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Abstract

Inthisstudy,biomineralizationofcovellite(CuS)andbiodegradationwerefOundatoilyhot

springs，inJapanFilamentousbacteriaasoildegradingbacteriaandcoccustypedbacteriaas

sulfatereducingbacteriawereobservedonthecrudeoildroplets､Bacterialcellwallhadadouble

membraneandwassurroundedbyExtracellularPolymericSubstance(EPS)whichservedasthe

nucleationsitesfOrCuSThemicrobialmatscontainedphospholipids(lecithinandphosphoric

ester),suggestingontheinteractionbetweencellwallandoildropletsunderextremeanaerobic

conditionsofthehotspringwater・TheincreasingrelativequantitiesofC3ohopaneandtheabsence

ofpristine，phytaneandtrepanindicatetheevaporation，１eadingtobiodegradationMoreover，

diasteranandregllarsteraneratio,恥/Tmandoleanane/C3ohopaneratioalsoindicatethatheavily

biodegradationofcrudeoi１，collectedfromoilyhotsprings，hastakenplace・Incontrast，oil

accumulationofdiatomCellhasbeenfOundinthereddishbrownmicrobialmatslWotypesofoil

accumulationwerefOun｡;encrustedwithoilonthesurfaceofcells,ａｎｄaccumulatedoilinintemal

cells,associatedwithcoccustypedbacteria,ironbacteriaandgreenalgaq

Thebiomineralizationofcovelliteandthebiodegradationofcrudeoilasdescribedinthis

studycouldhaveprofOundimplicationfOrbioremediationofnotonlyoil-contammatedsitebut
alsoheavymetal-pollutedarea．

Introduction

lechnologicaldevelopmentandmcreasingindUstrialactivitiesintheworldhave

necessitatedavastincreaseintheuseoffUeloiLOvertheentirelifecycleincludingextraction，

transportation,refining,storage,usageandultimatedisposal,thereisaconsiderableriskof

environmentalcontaminationbythesenon-aqueousphaseliquidscomposedofalargenumber

ofhazardousandtoxicconstituents､Whereas,Biomineralizationhasbeenreporteｄｉｎ５６ｐｈｙｌａ
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oflivingorganismsincludingbacteria,protozoans,fUngiandplantsandhas,inalargenumber

ofcases,annnportantroleintheremediationofheavymetaL

Hence,ThefOcusofthisstudyistoobservetheeffectofthegreenmicrobialmatsonthe

removalofcrudeoilBiomineralizationofcovellite(CuS)onthesurfaceofcrudeoildroplets

wasobservedinthisstudybymicroscopictechniques，phospholipidanalysis，bacterial

cultivationandGC-MS/GStechniques・hthisintegratedprogram，studiesonmicrobial

diversityandactivitiesinresponsetoheavymetalsandoilpollutionarecombinedwithstudies

onbehaviorofmicro-organicmineralizationattendantonthedegradationofhydrocarbon

moleculesinlnicrobialsystems・Knowledgeofthebiodiversityofmicroorganlsmsandthe

identificationofmineralcompositions,oilsensitivity,oiltoleranceandoillovingspecieｓａｎｄ

ｃｏｍｍｕｎitiesmayhelptoselecteffectivestrategiesfOrthebioremediationofheavymetalsand
oil-pollutedareas．

Resultsanddiscussion

Bjo〃"eFYzJ2ZUzZio"q/ＣＯﾂe"iZW〃Tb"肋肋horSp""gs

ThebiomineralizationofcovelliteinoilyhotspringswasfbundattheT1sukiokaHotSprings，

Niigata,whichfbrmedingreenmicrobialmats・Waterqualityofhotspringswasnearlyneutral

pH(7.3)andanaerobiccondition(Eh-184ｍＶ).Themicrobialmatscontainedalargeamount

ofCutofOrmCu-minerals,suchascovellite(CuS).ThecmdeoilcontamedhighSwithtraces

ofSiandCMndemittedthedarkorangecoloredfluorescencelightunderultravioletray．

Opticalandepifluorescencemicroscopic

observationsshowedthatfilamentous

bacteriaandcoccustypedbacteriawhich

residedaroundtheoildropletsandfOrmed

colonieswiththeyellowcoloredmineral

particlesmaybecovellite・Oildropletswere

coveredwithfilamentousbacteriainthe

biofiｌｍｓｆＯｒｍｅｄａｓａｒｅｓｕｌｔｏｆｂａｃｔｅｒｉａｌｃell

lysis(Fig.1).ＴＥＭobservationrevealedthat

filamentousbacteriahaddoublemembrane

Fig.１．Biofilmscoversthemassoffilamentous

bacteriaandoildroplets(arrows）
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cellwall,suggeStingthcabilitytouseoilas

asourceofenergybydegradingenzyme

inperiplasmspace・SEMTEM

observationofultrathin-sectionand

STEM-EDSanalysesshowedthatoil

dropletscovcredwithbiofilmswere

nucleatedtOfOrmcovellite（Fig.２，３)．

FILIRanalysisandquantitativeanalysisof

phospholipidindicatethepresenceof

lecithinandphosphoricesterwhichhavea

surface-activeabilityinbacterialEPSandsurrace-actlveabllltyinbacterialEPSandFi9.2.Covellitemineralizationhascompletedand

cellwalLThebacterialamphipathicabmitycovelliteisfOnnedonthesurfaceofoildroplets,is

ledtotheeasyelementaldiffUsionthroughwrappedinbiofilms・TY1ecrystallinecovelliteis

thebacterialcell,therefOreresultinginthecomposcdofhighSandCuwithtraceofNa(anarrow)．

accumulationofCu-Sbythebacterialcellwallwhichwasboundedbyphosphoricesterand
N-H・

Thebacterialamphipathicabilityandthespecificenvironmentundernearlyneutraland

anaerobiccondiｔｉｏｎｉｎｔｈｅｈｏｔｓｐｒｍｇｗａｔｅｒｈａｖｅａｇｒｅatroleinthefOmationofcovellite，

ｗｈｉｃｈｉｓａｎｅＨ[ectiveremediationofpetroleumhydrocarbonsatoil-pollutedareaandat
Cu-contanmnatedarea．

iiii1liiiiiiiIllllllIlIi1iii
■■

Ｃ■

蕊
Fig.３.CrystallizedcoveUiteisobservedaround

thecavityofoildroplets､Covelliteissurrounded

bynumerousbacterialcellsElectrondiffraction

patternwithdiffractionspotsandringsat3.04,

2.78and1.88Ａ（Whitearrows)indicatedatthe

covelliteishighlycrystallizedmineral．

１．８８Ａ

弓、「

BjMEgwz伽吻"q/伽伽o〃j"MigzzZnojMie肱ｃＷｚｚ

ＧＣ,ＧＣ－ＭＳａｎｄＧＣ－ＭＳ/MSanalysesdeterminedthecrudeoildegradationlevelconcemed

withoildegradingbacteriainrukiokahotsprings・Thesusceptibilityofoiltomicrobial

degradationisinthcfOllowingorder:n-alkanes＞branchedalkanes＞low-molecular-wcight
aromatics＞cyclicalkaneswithlowerconcentrationofnormalalkanes，withunresolved

complexmixture(UＣＭ).TheincreasingrelativequantitiesofCBohopaneandtheabsenceof

pristine,phytaneandtrepanindicatetheevaporation,thusleadingtobiodegradation､Moreover，
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｡iasteranandregularsteraneratio,１s/rmandoleanane/C3ohopaneratioalsoindicatethat

heavilybiodegradationofcrudeoi1,comectedfromTmkiOkahotsprings,hastakenplace．

Bjo"J7Mizz"o"q/伽曲OiJhy伽加川〃Zhyo"〃horqp花"gs

E1ectronmicroscopicalobservationsrevealedcrudeoilaccumulationofdiatomsm

microbialmatsattheTbyotomihotsprings・CrudeoncontamsFe，Ｓ,Ｓｉ,andCaemittinga

yenowfluorescencelightundertheultraviolet-ray・Microbialmatsandhotspringwater

containseveralions,andwaterconditionsindicatenearlyneutral(ｐＨ7.7and6.4),anaerobic

condition(Ｅｈ３７ｍＶａｎｄ－１４ｍＶ).Opticalandepifluorescencencroscopicobservations

showtwotypedoilfixations;Ｐｊ"""ﾉａ７ｊａｓｐｐ､ａｎｄ、"srzJﾉiaMbe"/zo畑areencrustedwithoil

onthesurfacｅｏｆｃｅｌｌｓ，whereasAcﾉｶ"α"腕ｅｓｓｐ.，ＭＭｃＭｚｓｐ・and/ｏｒＧＯ〃AC"e川ｓｐ、

accumulateoilintemalcells(Fig.４）Moreovercoccustypedbacteriaexistonthesurfaceof

oildropletsassociatedwithsphericalshaped

andfilamentousalgal,ironoxidation

bacteriaasaLepZo鋤｢此ｓｐ.,andfilamentous

bacteria､ThediatomfOrmedabundantpores

(200nmindiameter)onthecellwallswhere

theoildropletswerefilled､Theobservation

stillremainstobefUrtheranalyzedaｓｔｏｔｈｅ

ｒｏｌｅｏｆｔｈｃｐｏｒｅｓｎｏｔｏｎｌｙｓｕｂstance

ｒＯｅｔＳ

circulationbutalsooilfixation,andwhetherFig､４DiatomcellisaboutlO～ZOmminsize

suchporesarerecognizedindiatoma withaccumulationofoilinsidethecell(arrows)．

Theoilfixationofdiatomintheonyhot

sprmgwaterconfirmsthatcrudeoilisdegradedasnutrientsandenergysourcefOrdiatoms，

Thisbiodegradationofoildropletssuggeststhatdiatomshavetheabilitytoremediate

petroleumhydrocarbonsinanoU-pollutedarea．

Conclusions

Biomineralizationofcovellite(CuS)andbiodegradationofcmdeoilatoilyhotsprings,inJapan

werestudiedhcaseof耐ukiokahotsprmgs,CuionincludedcrudCoil,filamentousbacterial

degadedmetabolismoccurredtotheCu-Smineralizationdependonthemetalspeciesand

surroundedenvironments・Incaseofironrichenvironments,Tbyotomihotsprings,ironoxide

mineralswerefOrmedleadtoironbacterialmetabolismsassociatewithdiatom，soil

accumulation・Theresultsindicatethattheoildegradationmicroorganismshaveanabilityof

oildegradationassociateｄｗｉｔｈｈｅavymetalfixation．
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Thebiomineralizationofcoveniteandthebiodegradationofcrudeoilbyfilamentous

bacteriaanddiatomsinthisstudycouldhaveprofOundimplicationsfOrthebioremediationof

notonlyoil-contaminatedsitebutalsoheavymetal-pollutedarea・Thereby，thesercsults

provideasignificantinsightintohowbioremediationofthecrudeoiloccursinhotspring
waterandhowheavymetalsinfluencethatbioremediation，therebygivingmorefruitfUl

infOnnationfOrthebioremediationoftheoilandheavymetals-contamnatedenvironments．

学位論文審査結果の要旨

本学位論文に関し、平成１８年２月３曰に第１回審査会議を開催、面接審査を行った際、論文の内容につ
いて討論した。さらに、２月６曰に行われた口頭発表の後に第２回審査会を開き、協議の結果、以下のよう
に判定した。

本論文は原油混じりの温泉水中の生体鉱物化作用および石油を分解する微生物について研究を行った。特
に、新潟県月岡温泉水中で銅藍（covellite;CuS）が形成される事を明らかにした。この銅藍の形成には温泉
水中に生息する糸状の石油分解菌および球状の硫酸還元菌が直接関与することを各種電子顕微鏡観察で証
明した。糸状細菌は二重膜および細胞外多糖類（EPS）を持ち、かつ、界面活性作用を示すレシチンおよ

びリン酸エステルを含んでいる。また、糸状細菌による油滴中のn-alkanesやisoprenoidの分解をはじめ、
hopaneの生成も認められた。バイオフイルムに含まれる有機界面物質により油滴中のＣｕは温泉水中に溶
出し、糸状細菌および球菌の相互作用によって銅藍が形成される。すなわち、石油分解菌の細胞膜および
EPSの有機界面活性作用と硫酸還元菌による水質の還元化が、油滴表面での銅藍の形成を促進する。本論文
で明らかにした微生物による石油分解の過程で生じる生体鉱物化作用は、重油およびＣｕなどの重金属汚染
地域における環境浄化にとって有益なデータを提供する。以上の研究成果は博士（理学）に値するものと判
定した。
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