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TheThe biomineralizationbiomineralization ofof severalseveral magneticmagnetic ironiron minerals,minerals, includingincluding thethe ironiron oxideoxide 

magnetitemagnetite (Fe(Fe3300 44 ;; FeFe2I2I Fe/+0Fe/+044 )) andand thethe ironiron sulfidessulfides greigitegreigite (Fe(Fe33SS44 )) andand pyrrhotitepyrrhotite 

(Fe(Fe77SSSS)')' cancan bebe mediatedmediated byby bacteriabacteria asas wellwell asas byby otherother organisms.organisms. TheseThese mineralsminerals 

areare knownknown toto bebe synthesizedsynthesized byby procaryotesprocaryotes inin oneone ofof twotwo fundamentallyfundamentally differentdifferent 

modesmodes ofof biomineralization.biomineralization. TheThe firstfirst isis uncontrolleduncontrolled mineralmineral formation,formation, calledcalled bibi

ologicallyologically inducedinduced mineralizationmineralization (BIM)(BIM) (92),(92), whilewhile thethe secondsecond isis directed-mineraldirected-mineral 

formation,formation, termedtermed biologicallybiologically controlledcontrolled mineralizationmineralization (BCM),(BCM), alsoalso referredreferred toto asas 

organicorganic matrix-mediatedmatrix-mediated mineralizationmineralization (92)(92) oror boundary-organizedboundary-organized biomineralibiominerali

zationzation (96).(96). WhereasWhereas inin BIMBIM thethe organismorganism doesdoes notnot appearappear toto controlcontrol thethe biobio

mineralizationmineralization process,process, inin BCMBCM thethe organismorganism exertsexerts aa highhigh degreedegree ofof controlcontrol overover 

thethe mineralizationmineralization process.process. 

DifferentDifferent physiologicalphysiological typestypes ofof bacteriabacteria areare responsibleresponsible forfor BIMBIM andand BCMBCM ofof 

magneticmagnetic minerals.minerals. DissimilatoryDissimilatory iron-reducingiron-reducing andand dissimilatorydissimilatory sulfate-reducingsulfate-reducing 

bacteriabacteria causecause thethe formationformation ofof magnetitemagnetite andand greigite,greigite, respectively,respectively, asas wellwell asas manymany 

otherother nonmagneticnonmagnetic ironiron minerals,minerals, byby BIMBIM processes.processes. AmongAmong thethe procm'yotes,procm'yotes, onlyonly 

thethe magnetotacticmagnetotactic bacteriabacteria biomineralizebiomineralize magnetitemagnetite andand greigitegreigite byby BCM.BCM. ThereThere isis 

nono apparentapparent functionfunction toto thethe magnetitemagnetite andand greigitegreigite particlesparticles producedproduced viavia BIMBIM byby 

microorganisms.microorganisms. However,However, therethere isis ecological,ecological, evolutionary,evolutionary, andand perhapsperhaps physiophysio

logicallogical significancesignificance toto thethe BCMBCM particlesparticles producedproduced byby thethe magnetotacticmagnetotactic bacteria.bacteria. 

Additionally,Additionally, thethe biomineralizationbiomineralization ofof magneticmagnetic mineralsminerals byby bacteriabacteria cancan bebe anan 

importantimportant sourcesource ofof tine-grainedtine-grained «« II j.lm)j.lm) magneticmagnetic materialmaterial inin sedimentssediments andand soils,soils, 

whichwhich contributescontributes toto thethe paleomagneticpaleomagnetic recordrecord ofof ancientancient geomagneticgeomagnetic fieldfield behavbehav

iorior andand toto thethe mineralmineral magneticmagnetic recordrecord ofof paleoclimatepaleoclimate changeschanges (37,(37, 38,38, 94,94, 137).137). 

ItIt isis importantimportant toto bebe ableable toto discerndiscern thethe differencesdifferences betweenbetween particleparticle typestypes soso asas toto 

bebe ableable toto recogl1lzerecogl1lze biogenicbiogenic magneticmagnetic mineralmineral particlesparticles andand alsoalso toto determinedetermine 
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whichwhich typestypes ofof microorganismsmicroorganisms areare responsibleresponsible forfor thethe depositiondeposition ofof thethe magneticmagnetic 

mineralmineral particles.particles. InIn addition,addition, recentrecent mineralmineral discoveriesdiscoveries inin thethe MartianMartian meteoritemeteorite 

ALH8400ALH8400 II (117),(117), whichwhich havehave beenbeen interpretedinterpreted asas evidenceevidence forfor ancientancient lifelife onon Mars,Mars, 

makemake thisthis needneed eveneven greater.greater. TheThe purposepurpose ofof thisthis chapterchapter isis toto examineexamine andand reviewreview 

featuresfeatures ofof BIM-BIM- andand BCM-typeBCM-type magneticmagnetic particles,particles, toto describedescribe thethe microorganismsmicroorganisms 

thatthat produceproduce magneticmagnetic mineralsminerals (focusing(focusing mainlymainly onon thethe magnetotacticmagnetotactic bacteria),bacteria), 

andand toto describedescribe thethe biomineralizationbiomineralization processesprocesses involvedinvolved inin thethe synthesissynthesis ofof magmag

neticnetic minerals.minerals. WeWe alsoalso reviewreview thethe physicsphysics andand functionfunction ofof magnetotaxismagnetotaxis inin lightlight 

ofof recentrecent findings.findings. 

BIOLOGICALLYBIOLOGICALLY INDUCEDINDUCED MINERALIZATIONMINERALIZATION 

InIn BIM,BIM, biomineralizationbiomineralization occursoccurs extracellularlyextracellularly asas aa resultresult ofof metabolicmetabolic propro

cessescesses ofof thethe organismorganism andand subsequentsubsequent chemicalchemical reactionsreactions involvinginvolving metabolicmetabolic byby

products.products. InIn mostmost cases,cases, thethe organismsorganisms secretesecrete aa metabolicmetabolic product(s)product(s) thatthat reactsreacts 

withwith aa specificspecific ionion oror compoundcompound inin thethe surroundingsurrounding environment,environment, resultingresulting inin thethe 

productionproduction ofof extracellularextracellular mineralmineral particles.particles. Thus,Thus, mineralizationmineralization isis anan unintendedunintended 

consequenceconsequence ofof metabolicmetabolic activitiesactivities thatthat areare characterizedcharacterized byby beingbeing poorlypoorly crystalcrystal

lized,lized, havinghaving aa broadbroad particleparticle sizesize distribution,distribution, andand lackinglacking specificspecific crystallinecrystalline mormor

phologies.phologies. InIn addition,addition, thethe lacklack ofof controlcontrol overover biomineralizationbiomineralization oftenoften resultsresults inin 

decreaseddecreased mineralmineral specificityspecificity and/orand/or thethe inclusioninclusion ofof impuritiesimpurities inin thethe particles.particles. 

BecauseBecause BIMBIM processesprocesses areare notnot controlledcontrolled byby thethe organismsorganisms andand becausebecause mostmost 

mineralmineral particlesparticles producedproduced byby BIMBIM cancan alsoalso bebe producedproduced chemicallychemically withwith thethe samesame 

crystallochemicalcrystallochemical featuresfeatures withoutwithout bacterialbacterial catalystscatalysts (103),(103), B1MB1M isis equivalentequivalent toto 

nonbiogenicnonbiogenic mineralizationmineralization underunder thethe samesame environmentalenvironmental conditions.conditions. ParticlesParticles 

formedformed byby B1MB1M areare thereforetherefore likelylikely toto bebe indistinguishableindistinguishable fromfrom particlesparticles producedproduced 

nonbiogenicallynonbiogenically inin inorganicinorganic chemicalchemical reactionsreactions underunder similarsimilar conditions.conditions. suchsuch asas 

duringduring pedogenesispedogenesis (93).(93). TheThe implicationimplication isis thatthat inin BIMBIM thethe mineralsminerals nucleatenucleate inin 

solutionsolution oror formform fromfrom poorlypoorly crystallizedcrystallized mineralmineral speciesspecies alreadyalready present.present. However.However. 

bacterialbacterial surfacessurfaces cancan alsoalso actact asas importantimportant sitessites forfor thethe adsorptionadsorption ofof ionsions andand 

mineralmineral nucleationnucleation (25,(25, 78).78). TheThe importanceimportance ofof bacterialbacterial surfacessurfaces inin mostmost casescases ofof 

BIMBIM hashas notnot beenbeen elucidated.elucidated. 

MagnetiteMagnetite 

MagnetiteMagnetite cancan bebe formedformed byby thethe dissimilatorydissimilatory iron-reducingiron-reducing bacteriabacteria andand probprob

ablyably byby otherother microorganismsmicroorganisms thatthat reducereduce ironiron inin nondissimilatory,nondissimilatory, non-energynon-energy

yieldingyielding reactionsreactions asas well.well. DissimilatoryDissimilatory iron-reducingiron-reducing microorganismsmicroorganisms respirerespire withwith 

oxidizedoxidized iron,iron, Fe(III),Fe(III), inin thethe formform ofof amorphousamorphous Fe(III)Fe(III) oxyhydroxideoxyhydroxide (87,(87, 88)88) 

underunder anaerobicanaerobic conditionsconditions andand secretesecrete reducedreduced iron,iron, Fe(I!),Fe(I!), intointo thethe surroundingsurrounding 

environment,environment, wherewhere itit subsequentlysubsequently reactsreacts withwith excessexcess Fe(III)Fe(III) oxyhydroxideoxyhydroxide toto formform 

magnetite.magnetite. MagnetiteMagnetite particles,particles, formedformed extracellularlyextracellularly byby thesethese microorganisms,microorganisms, areare 

(i)(i) irregularirregular inin shapeshape withwith aa relativelyrelatively broadbroad sizesize distribution,distribution, withwith mostmost particlesparticles 

beingbeing inin thethe superparamagneticsuperparamagnetic sizesize rangerange «35«35 nm),nm), andand (ii)(ii) poorlypoorly crystallizedcrystallized 

(124,(124, 166).166). 



ManyMany differentdifferent speciesspecies andand physiologicalphysiological typestypes ofof bacteriabacteria reducereduce Fe(III)Fe(III) (see(see 

referencereference 8686 forfor aa completecomplete listlist andand chapterchapter 22 ofof thisthis volumevolume forfor aa moremore detaileddetailed 

discussiondiscussion ofof thesethese microorganisms).microorganisms). However,However, itit seemsseems thatthat onlyonly aa handfulhandful ofof thesethese 

organismsorganisms conserveconserve energyenergy andand growgrow fromfrom thethe reductionreduction ofof thisthis environmentallyenvironmentally 

abundantabundant terminalterminal electronelectron acceptoracceptor (125)(125) andand produceproduce magnetite.magnetite. GeobacterGeobacter meme

tallireducenstallireducens andand 5hewanella5hewanella (formerly(formerly Alteromonas)Alteromonas) putret'aciensputret'aciens areare thethe mostmost 

extensivelyextensively studiedstudied membersmembers ofof thisthis groupgroup andand areare phylogeneticphylogeneticallyally associatedassociated withwith 

thethe (5(5 andand yy subdivisions,subdivisions, respectively,respectively, ofof thethe ProteobacteriaProteobacteria (84,(84, 89,89, 125),125), aa diverse,diverse, 

vastvast assemblageassemblage ofof gram-negativegram-negative procaryotesprocaryotes inin thethe domaindomain BacteriaBacteria (196).(196). 5he5he

wanellawanella andand GeobacterGeobacter speciesspecies appearappear toto bebe veryvery commoncommon inin aquaticaquatic andand sedisedi

mentarymentary environmentsenvironments (43),(43), andand severalseveral newnew Fe(III)Fe(III) speciesspecies ofof thesethese generagenera havehave 

beenbeen isolatedisolated inin recentrecent yearsyears (36,(36, 152),152), suggestingsuggesting thatthat membersmembers ofof thesethese generagenera 

maymay bebe thethe mostmost environmentallyenvironmentally significantsignificant microbesmicrobes involvedinvolved inin Fe(lIl)Fe(lIl) reductionreduction 

andand extracellularextracellular magnetitemagnetite precipitation.precipitation. AlthoughAlthough magnetitemagnetite formationformation byby BIMBIM 

hashas beenbeen demonstrateddemonstrated onlyonly inin culturescultures ofof thethe mesophilesmesophiles 5hewanella,5hewanella, GeobaeterGeobaeter 

(87,(87, 91),91), andand GeothrixGeothrix fermentansfermentans (J.(J. D.D. Coates,Coates, personalpersonal communication),communication), severalseveral 

thermophiles,thermophiles, includingincluding thethe Fe(lIl)-reducingFe(lIl)-reducing bacteriumbacterium strainstrain TOR-39TOR-39 (198),(198), thethe 

archaeonarchaeon PyrobaculumPyrobaculum islandicumislandicum (185),(185), andand thethe bacteriumbacterium ThermotogaThermotoga maritimamaritima 

(185),(185), andand mixedmixed culturescultures oror consortiaconsortia containingcontaining Fe(III)Fe(III) reducersreducers (15,(15, 81,81, 197),197), itit 

isis likelylikely thatthat magnetitemagnetite cancan bebe producedproduced byby aa purepure cultureculture ofof anyany Fe(lII)-reducingFe(lII)-reducing 

bacterium,bacterium, regardlessregardless ofof whetherwhether thethe organismorganism cancan growgrow withwith Fe(III),Fe(III), underunder suitablesuitable 

environmentalenvironmental conditionsconditions whenwhen thethe Fe(lIl)Fe(lIl) sourcesource isis insolubleinsoluble amorphousamorphous Fe(lII)Fe(lII) 

oxides.oxides. ItIt shouldshould alsoalso bebe notednoted thatthat black,black, unidentifiedunidentified magneticmagnetic precipiprecipi tatestates comcom

monlymonly observedobserved formingforming inin enrichmentenrichment culturescultures oror purepure culturescultures ofof Fe(lIl)Fe(lIl) reducingreducing 

bacteriabacteria containingcontaining insolubleinsoluble amorphousamorphous Fe(III)Fe(III) oxideoxide asas thethe Fe(III)Fe(III) sourcesource (see,(see, 

e.g.,e.g., referencesreferences 64,64, 163,163, andand 164)164) probablyprobably consistconsist ofof primarilyprimarily magnetite.magnetite. TheThe 

halotolerant,halotolerant, facultativelyfacultatively anaerobic,anaerobic, iron-reducingiron-reducing bacteriumbacterium describeddescribed byby RosRos

sello-Morasello-Mora etet a!.a!. (152)(152) mostmost probablyprobably producesproduces nonstoichiometricnonstoichiometric particlesparticles ofof magmag

netitenetite withwith aa compositioncomposition intermediateintermediate betweenbetween thosethose ofof magnetitemagnetite andand maghemitemaghemite 

(y-Fc:,O,)(y-Fc:,O,) (68).(68). S.S. putrej"aciellsputrej"aciells isis ableable toto reducereduce andand growgrow onon thethe Fe(III)Fe(III) inin magmag

netitenetite whichwhich containscontains bothboth Fe(II)Fe(II) andand Fe(IIl)Fe(IIl) (79),(79), whilewhile itit appearsappears thatthat G.G. metalmetal

lireducellslireducells isis unableunable toto dodo soso (90).(90). Thus.Thus. 5hewanella5hewanella speciesspecies maymay bebe alsoalso bebe 

importantimportant inin thethe dissolutiondissolution asas wellwell asas thethe formationformation ofof magnetitemagnetite inin sediments.sediments. 

CellsCells ofof oneone magnetotacticmagnetotactic species,species, Maglletospirillwl1Maglletospirillwl1 l11aglletofocticwll,l11aglletofocticwll, reducereduce 

ironiron inin growinggrowing cultures,cultures, andand therethere isis somesome evidenceevidence thatthat ironiron reductionreduction maymay bebe 

linkedlinked toto energyenergy conservationconservation andand growthgrowth inin thisthis bacteriumbacterium (66).(66). ExtracellularExtracellular BIMBIM

typetype magnetitemagnetite hashas nevernever beenbeen observedobserved inin culturescultures ofof thisthis organism.organism. although,although, likelike 

allall magnetite-producingmagnetite-producing magnetotacticmagnetotactic species,species, cellscells ofof M.M. lIIagnetotacticul11lIIagnetotacticul11 synsyn

thesizethesize intracellularintracellular particlesparticles ofof magnetitemagnetite (55)(55) throughthrough BCM.BCM. 

GreigiteGreigite andand PyrrhotitePyrrhotite 

SomeSome anaerobicanaerobic sulfate-reducingsulfate-reducing bacteriabacteria produceproduce particlesparticles ofof thethe magneticmagnetic ironiron 

sulfidesulfide greigitegreigite byby usingusing BIMBIM processes.processes. InIn thisthis case,case, thethe sulfate-reducingsulfate-reducing bacteriabacteria 

respirerespire withwith sulfatesulfate anaerobically,anaerobically, releasingreleasing hydrogenhydrogen sulfide.sulfide. TheThe sulfldesulflde ionsions reactreact 

withwith excessexcess ironiron presentpresent inin thethe externalexternal environment,environment, formingforming magneticmagnetic particlesparticles 



ofof greigitegreigite andand pyrrhotitepyrrhotite asas wellwell asas aa numbernumber ofof otherother nonmagneticnonmagnetic ironiron sulfidessulfides 

includingincluding mackinawitemackinawite (approximately(approximately FeS),FeS), pyritepyrite (cubic(cubic FeSFeS 22),), andand marcasitemarcasite (or(or

thorhombicthorhombic FeSFeS22)) (58,(58, 148,148, 149).149). MineralMineral speciesspecies formedformed inin thesethese bacteriallybacterially catcat

alyzedalyzed reactionsreactions appearappear toto bebe dependentdependent onon thethe pHpH ofof thethe growthgrowth medium,medium, thethe 

incubationincubation temperature,temperature, thethe EEhh (redox(redox potential),potential), thethe presencepresence ofof specificspecific oxidizingoxidizing 

andand reducingreducing agents,agents, andand thethe typetype ofof ironiron sourcesource inin thethe growthgrowth medium.medium. ForFor exex

ample,ample, cellscells ofof DesulfovibrioDesulfovibrio desulfuricansdesulfuricans produceproduce greigitegreigite whenwhen growngrown inin thethe 

presencepresence ofof ferrousferrous saltssalts butbut notnot whenwhen thethe ironiron sourcesource isis goethite,goethite, FeO(OH)FeO(OH) (148).(148). 

MicroorganismsMicroorganisms cancan clearlyclearly modifymodify pH,pH, Ell'Ell' etc.,etc., duringduring growth.growth. BernerBerner (16-19)(16-19) 

reportedreported thethe chemicalchemical synthesissynthesis ofof aa numbernumber ofof ironiron sulfidesulfide mineralsminerals includingincluding 

tetragonaltetragonal FeS,FeS, marcasite,marcasite, aa magneticmagnetic cubiccubic ironiron sulfidesulfide ofof thethe spinelspinel typetype (probably(probably 

greigite),greigite), pyrrhotite,pyrrhotite, amorphousamorphous FeS,FeS, andand eveneven framboidalframboidal pyrite,pyrite, aa globularglobular formform 

ofof pyritepyrite thatthat waswas onceonce thoughtthought toto representrepresent fossilizedfossilized bacteriabacteria (47,(47, 85).85). NotNot sursur

prisingly,prisingly, RickardRickard (148,(148, 149)149) concludedconcluded thatthat extracellularextracellular biogenicbiogenic andand abiogenicabiogenic 

particlesparticles ofof ironiron sulfidessulfides couldcould notnot bebe distinguisheddistinguished fromfrom oneone another.another. However.However. 

nonenone ofof thethe magneticmagnetic ironiron sulfidessulfides producedproduced byby thethe sulfate-reducingsulfate-reducing bacteriabacteria appearappear 

toto havehave beenbeen examinedexamined inin anyany detaildetail usingusing modernmodern electronelectron microscopymicroscopy techniques.techniques. 

TheThe ubiquitous,ubiquitous, anaerobicanaerobic sulfate-reducingsulfate-reducing bacteriabacteria areare aa physiologicalphysiological groupgroup ofof 

microorganismsmicroorganisms thatthat areare phylogeneticallyphylogenetically andand morphologicallymorphologically veryvery diversediverse andand 

includeinclude speciesspecies inin thethe domainsdomains BacteriaBacteria (8(8 subdivisionsubdivision ofof ProteobacteriaProteobacteria andand gramgram

positivepositive group)group) andand Archaea.Archaea. MostMost ofof thethe studiesstudies onon thethe extracellularextracellular productionproduction 

ofof ironiron sulfidessulfides byby sulfate-reducingsulfate-reducing bacteria,bacteria, includingincluding thethe studiesstudies describeddescribed above.above. 

involvedinvolved thethe motilemotile gram-negativegram-negative bacteriumbacterium DesulfovibrioDesulfovibrio desulfim'cans.desulfim'cans. aa memmem

berber ofof thethe 88 subgroupsubgroup ofof thethe Proteobactaia.Proteobactaia. However,However, becausebecause allall sulfate-reducingsulfate-reducing 

bacteriabacteria respirerespire withwith sulfatesulfate andand releaserelease sulfidesulfide ions,ions, itit isis likelylikely thatthat allall species.species. 

regardlessregardless ofof phylogenyphylogeny oror classification,classification, produceproduce ironiron sulfidesulfide mineralsminerals throughthrough 

BIMBIM underunder appropriateappropriate environmentalenvironmental conditionsconditions whenwhen excessexcess ironiron isis available.available. 

TheThe sulfate-reducingsulfate-reducing magnetotacticmagnetotactic bacteriumbacterium strainstrain RS-lRS-l cancan produceproduce extracellularextracellular 

magneticmagnetic ironiron sulfides,sulfides, presumablypresumably throughthrough BIM,BIM, asas wellwell asas intracellularintracellular particlesparticles 

ofof magnetitemagnetite throughthrough BCMBCM (153).(153). TheThe ironiron sulfidessulfides producedproduced byby thisthis microorganmicroorgan

ism,ism, however,however, werewere notnot identified.identified. 

OtherOther NonmagneticNonmagnetic IronIron MineralsMinerals 

OtherOther nonmagneticnonmagnetic ironiron mineralsminerals formedformed byby BIMBIM havehave beenbeen observedobserved inin bacterialbacterial 

cultures.cultures. InIn thesethese cases,cases, Fe(I!),Fe(I!), excretedexcreted byby iron-reducingiron-reducing bacteriabacteria duringduring thethe rere

ductionduction ofof Fe(III),Fe(III), reactsreacts withwith anionsanions presentpresent inin thethe growthgrowth medium.medium. TwoTwo examplesexamples 

areare carbonate,carbonate, whichwhich reactsreacts withwith Fe(I!)Fe(I!) toto formform thethe mineralmineral sideritesiderite (FeCO,),(FeCO,), andand 

phosphate,phosphate, whichwhich reactsreacts withwith Fe(I!)Fe(I!) toto formform vivianitevivianite lFe3(POJ2·8H20j.lFe3(POJ2·8H20j. SideriteSiderite 

waswas observedobserved inin culturescultures ofof GeobacterGeobacter metallireducensmetallireducens alongalong withwith magnetitemagnetite whenwhen 

thethe organismorganism waswas growngrown inin aa bicarbonatebicarbonate bufferingbuffering systemsystem (90,(90, 166),166), whilewhile onlyonly 

vivianitevivianite waswas produced,produced, withwith nono productionproduction ofof magnetitemagnetite oror siderite,siderite, byby thethe samesame 

organismorganism whenwhen Fe(III)Fe(III) citratecitrate waswas providedprovided asas thethe terminalterminal electronelectron acceptoracceptor (87,(87, 

90).90). GrowingGrowing cellscells ofof thethe magnetotacticmagnetotactic speciesspecies MagnetospirillumMagnetospirillum magnetotacticllllJmagnetotacticllllJ 

producedproduced significantsignificant amountsamounts ofof extracellular,extracellular, needle-likeneedle-like crystalscrystals ofof vivianitevivianite whilewhile 

activelyactively reducingreducing Fe(III)Fe(III) inin thethe formform ofof Fc(III)Fc(III) oxyhydroxidesoxyhydroxides (28).(28). AlthoughAlthough itit isis 



likelylikely thatthat manymany otherother iron-reducingiron-reducing bacteriabacteria formform sideritesiderite andand vivianite,vivianite, mostmost mimi

crobiologistscrobiologists areare notnot lookinglooking forfor suchsuch compoundscompounds duringduring routineroutine culturing.culturing. 

BIOLOGICALLYBIOLOGICALLY CONTROLLEDCONTROLLED MINERALIZATIONMINERALIZATION 

InIn BCM,BCM, thethe organismsorganisms exertexert aa greatgreat degreedegree ofof crystallochemicalcrystallochemical controlcontrol overover 

thethe nucleationnucleation andand growthgrowth ofof thethe mineralmineral particles.particles. ForFor thethe mostmost part,part, thethe mineralsminerals 

areare directlydirectly synthesizedsynthesized atat aa specificspecific locationlocation inin oror onon thethe cellcell andand onlyonly underunder 

specificspecific conditions.conditions. TheThe mineralmineral particlesparticles producedproduced byby bacteriabacteria inin BCMBCM areare charchar

acterizedacterized byby beingbeing well-orderedwell-ordered crystalscrystals (not(not amorphous)amorphous) andand havinghaving narrownarrow sizesize 

distributionsdistributions andand veryvery specific,specific, 'consistent'consistent particleparticle morphologies.morphologies. BecauseBecause ofof thesethese 

features,features, BCMBCM processesprocesses areare likelylikely toto bebe underunder specificspecific metabolicmetabolic andand geneticgenetic 

control.control. InIn thethe microbialmicrobial world,world, thethe mostmost widelywidely recognizedrecognized exampleexample ofof BCMBCM isis 

magnetosomemagnetosome productionproduction byby thethe magnetotacticmagnetotactic bacteria.bacteria. 

MagnetotacticMagnetotactic BacteriaBacteria 

Classification,Classification, Phylogeny,Phylogeny, andand GeneralGeneral FeaturesFeatures 

TheThe magnetotacticmagnetotactic bacteriabacteria representrepresent aa heterogeneousheterogeneous groupgroup ofof procaryotesprocaryotes thatthat 

alignalign andand swimswim alongalong thethe Earth'sEarth's geomagneticgeomagnetic fieldfield lineslines (27,(27, 29).29). TheyThey havehave aa 

myriadmyriad ofof cellularcellular morphologiesmorphologies includingincluding coccoid,coccoid, rodrod shaped,shaped, vibrioid,vibrioid, spirilloidspirilloid 

(helical),(helical), andand eveneven multicellularmulticellular (3,27,29,49,(3,27,29,49, 150).150). Thus,Thus, thethe termterm "magnetotactic"magnetotactic 

bacteria"bacteria" hashas nono taxonomictaxonomic significancesignificance andand shouldshould bebe interpretedinterpreted asas aa termterm forfor aa 

collectioncollection ofof diversediverse bacteriabacteria thatthat possesspossess thethe apparentlyapparently widelywidely distributeddistributed traittrait ofof 

magnetotaxismagnetotaxis (3).(3). WhileWhile allall thatthat havehave beenbeen examinedexamined toto datedate areare gram-negativegram-negative 

membersmembers ofof thethe domaindomain Bacteria.Bacteria. thethe possibilitypossibility ofof thethe existenceexistence ofof aa magnetotacticmagnetotactic 

membermember ofof thethe ArchaeaArchaea cannotcannot bebe excluded.excluded. 

DespiteDespite thethe greatgreat diversitydiversity ofof thethe magnetotacticmagnetotactic bacteria.bacteria. theythey allall shareshare severalseveral 

features:features: (i)(i) theythey areare allall motilemotile (although(although thisthis doesdoes notnot precludepreclude thethe possibilitypossibility ofof 

thethe existenceexistence ofof nonmotilenonmotile bacteriabacteria thatthat synthesizesynthesize magnetosomes.magnetosomes. which.which. byby defdef

inition.inition. wouldwould bebe magneticmagnetic butbut notnot magnetotactic):magnetotactic): (ii)(ii) theythey allall exhibitexhibit aa negativenegative 

tactictactic and/orand/or growthgrowth responseresponse toto atmosphericatmospheric concentrationsconcentrations ofof oxygen:oxygen: andand (iii)(iii) 

theythey allall possesspossess aa numbernumber ofof intracellularintracellular structuresstructures calledcalled magnetosomes.magnetosomes. MagMag

netosomesnetosomes 1eature responresponareare thethe hallmarkhallmark feature ofof thethe magnetotacticmagnetotactic bacteriabacteria andand areare 

siblesible forfor theirtheir behaviorbehavior inin magneticmagnetic fields.fields. TheThe bacterialbacterial magnetosomemagnetosome consistsconsists ofof 

aa single-magnetic-domainsingle-magnetic-domain crystalcrystal ofof aa magneticmagnetic ironiron mineralmineral envelopedenveloped byby aa 

membranemembrane (2).(2). MagnetotacticMagnetotactic bacteriabacteria generallygenerally synthesizesynthesize particlesparticles ofof eithereither magmag

netitenetite oror greigite.greigite. ThereThere isis oneone knownknown exception:exception: aa large.large. rod-shapedrod-shaped magnetotacticmagnetotactic 

bacteriumbacterium collectedcollected fromfrom thethe PettaquamscutlPettaquamscutl EstuaryEstuary waswas foundfound toto containcontain bothboth 

magnetitemagnetite andand greigitegreigite ('.J.('.J. 13).13). 

PhylogeneticPhylogenetic analysis.analysis. basedbased onon thethe sequencessequences ofof 16S16S rRNArRNA genesgenes ofof manymany 

culturedcultured andand uncultureduncultured magnetotacticmagnetotactic bacteria,bacteria, initiallyinitially showedshowed thatthat thethe magnetitemagnetite

CYproducingproducing strainsstrains werewere associatedassociated withwith thethe cy subdivisionsubdivision ofof thethe ProteobacteriaProteobacteria (34.(34. 

40,40, 46,46, 155.155. 169),169), whilewhile anan uncultureduncultured greigite-producinggreigite-producing bacteriumbacterium waswas foundfound toto 

bebe associatedassociated withwith thethe sulfate-reducingsulfate-reducing bacteriabacteria inin thethe ()() subdivisionsubdivision ofof thethe ProteoProteo

bacteriabacteria (40).(40). SinceSince thethe differentdifferent subdivisionssubdivisions ofof thethe ProtcobacteriaProtcobacteria areare consideredconsidered 



toto bebe coherent,coherent, distinctdistinct evolutionaryevolutionary lineslines ofof descentdescent (194,(194, 1(6),1(6), DeLongDeLong etet al.al. (40)(40) 

proposedproposed thatthat thethe evolutionaryevolutionary originorigin ofof magnetotaxismagnetotaxis waswas polyphyleticpolyphyletic andand thatthat 

magnetotaxismagnetotaxis basedbased onon ironiron oxideoxide (magnetite)(magnetite) productionproduction evolvedevolved separatelyseparately fromfrom 

thatthat basedbased onon ironiron sulfidesulfide (greigite)(greigite) production.production. However.However. moremore recentrecent studiesstudies (158.(158. 

170-172)170-172) havehave shownshown thatthat manymany butbut notnot allall magnetite-producingmagnetite-producing magnetotacticmagnetotactic 

bacteriabacteria areare associatedassociated withwith thethe Cl'Cl' subgroupsubgroup ofof thethe Proteobactcria.Proteobactcria. KawaguchiKawaguchi etet 

al.al. (74)(74) showedshowed thatthat aa cultured,cultured, magnetite-producingmagnetite-producing sulfate-reducingsulfate-reducing magnetotacticmagnetotactic 

bacterium.bacterium. strainstrain RS-IRS-I (153),(153), isis aa membermember ofof thethe (5(5 subgroupsubgroup ofof thethe Proteobacteria,Proteobacteria, 

whilewhile SpringSpring etet al.al. (168)(168) describeddescribed anan uncultureduncultured magnetite-producingmagnetite-producing magnetomagneto

tactictactic bacteriumbacterium calledcalled Magnetobacteriul11Magnetobacteriul11 bavaricul11bavaricul11 ,, whichwhich isis inin thethe domaindomain BacBac

teriateria butbut apparentlyapparently isis notnot phylogeneticallyphylogenetically associatedassociated withwith thethe Proteobacteria.Proteobacteria. 

TheseThese resultsresults suggestsuggest thatthat magnetotaxismagnetotaxis asas aa traittrait maymay havehave evolvedevolved severalseveral timestimes 

and,and, moreover,moreover, maymay indicateindicate thatthat therethere isis moremore thanthan oneone biochemical-chemicalbiochemical-chemical 

pathwaypathway forfor thethe BCMBCM ofof magneticmagnetic mineralsminerals byby magnetomagneto tactictactic bacteria.bacteria. 

EcologyEcology 

MagnetotacticMagnetotactic bacteriabacteria areare ubiquitousubiquitous inin aquaticaquatic habitatshabitats thatthat areare closeclose toto neuneu

tralitytrality inin pHpH andand thatthat areare notnot thermal,thermal, stronglystrongly polluted,polluted, oror wellwell oxygenatedoxygenated (27,(27, 

121).121). TheyThey areare cosmopolitancosmopolitan inin distributiondistribution (27),(27), andand becausebecause magnetotacticmagnetotactic bacbac

terialterial cellscells areare easyeasy toto observeobserve andand separateseparate fromfrom mudmud andand waterwater byby exploitingexploiting theirtheir 

magneticmagnetic behaviorbehavior usingusing commoncommon laboratorylaboratory magnetsmagnets (121),(121), therethere areare frequentfrequent 

continuedcontinued reportsreports ofof theirtheir occurrenceoccurrence inin various,various, sometimessometimes exotic,exotic, freshwaterfreshwater andand 

marinemarine locationslocations (see,(see, e.g.,e.g., referencesreferences 1,1, 72,72, 107,107, andand 134).134). MagnetotacticMagnetotactic bacteriabacteria 

areare generallygenerally foundfound inin thethe largestlargest numbersnumbers atat thethe oxic-anoxicoxic-anoxic transitiontransition zonezone 

(OATZ),(OATZ), alsoalso referredreferred toto asas thethe microaerobicmicroaerobic zonezone oror thethe redoxoclineredoxocline (3).(3). InIn manymany 

freshwaterfreshwater habitats,habitats, thethe OATZOATZ isis locatedlocated atat oror justjust belowbelow thethe sediment/watersediment/water inin

terface.terface. However,However, inin somesome brackish-to-marinebrackish-to-marine systems,systems, thethe OATZOATZ isis foundfound oror isis 

seasonallyseasonally locatedlocated inin thethe waterwater column,column, asas shownshown inin Fig.Fig. I.I. TheThe PettaquamscuttPettaquamscutt 

EstuaryEstuary (Narragansett(Narragansett Bay,Bay, R.I.)R.I.) (44)(44) andand SaltSalt PondPond (Woods(Woods Hole.Hole. Mass.)Mass.) (186.(186. 

187)187) areare goodgood examplesexamples ofof thethe latterlatter situation.situation. HydrogenHydrogen sulfide,sulfide, producedproduced byby 

sulfate-reducingsulfate-reducing bacteriabacteria inin thethe anaerobicanaerobic zonezone andand sediment,sediment, diffusesdiffuses upwardupward andand 

oxygenoxygen diffusesdiffuses downwarddownward fromfrom thethe surface,surface, resultingresulting inin aa double.double. verticalvertical chemicalchemical 

concentrationconcentration gradientgradient (Fig.(Fig. 1)1) withwith aa coexistingcoexisting redoxredox gradient.gradient. InIn addition,addition, strongstrong 

pycnoclinespycnoclines andand otherother physicalphysical factors,factors, probablyprobably includingincluding thethe microorganismsmicroorganisms 

themselves,themselves, stabilizestabilize thethe verticalvertical chemicalchemical gradientsgradients andand thethe resultingresulting OATZ.OATZ. 

ManyMany typestypes ofof magnetotacticmagnetotactic bacteriabacteria areare foundfound atat bothboth thethe PettaquamscuttPettaquamscutt EsEs

tuarytuary (9)(9) andand SaltSalt PondPond (D.(D. A.A. Bazylinski,Bazylinski, unpublishedunpublished results).results). Generally,Generally, thethe 

magnetite-producingmagnetite-producing magnetomagneto tactictactic bacteriabacteria preferprefer thethe OATZOATZ properproper (Fig.(Fig. I)I) andand 

behavebehave asas microaerophiles.microaerophiles. InformationInformation obtainedobtained fromfrom cultureculture experimentsexperiments supportssupports 

thisthis observation.observation. TwoTwo strainsstrains ofof magnetotacticmagnetotactic bacteriabacteria havehave beenbeen isolatedisolated fromfrom thethe 

PettaquamscuttPettaquamscutt Estuary.Estuary. OneOne isis aa vibriovibrio designateddesignated strainstrain MV-2MV-2 (40,(40, 118),118), andand thethe 

otherother isis aa coccuscoccus designateddesignated strainstrain MC-lMC-l (40,(40, 52,52, 119).119). BothBoth strainsstrains growgrow asas mimi

croaerophiles,croaerophiles, althoughalthough strainstrain MV-2MV-2 cancan alsoalso growgrow anaerobicallyanaerobically withwith nitrousnitrous oxideoxide 

(N(N220)0) asas aa terminalterminal electronelectron acceptor.acceptor. OtherOther culturedcultured magnetotacticmagnetotactic bacterialbacterial 

strains,strains, includingincluding spirillaspirilla (l06,(l06, 155,155, 158)158) andand rodsrods (153),(153), areare microaerophilesmicroaerophiles oror 

anaerobesanaerobes oror both.both. TheThe greigitegreigite producersproducers areare probablyprobably anaerobesanaerobes preferringpreferring thethe 
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FigureFigure 1.1. DepictionDepiction ofof thethe OATZOATZ inin thethe waterwater columncolumn asas typifiedtypified byby SaltSalt PondPond 

(Woods(Woods Hole,Hole, Mass_).Mass_). NoteNote thethe inverseinverse doubledouble concentrationconcentration gradientsgradients ofof oxygenoxygen 

([0,])([0,]) din-usingdin-using fromfrom thethe surfacesurface andand sulfidesulfide ([S-])([S-]) generatedgenerated byby sulfate-i-educingsulfate-i-educing 

bacteriabactena inin thethe anaerobicanaerobic zonezone (vertical(vertical aITows).aITows). Magnetite-producingMagnetite-producing magnetotacticmagnetotactic 

bacteriabacteria existexist inin theirtheir greatestgreatest numbersnumbers atat thethe OATZ,OATZ, wherewhere microaerobicmicroaerobic conditionsconditions 

predominate,predominate, andand greigite-producersgreigite-producers areare foundfound justjust belowbelow thethe OATZ,OATZ, wherewhere S'S'

becomesbecomes detectable.detectable. WhenWhen polar-magneto-aerotactic,polar-magneto-aerotactic, magnetite-producingmagnetite-producing coccoidcoccoid 

cellscells areare aboveabove thethe OATZOATZ inin verticalvertical concentrationconcentration gradientsgradients ofof 0,0, andand S-S- (higher(higher 

[O,J[O,J thanthan optimal),optimal), theythey swimswim downwarddownward (small(small arrowsarrows aboveabove OATZ)OATZ) alongalong thethe 

inclinedinclined geomagneticgeomagnetic fieldfield lineslines (dashed(dashed lines)_lines)_ WhenWhen theythey areare belowbelow thethe OATZOATZ 

(lower(lower [0,1[0,1 thanthan optimal),optimal), theythey reversereverse directiondirection (by(by reversingreversing thethe directiondirection ofof theirtheir 

flagellarflagellar motor)motor) andand swimswim upwardupward (small(small arrowsarrows belowbelow thethe OATZ)OATZ) alongalong thethe inclinedinclined 

geomagneticgeomagnetic fieldfield lines.lines. TheThe directiondirection ofof flagellarflagellar rotationrotation isis coupledcoupled toto aa aerotacticaerotactic 

sensorysensory systemsystem thatthat aClsaCls asas aa SWitchSWitch whenwhen cellscells areare alal aa suboptimalsuboptimal positionposition inin thethe 

gradientgradient asas delineddelined inin thethe tex!.tex!. TheThe magnetotacticmagnetotactic spirillaspirilla (and(and otherother axialaxial magnetomagneto

aerutactlcaerutactlc microorganisms)microorganisms) alignalign alongalong thethe geomagneticgeomagnetic fieldfield lineslines andand swimswim upup andand 

down.down. relyingrelying onon aa temporaltemporal scnsoryscnsory mechanismmechanism ofof aerotaxIsaerotaxIs toto lindlind andand maintainmaintain 

positionposition atat theirtheir optllllaloptllllal oxygenoxygen concentrationconcentration atat thethe OATZ.OATZ. 

moremore sul11dicsul11dic waterswaters justjust belowbelow thethe OATZOATZ (Fig.(Fig. 1),1), wherewhere oxygenoxygen isis barelybarely oror notnot 

detectabledetectable (3,(3, 7-9).7-9). NoNo greigite-producinggreigite-producing magnetotacticmagnetotactic bacteriumbacterium hashas beenbeen growngrown 

inin purepure culture.culture. 

FunctionFunction andand PhysicsPhysics ofof MagnetotaxisMagnetotaxis 

ThereThere isis importantimportant physicalphysical significancesignificance toto thethe sizesize ofof thethe magnetosomemagnetosome mineralmineral 

phase,phase, whichwhich isis reflectedreflected inin itsits physicalphysical andand magneticmagnetic properties.properties. TheThe magnetosomemagnetosome 

mineralmineral crystalscrystals occuroccur inin aa veryvery narrownarrow sizesize range,range, fromfrom aboutabout 3535 toto 120120 nmnm (12,(12, 

14,51,57,14,51,57, 122).122). MagnetiteMagnetite andand greigitegreigite particlesparticles inin thisthis rangerange areare stablestable singlesingle 

magneticmagnetic domainsdomains (35,(35, 42).42). SmallerSmaller particlesparticles wouldwould bebe superparamagneticsuperparamagnetic atat amam

bientbient temperaturetemperature andand wouldwould notnot havehave stable,stable, remanentremanent magnetizations.magnetizations. LargerLarger parpar

ticlesticles wouldwould tendtend toto formform multiplemultiple domains,domains, reducingreducing thethe remanentremanent magnetization.magnetization. 

Thus,Thus, byby producingproducing single-magnetic-domainsingle-magnetic-domain particles,particles, cellscells havehave maximizedmaximized thethe 

remanentremanent magnetizationmagnetization ofof thethe magnetosolllemagnetosollle mineralmineral phase.phase. 



InIn mostmost magnetotacticmagnetotactic bacteria,bacteria, thethe magnetomagnetosomessomes areare arrangedarranged inin oneone oror moremore 

chainschains (3,(3, 14).14). MagneticMagnetic interactionsinteractions betweenbetween thethe magnetosomemagnetosome particlesparticles inin aa chainchain 

causecause theirtheir magneticmagnetic dipoledipole momentsmoments toto orientorient parallelparallel toto eacheach otherother alongalong thethe 

chainchain length.length. InIn thisthis chainchain motif,motif, thethe totaltotal magneticmagnetic dipoledipole momentmoment ofof thethe cellcell isis 

simplysimply thethe sumsum ofof thethe permanentpermanent dipoledipole momentsmoments ofof thethe individual,individual, singlesingle

magnetic-domainmagnetic-domain magnetosomemagnetosome particles.particles. MagneticMagnetic measurementsmeasurements (142),(142), magneticmagnetic

forceforce microscopymicroscopy (147,(147, 176),176), andand electronelectron holographyholography (45)(45) havehave confirmedconfirmed thisthis 

conclusionconclusion andand showshow thatthat thethe chainchain ofof magnetosomesmagnetosomes inin aa magnetotacticmagnetotactic bacteriumbacterium 

functionsfunctions likelike aa singlesingle magneticmagnetic dipoledipole andand causescauses thethe cellcell toto behavebehave similarly.similarly. 

Therefore,Therefore, thethe cellcell hashas maximizedmaximized itsits magneticmagnetic dipoledipole momentmoment byby anangingananging thethe 

magnetosomesmagnetosomes inin chains.chains. TheThe magneticmagnetic dipoledipole momentmoment ofof thethe cellcell isis generallygenerally largelarge 

enoughenough thatthat itsits interactioninteraction withwith thethe Earth'sEarth's geomagneticgeomagnetic fieldfield overcomesovercomes thethe thermalthermal 

forcesforces tendingtending toto randomizerandomize thethe cell'scell's orientationorientation inin itsits aqueousaqueous surroundingssurroundings (50).(50). 

MagnetotaxisMagnetotaxis resultsresults fromfrom thethe passipassi veve alignmentalignment ofof thethe cellcell alongalong geomagneticgeomagnetic fieldfield 

lineslines whilewhile itit swims.swims. ItIt isis importantimportant toto realizerealize thatthat cellscells areare neitherneither attractedattracted nornor 

pulledpulled towardtoward eithereither geomagneticgeomagnetic pole.pole. DeadDead cells,cells, likelike livingliving cells,cells, alignalign alongalong 

geomagneticgeomagnetic fieldfield lineslines butbut dodo notnot move.move. InIn essence,essence, livingliving cellscells behavebehave likelike veryvery 

small,small, self-propelledself-propelled magneticmagnetic compasscompass needles.needles. 

Originally,Originally, magnetotacticmagnetotactic bacteriabacteria werewere thoughtthought toto havehave oneone ofof twotwo magneticmagnetic 

polarities,polarities, northnorth oror southsouth seeking,seeking, dependingdepending onon thethe magneticmagnetic orientationorientation ofof thethe 

magneticmagnetic dipolesdipoles ofof thethe cellscells withwith respectrespect toto theirtheir directiondirection ofof motion.motion. TheThe verticalvertical 

componentcomponent ofof thethe inclinedinclined geomagneticgeomagnetic fieldfield appearedappeared toto selectselect forfor aa predominantpredominant 

polaritypolarity inin eacheach hemispherehemisphere byby favoringfavoring cellscells whosewhose polaritypolarity causescauses themthem toto migratemigrate 

downdown towardtoward thethe microaerobicmicroaerobic sedimentssediments andand awayaway fromfrom potentiallypotentially toxictoxic concenconcen

trationstrations ofof oxygenoxygen inin surfacesurface waters.waters. ThisThis scenarioscenario appearsappears toto bebe atat leastleast partiallypartially 

true:true: north-seekingnorth-seeking magnetotacticmagnetotactic bacteriabacteria predominatepredominate inin thethe NorthernNorthern hemisphere.hemisphere. 

whilewhile south-seekingsouth-seeking cellscells predominatepredominate inin thethe SouthernSouthern hemispherehemisphere (30,(30, 75).75). AtAt thethe 

Equator,Equator, wherewhere thethe verticalvertical componentcomponent ofof thethe geomagneticgeomagnetic fieldfield isis zero.zero. equalequal 

numbersnumbers ofof bothboth polaritiespolarities coexistcoexist (54).(54). However,However, thethe discoverydiscovery ofof stablestable populapopula

tionstions ofof magnetomagneto tactictactic bacteriabacteria existingexisting atat specificspecific depthsdepths inin thethe waterwater columnscolumns ofof 

chemicallychemically stratifiedstratified aquaticaquatic systemssystems atat higherhigher latitudeslatitudes (9)(9) andand thethe observationobservation thatthat 

virtuallyvirtually allall magnetotacticmagnetotactic bacteriabacteria inin purepure cultureculture formform microaerophilicmicroaerophilic bandsbands ofof 

cellscells somesome distancedistance fromfrom thethe meniscusmeniscus ofof thethe growthgrowth mediummedium (52)(52) areare notnot consistentconsistent 

withwith thisthis originaloriginal simplesimple modelmodel ofof magnetotaxis.magnetotaxis. ForFor example,example, accordingaccording toto thisthis 

model,model, persistentpersistent North-seekingNorth-seeking magnetotacticmagnetotactic bacteriabacteria inin thethe NorthernNorthern hemispherehemisphere 

shouldshould alwaysalways bebe foundfound inin thethe sedimentssediments oror atat thethe bottombottom ofof cultureculture tubes.tubes. 

LikeLike mostmost otherother free-swimmingfree-swimming bacteria,bacteria, magnetotacticmagnetotactic bacteriabacteria propelpropel themthem

selvesselves forwardforward inin theirtheir aqueousaqueous surroundingssurroundings byby rotatingrotating theirtheir helicalhelical flagellaflagella (162).(162). 

UnlikeUnlike cellscells ofof EscherichiaEscherichia colicoli andand otherother chemotacticchemotactic bacteria,bacteria, magnetotacticmagnetotactic bacbac

teriateria dodo notnot exhibitexhibit thethe characteristiccharacteristic "run"run andand tumble"tumble" motilitymotility (3).(3). BecauseBecause ofof 

theirtheir magnetosomes,magnetosomes, magnetotacticmagnetotactic bacteriabacteria areare orientedoriented andand migratemigrate alongalong thethe locallocal 

magneticmagnetic fIeldfIeld B.B. SomeSome magnetotacticmagnetotactic spirilla,spirilla, suchsuch asas Magneto.\pirillumMagneto.\pirillum magnemagne

totacticum,totacticum, swimswim parallelparallel oror antiparallelantiparallel toto BB andand formform aerotacticaerotactic bandsbands (31,(31, 167)167) 

atat aa preferredpreferred oxygenoxygen concentrationconcentration [02J.[02J. InIn aa homogeneoushomogeneous medium,medium, roughlyroughly equalequal 

numbersnumbers ofof cellscells swimswim inin eithereither directiondirection alongalong BB (31,(31, ]] 67).67). ThisThis behaviorbehavior hashas 

beenbeen termedtermed axialaxial magneto-aerotaxismagneto-aerotaxis (52),(52), becausebecause thethe cellscells useuse thethe magneticmagnetic fieldfield 



asas anan axisaxis forfor migration,migration, withwith aerotaxisaerotaxis determiningdetermining thethe directiondirection ofof migrationmigration alongalong 

thethe axis,axis, MostMost microaerophilicmicroaerophilic bacteriabacteria foralforal aerotacticaerotactic bandsbands atat aa preferredpreferred oror 

optimaloptimal [02J[02J wherewhere thethe protonproton motivemotive forceforce isis maximalmaximal (199),(199), usingusing aa temporaltemporal 

sensorysensory mechanismmechanism (159)(159) thatthat samplessamples thethe locallocal environmentenvironment asas theythey swimswim andand 

comparescompares thethe presentpresent [02J[02J withwith thatthat inin thethe recentrecent pastpast (l80).The(l80).The changechange inin [02J[02J 

withwith timetime determinesdetermines thethe sensesense ofof flagellarflagellar rotationrotation (lOS).(lOS). TheThe behaviorbehavior ofof individindivid

ualual cellscells ofof M.M. magnetotacticummagnetotacticum inin aerotacticaerotactic bandsbands inin thinthin capillariescapillaries isis consistentconsistent 

withwith thethe temporaltemporal sensorysensory mechanismmechanism (52).(52). Thus,Thus, cellscells inin thethe bandband whichwhich areare 

movingmoving awayaway fromfrom thethe optimaloptimal [02J,[02J, toto eithereither higherhigher oror lowerlower [°[°221,1, eventuallyeventually 

reversereverse theirtheir swimmingswimming directiondirection andand returnreturn toto thethe band.band. 

InIn contrast,contrast, ubiquitousubiquitous freshwaterfreshwater andand marinemarine bilophotrichouslybilophotrichously flagellatedflagellated (hav(hav

inging twotwo flagellarflagellar bundlesbundles onon oneone hemispherehemisphere ofof thethe cell)cell) magnetotacticmagnetotactic coccicocci (26,(26, 

52,52, 120,121)120,121) andand somesome otherother magnetotacticmagnetotactic strainsstrains swimswim persistentlypersistently inin aa preferredpreferred 

directiondirection relativerelative toto BB whenwhen examinedexamined microscopicallymicroscopically inin wetwet mountsmounts (26,(26, 52).52). InIn 

fact,fact, thisthis persistentpersistent swimmingswimming ofof coccicocci inin aa preferredpreferred directiondirection ledled toto thethe discoverydiscovery 

ofof magnetotaxismagnetotaxis inin bacteriabacteria (26).(26). However,However, itit hashas recentlyrecently beenbeen shownshown thatthat magmag

netotacticnetotactic coccicocci inin oxygenoxygen gradients,gradients, likelike cellscells ofof M.M. magnetotacticum,magnetotacticum, cancan swimswim 

inin bothboth directionsdirections alongalong BB withoutwithout turningturning aroundaround (52).(52). TheThe coccicocci alsoalso formform mimi

croaerophilic,croaerophilic, aerotacticaerotactic bands,bands, likelike cellscells ofof M.M. magnetotacticum,magnetotacticum, andand seekseek aa prepre

ferredferred [02J[02J alongalong thethe concentrationconcentration gradientgradient (52).(52). However,However, whilewhile thethe aerotacticaerotactic 

behaviorbehavior ofof M.M. magnetotacticummagnetotacticum isis consistentconsistent withwith thethe temporaltemporal sensorysensory mechamecha

nism,nism, thethe aerotacticaerotactic behaviorbehavior ofof thethe coccicocci isis not.not. Instead,Instead, theirtheir behaviorbehavior isis consistentconsistent 

withwith aa two-statetwo-state aerotacticaerotactic sensorysensory modelmodel inin whichwhich thethe [02J[02J determinesdetermines thethe sensesense 

ofof thethe flagellarflagellar rotationrotation andand hencehence thethe swimmingswimming directiondirection relativerelative toto B.B. CellsCells atat 

[02J[02J higherhigher thanthan optimumoptimum swimswim persistentlypersistently inin oneone directiondirection relativerelative toto BB untiluntil 

theythey reachreach aa lowlow [02J[02J threshold,threshold, wherewhere theythey reversereverse flagellarflagellar rotationrotation andand hencehence 

swimmingswimming directiondirection relativerelative toto B.B. TheyThey continuecontinue untiluntil theythey reachreach aa highhigh [02J[02J threshthresh

old,old, wherewhere theythey reversereverse again.again. InIn wetwet mounts,mounts, thethe [02J[02J isis aboveabove optimaloptimal andand thethe 

cellscells swimswim persistentlypersistently inin oneone directiondirection relativerelative toto B.B. ThisThis model,model, termedtermed polarpolar 

magneto-aerotaxismagneto-aerotaxis (52),(52), accountsaccounts forfor thethe abilityability ofof thethe magnetotacticmagnetotactic coccicocci toto mimi

grategrate toto andand maintainmaintain positionposition atat thethe preferredpreferred [02J[02J atat thethe OATZOATZ inin chemicallychemically 

stratified,stratified, semianaerobicsemianaerobic basins.basins. AnAn assayassay usingusing chemicalchemical gradientsgradients inin thinthin capilcapil

larieslaries hashas beenbeen developeddeveloped thatthat distinguishesdistinguishes betweenbetween axialaxial andand polarpolar magnetoaermagnetoaer

otaxisotaxis (53).(53). 

ForFor bothboth aerotacticaerotactic mechanisms,mechanisms, migrationmigration alongalong magneticmagnetic fieldfield lineslines reducesreduces aa 

three-dimensionalthree-dimensional searchsearch problemproblem toto aa one-dimensionalone-dimensional searchsearch problem.problem. Thus.Thus. magmag

netotaxisnetotaxis isis presumablypresumably advantageousadvantageous toto motilemotile microorganismsmicroorganisms inin verticalvertical concenconcen

trationtration gradientsgradients becausebecause itit increasesincreases thethe efficiencyefficiency ofof findingfinding andand maintainingmaintaining anan 

optimaloptimal positionposition inin suchsuch concentrationconcentration gradients,gradients, inin thisthis case,case, verticalvertical oxygenoxygen gragra

dientsdients (Fig.(Fig. I).I). ItIt isis likelylikely thatthat therethere areare otherother formsforms ofof magneticallymagnetically assistedassisted cheche

motaxismotaxis toto moleculesmolecules oror ionsions otherother thanthan oxygen,oxygen, suchsuch asas sulfide.sulfide. oror magneticallymagnetically 

assistedassisted redox-redox- oror phototaxisphototaxis inin bacteriabacteria thatthat inhabitinhabit thethe anaerobicanaerobic zonezone (e.g(e.g .... greiggreig

iteite producers)producers) inin chemicallychemically stratifiedstratified waterswaters andand sediments.sediments. 

ItIt isis importantimportant toto realizerealize thatthat thethe functionfunction ofof cellularcellular magnetotaxismagnetotaxis describeddescribed 

aboveabove appearsappears toto bebe aa consequenceconsequence ofof thethe cellcell possessingpossessing magnetosomes.magnetosomes. BacteriaBacteria 

cancan onlyonly reactreact toto aa stimulusstimulus andand thereforetherefore dodo notnot makemake thethe magnetosomesmagnetosomes forfor 



magnetotaxismagnetotaxis (a(a teleologicalteleological argument).argument). InIn addition,addition, therethere isis somesome conflictingconflicting evievi

dencedence aboutabout thethe rolerole ofof magnetosomesmagnetosomes inin magnetotaxis.magnetotaxis. ForFor example,example, manymany obliobli

gatelygatety microaerophilicmicroaerophilic bacteriabacteria findfind andand maintainmaintain anan optimaloptimal positionposition atat thethe OATZOATZ 

withoutwithout thethe helphelp ofof magnetosomes,magnetosomes, culturedcultured magnetotacticmagnetotactic bacteriabacteria formform microaermicroaer

ophilicophilic bandsbands ofof cellscells inin thethe absenceabsence ofof aa magneticmagnetic field,field, andand somesome greigitegreigite

producingproducing magnetotacticmagnetotactic bacteriabacteria collectedcollected fromfrom thethe environmentenvironment produceproduce gasgas 

vacuoles,vacuoles, presumablypresumably forfor buoyancybuoyancy (4).(4). Thus,Thus, itit appearsappears likelylikely thatthat thethe enormousenormous 

amountamount ofof ironiron uptakeuptake andand magnetosomemagnetosome productionproduction isis somehowsomehow alsoalso linkedlinked toto thethe 

physiologyphysiology ofof thethe cellcell andand toto other,other, asas yetyet unknown,unknown, cellularcellular functions.functions. 

CompositionComposition andand MorphologyMorphology ofof thethe MagnetosomeMagnetosome MineralMineral PhasePhase 

AsAs statedstated above,above, therethere areare twotwo compositionalcompositional typestypes ofof magnetosomesmagnetosomes inin magmag

netotacticnetotactic bacteria:bacteria: ironiron oxidesoxides andand ironiron sulfides.sulfides. TheThe mineralmineral compositioncomposition ofof thethe 

magnetosomemagnetosome isis probablyprobably underunder geneticgenetic controlcontrol inin thatthat cellscells ofof severalseveral culturedcultured 

magnetite-producingmagnetite-producing magnetotacticmagnetotactic bacteriabacteria stillstill synthesizesynthesize anan ironiron oxideoxide (magnet(magnet

ite)ite) andand notnot anan ironiron sulfidesulfide (grigite)(grigite) eveneven whenwhen hydrogenhydrogen sulfidesulfide isis presentpresent inin thethe 

growthgrowth mediummedium (118,(118, 119).119). TheThe ironiron oxide-typeoxide-type magnetosomesmagnetosomes consistconsist solelysolely ofof 

magnetite.magnetite. TheThe particleparticle morphologymorphology ofof magnetitemagnetite variesvaries butbut isis consistentconsistent withinwithin 

cellscells ofof aa singlesingle bacterialbacterial speciesspecies oror strainstrain (12).(12). ThreeThree generalgeneral morphologiesmorphologies ofof 

magnetitemagnetite particlesparticles havehave beenbeen observedobserved inin magnetotacticmagnetotactic bacteriabacteria usingusing transmissiontransmission 

electronelectron microscopymicroscopy (TEM)(TEM) (12,(12, 29,29, 102,102, 173).173). TheseThese areare includeinclude (i)(i) roughlyroughly cucu

boidalboidal (2,(2, 98),98), (ii)(ii) parallelepipedalparallelepipedal (rectangular(rectangular inin thethe horizontalhorizontal planeplane ofof projecprojec

tion)tion) (l0,(l0, 120,120, 121,121, 183),183), andand (iii)(iii) tooth,tooth, bullet,bullet, oror arrowheadarrowhead shapedshaped (anisotropic)(anisotropic) 

(100,(100, 101,101, 181).181). ExamplesExamples areare shownshown inin Fig.Fig. 2.2. 

High-resolutionHigh-resolution TEMTEM andand selectedselected areaarea electronelectron diffractiondiffraction studiesstudies havehave revealedrevealed 

thatthat thethe magnetitemagnetite particlesparticles withinwithin magnetotacticmagnetotactic bacteriabacteria areare ofof highhigh structuralstructural 

perfectionperfection andand havehave beenbeen usedused toto determinedetermine theirtheir idealizedidealized morphologiesmorphologies (98-101,(98-101, 

108,108, 118,118, 119).119). TheseThese morphologiesmorphologies areare allall derivedderived fromfrom combinationscombinations ofof {{ II IIII },}, 

{IIO},{IIO}, andand {IOO}{IOO} formsforms withwith suitablesuitable distortionsdistortions (41).(41). TheThe roughlyroughly cuboidalcuboidal parpar

ticlesticles areare cubo-octahedracubo-octahedra ({({ 100}100} ++ {Ill}),{Ill}), andand thethe parallelepipedalparallelepipedal particlesparticles areare 

eithereither truncatedtruncated pseudo-hexahedralpseudo-hexahedral oror pseudo-octahedralpseudo-octahedral prisms.prisms. ExamplesExamples areare 

shownshown inin Figs.Figs. 3a3a toto d.d. TheThe cubo-octahedralcubo-octahedral crystalcrystal morphologymorphology preservespreserves thethe 

symmetrysymmetry ofof thethe face-centeredface-centered cubiccubic spinelspinel structure;structure; i.e.,i.e., allall equivalentequivalent crystalcrystal 

facesfaces developdevelop equally.equally. TheThe pseudo-hexahedralpseudo-hexahedral andand pseudo-octahedralpseudo-octahedral prismaticprismatic parpar

ticlesticles representrepresent anisotropicanisotropic growthgrowth inin whichwhich equivalentequivalent facesfaces developdevelop unequallyunequally 

(41,97).(41,97). 

TheThe synthesissynthesis ofof thethe tooth-,tooth-, bullet-,bullet-, andand arrowhead-shapedarrowhead-shaped magnetitemagnetite particlesparticles 

(Fig.(Fig. 2c)2c) appearsappears toto bebe moremore complexcomplex thanthan thatthat ofof thethe otherother forms.forms. TheyThey havehave beenbeen 

examinedexamined byby high-resolutionhigh-resolution TEMTEM inin oneone uncultureduncultured organismorganism (100,(100, 101),101), andand theirtheir 

idealizedidealized morphologymorphology suggestssuggests thatthat thethe growthgrowth ofof thesethese particlesparticles occursoccurs inin twotwo 

stages.stages. TheThe nascentnascent crystalscrystals areare cubo-octahedracubo-octahedra whichwhich subsequentlysubsequently elongateelongate alongalong 

thethe [III][III] axisaxis parallelparallel toto thethe chainchain direction.direction. 

WhereasWhereas thethe cubo-octahedralcubo-octahedral formform ofof magnetitemagnetite cancan occuroccur inin inorganicallyinorganically 

formedformed magnetitesmagnetites (138),(138), thethe prevalenceprevalence ofof elongatedelongated pseudo-hexahedralpseudo-hexahedral oror pseudopseudo

octahedraloctahedral habitshabits inin magnetosomemagnetosome crystalscrystals implyimply anisotropicanisotropic growthgrowth conditions,conditions, 

e.g.,e.g., aa temperaturetemperature gradient,gradient, aa concentrationconcentration gradient,gradient, oror anisotropicanisotropic ionion fluxflux (97).(97). 



FigureFigure 2.2. MorphologiesMorphologies ofof intracellularintracellular magnetitemagnetite (Fe,OJ(Fe,OJ particlesparticles producedproduced byby 

b,lctcriamagnetotaeticmagnetotaetic b'lctcria collectedcollected fromfrom thethe OATZOATZ ofof thethe PettaquamseullPettaquamseull Estuary.Estuary. (a)(a) 

Dark-fieldDark-field scanning-transmissionscanning-transmission electronelectron micrographmicrograph (STEM)(STEM) ofof aa chainchain ofof cubocubo

octahedraoctahedra inin cellscells ofof anan unidentifiedunidentified rod-shapedrod-shaped baClerium.baClerium. viewedviewed alongalong .1,1 1111111111 

al'pc,lI' hcxagon'll.zonezone axisaxis forfor whichwhich thethe particleparticle pmjectiol1'ipmjectiol1'i al'pc.lI· hcxagon'11. (bl(bl Bright-fieldBright-field STEMSTEM 

ofof aa chainchain ofof crystalscrystals withinwithin aa celioI'celioI' anan p'1l',llkunidcntifiedunidcntified marinemarine vibrio,vibrio, withwith p'1l"llk

lepipedallepipedal projections.projections. (c)(c) Bright-tieldBright-tield STEMSTEM ofof tooth-shapedtooth-shaped (anisotmpic)(anisotmpic) magnemagne

tosomestosomes fromfrom anan rllLl-sh'IIJedunidentiliedunidentilied marinemarine rml-sh'IIJed bacterium.bacterium. 
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FigureFigure 3.3. IdealizedIdealized magnetitemagnetite (a(a toto d)d) andand greigitegreigite (e(e andand f)f) crystalcrystal morphologiesmorphologies 

derivedderived fromfrom high-resolutionhigh-resolution TEMTEM studiesstudies ofof magnetosomesmagnetosomes fromfrom magnetotacticmagnetotactic 

bacteria.bacteria. (a(a andand e)e) Cubo-octahedrons.Cubo-octahedrons. (b,(b, c,c, andand f)f) VariationsVariations ofof pseudo-hexagonalpseudo-hexagonal 

prisms.prisms. (d)(d) ElongatedElongated cuba-octahedron.cuba-octahedron. AdaptedAdapted fromfrom referencesreferences 7070 andand 97.97. 

ThisThis aspectaspect ofof magnetosomemagnetosome particleparticle morphologymorphology hashas beenbeen usedused toto distinguishdistinguish 

magnetosomemagnetosome magnetitemagnetite fromfrom detritaldetrital oror BIM-typeBIM-type magnetitemagnetite usingusing electronelectron mimi

croscopycroscopy ofof magneticmagnetic extractsextracts fromfrom sedimentssediments (37,(37, 38,38, ]41,]41, 143,143, 173-175).173-175). 

AlthoughAlthough allall freshwaterfreshwater magnetotacticmagnetotactic bacteriabacteria synthesizesynthesize magnetitemagnetite asas thethe minmin

eraleral phasephase ofof theirtheir magnetsomes,magnetsomes, manymany marine,marine, estuarine,estuarine, andand saltsalt marshmarsh speciesspecies 

produceproduce anan ironiron sulfide-typesulfide-type magnetosomemagnetosome whichwhich consistsconsists primarilyprimarily ofof thethe magneticmagnetic 

ironiron sulfidesulfide greigitegreigite (7,(7, 8,8, 11,69,70,11,69,70, 104,104, 145,145, 146).146). ReportsReports ofof ironiron pyritepyrite (104)(104) 

andand pyrrhotitepyrrhotite (48)(48) havehave notnot beenbeen confirmedconfirmed andand maymay representrepresent misidentificationsmisidentifications 



ofof additionaladditional ironiron sulfidesulfide speciesspecies occasionallyoccasionally observedobserved withwith greigitegreigite inin cellscells (145,(145, 

146)146) (discussed(discussed below).below). CurrentlyCurrently recognizedrecognized greigite-producinggreigite-producing magnetotacticmagnetotactic 

bacteriabacteria includeinclude aa many-celledmany-celled magnetotacticmagnetotactic procaryoteprocaryote (MMP)(MMP) thatthat consistsconsists ofof 

anan aggregationaggregation ofof aboutabout 2020 toto 3030 cellscells arrangedarranged inin aa sphericalspherical manner,manner, whichwhich isis 

motilemotile asas anan entireentire unitunit andand notnot asas separateseparate cellscells (40,(40, 49,49, 150,150, 151),151), andand aa varietyvariety 

ofof relativelyrelatively large,large, rod-shapedrod-shaped bacteriabacteria (7,(7, 8,8, II,II, 69,69, 70).70). 

TheThe ironiron sulfide-typesulfide-type magnetosomesmagnetosomes containcontain eithereither particlesparticles ofof greigitegreigite (69,(69, 70)70) 

oror aa mixturemixture ofof greigitegreigite andand transienttransient nonmagneticnonmagnetic ironiron sulfidesulfide phasesphases thatthat probablyprobably 

representrepresent mineralmineral precursorsprecursors toto greigitegreigite (145,(145, ]]46).46). TheseThese phasesphases includeinclude mackimacki

nawitenawite andand probablyprobably aa sphalerite-typesphalerite-type cubiccubic FeSFeS (145,(145, 146).146). BasedBased onon TEMTEM obob

servations,servations, electronelectron diffraction,diffraction, andand knownknown ironiron sulfidesulfide chemistrychemistry (18,(18, 20,20, 21),21), thethe 

reactionreaction schemescheme forfor greigitegreigite formationformation inin thethe magnetotacticmagnetotactic bacteriabacteria appearsappears toto bebe 

cubiccubic FeSFeS --+--+ mackinawitemackinawite (tetragonal(tetragonal FeS)FeS) --+--+ greigitegreigite (Fe(Fe33SS44 )) (145,(145, 146).146). TheThe dede 

novonovo synthesissynthesis ofof nonmagneticnonmagnetic crystallinecrystalline ironiron sulfidesulfide precursorsprecursors toto greigitegreigite alignedaligned 

alongalong thethe magnetosomemagnetosome chainchain indicatesindicates thatthat chainchain formationformation andand thethe orientationorientation ofof 

thethe magnetosomesmagnetosomes inin thethe chainchain dodo notnot necessarilynecessarily involveinvolve magneticmagnetic interactions.interactions. 

Interestingly,Interestingly, underunder thethe stronglystrongly reducing,reducing, sulfidicsulfidic conditionsconditions atat neutralneutral pHpH inin whichwhich 

thethe greigite-producinggreigite-producing magnetotacticmagnetotactic bacteriabacteria areare foundfound (7,(7, 8),8), greigitegreigite particlesparticles 

wouldwould bebe expectedexpected toto transformtransform intointo pyritepyrite (18,(18, 20).20). ItIt isis notnot knownknown ifif andand howhow 

cellscells preventprevent thisthis transformation.transformation. 

AsAs withwith magnetite,magnetite, threethree particleparticle morphologiesmorphologies ofof greigitegreigite havehave beenbeen observedobserved 

inin magnetotacticmagnetotactic bacteria:bacteria: (i)(i) cubo-octahedralcubo-octahedral (the(the equilibriumequilibrium formform ofof faceface

centeredcentered cubiccubic greigite)greigite) (69,(69, 70),70), (ii)(ii) pseudo-rectangularpseudo-rectangular prismaticprismatic (Fig.(Fig. 3e3e toto ff andand 

4)4) (69,(69, 70),70), andand (iii)(iii) toothtooth shapedshaped (145,(145, 146).146). LikeLike thatthat ofof theirtheir magnetitemagnetite councoun

terparts,terparts, thethe morphologymorphology ofof thethe greigitegreigite particlesparticles alsoalso appearsappears toto bebe species-species- and/and/ 

oror strainstrain specific,specific, althoughalthough confirmationconfirmation ofof thisthis observationobservation willwill requirerequire controlledcontrolled 

studiesstudies ofof purepure culturescultures ofof greigite-producinggreigite-producing magnetotacticmagnetotactic bacteria,bacteria, nonenone ofof whichwhich 

FigureFigure 4.4. MorphologiesMorphologies of'of' greigitegreigite (Fe,S4)(Fe,S4) particlesparticles withinwithin cellscells ofof unidentifiedunidentified mclmcl

m,lrshshapedshaped bacteriabacteria collectedcollected fromfrom thethe snlliclicsnlliclic waterswaters ofof aa saltsalt m<lrsh pool.pool. (a)(a) TEMTEM ofof 

cubo-octahedra.cubo-octahedra. (b)(b) TEMTEM ofof rectangularrectangular prisllls.prisllls. 



isis currentlycurrently available.available. OneOne clearclear exceptionexception toto thisthis rulerule isis thethe MMPMMP (see(see above)above) (7,(7, 

8,8, 11.11. 49,49, 104,104, ISO,ISO, 151).151). ThisThis unusualunusual microorganism,microorganism, foundfound inin saltsalt marshmarsh poolspools 

allall overover thethe worldworld andand inin somesome deep-seadeep-sea sediments,sediments, containscontains pleomorphic,pleomorphic, pseudopseudo 

rectangularrectangular prismatic,prismatic, tooth-shaped,tooth-shaped, andand cubo-octahedralcubo-octahedral greigitegreigite particles.particles. SomeSome 

ofof thethe thesethese particleparticle morphologiesmorphologies areare shownshown inin Fig.Fig. 5.5. Therefore,Therefore, thethe biominerbiominer

alizationalization process(es)process(es) appearsappears toto bebe moremore complicatedcomplicated inin thisthis organismorganism thanthan inin thethe 

rodsrods withwith greigite-containinggreigite-containing magnetnsomesmagnetnsomes oror inin magnetite-producingmagnetite-producing magnetomagneto

tactictactic bacteria.bacteria. 

OneOne slow-swimming,slow-swimming, rod-shapedrod-shaped bacterium,bacterium, collectedcollected fromfrom thethe OATZOATZ fromfrom thethe 

PettaquamscutlPettaquamscutl Estuary,Estuary, waswas foundfound toto containcontain arrowhead-shapedarrowhead-shaped crystalscrystals ofof magmag

netitenetite andand rectangularrectangular prismaticprismatic crystalscrystals ofof greigitegreigite co-organizedco-organized withinwithin thethe samesame 

chainschains ofof magnetosomesmagnetosomes (this(this organismorganism usuallyusually containscontains twotwo parallelparallel chainschains ofof 

magnetosomes),magnetosomes), asas shownshown inin Fig.Fig. 66 (9,(9, 13).13). InIn cellscells ofof thisthis uncultureduncultured organism,organism, 

thethe magnetitemagnetite andand greigitegreigite crystalscrystals occuroccur withwith different,different, mineraL-specificmineraL-specific morpholmorphol

ogiesogies andand sizessizes andand areare positionedpositioned withwith theirtheir longlong axesaxes orientedoriented alongalong thethe chainchain 

direction.direction. BothBoth particleparticle morphologiesmorphologies havehave beenbeen foundfound inin organismsorganisms withwith singlesingle

mineral-componentmineral-component chainschains (69,(69, 70,70, 100,100, 1010 I),I), whichwhich suggestssuggests thatthat thethe lllagnetosomelllagnetosome 

membranesmembranes surroundingsurrounding thethe magnetitemagnetite andand greigitegreigite particlesparticles containcontain ditTerentditTerent nunu

cleationcleation templatestemplates andand thatthat therethere areare differencesdifferences inin magnetosomemagnetosome vesiclevesicle biosynbiosyn

thesis.thesis. Thus,Thus, itit isis likelylikely thatthat twotwo separateseparate setssets ofof genesgenes controlcontrol thethe biomineralizationbiomineralization 

ofof magnetitemagnetite andand greigitegreigite inin thisthis organism.organism. 

InIn sum,sum, thethe consistentconsistent narrownarrow sizesize rangerange (41)(41) andand morphologiesmorphologies ofof thethe magnemagne

tosometosome particlesparticles representrepresent featuresfeatures typicaltypical ofof BCMBCM andand areare clearclear indicationsindications thatthat 

FigureFigure 5.5. High-magniJicalionHigh-magniJicalion bright-fieldbright-field STE\1STE\1 ofof pleomorphicpleomorphic greigitegreigite

mackinawitemackinawite particlesparticles withinwithin MMPMMP cells.cells. 



Dark·lieldFigureFigure 6.6. Dark-field STEMSTEM ofof rectangularrectangular prismaticprismatic greigitegreigite (g)(g) andand [ooth-shaped[ooth-shaped 

magnetitemagnetite particlesparticles (m)(m) co-organizedco-organized withinwithin thethe samesame chamschams oror magnetosomesmagnetosomes inin 

anan unusualunusual rod-shapedrod-shaped magnelotacticmagnelotactic bacteriumbacterium collectedcollected fromfrom thethe PcttaquamscutlPcttaquamscutl 

EstuaryEstuary (see(see thethe text).text). 

thethe magnetotacticmagnetotactic bacteriabacteria exertexert aa highhigh degreedegree ofof controlcontrol overover thethe biomineralizationbiomineralization 

processesprocesses involvedinvolved inin magnetosomemagnetosome synthesis.synthesis. 

EffectEffect ofof EnvironmentalEnvironmental ConditionsConditions onon BiomineralizationBiomineralization 

CanCan locallocal environmentalenvironmental conditionsconditions affectaffect thethe biomineralizationbiomineralization ofof thethe mineralmineral 

phasephase ofof thethe magnetosome?magnetosome? ThisThis mightmight occuroccur inin thethe formform ofof variationsvariations inin thethe 

stoichiometrystoichiometry ofof thethe metalmetal and/orand/or thethe nonmetalnonmetal componentscomponents ofof thethe mineralmineral phasephase 

oror throughthrough thethe replacementreplacement ofof thethe eithereither thethe metalmetal oror nonmetalnonmetal componentcomponent ofof thethe 

magnetosomemagnetosome mineralmineral phase.phase. HereHere wewe discussdiscuss stoichiometrystoichiometry changeschanges andand speciflspecifl

callycally whetherwhether ironiron cancan bebe replacedreplaced withwith otherother transitiontransition metalmetal ionsions andand whetherwhether 

sulfursulfur andand oxygenoxygen cancan replacereplace eacheach otherother asas thethe nonmetalnonmetal componentcomponent inin thethe magmag

netosomenetosome mineralmineral phase.phase. 

TheThe replacementreplacement ofof ironiron inin magnetosomesmagnetosomes hashas notnot beenbeen studiedstudied inin greatgreat detaildetail 

inin purepure cultures.cultures. GorbyGorby (62)(62) showedshowed thatthat ironiron couldcould notnot bebe replacedreplaced byby otherother 

transitiontransition metalmetal ions,ions, includingincluding titanium,titanium, chromium.chromium. cobalt.cobalt. copper.copper. nickeLnickeL mercury,mercury, 

andand lead.lead. inin thethe magnetitemagnetite crystalscrystals ofof Mag17c/ospirillll/))Mag17c/ospirillll/)) /))agneto/aeriell/))/))agneto/aeriell/)) whenwhen cellscells 

werewere growngrown inin thethe presencepresence ofof thesethese ions.ions. However.However. ToweTowe andand MoenchMoench (183)(183) rere

panicles unculturedunculturedportedported veryvery smallsmall amountsamounts ofof titaniumtitanium inin thethe magnetitemagnetite particles ofof anan 

freshwaterfreshwater magnetolacticmagnetolactic coccuscoccus collectedcollected fromfrom aa wastewaterwastewater treatmenttreatment pond.pond. SigSig

niticantniticant amountsamounts ofof coppercopper havehave beenbeen foundfound inin thethe greigitegreigite particlesparticles ofof thethe MMPMMP 

(II)(II) describeddescribed above.above. TheThe amountamount ofof coppercopper waswas t'xtremelyt'xtremely variablevariable andand rangedranged 

fromfrom abolltabollt 0.10.1 toto concen1010 atomicc/oatomicc/o relativerelative toto iron.iron. TheThe coppercopper appearedappeared toto bebe concen



tratedtrated mostlymostly onon thethe surfacesurface ofof thethe particlesparticles andand waswas presentpresent onlyonly inin organismsorganisms 

collectedcollected fromfrom aa saltsalt marshmarsh inin MorroMorro Bay,Bay, Calif.,Calif., andand notnot inin thosethose collectedcollected fromfrom 

otherother sites.sites. Interestingly,Interestingly, magnetosomesmagnetosomes inin rod-shapedrod-shaped magnetotacticmagnetotactic bacteriabacteria thatthat 

alsoalso produceproduce greigitegreigite collectedcollected fromfrom thethe samesame sitesite inin MorroMorro BayBay diddid notnot containcontain 

copper.copper. TheThe presencepresence ofof coppercopper diddid notnot appearappear toto affectaffect thethe functionfunction ofof thethe magmag

netosomes,netosomes, sincesince thethe organismsorganisms werewere stillstill magnetotactic.magnetotactic. MoreMore recently,recently, coppercopper hashas 

alsoalso beenbeen foundfound inin thethe greigitegreigite particlesparticles ofof rod-shapedrod-shaped magnetotacticmagnetotactic bacteriabacteria fromfrom 

sitessites otherother thanthan MorroMorro BayBay (146).(146). TheseThese observationsobservations maymay indicateindicate thatthat thethe mineralmineral 

phasephase ofof thethe magnetosomesmagnetosomes inin thesethese organismsorganisms isis moremore susceptiblesusceptible toto chemicalchemical andand 

redoxredox conditionsconditions inin thethe externalexternal environmentenvironment and/and/ oror thatthat thethe magnetosomesmagnetosomes couldcould 

functionfunction inin transitiontransition metalmetal detoxification.detoxification. 

TheThe conversionconversion ofof cubiccubic FeSFeS andand mackinawitemackinawite toto greigitegreigite (145,(145, 146)146) inin greigitegreigite

producingproducing magnetotacticmagnetotactic bacteriabacteria clearlyclearly representsrepresents anan exampleexample ofof changeschanges inin thethe 

stoichiometrystoichiometry ofof thethe metalmetal andand nonmetalnonmetal componentscomponents ofof thethe magnetosomemagnetosome particle.particle. 

BasedBased onon thermodynamicthermodynamic considerations,considerations, cubiccubic FeSFeS andand mackinawitemackinawite transformtransform toto 

greigitegreigite underunder stronglystrongly reducingreducing sulfidicsulfidic conditionsconditions atat neutralneutral pHpH (21,(21, 145,145, 146),146), 

conditionsconditions thatthat existexist wherewhere thesethese organismsorganisms areare foundfound (7,(7, 8).8). ThereThere isis alsoalso thethe 

possibilitypossibility thatthat thesethese transformationstransformations areare catalyzedcatalyzed byby thethe cell.cell. 

CellsCells ofof thethe slow-movingslow-moving magnetotacticmagnetotactic rodrod fromfrom thethe Pett8quamscuttPett8quamscutt EstuaryEstuary 

thatthat biomineralizebiomineralize bothboth magnetitemagnetite andand greigitegreigite werewere foundfound toto extendextend wellwell belowbelow 

thethe OATZOATZ properproper atat thisthis chemicallychemically stratifiedstratified sitesite (9).(9). CellsCells collectedcollected fromfrom thethe moremore 

oxidizedoxidized regionsregions ofof thethe OATZOATZ containedcontained moremore oror exclusivelyexclusively 8rrowhead-shaped8rrowhead-shaped 

magnetitemagnetite particles,particles, whilewhile cellscells collectedcollected fromfrom belowbelow thethe OATZOATZ inin thethe anaerobicanaerobic 

suHidicsuHidic zonezone containedcontained moremore oror exclusivelyexclusively greigitegreigite particles.particles. ThisThis findingfinding suggestssuggests 

thatthat environmentalenvironmental parametersparameters suchsuch asas locallocal molecularmolecular oxygenoxygen and/orand/or hydrogenhydrogen 

sulfidesulfide concentrationsconcentrations and/orand/or redoxredox conditionsconditions somehowsomehow regulateregulate thethe relativerelative biobio

mineralizationmineralization ofof ironiron oxidesoxides andand ironiron sulfidessulfides inin thisthis bacteriumbacterium (9).(9). 

ChemistryChemistry andand BiochemistryBiochemistry ofof MagnetosomeMagnetosome FormationFormation 

TheThe firstfirst stepstep inin thethe synthesissynthesis ofof magnetitemagnetite (and(and probablyprobably greigitegreigite asas well)well) inin 

magnetotacticmagnetotactic bacteriabacteria isis thethe uptakeuptake ofof iron.iron. FreeFree reducedreduced Fe(II)Fe(II) isis veryvery solublesoluble 

(up(up toto 100100 mMmM atat neutralneutral pHpH [132])[132]) andand isis easilyeasily takentaken upup byby bacteria,bacteria, usuallyusually byby 

nonspecificnonspecific means.means. However,However, becausebecause freefree oxidizedoxidized Fe(\II)Fe(\II) isis soso insoluble,insoluble, mostmost 

microbesmicrobes havehave toto relyrely onon ironiron chelatorschelators whichwhich bindbind andand solubilizesolubilize Fe(IIl)Fe(IIl) forfor uptake.uptake. 

MicrobiallyMicrobially producedproduced Fe(IIl)Fe(IIl) chelatorschelators areare calledcalled siderophoressiderophores andand areare defineddefined asas 

low-molecular-masslow-molecular-mass «« II kDa),kDa), virtuallyvirtually specificspecific ligandsligands thatthat facilitatefacilitate thethe solubilsolubil

izationization andand transporttransport ofof Fe(III)Fe(III) (67).(67). SiderophoresSiderophores areare generallygenerally producedproduced underunder 

iron-limitediron-limited conditions,conditions, andand theirtheir synthesissynthesis isis repressedrepressed underunder high-ironhigh-iron conditions.conditions. 

SeveralSeveral studies,studies, allall involvinginvolving magnetotacticmagnetotactic spirilla,spirilla, havehave focusedfocused onon ironiron uptakeuptake 

inin thethe magnetotacticmagnetotactic bacteria.bacteria. 

AA hydroxamatehydroxamate siderophoresiderophore waswas foundfound toto bebe producedproduced byby cellscells ofof M.M. magnemagne

totacticumtotacticum growngrown underunder high-ironhigh-iron butbut notnot underunder low-ironlow-iron conditionsconditions (139).(139). Thus,Thus, 

thethe siderophoresiderophore productionproduction patternpattern herehere isis thethe reversereverse ofof whatwhat isis normallynormally observed.observed. 

LaterLater studiesstudies havehave notnot confirmedconfirmed thisthis finding.finding. Earlier,Earlier, FrankelFrankel etet al.al. (56)(56) assumedassumed 

thatthat ironiron uptakeuptake byby thisthis organismorganism probablyprobably occurredoccurred viavia aa nonspecificnonspecific transporttransport 

system.system. AlthoughAlthough ironiron isis suppliedsupplied asas Fe(III)Fe(III) chelatedchelated toto quinicquinic acid,acid, thethe growthgrowth 



mediummedium alsoalso containscontains chemicalchemical reducingreducing agentsagents (e.g.,(e.g., thioglycolatethioglycolate oror ascorbicascorbic 

acid)acid) potentpotent enoughenough toto reducereduce Fe(lII)Fe(lII) toto Fe(II).Fe(II). Thus,Thus, bothboth formsforms ofof ironiron areare presentpresent 

inin thethe growthgrowth medium,medium, andand itit isis notnot knownknown whichwhich formform isis takentaken upup byby thethe cell.cell. 

NakamuraNakamura etet al.al. (128)(128) diddid notnot detectdetect siderophoresiderophore productionproduction byby Magnetospiri/Magnetospiri/

fumfum strainstrain AMB-]AMB-] andand concludedconcluded thatthat ironiron waswas takentaken upup asas Fe(IIl)Fe(III) byby cellscells andand 

Fe(lIl) mediatedmediated byby aa periperiplasmicplasmic bindingbinding protein-dependentprotein-dependent ironironthatthat Fe(lII) uptakeuptake waswas 

transporttransport system.system. SchulerSchuler andand BaeuerleinBaeuerlein (156)(156) foundfound thatthat spentspent mediummedium stimulatedstimulated 

ironiron uptakeuptake toto aa highhigh degreedegree inin cellscells ofof M.M. gryphisl1'a/densegryphisl1'a/dense butbut foundfound nono evidenceevidence 

forfor thethe presencepresence ofof aa siderophore.siderophore. TheyThey alsoalso showedshowed thatthat thethe majormajor portionportion ofof ironiron 

Fe(lII)forfor magnetitemagnetite synthesissynthesis waswas takentaken upup asas Fe(III) andand thatthat Fe(III)Fe(III) uptakeuptake appearsappears toto 

bebe anan energy-dependentenergy-dependent process.process. Fe(II)Fe(II) waswas alsoalso takentaken upup byby cellscells butbut byby aa slow,slow, 

diffusion-likediffusion-like process,process, whilewhile Fe(III)Fe(III) uptakeuptake followedfollowed Michaelis-MentenMichaelis-Menten kineticskinetics 

withwith aa K",K", ofof 33 MM andand aa Villa,Villa, ofof 0.860.86 nmolnmol minmin -- II mgmg ofof drydry cellcell weight-I,weight- i
, suggestingsuggesting 

thatthat Fe(III)Fe(III) uptakeuptake byby cellscells ofof M.M. gryphiswafdensegryphiswafdense isis aa low-affinitylow-affinity butbut high-velocityhigh-velocity 

transporttransport systemsystem (156).(156). InIn aa laterlater studystudy (157)(157) usingusing thethe samesame organism,organism, Schi.ilerSchi.iler 

andand BaeuerleinBaeuerlein showedshowed thatthat magnetitemagnetite formationformation waswas inducedinduced inin nonmagnetotacticnonmagnetotactic 

cellscells byby aa lowlow thresholdthreshold oxygenoxygen concentrationconcentration ofof aboutabout 22 toto 77 f.LMf.LM (at(at 30°C)30°C) andand 

waswas tightlytightly linkedlinked toto Fe(III)Fe(III) uptake.uptake. 

FewFew studiesstudies havehave addressedaddressed whatwhat occursoccurs inin thethe cellcell afterafter ironiron isis takentaken upup byby 

magnetotacticmagnetotactic bacteria.bacteria. FrankelFrankel etet al.al. (56)(56) examinedexamined thethe naturenature andand distributiondistribution ofof 

majormajor ironiron compoundscompounds inin M.M. magnetotacticulI1magnetotacticulI1 byby usingusing 57Fe57Fe McissbauerMcissbauer spectrospectro

scopy.scopy. TheyThey proposedproposed aa modelmodel inin whichwhich Fe(III)Fe(III) isis takentaken upup byby thethe cellcell (by(by nonnon

specificspecific meansmeans asas describeddescribed above)above) andand reducedreduced toto Fe(II)Fe(II) asas itit entersenters thethe cell.cell. ItIt isis 

thenthen thoughtthought toto bebe reoxidizedreoxidized toto formform aa low-densitylow-density hydroushydrous Fe(III)Fe(III) oxide,oxide, whichwhich 

isis thenthen dehydrateddehydrated toto formform aa high-densityhigh-density Fe(III)Fe(III) oxideoxide (ferrihydrite),(ferrihydrite), whichwhich waswas 

Fe(IIl)directlydirectly observedobserved inin cells.cells. InIn thethe lastlast step,step, one-thirdone-third ofof thethe Fe(III) ionsions inin ferrihydriteferrihydrite 

areare reducedreduced and,and, withwith furtherfurther dehydration.dehydration. magnetitemagnetite isis produced.produced. However,However, SchulerSchuler 

andand BaeuerleinBaeuerlein (157)(157) showedshowed thatthat inin cellscells ofof M.M. gnphisl1'a/dense.gnphisl1'a/dense. Fe(III)Fe(III) isis takentaken 

upup andand rapidlyrapidly convertedconverted toto magnetitemagnetite withoutwithout anyany apparentapparent delay.delay. suggestingsuggesting thatthat 

therethere isis nono signifIcantsignifIcant accumulationaccumulation ofof aa precursorprecursor toto magnetitemagnetite insideinside thethe cell.cell. atat 

leastleast underunder thethe conditionsconditions ofof thethe experiment,experiment, whichwhich appearedappeared toto bebe optimaloptimal forfor 

magnetitemagnetite productionproduction byby thatthat organism.organism. 

TheThe mechanismmechanism byby whichwhich specificspecific shapesshapes ofof magnetitemagnetite areare formedformed isis unknownunknown 

atat present.present. butbut itit isis thoughtthought thatthat thethe finalfinal twotwo stepssteps occuroccur inin thethe magnetosomemagnetosome 

membranemembrane vesicle,vesicle, whichwhich apparentlyapparently nucleatesnucleates andand alsoalso constrainsconstrains crystalcrystal growth.growth. 

ItIt isis clearclear thatthat manymany moremore studiesstudies involvinginvolving severalseveral differentdifferent organismsorganisms areare requiredrequired 

beforebefore wewe fullyfully understandunderstand thethe precipitationprecipitation ofof magnetitemagnetite andand greigitegreigite inin magnemagne

totactictotactic bacteria.bacteria. 

PhysiologyPhysiology 

ManyMany featuresfeatures commoncommon toto thethe magnetotacticmagnetotactic bacteriabacteria werewere describeddescribed above.above. 

ThereThere areare alsoalso somesome physiologicalphysiological featuresfeatures commoncommon toto allall thatthat havehave beenbeen studied.studied. 

However.However. sincesince onlyonly aa handfulhandful ofof strainsstrains areare inin purepure cultureculture andand mostmost ofof thesethese areare 

microaerophilicmicroaerophilic freshwaterfreshwater spirillaspirilla thatthat produceproduce cubo-octahedralcubo-octahedral particlesparticles ofof magmag

netite,netite, thethe amountamount ofof datadata isis limited.limited. AlthoughAlthough magnetitemagnetite synthesissynthesis hashas notnot yetyet beenbeen 

linkedlinked toto thethe physiologyphysiology ofof aa magnetotacticmagnetotactic bacterium.bacterium. itit isis importantimportant toto understandunderstand 



thethe physiologyphysiology ofof thesethese bacteriabacteria andand thethe conditionsconditions underunder whichwhich theythey synthesizesynthesize 

magnetosomesmagnetosomes inin orderorder toto findfind thisthis link.link. OneOne pointpoint isis clear,clear, though;though; magnetitemagnetite isis 

formedformed byby physiologicallyphysiologically diversediverse magnetotacticmagnetotactic bacteriabacteria onlyonly underunder microaerobicmicroaerobic 

and/and/ oror anaerobicanaerobic conditions,conditions, dependingdepending onon thethe species.species. 

TheThe firstfirst magnetotacticmagnetotactic bacteriumbacterium toto bebe isolatedisolated andand growngrown inin purepure cultureculture waswas 

MagnetospirillUinMagnetospirillUin (formerly(formerly Aquaspiri//umAquaspiri//um [155])[155]) 171agnetotacricum171agnetotacricum strainstrain MS-IMS-I 

(31,(31, 1(6).1(6). ThisThis obligatelyobligately microaerophilicmicroaerophilic speciesspecies representsrepresents thethe mostmost extensivelyextensively 

studiedstudied magnetotacticmagnetotactic bacterium.bacterium. ItIt waswas isolatedisolated fromfrom aa freshwaterfreshwater swampswamp andand 

synthesizessynthesizes cubo-octahedralcubo-octahedral crystalscrystals ofof magnetitemagnetite (97,(97, 98).98). ItsIts cellscells areare helicalhelical andand 

possesspossess anan unsheathedunsheathed polarpolar flagellumflagellum atat eacheach end.end. ThisThis organismorganism isis obligatelyobligately 

respiratoryrespiratory andand cannotcannot fermentferment andand isis nutritionallynutritionally aa chemoorganoheterotrophchemoorganoheterotroph thatthat 

usesuses organicorganic acidsacids asas aa sourcesource ofof energyenergy andand carboncarbon (31).(31). TheThe cellscells dodo notnot produceproduce 

catalase,catalase, whichwhich mightmight explainexplain theirtheir microaerophilicmicroaerophilic nature,nature, butbut theythey produceproduce severalseveral 

periplasmicperiplasmic superoxidesuperoxide dismutasesdismutases ofof thethe ironiron andand manganesemanganese typestypes (161).(161). CellsCells 

fixfix atmosphericatmospheric dinitrogen,dinitrogen, asas evidencedevidenced byby theirtheir abilityability toto reducereduce acetyleneacetylene toto 

ethyleneethylene underunder nitrogen-limitednitrogen-limited conditionsconditions (5,(5, 6a).6a). ThisThis organismorganism usesuses oxygenoxygen oror 

nitratenitrate asas aa terminalterminal electronelectron acceptoracceptor andand isis aa denitrifierdenitrifier thatthat producesproduces nitrousnitrous 

oxideoxide andand dinitrogendinitrogen fromfrom nitratenitrate (6).(6). UnlikeUnlike mostmost denitrifyingdenitrifying bacteria,bacteria, cellscells rere

quirequire aa smallsmall amountamount ofof molecularmolecular dioxygendioxygen forfor nitrate-dependentnitrate-dependent growthgrowth (6).(6). InIn

terestingly,terestingly, cellscells produceproduce moremore magnetitemagnetite whenwhen growngrown withwith nitratenitrate thanthan withwith oxygenoxygen 

asas aa terminalterminal electronelectron acceptor.acceptor. However,However, molecularmolecular oxygenoxygen mustmust stillstill bebe presentpresent 

forfor magnetitemagnetite synthesissynthesis whenwhen nitratenitrate isis presentpresent inin thethe growthgrowth medium,medium, withwith thethe 

optimaloptimal concentrationconcentration forfor maximummaximum magnetitemagnetite yieldsyields beingbeing II%% oxygenoxygen inin thethe headhead

spacespace ofof culturescultures andand concentrationsconcentrations greatergreater thanthan 5%5% beingbeing inhibitoryinhibitory (32).(32). RecentRecent 

isotopeisotope experimentsexperiments clearlyclearly showshow thatthat molecularmolecular 0:0: isis notnot incorporatedincorporated intointo magmag

netite,netite, however,however, andand thatthat thethe oxygenoxygen inin magnetitemagnetite isis derivedderived fromfrom waterwater (95).(95). TheThe 

rolerole thatthat molecularmolecular 0:0: playsplays inin magnetitemagnetite synthesissynthesis isis thusthus unknown,unknown, butbut itit hashas 

beenbeen clearlyclearly shownshown toto affectaffect thethe synthesissynthesis ofof specificspecific proteinsproteins inin M.M. lI1agnetolOclI1agnetolOc

ticum.ticum. ForFor example,example, SakaguchiSakaguchi etet al.al. (154)(154) showedshowed thatthat thethe presencepresence ofof oxygenoxygen inin 

nitrate-grownnitrate-grown culturescultures repressedrepressed thethe synthesissynthesis ofof aa 140-kDa140-kDa membranemembrane proteinprotein inin 

M.M. magnetotacticUinmagnetotacticUin whosewhose functionfunction isis unknownunknown andand ShortShort andand BlakemoreBlakemore (16(16 JJ )) 

showedshowed thatthat increasingincreasing thethe oxygenoxygen tensiontension fromfrom II toto 10%10% ofof saturationsaturation inin culturescultures 

ofof M.M. l11agnetotacticuml11agnetotacticum causedcaused cellscells toto expressexpress increasedincreased activityactivity ofof thethe manganesemanganese

typetype superoxidesuperoxide dismutasedismutase relativerelative toto thatthat ofof thethe ironiron type.type. 

GuerinGuerin andand BlakemoreBlakemore (66)(66) reportedreported anaerobic,anaerobic, iron-dependentiron-dependent growthgrowth ofof M.M. 

magnetotacticummagnetotacticum inin thethe absenceabsence ofof nitrate.nitrate. AlthoughAlthough cellscells growngrown withwith "amorphous""amorphous" 

Fe(lII)Fe(lII) werewere extremelyextremely magneticmagnetic andand producedproduced nearlynearly twicetwice asas manymany magnetosomesmagnetosomes 

asas diddid nitrate-grownnitrate-grown cellscells withwith optimaloptimal 1°1°22 ]] (32),(32), theythey grewgrew veryvery slowlyslowly underunder 

thesethese conditionsconditions andand thethe growthgrowth yieldsyields werewere poorpoor comparedcompared toto thosethose onon nitratenitrate and/and/ 

oror oxygen.oxygen. TheseThese authorsauthors furtherfurther showedshowed thatthat ironiron oxidationoxidation maymay alsoalso bebe linkedlinked toto 

aerobicaerobic respiratoryrespiratory processes,processes, energyenergy conservation,conservation, andand magnetitemagnetite synthesissynthesis inin M.M. 

magnetotacticum.magnetotacticum. However,However, givengiven thatthat cellscells produceproduce soso muchmuch magnetitemagnetite duringduring 

growthgrowth withwith Fe(lII)Fe(lII) underunder anaerobicanaerobic conditions,conditions, itit wouldwould appearappear thatthat aerobicaerobic ironiron 

oxidationoxidation isis notnot necessarynecessary forfor magnetitemagnetite synthesis.synthesis. 

InIn anan efforteffort toto understandunderstand thethe relationshiprelationship betweenbetween nitratenitrate andand oxygenoxygen utilizationutilization 

andand magnetitemagnetite synthesis,synthesis, FukumoriFukumori andand coworkerscoworkers examinedexamined electronelectron transporttransport andand 



cytochromescytochromes inin M.M. magnetotacticum.magnetotacticum. TamegaiTamegai etet al.al. (179)(179) reportedreported aa novelnovel "cy"cy

tochrometochrome aa [-like"[-like" hemoproteinhemoprotein thatthat waswas presentpresent inin greatergreater amountsamounts inin magneticmagnetic 

cellscells thanthan nonmagneticnonmagnetic cells.cells. TheyThey diddid notnot findfind anyany truetrue cytochromecytochrome aa [[ oror anyany 00

typetype cytochromes,cytochromes, whichwhich werewere onceonce consideredconsidered toto bebe terminalterminal oxidasesoxidases inin M.M. magmag

netotacticumnetotacticum byby othersothers (135).(135). AA newnew ccb-typeccb-type cytochromecytochrome cc oxidaseoxidase (178)(178) andand aa 

cytochromecytochrome cd[cd[ -type-type nitritenitrite reductasereductase (195)(195) werewere isolatedisolated andand purifiedpurified fromfrom M.M. 

magnetotacticum.magnetotacticum. TheThe latterlatter proteinprotein waswas ofof particularparticular interestinterest sincesince itit showedshowed Fe(II):Fe(II): 

nitritenitrite oxidoreductaseoxidoreductase activity,activity, whichwhich maymay bebe linkedlinked toto thethe oxidationoxidation ofof Fe(II)Fe(II) inin 

thethe cellcell andand thusthus toto magnetitemagnetite synthesissynthesis (195).(195). 

CellsCells ofof M.M. magnetotacticummagnetotacticum activelyactively reducereduce Fe(III)Fe(III) (28)(28) andand transtrans locatelocate protonsprotons 

whenwhen Fe(III)Fe(III) isis introducedintroduced intointo themthem anaerobicallyanaerobically (160),(160), suggestingsuggesting thatthat cellscells 

conserveconserve energyenergy duringduring thethe reductionreduction ofof Fe(III).Fe(III). GrowthGrowth yieldsyields onon Fe(III)Fe(III) suggestsuggest 

thatthat ironiron reductionreduction isis alsoalso linkedlinked toto growth,growth, asas inin thethe dissimilatorydissimilatory iron-reducingiron-reducing 

bacteriabacteria (66).(66). Fe(III)Fe(III) reductasereductase activityactivity hashas alsoalso beenbeen demonstrateddemonstrated inin cellcell extractsextracts 

ofof M.M. magnetotacticummagnetotacticum (140),(140), andand recently,recently, NoguchiNoguchi etet al.al. (133)(133) purifiedpurified aa Fe(III)Fe(III) 

reductasereductase fromfrom thisthis microorganism.microorganism. TheThe enzymeenzyme appearsappears toto bebe looselyloosely boundbound onon 

thethe cytoplasmiccytoplasmic faceface ofof thethe cytoplasmiccytoplasmic membrane,membrane, hashas anan apparentapparent molecularmolecular massmass 

ofof 3636 kDa,kDa, andand requiresrequires reducedreduced NADHNADH andand flavinflavin mononucleotidemononucleotide asas anan electronelectron 

donordonor andand cofactor,cofactor, respectively.respectively. EnzymeEnzyme activityactivity waswas inhibitedinhibited byby zinc,zinc, whichwhich alsoalso 

reducedreduced thethe numbernumber ofof magnetite-containingmagnetite-containing magnetosomesmagnetosomes whenwhen includedincluded inin thethe 

growthgrowth mediummedium asas 2nS02nS044 .. 

OtherOther microaerophilicmicroaerophilic magnetotacticmagnetotactic spirilla,spirilla, physicallyphysically identicalidentical toto M.M. magnemagne

totacticum,totacticum, havehave beenbeen isolatedisolated inin recentrecent years.years. CellsCells ofof MagnetospirillumMagnetospirillum strainstrain 

AMB-l,AMB-l, isolatedisolated byby MatsunagaMatsunaga etet al.al. (113),(113), areare apparentlyapparently muchmuch moremore oxygenoxygen 

toleranttolerant thanthan areare thosethose ofof otherother magnetotacticmagnetotactic speciesspecies and,and, unlikeunlike otherother magnetomagneto

tactictactic bacteria,bacteria, cancan formform coloniescolonies onon thethe surfacesurface ofof agaragar platesplates underunder aa fullyfully aerobicaerobic 

atmosphere.atmosphere. ThisThis speciesspecies seemsseems veryvery similarsimilar toto M.M. l71agnetotacticul77l71agnetotacticul77 inin thatthat itit apap

pearspears toto synthesizesynthesize cubo-octahedralcubo-octahedral crystalscrystals ofof magnetite,magnetite, isis obligatelyobligately respiratory,respiratory, 

andand hashas aa chemoorganoheterotrophicchemoorganoheterotrophic modemode ofof nutritionnutrition usingusing organicorganic acidsacids asas 

sourcessources ofof energyenergy andand carbon.carbon. ItsIts cells,cells, likelike thosethose ofof M.M. l77agJ1etotacticul77,l77agnetotacticul77, formform 

moremore magnetosomesmagnetosomes whenwhen growngrown withwith nitrate,nitrate, butbut unlikeunlike cellscells ofof M.M. magnetotacmagnetotac

ticul11ticul11 ,, theythey growgrow anaerobicallyanaerobically withwith nitratenitrate andand synthesizesynthesize magnetitemagnetite withoutwithout momo

lecularlecular oxygenoxygen (113).(113). GrowthGrowth andand inhibitorinhibitor studiesstudies (113,(113, 115)115) showshow thatthat 

MagJ1etospirillul77Magnetospirillul77 strainstrain AMB-IAMB-I usesuses nitratenitrate asas aa terminalterminal electronelectron acceptor.acceptor. alal

thoughthough thethe productsproducts ofof nitratenitrate reductionreduction werewere notnot reported.reported. CellsCells ofof anotheranother mimi

croaerophilic,croaerophilic, freshwaterfreshwater magnetotacticmagnetotactic spirillum,spirillum, describeddescribed byby SchleiferSchleifer etet al.al. 

(155),(155), M.M. gryphiswaldeJ1se, areare veryvery similarsimilar inin morphology,morphology, ultrastructure,ultrastructure, andandgryphiswaldense, 

MagJ1etospirillul77physiologyphysiology toto thethe otherother Magnetospirillul77 speciesspecies describeddescribed aboveabove and,and, likelike cellscells 

ofof allall thethe freshwaterfreshwater magnetotacticmagnetotactic spirilla,spirilla, produceproduce cubo-octahedralcubo-octahedral crystalscrystals ofof 

grvphiswaldeJ1semagnetite.magnetite. AsAs inin M.M. l77agne/otacticul11,l77agne/otacticul11, magnetitemagnetite productionproduction inin M.M. grvphiswaldense 

grvphis\\'aldeJ1seisis inducedinduced underunder microaerobicmicroaerobic conditionsconditions (156,(156, 157).157). WhetherWhether M.M. grvphis\\'aldense 

usesuses nitratenitrate asas aa terminalterminal electronelectron acceptoracceptor andand growsgrows anaerobicallyanaerobically withwith itit oror anyany 

otherother terminalterminal electronelectron acceptoracceptor oror whetherwhether nitratenitrate affectsaffects magnetitemagnetite synthesissynthesis inin 

thisthis bacterium,bacterium, asas itit doesdoes inin M.M. magJ1etotacticul77,magnetotacticul77, waswas notnot reported.reported. LikeLike cellscells ofof 

l77agnetotacticul77,l77agnetotacticul77, thosethose ofof bothboth M.M. grvphiswaldeJ1se andand MagJ1etospirillulilM.M. grvphiswaldense MagnetospirillulIl 

strainstrain AMB-IAMB-I appearappear toto fixfix atmosphericatmospheric dinitrogendinitrogen (6a).(6a). 



AA marinemarine magnetotacticmagnetotactic vibrioidvibrioid bacteribacteri um,um, strainstrain MV-I.MV-I. waswas isolatedisolated byby BaBa

zylinskizylinski etet al.al. (10).(10). CellsCells ofof strainstrain MV-lMV-l possesspossess aa single,single, unsheathedunsheathed polarpolar flagelflagel

lumlum andand growgrow andand synthesizesynthesize pseudo-hexahedralpseudo-hexahedral prismaticprismatic crystalscrystals ofof magnetitemagnetite inin 

theirtheir magnetosomesmagnetosomes microaerobicallymicroaerobically andand anaerobicallyanaerobically withwith nitrousnitrous oxideoxide asas thethe 

terminalterminal electronelectron acceptor.acceptor. TheThe cellscells appearappear toto produceproduce moremore magnetitemagnetite underunder anan

aerobicaerobic thanthan underunder microaerobicmicroaerobic conditionsconditions (10).(10). ThisThis speciesspecies isis nutritionallynutritionally verver

satile,satile, beingbeing ableable toto growgrow chemoorganoheterotrophicallychemoorganoheterotrophically withwith organicorganic andand aminoamino 

acidsacids asas carboncarbon andand energyenergy sourcessources andand chemolithoautotrophicallychemolithoautotrophically withwith thiosulfatethiosulfate 

oror sulfidesulfide asas energyenergy sourcessources (oxidizing(oxidizing themthem toto sulfate)sulfate) andand carboncarbon dioxidedioxide asas thethe 

solesole carboncarbon sourcesource (L.(L. K.K. KimbleKimble andand D.D. A.A. Bazylinski,Bazylinski, Abstr.Abstr. 96th96th Gen.Gen. Meet.Meet. 

Am.Am. Soc.Soc. Microbiol.Microbiol. 1996,1996, abstr.abstr. K-174,K-174, 1996).1996). CellsCells produceproduce intracellularintracellular sulfursulfur 

depositsdeposits whenwhen growngrown withwith sulfidesulfide (Kimble(Kimble andand Bazylinski.Bazylinski. Abstr.Abstr. 96th96th Gen.Gen. Meet.Meet. 

Am.Am. Soc.Soc. Microbial.Microbial. 1996).1996). AsAs dodo virtuallyvirtually allall aerobicaerobic chemolithoautotrophicchemolithoautotrophic bacbac

teria,teria, strainstrain MV-IMV-I usesuses thethe Calvin-BensonCalvin-Benson cyclecycle forfor autotrophicautotrophic carboncarbon dioxidedioxide 

fixationfixation (116).(116). CellCell extractsextracts fromfrom thiosulfate-grownthiosulfate-grown cellscells ofof strainstrain MV-IMV-I showshow riri

bulosebulose bisphosphatebisphosphate carboxylase/oxygenasecarboxylase/oxygenase (Rubisco)(Rubisco) activityactivity (Kimble(Kimble andand BaBa

zylinski.zylinski. Abstr.Abstr. 96th96th Gen.Gen. Meet.Meet. Am.Am. Soc.Soc. Microbiol.Microbiol. 1996),1996), andand recentlyrecently DeanDean 

andand BazylinskiBazylinski (A.(A. 1.1. DeanDean andand D.D. A.A. Bazylinski,Bazylinski, Abstr.Abstr. 96th96th Gen.Gen. Meet.Meet. Am.Am. Soc.Soc. 

Microbiol.Microbiol. 1996,1996, abstr.abstr. H-207,H-207, p.p. 369,369, 1996)1996) clonedcloned andand sequencedsequenced aa cbbMcbbM genegene 

(which(which encodesencodes formform IIII RubiscoRubisco enzymes)enzymes) fromfrom strainstrain MV-l.MV-l. TheyThey foundfound nono evievi

dencedence forfor aa cbbLcbbL genegene (which(which encodesencodes formform II RubiscoRubisco enzymes)enzymes) inin SouthernSouthern analanal

ysesyses despitedespite usingusing cbbLcbbL genegene probesprobes fromfrom severalseveral differentdifferent organisms.organisms. BecauseBecause 

manymany uncultureduncultured magnetotacticmagnetotactic bacteriabacteria collectedcollected fromfrom naturalnatural habitatshabitats thrivethrive inin 

oxygen-sulfideoxygen-sulfide inverseinverse gradientsgradients andand containcontain internalinternal sulfursulfur depositsdeposits (9,(9, 51,51, 71.71. 

120,120, 168),168), itit seemsseems likelylikely thatthat manymany speciesspecies areare chemolithoautotrophschemolithoautotrophs thatthat derivederive 

electronselectrons fromfrom thethe oxidationoxidation ofof sulfide.sulfide. 

ByBy usingusing pulsed-fieldpulsed-field gelgel electrophoresis,electrophoresis, thethe genomegenome ofof strainstrain MV-lMV-l waswas foundfound 

toto consistconsist ofof aa single,single, circularcircular chromosomechromosome ofof approximatelyapproximately 3.73.7 MbMb (39).(39). ThereThere 

waswas nono evidenceevidence ofof linearlinear chromosomeschromosomes oror extrachromosomalextrachromosomal DNADNA suchsuch asas 

plasmids.plasmids. 

AA virtuallyvirtually identicalidentical strainstrain toto strainstrain MV-I,MV-I, designateddesignated MV-2,MV-2, waswas isolatedisolated fromfrom 

thethe PettaquamscuttPettaquamscutt EstuaryEstuary (40,(40, 118).118). CellsCells ofof thisthis strainstrain produceproduce thethe samesame mormor

phologicalphological typetype ofof magnetitemagnetite crystalscrystals asas dodo cellscells ofof strainstrain MV-IMV-I (118)(118) andand displaydisplay 

manymany ofof thethe samesame phenotypicphenotypic traitstraits asas dodo cellscells ofof strainstrain MV-l,MV-l, suchsuch asas anaerobicanaerobic 

growthgrowth withwith nitrousnitrous oxideoxide asas aa terminalterminal electronelectron acceptor,acceptor, heterotrophicheterotrophic growthgrowth 

withwith organicorganic andand aminoamino acids,acids, andand chemolithoautotrophicchemolithoautotrophic growthgrowth onon reducedreduced sulfursulfur 

compounds.compounds. However,However, strainstrain MV-2MV-2 showsshows slightlyslightly differentdifferent restrictionrestriction fragmentfragment 

patternspatterns inin pulsed-fieldpulsed-field gelsgels fromfrom thosethose ofof strainstrain MV-lMV-l withwith thethe samesame restrictionrestriction 

enzymesenzymes (39).(39). AsAs withwith strainstrain MV-I,MV-I, thethe genomegenome ofof strainstrain MV-2MV-2 consistsconsists ofof aa singlesingle 

circularcircular chromosomechromosome ofof aa similarsimilar size,size, aboutabout 3.63.6 MbMb (39).(39). 

StrainStrain RS-lRS-l isis aa gram-negative,gram-negative, sulfate-reducing,sulfate-reducing, rod-shapedrod-shaped bacteriumbacterium thatthat 

growsgrows andand producesproduces bullet-shapedbullet-shaped particlesparticles ofof magnetitemagnetite onlyonly underunder anaerobicanaerobic concon

ditionsditions (153).(153). ItsIts cellscells areare helicoidhelicoid toto rodrod shapedshaped andand possesspossess aa singlesingle polarpolar flafla

gellum.gellum. LittleLittle isis knownknown aboutabout thethe physiologyphysiology ofof thisthis strain.strain. CellsCells growgrow 

chemoorganoheterotrophicallychemoorganoheterotrophically usingusing certaincertain organicorganic acidsacids andand alcoholsalcohols asas carboncarbon 

andand energyenergy sourcessources andand cannotcannot useuse nitratenitrate asas aa terminalterminal electronelectron acceptor.acceptor. 



SeveralSeveral otherother purepure culturescultures ofof magnetotacticmagnetotactic bacteriabacteria exist,exist, butbut theythey appearappear toto 

bebe obligateobligate microaerophilesmicroaerophiles andand growgrow poorlypoorly (Bazylinski,(Bazylinski, unpublished).unpublished). Hence,Hence, 

veryvery littlelittle isis knownknown aboutabout them.them. StrainStrain MC-I,MC-I, aa marinemarine coccus,coccus, producesproduces pseudopseudo 

hexahedralhexahedral prismsprisms ofof magnetitemagnetite andand growsgrows chemolithoautotrophicallychemolithoautotrophically withwith thiosulthiosul

fatefate oror sulfidesulfide asas anan electronelectron andand energyenergy sourcesource (40,(40, 52,52, 119).119). ItIt hashas aa genomegenome sizesize 

ofof approximatelyapproximately 4.54.5 MbMb asas determineddetermined byby pulsed-fieldpulsed-field gelgel electrophoresiselectrophoresis (39).(39). 

StrainStrain MV-4,MV-4, aa smallsmall marinemarine spirillum,spirillum, producesproduces elongatedelongated octahedronsoctahedrons ofof magmag

netitenetite andand cancan growgrow chemolithoautotrophicallychemolithoautotrophically withwith thiosulfatethiosulfate oror chemoorganochemoorgano

heterotrophicallyheterotrophically withwith succinatesuccinate (118).(118). 

MagnetosomeMagnetosome MembraneMembrane andand BeMBeM ofof MagnetiteMagnetite 

InIn allall thethe magnetite-producingmagnetite-producing magnetotacticmagnetotactic bacteriabacteria examinedexamined toto date,date, thethe magmag

netosomenetosome crystalscrystals appearappear toto bebe encasedencased inin aa coatingcoating oror membrane.membrane. InIn M.M. magnemagne

totacticwn,totacticwn, thisthis structure,structure, thethe so-calledso-called magnetosomemagnetosome membrane,membrane, consistsconsists ofof aa lipidlipid 

bilayerbilayer containingcontaining phospholipidsphospholipids andand numerousnumerous proteins,proteins, somesome ofof whichwhich appearappear toto 

bebe uniqueunique toto thisthis membranemembrane andand areare notnot foundfound inin thethe outerouter oror cellcell membranemembrane (63).(63). 

TheThe magnetosomemagnetosome membranemembrane doesdoes notnot appearappear toto bebe contiguouscontiguous withwith thethe cellcell 

membranemembrane andand isis presumablypresumably thethe locuslocus ofof controlcontrol overover thethe sizesize andand morphologymorphology 

ofof thethe inorganicinorganic particleparticle asas wellwell asas thethe structuralstructural entityentity thatthat anchorsanchors thethe magnetomagneto

somesome atat aa particularparticular locationlocation withinwithin thethe cell.cell. However,However, itit isis notnot knownknown whetherwhether thethe 

magnetomagnetosomesome membranemembrane isis premadepremade asas anan emptyempty membranemembrane vesiclevesicle priorprior toto thethe 

biomineralizationbiomineralization ofof thethe mineralmineral phase.phase. EmptyEmpty andand partiallypartially filledfilled vesiclesvesicles havehave 

beenbeen observedobserved inin iron-starvediron-starved cellscells ofof M.M. rnagnetotacticumrnagnetotacticum (63)(63) butbut havehave notnot beenbeen 

commonlycommonly observedobserved inin otherother magnetotacticmagnetotactic strains.strains. TheThe unlikelyunlikely alternativealternative wouldwould 

bebe thatthat nucleationnucleation ofof thethe mineralmineral phasephase occursoccurs beforebefore itit isis surroundedsurrounded byby thethe 

membrane.membrane. InIn anyany case,case, mostmost biochemicalbiochemical andand molecularmolecular biologicalbiological studiesstudies directeddirected 

towardtoward thethe understandingunderstanding ofof thethe biomineralizationbiomineralization processesprocesses involvedinvolved inin magnetomagneto

somesome formationformation areare focusedfocused onon aspectsaspects ofof thethe magnetosomemagnetosome membrane,membrane, paI1icularlpaI1icularl yy 

onon thethe functionsfunctions ofof specificspecific proteinsproteins presentpresent onon thisthis membrane.membrane. 

TheThe magnetosomemagnetosome membranemembrane appearsappears toto bebe aa universaluniversal featurefeature ofof atat leastleast thethe 

magnetite-producingmagnetite-producing speciesspecies ofof magnetotacticmagnetotactic bacteria,bacteria, sincesince itit hashas beenbeen foundfound inin 

virtuallyvirtually allall culturedcultured andand somesome nonculturednoncultured strainsstrains (Fig.(Fig. 7).7). AlthoughAlthough itit isis notnot 

knownknown whetherwhether greigite-producinggreigite-producing magnetotacticmagnetotactic bacteriabacteria actuallyactually havehave aa magnemagne

tosometosome membranemembrane likelike theirtheir m<lgnetite-producingm<lgnetite-producing counterparts.counterparts. itit seemsseems likelylikely thatthat 

theythey do.do. basedbased onon thethe consistentconsistent particleparticle morphologiesmorphologies observedobserved inin thesethese bacteria.bacteria. 

MolecularMolecular BiologyBiology ofof MagnetosomeMagnetosome FormationFormation andand GeneticsGenetics ofof 

MagnetotacticMagnetotactic BacteriaBacteria 

ItIt isis notnot knownknown howhow manymany genesgenes areare requiredrequired forfor magnetosomemagnetosome synthesis,synthesis, howhow 

thesethese genesgenes areare regulated,regulated, etc.etc. EstablishingEstablishing aa geneticgenetic systemsystem withwith thethe magnetotacticmagnetotactic 

bacteriabacteria isis anan absoluteabsolute necessitynecessity beforebefore thesethese questionsquestions cancan bebe answeredanswered andand alal

thoughthough severalseveral laboratorieslaboratories (including(including ours)ours) havehave persistedpersisted inin tryingtrying toto achieveachieve thisthis 

goal,goal, theythey havehave beenbeen hamperedhampered byby manymany problemsproblems includingincluding thethe lacklack ofof aa significantsignificant 

numbernumber ofof magnetotacticmagnetotactic bacterialbacterial strains,strains, thethe fastidiousnessfastidiousness ofof thethe organismsorganisms inin 

cultureculture andand thethe elaborateelaborate techniquestechniques requiredrequired forfor thethe growthgrowth ofof thesethese organisms.organisms. 

andand thethe inabilityinability ofof almostalmost allall thesethese strainsstrains toto growgrow onon thethe surfacesurface ofof agaragar platesplates 

inin experimentsexperiments toto screenscreen forfor mutantsmutants etc.etc. WhileWhile thethe researchersresearchers involvedinvolved havehave takentaken 



FigureFigure 7.7. Dark-fieldDark-field STEMSTEM ofof pseudo-hexagonalpseudo-hexagonal prismaticprismatic magnetitemagnetite paniclespanicles fromfrom 

thethe marinemarine magnetotacticmagnetotactic coccuscoccus stt'ainstt'ain MC-I,MC-I, surroundedsurrounded byby thethe magnetosomemagnetosome 

membranemembrane (arrowhead).(arrowhead). 

differentdifferent approaches,approaches, mostmost ofof thethe geneticgenetic andand molecularmolecular studiesstudies havehave involvedinvolved oneone 

oror moremore ofof thethe magnetotacticmagnetotactic spirilla.spirilla. 

WalehWaleh andand coworkerscoworkers (23,(23, 190)190) initiatedinitiated thethe firstfirst studiesstudies inin thethe establishmentestablishment ofof 

aa geneticgenetic systemsystem withwith magnetotacticmagnetotactic bacteriabacteria inin orderorder toto understandunderstand thethe molecularmolecular 

biologybiology ofof magnetosomemagnetosome synthesissynthesis inin thesethese microorganisms.microorganisms. WorkingWorking withwith M.M. magmag

nefofauiclimnefofauiclim strainstrain MS-I,MS-I, theythey showedshowed thatthat atat leastleast somesome ofof thethe genesgenes ofof thisthis 

organismorganism cancan bebe functionallyfunctionally expressedexpressed inin E.E. colicoli andand thatthat thethe transcriptionaltranscriptional andand 

translationaltranslational elementselements ofof thethe twotwo microorganismsmicroorganisms areare compaticompati bleble (necessary(necessary feafea

turestures forfor aa goodgood geneticgenetic system).system). TheyThey werewere ableable toto clone,clone, characterize,characterize, andand sese

quencequence thethe recArecA genegene fromfrom M.M. magnefofacficllmmagnefofacficllm (23,(23, 24).24). TheyThey laterlater examinedexamined ironiron 

uptakeuptake byby M.M. magnefofacficum.magnefofacficum. TheyThey clonedcloned andand characterizedcharacterized aa 2-kb2-kb DNADNA fragfrag

mentment fromfrom M.M. !11agnefotacticum!11agnefotacticum thatthat complementedcomplemented thethe arof)arof) (biosynthetic(biosynthetic dehydehy

droquinase)droquinase) genegene functionfunction inin E.E. colicoli andand SalmonellaSalmonella entericaenterica serovarserovar Typhimuriul11.Typhimuriul11. 

arof)arof) mutantsmutants ofof thesethese strainsstrains cannotcannot taketake upup ironiron fromfrom thethe growthgrowth medium.medium. InIn 

otherother words,words, whenwhen thethe 2-kb2-kb DNADNA fragmentfragment fromfrom M.M. magnetofClcficlimmagnetofClcficlim waswas introintro

ducedduced intointo thesethese mutants,mutants, thethe abilityability ofof thethe mutantsmutants toto taketake upup ironiron fromfrom thethe growthgrowth 

mediummedium waswas restoredrestored (22),(22), suggestingsuggesting thatthat thethe 2-kb2-kb DNADNA fragmentfragment maymay bebe imim

portantportant inin ironiron uptakeuptake (and(and thereforetherefore possiblypossibly inin magnetitemagnetite synthesis)synthesis) inin M.M. magmag

netofacticum.netofacticum. AlthoughAlthough thethe clonedcloned fragmentfragment restoredrestored ironiron uptakeuptake deficienciesdeficiencies inin 

siderophoreless,siderophoreless, ironiron uptake-deficientuptake-deficient mutantsmutants ofof E.E. coli,coli, itit diddid notnot mediatemediate sidersider

ophoreophore biosynthesisbiosynthesis (22).(22). 



AsAs mentionedmentioned above,above, cellscells ofof Magnetospiriffu/11Magnetospiriffu/11 strainstrain AMB-AMB- 11 (l(l 13)13) areare apparappar

entlyently muchmuch moremore oxygenoxygen toleranttolerant thanthan areare thosethose ofof otherother magnetotacticmagnetotactic speciesspecies andand 

formform coloniescolonies onon thethe surfacesurface ofof agaragar platcsplatcs underunder air.air. ColoniesColonies onon platesplates incubatedincubated 

underunder fullyfully aerobicaerobic conditionsconditions (21(21 %% oxygen)oxygen) werewere whitewhite andand containedcontained cellscells thatthat 

werewere nonmagnetic.nonmagnetic. However,However, whenwhen thethe oxygenoxygen concentrationconcentration ofof thethe incubationincubation 

atmosphereatmosphere waswas decreaseddecreased toto 2%,2%, thethe cellscells formedformed black-brownblack-brown coloniescolonies thatthat werewere 

mademade upup ofof magneticmagnetic cells.cells. ThisThis featurefeature facilitatedfacilitated thethe selectionselection ofof nonmagneticnonmagnetic 

mutantsmutants ofof Magnetospiriflw11Magnetospiriflw11 strainstrain AMB-l,AMB-l, obtainedobtained byby thethe introductionintroduction ofof trantran

sposonsposon Tn5Tn5 intointo thethe genomegenome ofof Magnetospirillu/11Magnetospirillu/11 AMB-lAMB-l byby thethe conjugalconjugal transfertransfer 

ofof plasmidplasmid pSUPpSUP II021021 whichwhich containedcontained thethe transposontransposon (112).(112). ThisThis plasmidplasmid andand itsits 

transposontransposon waswas alsoalso introducedintroduced intointo M.M. magnetotocticum,magnetotocticum, butbut thisthis strainstrain diddid notnot 

formform colonies.colonies. UsingUsing Tn5-derivedTn5-derived nonmagneticnonmagnetic mutantsmutants ofof MagnetospiriflumMagnetospiriflum strainstrain 

AMB-l,AMB-l, NakamuraNakamura etet ai.ai. (126)(126) foundfound thatthat atat leastleast threethree regionsregions ofof thethe MagnetoMagneto

spirillumspirillum strainstrain AMB-lAMB-l chromosomechromosome werewere requiredrequired forfor thethe successfulsuccessful synthesissynthesis ofof 

magnetosomes.magnetosomes. OneOne ofof thesethese regions,regions, 2,9752,975 bpbp inin length,length, containedcontained twotwo putativeputative 

openopen readingreading frames.frames. OneOne ofof these,these, designateddesignated lIlogA,lIlogA, encodedencoded aa proteinprotein thatthat isis 

homologoushomologous toto twotwo cationcation effluxefflux proteins,proteins, thethe E.E. colicoli potassiumpotassium ion-translocatingion-translocating 

protein,protein, KefC,KefC, andand thethe putativeputative sodiumsodium ion/protonion/proton antiporter,antiporter, NapA,NapA, fromfrom EnterEnter

ococcusococcus hime.hime. l710gAl710gA waswas expressedexpressed inin E.E. coli,coli, andand membranemembrane vesiclesvesicles preparedprepared 

fromfrom thesethese cellscells thatthat containedcontained thethe lIlagAlIlagA genegene productproduct tooktook upup ironiron onlyonly whenwhen 

ATPATP waswas supplied,supplied, indicatingindicating thatthat energyenergy waswas requiredrequired forfor thethe uptakeuptake ofof iron.iron. TheThe 

samesame group,group, usingusing aa IIlClgAIIlClgA -Iuc-Iuc fusionfusion protein,protein, showedshowed thatthat thethe MagAMagA proteinprotein isis aa 

membranemembrane proteinprotein thatthat isis localizedlocalized inin thethe cellcell membranemembrane andand perhapsperhaps thethe magnemagne

tosometosome membranemembrane asas wellwell (127).(127). Interestingly,Interestingly, thethe magAmagA genegene appearsappears toto bebe exex

pressedpressed toto aa muchmuch greatergreater degreedegree whenwhen wild-typewild-type Mognetospirillul71Mognetospirillul71 strainstrain AMB-lAMB-l 

cellscells areare growngrown underunder iron-limitediron-limited conditionsconditions ratherrather thanthan iron-sufficientiron-sufficient conditions.conditions. 

inin whichwhich theythey wouldwould produceproduce moremore magnetosomes.magnetosomes. Moreover.Moreover. thethe nonmagnetotacticnonmagnetotactic 

Tn5Tn5 mutantmutant overexpressedoverexpressed thethe l710gAl710gA genegene underunder iron-limitediron-limited conditions.conditions. althoughalthough 

itit diddid notnot makemake magnctosomes.magnctosomes. Thus,Thus, althoughalthough somesome evidenceevidence suggestssuggests thatthat thethe 

MagAMagA proteinprotein isis involinvol vedved inin ironiron transport,transport, thethe rolerole ofof thethe lI10gAlI10gA genegene inin magnemagne

tosomctosomc synthesis.synthesis. ifif therethere isis one,one, isis unclear.unclear. 

OkudaOkuda etet '11.'11. (136)(136) tooktook aa differentdifferent "reverse"reverse gcnetics"gcnetics" approachapproach toto thethe magnemagne

tosometosome problem.problem. TheyThey foundfound threethree proteins.proteins. withwith apparentapparent molecularmolecular massesmasses ofof l2.l2. 

22,22, andand 2828 kDa,kDa, thatthat appcarappcar toto bebe uniqueunique toto thethe magnetosomemagnetosome mcmbranesmcmbranes ofof M.M. 

l71ognetotocticuml71ognetotocticum andand areare notnot presentpresent inin thethe cellularcellular membranemembrane fraction.fraction. TheyThey werewere 

ableable toto determinedetermine cnoughcnough ofof thethe N-terminalN-terminal aminoamino acidacid sequencesequence ofof thethe 22-kDa22-kDa 

proteinprotein toto constructconstruct aa 17-bp17-bp oligonucleotideoligonucleotide probeprobe forfor thethe genomicgenomic cloningcloning ofof thethe 

genegene encodingencoding thatthat protein.protein. TheyThey alsoalso foundfound thatthat thethe proteinprotein exhibitedexhibited significantsignificant 

homologyhomology toto aa numbernumber ofof proteinsproteins thatthat bclongbclong toto thethe tetratricopeptidetetratricopeptide repeatrepeat protcinprotcin 

family,family, whichwhich includeinclude mitochondrialmitochondrial proteinprotein importimport rcceptorsrcceptors andand peroxisomalperoxisomal propro

teintein importimport receptors.receptors. Thus,Thus, althoughalthough thethe rolerole ofof thethe 22-kDa22-kDa magnetosomemagnetosome 

membranemembrane proteinprotein inin magnetosomemagnetosome synthesissynthesis hashas notnot beenbeen elucidated,elucidated, itit maymay funcfunc

tiontion asas aa receptorreceptor interactinginteracting withwith associatcdassociatcd cytoplasmiccytoplasmic proteinsproteins (136).(136). 

CellsCells ofof thethe marinemarine vibriovibrio strainstrain MV-l,MV-l, likelike thosethose ofof M.M. lI1agnetotClcriclIIll.lI1agnetotClcriclIIll. alsoalso 

produceproduce aa numbernumber ofof magnetosomemagnetosome membranemembrane proteinsproteins thatthat areare notnot foundfound inin anyany 

otherother cellularcellular fractionsfractions (B.(B. L.L. DubbelsDubbels andand D.D. A.A. Bazylinski.Bazylinski. Abstr.Abstr. 98th98th Gen.Gen. Meet.Meet. 



Am.Am. Soc.Soc. Microbial.Microbial. 1998,1998, abstr.abstr. H-82,H-82, p.p. 290,290, 1998)1998) (Fig.(Fig. 8).8). N-terminalN-terminal sequencessequences 

havehave beenbeen reportedreported (Dubbels(Dubbels andand Bazylinski,Bazylinski, Abstr.Abstr. 98th98th Gen.Gen. Meet.Meet. Am.Am. Soc.Soc. 

Microbial.Microbial. 1998)1998) forfor atat leastleast threethree ofof thesethese proteins,proteins, butbut thethe useuse ofof degeneratedegenerate 

primersprimers basedbased onon thesethese sequencessequences toto cloneclone thethe genesgenes responsibleresponsible forfor encodingencoding thesethese 

proteinsproteins hashas soso farfar provedproved unsuccessful.unsuccessful. 

AA stable,stable, spontaneous,spontaneous, nonmagnetotacticnonmagnetotactic mutantmutant ofof strainstrain MV-lMV-l thatthat doesdoes notnot 

synthesizesynthesize magnetosmagnetosamesames hashas beenbeen isolatedisolated andand partiallypartially characterizedcharacterized (DubbeJs(DubbeJs 

andand Bazylinski,Bazylinski, Abstr.Abstr. 98th98th Gen.Gen. Meet.Meet. Am.Am. Soc.Soc. Microbial.Microbial. 1998).1998). ProteinProtein profilesprofiles 

ofof thethe differentdifferent cellcell fractionsfractions ofof wild-typewild-type MV-lMV-l andand thethe mutantmutant werewere compared.compared. 

CellsCells ofof thethe mutantmutant strainstrain dodo notnot produceproduce thethe magnetosomemagnetosome membranemembrane proteinsproteins oror 
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FigureFigure 8.8. SodiumSodium dodecyldodecyl suJfate-polyacrylamidesuJfate-polyacrylamide gelgel electrophoresiselectrophoresis ofof wild-typewild-type 

strainstrain MY-lMY-l cellcell fractions.fractions. CellCell fractionsfractions werewere separatedseparated byby differentialdifferential ultracentriultracentri

fugation.fugation. Lanes:Lanes: SF,SF, solublesoluble ii'action;ii'action; MF,MF, membranemembrane fractionfraction (excluding(excluding magnetomagneto

somesome membranes):membranes): MM,MM, magnetosomemagnetosome membranes;membranes; MW,MW, molecularmolecular massmass standards,standards, 

withwith massesmasses inin kilodaltonskilodaltons shownshown onon thethe right.right. MagnetosomesMagnetosomes werewere purifiedpurified asas 

previouslypreviously describeddescribed (12),(12), andand magnetosomemagnetosome membranesmembranes werewere extractedextracted fromfrom magmag

netosomesnetosomes withwith 11%% sodiumsodium dodecyldodecyl sulfatesulfate inin 2020 mMmM HEPESHEPES (pH(pH 7.2)7.2) (Dubbels(Dubbels 

Microbio!.andand BazyJinski,BazyJinski, Abstr.Abstr. 98th98th Gen.Gen. Meet.Meet. Am.Am. Soc.Soc. Microbiol. 1998).1998). TheThe largelarge arrowarrow 

denotesdenotes aa solublesoluble 19-kDa19-kDa proteinprotein thatthat isis notnot producedproduced byby aa nonmagnetotacticnonmagnetotactic mutantmutant 

ofof strainstrain MY-lMY-l (see(see thethe text),text), andand thethe smallsmall arrowsarrows denotedenote somesome proteinsproteins thatthat appearappear 

toto bebe associatedassociated withwith thethe magnetosomemagnetosome membranemembrane butbut notnot withwith thethe otherother cellcell 

fractions.fractions. 



aa periplasmicperiplasmic 19-kDa19-kDa proteinprotein producedproduced inin abundanceabundance byby wild-typewild-type cellscells (Fig.(Fig. 8).8). 

DegenerateDegenerate primers,primers, constructedconstructed fromfrom N-terminalN-terminal sequencesequence ofof thisthis proteinprotein andand concon

servedserved sequencessequences fromfrom homologoushomologous proteins,proteins, werewere usedused toto generategenerate aa 255-bp255-bp PCRPCR 

productproduct thatthat waswas usedused toto probeprobe aa genomicgenomic cosmidcosmid librarylibrary ofof strainstrain MV-I.MV-I. TheThe 

encodingencoding thethe 19-kDa19-kDa proteinprotein waswas clonedcloned andand sequencedsequenced (B.(B. L.L. DubbelsDubbels andand D.D. A.A. 

Bazylinski,Bazylinski, Abstr.Abstr. 99th99th Gen.Gen. Meet.Meet. Am.Am. Soc.Soc. Microbiol.Microbiol. 1999,1999, abstr.abstr. H-219,H-219, p.p. 371,371, 

1999).1999). AA similarsimilar 19-kDa19-kDa periplasmicperiplasmic proteinprotein waswas purifiedpurified fromfrom Campy/obaeterCampy/obaeter 

jejunijejuni (73).(73). TheThe proteinprotein isis acidic,acidic, withwith anan isoelectricisoelectric pointpoint ofof 4.8,4.8, andand isis ironiron 

regulatedregulated throughthrough thethe FurFur (ferric(ferric uptakeuptake regulator)regulator) protein,protein, itsits synthesissynthesis isis repressedrepressed 

byby highhigh ironiron concentrationsconcentrations inin thethe growthgrowth mediummedium (73,(73, 184184).). Interestingly,Interestingly, synthesissynthesis 

ofof thethe 19-kDa19-kDa proteinprotein fromfrom strainstrain MV-IMV-I alsoalso appearsappears toto bebe regulatedregulated byby ironiron (Dub(Dub

belsbels andand Bazylinski,Bazylinski, Abstr.Abstr. 99th99th Gen.Gen. Meet.Meet. Am.Am. Soc.Soc. Microbiol.Microbiol. 1999).1999). TheThe funcfunc

tiontion ofof thisthis proteinprotein inin eithereither microorganismmicroorganism isis unknown,unknown, butbut similarsimilar proteinsproteins andand 

genesgenes encodingencoding similarsimilar proteinsproteins havehave beenbeen foundfound inin severalseveral gram-negativegram-negative pathopatho

gensgens includingincluding TreponemaTreponema pallidumpallidum (177).(177). 

and�ApplicationsApplications ofof MagnetotacticMagnetotactic Bacteria,Bacteria, Magnetosomes,Magnetosomes, and 

Particles�MagneticMagnetic Particles 

MagnetotacticMagnetotactic bacteriabacteria andand theirtheir magneticmagnetic inclusionsinclusions havehave novelnovel magneticmagnetic propprop

erties.erties. SomeSome ofof thesethese areare discusseddiscussed above,above, andand othersothers areare describeddescribed inin moremore detaildetail 

inin variousvarious referencesreferences (see,(see, e.ge.g .... referencesreferences 14,14, 123,123, andand 124).124). BecauseBecause ofof thesethese 

properties,properties, magnetotacticmagnetotactic bacterialbacterial cellscells andand theirtheir magneticmagnetic crystalscrystals havehave beenbeen exex

ploitedploited inin severalseveral scientificscientific andand commercialcommercial applicationsapplications (109).(109). ForFor example,example, northnorth

seekingseeking magnetotacticmagnetotactic bacteriabacteria havehave beenbeen usedused toto determinedetermine southsouth magneticmagnetic polespoles 

inin meteoritesmeteorites andand rocksrocks containingcontaining fine-grainedfine-grained «« II ,000,000 nm)nm) magneticmagnetic mineralsminerals 

(59,(59, 60).60). TheyThey havehave alsoalso beenbeen usedused inin magneticmagnetic cellcell separationsseparations afterafter introducingintroducing 

magnetotacticmagnetotactic bacteriabacteria intointo granulocytesgranulocytes andand monocytesmonocytes byby phagocytosisphagocytosis (110).(110). 

MagnetotacticMagnetotactic bacterialbacterial magnetitemagnetite particlesparticles havehave beenbeen usedused inin studiesstudies ofof magmag

neticnetic domaindomain analysisanalysis (61).(61). TheThe crystalscrystals havehave beenbeen usedused inin manymany commercialcommercial apap

plicationsplications includingincluding thethe immobilizationimmobilization ofof enzymesenzymes includingincluding glucoseglucose oxidaseoxidase andand 

uricaseuricase (III),(III), thethe formationformation ofof magneticmagnetic antibodiesantibodies inin variousvarious fluoroimmunoassaysfluoroimmunoassays 

(114)(114) involvinginvolving thethe detectiondetection ofof allergensallergens (131)(131) andand squamoussquamous cellcell carcinomacarcinoma cellscells 

(109)(109) andand thethe quantificationquantification ofof immunoglobulinimmunoglobulin GG (130),(130), thethe detectiondetection andand removalremoval 

ofof bacterialbacterial cellscells (E.(E. coli)coli) withwith aa fluoresceinfluorescein isothiocyanate-conjugatedisothiocyanate-conjugated monoclonalmonoclonal 

antibodyantibody immobilizedimmobilized onon magnetotacticmagnetotactic bacterialbacterial magnetitemagnetite particlesparticles (129),(129), andand thethe 

transfertransfer ofof genesgenes intointo cells,cells, aa technologytechnology inin whichwhich magnetosomesmagnetosomes areare coatedcoated withwith 

DNADNA andand injectedinjected oror "shot""shot" (using(using aa particleparticle gun)gun) intointo cellscells thatthat areare difficultdifficult toto 

transformtransform usingusing moremore standardstandard methodsmethods (109).(109). 

ConsideringConsidering thatthat thethe bacterialbacterial magnetosomemagnetosome andand itsits magneticmagnetic propertiesproperties havehave 

beenbeen refinedrefined andand optimizedoptimized inin thethe coursecourse ofof evolutionevolution byby thethe cellscells thatthat synthesizesynthesize 

themthem byby controllingcontrolling thethe chemicalchemical composition,composition, size,size, andand morphologymorphology ofof thethe magmag

neticnetic particlesparticles asas wellwell asas theirtheir positionposition withinwithin thethe cell,cell, thethe elucidationelucidation ofof howhow 

magnetomagnetosomessomes formform withinwithin thethe cellcell willwill yieldyield cluesclues toto thethe productionproduction ofof orderedordered 

arraysarrays ofof inorganicinorganic electronic,electronic, optical,optical, andand magneticmagnetic materialsmaterials atat thethe nanometernanometer 



scalescale thatthat couldcould proveprove usefuluseful 111111 manymany additionaladditional scientiticscientitic andand commercialcommercial 

applications.applications. 

MagnetosomesMagnetosomes asas EvidenceEvidence ofof AncientAncient LifeLife onon MarsMars 

AsAs notednoted inin thethe introduction,introduction, aa numbernumber ofof mineralogicalmineralogical andand otherother featuresfeatures fromfrom 

thethe MartianMartian meteoritemeteorite ALH8400ALH8400 II werewere suggestedsuggested toto resultresult fromfrom biologicalbiological propro

cessescesses onon ancientancient MarsMars (117).(117). IncludedIncluded inin thesethese featuresfeatures waswas thethe presencepresence ofof ultraultra

tine-grainedtine-grained magnetite,magnetite, pyrrhotite,pyrrhotite, andand possiblypossibly greigite.greigite. TheThe magnetitemagnetite crystalscrystals 

rangedranged fromfrom aboutabout 1010 toto 100100 nm,nm, werewere inin thethe superparamagneticsuperparamagnetic «35«35 nm)nm) andand 

single-magnetic-domainsingle-magnetic-domain sizesize ranges,ranges, andand werewere cuboid,cuboid, teardrop,teardrop, andand irregularirregular inin 

shape.shape. TheThe ironiron sulfidesulfide particlesparticles variedvaried inin sizesize andand shape,shape, withwith thethe pyrrhotitepyrrhotite parpar

ticlesticles rangingranging upup toto 100100 nm.nm. BothBoth mineralmineral particlesparticles werewere embeddedembedded inin aa fine-grainedfine-grained 

carbonatecarbonate matrixmatrix onon thethe rimrim ofof carbonatecarbonate inclusionsinclusions withinwithin thethe meteorite.meteorite. 

TheThe magnetitemagnetite particles,particles, inin particular,particular, werewere invokedinvoked asas evidenceevidence ofof lifelife becausebecause 

ofof thethe similaritiessimilarities inin sizesize andand morphologymorphology betweenbetween thesethese particlesparticles andand thosethose 

producedproduced byby thethe magnetotacticmagnetotactic bacteriabacteria onon Earth.Earth. InIn addition,addition, thethe magnetitemagnetite 

particlesparticles inin ALH8400ALH8400 II differdiffer greatlygreatly fromfrom thosethose foundfound inin otherother meteorites.meteorites. OtherOther 

nanocrystallinenanocrystalline formsforms ofof magnetite,magnetite, includingincluding plateletsplatelets andand whiskers,whiskers, areare alsoalso 

presentpresent inin ALH84001ALH84001 (33).(33). SomeSome ofof thesethese containcontain specificspecific crystallinecrystalline defectsdefects 

suchsuch asas axialaxial screwscrew dislocationsdislocations indicatingindicating thatthat theythey werewere formedformed nonbiologinonbiologi

callycally atat highhigh temperaturetemperature byby vaporvapor phasephase growthgrowth (33).(33). AlthoughAlthough oneone studystudy 

showsshows thatthat statisticalstatistical analysisanalysis ofof thethe sizessizes andand shapesshapes ofof ofof fine-grainedfine-grained magnetitemagnetite 

crystalscrystals mightmight proveprove toto bebe aa robustrobust criterioncriterion forfor distinguishingdistinguishing betweenbetween biogenicbiogenic 

andand nonbiogenicnonbiogenic magnetitemagnetite (41),(41), thethe findingsfindings describeddescribed aboveabove illustrateillustrate thethe 

needneed forfor additionaladditional criteriacriteria byby whichwhich toto distinguishdistinguish betweenbetween biogenicbiogenic andand nonnon

biogenicbiogenic particlesparticles ofof ironiron minerals.minerals. OneOne ofof thesethese criteriacriteria mightmight bebe whetherwhether 

magnetotacticmagnetotactic bacteriabacteria isotopicallyisotopically fractionatefractionate ironiron and!and! oror oxox ygenygen inin thethe magnetitemagnetite 

crystalscrystals theythey produce.produce. InIn aa recentrecent study,study, MandernackMandernack etet at.at. (95)(95) showedshowed anan 

oxygenoxygen isotopicisotopic fractionationfractionation thatthat waswas temperaturetemperature dependentdependent andand closelyclosely matchedmatched 

thatthat forfor magnetitemagnetite producedproduced byby aa bacterialbacterial consortiumconsortium containingcontaining thermophilicthermophilic 

iron-reducingiron-reducing bacteriabacteria (197).(197). BecauseBecause thesethese resultsresults contrastcontrast withwith thosethose forfor magmag

netitenetite thoughtthought toto bebe formedformed inorganically,inorganically, bacteriabacteria maymay fractionatefractionate oxygenoxygen inin 

magnetitemagnetite differentlydifferently fromfrom whatwhat occursoccurs inin magnetitemagnetite formedformed abiotically,abiotically, which,which, inin 

turn,turn, mightmight reflectreflect differentdifferent redoxredox pathwayspathways ofof magnetitemagnetite formation.formation. NoNo detectabledetectable 

fractionationfractionation inin ironiron isotopesisotopes waswas observedobserved inin magnetitemagnetite producedproduced byby M.M. magncmagnc

totaeticumtotaeticum andand strainstrain MV-I.MV-I. However,However, BeardBeard etet al.al. (14a)(14a) measuredmeasured lowlow s6Fes6Fe 

valuesvalues inin thethe solublesoluble ferrousferrous ironiron producedproduced byby dissimilatorydissimilatory iron-reducingiron-reducing bacteriabacteria 

growinggrowing withwith thethe ironiron oxideoxide mineralmineral ferrihydrite,ferrihydrite, meaningmeaning thatthat cellscells preferprefer toto reducereduce 

thethe lighter,lighter, rarerrarer sclFesclFe (rather(rather thanthan S6Fe).S6Fe). HowHow thisthis isotopicisotopic fractionationfractionation isis reflectedreflected 

inin magnetitemagnetite formedformed byby iron-reducingiron-reducing bacteriabacteria remainsremains toto bebe seen.seen. ThereThere isis nono 

doubtdoubt thatthat discussiondiscussion andand debatedebate onon thethe interpretationinterpretation ofof thesethese fascinatingfascinating findingsfindings 

willwill continue.continue. ItIt isis nonethelessnonetheless intriguingintriguing toto thinkthink thatthat microbesmicrobes maymay bebe oror havehave 

beenbeen responsibleresponsible forfor thethe geochemicalgeochemical cyclingcycling ofof ironiron onon otherother planetsplanets asas wellwell asas 

onon Earth.Earth. 



CONCLUSIONSCONCLUSIONS 

MagneticMagnetic effectseffects havehave beenbeen reportedreported inin aa largelarge numbernumber ofof organismsorganisms otherother thanthan 

bacteria,bacteria, includingincluding invertebratesinvertebrates suchsuch asas protistsprotists (182),(182), honeybeeshoneybees (191),(191), andand molmol

luskslusks (83)(83) andand vertebratesvertebrates suchsuch asas fishfish (192),(192), amphibiansamphibians (144),(144), reptilesreptiles (82),(82), birdsbirds 

(188,(188, 189),189), andand mammalsmammals (193)(193) includingincluding humanshumans (76,(76, 77).77). MagnetiteMagnetite crystalscrystals 

virtuallyvirtually morphologicallymorphologically indistinguishableindistinguishable fromfrom thosethose producedproduced byby thethe magnetomagneto

tactictactic bacteriabacteria havehave beenbeen foundfound inin aa euglenoideuglenoid protistprotist (182),(182), inin thethe ethmoidethmoid tissuestissues 

ofof tunatuna andand salmonsalmon andand otherother animalsanimals (165),(165), andand inin thethe humanhuman brainbrain (76,(76, 77).77). InIn 

addition,addition, otherother animalsanimals suchsuch asas honeybeeshoneybees (65,(65, 80)80) andand pigeonspigeons (188)(188) appearappear toto 

containcontain particlesparticles ofof magnetitemagnetite oror hydroushydrous ironiron oxidesoxides thatthat couldcould bebe precursorsprecursors toto 

magnetite.magnetite. TheThe factfact thatthat manymany higherhigher creaturescreatures biomineralizebiomineralize single-magneticsingle-magnetic

domaindomain magnetitemagnetite crystalscrystals ofof similarsimilar morphologiesmorphologies suggestssuggests thethe intriguingintriguing ideaidea thatthat 

allall thesethese organismsorganisms havehave thethe samesame oror aa similarsimilar setset ofof genesgenes responsibleresponsible forfor magnetitemagnetite 

biomineralizationbiomineralization thatthat wouldwould probablyprobably havehave originatedoriginated inin thethe magnetotacticmagnetotactic bactebacte

ria.ria. Thus,Thus, studyingstudying howhow magnetotacticmagnetotactic bacteriabacteria biomineralizebiomineralize magnetitemagnetite mightmight havehave 

aa scientificscientific impactimpact farfar beyondbeyond thethe studiesstudies ofof microbiologymicrobiology andand geology.geology. 

Acknowledgments.Acknowledgments. ThisThis chapterchapter isis dedicateddedicated toto thethe memorymemory ofof aa mostmost distinguisheddistinguished microbiologist.microbiologist. 

HolgerHolger W.W. Jannasch.Jannasch. whowho hadhad aa significantsignificant inlluenceinlluence onon thethe studystudy ofof thethe magnetotacticmagnetotactic bacteria.bacteria. 

WeWe thankthank ourour manymany collaboratorscollaborators overover thethe yearsyears forfor theirtheir participationparticipation inin muchmuch ofof thethe workwork describeddescribed 

herein.herein. WeWe particularlyparticularly appreciateappreciate thethe effortsefforts ofof graduategraduate studentsstudents A.A. 1.1. DeanDean andand B.B. L.L. Dubbels:Dubbels: OUl'OUl' 

mostmost recentrecent assocIationsassocIations withwith T.T. J.J. Beveridge,Beveridge, P.P. R.R. Buseck.Buseck. J.J. D.D. Coates.Coates. R.R. Guerrero.Guerrero. B.B. L.L. Hoyle.Hoyle. K.K. 

Schliter.Mandem'lck.Mandem'lck. D.D. S.S. McKay,McKay, M.M. posfai.posfai. andand D.D. Schliler. K.K. L.L. Thomas-Keprta;Thomas-Keprta; andand ourour continuedcontinued collabcollab

orationsorations withwith D.D. R.R. LovleyLovley andand B.B. M.M. Moskowitz.Moskowitz. 

NOOOI4-9WeWe acknowledgeacknowledge supportsupport fromfrom thethe U.S.U.S. OfficeOffice ofof NavalNaval Reseal'chReseal'ch (grant(grant ONRONR NOOOI4·9 1-.J-1290).1-.J-1290). 

thethe U.S.U.S. NationalNational ScienceScience FoundationFoundation (grant(grant CHE-l)714101).CHE-l)714101). andand thethe NASANASA JohnsonJohnson SpaceSpace CenterCenter (grant(grant 

NAG9·1115).NAG9·1115). 

REFERENCESREFERENCES 

I.�I. Akai,Akai, JJ .... S.S. Takaharu,Takaharu, andand S.S. Okusa.Okusa. 199199 I.I. TEi'vlTEi'vl studystudy onon biogenicbiogenic magnetitemagnetite inin deep-seadeep-sea sedisedi

Microsc.mentsments fromfrom thethe JapanJapan SeaSea andand thethe westernwestern Paci1icPaci1ic OceanOcean .. .l..l. Elec/rollElec/roll Microsi'. 40:110-117.40:110-117. 

')') Balkwill.Balkwill. D.D. L.,L., D.D. Maratea,Maratea, andand R.R. P.P. Blakemore.Blakemore. 1l)80.1l)80. UltrastruclmeUltrastruclme ofof aa magneticmagnetic spirillumspirillum .. 

.1..1. 13(/Clenol.13(/Clenol. 141:141: I3'J'J-140S.I3'J'J-140S. 

:\.�:\. Bazylinski,Bazylinski, D.D. A.A. 1995.1995. Strul·tureStrul·ture andand (unl,tion(unl,tion o(o( thethe bacterialbacterial magnetosomemagnetosome .. .'ISM.'ISM Nel"sNel"s 6161 ::\:\7::\:\7

:\4.\:\4.\ 

4.�4. Bazylinski,Bazylinski, D.D. A.A. II'J'J9.'J'J9. SynthesisSynthesis ofof thethe bacterialbacterial magnetosome:magnetosome: thethe maklngmaklng ofof aa magneticmagnetic personperson

alityality 111/,111/, MicroiJiol.MicroiJiol. 2:71-S0.2:71-S0. 

5.�5. Bazylinski,Bazylinski, D.D. A.,A., andand R.R. P.P. Blakelllore.Blakelllore. 19S:\19S:\ NitrogenNitrogen fixationfixation (acctylene(acctylene reduction)reduction) inin A'//Iii'A'//Iii' 

spirillul/1spirillul/1 !J/(lglle/o/(fc/iclil/1.!J/(lglle/o/(fc/iclil/1. CUlT.CUlT. Microbiol.Microbiol. 9::\0.5-:\OS.9::\0.5-:\OS. 

6.�6. DcnitnhcalionBazylinski,Bazylinski, D.D. A.,A., andand R.R. P.P. Blakelllore.Blakelllore. 1983.1983. Dcnitnhcation andand assimilatorvassimilatorv nitLllenitLlle reductionreduction inin 

Aqlll/.l1'irill/llll EJII'iron.Alflil/.l1'irill/llll 1/10glll'/%c/iclil/11/10glll'/%c/iclil/1 .. .'1/,/,1..'1/,/,1. EJI\'iron. MicroiJiol.MicroiJiol. 46:46: IIII IIS-lS-l 124.124. 

6a.Bazylinski,6a.Bazylinski, D.D. A.,A., AA.. .I..I. Dean,Dean, D.D. Schiiler,Schiiler, EE .. .I..I. P.P. Phillips.Phillips. andand D.D. R.R. Lovley.Lovley. N,-dependentN,-dependent growthgrowth 

andand nitrogcnasenitrogcnase activityactivity inin thethe metal-metaboli/.lngmetal-metaboli/.lng bacteria.bacteria. CeolJoc/erCeolJoc/er andand Moglle/ospirillul/1Moglle/ospirillul/1 speciesspecies 

Em'iroll,Em'iroll, Microl,iolMicrol,iol .... inin press.press. 

7.� Bazylinski,Bazylinski, D.D. A.,A., andand R.R. B.B. Frankel.Frankel. 1992.1992. ProductionProduction ofof ironiron sultidcsultidc mineralsminerals byby magnC[otacticmagnC[otactic7. 

bacteriabacteria fromfrom sulfidicsulfidic environments.environments. p.p. 147-1.59.111147-1.59.111 H.H. C.C. W.W. SkinnerSkinner andand R.R. W.W. FitzpatrickFitzpatrick (cd),(cd), 

13iolJlillemli;lItiOIl13iolJlillemli;lItiOIl ProcessesProcesses oror lrolllroll Ollt!Ollt! A!(/Ilg(/Ilese:A!(/Ilg(/Ilese: Mot!emMot!em Ollt!Ollt! Allciell/Allciell/ lo·m'irolllJlellls.lo·m'irolllJlellls. CatenaCatena 

Verlag,Verlag, Cremlingen-Destedt.Cremlingen-Destedt. Germany.Germany. 



8.� Bazylinski,Bazylinski, D.D. A.,A., R.R. B.B. Frankel,Frankel, A.A. J.J. Garratt-Reed,Garratt-Reed, andand S.S. Mann.Mann. IY90.IY90. BiomineralizationBiomineralization ofof8. 

ironiron sullidessullides inin magnetotacticmagnetotactic bacteriabacteria fromfrom sulfidicsulfidic environments.environments. p.p. 239-255.239-255. InIn R.R. B.B. FrankelFrankel andand 

R.�R. P.P. BlakemoreBlakemore (ed.).(ed.). IronIron Biominerals.Biominerals. PlenumPlenum Press.Press. NewNew York.York. N.Y.N.Y. 

9.� Bazylinski,Bazylinski, D.D. A.,A., R.R. B.B. Frankel,Frankel, B.B. R.R. Heywood,Heywood, S.S. Mann,Mann, J.J. W.W. King,King, P.P. L.L. Donaghay,Donaghay, andand9. 

A.A. K.K. Hanson.Hanson. 1995.1995. Control/edControl/ed biomineralizationbiomineralization ofof magnetitemagnetite (Fe,O.,)(Fe,O.,) andand greigitegreigite (Fe,S4)(Fe,S4) inin aa 

magnetotacticmagnetotactic bacterium.bacterium. Appl.Appl. Environ.Environ. Microbiol.Microbiol. 6161 :3232-3239.:3232-3239. 

10.� Bazylinski,Bazylinski, D.D. A.,A., R.R. B.B. Frankel,Frankel, andand H.H. W.W. Jannasch.Jannasch. 1988.1988. AnaerobicAnaerobic productionproduction ofof magnetitemagnetite10. 

byby aa marinemarine magnetotacticmagnetotactic bacterium.bacterium. NaTlireNaTlire (London)(London) 334:518-519.334:518-519. 

II.� Bazylinski,Bazylinski, D.D. A.,A., A.A. J.J. Garratt-Reed,Garratt-Reed, A.A. Abedi,Abedi, andand R.R. B.B. Frankel.Frankel. 1993.1993. CopperCopper associationassociationII. 

withwith ironiron sulfidesulfide magnetosomesmagnetosomes inin aa magnetotacticmagnetotactic bacterium.bacterium. Arch.Arch. Microbiol.Microbiol. 160:35-42.160:35-42. 

12.� Bazylinski,Bazylinski, D.D. A.,A., A.A. J.J. Garratt-Reed,Garratt-Reed, andand R.R. B.B. Frankel.Frankel. 1994.1994. ElectronElectron microscopicmicroscopic studiesstudies ofof12. 

magnetosomesmagnetosomes inin magnetotacticmagnetotactic bacteria.bacteria. Microsc.Microsc. Res.Res. Tech.Tech. 27:389-401.27:389-401. 

13.�13. Bazylinski,Bazylinski, D.D. A.,A., B.B. R.R. Heywood,Heywood, S.S. Mann,Mann, R.R. B.B. Frankel.Frankel. 1993.1993. Fe,O.,Fe,O., andand Fe,SFe,S .•.• inin '1'1 bacterium.bacterium. 

N(/fureN(/fure (London)(London) 366:2366:2 18.18. 

14.�14. Bazylinski,Bazylinski, D.D. A.,A., andand B.B. M.M. Moscowitz.Moscowitz. 1997.1997. MicrobialMicrobial biomineralizationbiomineralization ofof magneticmagnetic ironiron 

minerals:minerals: microbiology,microbiology, magnetismmagnetism andand environmentalenvironmental significance.significance. Rev.Rev. Mineral.Mineral. 35:35: 181-2n.181-2n. 

14a.14a. Beard,Beard, B.B. L.,L., C.C. M.M. Johnson,Johnson, L.L. Cox,Cox, H.H. Sun,Sun, K.K. H.H. Nealson,Nealson, andand C.C. Aguilar.Aguilar. II YYY.YYY. IronIron isotopeisotope 

biosignatures.biosignatures. ScienceScience 285:285: 1889-18Y2.1889-18Y2. 

15.� Bell,Bell, P.P. E.,E., A.A. L.L. Mills,Mills, andand J.J. S.S. Herman.Herman. II Y87.Y87. BiogeochemicalBiogeochemical conditionsconditions favoringfavoring magnetitemagnetite15. 

formationformation duringduring anaerobicanaerobic ironiron reduction.reduction. Appl.Appl. Environ.Environ. Microbiol.Microbiol. 53:2653:26 II0-260-26 JJ 6.6. 

16.�16. Berner,Berner, R.R. A.A. 1962.1962. SynthesisSynthesis andand descriptiondescription ofof tetragonaltetragonal ironiron sulfide.sulfide. ScienceScience 137:669.137:669. 

17.� Berner,Berner, R.R. A.A. IIY64.Y64. IronIron sulfidessulfides formedformed fromfrom aqueousaqueous solutionsolution atat lowlow temperaturestemperatures andand atmosphericatmospheric17. 

pressure.pressure. 1.1. Ceol.Ceol. 72:293-306.72:293-306. 

18.�18. 265:773Berner,Berner, R.R. A.A. 1967.1967. ThermodynamicThermodynamic stabilitystability ofof sedimentarysedimentary ironiron sullides.sullides. Am.Am. 1.1. Sci.Sci. 265:773

785.785. 

19.� Berner,Berner, R.R. A.A. 1969.1969. TheThe synthesissynthesis ofof framboidalframboidal pyrite.pyrite. Econ.Econ. Ceol.Ceol. 64:383-393.64:383-393.19.

20.� Berner,Berner, R.R. A.A. 1970.1970. SedimentarySedimentary pyritepyrite formation.formation. Am.Am. 1.1. Sci.Sci. 268:268: I-noI-no20.

21.� Berner,Berner, R.R. A.A. 1974.1974. IronIron sulfidessulfides inin PleistocenePleistocene deepdeep BlackBlack SeaSea sedimentssediments andand theirtheir palaeooceanpalaeoocean21. 

ographicographic significance,significance, p.p. 524-531.524-531. InIn E.E. T.T. DegensDegens andand D.D. A.A. RossRoss (ed.).(ed.). TheThe BlackBlack Sea:Sea: CeoIOKI'.CeoIOKI'. 

Geologists. Tulsa.ChemisTryChemisTry andand Biology.Biology. AAPCAAPC MemoirsMemoirs 20.20. AmericanAmerican AssociationAssociation ofof PetroleumPetroleum Geologists, Tulsa, 

Okla.Okla. 

22.� VValeh. 1991.1991. CloningCloning ofof aa sequencesequence ofof AquaspirilllllllAquaspirilllllll22. Berson,Berson, A.A. E.,E., D.D. V.V. Hudson,Hudson, andand N.N. S.S. \'Valeh. 

nwgneroracTicumnwgneroracTicum thatthat complementscomplements thethe aroDaroD genegene ofof EscherichiaEscherichia coli.coli. Mol.Mol. Microbiol.Microbiol. 5:22615:2261

2264.2264. 

23.� Berson,Berson, A.A. E.,E., M.M. R.R. Peters,Peters, andand N.N. S.S. Walch.Walch. 1989.1989. CloningCloning andand characterizationcharacterization ofof thethe re,'/\re,'/\23. 

genegene ofof AquaspirillumAquaspirillum magnelOTacTicum.magnelOTacTicum. Arch.Arch. Microbiol.Microbiol. 152:567-571.152:567-571. 

24.� Berson,Berson, A.A. E.,E., M.M. R.R. Peters,Peters, andand N.N. S.S. Waleh.Waleh. 1990.1990. NucleotideNucleotide sequencesequence ofof reeAreeA genegene ofof AquaAqua24. 

Nllcleic 18:675.18:675.spirillumspirillum magnelowuicul11.magnelowuicul11. Nucleic AcidsAcids ReI.ReI. 

25.� Beveridge,Beveridge, T.T. J.J. 1989.1989. RoleRole ofof cellularcellular designdesign inin bacterialbacterial metalmetal accumulationaccumulation andand mineralization.mineralization.25. 

Annu.Annu. Rn'.Rn'. Microhiol.Microhiol. 43:43: 147-171.147-171. 

26.� Blakemore,Blakemore, R.R. P.P. 1975.1975. MagnetotacticMagnetotactic bacteria.bacteria. Sciel1ceSciel1ce 190:377-379.190:377-379.26.

27.�27. Anl1l1.Blakemore,Blakemore, R.R. P.P. 1982.1982. MagnetotacticMagnetotactic bacteria.bacteria. Anl1u. Rev.Rev. Microbiol.Microbiol. 36:217-238.36:217-238. 

28.�28. Blakemore,Blakemore, R.R. P.,P., andand N.N. A.A. Blakemore.Blakemore. 1990.1990. MagnetotacticMagnetotactic magnetogens.magnetogens. p.p. 55 II-67.-67. 111111 R.R. B.B. 

FrankelFrankel andand R.R. P.P. BlakemoreBlakemore (ed.),(ed.), IronIron Biominerals.Biominerals. PlenumPlenum Press,Press, NewNew York,York, N.Y.N.Y. 

29.� Blakemore,Blakemore, R.R. P.,P., N.N. A.A. Blakemore,Blakemore, D.D. A.A. Bazylinski,Bazylinski, andand T.T. T.T. Moench.Moench. 1989.1989. MagnetotacticMagnetotactic29. 

bacteria. 1882-18891882-1889 111111 J.J. T.T. Staley,Staley, M.M. PP Bryant,Bryant, N.N. Pfennig,Pfennig, andand J.J. G.G. (ed.).bacteria, p.p. HoltHolt (ed.), Berge.\'Berge.\' 's's 

Manllal Co..Manual ofof S\,sTen1iuicS\,sTen1iuic BaCTeriology,BaCTeriology, vol.vol. 3.3. TheThe WilliamsWilliams && WilkinsWilkins Co., Baltimore.Baltimore. Md.Md. 

30.�30. magnetotacticBlakemore,Blakemore, R.R. P.,P., R.R. B.B. Frankel,Frankel, andand A.A. J.J. Kalmijn.Kalmijn. 1980.1980. South-seekingSouth-seeking magnetotaetic bacteriabacteria 

inin thethe southernsouthern hemisphere.hemisphere. NalureNalure (London)(London) 236:384-385.236:384-385. 

31.�31. Blakemore,Blakemore, R.R. P.,P., D.D. Maratea,Maratea, andand R.R. S.S. Wolfe.Wolfe. 1979.1979. IsolationIsolation andand purepure cultureculture ofof itit freshwaterfreshwater 

magneticmagnetic spirillumspirillum inin chemicallychemically defineddefined medium.medium. 1.1. BacTeriol.BacTeriol. 140:720-729.140:720-729. 

32�32 Blakemore,Blakemore, R.R. P.,P., K.K. A.A. Short,Short, D.D. A.A. Bazylinski,Bazylinski, C.C. Rosenblatt,Rosenblatt, andand R.R. B.B. Frankel.Frankel. 1985.1985. 

Micro<!erobic areare AIfUasfJirillumMicroaerobie conditionsconditions requiredrequired forfor magnetitemagnetite formationformation withinwithin Alfuaspirillum magnelOlaclimagnelOlacli

CIII11.CIII11. Cemicrobiol.Cemicrobiol. 1.1. 4:53-7/.4:53-7/. 



   

33.� Bradley,Bradley, J.J. P.,P., R.R. P.P. Harvey,Harvey, andand H.H. Y.Y. McSween,McSween, Jr.Jr. 1996.1996. MagnetiteMagnetite whiskerswhiskers andand plateletsplatelets inin33. 

thethe ALH8400ALH8400 II martianmartian meteorite:meteorite: evidenceevidence forfor vaporvapor phasephase growth.growth. Ccochim.Ccochim. Cosmochim.Cosmochim. AcraAcra 60:60: 

5149-5155.5149-5155. 

34.� Burgess,Burgess, J.J. G.,G., R.R. Kanaguchi,Kanaguchi, T.T. Sakaguchi,Sakaguchi, R.R. H.H. Thornhill,Thornhill, andand T.T. Matsunaga.Matsunaga. 1993.1993. EvoluEvolu34. 

Magnelospirillum phylogeneticphylogenetic analysisanalysis ofof 16S16Stionarytionary relationshipsrelationships amongamong Magnelospiri/lum strainsstrains inferredinferred fromfrom 

rRNArRNA sequencessequences II Bacreriol.Bacrerio/. 175:6689-6694.175:6689-6694. 

35.� Butler,Butler, R.R. F.,F., andand S.S. K.K. Banerjee.Banerjee. 1975.1975. TheoreticalTheoretical single-domainsingle-domain graingrain sizesize rangerange inin magnetitemagnetite35. 

andand titanomagnetite.titanomagnetite. J.J. Ceophys.Ceophys. Rcs.Rcs. 80:4049-4058.80:4049-4058. 

36.� Caccavo,Caccavo, F.,F., Jr.,Jr., D.D. J.J. Lonergan,Lonergan, D.D. R.R. Lovley,Lovley, M.M. Davis,Davis, J.J. F.F. Stolz,Stolz, andand MM.. .I..I. McInerny.McInerny. 1994.1994.36. 

Ceolmcrer su/fimwlucensCeo/mcrer sulfimw/ucens sp.sp. nov.,nov., aa hydrogen-hydrogen- andand acetate-oxidizingacetate-oxidizing dissimilatorydissimilatory metalmetal reducingreducing 

Appl. Microbiol.microorganism.microorganism. App/. Environ.Environ. Microbio/. 60:3752-3759.60:3752-3759. 

37.� Chang,Chang, S.-B.S.-B. R.,R., andand J.J. L.L. Kirschvink.Kirschvink. 1989.1989. Magnetofossils,Magnetofossils, thethe magnetizationmagnetization ofof sediments,sediments, andand37. 

thethe evolutionevolution ofof magnetitemagnetite biomineralization.biomineralization. Annu.Annu. Rev.Rev. EarrhEarrh Planer.Planer. Sci.Sci. 17:17: 169-195.169-195. 

38.�38. StolZ,Chang,Chang, S.-B.S.-B. R.,R., J.J. F.F. Stolz, J.J. L.L. Kirschvink,Kirschvink, andand S.S. M.M. Awramik.Awramik. 1989.1989. BiogenicBiogenic magnetitemagnetite inin 

stromatolites.stromatolites. 2.2. OccurrenceOccurrence inin ancientancient sedimentarysedimentary environments.environments. PrecambrianPrecambrian Res.Res. 43:305-312.43:305-312. 

39.� Dean,Dean, A.A. J.,J., andand D.D. A.A. Bazylinski.Bazylinski. 1999.1999. GenomeGenome analysisanalysis ofof severalseveral marine,marine, magnetotacticmagnetotactic bacterialbacterial39. 

Microbiol.strainsstrains byby pulsed-fieldpulsed-field gelgel electrophoresis.electrophoresis. CUrl:CUrl: Microbio/. 39:219-225.39:219-225. 

40.� DeLong,DeLong, E.E. F.,F., R.R. B.B. Frankel,Frankel, andand D.D. A.A. Bazylinski.Bazylinski. 1993.1993. MultipleMultiple evolutionaryevolutionary originsorigins ofof magmag40. 

netotaxisnetotaxis inin bacteria.bacteria. ScienceScience 259:803-806.259:803-806. 

41.�41. Devouard,Devouard, B.,B., M.M. P6sfai,P6sfai, X.X. Hua,Hua, D.D. A.A. BazyJinski,BazyJinski, R.R. B.B. Frankel,Frankel, andand P.P. R.R. Buseck.Buseck. 1998.1998. 

Mineml.MagnetiteMagnetite frommagnetotacticfrommagnetotactic bacteria:bacteria: sizesize distributionsdistributions andand twinning.twinning. Am.Am. Minem/. 83:83: 1387-1398.1387-1398. 

Diaz-Ricci,�42.42. Diaz-Ricci, J.J. C.,C., andand J.J. L.L. Kirschvink.Kirschvink. 1992.1992. MagneticMagnetic domaindomain statestate andand coercivitycoercivity predictionspredictions 

forfor biogenicbiogenic greigitegreigite (Fe,S,):(Fe,S,): aa comparisoncomparison ofof theorytheory withwith magnetosomemagnetosome observations.observations. II Ceo/J/ns.Ceo/J/ns. 

Res.Res. 97:17309-17315.97:17309-17315. 

43.� DiChristina,DiChristina, TT.. .I.,.I., andand E.E. F.F. DeLong.DeLong. 1993.1993. DesignDesign andand applicationapplication ofof rRNA-targetedrRNA-targeted oligonuoligonu43. 

cleotidecleotide probesprobes forfor thethe dissimilatorydissimilatory iron-iron- andand manganese-reducingmanganese-reducing bacteriumbacterium Shelt'anelloShelt'anello pUlreti,pUlreti,

ciens.ciens. II BaCieriol.BaCierio/. 59:4152-4160.59:4152-4160. 

44.�44. Donaghay,Donaghay, P.P. L.,L., H.H. M.M. Rines,Rines, andand J.J. M.M. Sieburth.Sieburth. 1992.1992. SimultaneousSimultaneous samplingsampling ofof tinetine scalescale 

Hw/robiol.biological,biological, chemicalchemical andand physicalphysical structurestructure inin stratifiedstratified waters.waters. Arch.Arch. Hw/robio/. Beih.Beih. Ergebl1.Ergebl1. LimLim

nol.nolo 36:97-108.36:97-108. 

45.� Dunin-Borkowski,Dunin-Borkowski, R.R. E.,E., M.M. R.R. McCartney,McCartney, R.R. B.B. Frankel,Frankel, D.D. A.A. Bazylinski,Bazylinski, M.M. P6sfai,P6sfai, andand P.P.45. 

R.R. Buseck.Buseck. 1998.1998. MagneticMagnetic microstructuremicrostructure ofof magnetotacticmagnetotactic bacteriabacteria byby electronelectron holography.holography. ScienceScience 

282:282: 1868-1870.1868-1870. 

46.� Eden,Eden, P.P. A.,A., T.T. M.M. Schmidt,Schmidt, R.R. P.P. Blakemore,Blakemore, andand N.N. R.R. Pace.Pace. 1991.1991. PhylogeneticPhylogenetic analysisanalysis ofof46. 

AI/lw.\j!irillumAI/lw.\j!irillum mugnelolllcricummugnelolllcricum usmgusmg polymerasepolymerase chainchain reaction-amplified]reaction-amplified] 6S6S rRNA-specificrRNA-specific DNA.DNA. 

lJuCleriol./nl/nl .. .I..I. Snr.Snr. lJuClerio/. 41:324-325.41:324-325. 

47.� Fabricus,Fabricus, EE 1961.1961. DieDie StrukturenStrukturen desdes "Rogenpyrits""Rogenpyrits" (Kossener(Kossener Schichten,Schichten, Rat)Rat) alsals BetragBetrag zumzum47. 

Ceol.ProblemProblem derder "Vererzten"Vererzten Bakterien."Bakterien." Ceo/. Rune/schuuRune/schuu 51:647-657.51:647-657. 

48.� Farina,Farina, M.,M., D.D. IVI.IVI. S.S. Esquivel,Esquivel, andand H.H. G.G. P.P. LinsLins dede Barros.Barros. 1990.1990. MagneticMagnetic iron-sulphuriron-sulphur crystalscrystals48. 

fromfrom aa magnetotacticmagnetotactic micmorganism.micmorganism. N(/{ureN(/{ure (London)(London) 343:256-258.343:256-258. 

49.�49. Farina,Farina, M.,M., H.H. LinsLins dede Barros,Barros, D.D. M.M. S.S. Esquivel,Esquivel, andand J.J. Danon.Danon. 1983.1983. UltrastructureUltrastructure ofof aa 

magnetotacticmagnetotactic bacterium.bacterium. BioI.BioI. CellCell 48:85-88.48:85-88. 

50.� Frankel,Frankel, R.R. B.B. 1984.1984. MagneticMagnetic guidanceguidance ofof organisms.organisms. Annll.Annll. Rn'.Rn'. Biophrs.Biophrs. Bioeng.Bioeng. 13:85-103.13:85-103.50.

51.�51. Frankel,Frankel, R.R. B.,B., andand D.D. A.A. Bazylinski.Bazylinski. 1994.1994. MagnetotaxisMagnetotaxis andand magneticmagnetic paniclespanicles inin bactel·ia.bactel·ia.

H\'/JerjineH\'/Jerfine /l1£emcr./l1£emcr. 90:90: 135-142.135-142. 

52.�52. Frankel,Frankel, R.R. B.,B., D.D. A.A. Bazylinski,Bazylinski, M.M. Johnson,Johnson, andand B.B. L.L. Taylor.Taylor. 1997.1997. Magneto-aerotaxisMagneto-aerotaxis inin 

marine,marine, coccoidcoccoid bacteria.bacteria. lJio/Jhrs,lJio/Jhrs, J,J, 73:994-1000.73:994-1000. 

53.� Frankel,Frankel, R.R. B.,B., D.D. A.A. Bazylinski,Bazylinski, andand D.D. Schiiler.Schiiler. 1998.1998. BiomineralizationBiomineralization ofof magneticmagnetic ironiron minmin53. 

SU/Jmllwl.eralserals inin bacteria.bacteria. SU/Jmllw/. Sci.Sci. 5:383-390.5:383-390. 

54.� Frankel,Frankel, R.R. B.,B., R.R. P.P. Blakemore,Blakemore, F.F. F.F. TorresTorres dede Araujo,Araujo, D.D. M.M. S.S. Esquivel,Esquivel, andand J.J. Danon.Danon. 1981198154. 

MagnetotacticMagnetotactic bacteriabacteria atat thethe geomagneticgeomagnetic equator.equator. ScicnceScicnce 212:212: 1269-1270.1269-1270. 

55.�55. Frankel,Frankel, R.R. B.,B., R.R. P.P. Blakemore,Blakemore, andand R.R. S.S. Wolfe.Wolfe. 1979.1979. MagnetiteMagnetite inin freshwaterfreshwater magnelo!clcticmagnelo!clctic 

bacteria.bacteria. ScienceScience 203:203: 1355-1356.1355-1356. 

56.56. Frankel,Frankel, R.R. B.,B., G.G. C.C. Papaefthymiou,Papaefthymiou, R.R. P.P. Blakemore,Blakemore, andand W.W. O'Brien.O'Brien. 1983.1983. Fe,O,Fe,O, precipiprecipi

tationtation inin magnetotacticmagnetotactic bacteria.bacteria. Biochill1.Biochill1. Bioph\,.I.Bioph\,.I. AcruAcru 763:763: 147-159.147-159. 



 

57.� Frankel,Frankel, R.R. B.,B., .I.-I'..I.-I'. Zhang,Zhang, andand D.D. A.A. Bazylinski.Bazylinski. 1998.1998. SingleSingle magneticmagnetic domainsdomains inin magnclotaL:ticmagnclotaL:tic57. 

GeojJhys. I03:3060I03:3060 1-30604.1-30604.bacteriabacteria .. .I..I. GeojJhYs. Res.Res. 

58.�58. Freke,Freke, A.A. MM .... andand D.D. Tate.Tate. JJ 961.961. ThcThc formationformation ofof magneticmagnetic ironiron sulphidesulphide byby bacterialbacterial ('eduction('eduction 

ofof iwniwn solutions.solutions. J.J. Biochem.Biochem. MicroiJiol.MicroiJiol. Techno/.Techno/. Eng.Eng. 3:29-39.3:29-39. 

59.�59. Funaki,Funaki, M.,M., H.H. Sakai,Sakai, andand T.T. Matsunaga.Matsunaga. 1989.1989. IdentificationIdentification ofof thethe magneticmagnetic polespoles onon strongstrong 

magneticmagnetic grainsgrains fromfrom meteoritcsmeteoritcs usingusing magnctotacticmagnctotactic bacteria.bacteria. J.J. Geomagn.Geomagn. Geoelcell:Geoelcell: 41:77-87.41:77-87. 

60.� Funaki,Funaki, M.,M., H.H. Sakai,Sakai, T.T. Matsunaga,Matsunaga, andand S.S. Hirose.Hirose. 1992.1992. TheThe SS polepole distributiondistribution onon magneticmagnetic60. 

grainsgrains inin pyroxcnitepyroxcnite detcrmineddetcrmined byby magnetotacticmagnetotactic hactcria.hactcria. Pin's.Pin's. Ear/hEar/h /'Iane/./'Iane/. In/erimsIn/erims 70:25370:253

260.260. 

61.� Futschik,Futschik, K.,K., H.H. Pfiitzner,Pfiitzner, A.A. Doblander,Doblander, P.P. SchonSchon huber,huber, T.T. Dobeneck,Dobeneck, N.N. Petersen,Petersen, andand H.H. Vali.Vali.61. 

1989.1989. WhyWhy notnot UScUSc magneto!acticmagneto!actic bacteriabacteria forfor domaindomain analyses)analyses) Pin's.Pin's. SCI:SCI: 40:518-521.40:518-521. 

62.� Gorby,Gorby, Y.Y. 1989.1989. RegulalionRegulalion olol MognelosomeMognelosome BiogenesisBiogenesis I'.',I'.', OxygenOxygen andand Nitrogen,Nitrogen, p.p. 72-88.72-88.62. A.A. 

Ph.D.Ph.D. dissertation.dissertation. UniversityUniversity ofof NewNew Hampshire,Hampshire, Durham.Durham. 

63.� Gorby,Gorby, Y.Y. A.,A., TT.. .I..I. Beveridge,Beveridge, andand R.R. P.P. Blakemore.Blakemore. 1988.1988. CharacterizationCharacterization ofof thethe bacterialbacterial magmag63. 

lh.:tosomelh.:tosome membranemembrane .. .I..I. Bac/eriol.Bac/eriol. 170:834--841.170:834--841. 

64.� Greene,Greene, A.A. c.,c., B.B. K.K. C.C. Patel,Patel, andand AA .. .I..I. Sbeehy.Sbeehy. 1997.1997. Delerriboc/erDelerriboc/er /heonojJhillis/heonojJhillis gen.gen. nov.,nov., sp.sp.64. 

nov.,nov., aa novelnovel thermophilicthermophilic manganese-manganese- andand iron-reducingiron-reducing bacteriumbacterium isolatedisolated fromfrom aa petroleumpetroleum ('es('es

ervoi(·.ervoi(·. InlInl .. .I..I. S\'sl.S\'sl. Bac/l'I'iol.Bac/l'I'iol. 47:505-509.47:505-509. 

65.� Gould,.I.Gould,.I. L.,L., .I..I. L.L. Kirscbvink,Kirscbvink, andand K.K. S.S. Deffeyes.Deffeyes. 1978.1978. BeesBees havehave magneticmagnetic remanence.remanence. ScienceScience65. 

201:1026-1028.201:1026-1028. 

66.� Guerin,Guerin, W.W. F.,F., andand R.R. P.P. Blakemore.Blakemore. 1992.1992. RedoxRedox cyclingcycling ofof iwniwn supportssupports growthgrowth andand m'lgnetitem'lgnetite66. 

synthesissynthesis byby Aqllil.\pirillumAqllil.\pirillum lIIagne/olilc/iclllII.lIIagne/olilc/iclllII. Appl.Appl. Environ.Environ. MicmiJiol.MicmiJiol. 58:58: IIII 02-1102-11 09.09. 

67.�67. Guerinot,Guerinot, M.M. L.L. 1994.1994. MicrohiaJMicrohiaJ ironiron transport.transport. AA 171111.171111. Rev.Rev. MicrolJinl.MicrolJinl. 48:743-772.48:743-772. 

68.� Hanzlik,Hanzlik, M.M. M.,M., N.N. Petersen,Petersen, R.R. Keller,Keller, andand E.E. Schmidbaucr.Schmidbaucr. 1996.1996. ElectronElectron microscopymicroscopy andand "Fe"Fe68. 

MiissbauerMiissbauer spectraspectra ofof 1010 nmnm particles,particles, intermediateintermediate inin compositioncomposition betweenbetween Fe,Or'Y-Fe,O"Fe,Or'Y-Fe,O" propro

ducedduced byby bacteria.bacteria. GeojJ!J".I.GeojJ!J".I. Res.Res. Lell.Lell. 23:479-482.23:479-482. 

69.� Heywood,Heywood, B.B. R.,R., D.D. A.A. 1990.1990.69. Bazylinski,Bazylinski, AA .. .I..I. Garratt-Reed,Garratt-Reed, S.S. Mann,Mann, andand R.R. B.B. FrankcLFrankcL 

ControlledControlled biosynthesisbiosynthesis ofof greigitegreigite (Fe,S.,)(Fe,S.,) inin magnetotacticmagnetotactic bacteria.bacteria. Nil/lIr\1issenschu{ienNil/lIr\1issenschu{ien 77:53677:536

538.538. 

70.� Hcywood,Hcywood, B.B. R.,R., S.S. Mann,Mann, andand R.R. B.B. FrankeLFrankeL 199199 I.I. Structure,Structure, mo(phologymo(phology andand growthgrowth ofof biogenicbiogenic70. 

greigitegreigite ( F c , S ~ ) .( F c , S ~ ) . 1/7 Calvert. B.B. FranKel,FranKel, PP RieKe, andand D.D. TirrellTirrell (eul.(eul.p.p. 93-108.93-108. 117 M.M. Alpert,Alpert, P.P. CalVert. R.R. Rieke, 

MOIeriil!.\MOIeriil!.\ SYnthesisSYnthesis BosedBosed onon BiologiculBiologicul Processes.Processes. MaterialsMaterials ResearchResearch Society.Society. Pittsburgh,Pittsburgh, Pa.Pa. 

77 J.J. in magnetotacticlida,lida, A.,A., andand J.J. Akai.Akai. 1996.1996. CrvstallineCrvstalline sulfursulfur inclusionsinclusions inmagnetotactic bacteria.bacteria. Sci.Sci. Rep.Rep. Niig(/f!lNiig(/f!l 

Unil'. EE 11:35-42.11:35-42.Ul7il'. SeJ:SeJ: 

72.�72. hacteria!ida,!ida, A.,A., andand .I..I. Akai.Akai. 1996.1996. TEMTEM stuuystuuy onon magnetotacticmagnetotactic bacteria andand containedcontained magnetitemagnetite grainsgrains 

asas biogenicbiogenic minerals,minerals, mainlymainly fromfrom Hokuriku-NiigataHokuriku-Niigata region,region, Japan.Japan. Sci.Sci. Rep.Rep. Niigu/oNiigu/o Unil'.Unil'. SeJ:SeJ: EE 

1111 :43-66.:43-66. 

7373 ..� .lanvicr,.lanvicr, B.,B., P.P. Constantinidou,Constantinidou, P.P. Aucbcr,Aucbcr, Z.Z. V.V. Marshall,Marshall, C.C. W.W. Pcnn,Pcnn, andand .I..I. L.L. Faucberc.Faucberc. 1998.1998. 

CharacterizationCharacterization andand genegene sequencingsequencing ofof aa JJ9-kDa9-kDa periperi plasmicplasmic proteinprotein ofof COIl1!'.vloiJoc/erCOIl1!'.vloiJoc/er je/I/nilje/I/nil 

coli.coli. Rn.Rn. Micmhiol.Micmhiol. 149:95-107.149:95-107. 

74.� Kawagucbi,Kawagucbi, R.,R., .I..I. G.G. Burgess,Burgess, T.T. Sakagucbi,Sakagucbi, H.H. Takeyama,Takeyama, R.R. H.H. Tbornbill,Tbornbill, andand 1'.1'. Matsunaga.Matsunaga.74. 

sulfate-rcducing1995.1995. PhylogeneticPhylogenetic analysisanalysis ofof aa novelnovel sulfate-reducing magneticmagnetic bacterium,bacterium, RS-I,RS-I, demonstratesdemonstrates itsits 

6-Proteobacteria. 126:277-282.126:277-282.membershipmembership ofof thethe 6-Protcobacteria. FEMSFEMS MicroiJiol.MicroiJiol. Lell.Lell. 

75.�75. Kirscb\'ink,.I.Kirscb\'ink,.I. L.L. 198U.198U. South-seekingSouth-seeking magneticmagnetic bacteria.bacteria. J.J. Exp.Exp. Bioi.Bioi. 86:345-347.86:345-347. 

76.�76. B.Kirschvink,Kirschvink, J.J. L.,L., A.A. Kobayasbi-Kirschvink,Kobayasbi-Kirschvink, andand B. .I..I. Woodford.Woodford. 1992.1992. MagnetiteMagnetite biomineralibiominerali

zationzation inin thethe humanhuman brain.brain. Pmc.Pmc. No/I.No/I. Acod.Acod. Sci.Sci. USAUSA 89:7683-7687.89:7683-7687. 

77.� Kobayashi,Kobayashi, A.,A., J.J. L.L. Kirscbvink.Kirscbvink. 1995.1995. MagnetoreceptionMagnetoreception andand elctromagneticelctromagnetic fieldfield effects:effects: sensorysensory77. 

perceptionperception ofof thethe geomagneticgeomagnetic fieldfield inin animalsanimals andand humans.humans. Ad!'.Ad!'. Chell1.Chell1. SCI:SCI: 250:367-394.250:367-394. 

78.� Konbauser,Konbauser, K.K. O.O. 1998.1998. DiversityDiversity ofof bacterialbacterial ironiron mineralization.mineralization. Eur/hEur/h Sci.Sci. Rev.Rev. 43:91-1243:91-12 I.I.78.

79.�79. Kostka,Kostka, .I..I. E.,E., andand K.K. H.H. Nealson.Nealson. 1995.1995. DissolutionDissolution andand reductionreduction ofof magnetitcmagnetitc byby bacteria.bacteria.

Em'iron.Em'iron. Sci.Sci. Technol.Technol. 29:2535-2540.29:2535-2540. 

80.� Kutcrbacb,Kutcrbacb, D.D. A.,A., B.B. Walcott,Walcott, R.R. .I..I. Recder,Recder, andand R.R. B.B. Frankel.Frankel. 1982.1982. [ron-containing[ron-containing cellscells inin80. 

Scie!1cethethe honeybeehoneybee (Apis(Apis melli/I'm).melli/I'm). Science 218:695-697.218:695-697. 



81.� Liu,Liu, S.S. V.,V., J.J. Zhou,Zhou, C.C. Zhang,Zhang, D.D. R.R. Cole,Cole, M.M. Gajdarziska-Josifovska,Gajdarziska-Josifovska, andand TT.. .I..I. Phelps.Phelps. 1997.1997.81. 

ThermophilicThermophilic Fe(Fe( IIIIII )-rcducing)-rcducing bacteriabacteria fromfrom thethe deepdeep subsurface:subsurface: thethe evolutionaryevolutionary implications.implications. 

Scic/1cCScic/1cC 277:1106-1109.277:1106-1109. 

82.� Lohmann,Lohmann, KK .. .I..I. 1991.1991. MagneticMagnetic orientationorientation byby hatchhatch IIinging loggerheadloggerhead seasea turtlesturtles (Corcllo(Corcllo carcllo).carcllo).82. 

J.J. ExjJ.ExjJ. Bioi.Bioi. 155:37-49.155:37-49. 

83.� Lohmann,Lohmann, KK.. .I.,.I., andand A.A. O.O. D.D. Willows.Willows. aa83. 1987.1987. Lunar-modulatedLunar-modulated geomagneticgeomagnetic orientationorientation byby 

marinemarine mollusk.mollusk. Scic/1cCScic/1cC 235:331-334.235:331-334. 

84.� Lonergan,Lonergan, DD.. .I.,.I., H.H. L.L. .Ienter,.Ienter, .1..1. D.D. Coates,Coates, EE .. .I..I. P.P. Phillips,Phillips, T.T. M.M. Schmidt,Schmidt, andand D.D. R.R. Lovley.Lovley.84. 

1996.1996. PhylogeneticPhylogenetic analysisanalysis ofof dissimidissimi latorylatory Fe(Fe( [Il)-reducing[Il)-reducing bacteria.bacteria. J.J. Bocleriol.Bocleriol. 178:2402-2408.178:2402-2408. 

85.�85. Love,Love, L.L. G.,G., andand D.D. O.O. Zimmerman.Zimmerman. 19()19() I.I. BeddedBedded pyritepyrite andand microrganismsmicrorganisms I'romI'rom thethe MountMount 

lsalsa Shale.Shale. Eco/1.Eco/1. Ccol.Ccol. 56:873-896.56:873-896. 

86.�86. Lovley,Lovley, D.D. R.R. 1987.1987. OrganicOrganic mattermatter mineralizationmineralization withwith thethe reductionreduction ofof ferricferric iron:iron: aa rcview.rcview. 

Geo/llicmbiol.Geo/llicmbiol. J.J. 5:375-399.5:375-399. 

87.� Lovley,Lovley, D.D. R.R. 15115187. 1990.1990. MagnetiteMagnetite formationformation duringduring microbialmicrobial dissimilatorydissimilatory ironiron reduction.reduction. p,p, 

166.166. 1/11/1 R.R. B.B. FrankelFrankel andand R.R. P.P. BlakemoreBlakemore (ed.).(ed.). lro/1lro/1 Bio/lli/1cmls.Bio/lli/1cmls. PlenumPlenum Press.Press. NewNew York.York. N.N. Y.Y. 

88.� Lovley,Lovley, D.D. R.R. 1991.1991. DissimilatoryDissimilatory Fe(lll)Fe(lll) andand Mn(lV)Mn(lV) reduction.reduction. AIicrobiol.AIicrobiol. Rcl'.Rcl'. 55:259-287.55:259-287.88.

89.� Lovley,Lovley, D.D. R.,R., SS.. .I..I. Giovannoni,Giovannoni, D.D. C.C. White,White, J.J. E.E. Champine,Champine, EE.. .I..I. P.P. Phillips,Phillips, Y.Y. A.A. Gorby,Gorby,89. 

andand S.S. Goodwin.Goodwin. 1993.1993. CcobaclerCcobacler melolliredllce/1smelolliredllce/1s gen.gen. nov.nov. sp.sp. novnov.... aa microorganismmicroorganism capablecapable ofof 

couplingcoupling thethe completecomplete oxidationoxidation ofof organicorganic compoundscompounds toto thethe reductionreduction ofof ironiron andand otherother metals.metals. 

Arch.Arch. Micmbiol.Micmbiol. 159:336-344.159:336-344. 

90.� Lovley,Lovley, D.D. R.,R., andand E.E. .I..I. P.P. Phillips.Phillips. 1988.1988. NovelNovel modemode ofof microbialmicrobial energyenergy metabolism:metabolism: organicorganic90. 

carboncarbon oxidationoxidation coupledcoupled toto dissimilatorydissimilatory reductionreduction ofof ironiron oror manganese.manganese. Arl)l.Arl)l. Em'iroll.Em'iroll. Microbiol.Microbiol. 

54:1472-1480.54:1472-1480. 

99 I.I. LovleyLovley D.D. R.,R., .I..I. F.F. Stolz,Stolz, G.G. L.L. Nord,Nord, .Ir.Ir.... andand E.E. .I..I. P.P. Phillips.Phillips. 1987.1987. AnaerobicAnaerobic productionproduction ofof 

magnetitemagnetite byby aa dissimilatorydissimilatory iron-reducingiron-reducing microorganism.microorganism. NollircNollirc (London)(London) 330:252-254.330:252-254. 

9292 Lowenstam,Lowenstam, H.H. A.A. 1981.1981. MineralsMinerals formedformed byby organisms.organisms. Scie/1ceScie/1ce 2121 I:I: 1126-1131.1126-1131. 

93.� Maher,Maher, B.B. A.A. 1990.1990. InorganicInorganic formationformation ofof ultratine-grainedultratine-grained magnetite.magnetite. p.p. 179-192.179-192. 1/11/1 R.R. B.B.93. 

FrankelFrankel andand R.R. P.P. BlakemoreBlakemore (cd.).(cd.). lro/1lro/1 Biomi/1emls.Biomi/1emls. PlenumPlenum Press.Press. NewNew Ymk.Ymk. N.Y.N.Y. 

94.� Maher,Maher, B.B. A.,A., andand R.R. M.M. Taylor.Taylor. 1988.1988. FormationFormation ofof ultra-tineultra-tine grainedgrained magnetitemagnetite inin soils.soils. NallireNallire94. 

(London)(London) 336:368-370.336:368-370. 

95.� Mandernack,Mandernack, K.K. W.,W., D.D. A.A. Bazylinski,Bazylinski, W.W. C.C. Shanks,Shanks, andand T.T. D.D. Bullen.Bullen. 1999.1999. OxygenOxygen andand ironiron95. 

isotopeisotope studiesstudies ofof magnetitemagnetite producedproduced byby magnetotacticmagnetotactic bacteria.bacteria. Scie/1ceScie/1ce 285:285: 1892-1896.1892-1896. 

96.�96. Mann,Mann, S.S. 1986.1986. OnOn thethe naturenature ofof boundary-organisedboundary-organised biomineralizationbiomineralization .. .J..J. l/1org.l/1org. Che//1.Che//1. 28:36328:363

371.371. 

Y7Y7 Mann,Mann, S.,S., andand R.R. B.B. Frankel.Frankel. 1989.1989. MagnetiteMagnetite biomineralizationbiomineralization inin unicellularunicellular organisms,organisms, p.p. 38Y38Y

426.426. 1/11/1 S.S. MannMann .. .l..l. Webb.Webb. andand RR.. .l..l. P.P. WilliamsWilliams (cd.(cd. I,I, 13io/lli/1i'mli;Olio/1:13io/lli/1i'mli;Olio/1: ChemicolChemicol a/1da/1d Bioch<'ll1ico!Bioch<'ll1ico! 

Pcr.l}woi,'cs.Pcr.l}woi,'cs. VCHVCH Publishers.Publishers. NewNew Ymk.Ymk. N.Y.N.Y. 

98.� Mann,Mann, SS.•.• R.R. B.B. Frankel,Frankel, andand R.R. P.P. Blakemore.Blakemore. 1984.1984. Structure,Structure, morphologymorphology andand crystalcrystal growthgrowth98.

ofof bacterialbacterial magnetite.magnetite. NallireNallire (London)(London) 310:405-407310:405-407

99.�99. Mann,Mann, S.,S., T.T. T.T. IVloench,IVloench, andand R.R. J.J. P.P. Williams.Williams. 1984.1984. AA h'lghh'lgh resolutionresolution electronelectron microscopicmicroscopic 

investigationinvestigation oror baCler'ialbaCler'ial magnetite.magnetite. ImplicationsImplications forfor crystalcrystal growth.growth. Pmc.Pmc. R.R. Soc.Soc. LO/1(!.LO/1(!. Sec.Sec. BB BB 

221221 :385-393.:385-393. 

100.� Mann,Mann, S.,S., N.N. H.H. C.C. Sparks,Sparks, andand R.R. P.P. Blakemore.Blakemore. 1987.1987. UltrastructureUltrastructure andand charactcnzationcharactcnzation ofof100. 

anisotropicanisotropic inclusionsinclusions inin magnetotacticmagnetotactic bacteria.bacteria. Proc.Proc. R.R. Soc.Soc. Lond.Lond. Sn:Sn: BB 231231 :469-476.:469-476. 

101.� Mann,Mann, S.,S., N.N. H.H. C.C. Sparks,Sparks, andand R.R. P.P. Blakemore.Blakemore. 1987.1987. Structure.Structure. morphologymorphology 'Inc!'Inc! crystalcrystal growthgrowth101. 

C1nisotropic magnelOtacticmagnelOtactic bacteria.bacteria. Pmc.Pmc. LO/1d.LO/1d. Sn:Sn: BB 231231 :477:477ofof Clnisotropic magnetitemagnetite crystalscrystals inin R.R. Soc.Soc. 

4S7.4S7. 

102.�102. bactet'ia:Mann,Mann, S.,S., N.N. H.H. C.C. Sparks,Sparks, andand R.R. G.G. Board.Board. 1990.1990. MagnetotacticMagnetotactic bactnia: microbiology.microbiology. bJObJO

miner'alization,miner'alization, palaeomagnctism.palaeomagnctism. andand biotechnology.biotechnology. Ad,'.Ad,'. Micmh.Micmh. Phniol.Phniol. 33 I:I: 125-181.125-181. 

103.� Mann,Mann, S.,S., N.N. H.H. C.C. Sparks,Sparks, S.S. B.B. Couling,Couling, M.M. C.C. Lan·olllhe.Lan·olllhe. andand R.R. B.B. Frankel.Frankel. 1989.1989. CrvsCrvs103. 

tallochemicaltallochemical characterizationcharacterization ofof magneticmagnetic spinelsspinels preparedprepared fmlllfmlll aqueousaqueous solution.solution. J.J. ChCh 1'11'1 11.11. Soc.Soc. 

Foradll,rForadll,r TrOllS.TrOllS. S5:3033-3044.S5:3033-3044. 

104.�104. Mann,Mann, S.,S., N.N. H.H. C.C. Sparks,Sparks, R.R. B.B. Frankel,Frankel, D.D. A.A. Bazylinski,Bazylinski, andand H.H. WW.. .Iauuasch..Iauuasch. 1990.1990. 

BiomineralizationBiomineralization oror krnillagnetickrnillagnetic greigitegreigite (Fe,S.,)(Fe,S.,) andand imnimn pyritepyrite (FeS.)(FeS.) inin aa magnetotacticmagnetotactic bacbac

terium.terium. NIIIIII'<'NIIIIII'<' (London)(London) 343:258-260.343:258-260. 



105.� !\1anson.!\1anson. M.M. D.D. Ph\'si"l.Ph\'si"l. 33:277-3411.33:277-3411.105. 1992.1992. BacterialBacterial chemotaxischemotaxis andand mlltility.mlltility. Adv.Adv. Micm/,.Micm/,.

106.�106. Maratea,Maratea, D.,D., andand R.R. P.P. Blakemore.Blakemore. 1981.1981. Aquosl'irillulJ1Aquosl'irillulJ1 IIwgllelo/ilcliculJ1IIwgllelo/ilcliculJ1 sp.sp. nllVnllV.... aa magneticmagnetic

spirillum.spirillum. Inl.Inl. .I..I. S\'SI.S\'SI. BacINio/.BacINio/. 31:452-455.31:452-455. 

J07.� Matitashvili,Matitashvili, EoEo A.,A., D.D. A.A. Matojan,Matojan, T.T. S.S. Gendler,Gendler, T.T. V.V. Kurzchalia.Kurzchalia. andand R.R. S.S. Adamia.Adamia. 1992.1992.J07. 

MagnelOtacticMagnelOtactic bacteriabacteria fromfrom freshwaterfreshwater lakeslakes inin Georgia.Georgia. 1.1. BasicBasic Micro/,iol.Micro/,iol. 32:32: 185-192.185-192. 

108.� Matsuda,Matsuda, T.,T., ./../. Endo,Endo, N.N. Osakabe.Osakabe. A.A. Tonomura,Tonomura, andand T.T. Arii.Arii. 1983.1983. MorphlliogyMorphlliogy andand stnlcturestnlcture108. 

ofof biogenicbiogenic magnetitemagnetite particles.particles. NUlureNUlure (Lond()l1)(Lond()l1) 302:411-412.302:411-412. 

109.� Matsunaga,Matsunaga, T.T. 199199 J.J. ApplicationsApplications llfllf bacterialbacterial magnets.magnets. TrendsTrends Biolechno/.Biolechno/. 9:91-95.9:91-95.109.

110.� Matsunaga,Matsunaga, T.,T., K.K. Hashimoto,Hashimoto, N.N. Nakamura,Nakamura, K.K. Nakamura.Nakamura. andand S.S. Hashimoto.Hashimoto. 1989.1989. Ping·Ping·110.

ocytosisocytosis ofof bacterialbacterial magnetitemagnetite byby leucocytes.leucocytes. 041'1'/.041'1'/. MicroiJiol.MicroiJiol. Biolecillw/.Biolecillw/. 31:401-405.31:401-405. 

III.� Kamiya.Kamiya. 1987.1987. UseUse ofof magneticmagnetic particlesparticles isolatedisolated fromfrom magnctotacticmagnctotacticIII. Matsunaga,Matsunaga, TT.•.• andand S.S. 

bacteriabacteria forfor enzymeenzyme mobilization.mobilization. 041'1'/'041'1'/' MicmiJio/.MicmiJio/. BiOlecl1llo/.BiOlecl1llo/. 26:328-332.26:328-332. 

12.� Matsunaga,Matsunaga, T.,T., C.C. Nakamura,Nakamura, J.J. G.G. Bm'gess,Bm'gess, andand K.K. Sode.Sode. magneticmagneticII 12. 1992.1992. GeneGene transfertransfer inin 

bacteria:bacteria: transposllntransposlln mutagenesismutagenesis andand cloningcloning ofof genomicgenomic DNADNA fragmentsfragments requiredrequired forfor magnetitemagnetite 

synthesissynthesis .. .I..I. Baclerio/.Baclerio/. 174:2748-2753.174:2748-2753. 

II 13.13. Matsunaga.Matsunaga. TT.•.• T.T. Sakaguchi.Sakaguchi. andand F.F. Tadokoro.Tadokoro. 1991.1991. MagnetiteMagnetite formationformation byby aa magneticmagnetic bal"bal" 

teriumterium capablecapable ofof gruwinggruwing aerobically.aerobically. AfJp/.AfJp/. Micro/,i,,/.Micro/,i,,/. l3iOlec/1I7o/.l3iOlec/1I7o/. 35:651-655.35:651-655. 

114.� Matsunaga.Matsunaga. T.,T., F.F. Tadokoro.Tadokoro. andand N.N. Nakamura.Nakamura. MassMass cultureculture ofof magneticmagnetic bacteriabacteria andand114. 19901990 

theirtheir applicationapplication toto nownow typetype immunoassays.immunoassays. IEEEIEEE 'TruIlS.'TruIlS. Mugl1Mugl1 26:26: 15571557-1559.-1559. 

115.�115. Matsunaga,Matsunaga, T.,T., andand N.N. Tsujimura.Tsujimura. 1993.1993. RespiratoryRespiratory inhibitorsinhibitors ofof aa magneticmagnetic bacteriumbacterium Mag·Mag· 

lIelosl'irillulI1lIelosl'irillulI1 sp.sp. AMB·JAMB·J capablecapable ofof growinggrowing aerobically.aerobically. AI'I'/.AI'I'/. MiclOiJiol.MiclOiJiol. 13iolechno/.13iolechno/. 39:368-371.39:368-371. 

II 16.16. McFadden,McFadden, B.B. AA.•.• andand J.J. M.M. Shively.Shively. 1991.1991. BacterialBacterial assimilationassimilation ofof carboncarbon dioxidedioxide byby thethe CalvlI1CalvlI1 

cycle.cycle. p.p. 25-49.25-49. IIIIII .I..I. M.M. ShivelyShively andand L.L. L.L. BartonBarton (ed.l.(ed.l. VariolionsVariolions inin AUlolrol,hicAUlolrol,hic Life.Life. AcademicAcademic 

Press.Press. IncInc .... SanSan Diego.Diego. Calif.Calif. 

117.� McKay,McKay, D.D. S.,S., E.E. K.K. GibsonGibson Jr.,Jr., K.K. L.L. Thomas-Keprta.Thomas-Keprta. H.H. Vali.Vali. C.C. S.S. Romanek,Romanek, SS.. ./../. Clemett,Clemett,117. 

X.X. D.D. F.F. Chillier,Chillier, C.C. R.R. Maechling,Maechling, andand R.R. N.N. Zare.Zare. 1996.1996. SearchSearch forfor pastpast lifelife onon Mars:Mars: possiblepossible 

relicrelic biogenicbiogenic activityactivity inin MartianMartian meteoritemeteorite ALH84001.ALH84001. Scienel'Scienel' 273:924-930.273:924-930. 

118.� Meldrum,Meldrum, F.F. c..c.. B.B. R.R. Heywood,Heywood, S.S. Mann,Mann, R.R. B.B. Frankel,Frankel, andand D.D. A.A. Bazylinski.Bazylinski. 1993.1993. ElectronElectron118. 

microscopymicroscopy studystudy ofof magnetosomesmagnetosomes inin twotwo culturedcultured vibrioidvibrioid magnetotacticmagnetotactic bacleria.bacleria. Pmc.Pmc. R.R. Soc.Soc. 

Low!.Low!. Sel:Sel: BB 251:237-242.251:237-242. 

119.� Meldrum,Meldrum, F.F. CC .... B.B. R.R. Heywood,Heywood, S.S. Mann,Mann, R.R. B.B. Frankel,Frankel, andand D.D. A.A. Bazylinski.Bazylinski. 1993.1993. ElectronElectron119. 

microscopymicroscopy .,tudy.,tudy ofof magnetosomesmagnetosomes inin aa culturedcultured coccoidcoccoid magnetotacticmagnetotactic bacterium.bacterium. Pml.Pml. R.R. SO(·.SO(·. 

Lond.Lond. Sf!Sf! BB 251:231-236.251:231-236. 

120.�120. Moench.Moench. T.T. T.T. 1988.1988. 13i/iIJ!wcoccus13i/iIJ!wcoccus 11111gnel0!IICliclis11111gnel0!IICliclis gen.gen. nov.nov. sp.sp. novnov.... aa motile.motile. magneticmagnetic COCl'US.COCl'US. 

AnlonieAnlonie Leell\H'nhoekLeell\H'nhoek 54:483-496.54:483-496. 

121.�121. Moench.Moench. 1'.1'. TT.•.• andand W.W. A.A. Konetzka.Konetzka. 1978.1978. AA novelnovel methodmethod forfor thethe isolati<Jnisolati<Jn andand studystudy ofof aa 

magneticmagnetic bacterium.bacterium. Arch.Arch. Microbio/.Microbio/. 119:203-212.119:203-212. 

122.�122. Moskowitz,Moskowitz, B.B. M.M. 1995.1995. Bi<JmineralizationBi<Jmineralization ofof magneticmagnetic minerals.minerals. ReI'.ReI'. Ceo!,h."s.Ceo!,h."s. SlIl'/I/.SlIl'/I/. 33:33: 123123

]]28.28. 

123.� Moskowitz.Moskowitz. B.B. M.,M., R.R. B.B. Frankel,Frankel, D.D. A.A. Bazylinski.Bazylinski. 199.1.199.1. RockRock magneticmagnetic criteriacriteria forfor thethe detectiondetection123. 

ofof biogenicbiogenic magnetite.magnetite. EilrlhEilrlh Pillwi.Pillwi. Sci.Sci. 1.1'11.1.1'11. 120:283-300.120:283-300. 

124�124 Moskowitz.Moskowitz. B.B. M.,M., R.R. B.B. Frankel.Frankel. D.D. A.A. Bazylinski.Bazylinski. H.H. W.W. Jannasch.Jannasch. andand D.D. R.R. Lovley.Lovley. JJ 989.989. 

AA comparisoncomparison ofof magnetitemagnetite particlesparticles producedproduced anaerobicallyanaerobically byby magnetotaeticmagnetotaetic andand dissimilatorydissimilatory 

iron·reducingiron·reducing bacteria.bacteria. Ceoph."s.Ceoph."s. Res.Res. Lell.Lell. 16:665-668.16:665-668. 

[25.�[25. Myers,Myers, C.C. R.,R., andand K.K. H.H. Nealson.Nealson. 1990.1990. IronIron mineralizationmineralization byby bacteria:bacteria: metabolicmetabolic couplingcoupling ofof 

ironiron reductionreduction toto cellcell metabolismmetabolism inin Alleml710nilsAlleml710nils plilrej"aciensplilrej"aciens MR·I.MR·I. p.p. 131-149.131-149. InIn R.R. B.B. FrankelFrankel 

andand R.R. P.P. BlakemoreBlakemore (ed.).(ed.). IronIron 13iolllinel"ll/s.13iolllinel"ll/s. PlenumPlenum Press.Press. NewNew York.York. NYNY 

126.� Nakamura,Nakamura, C.,C., J.J. G.G. Burgess,Burgess, K.K. Sode.Sode. andand T.T. Matsunaga.Matsunaga. 1995.1995. AnAn iron·regulatediron·regulated gene.gene. I71l1gA,I71l1gA,126. 

encodingencoding anan ironiron transporttransport proteinprotein ofof Magnelmpirilllll1lMagnelmpirilllll1l AMB·I.AMB·I. 1.1. Bio/.Bio/. Cho)].Cho)]. 270:28392-28396.270:28392-28396. 

127.� Nakamura,Nakamura, c.,c., 'I:'I: Kikuchi,Kikuchi, .I..I. G.G. Burgess,Burgess, andand T.T. Matsunaga.Matsunaga. 1995.1995. Iron-regulatedIron-regulated expressionexpression127. 

andand membranemembrane localizationlocalization ofof thethe MagAMagA proteinprotein inin MagnelospirillulI1MagnelospirillulI1 sp.sp. strainstrain AMB-I.AMB-I. 1.1. Biochell1.Biochell1. 

118:23-27.118:23-27. 

128.�128. Nakamura,Nakamura, c.,c., T.T. Sakaguchi.Sakaguchi. S.S. Kudo,Kudo, J.J. G.G. Burgess.Burgess. K.K. Sode.Sode. andand T.T. Matsunaga.Matsunaga. 1993.1993. 

CharacterizationCharacterization ofof ironiron uptakeuptake inin thethe magneticmagnetic bacteriumbacterium AI!lwspirilllll1lAI!lwspirilllll1l sp.sp. AMB-I.AMB-I. Apl)/.Apl)/. 

l3illchel1l.l3illchel1l. lIioleclJlw/.lIioleclJlw/. 39/40:39/40: 169-176.169-176. 



 

 

129.� Nakamura,Nakamura, N.,N., J.J. G.G. Burgess,Burgess, K.K. Yagiuda,Yagiuda, S.S. Kudo,Kudo, T.T. Sakaguchi,Sakaguchi, andand 01:01: Matsunaga.Matsunaga. DetectionDetection129. 

andand removalremoval ofof EscherichioEscherichio coiicoii usingusing AuoresceinAuorescein isothiocyanateisothiocyanate conjugatedconjugated monoclonalmonoclonal antibodyantibody 

immobilizedimmobilized onon bacterialbacterial magneticmagnetic particles.particles. Ano!.Ano!. Chell1.Chell1. 65:2036-2039.65:2036-2039. 

130.� Nakamura,Nakamura, N.,N., K.K. Hashimoto,Hashimoto, andand T.T. Matsunaga.Matsunaga. 1991.1991. ImmunoassayImmunoassay methodmethod forfor thethe deterdeter130. 

minationmination ofof immunoglobulinimmunoglobulin GG usingusing bacterialbacterial magneticmagnetic particles.particles. Ana!.Ana!. Chon.Chon. 63:268-272.63:268-272. 

l31.� Nakamura,Nakamura, N.,N., andand T.T. Matsunaga.Matsunaga. 1993.1993. HighlyHighly sensitivesensitive detectiondetection ofof allergenallergen usingusing bactenalbactenall31. 

magneticmagnetic particles.particles. Ano!.Ano!. Chill1.Chill1. ActoActo 281:585-589.281:585-589. 

132.� Neilands,Neilands, J.J. B.B. 1984.1984. AA briefbrief historyhistory ofof ironiron metabolism.metabolism. Bio!.Bio!. MewisMewis 4:4: 1-6.1-6.132.

133.� Noguchi,Noguchi, Y.,Y., T.T. Fujiwara,Fujiwara, K.K. Yoshimatsu,Yoshimatsu, andand Y.Y. Fukumori.Fukumori. 1999.1999. IronIron reductasereductase forfor magnetitemagnetite133. 

synthesissynthesis inin lI1ognetiJwcticulI1. 181:181:thethe magnetotacticmagnetotactic bacteriumbacterium MagnellJl"{JirillulI1MagnellJl"{JirillulI1 lI1ognetowcticulI1. 1.1. Boclerioi.Boclerioi. 

2142-2147.2142-2147. 

134.� Oberhack,Oberhack, M.,M., R.R. Siissmuth,Siissmuth, andand EE Hermann.Hermann. 1987.1987. MagnetotacticMagnetotactic bacteriabacteria fromfrom freshwater.freshwater. Z.Z.134. 

Notuljinsc!J.Notuljinsc!J. SaSa 42E:300-306.42E:300-306. 

135.� O'Brien,O'Brien, W.,W., L.L. C.C. Paoletti,Paoletti, andand R.R. P.P. Blakemore.Blakemore. 1987.1987. SpectralSpectral analysisanalysis ofof cytochromescytochromes inin135. 

Aquospiri!!ulI1l11ognetowcticUln.Aquospiri!!ulI1l11ognetowcticUln. CUrl:CUrl: Microbjo!.Microbjo!. 15:121-127.15:121-127. 

136.�136. Okuda,Okuda, Y.,Y., K.K. Denda,Denda, andand Y.Y. Fukumori.Fukumori. 1996.1996. CloningCloning andand sequencingsequencing ofof aa genegene encodingencoding aa 

newnew membermember ofof thethe tetratricopeptidetetratricopeptide proteinprotein familyfamily fromfrom magnetosomesmagnetosomes ofof Mognefospiri!!ulI1Mognefospiri!!ulI1 lI1oglI1og

netotocticulI1.netotocticulI1. CeneCene 171:99-102.171:99-102. 

137.� Oldfield,Oldfield, F.F. 1992.1992. TheThe sourcesource ofof fine-grainedfine-grained magnetitemagnetite inin sediments.sediments. Ho!oceneHo!ocene 2:2: 180-182.180-182.137.

138.�138. Palache,Palache, c.,c., H.H. Berman,Berman, andand C.C. Fronde\.Fronde\. 1944.1944. DwUlDwUl '.I''.I' Syslelll o{or Minera!ogy.Mineru!og\'.SYSlelll JohnJohn WilevWilev && 

Sons.Sons. IncInc .... NewNew York.York. N.Y.N.Y. 

139.� Paoletti,Paoletti, L.L. c.,c., andand R.R. P.P. Blakemore.Blakemore. 1986.1986. HydroxamateHydroxamate productionproduction byby Aquospiri!!ulI1Aquospiri!!ulI1 1I111glle1I111glle139. 

IOlwticulII.1.IOlwticulII.1. Bocterio!.Bocterio!. 167:73-76.167:73-76. 

140.� Paoletti,Paoletti, L.L. C.,C., andand R.R. P.P. Blakemore.Blakemore. 1988.1988. IronIron reductionreduction byby Aquospiri!!ulI1Aquospiri!!ulI1 lI1ognetotocticulI1.lI1ognetotocticulI1.140. 

CUrl:CUrl: MicroiJio!.MicroiJio!. 17:339-342.17:339-342. 

141.� Peck,Peck, J.J. A.,A., andand J.J. W.W. King.King. 1996.1996. MagnetofossilsMagnetofossils inin thethe sedimentssediments ofof LakeLake Baikal.Baikal. Siberia.Siberia. EorthEorth141. 

P!onet.P!onet. Sci.Sci. Lell.Lell. 140:140: 159-172.159-172. 

142.�142. Penninga,Penninga, I.,I., H.H. deWaard,deWaard, B.B. M.M. Moskowitz,Moskowitz, D.D. A.A. Bazylinski,Bazylinski, andand R.R. B.B. Frankel.Frankel. 1995.1995. 

RemanenceRemanence curvescurves forfor individualindividual magnelotacticmagnelotactic bacteriabacteria usingusing aa pulsedpulsed magneticmagnetic fieldfield .. .l..l. Mogli.Mogli. 

!v/ogn.!v/ogn. Motel:Motel: 149:279-286.149:279-286. 

\\ 43.43. Petersen.Petersen. N.,N., T.T. YonYon Dobeneck,Dobeneck, andand H.H. Vali.Vali. 1986.1986. FossilFossil bacterialbacterial magnetitemagnetite inin deep-seadeep-sea sedisedi

mcntsmcnts fromfrom thethe SouthSouth AtlanticAtlantic Ocean.Ocean. NotureNoture (London)(London) 320:611-615.320:611-615. 

1-14.1-14. Phillips,Phillips, J.J. B.B. \\986.986. TwoTwo l1lagneloreceptitllll1lagneloreceptitlll pathwayspathways inin aa mignltorymignltory salamander.salamander. ScienceScience 233:233: 

765-767.765-767. 

1-15.1-15. P6sfai,P6sfai, M.,M., P.P. R.R. Buseck.Buseck. D.D. A.A. Bazylinski,Bazylinski, andand R.R. B.B. Frankel.Frankel. 1998.1998. Re~lL"lionRe~lL"lion sequencesequence ofof ironiron 

Sciellcesulfidcsulfidc mineralsminerals inin bacteriabacteria andand theirtheir uscusc asas biomarkers.biomarkers. Sciel/ce 280:880-883.280:880-883. 

146.� P6sfai,P6sfai, M.,M., P.P. R.R. Buseck,Buseck, D.D. A.A. Bazylinski,Bazylinski, andand R.R. B.B. Frankel.Frankel. 1998.1998. [ron[ron sulfidessulfides fmmfmm magmag146. 

Minerai.nclotaClil'nclotaClil' baL·teria:baL·teria: strUl·lure.strUl·lure. compositions,compositions, andand phasephase transitions.transitions. A/I1.A/I1. Minerui. 83:83: 1469-1481.1469-1481. 

147.� Prokseh,Prokseh, R.R. B.,B., B.B. M.M. Moskowitz,Moskowitz, E.E. D.D. Dahlberg,Dahlberg, T.T. Schaeffer,Schaeffer, D.D. A.A. Bazylinski,Bazylinski, andand R.R. B.B.147. 

Frankel.Frankel. 1995.1995. MagneticMagnetic forceforce minoscopyminoscopy ofof thethe submlcronsubmlcron magneticmagnetic assemblyassembly inin aa magne[()tacticmagne[()tactic 

bacterium.bacterium. AJlJlI.AJlJlI. Pin's.Pin's. Lel/.Lel/. 66:2582-2584.66:2582-2584. 

148.� Rickard,Rickard, D.D. T.T. 1969.1969. TilcTilc l1licmbiologicall1licmbiological formationformation ofof imnimn sulfidcs.sulfidcs. Stodh.Stodh. Contril>.Contril>. Ceo!.Ceo!. 20:20:148. 

50-66.50-66. 

149.�149. COlltrih.Rickard,Rickard, D.D. T.T. 1969.1969. TheThe chemistrvchemistrv ofof ironiron sultidesultide formatiollformatioll atat lowlow temperaturcs.temperaturcs. Stod.h.Stod.h. COl/trih. 

Ceo!.Ceo!. 20:67-95.20:67-95. 

150.� Rogers,Rogers, F.F. G.,G., R.R. P.P. Blakemore,Blakemore, N.N. A.A. Blakemore,Blakemore, R.R. B.B. Frankel,Frankel, D.D. A.A. Bazylinski,Bazylinski, D.D. Maratea.Maratea.150. 

andand C.C. Rogers.Rogers. 1990.1990. IntercellularIntercellular sli'uCluresli'uClure inin aa many-celledmany-celled magnelOIC1cliCmagnelOIC1cliC proc~lrvole.proc~lrvole. Arch.Arch. 

Mlcmhio!.Mlcmhio!. 154:154: 18-22.18-22. 

151.� Rogers,Rogers, F.F. G.,G., R.R. P.P. Blakemore,Blakemore, N.N. A.A. Blakemore,Blakemore, R.R. B.B. Frankel,Frankel, D.D. A.A. Bazylinski,Bazylinski, D.D. Maratea.Maratea.151. 

andand C.C. Rogers.Rogers. 1990.1990. Intercellularjunctions.Intercellularjunctions. mOlilitymOlility amlmagnelosomeamlmagnelosome structurestructure inin aa multlL'ellularmultlL'ellular 

RiOlllill<'l'u!smagnetotacticmagnetotactic procal·yote.procal·yote. p.p. 239-255.239-255. !Il!Il R.R. B.B. FrankelFrankel andand R.R. P.P. BlakcmoreBlakcmore (ceJ.)(ceJ.) imllimll RiOll/ill<'l'u!s 

PlenumPlenum Press.Press. NewNew York.York. N.Y.N.Y. 

152.�152. ./1'.,Rossello-Mora,Rossello-Mora, R.R. A.,A., F.F. CaecavoCaecavo ./1"., K.K. Osterlehner,Osterlehner, N.N. Springer,Springer, S.S. Spring,Spring, D.D. Schiiler.Schiiler. W.W. 

Ludwig,Ludwig, R.R. Amann,Amann, M.M. Vannacanneyt.Vannacanneyt. andand K.-H.K.-H. Sehleifer.Sehleifer. 1994.1994. IsolatiollIsolatioll andand taxOlltl111ictaxOlltl111ic 



 

 

characterizationcharacterization ofof aa halotolerant.halotolerant. facultativefacultative anaemhicanaemhic iron-reducingiron-reducing bacterium.bacterium. S\'s/.S\'s/. Appl.Appl. MicroMicro

!>iol.!>iol. 17:569--573.17:569--573. 

153.� 1993.1993. MagnetiteMagnetite formationformation byby sulphatesulphate153. Sakaguchi,Sakaguchi, T.,T., J.J. G.G. Burgess,Burgess, andand T.T. lVlatsunaga.lVlatsunaga. aa 

reducingreducing bacterium.bacterium. NllllIreNllllIre (London)(London) 365:47-49.365:47-49. 

154.� Sakaguchi,Sakaguchi, H.,H., H.H. Hagiwara,Hagiwara, Y.Y. 1993.1993.154. Fukumori,Fukumori, Y.Y. Tamaura,Tamaura, M.M. Funaki,Funaki, andand S.S. Hirose.Hirose. 

OxygenOxygen concentration-dependentconcentration-dependent inductioninduction ofof aa 140-kDa140-kDa proteinprotein inin magneticmagnetic bacteriumbacterium MlIgneMlIgne

tospiri!!ulI1tospiri!!ulI1 1I11lgneloiaclicuII11I11lgneloiaclicuII1 MS-l.MS-l. FEMSFEMS Microbiol.Microbiol. Lel/.Lel/. 107:107: l 6 9 ~l 6 9 ~ 174.174. 

155.� Schleifer,Schleifer, K.-H.,K.-H., D.D. Schiller,Schiller, S.S. Spring,Spring, M.M. Weizenegger,Weizenegger, R.R. Amann,Amann, W.W. Ludwig,Ludwig, andand M.M. Kohler.Kohler.155. 

1991.1991. TheThe genusgenus MlIgnelospiri!!ul11MlIgnelospiri!!ul11 gen.gen. novnov.... descriptiondescription ofof MlIgnellJ.\piri!!ulI1MlIgnellJ.\piri!!ulI1 gryphisIVllldensegryphisIVllldense sp.sp. 

nov.,nov., andand transfertransfer ofof Aquas!Jirillul11Aquas!Jirillul11 I11l1gnetolllclicul11I11l1gnetolllclicul11 toto MlIgnelospiri!!ul11MlIgnelospiri!!ul11 l11agneloloclicullll11agnelolocliculll comb.comb. 

nov.nov. S\,SI.S\,SI. Ap!)!.Ap!)!. Microbiol.Microbiol. 14:379-385.14:379-385. 

156.�156. Schiller,Schiller, D.,D., andand E.E. Baeuerlein.Baeuerlein. 1996.1996. Iron-limitedIron-limited growthgrowth andand kineticskinetics ofof ironiron uptakeuptake inin MogMog

nelospirillulI1nelospirillulI1 gnphiswaldense.gnphiswaldense. Arch.Arch. Micro!>io!.Micro!>io!. 166:301-307.166:301-307. 

157.�157. Schiller,Schiller, D.,D., andand E.E. Baeuerlein.Baeuerlein. 1998.1998. DynamicsDynamics ofof ironiron uptakeuptake andand Fc,O.,Fc,O., mineralizationmineralization duringduring 

aerobicaerobic andand microacrobicmicroacrobic growthgrowth ofof Magne/Ospiri!lul11Magne/Ospiri!lul11 grvphi.I"\\'(/ldcnse.grvphi.I"\\'(/ldcnse. J.J. BOelerio!.BOelerio!. 180:180: 159-162.159-162. 

158.�158. Schiller,Schiller, D.,D., S.S. Spring,Spring, andand D.D. A.A. Bazylinski.Bazylinski. 1999.1999. ImprovedImproved techniquetechnique forfor thethe isolationisolation ofof 

magnetotacticmagnetotactic spirillaspirilla fromfrom aa freshwaterfreshwater sedimentsediment andand theirtheir phylogeneticphylogenetic characterization.characterization. S\'s/.S\'s/. 

Appl.Appl. Microbio!Microbio! 22:466-471.22:466-471. 

159.� Segall,Segall, J.J. E.,E., S.S. M.M. Block,Block, andand H.H. C.C. Berg.Berg. 1986.1986. TemporalTemporal comparisonscomparisons inin bacterialbacterial chemotaxis.chemotaxis.159. 

Proc.Proc. Nail.Nail. ACIld.ACIld. Sci.Sci. USAUSA 83:8987-899183:8987-8991 

160.�160. Short,Short, K.K. A.,A., andand R.R. P.P. Blakemore.Blakemore. 1986.1986. IronIron respimtion-drivenrespimtion-driven protonproton translocationtranslocation inin acrobicacrobic 

b a c t e r i ~ Lb a c t e r i ~ L J.J. Baelerio!.Baelerio!. 167:729-731.167:729-731. 

161.�161. Short,Short, K.K. A.,A., andand R.R. P.P. Blakemore.Blakemore. 1989.1989. PeriplasmicPeriplasmic supemxidesupemxide dismutasesdismutases inin Aquospirillul11Aquospirillul11 

1110gnelolaclicul11.1110gnelolaclicul11. Arch.Arch. Microbiol.Microbiol. 152:342-346.152:342-346. 

162.� Silverman,Silverman, M.,M., andand M.M. Simon.Simon. 1974.1974. FlagellarFlagellar rotationrotation andand thethe mechanismmechanism ofof bacterialbacterial motility.motility.162. 

NailireNailire (London)(London) 249:73-74.249:73-74. 

163.�163. Siobodkin,Siobodkin, A.A. l.,l., C.C. Jeanthon,Jeanthon, S.S. L'Haridon,L'Haridon, T.T. Nazina,Nazina, M.M. Miroschnichenko,Miroschnichenko, andand E.E. BonchBonch

Osmolovskaya.Osmolovskaya. 1999.1999. DissimilatoryDissimilatory reductionreduction ofof Fe(I1l)Fe(I1l) byby thermophilicthermophilic bacteriabacteria andand archaeaarchaea inin 

39:99-102deepdeep subsurfacesubsurface petroleumpetroleum reservoirsreservoirs ofof westernwestern Siberia.Siberia. Clln:Clln: Microbiol.Microbiol. 39:99-102

164.�164. SJobodkin,SJobodkin, A.A. l.,l., A.-L.A.-L. Reysenbach,Reysenbach, N.N. Strutz,Strutz, M.M. Dreier,Dreier, andand J.J. Wiegel.Wiegel. 1997.1997. ThemwlerroThemwlerro

baeleriul11baeleriul11 ferrireducensferrireducens gen.gen. nov.,nov., sp.sp. nov.,nov., aa thermophilicthermophilic anaerobicanaerobic dissimilatol'ydissimilatol'y Fe(Fe( llIl-reducingllIl-reducing 

bacteriulllbacteriulll fromfrom aa continentalcontinental hothot spring.spring. inlinl.. .J..J. S\'SI.S\'SI. Boclerio!.Boclerio!. 47:541-547.47:541-547. 

165.�165. Sparks,Sparks, N.N. H.H. C.C. 1990.1990. StructuralStructural andand morphologicalmorphological characterizationcharacterization ofof biogenicbiogenic magnctitemagnctite cryscrys

[als,[als, p.p. 167-177.167-177. !n!n R.R. B.B. FrankelFrankel andand R.R. PP BlakemoreBlakemore (ed.)(ed.) ironl3ioll1inem!s.ironl3ioll1inem!s. PlenumPlenum Press,Press, NewNew 

York,York, N.Y.N.Y. 

166.�166. Sparks,Sparks, N.N. H.H. c.,c., S.S. Mann,Mann, D.D. A.A. Bazylinski,Bazylinski, D.D. R.R. Lovley,Lovley, H.H. W.W. Jannasch,Jannasch, andand R.R. B.B. Frankel.Frankel. 

1990.1990. StructureStructure andand morphologymorphology ofof magnetitemagnetite anaerobically-producedanaerobically-produced byby aa marinemarine magnetotaeticmagnetotaetic 

bacteriumbacterium andand aa dissimilatorydissimilatory iron-reducingiron-reducing bacterium.bacterium. EllrlhEllrlh P!onel.P!onel. Sci.Sci. Lel/.Lel/. 98:98: 14-22.14-22. 

167.� aa167. Spormann,Spormann, A.A. M.,M., andand R.R. S.S. Wolfe.Wolfe. 1984.1984. Chemotactic,Chemotactic, magnetotacticmagnetotactic andand tactiletactile behaviorbehavior inin 

Micmbio!.magneticmagnetic spirillum.spirillum. FEMSFEMS Micmbio!' LeI!.LeI!. 22:22: 171-177.171-177. 

168.�168. Spring,Spring, S.,S., R.R. Amann,Amann, W.W. Ludwig,Ludwig, K.-H.K.-H. Schleifer,Schleifer, H.H. vanvan Gemerden,Gemerden, andand N.N. Petersen.Petersen. 1993.1993. 

DominatingDominating rolerole ofof anan unusualunusual magnetotacticmagnetotactic bacteriumbacterium inin thethe microaerobicmicroaerobic zonezone ofof aa freshwaterfreshwater 

sediment.sediment. App!.App!. Environ.Environ. Microbio!.Microbio!. 59:2397-2403.59:2397-2403. 

169.� 

andand identificationidentification ofof non-culturablenon-culturable magnetotacticmagnetotactic bacteria.bacteria. Sysi. App!.App!. Microbio!.Microbio!. 

169. Spring,Spring, S.,S., R.R. Amann,Amann, W.W. Ludwig,Ludwig, K.-H.K.-H. Schleifer,Schleifer, andand N.N. Petersen.Petersen. 1992.1992. PhylogeneticPhylogenetic diversitydiversity 

Sysl. 15:15: 116-122.116-122. 

170.� Spring,Spring, S.,S., R.R. Amann,Amann, W.W. Ludwig,Ludwig, K.-H.K.-H. Schleifer,Schleifer, D.D. Schiller,Schiller, K.K. Poralla,Poralla, andand N.N. Petersen.Petersen.170. 

1994.1994. PhylogeneticPhylogenetic analysisanalysis ofof uncultureduncultured magnetotacticmagnetotactic bacteriabacteria fromfrom thethe alpha-subclassalpha-subclass ofof ProPro

teobacteria.teobacteria. S\'.\I.S\'.\I. App!.App!. Micmbio!.Micmbio!. 17:501-508.17:501-508. 

171.�171. Spring,Spring, S.,S., U.U. Lins,Lins, R.R. Amann,Amann, K.-H.K.-H. Schleifer,Schleifer, L.L. C.C. S.S. Ferreira,Ferreira, D.D. M.M. S.S. Esquivel,Esquivel, andand M.M. 

Farina.Farina. 1998.1998. PhylogeneticPhylogenetic affiliationaffiliation andand ultrastructureultrastructure ofof uncultureduncultured magneticmagnetic bacteriabacteria withwith unun

usuallyusually largelarge magnetosomes.magnetosomes. Arch.Arch. Microbio!.Microbio!. 169:169: 136-147.136-147. 

172.� Spring,Spring, S.,S., andand K.-H.K.-H. Schleifer.Schleifer. 1995.1995. DiversityDiversity ofof magnetotacticmagnetotactic bacteria.bacteria. S\'SI.S\'SI. Appl.Appl. Microbiol.Microbiol.172. 

18:18: 147-153.147-153. 

173.�173. Stolz,Stolz, J.J. EE 1993.1993. Magnetosomes.Magnetosomes. JJ CenCen Microbiol.Microbiol. 139:1663-1670.139:1663-1670. 



 

 

174.�174. Stolz,Stolz, J.J. F.,F., S.-B.S.-B. R.R. Chang,Chang, andand J.J. L.L. Kirschvink.Kirschvink. 1986.1986. MagnetotacticMagnetotactic bacteriabacteria andand singlesingle domaindomain 

magnetitemagnetite inin hemipelagichemipelagic sediments.sediments. NalureNalure (London)(London) 321:849-850.321:849-850. 

175.�175. Stolz,Stolz, J.J. F.,F., D.D. R.R. Lovley,Lovley, andand S.S. E.E. Haggerty.Haggerty. 1990.1990. BiogenicBiogenic magnetitemagnetite andand thethe magnetizationmagnetization 

ofof sediments.sediments. J.J. Geo/Jhys.Geo/Jhys. Res.Res. 95:4355-4361.95:4355-4361. 

176.�176. Suzuki,Suzuki, H.,H., T.T. Tanaka,Tanaka, T.T. Sasaki,Sasaki, N.N. Nakamura,Nakamura, T.T. Matsunaga,Matsunaga, andand S.S. Mashiko.Mashiko. 1998.1998. HighHigh 

resolutionresolution magneticmagnetic forceforce microscopemicroscope imagesimages ofof aa magneticmagnetic particleparticle chainchain extractedextracted fromfrom magneticmagnetic 

bacteriabacteria AMB-!.AMB-!. Jpl1.Jpl1. J.J. A/Jp!A/Jp! PhysPhys 37:Ll343-Ll345.37:Ll343-Ll345. 

177.� Swancutt,Swancutt, M.M. A.,A., B.B. S.S. Riley,Riley, J.J. D.D. Radolf,Radolf, andand M.M. V.V. Norgard.Norgard. 1989.1989. MolecularMolecular characterizationcharacterization177. 

onon thethe pathogen-specific.pathogen-specific. 34-kilodalton34-kilodalton membranemembrane immunogenimmunogen ofof Tre/JOnell1aTre/JOnell1a pa/lidull1.pa/lidull1. In/'oc/.In/'oc/. 

11111111111111 lin.lin. 57:3314-3323.57:3314-3323. 

178.� Tamegai,Tamegai, H.,H., andand Y.Y. Fukumori.Fukumori. 1994.1994. Purification,Purification, andand molecularmolecular andand enzymaticenzymatic featuresfeatures178. somesome 

ofof aa novelnovel cch-typecch-type cytochromecytochrome ('(' oxidaseoxidase fromfrom aa microaerobicmicroaerobic denitrifler,denitrifler, Magne/ospiri/lill1Magne/ospiri/lill1 magmag

ne/owericllm.ne/owericllm. FEBSFEBS Lell.Lell. 347:22-·26.347:22-·26. 

179.�179. Tamegai,Tamegai, H.,H., T.T. Yamanaka,Yamanaka, andand Y.Y. Fukumori.Fukumori. 1993.1993. PurificationPurification andand propertiesproperties ofof aa "cytochrome"cytochrome 

00 ,, "" -like-like hemoproteinhemoprotein fromfrom aa magnetotacticmagnetotactic bacterium,bacterium, Aquas/'iri//lIlI1Aquas/'iri//lIlI1 magne/o/ac/icUin.magne/o/ac/icUin. Biochill1.Biochill1. 

Biophys.Biophys. Ac/aAc/a 1158:237-243.1158:237-243. 

180.� Taylor,Taylor, 13.13. L.L. 1983.1983. HowHow dodo bacteriabacteria findfind thethe optimaloptimal concentrationconcentration ofof oxygen')oxygen') TrendsTrends Biochell1.Biochell1.180. 

Sci.Sci. 8:438-441.8:438-441. 

181.�181. Thornhill,Thornhill, R.R. H.,H., J.J. G.G. Burgess,Burgess, T.T. Sakaguchi,Sakaguchi, andand T.T. Matsunaga.Matsunaga. 1994.1994. AA morphologicalmorphological 

classificationclassification ofof bacteriabacteria containingcontaining bullet-shapedbullet-shaped magneticmagnetic particles.particles. FEMSFEMS MicroIJio!MicroIJio! Lell.Lell. 115:115: 

169-176.169-176. 

182.�182. TorresTorres dede Araujo,Araujo, F.F. F.,F., M.M. A.A. Pires,Pires, R.R. 13.13. Frankel,Frankel, andand C.C. E.E. M.M. Bicudo.Bicudo. 1986.1986. MagnetiteMagnetite andand 

magnetotaxismagnetotaxis inin algae.algae. Biophys.Biophys. J.J. 50:385-378.50:385-378. 

183.�183. lowe,lowe, K.K. M.,M., andand T.T. T.T. Moench.Moench. 1981.1981. Electron-opticalElectron-optical characterizationcharacterization ofof bacterialbacterial magnetite.magnetite. 

EarlhEarlh P/anel.P/anel. Sci.Sci. Lell.Lell. 52:213-220.52:213-220. 

184.� vanvan Vliet,Vliet, A.A. H.,H., K.K. G.G. Woolridge,Woolridge, andand J.J. M.M. Ketley.Ketley. 1998,1998, Iron-responsiveIron-responsive genegene regulationregulation inin aa184. 

CiJlnpy/olJaclerCiJlnpy/olJacler jellinijellini .tilr.tilr mutant.mutant. J.J. Baclerio/.Baclerio/. 180:529180:529 II -5298.-5298. 

185.� Vargas,Vargas, M.,M., K.K. Kashefi,Kashefi, E.E. L.L. munt-Harris,munt-Harris, andand D.D. R.R. Lovley.Lovley. 1998.1998. MicrobiologicalMicrobiological evidenceevidence185. 

(or(or Fe(llJ)Fe(llJ) reductionreduction onon earlyearly Earth.Earth. NailireNailire (London)(London) 395:65-67.395:65-67. 

186.186. Wakeham,Wakeham, S.S. G.,G., B.B. L.L. Howes,Howes, andand J.J. W.W. H.H. Dacey.Dacey. 1984.1984. DimethylDimethyl sulphidesulphide inin aa stratifiedstratified 

coastalcoastal saltsalt pond.pond. NailireNailire (London)(London) 310:770-772,310:770-772, 

1'1\7.1'1\7. Wakeham,Wakeham, S.S. G.,G., B.B. LL Howes,Howes, J.J. W.W. H.H. Dacey,Dacey, R.R. P.P. Schwarzenbach,Schwarzenbach, andand J.J. Zeyer.Zeyer. 1987.1987. 

BiogeochemlslryBiogeochemlslry o(o( dimethylsulhdedimethylsulhde inin aa seasonallyseasonally stratifiedstratified coastalcoastal saltsalt pond.pond. Gel}[·him.Gel}[·him. CosmoCosmo

chim.chim. AeroAero 51:1675-1684.51:1675-1684. 

18'1\.�18'1\. Walcott,Walcott, c.,c., .I..I. L.L. Gould,Gould, andand .I..I. LL Kirschvink.Kirschvink. 1979.1979. PigeonsPigeons havehave magnets.magnets. ScienceScience 205:205: II 027027

1029.1029. 

18'.!.18'.!. Walcott,Walcott, c.,c., andand R.R. P.P. Grcen.Grcen. 1974.1974. OrientationOrientation ofof hominghoming pigeonspigeons alteredaltered byby aa changechange inin thethe 

dircctlondircctlon o(o( anan appliedapplied magneticmagnetic licld,licld, ScienceScience 184:184: II 0'1\-182.0'1\-182. 

190.� \Valeh,\Valeh, N.N. S.S. 19'1\8.19'1\8. FunctionalFunctional expressionexpression o(o( Alfllll.lpiri/lli/JIAlfllll.lpiri/lli/JI /JIagnelolllclicllIIl/JIagnelolllclicllIIl genesgenes inin EscherichiaEscherichia190. 

m!im!i KK 12.12. Mol.Mol. Gell.Gell. Gellel.Gellel. 214:592-594.214:592-594. 

191.� Walker,Walker, M.M. M.,M., andand M.M. E.E. Bitterman.Bitterman. 1989.1989. HlJneybeesHlJneybees cancan bebe trainedtrained toto resplJndresplJnd toto vcryvcry smallsmall191. 

changeschanges inin geomagneticgeomagnetic heldheld inlensity.inlensity. J.J. Exj!.Exj!. BioI.BioI. 145:4'1\9-494.145:4'1\9-494. 

192.�192. Walker,Walker, M.M. M.,M., C.C. E.E. Diebel,Diebel, C.C. V.V. Haugh,Haugh, P.P. M.M. Pankhurst,Pankhurst, andand J.J. C.C. Montgomery.Montgomery. 1997.1997. 

Structlll'eStructlll'e andand (unclion(unclion o(o( thethe vertebratevertebrate magneticmagnetic sense.sense. NlllllreNlllllre 390:371-.i76.390:371-.i76. 

193.� Walker,Walker, M.M. M.,M., J.J. L.L. Kirschvink,Kirschvink, A.A. E.E. Dizon,Dizon, andand G.G. Ahmed.Ahmed. 1992.1992. EvidenceEvidence thatthat tintin wh~lleswh~lles193. 

respondrespond toto thethe geomagneticgeomagnetic heldheld dlll'ingdlll'ing migration.migration. J.J. Exp.Exp. Bio/.Bio/. 171:67-78.171:67-78. 

194.�194. Woese,Woese, C.C. R.R. 19'1\7.19'1\7. BacterialBacterial evolution.evolution. Microhiol.Microhiol. RI'\'.RI'\'. 5151 :221-271.:221-271. 

195.�195. Yamazaki,Yamazaki, '1'.,'1'., H.H. Oyanagi,Oyanagi, T.T. Fujiwara,Fujiwara, andand Y.Y. Fukumori.Fukumori. 1995.1995. NitriteNitrite reduclasereduclase fmmfmm thethe 

m~lgnetotaelicm~lgnetotaelic bacteriumbacterium MIIgllelospiri//II/J1MIIgllelospiri//II/J1 mllgneloillclicllm:mllgneloillclicllm: aa novelnovel cytochromecytochrome cd,cd, WithWith Fe(!!):Fe(!!): 

nitritenitrite oxidoreductaseoxidoreductase activity.activity. Do:Do: J.J. Biochi'll1.Biochi'll1. 233:665-671.233:665-671. 

196.�196. Zavarzin,Zavarzin, G.G. A.,A., E.E. Stackebrandt,Stackebrandt, andand R.R. G.G. E.E. Murray.Murray. 1'.!91'.!9 I.I. AA correlationcorrelation oror phylogeneticphylogenetic 

diversitydiversity inin thethe ProteobactcriaProteobactcria withwith thethe inlluencesinlluences oror ecologicalecological forces.forces. CIIIl.CIIIl. J.J. Mi,·mhio/.Mi,·mhio/. 37:37: 1-6.1-6. 

1'.!7.� Zhang,Zhang, c.,c., S.S. Liu,Liu, T.T. J.J. Phelps,Phelps, D.D. R.R. Cole,Cole, J.J. Horita,Horita, andand S.S. M.M. Fortier.Fortier. 1'.!97.1'.!97. Physiochemil'al.Physiochemil'al.1'.!7. 

mineralogical.mineralogical. andand isotopicisotopic characterizationcharacterization o(o( magnetitc-richmagnetitc-rich ironiron OXidesOXides formedformed byby thermophilicthermophilic 

iron-reducingiron-reducing bacteria.bacteria. Geochim.Geochim. Cosllwchim.Cosllwchim. AetllAetll 6161 :4621-4632.:4621-4632. 



 

198� Zhang,Zhang, c.,c., H.H. Vali,Vali, C.C. S.S. Romanek,Romanek, T.T. J.J. Phelp,Phelp, andand S.S. V.V. Iou.Iou. 1998.1998. FormationFormation ofof singlesingle domaindomain198 

magnetitemagnetite byby aa thermophilicthermophilic bacterium.bacterium. Am.Am. Mineral.Mineral. 83:83: 1409-1418.1409-1418. 

199.� Zhulin,Zhulin, I.I. 8.,8., V.V. A.A. Bespelov,Bespelov, M.M. S.S. Johnson,Johnson, andand B.B. L.L. Taylor.Taylor. 19'16.19'16. OxygenOxygen taxistaxis andand protonproton199. 

motivemotive forceforce inin A~ospirillull1A~ospirillull1 brasiliense.brasiliense. J.J. Bacteriol.Bacteriol. 178:5199-5204.178:5199-5204. 


