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Abstract 

Arsenictransfbrlnationsbyfreshwateralgaehavebeenstudiedunderlaboratory 

conditions・Bytheuseofanewanalyticalmethod,weidentifiedmethylarsemc(Ⅲ）

speciesintllegrowtllmediulnofgreen-algados花加川αＣｉＣ"ﾉﾋz〃mcubatedunderaxenic

conditions・Thearsenateconcentrationintlleexperilnentalmediumbegantodecleasejust

aftermoculation,andtllelevelsofarsemteandmethylarsenicalsincreasedwiththegrowth 

ofCacicMﾉﾋwlmtially,mostoftllearsenatedecrementwasconvertedintoarsenite， 

wmchpeakedinconcentrationduringtlleexponentialphase・Methylarsemcals

accumulatedrapidlymthestationaryphase､ＤＭＡA(V)productionwase血ancedwhen

theratioofphosphatetoarsenatedecreasedintheculmrelnediumThelevelsof 

DMAA(V)mcIeasedcontinuouslytowardtlleendoftlleexperilnent・Ontheotllerhand，

methylarsemc(Ⅲ)specieslelnainedrelativelysteadyduringtllestationaryphase・

Methylarsenic(111)speciesaccountedforO-35％ofmetllylarsenicals・Theselesults

suggestthatarseniteandmethylarsemcals(containingmethylarsenic(Ⅲ)species)are 

suppliedbyphytoplankton,andselveasevidenceoftlleoriginofmethylarsenic(111） 

speciesinnamralwaters． 

● 

K2ywo伽:arsen]lcspeciation;]【netllylarsemcals;phytoplankton;][netllylarsemc(Ⅲ）

species;biotransfbrmation 
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1．Introduction 

ＡｒｓｅｎｉｃｉｓｔａｋｅｎｕｐｂｙｏｒｇａｍＳｍｓａｎｄｃanundergoreductionandmetllylationtofbnna 

varietyofdissolvedfbrlnsinnaturalwaters・Ineutrophicregions,theproportionof

arseniteandnlethylarsenicalsissignificantlylarge,whilearsenateistllennodynanlically 

themoststablefCrlnofarsemcinoxicenvnonments（Andreae,1986;CunenandReilner， 

1989;FrancesconiandEdmonds,1993;FrancesconiandEdlnonds,1997)．Field 

investigationsinfieshwaterdemonstratedthatmethylarsemcalsdominatedoverotller 

organoarsenicals,andthatmetllylarsenicconcentrationswereincreasedinsurfacewater 

andabovetllesediment(Andreael978;AndersonandBrulandl991;KuhnandSigg 

l993;Hasegawal997;SohrinetaL1997a)．Thedistributionofarsenicspeciesindicates 

tllattlleoccurrenceoforganoarsemccompoundsiscolrelatedwitllbiologicalactivityin 

thewatercolumnMethylarsemcalsinnaturalwatersa【eexpectedtobeploduceddirectly

byphytoplanktonandbacteria,ａｎｄtoresultfiDmthedegradationofbiologicalmaterials， 

Metllylationofarsenatetomonometllylatedanddimetllylatedfbmsoccursinvariousalgal 

cultures・Theproductionoflnethylarsemc(V)speciesbymarinealgae(Andreaeand

mumpp,1979;SandersandWindoln,1980;SandersandVermersch,1982;Sandersand 

Riedel,1993)andfreshwateralgae(Bakereta1.,1983;NissenandBenson,1982;Maeda 

etaL,1987;Maedaeta1.,1992)hasbeenreported 

Recently,wedevelopedanewhydridegenerationtechniquethatissensitiveenoughto 

determinemethylarsemc(111)species,monolnethylarsonousacid[CH3As(OH)2； 

ＭＭＡA(111)]anddimetllylarsinousacid[(CH3)2As(OH);ＤＭＡA(Ⅲ)],and 

methylarsemc(V)species,Inetllylarsomcacid[CH3AsO(OH)2;ＭＭＡA(V)]and 

dimethylarsinicacid[(CH3)2ASO(OH);ＤＭＡA(V)],separately(Hasegawaeta1.,1994)． 
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Insmdiesinfreshwaterandcoastalseawater,theconcentrationofmetllylarsemc(Ⅲ） 

specieswasoneortwoordersofmagmmdelowerthantllatoflnetllylarsemc(V)species 

becauseofashortllalfL1ifeintheoxicenvlronlnent(Hasegawa,1996;Hasegawa,1997； 

Sohrineta1.1997a).However,metllylarsenic(Ⅲ)distributionchangedseasonally， 

perhapsduetotlleseasonalbloomsofphytOplankton、

Hereweleportaseriesofalgalculmreexperimentsdesignedtodemonstratetlle 

methylationofarsenicandtheproductionofmethylarsemc(Ⅲ)speciesinfreshwater・The

changesintllespeciesdistributionofarsenlcweremeasuredinaxemcculturemediam 

wmcharsenateandnutrientconcentrationswerecontromedatdiffeIentlevels・Thisistlle

firstreportoflnethylarsemc(111)speciesbeingfbundandlneasuredinphytoplankton 

cultures、Theinfbnnationwouldprovidefmabetterintelpretationofarsemc

biogeochelnistryintheenvironlnent． 

2．Materialsandmethods 

２．１０J/〃〃ｅ)Vpenme"な
● 

ClonalaxemcstrainsofdDs陀冗"macjmﾉﾋｗ,AJUﾉﾋJcose〃９，肌ﾉmZJand此〔！、s〃m

biwe,isolatedbyDr.Ｈ,Nakahara(GraduateSchoolofAgriculture,KyotoUniversity） 

fiolnLakeBiwa,Japan,wereusedthroughoutthesmdy・BefCretheexperiments,the

clonalculturesweremaintaineｄｍｔｈｅｓａｍｅｍｅｄｉｕｍｆｂｒｌ－２weekuntilcellswqeatan 

exponentialphaseofgrowthExperilnentalculmresweregrownat25oCundera１２:ｌ２ｈ 

Ｌ/Dphotoperiodatalightintensityof501LIEm-2s-1providedbycoolwmtefluorescent 

lights，TheaxenicnatulewawerifiedfrequentlybyDAPIdilCctstrainingand 
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examinationunderanepifluorescentmcroscope(Bomooleta1.,1980)． 

Five-1itercapacityglassvesselsContaimng41itersofstermizedCTmedium(Watanabe 

andlchimura,1977),Inodifiedbyreducingtheconcentrationofnitrateandphosphate 

(addedasKH2PO4insteadofsodiumglycerophosphate)toencourageuptakeofarsenate， 

wereincUbatedwithacclimatedexponentialphasecells・Threedifferentconditionsof

arsenateandnutrientconcentrationsweretested(Tablel).Onexaminationfbrtheeffect 

ofarsenlcspeciesontheglDwthofCacicmﾉﾋwintllemodifiedCTmedium(contaimng 

llUmolL-1ofphosphate),tllepopulationsofCacjc"/Zwatsteadystatewereunaffected 

byarsenite,arsenate,ＭＭＡA(V)andDMAA(V)atlesstllan60UmolL-1、Sterilizedair

wasintroducedfromthebottomofthevesselandtllecontentsweregentlymixed、Atthe

beginningoftheexperiment,theinitialcelldensitywas20cemsｍＬ-1．Culmreswere 

grownfOraperiodof3-5weeks・PhytoplanktongrowthwasfO11owedbymeasunng

spectrophotometricallyonaUV-VISspectrophotometeraｔ７５０ｎｍ,andcorrelatedwitllan 

establishedcelldensity-to-absorbanceratiotoestimatecellnumber、Measurementsofcell

numberweremadｅｂｙｃｏuntingdirectlybyncroscope． 

2.2Ａ"αlyricaﾉpmce〃川

Samplesweretakenbyblockinganaerationexhausttubeofthevessel,tllereby 

plessulizingthevesselandforcingthesamplesoftheculturehoughasampletube，The 

saInpleswerepassedtllroughOo451mfilters(Millipore,ＨＡ)underlowvacuumpressure 

(＜３０，ｍHg)．ThisprocedurewaspelfOrlnedundernitrogengasinordertoprevent 

oxidationofarsenic(Ⅲ)species・

ArsenicspeciesweremeasuredbyanimprovedhydridegenerationtecllniqUe＊ 
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(HasegawaetaL,1994)Theanalyticalandoperatingconditionswereasdescribed 

previously､Arsemc(Ⅲ)specieswereextractedfroln200mlsalnpleswith 

diethylanⅡnomumdietllyldithiocarbalnatemtocarbontetracmoride・Afterback-extraction，

morganicandmethylatedfmnsweremeasuredbyhydridegenerationwithliquidnitrogen 

trapping,chromatograpllicseparationandatomicabsorptiondetection(HG-AAS;Braman 

eta1.,1977;Andreae,1977;Andreae,1979).Theconcentrationsofarsenic(Ⅲ+V） 

specieswerelneasuredfroln501nlsamplesdirectlyusingtlleHG-AAS,andthe 

concentrationsofarSemc(V)specieswerecalculatedfiDInthedifferencebetween 

arsemc(Ⅲ+V)speciesandarsemc(111)species・Minimumdetectableconcentrationswere

0.027,0.04３and０.O30nmolL-1fbrarsenite,ＭＭＡA(111)andDMAA(Ⅲ),and0.11, 

0.18andO12nmolL-1fOrarsenate,ＭＭＡA(V)andDMAA(V),respectively､Other 

organoarsenlccompoundswerelneasuredastlleultraviolet-labilefractionbyHoward1s 

metllod(Howard,1989).Totalarsenlcconcentrationwasdeterminedafterthealkaline 

persulfateoxidationprocedurewhichisamodificationofthemethoddescribｅｄｂｙＬｅｅｔ 

ａｌ.(1992).Phospllatewasdeternmedbyphospholnolybdatebluespectrophotometry、

Formtrateanalysis,mtratewasreducedwithhydrazine,diazotizedanddeternned 

spectrophotometrically(Kitamura,1982)． 

＊Intllissmdy,weexannnedhydride-1℃ducibleorganoarsenicspeciesinwatersamples・

Thesecompoundswerei1mono-i1andiidilnetllylarsenic11,andconvertedtomono-and 

dilnethylarsine,respectively,bysodiulntetrahydroborate・Thereisgeneralagreelnentthat

tllemajolityofmono-anddimethylarsemcspeciesareMMAA(V)andDMAA(V)m 

naturalwaters・Recently,itwasreportedthatdissolveddilnethylarsemccloselyresembled

DMAA(V)mestuarinewaters(Howardeta1.,1999)Iherefbre,thetennsMMAA(V） 
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andDMAA(V)wereusedinsteadofmmono-mand'１dnetllylarsenicminhspaper． 

3．ResultsandDiscuSSiOn 

3.1Ａ灯e"jc叩ｃｃ〃o"c/iα"ges伽p〃oqpha陀一c1ﾋﾞﾜiicie"/α灯肌ルノjjgAczJ加川q/Caciculare

ThegleenalgaeCルS花加川αＣｉＣ"ﾉﾋwisresistanttotheinhibitoryeffectofarsemc,and

grewwelli、0.1-2001mlolL-1arsenate・Cqcjc"ﾉﾋwproducedarsemteand

metllylarsemcalsintllepresenceofarsenate・Theconcentrationsofarsemcandnutrient

welelneasureddulingexponentialandstationaryphasesofgrowth(Figs､1-3).Under 

phosphate-deficientarsenic-highconditions,thegrowthofCacicmj[wwasfbllowedby 

decreasesmphosphateduringtlleexponentialphase(Fig.１).Ｃａｃｊｃ吻陀hadattaineda

densityof3､６ｘｌＯ４ｃｅｌｌｓｍＬ－１ｂｙｄａｙｌ４,tllenshowedrelativelysteadygrowtlltoward 

tlleendoftlleexperiment・Theimtiallevelofphosphatewasl91｣lnolL-1wllichhad

decreaseｄｔｏＬ８ＵｍｏｌＬ－１ｂｙｔｈｅｅｎｄｏｆｔｌｌｅｅｘponentialphase・Theconcentrationof

arsenate,１２１molL-1imtially,decreasedwitllphytoplanktongrowth・TheAs(Ⅲ）

Concentrationreachedamaximmnof270nmolL-1ascellnulnbersmclCased 

exponentially,butdecreasedtobetween30nmolL-1and50nmolL-1Cluringthe 

stationaryphase、Methylarsenlcspeciesbegantoappearattlleendoftlleexponential

phase・Methylarsemc(V)speciesのMAA(V)andMMAA(V))werecharacterizedbyrapid

increasesintllestationaryphase,fbllowedbyagradualincreasetowardtheendofthe 

expeliment・Duringthestationaryphase,ＤＭＡA(V)increasedfroml､OImlolL-1tol・g

1nnolL-1,andwasanorderoflnagmmdemoleabundanttllanMMAA(V)(61-120nmol 

L-1).Ontheotherhand,methylarsemc(Ⅲ)species(DMAＡ(Ⅲ)andMMAA(Ⅲ)） 
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consistedofcomparableamountsoflnonometllylatedanddimetllylatedfbnns・ＤＭＡＡ

(111)andMMAA(111)showedmaxⅢ､umconcentrationsof46nmolL-1and７．３nmolL-1 

attheinitialstageoftllestationarygrowtll,andtllenlemainedsteadyat1.4-2.ＯｎｍｏｌＬ－１ 

ａｎｄ３､２－４０nmolL-1duringthestationaryphase,respectively・mtraviolet-labile

fractionsoforganoarsemcalswerebelowtlledetectionlimit(<0.11nmolL-1)houghout 

theexperilnents,andtheconcentrationsoftotaldissolvedarsenicagreedwellwiththe 

sumsofinorganicandlnetllylatedarsenicconcentrationsineachculmremediｕｍ・

Wealsoobservedthespeciesdistributioninphosphate-deficientarsenic-highculmre 

mediumevery2hoursfbr24hours,andestimatedtheratesofuptakeofphosphateand 

productionofarsenicspecies(Table２)．Cacic"ﾉ(wgrewfrol、3.7xlO3to6､2xlO3

cellslnL-1dulingtlle24-hourexperiment，Ｔｈｅconcentrationsofphosphateandarsemc 

specieschangedlinearlywithtneduringthelightanddarkphase・Theproductionand

uptakerates(k)were,tllerefore,estimatedbyk＝(Ctl-Ct2)/(tl-tz),whereCtlandCt2are 

tlleconcentrationsattimestlandt21YleproductionratesofarsemteandDMAA(V） 

Iemainedconstantbotllinthelightanddalkpllase・TY1eproductionratesofDMAA(111）

wereassociatedwiththeL/Dcycles,andwelelowduringthelightphase． 

3.Ｍ'wlzjc叩ecjaがolzchα'zges腕p/zo叩ﾉjα花‐(ﾉｾﾂﾞiicjelzrα'wlzjc-ﾉCWC"伽氾sq/Caciculare

Figule2showstllechangemconcentrationsofarsenicspeciesintheCacicmﾉﾋw 

culturesUnderphosphate-deficientarsemc-1owconditions・Theinitialarsenate

concentratio、(１０nmolL-1)wasintllemorecomnomyobservedrangeof5-15mnolL-1

inLakeBiwa,andwasthreeordersofmagnimdelowerthanthatinthearsenic-high 

medium，ArsenatewasrCplacedinitiallybyarsemteduringtlleexponentialphaseandtllen 
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byDMAA(V)attheinitialstageofstationarygrowth,wmchwassimilartotheresultof 

thepreviousexperimentmphosphate-deficientarsemc-mghcultures(Fig.１).ＤＭＡA(V） 

increasedfromO､83nmolL-1to4,4,molL-1duringthestationaryphase､ＭＭＡA(V)， 

ＭＭＡA(Ⅲ)andDMAA(Ⅲ)werebelowthedetectionlilnit(＜0.11nmolL-1)mtlle 

phosphate-deficientarsenic-1owlnedium、A1thoughthedensitiesofCacic"ﾉﾋwwere

comparabletotlloseofthearsenic-llighmediuln,tllelevelsofarsemteand 

metllylarsemcalswerelower． 

3.3ＡﾊﾟMicWc〃o"ｃｈα"geMz伽冗e"Ｍ１/iicie"/αﾊﾟe"ic-ﾉDwczlﾉ加川q/Caciculare

ＩｎＦｉｇ､３，thechangestoarsemcandnutrientintlleCacIicJJﾉﾋwculturesunder 

nutrient-deficientarsenic-1owconditionsaredemonstratedTYlelevelsofarsenate， 

phosphateandnitrateweresimilartothoseinLakeBiwa(Sohrineta1.,1997b).Thecem 

densitiesofCacic"わ〃welereducedcompaledwithintheprecedingexperiments・

Arseniteshowedamaxilnumconcentrationof45nmolL-1duringtlleexponentialphase， 

andtllenrelnamedsteadyat2.1-2.3,molL-1duringtllestationaryphase・ＤＭＡA(V)and

DMAA(111)werefoundintherangeofO.45-0.63nmolL-1andO､05-0.17nmolL-1， 

respectively,duringthestationa【yphase､TheconcentrationsofDMAA(Ⅲ)areconsistent

withtheobservedvaluesof0.1-0.2nlnolL-lmetllylarsemc(111)duringthenatural 

phytoplanktonbloomsofthesoutllernbasininLakeBiwa(Sollrinetal,1995;Sohrinet 

aL1997a;Hasegawal997)． 

3.ｲＤＭｊｂ"jo"q/α灯e"jcqpecjeMzZ/zecMDJ川q/Caciculare

ArsenatewasconvertedtoarsemteandlnetllylarsenicalsbyCaciczJﾉとｗ(Figs､1-3)．
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Thespeciesdistributionofarsemcduringthestationaryphase(afterphosphatedepletion） 

issumnarizedinTable3､MainspecieswerearsemteandDMAA(V),andlninorspecies 

weleMMAA(V),ＤＭＡA(Ⅲ)andMMAA(Ⅲ)mtheculmresofCacicMzだ.The

proportionofarseniteandDMAA(V)intllemediaaccountedfor＜0.1-27％and4.3-43％， 

respectively,ofinitialarsenatedmingtllestationaryphase・ＭＭＡA(V)andMMAA(111）

weremuchlessabundant(<0.1％ofinitialarsenate)inthearsenic-highmediaor 

undetectableintllearsemc-1owmedia・Severalresea【℃hershavereportedorganoarsemcals

otherthanmethylatedfbnnsinnaturalwaters(HowardandColnber,1989;deBettencourt 

andAndreae,1991,deBettencourteta1.,1994;HasegawaetaLl999)．However,no 

additionalorganoarsenicalsweredetected(<0.11nmolL-1)inanyexperilnentbyhydride 

generationtechniqueafterultravioletdecomposition 

IhesumofdissolVedarseniteandmetllylarsenicalswaslessthantlledecrementof 

dissolvedarsenateintlleculturemedia，Totalarsemcconcentrations,whichwere 

obtainedfromunfilteredsalnplesattlleendofthetllreecultureexperilnents(Figs､1-3)， 

ｗｅｒｅ９８±396ofimtialconcentrationsofarsenate・Therefore,thelossofdissolvedarsenic

wasduetotheincorporationofarsenicintotllealgae、Cacic"JZwincorporated3Z-68％

ofimtialarsenateintllearsemc-1owlnedia・Cacjcmﾉﾋwcontainedl50-350ppmarsenic

inthearsenic-highmediaand0.6-11ppmintllearsemc-1owmedia・Generally,the

arseniccontentislowerinfreshwateralgaetllanmarinealgae(Phillips,1990;Maeda， 

1994).A1tlloughfreshwateralgaerarelycontainnloletllanlpplnofarsemc(dry 

weight),somefreshwateralgaeacculnulatearsenictol0,000-50,000ppm(MaedaetaL， 

1985).Inourexperiments,thecontentofarsenicinCacjc山形increasedwiththeinitial

concentrationofarsenatemtheculmremedia． 

3.5剛i2crq/Ｐｈ叩ｈα花ＬｅＷﾉＭ2Ｍ℃”ﾉﾋzlw"jcaﾉＰ'ｗﾉZucがo"．
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Theeffectofphosphateonarsenicbiotransforlnationinfreshwateralgaeisshownm 

Fi9.4T11reestrainsoffTeshwateralgae(α、花"川αＣｉＣ"JLW,ＡｍﾉﾋJ川e〃glzzMﾉmZJ，

此(肋s伽加ｂｉＷｅ)weregrownin30mltestmbescontaimngl51nlofmodifiedCT

InediumwithlOOnmolL-1ofarsenateand20nⅡnolL-1ofnitrateu､tilthestationary 

phaseofgrowtll(2-3weeksafterinoculation).Phosphatewasinitiallyaddedtogivea 

rangeof1.2-1001mlolL-1・Thecelldensitiesofthealgaewerelilnitedbyphosphate

concentrationsinthephosphate-deficientmedia(initially1.2-5.2UlnolL-1fbrdDs花"伽

andＡ山川e伽,and1.2-111unolL-1fOr此ａｊａｓ加川),whichdecreasedtolesstllanO・Ｓ

ｕｍｏlL-1duringthestationaryphase・Nitratelevelswelesteadytllroughoutthe

experiments，Underthephosphate-deficientconditions,ＤＭＡA(Ⅲ+V)reached7.6-9.7, 

84-98ａｎｄ9.9-63nlnolL-1fOrC/、蛇r加川,ＡＪＵ/αcosejmand化伽ａｓｒ７ｗｚ,respectively,and

increasedwitllcellabundanceofthealgae・ＭＭＡA(Ⅲ+V)rangeｄ1.5nmolL-1to2､８

，molL-1andwerefoundomyintlleAJJﾉCJcoseimcultures・Ontlleotllerhand，

methylarsenicalsdecreasedwitllincreasesinphosphateconcentrations,whencellswere 

grownunderphosphate-sufficientconditions(11-100UmolL-1ofinitialphosphate 

concentrationsfOrdos〃iMzandA"mcose伽,and20-100lmlolL-1fbr凡伽s加川)～

TY1ephosphate-sufficientmediacontainedmorethan50-9996oftlleinitialphosphate 

alnountsuntiltlleendoftheexperiments、

Therelationbetweenlnethylarsenicalproductionandphosphatelevelsmtlle 

phosphate-deficientculmresmFig.４comcidedwithtllearsenicspeciationchangeduring 

thegrowthofCacjc"/[ｗ・MethylationofarsenatebyCacjc"わ〃ｗａｓｅ血ancedwhen

theratioofphosphatetoarsenateinthemediumdecreasedattheinitialstageofstationary 

growth(Figs､１and2).Theseresultsaccordwellwithpreviousreportsthattheuptakeof 
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arsenateisassociatedwiththatofphosphate・SeveralresearChershaveIeportedthat

arsenateisacolnpetitiveinhibitorofphosphateupIakebyalgalcellsmphytoplankton 

culmresoffreshwater(Bakereta1.,1983;Maedaeta1.,1985;Maedaeta1.,1988)and 

seawater(Sanders,1979;SandersandWi､do1,,1980).Innamralphytoplankton 

conmumtiesmLakeBiwa,mghconcentrationsofDMAA(V)werefrequentlyObserved 

whentheratioofphosphate/ZAswasbelow3underoxicenvⅡonment(Sohrineta1., 

1997a).ArsenatewouldbeconvertedtomethylarsemcalsinCacjcJuﾉZwafierthe 

decleaseofphosphateinthemediumandtlleincorporationofarsenatemtoCacjc"ﾉﾋｗ・

SincetlleproductionratefbrDMAA(V)remainedconstantduringtheexponentialphasein 

tlle24-hourexperilnent(Table2),itislikelythatn]ethylarsenicalswereexcretedasthe 

metabolitesratllerthanphotosynthatesofCacic山MMoreover,tlleDMAA(V）

concentrationincleasedcontinuouslydulingthestationaryphase・ＤＭＡＡ(V)maybe

producedasaconsequenceofthebreakdownofdeadcells・Thereporteddistributionof

metllylarsemcalsinnaturalwaterssuggeststhatseasonalchangesinDMAA(V)correlate， 

notwitllcmorophyll-a,butwitllwatertelnperature(Hasegawa,1997;Sohrineta1. 

1997a)． 

nlereare,however,afewexceptionstotllerelationbetweenmetllylarsemcal 

productionamlphosphatelevelsmnaturalwaters､Severalspeciesofmarinealgaeare 

capableofdiscriminatingbetweentlle叩takeofarsenateandphosphate(Andreaeand

mumpp,1979,Morrisetal,1984).Theappearanceofmetllylarsenicalsintlleseacan 

occurwithouttlledissolvedphosphatelevelsbeingnecessarilylow(Froelicheta1.,1985； 

HowaldetaL,1995)． 

3.5A7qMzicBjor川巾剛arjo〃
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Thenoveltyofthiswolkisintlleexaminationofchangesinarsenlcspeciation 

associatedwiththealgalmetabolismmthefreshwaterenvlronment・Arseniteappearedm

tlleculturelnediumduringtlleexponentialphaseofcellgrowthmCacjc"ｊＺｗ,andwas 

oxidizedandbincorporatedbyCacjcLJm”.Metllylarsemcals,mostlycomprisedof 

DMAA(V),acculnulatedduringtllestationaryphase,whiletheotherorganoarsemcals 

werenotobservedtllroughouttheexpeliments・ItislikelytllatDMAA(V)isaccumulated

asafinalarsemcmetabolitebylivingalgaeand/Orasaproductoftlledecolnpositionof 

deadalgalcells・hnaturalwaters,ｍｏｒｅthanonemechanismwouldbeinvolvedintlle

uptakeofarsenicandtheproductionofmethylarsenic，However,sin1arresultstllat 

arsenatewasleplacedimtiallybyarseniteandthenbyDMAA(V)wereleportedm 

unaxeousculmresmdiesw、chwerepelformedmlarge-volumecoastalseawater

enclosurescontai､ing､aturalphytoplanktoncomnumties(Sanders,1993)． 

Inaddition,ourresultsshowedthatlnetllylarsenic(111)speciescanbeproducedby 

phytoplanktonmfieshwater､Metllylarsemc(Ⅲ)speciesappearedintlleculturemedium 

witllincreaseinDMAA(V),andwcleoxidizedinⅡnediatelyfO11owingexcretionfromtlle 

organisms(Fig.１)．Organoarsenlcsynthesismayoccur,tllerefore,whenmethylarsenic 

(Ⅲ)speciesappearintheculmremedium､Suchspeciesareconsideredtobe 

intennediatesinthebiosyntlleticroutefromarsenatetoorganoarsenicals(Challenger， 

1945).ItisconceivabletllatMMAA(Ⅲ)andDMAA(Ⅲ)werereleasedasmetabolites 

fromthebiosyntheticpathwayfbrmetllylarsenicalsbyCacjcLJﾉZwinourexperilnents、

Wehaveonlylimi1tedinfbnnationonfactorsresponsiblefortlleproportionof 

metllylarsenic(111)andmetllylarsemc(V)species・ＴｈemostlilKelyexplanationistllatthe

levelsofmetllylarsemc(ⅡI)speciesdependonboththeratesofproductionbyCacicm/bw 

andofoxidationinoxicenvironments､Metllylarsemc(Ⅲ)speciesarenloresusceptibleto 

oxidationtllanarsenite(Cullen,1966).Inparticular,ＤＭＡA(111)istllermodynamically 

1３ 



unstablemoxicaqUaticsolutions・ThelowproductionratesofDMAA(111)dmingthe

mghtphasemaybeduetophotochelnicaloxidation(Table２).Theproductionratesof 

arsemteandDMAA(Ｖ)welcnotappreciablyinfluencedbymghtinsuchawaythatthose 

ofDMAA(111)welelowduringlightphase､Methylarsemc(Ⅲ)speciescanbeproduced 

strictlychemicallybytllereductionofmetllylarsenic(V)speciesinporewaterunderanoxic 

conditions(Brighteta1.,1994).Methylarsenic(111)andmetllylarsemc(V)speciescould 

beleleasedfromanoxicmcro-agglegatesinthephoticzone、Muchlnorewolkis

reqUiledtoestablishlnodelsofmetllylationinaqUaticenvⅡonlnent． 

Ａｃｌｍｏｗｌｅｄ室ｍｅｎｔｓ

Wesincelc1ytllankDr.Ｈ・Nakahara,GraduateSchoolofAgliculture,Kyoto

University,Japan,fbrsupplyingthealgaeculmres・Thisresearchpartlywassupported

frolntheSumitomoFoundationandtheResearchlnstimteofInnovativeTechnologyfOr 

theEarth,Japan 

References 

Anderson,ＬＣＤ.,Bruland,Ｋ､Ｗ､,1991Biochemistryofarsenicinnaturalwater:The 

importanceoflnetllylatedspecies・Environ､Sci､Techno1.25,420-427．

Andreae,Ｍ0.,1977.Detenninationofarsenicspeciesinnamralwaters､Anal・Che1,.

49,820-823． 

And1℃ae,Ｍ0.,1978.Distributionandspeciationofarsenicinnamralwatersandsｏｍｅ 

1４ 



Inarinealgae・Deep-SeaRes25,391-402．

Andreae,Ｍ0.,1979.Arsenicspeciationinseawaterandinterstitialwaters:Theinfluence 

ofbiological-chemicalinteractionsonthechemistryofatraceelement・Lilnnol、

Oceanogr､24,440-452． 

Andreae,Ｍ0.,mumpp,Ｄ・’1979.Biosynthesisandreleaseoforganoarsenic

colnpoundsbymarinealgae・Environ､Sci・Techno1.13,738-741．

Andreae,Ｍ0.,1986.Organoarseniccolnpoundsintheenviromnent､I､:Craig,Ｐ.Jぴ

（Ed.).OrganometallicCompoundsintheEnvironment・Wiley,NewYolk,pp､198‐

２２８． 

Baker,Ｍ､，.，Won9,Ｐ,Ｔ・Ｓ.，Chau,Ｙ､Ｋ､，Mayfield,Ｃ・I.，Inniss,Ｗ､Ｅ，１９８３．

Methylationofarsenicbyfreshwatergreenalgae・Can､JFish,Aquat,Sci､40,1254‐

１２５７． 

Bohlool,ＢＢ.,Schmidt,ＥＬ.，1980.ＴｈｅinⅡnunofluorescenceapproachinmcrobial 

ecologyln:A1exander,Ｍ､(Ed.).AdvancesinMicrobialEcology,VoL4P1enuln 

Press,NewYork,ｐｐ２０３－２１０、

Braman,Ｒ､Ｓ､，Johnson,ＤｏＬ.，Foreback,Ｃ､Ｃ，Ａｍｍｏｎｓ,ＪＭ.，Bricker,Ｊ､Ｌ､，1977． 

Speciationanddeterlninationofnanogramamountsofmorgamcarsemcand 

metllylarseniccolnpounds・AnaLCheln､49,621-625．

Bright,，.Ａ､,Brock,Ｓ､,Cullen,Ｗ､Ｒ,Hewitt,Ｇ､Ｍ､,Jafaar,Ｊ､,Reimer,Ｋ､J・’１９９４

Methylationofarsemcbyanaerobiclniclobialconsortiaisolatedfromlakesedinlent、

Appl,Organomet､Che1,.8,415-422． 

Challenger,Ｆ・’1945.BiologicalmetllylatiOnChem・Rev,36,315-361．

Cullen,ＷＲ.，1966.Organoarsenicchemistry・Adv､Organolnet､Che、4,145-242．

Cullen,ＷＲ.,Reimer.,Ｋ,J・’1989.Arsenicspeciationintlleenvironment､Che、.Rev，

89,713-764. 

1５ 



deBettencourt,ＡＭＭ.,Andreae,Ｍ､0.,1991.Refractoryarsenicspeciesinesmanne 

waters・Appl・Organomet・Che、５，１１１－１１６．

deBettencourtA.Ｍ､Ｍ,,F1orencio,ＭＨ.,Duarte,Ｍ､Ｆ､Ｎ､,Gomes,Ｍ､Ｌ､Ｒ､,Boas， 

Ｊ・Ｆ.Ｃ､Ｖ‘，１９９４Refractorylnethylatedarseniccompoundsinestuarinewaters;tracing

backelusivespecies,AppLOrganonlet・Chen1.8,43-56．

Edmonds,Ｊ､Ｓ,,Francesconi,Ｋ､Ａ・’1997.Arsenicandmarineorganisms､Adv・Inorg・

Che、44,147-189．

Edmonds,Ｊ､Ｓ､,Francesconi,Ｋ､Ａ・’1993.Arsenicinthesea…Oceanogr,MarBiol・Ａｎｎ

Ｒｅｖ､３１，１１１－１５１． 

Froelich,Ｐ.Ｎ､，Kaul,ＬＷ.，Byrd,Ｊ､Ｔ､,Andreae,Ｍ０．，Roe,Ｋ､Ｋ・’１９８５．Arsenic，

barium,ｇｅｒｍａｍｕｍ,tin,dmetllylsulfideandnutrientbiogeochenlistryinChallotte 

Harbor,Florida,aphosphorus-enrichedesmaryEsmarineCoastalShelfSci20， 

Z39-264 

Howard,Ａ.Ｇ､,Comber,Ｓ､，.Ｗ・’1989.Thediscoveryofhiddenarsenicspeciesin

coastalwaters・AppLOrganomet・Che、3,509-514．

Howard,Ａ・Ｇ.,Comber,Ｓ,，.Ｗ､，Kifle,，.,Antai,ＥＥ,Purdie.,，.Ａ・’1995.Arsenic

speciationandseasonalchangesmnutlientavailabilityandncro-planktonabundance 

inSoutllamptonwater,Ｕ､Ｋ・EstuarineCoastalShelfSci40,435-450．

Howard,Ａ,Ｇ､,Hunt,ＬＥ,Salou,Ｃ・’1999.Evidencesupportingthepresenceof

dissolveddimetllylarsinateintllemanneenvlronment・Appl・Organomet・Che1,.13,

39-46． 

Hasegawa,Ｈ,Sohrin,Ｙ､,Matsui,Ｍ､,HOjo,Ｍ､,Kawashima,Ｍ・’１９９４Speciationof

arsemcinnamralwatersbysolventextractionandhydridegenerationaIomic 

absorptionspectrometry・ＡｎａＬＣｈｅｍ６６,3247-3252．

Hasegawa,Ｈ・’1996.,SeasonalchangesinmethylarsenicdistributioninTosaBayand

1６ 



UranouchiInlet・AppLOrganomet・Che、，10,733-740．

Hasegawa,Ｈ,1997.ThebehavioroftrivalentandpentavalentmethylarsemcalsinLake 

Biwa､AppLOrganolnet・Che１，，１１，３０５－３１L

Hasegawa,Ｈ,Matsui,Ｍ､,Okamura,Ｓ､,HOjo,Ｍ,Iwasaki,Ｎ,Sohrin,Ｙ､1999． 

Arsemcspeciationincluding､llidden､arsemcinnaturalwaters・AppLOrganolnet・

Che、13,113-119．

Kita【nura,Ｈ､,Ishitani,Ｈ､,Kuge,Ｙ､,Nakalnoto,Ｍ，1982.Deterlninationofnitratein

freshwaterandseawaterbyahydrazinereductionmethod(inJapanese).Japan 

JournalofWaterPollutionResearch,5,35-42． 

Kuhn,Ａ､,Sigg,Ｌ，1993.ArseniccyclingineutrophicLakeGreifen,Switzelland： 

Influenceofseasonalredoxprocesses､LiInnoLOceanogr､38,1052-1059． 

Le,Ｘ､Ｃ､,Cullen,Ｗ､Ｒ､,Reimer,Ｋ､J､1992.Decompositionoforganoarsenic 

compoundsbyusmgamcrowaveovenandsubsequentdeterlninationbyflow 

illjection-hydridegeneration-atolnicabsorptionspectrolnetry､Appl・Organomet・

Che、６，１６１－１７１．

Maeda,Ｓ,,Nakashilna,Ｓ､,Takeshita,Ｔ,,Higashi.Ｓ､，l985Bioaccumulationofarsenic 

byfTeshwateralgaeandtheappmcationtotlleremovalofinorganlcarsenicfroman 

aqueousphase・Part11.ＢｙｄｊＪＤ〃肋ⅧﾉgarisisolatedfTomarsemc-polluted

environment､Sep・Sci・Techno1.20,153-161．

Maeda,Ｓ､,Wada,Ｈ､,Kulneda,Ｋ､,Onoue,Ｍ,Ohki,Ａ､,Higashi,Ｓ､,Takeshita,Ｔ、

1987.Metllylationofinorganicarsenicbyarsemc-tolerantfreshwateralgae､AppL 

Organolnet､Che1,.1,465-472． 

Maeda,Ｓ､,FUjita,Ｓ､,Ohki.Ａ,Yoshifilku,I.,Higashi,Ｓ､,Takeshita,Ｔ,1988． 

Arsenicaccumulationbyarsenic-tolerantfreshwaterblue-greenalga(PAO加城川

Ｓｐ.).AppLOrganoInet・Chen1.2,353-357.

ヴ

1７ 



Maeda.Ｓ,Kusadome.Ｋ､,Arilna.Ｈ､,Ollki.Ａ､,Naka.Ｋ・’1992.Uptakeandexcretion

oftotalinorgamcarsemcbytllefreshwateralgaC７tわ”加川ﾉgα伽Appl・Organomet・

Che、6,399-405．

Maeda,Ｓ､,1994.Biotransfonnationofarsenicinthefreshwaterenvironment､１，:Nriagu， 

Ｊ､Ｏ(Ed.).Arsenicintheenvlronment,Partl:CyclingandCharacterization､Wiley， 

NewYork,ppl55-187・

Morris,Ｒ・』.,McCartliey,ＭＪ.,Howard,Ａ､Ｇ､,Arbab-Zavar,ＭＨ.,Davis,Ｊ､S、１９８４

TheabilityofafieldpopUlationofdiatoInstodiscrilninatebetweenphosphateand 

arsenate､Mar,Che、14,259-265．

Nisse､,Ｐ.,Benson,Ａ､Ａ､１９８２.ArsemcInetabolisminfreshwaterandtelrestrialplants・

PhysioLP1ant､54,446-450． 

Phillips,，.J､Ｈ､,1990.Arsenicinaquaticorgamsms:Areview,emphasizingchemical 

speciationAquat､Toxico1.16,151-186． 

Sanders,ＪＧ.，1979.Effectsofarsenicspeciationandphosphateconcentrationonarsenic 

inllibitionofSM抑"e川coMJt川(Bacillariophyceae).J,PllycoL15,424-428．

Sanders,Ｊ､Ｇ､,Windom.,Ｈ､Ｌ１９８０.Theuptakeandreductionofarsenicspeciesby 

marinealgae・EstuarineCoastalMarSci､10,555-567．

Sanders,１Ｇ.’Vennersch,Ｐ､１９８２.Responseofmarinephytoplanktontolowlevelsof 

arsenate・JournalofP1anktonResea1℃ｈ4,881-893．

Sanders,Ｊ､Ｇ､,Riede1,Ｇ.Ｆ､，1993.Traceelelnenttransformationduringthedevelopment 

ofanestuarinealgalbloolnEstuariesl6,521-532． 

Sohrin,Ｙ､,Hasegawa,Ｈ､,Matsui,Ｍ・’1995.Speciationoforganoarsenicalcompounds

inthehydrosphere・I､:Sakai,Ｈ,Nozaki,Ｙ,(Eds.)Biogeochemicalprocessesand

oceannuxinthewesternpacific・TelraScientific,Tokyo,ppl29-138・

Sollrin,Ｙ,Matsui,Ｍ､,Kawashima,Ｋ､,HOjo,Ｍ,,Hasegawa,Ｈ・’1997a､Arsenic

1８ 



biogeochemistryaffectedbyeutropmcationinLakeBiwa,Japan､EnvironSci・

Techno1.,31,2712-2720． 

Sollrin,Ｙ､,Tateishi,Ｔ､,Mito,Ｓ､,Matsui,Ｍ､,Maeda,Ｈ､，Kawashima,Mand 

Hasegawa,Ｈ､1997b､NutrientsofLakeBiwainunusualcoClandhotsunnersof 

l993andl994Lakes＆Reservoirs2,77-87. 

Ｗatanabe,ＭＭ.,Ichimura,Ｔ・’1977.Bull,Jap・SocPhyco1.,25,Supp1.,371-377.

1９ 



１７７９"〃ＱＪｐ肋"８

Fig.１.Effectofphytoplanktonactivityontllechelnicalfbrmofarsenicinbatchcultuleof 

dosZu血沈αＣｉＣ"ﾉﾋwunderphosphate-deficientarsemC-highconditions．○,arsenate;●，

arsenite;□,ＤＭＡA(V);△,ＭＭＡA(V);■,ＤＭＡA(Ⅲ);▲,ＭＭＡA(Ⅲ);◆,celldensityof 

Cacjc"わ〃；▼,phosphate;◇,nitrate．

Fig.２.Effectofphytoplanktonactivityonthechemcalfbrmofarsenicinbaｔｃｈｃｕｌｍｒｅｏｆ 

ｄｍＺｍｍ川αＣｉＣ"ﾉﾋwunderphosphate-deficientarsemc-1owconditions．Ｏ,arsenate;●，

arsemte;□,ＤＭＡA(V);◆,celldensityofCacic"ﾉＺｗ；▼,phosphate;◇,nitrate． 

Fig.３.EffectofphytoplanktonactivityonthechencalfOrmofarsemcinbatchcultuleof 

dDs花冗"川acicLJﾉﾋwundernutrient-deficientarsemc-1owconditions．Ｏ,arsenate;●，

arsemte;□,ＤＭＡA(V);■,ＤＭＡA(Ⅲ);◆,cendensityofCcJciMZw；▼,phosphate;◇， 

nitrate． 

Fig.４．Effectofphosphatelevelsonthearsemcmetabolismoffieshwateralgae・Arsenic

speciesweredeterlninedatthebegnnngofthestationaryphase.（a)αOS柳川αCiC山畑

(b)A山cose伽ｇｍＭＣｚｍ,(c)〃伽ａｓ〃mbjwqe.□,ＤＭＡA(Ⅲ+V);△,ＭＭＡA(ⅡI+V);◆，

dryweight． 
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TablellnitialComentrationsofArsenateandNutrientsintheCulture 

Ｍｅｄｉａ． 

Type Arsenate PhosphateNitrate 

（molL-1）（molL-1）（molL-1） 

Phosphate-deficientarsemc-highlnedium L2xlO-5１．９ｘｌＯ－５ ２．２xlO-2 

Phosphate-deficientarsemc-1owmedium LOxlO-8１．１xlO-5 L9xlO-2 

Nutrient-deficientarsemc-1owmedium LOxlO-8１．ｌｘ１０－５ ２．１ｘｌＯ－５ 

TablezAvera巴eProductionRateshrArsenicalsandUptalKeRateshr

PhosphateinthePeriodOfGrowthofCJosr〃加川αcicMwfrom３．７ｘｌＯ３

ｔｏ６．２ｘｌＯ３ｃｅｌｌｓｍＬ－１． 

DarkPhase LightPhase 

Productionrate 

CellDensity(cellsmL-1h-1） 23±５ 190±2０ 

Arsenite(nlnolL-1h-1） 9.49±2.06 8.85±0.74 

ＤＭＡA(V)(nmolL-1h-1） 

ＤＭＡA(Ⅲ)(nmolL-1hl） 

Ⅱ12121里_ｴ且lＥ

0.45±0.05 0.39±003 

0.19±0.04 0.03±0０３ 

Phosphate（nmolL-1h-1） 12.0±0.6 ７４３±５．１ 
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西、H［~ＤＨ５ＴＴｍｍｍｎｉｎｔｈｅＣ．ααc〃〃eCulturesduringtheStatiOnaryPhase．ａＤｌｅ 

ArsenateArseniteDMAA(V）IVmVIAA(V）ＤＭＡＡＵｍＭＭＡＡ(Ⅲ)Incorporatedarsenic 

(冊）（％）（％）（％）（96）（％）（％）（ppm）

lｉＰｅ 

Phosphate-deficient 

arsenic-highmedium 

Phosphate-deficient 

arsemc-1owmedium 

70-850.3-1.08.2-16＜０．１ <０．１ ＜０．１ ＜Oll50-350 

nda nda 49-68０．６－１．４ 10-12＜０．１24-43ｎｄａ 

Nutrient-deficient 

0.5-1.7ｎｄａ 32-43５．９－１１ 51-62zO-27４３－６．１ｎｄａ arsemc-lowmediuln 

aNotdetected(､d)． 
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able ArsenicDistributionintheL･acEcuM〃ｅｃｕltmesdurmgtheStationarylPhase．

ArsenateArseniteDMAA(V）MVIAA(ｖ）ＤＭＡA(ｍＭＭＡＡ(Ⅲ)Incorporatedarsenic 

(％）（％）（％）（96）（％）（％）（％）（ppm） 

Type 

Phosphate-deficient 

arsemc-llighlnedium 

Phosphate-deficient 

arsenic-1owmedium 

70-85０．３－１．０８．２－１６＜０．１ <０１ <０．１150-350 ＜０．１ 
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