy photosynthesis in sunflower plants

	Absorption of atmospheric NO2 by plants
	４. Absorption of atmospheric NO2 by plants and soils V．Day and night NO2-fumigation effect on the plant growth and estimation of the amount of NO2-nitrogen absorbed by plants
	５． Absorption of atmospheric NO2 by plants and soils Ⅵ．Transformation of NO2 absorbed in the leaves and transfer of the nitrogen through the plants
	６． Absorption of atmospheric NO2 by plants and soils Ⅶ．NO2 absorption by plants:re-evaluation of the air-soil-root route

	Mechanisms of sulfur dioxide phytotoxicity
	７． Specific inhibition of photosystem Ⅱ activity in chloroplasts by fumigation of spinach leaves with SO2
	８． Inhibition site in slectron transport system in chloroplasts by fumigation of lettuce leaves with SO2
	９． Active oxygen participation in chlorophyll destruction and lipid peroxidation in SO2-fumigated leaves of spinach
	１０． Effects of sulfite ions on water-soluble chorophyll proteins

	Mechanisms of resisstance to sulfur dioxide in plants
	１１． Interspecific difference in resistance to sulfur dioxide
	１２． Abscisic acid-dependent changes in traspiration rate with SO2 fumigation and the effects of sulfite and pH on stomatal aperture
	１３． Sulfite oxidizing activities in plants
	１４． Resistance of spruce seedlings to sulfur dioxide fumigation
	１５． Role of superoxide dismutase in the defense against SO2 toxicity and induction of superoxide dismutase with SO2 fumigation
	１６． Formation and scavenging of superoxide in chloroplasts，with relation to injury by sulfur dioxide

	Analysis of air pollutant sorption by plants
	１７． Analysis of air pollutant sorption by plants（１）．Relation between local SO2 sorption and acute visible leaf injury
	１８． Analysis of air pollutant sorption by plants（２）．A method for simultaneous measurement of NO2 and O3 sorptions by plants in environmental control chamber
	１９． Analysis of air pollutant sorption by plants（３）．Sorption under fumigation with NO2，O3 or NO2+O3

	Evaluation of air pollution injury by pattern analysis
	２０． Remote sensing of the physiological functions of plants by infrared color aerial photography（１）．Relations between leaf reflectivity ratio,bi-band ratio and photosynthetic function of leaves in several woody plants
	２１.  Measurement of the thermal pattern of plant leaves under fumigation with air pollutant
	２２. Evaluation of air pollution injury to plants by image processing

	Screening of indicator plants for air pollution
	２３. Selected rice（Oryza sativa L）strains as an indicator plant for air pollution
	２４. Inheritance of sensitivity to surfur dioxide in rice,Oryza sativa L.



