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ABSTRACTABSTRACT 

MagnetotacticMagnetotactic bacteriabacteria isolatedisolated fromfrom swampswamp waterwater werewere growngrown inin purepure cultureculture inin 

thethe laboratory.laboratory. ThisThis newlynewly isolatedisolated speciesspecies waswas culturedcultured inin thethe magneticmagnetic andand thethe 
nonmagneticnonmagnetic state.state. MagneticMagnetic cells,cells, whichwhich werewere richrich inin iron,iron, alsoalso producedproduced 
particlesparticles similarsimilar toto thosethose foundfound previouslypreviously inin otherother magneticmagnetic bacteriabacteria ofof marshesmarshes 
andand bogs.bogs. ByBy contrast,contrast, theirtheir nonmagneticnonmagnetic counterpartscounterparts hadhad muchmuch lowerlower ironiron 

levelslevels andand lackedlacked thethe crystalcrystal structures.structures. MossbauerMossbauer spectroscopicspectroscopic analysesanalyses ofof 

wholewhole cellscells ofof magneticmagnetic bacteriabacteria indicatedindicated thatthat theythey containedcontained thethe mineralmineral 
magnetite.magnetite. 

MorphologicallyMorphologically diversediverse magnetotacticmagnetotactic bacteriabacteria (Fig.(Fig. 1'1'J , ~ . normallynormally 
(Blakemore,presentpresent inin marinemarine andand freshwaterfreshwater environmentsenvironments (BlakemOl:e, 1975)1975) 

alignedaligned with,with, andand swamswam inin aa preferredpreferred directiondirection in,in, thethe geomagneticgeomagnetic 
fieldfield (Kalmijn(Kalmijn andand Blakemore,Blakemore, 1977).1977). MostMost ofof thethe cellscells observedobserved inin 

northwardvariousvarious mudmud samplessamples swimswim northward andand downward.downward. ReversalReversal ofof thethe 
ambientambient magneticmagnetic fieldfield withwith aa smallsmall permanentpermanent magnetmagnet (Fig.(Fig. 2)2) oror 

withwith HelmholtzHelmholtz coilscoils (Kalmijn(Kalmijn andand Blakemore,Blakemore, 1977)1977) causedcaused thethe 
swimmingswimming cellscells toto makemake largelarge U-turnsU-turns withinwithin secondsseconds andand swimswim inin thethe 
oppositeopposite direction.direction. KilledKilled cellscells alsoalso orientedoriented inin uniformuniform magneticmagnetic 
fieldsfields asas lowlow asas 0.10.1 GG (1(1 GG ==  10-10-44  T).T). 

studies,AsAs aa resultresult ofof cellcell remagnetizationremagnetization stUdies, KalmijnKalmijn andand BlakeBlake
moremore (1978;(1978; seesee alsoalso ScientificScientific American,American, 1978,1978, 238:238: 72-73)72-73) 
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Fig.Fig. 11 RepresentativeRepresentative magneticmagnetic bacteriabacteria separatedseparated fromfrom sedimentssediments 

byby applicationapplication ofof nonuniformnonuniform magneticmagnetic fieldsfields (by(by phase-contrastphase-contrast 
microscopy).microscopy). 

concludedconcluded thatthat thesethese bacteriabacteria orientedoriented throughthrough aa directdirect ferroferro

magneticmagnetic responseresponse andand exhibitedexhibited propertiesproperties characteristiccharacteristic ofof singlesingle 

magneticmagnetic domains.domains. 

IntracytoplasmicIntracytoplasmic chainschains ofof granulesgranules oror crystalscrystals werewere presentpresent inin 
bothboth marinemarine [Fig.[Fig. 3(a)]3(a)] andand freshwaterfreshwater [Fig.[Fig. 3(b)]3(b)] magneticmagnetic bacteriabacteria 

collectedcollected fromfrom muds.muds. InIn thethe predominantpredominant marinemarine formform presentpresent inin EelEel 

PondPond (Massachusetts)(Massachusetts) thethe particlesparticles werewere foundfound toto containcontain ironiron asas aa 

majormajor elementelement (Blakemore,(Blakemore, 1975).1975). 
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Fig.2 TimedTimed exposureexposure (several(several seconds)seconds) ofof swimmingswimming bacteriabacteria bybyFig. 2 

dark-fielddark-field microscopy.microscopy. U·shapeU·shape trackstracks (arrows)(arrows) indicateindicate pathspaths ofof cellscells 
thatthat havehave mademade 180180

00 

turnsturns inin responseresponse toto reversalreversal ofof aa smallsmall barbar 
magnetmagnet heldheld 1010 emem away.away. MagneticMagnetic fieldfield atat thethe microscopemicroscope causedcaused 

byby thethe magnetmagnet waswas roughlyroughly 0.50.5 G.G. 

MATERIALSMATERIALS ANDAND METHODSMETHODS 

BlakemoreBlakemore andand WolfeWolfe recentlyrecently isolatedisolated aa magneticmagnetic bacteriumbacterium 

fromfrom aa freshwaterfreshwater swampswamp (unpublished(unpublished results).results). ThisThis unclassifiedunclassified 

SpirillumSpirillum hashas remainedremained magneticmagnetic throughthrough repeatedrepeated growthgrowth transferstransfers 

inin  thethe laboratory.laboratory. AA populationpopulation ofof nonmagneticnonmagnetic cellscells waswas derivedderived 

fromfrom aa cultureculture ofof thisthis newnew organismorganism byby successivesuccessive cloningcloning ofof cellscells 

growngrown underunder conditionsconditions unfavorableunfavorable forfor magnetismmagnetism (i.e.,(i.e., highhigh 

nutrientsnutrients andand loweredlowered culture-mediumculture-medium ironiron levels).levels). 

CellsCells werewere massmass culturedcultured inin 10-liter10-liter glassglass carboyscarboys inin aa mediummedium 

containingcontaining 10%10% (vol./vol.)(vol./vol.) filteredfiltered bogbog waterwater asas thethe principalprincipal 
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Fig.Fig. 3.3. Iron-containingIron-containing crystalscrystals withinwithin magneticmagnetic bacteria.bacteria. ElectronElectron 
micrographmicrograph ofof unstainedunstained cellscells ofof thethe predominantpredominant typetype foundfound inin (a)(a) aa 
marinemarine marshmarsh andand (b)(b) aa freshwaterfreshwater swamp.swamp. 
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(undefined)(undefined) sourcesource ofof ironiron andand perhapsperhaps otherother nutrients.nutrients. CellsCells werewere 

harvestedharvested byby centrifugationcentrifugation andand washedwashed threethree timestimes inin distilleddistilled water.water. 
TheThe washed,washed, intactintact cellscells werewere freeze-driedfreeze-dried andand thethe resultingresulting cellcell 
powderspowders werewere usedused forfor elementalelemental andand MossbauerMossbauer analyses.analyses. 

RESULTSRESULTS 

CellsCells ofof thethe magneticmagnetic Spirillum,Spirillum, butbut notnot ofof thethe nonmagneticnonmagnetic 

form,form, containedcontained chainschains ofof crystalscrystals similarsimilar toto thosethose describeddescribed 
previouslypreviously (see(see Fig.Fig. 4).4). InIn otherother importantimportant physiologicalphysiological andand 

taxonomictaxonomic characteristics,characteristics, thethe twotwo formsforms areare \dentical.\dentical. 

TheThe elementalelemental compositioncomposition ofof magneticmagnetic andand nonmagneticnonmagnetic formsforms 

ofof thisthis speciesspecies werewere comparedcompared byby meansmeans ofof energyenergy dispersivedispersive X-rayX-ray 

analysis.analysis. ResultsResults indicatedindicated thatthat magneticmagnetic cellscells hadhad aa significantlysignificantly 

higherhigher ironiron contentcontent thanthan nonmagneticnonmagnetic cells.cells. ResultsResults ofof atomicatomic

absorptionabsorption spectrophotometryspectrophotometry ofof acid-digestedacid-digested wholewhole cellscells indicatedindicated 
thatthat 1.5%1.5% ofof thethe drydry weightweight ofof magneticmagnetic bacteriabacteria waswas iron.iron. ThisThis valuevalue 
waswas 1313 timestimes thatthat forfor nonmagneticnonmagnetic cells.cells. ValuesValues ,for,for nonmagneticnonmagnetic 
cellscells werewere onlyonly slightlyslightly higherhigher thanthan publishedpublished valuesvalues forfor otherother 

heterotrophicheterotrophic bacteria.bacteria. TheseThese resultsresults suggestedsuggested thatthat ironiron waswas locallocal

. izedized inin  thethe crystalscrystals ofof magneticmagnetic bacteria.bacteria. TheThe resultsresults alsoalso suggestedsuggested 

thatthat itit mightmight bebe possiblepossible toto analyzeanalyze wholewhole cellscells byby meansmeans ofof 
MossbauerMossbauer spectroscopyspectroscopy withoutwithout 5757 FeFe enrichment.enrichment. 

TheThe MossbauerMossbauer spectrumspectrum forfor magneticmagnetic cellscells (Fig.(Fig. 5)5) waswas 
comparedcompared withwith publishedpublished spectraspectra ofof magneticmagnetic andand nonmagneticnonmagnetic 
iron-containingiron-containing substances.substances. TheThe spectrumspectrum forfor magneticmagnetic cellscells resemresem
bledbled mostmost closelyclosely thethe spectrumspectrum ofof thethe ferromagneticferromagnetic mineralmineral 

(FeO· Fe 2 0magnetitemagnetite (FeO' Fe2°33 ),), PurePure magnetitemagnetite waswas analyzedanalyzed underunder similarsimilar 
conditionsconditions (data(data notnot shown),shown), andand minorminor differencesdifferences inin thethe twotwo 
spectraspectra werewere observed.observed. TheseThese maymay relaterelate toto differencesdifferences inin thethe typestypes 
ofof samplessamples (i.e.,(i.e., magnetitemagnetite inin biologicalbiological materialmaterial asas comparedcompared withwith 

purepure stoichimoetricstoichimoetric magnetite)magnetite) oror maymay indicateindicate thethe presencepresence ofof 

additionaladditional iron-containingiron-containing substancessubstances inin magneticmagnetic cells.cells. TheseThese andand 
otherother possibilitiespossibilities areare currentlycurrently underunder investigation.investigation. 

DISCUSSIONDISCUSSION 

MagnetiteMagnetite isis normallynormally associatedassociated withwith thethe ChitonChiton radularadula (Lowen(Lowen
starn,stam, 1962)1962) andand isis presumablypresumably presentpresent inin insectsinsects (Gould,(Gould, Kirschvink,Kirschvink, 

andand Deffeyes,Deffeyes, 1978).1978). StudiesStudies withwith magneticmagnetic bacteriabacteria havehave directlydirectly 
relatedrelated thethe presencepresence ofof thisthis ferromagneticferromagnetic substancesubstance toto cellcell orientaorienta

(O.l-G)tionaltional responsesresponses inin weakweak (O.1G)  stationarystationary magneticmagnetic fields.fields. 
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Fig. 4 Electron micrograph of thin-sectioned magnetic cell of strain 

of crystals within cytoplasmic region. Bar 
MS-!. Note chain 
length, 0.25 jJ.m. 
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Fig.Fig. 55 MossbauerMossbauer spectrum,spectrum, atat roomroom temperature,temperature, ofof 350350 mgmg of of 

MS-1freeze-driedfreeze-dried cellscells ofof strainstrain MS-l growngrown inin mediummedium containingcontaining bog bog 

water.water. TheThe solidsolid lineline isis aa theoreticaltheoretical least-squaresleast-squares fitfit toto thethe data, data, 
assumingassuming LorentzianLorentzian lineline shapes. shapes. 
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