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INTRODUCTIONINTRODUCTIONINTRODUCTION 

MagnetotacticMagnetotacticMagnetotactic bacteriabacteriabacteria includeincludeinclude variousvariousvarious speciesspeciesspecies ofofof aquaticaquaticaquatic micromicromicro
organismsorganismsorganisms thatthatthat orientorientorient andandand swimswimswim alongalongalong magneticmagneticmagnetic fieldfieldfield lineslineslines (Blakemore,(Blakemore,(Blakemore, 
1975;1975;1975; 1982;1982;1982; BlakemoreBlakemoreBlakemore &&& Frankel,Frankel,Frankel, 1981;1981;1981; MoenchMoenchMoench &&& Konetzka,Konetzka,Konetzka, 1978).1978).1978). AllAllAll 
magnetotacticmagnetotacticmagnetotactic cellscellscells examinedexaminedexamined tototo datedatedate bybyby electronelectronelectron microscopymicroscopymicroscopy containcontaincontain 
iron-rich,iron-rich,iron-rich, electronelectronelectron opaqueopaqueopaque particlesparticlesparticles (Balkwill(Balkwill(Balkwill etetet al.al.al. 1980;1980;1980; ToweToweTowe &&& 
Moench,Moench,Moench, 1981).1981).1981). InInIn severalseveralseveral andandand possiblypossiblypossibly allallall speciesspeciesspecies ofofof magnetotacticmagnetotacticmagnetotactic 
bacteria,bacteria,bacteria, thethethe particlesparticlesparticles consistconsistconsist ofofof magnetite,magnetite,magnetite, Fe,O.Fe.O.Fe.O. (Frankel(Frankel(Frankel etetet al.,al.,al., 
1979).1979).1979). InInIn mostmostmost speciesspeciesspecies thethethe particlesparticlesparticles areareare arrangedarrangedarranged ininin chains,chains,chains, whichwhichwhich 
impartimpartimpart aaa magneticmagneticmagnetic momentmomentmoment tototo thethethe cell,cell,cell, parallelparallelparallel tototo thethethe axisaxisaxis ofofof motility.motility.motility. 
TheTheThe momentmomentmoment isisis SUfficientlySUfficientlySUfficiently largelargelarge thatthatthat thethethe bacteriumbacteriumbacterium isisis orientedorientedoriented ininin thethethe 
geomagneticgeomagneticgeomagnetic fieldfieldfield atatat ambientambientambient temperaturetemperaturetemperature asasas ititit swims,swims,swims, i.e.i.e.i.e. thethethe chainchainchain ofofof 

Fe.O.Fe,O.Fe,O. particlesparticlesparticles functionsfunctionsfunctions asasas aaa biomagneticbiomagneticbiomagnetic compasscompasscompass (Frankel(Frankel(Frankel &&& Blakemore,Blakemore,Blakemore, 
1980).1980).1980). ByByBy thisthisthis meansmeansmeans thethethe organismorganismorganism propelspropelspropels itselfitselfitself alongalongalong thethethe geomagneticgeomagneticgeomagnetic 
fieldfieldfield lines.lines.lines. TheTheThe directiondirectiondirection ofofof migrationmigrationmigration dependsdependsdepends ononon thethethe orientationorientationorientation ofofof 
thethethe biomagneticbiomagneticbiomagnetic compass.compass.compass. ThoseThoseThose withwithwith north-seekingnorth-seekingnorth-seeking polepolepole forwardforwardforward migratemigratemigrate 
northnorthnorth alongalongalong thethethe fieldfieldfield lines.lines.lines. ThoseThoseThose withwithwith thethethe south-seekingsouth-seekingsouth-seeking polepolepole forwar"dforwardforward 
migratemigratemigrate south.south.south. ItItIt hashashas beenbeenbeen foundfoundfound thatthatthat north-seekingnorth-seekingnorth-seeking bacteriabacteriabacteria predomipredomipredomi
natenatenate ininin thethethe NorthernNorthernNorthern HemisphereHemisphereHemisphere whilewhilewhile south-seekingsouth-seekingsouth-seeking bacteriabacteriabacteria predominatepredominatepredominate 
ininin thethethe SouthernSouthernSouthern HemisphereHemisphereHemisphere (Blakemore(Blakemore(Blakemore etetet al .•al.,al., 1980;1980;1980; Kirschvink,Kirschvink,Kirschvink, 1980).1980).1980). 
TheTheThe verticalverticalvertical componentcomponentcomponent ofofof thethethe inclinedinclinedinclined geomagneticgeomagneticgeomagnetic fieldfieldfield selectsselectsselects thethethe 
predominantpredominantpredominant polaritypolaritypolarity ininin eacheacheach hemispherehemispherehemisphere bybyby presumablypresumablypresumably favoringfavoringfavoring thosethosethose 
cellscellscells whosewhosewhose polaritypolaritypolarity causescausescauses themthemthem tototo bebebe directeddirecteddirected downwarddownwarddownward towardstowardstowards thethethe 
sedimentssedimentssediments andandand awayawayaway fromfromfrom thethethe toxictoxictoxic effectseffectseffects ofofof thethethe oxygen-richoxygen-richoxygen-rich surfacesurfacesurface 
waters.waters.waters. AtAtAt thethethe geomagneticgeomagneticgeomagnetic equatorequatorequator wherewherewhere thethethe verticalverticalvertical componentcomponentcomponent isisis zerozerozero 
bothbothboth polaritiespolaritiespolarities coexist;coexist;coexist; presumably,presumably,presumably, horizontallyhorizontallyhorizontally directeddirecteddirected motionmotionmotion isisis 
equallyequallyequally beneficialbeneficialbeneficial tototo bothbothboth polaritiespolaritiespolarities ininin reducingreducingreducing harmfulharmfulharmful upwardupwardupward 

migrationmigrationmigration (Frankel(Frankel(Frankel etetet al.,al.,al., 1981).1981).1981). 



 

 

 

 

 

 

TheTheThe magnetotacticmagnetotacticmagnetotactic bacteriabacteriabacteria examinedexaminedexamined tototo datedatedate shareshareshare certaincertaincertain charcharchar
acteristicsactel"isticsactel"istics ininin additionadditionaddition tototo magnetism.magnetism.magnetism. Th,eyTh,ey T h ~ y allallall appear>appear> tototo bebebe GramGramGramappear neganeganega
tive,tive,tive, motilemotilemotile bybyby meansmeansmeans ofofof flagella,flagella,flagella, andandand microaerophilic.microaerophilic.microaerophilic. ItItIt isisis possiblepossiblepossible 
thatthatthat nonmotilenonmotilenonmotile andandand consequentlyconsequentlyconsequently nonmagnetotacticnonmagnetotacticnonmagnetotactic formsformsforms ofofof magneticmagneticmagnetic 
bacteriabacteriabacteria existexistexist ororor thatthatthat soilsoilsoil ororor host-associatedhost-associatedhost-associated formsformsforms maymaymay eventuallyeventuallyeventually bebebe 
found.found.found. However,However,However, thethethe magneticmagneticmagnetic methodsmethodsmethods whichwhichwhich havehavehave beenbeenbeen usedusedused tototo recoverrecoverrecover 
thesethesethese unusualunusualunusual microorganismsmicroorganismsmicroorganisms (Blakemore,(Blakemore,(Blakemore, 1975;1975;1975; MoenchMoenchMoench andandand Konetzka,Konetzka,Konetzka, 
1978)1978)1978) havehavehave selectedselectedselected forforfor aquaticaquaticaquatic andandand magnetotacticmagnetotacticmagnetotactic cells.cells.cells. 

MagnetotacticMagnetotacticMagnetotactic bacteriabacteriabacteria areareare morphologicallymorphologicallymorphologically andandand metabolicallymetabolicallymetabolically 
diverse.diverse.diverse. OnlyOnlyOnly oneoneone species,species,species, AquaspirillumAquaspirillumAquaspirillum magnetotacticum,magnetotacticum,magnetotacticum, hashashas beenbeenbeen 
isolated,isolated,isolated, growngrowngrown axenicallyaxenicallyaxenically andandand taxonomicallytaxonomicallytaxonomically characterizedchar'acter'izedchar'acter'ized (Blakemore(Blakemor'e(Blakemor'e etetet 
aI., 1979;1979;1979; MarateaMarateaMaratea andandand Blakemor'e, arearearea1.,a1., Blakemore,Blakemore, 1981).1981).1981). CellsCellsCells ofofof thisthisthis speciesspeciesspecies 
deniU'ifying aI., Blakemor'e,denitrifyingdenitrifying (Escalante-Semerena(Escalante-Semerena(Escalante-Semerena etetet a1.,a1., 1980;1980;1980; BazylinskiBazylinskiBazylinski andandand Blakemor>e,Blakemor>e, 

Blakemol'e, chemoheter'o1983),1983),1983), nitrogennitrogennitrogen fixingfixingfixing (Bazylinski(Bazylinski(Bazylinski andandand Blakemore,Blakemore, 1983),1983),1983), chemoheterochemohetero
tropictropictropic spirilla.spirilla.spirilla. AAA coccoidcoccoidcoccoid formformform hashashas beenbeenbeen proposedproposedproposed tototo bebebe aaa newnewnew speciesspeciesspecies 
ofofof colorlesscolorlesscolorless sulfur-oxidizingsulfur-oxidizingsulfur-oxidizing bacterium,bacterium,bacterium, ThiococcusThiococcusThiococcus magnetotacticusmagnetotacticusmagnetotacticus 
(T.T. MoencMoencMoenchhh manuscript submisubmi ttsUbmitted).ted)ted) .. Certain otherotherother appear>appear> simisimi lal"lal"(T.(T. T.T. manuscrmanuscr ipip tt CertaCerta inin formsformsforms appeMs:;'-ri1ilal' 
tototo OchrobiumOchrobiumOchrobium andandand otherotherother speciesspeciesspecies ofofof "ir'on"ir'on"ir'on bacteria."bacteria."bacteria." AnAnAn especiallyespeciallyespecially 
fascinatingfascinatingfascinating magnetotacticmagnetotacticmagnetotactic "ol'ganism""organism""organism" hashashas beenbeenbeen recover'edrecover'edrecover'ed fl'omfromfrom sedimentssedimentssediments 
ininin BrazilBrazilBrazil (Farina(Farina(Farina etetet al.,al.,al., 1983)1983)1983) andandand ininin saltsaltsalt marshesmarshesmarshes ininin NewNewNew EnglandEnglandEngland 
(unpublished).(unpublished).(unpublished). ThisThisThis isisis aaa sphericalsphericalspherical aggregateaggregateaggregate ofofof fromfromfrom 777 tototo 20,20,20, ororor so,so,so, 
ovoid,ovoid,ovoid, flagellated,flagellated,flagellated, magnetic,magnetic,magnetic, prokaryoticprokaryoticprokaryotic cellscellscells arrangedarrangedarranged asasas aaa hollowhollowhollow ororor 
filledfilledfilled sphere.sphere.sphere. TheTheThe assemblageassemblageassemblage functionsfunctionsfunctions asasas aaa coordinated,coordinated,coordinated, highlyhighlyhighly motilemotilemotile 
andandand magnetotacticmagnetotacticmagnetotactic "microcolony""microcolony""microcolony" consistingconsistingconsisting ofofof appal'entlyapparentlyapparently identicalidenticalidentical 
cells,cells,cells, e.g.,e.g.,e.g., ititit doesdoesdoes notnotnot appearappearappear tototo bebebe aaa moreconsortiumconsortiumconsortium ofofof mor>emor>e thanthanthan oneoneone 
microbialmicrobialmicrobial species.species.species. 

TheTheThe diversitydiversitydiversity ofofof magnetotacticmagnetotacticmagnetotactic cellcellcell typestypestypes isisis illustratedillustratedillustrated ininin FiguresFiguresFigures 
1 - ~ .1 - ~ .1 - ~ . WeWeWe interpretinterpretinterpret thisthisthis variabilityvariabilityvariability tototo indicateindicateindicate widespreadwidespreadwidespread phylogeneticphylogeneticphylogenetic 
distributiondistributiondistribution ofofof magnetotaxis.magnetotaxis.magnetotaxis. 

MAGNETOMAGNETOMAGNETO SOMESSOMESSOMES 

TheTheThe permanentpermanentpermanent magneticmagneticmagnetic charactercharactercharacter ofofof magnetotacticmagnetotacticmagnetotactic r e s ~ l t sbacteriabacteriabacteria resultsresults 
fromfromfrom strikingstrikingstriking andandand featur'e whichwhichwhich charactercharactercharacteraaa consistentconsistentconsistent cellcellcell structuralstructuralstructural featurefeature 

group; thethethe "magnetosome""magnetosome""magnetosome" (Balkwill(Balkwill(Balkwill etetet aI., 1980).1980).1980). InInIn formsformsforms inininizesizesizes thethethe gl"OUP;gl"OUP; a1.,a1., 
stUdied,whichwhichwhich theytheythey havehavehave beenbeenbeen studied,studied, magnetosomesmagnetosomesmagnetosomes areareare envelopedenvelopedenveloped singlesinglesingle crystalscrystalscrystals 

ofofof thethethe ironironiron oxideoxideoxide magnetitemagnetitemagnetite (Frankel(Frankel(Frankel etetet al.,al.,al., 1979;1979;1979; ToweToweTowe andandand Moench,Moench,Moench, 
MatsudaMatsudaMatsuda aI., 1983;1983;1983; MannMannMann aI., 1 9 8 ~ ) .1 9 8 ~ ) .1 9 8 ~ ) . EachEachEach isisis aaa singlesinglesingle1981;1981;1981; etetet a1.,a1., etetet a1.,a1., 

magneticmagneticmagnetic domaindomaindomain withwithwith aaa crystalcrystalcrystal sizesizesize approximatelyapproximatelyapproximately ~ O O~ O O~ O O tototo 100010001000 A,A,A, 
dependingdependingdepending uponuponupon thethethe species.species.species. Consequently,Consequently,Consequently, individualindividualindividual magnetosomesmagnetosomesmagnetosomes areareare 
notnotnot evidentevidentevident withinwithinwithin cellscellscells observedobservedobserved withwithwith thethethe lightlightlight microscope.microscope.microscope. TheirTheirTheir highhighhigh 
ironironiron content,content,content, however,however,however, rendersrendersrenders themthemthem quitequitequite impenetrableimpenetrableimpenetrable bybyby electronselectronselectrons andandand 
theytheythey areareare easilyeasilyeasily visualizedvisualizedvisualized eveneveneven ininin unstainedunstainedunstained cellscellscells bybyby meansmeansmeans ofofof electronelectronelectron 
microscopy.microscopy.microscopy. TheTheThe structurestructurestructure andandand compositioncompositioncomposition ofofof thethethe magnetosomemagnetosomemagnetosome envelopeenvelopeenvelope 
hashashas notnotnot beenbeenbeen studied.studied.studied. However,However,However, ferrihydrite,ferrihydrite,ferrihydrite, aaa secondsecondsecond ironironiron biomineralbiomineralbiomineral 
abundantabundantabundant spirillum, thethetheininin cellscellscells ofofof thethethe magnetotacticmagnetotacticmagnetotactic spir>illum,spir>illum, co-purifiedco-purifiedco-purified withwithwith 

cellcellcell magnetosomemagnetosomemagnetosome fractionfractionfraction (Frankel(Frankel(Frankel etetet al.,al.,al., 1983).1983).1983). ThisThisThis hydratedhydratedhydrated ironironiron 
(III)(III)(III) oxideoxideoxide isisis possiblypossiblypossibly presentpresentpresent ininin noncrystallinenoncrystallinenoncrystalline amorphousamorphousamorphous regionsregionsregions 
shownshownshown bybyby highhighhigh resolutionresolutionresolution electronelectronelectron microscopymicroscopymicroscopy tototo bebebe intrinsicallyintrinsicallyintrinsically 
associatedassociatedassociated withwithwith magnetosomemagnetosomemagnetosome crystallinecrystallinecrystalline edgesedgesedges (Mann(Mann(Mann etetet al.,al.,al., 1 9 8 ~ ) .1 9 8 ~ ) .1 9 8 ~ ) .

MagnetosomesMagnetosomesMagnetosomes wiwi thinthin cellcellcell typetypetypewithin aaa givengivengiven str'ainstr'ainstr'ain ororor' areareare homogeneoushomogeneoushomogeneous ininin 
graingraingrain size,size,size, andandand areareare uniformuniformuniform ininin shapeshapeshape andandand arrangementarrangementarrangement withinwithinwithin thethethe cell.cell.cell. 
TheTheThe maximummaximummaximum sizesizesize ofofof thethethe magnetosomemagnetosomemagnetosome withinwithinwithin aaa givengivengiven bacterialbacterialbacterial speciesspeciesspecies isisis 
limitedlimitedlimited bybyby ananan unknownunknownunknown mechanism.mechanism.mechanism. TheTheThe numbernumbernumber ofofof magnetosomesmagnetosomesmagnetosomes perperper cell,cell,cell, 
however,however,however, cancancan varyvaryvary ininin responseresponseresponse tototo culturecultureculture conditionsconditionsconditions inclUdingincludingincluding ironironiron 
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1-4.Fig.Fig.Fig. 1-4. TransmissionTransmissionTransmission electronelectronelectron micrographsmicrographsmicrographs showingshowingshowing wholewholewhole cellscellscells ofofof1-4. 

magnetotacticmagnetotacticmagnetotactic bacteria.bacteria.bacteria. CellsCellsCells werewerewere recoveredrecoveredrecovered fromfromfrom naturalnaturalnatural 

waterwaterwater samplessamplessamples ininin aaa magneticmagneticmagnetic fieldfieldfield gradient.gradient.gradient. TheseTheseThese asasas yetyetyet 

unnamedunnamedunnamed speciesspeciesspecies areareare ofofof diversediversediverse morphologymorphologymorphology andandand containcontaincontain 

magnetosomesmagnetosomesmagnetosomes ofofof differentdifferentdifferent shapes.shapes.shapes. BarsBarsBars === 111 ~m. ~m.~m.
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supplysupplysupply andandand dissolveddissolveddissolved oxygen.oxygen.oxygen. ForForFor instance,instance,instance, thethethe averageaverageaverage numbernumbernumber ofofof 
magnetosomesmagnetosomesmagnetosomes withinwithinwithin cellscellscells ofofof aaa magneticmagneticmagnetic spirillumspirillumspirillum variedvariedvaried fromfromfrom zerozerozero tototo 
171717 ininin responseresponseresponse tototo culturecultureculture Po.Po.Po. andandand optimaloptimaloptimal numbersnumbersnumbers werewerewere producedproducedproduced underunderunder 
microaerobicmicroaerobicmicroaerobic conditionsconditionsconditions (Blakemore(Blakemore(Blakemore etetet al.,al.,al., 1 9 8 ~ ) .1 9 8 ~ ) .1 9 8 ~ ) .

SeveralSeveralSeveral morphologicallymorphologicallymorphologically distinctdistinctdistinct typestypestypes ofofof magnetosomesmagnetosomesmagnetosomes havehavehave beenbeenbeen 
observedobservedobserved withinwithinwithin variousvariousvarious typestypestypes ofofof magnetotacticmagnetotacticmagnetotactic organisms.organisms.organisms. SomeSomeSome thesetheseofofof thesc 
areareare illustratedillustratedillustrated ininin thethethe selectionselectionselection ofofof electronelectronelectron micrographsmicrographsmicrographs appearingappearingappearing ininin 
FiguresFiguresFigures 1-5.1-5.1-5. CellsCellsCells werewerewere magneticallymagneticallymagnetically separatedseparatedseparated fromfromfrom sedimentssedimentssediments collectedcollectedcollected 
atatat variousvariousvarious locations,locations,locations, stainedstained transmissiontransmissiontransmissionnegativelynegativelynegatively staincd andandand examinedexaminedexamined bybyby 
electronelectronelectron microscopy.microscopy.microscopy. MagnetosomesMagnetosomesMagnetosomes withinwithinwithin A.A.A. magnetotacticummagnetotacticummagnetotacticum areareare truntruntrun
catedcatedcated octahedraloctahedraloctahedral prismsprismsprisms (Mann,(Mann,(Mann, FrankelFrankelFrankel and-Blakemore,and-Blakemore,and-Blakemore, 1 9 8 ~ ) .1 9 8 ~ ) .1 9 8 ~ ) . MagnetoMagnetoMagneto
somessomessomes withinwithinwithin coccoidcoccoidcoccoid cellscellscells studiedstudiedstudied bybyby Mann,Mann,Mann, MoenchMoenchMoench andandand WilliamsWilliamsWilliams ( 1 9 8 ~ )( 1 9 8 ~ )( 1 9 8 ~ )

asasas wellwellwell asasas thosethosethose withinwithinwithin ananan unidentifiedunidentifiedunidentified cellcellcell fromfromfrom aaa pondpondpond ininin JapanJapanJapan 
(Matsuda(Matsuda(Matsuda etetet al.,al.,al., 1983)1983)1983) werewerewere truncatedtruncatedtruncated hexagonalhexagonalhexagonal prisms.prisms.prisms. TheTheThe prismaticprismaticprismatic 
crystalscrystalscrystals ofofof eithereithereither hexagonalhexagonalhexagonal ororor octahedraloctahedraloctahedral typetypetype werewerewere orientedorientedoriented withwithwith theirtheirtheir 
easyeasyeasy axesaxesaxes ofofof magnetizationmagnetizationmagnetization ([lllJ([lllJ([lllJ planes)planes)planes) alongalongalong thethethe chainchainchain axis.axis.axis. TheTheThe 
crystalcrystalcrystal morphologymorphologymorphology ofofof tear-droptear-droptear-drop ororor bulletbulletbullet shapedshapedshaped magnetosomesmagnetosomesmagnetosomes 
illustratedillustratedillustrated bybyby FiguresFiguresFigures 111 andandand 333 isisis completelycompletelycompletely unknown.unknown.unknown. 

InInIn somesomesome cellcellcell typestypestypes thethethe magnetosomesmagnetosomesmagnetosomes occuroccuroccur ininin clustersclustersclusters predominantlypredominantlypredominantly 

atatat oneoneone sidesideside ofofof thethethe cellcellcell (Figure(Figure(Figure ~ ) .~ ) .~ ) . InInIn otherotherother speciesspeciesspecies ororor typestypestypes thethethe 
magnetosomesmagnetosomesmagnetosomes occuroccuroccur asasas aaa stringstringstring ororor chainchainchain ofofof particlesparticlesparticles arrangedarrangedarranged alongalongalong thethethe 
motilitymotilitymotility axisaxisaxis ofofof thethethe cell.cell.cell. TheTheThe magnetosomesmagnetosomesmagnetosomes situatedsituatedsituated atatat endsendsends ofofof suchsuchsuch 
chainschainschains areareare oftenoftenoften smallersmallersmaller (Figure(Figure(Figure 2).2).2). ThisThisThis suggestssuggestssuggests thatthatthat magnetosomemagnetosomemagnetosome 
chainschainschains "grow""grow""grow" bidirectionallybidirectionallybidirectionally alongalongalong theirtheirtheir longlonglong axisaxisaxis asasas ironironiron newlynewlynewly 
transportedtransportedtransported intointointo thethethe cellcellcell isisis transformedtransformedtransformed intointointo magnetite.magnetite.magnetite. AtAtAt cellcellcell 
division,division,division, whetherwhetherwhether theytheythey existexistexist ininin chainschainschains ororor not,not,not, magnetosomesmagnetosomesmagnetosomes appearappearappear tototo bebebe 
partitionedpartitionedpartitioned betweenbetweenbetween eacheacheach daughterdaughterdaughter cell.cell.cell. 

BecauseBecauseBecause containcontaincontain magnetosomes,magnetosomes,magnetosomes, bacteriatheytheythey cellscellscells ofofof magnetotacticmagnetotacticmagnetotactic bactel'iabactel'ia 
eacheacheach havehavehave aaa permanentpermanentpermanent magneticmagneticmagnetic moment.moment.moment. TheTheThe cellcellcell magneticmagneticmagnetic momentmomentmoment interinterinter
actsactsacts withwithwith thethethe locallocallocal geomagneticgeomagneticgeomagnetic fieldfieldfield tendingtendingtending tototo passivelypassivelypassively alignalignalign thethethe 
cellcellcell Blakemor'e,Blakemor'e,ininin thethethe fieldfieldfield (Frankel(Fr'ankel(Fr'ankel andandand Blakemore, 1980).1980).1980). InasmuchInasmuchInasmuch asasas cellcellcell 
orientationorientationorientation andandand notnotnot absoluteabsoluteabsolute cellcellcell velocityvelocityvelocity isisis directlydirectlydirectly affectedaffectedaffected bybyby thethethe 
magneticmagneticmagnetic field,field,field, thethethe observedobservedobserved behaviorbehaviorbehavior isisis aaa truetruetrue taxistaxistaxis andandand notnotnot aaa 
klinokinesis.klinokinesis.klinokinesis. TheTheThe geomagneticgeomagneticgeomagnetic fieldfieldfield overoverover mostmostmost ofofof thethethe earthearthearth isisis inclinedinclinedinclined 
fromfromfrom thethethe horizontalhorizontalhorizontal (e.g.(e.g.(e.g. ititit hashashas ananan angleangleangle ofofof dip).dip).dip). TheTheThe verticalverticalvc'rtical componcomponcompon
ententent ofofof thethethe locallocallocal geomagneticgeomagneticgeomagnetic fieldfieldfield exertsexertsexerts strongstrongstrong selectiveselectiveselective pressurepressurepressure ononon 
naturalnaturalnatural populationspopulationspopulations forforfor cellscellscells withwithwith aaa directiondirectiondirection ofofof magnetizationmagnetizationmagnetization tendingtendingtending 
tototo directdirectdirect themthemthem downwarddownwarddownward alongalongalong thethethe inclinedinclinedinclined fieldfieldfield lineslineslines (Frankel(Frankel(Frankel andandand 
Blakemore, BlakemoreBlakemoreBlakemore Frankel,Frankel,Frankel, 1981;1981;1981; Blakemor'eBlakemor'eBlakemor'e al.,Blakemol'e,Blakemol'e, 1980;1980;1980; andandand etetet aI.,aI., 1980;1980;1980; 
FrankelFrankelFrankel etetet al.,al.,al., 1981).1981).1981). ThisThisThis waswaswas firstfirstfirst evidentevidentevident withwithwith monopolarlymonopolarlymonopolarly 
flagellatedflagellatedflagellated formsformsforms whichwhichwhich persistentlypersistentlypersistently swamswamswam forwar'dforwardforward andandand ininin thethethe magneticmagneticmagnetic 
fieldfieldfield directiondirectiondirection (e.g.(e.g.(e.g. thethethe directiondirectiondirection indicatedindicatedindicated bybyby thethethe north-seekingnorth-seekingnorth-secking endendend 
ofofof aaa compasscompasscompass needle),needle),needle), andandand waswaswas furtherfurtherfurther substantiatedsubstantiatedsubstantiated bybyby fieldfieldfield observaobservaobserva
tionstionstions whichwhichwhich revealedrevealedrevealed thatthatthat cellscellscells ininin SouthernSouthernSouthern hemispherehemispherehemisphere naturalnaturalnatural populapopulapopula
tionstionstions werewerewere ofofof oppositeoppositeopposite magneticmagneticmagnetic polaritypolaritypolarity tototo thosethosethose ininin thethethe NorthernNorthernNorthern 
hemisphere.hemisphere.hemisphere. Consequently,Consequently,Consequently, magnetotaxismagnetotaxismagnetotaxis tendstendstends tototo directdirectdirect unidirectionallyunidirectionallyunidirectionally 
swimmingswimmingswimming cellscellscells downwarddownwarddownward ininin eacheacheach hemisphere.hemisphere.hemisphere. Interestingly,Interestingly,Interestingly, thisthisthis alsoalsoalso 
appliesappliesapplies tototo thethethe colonialcolonialcolonial formformform ofofof magnetotacticmagnetotacticmagnetotactic bacterium;bacterium;bacterium; thethethe aggregatesaggregatesaggregates 
foundfoundfound ininin BrazilBrazilBrazil (Farina(Farina(Farina etetet al.,al.,al., 1983)1983)1983) swimswimswim southsouthsouth andandand down,down,down, whereaswhereaswhereas thosethosethose 

EnglandEngEng landland unpublished results)r'esults)r'esults) swim andandand SomeSomeSomefromfromfrom (our(ourNewNewNew (our unpubunpub lili shedshed swsw imim northnorthnorth down.down.down. 
magnetotacticmagnetotacticmagnetotactic bacteriabacteriabacteria areareare bipolarlybipolarlybipolarly flagellatedflagellatedflagellated andandand swimswimswim principallyprincipallyprincipally 
alongalongalong thethethe inclinedinclinedinclined geomagneticgeomagneticgeomagnetic fieldfieldfield lineslineslines butbutbut ininin eithereithereither direction.direction.direction. TheTheThe 
directiondirectiondirection actuallyactuallyactually takentakentaken atatat anyanyany instantinstantinstant dependsdependsdepends notnotnot onlyonlyonly uponuponupon magnetismmagnetismmagnetism 

other "taxes.""taxes.""taxes." Aerotaxis,Aerotaxis,Aerotaxis, for' instance,instance,instance, hashashas beenbeenbeen shownshownshown tototobutbutbut alsoalsoalso uponuponupon forother'other' for 
overrideoverrideoverride magnetotaxismagnetotaxismagnetotaxis ininin bipolarlybipolarlybipolarly flagellatedflagellatedflagellated magnetotacticmagnetotacticmagnetotactic spirillaspirillaspirilla 
(Spormann(Spormann(Spormann andandand Wolfe,Wolfe,Wolfe, 1 9 8 ~ ) .1 9 8 ~ ) .1 9 8 ~ ) . TheTheThe observedobservedobserved effecteffecteffect ofofof Earth'sEarth'sEarth's magneticmagneticmagnetic 
fieldfieldfield ininin orientingorientingorienting cellscellscells sososo thatthatthat theytheythey maymaymay swimswimswim preferentiallypreferentiallypreferentially downwarddownwarddownward 
isisis consistentconsistentconsistent withwithwith observedobserved naturalnaturalnatural distribution.distribution.distribution. TheyTheyThey areareare foundfoundfoundtheirtheirtheir obscrved 
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ininin sedimentssedimentssediments andandand ininin thethethe sediment-watersediment-watersediment-water interface,interface,interface, notnotnot ininin surfacesurfacesurface filmsfilmsfilms 
ororor thethethe surfacesurfacesurface micro-layer.micro-layer.micro-layer. 

AsAsAs mentioned,mentioned,mentioned, magnetosomemagnetosomemagnetosome productionproductionproduction appearsappearsappears tototo bebebe aaa geneticallygeneticall~geneticall~

stablestablestable character;character;character; aaa givengivengiven cellcellcell typetypetype producingproducingproducing magnetosomesmagnetosomesmagnetosomes ofofof aaa particparticpartic
ularularular morphologymorphologymorphology andandand arrangementarrangementarrangement withinwithinwithin thethethe cell.cell.cell. CulturedCulturedCultured ininin thethethe 
laboratory,laboratory,laboratory, nonmagneticnonmagneticnonmagnetic mutantsmutantsmutants ofofof magneticmagneticmagnetic spirillaspirillaspirilla survivesurvivesurvive manymanymany 
passagespassagespassages withoutwithoutwithout producingproducingproducing magnetosomes.magnetosomes.magnetosomes. SinceSinceSince thisthisthis traittraittrait cancancan bebebe lost,lost,lost, 
oftenoftenoften abruptly,abruptly,abruptly, butbutbut withwithwith nonono obviousobviousobvious detrimentaldetrimentaldetrimental effecteffecteffect ononon cells,cells,cells, andandand 
sincesincesince diversediversediverse speciesspeciesspecies ororor morphologicalmorphologicalmorphological typestypestypes ofofof bacteriabacteriabacteria ininin naturalnaturalnatural 
environmentsenvironmentsenvironments possesspossesspossess magnetosomes,magnetosomes,magnetosomes, ititit wouldwouldwould notnotnot bebebe surprisingsurprisingsurprising ififif genesgenesgenes 
encodingencodingencoding magnetosomemagnetosomemagnetosome formationformationformation werewerewere carriedcarriedcarried ononon plasmids.plasmids.plasmids. ExtensiveExtensiveExtensive 
effortseffortsefforts ininin severalseveralseveral laboratorieslaboratorieslaboratories tototo detectdetectdetect plasmidsplasmidsplasmids withinwithinwithin magnetomagnetomagneto tactictactictactic 
spirillaspirillaspirilla havehavehave metmetmet withwithwith negativenegativenegative results,results,results, however.however.however. 

FeFeFe 333 000 444 PRECIPITATIONPRECIPITATIONPRECIPITATION INININ MAGNETOSOMESMAGNETOSOMESMAGNETOSOMES 

OnOnOn thethethe basisbasisbasis ofofof extensiveextensiveextensive spectroscopicspectroscopicspectroscopic analysis,analysis,analysis, cellscellscells ofofof ~ .~ .~ .

magnetotacticummagnetotacticummagnetotacticum areareare knownknownknown tototo containcontaincontain ferrousferrousferrous ions,ions,ions, aaa low-densitylow-densitylow-density 
hydrous-ferrie-oxide,hydrous-ferrie-oxide,hydrous-ferric-oxide, aaa hydrous-ferrie-oxidehydrous-ferrie-oxidehigh-densityhigh-densityhigh-density hydrous-ferric-oxide (ferrihydrite)(ferrihydrite)(ferrihydrite) 

andandand FeFeFe 333 000 444 ••• AdditionalAdditionalAdditional experimentsexperimentsexperiments withwithwith cellcellcell fractionsfractionsfractions showshowshow thatthatthat ferriferriferri
hydritehydritehydrite ininin thethethe magnetotacticmagnetotacticmagnetotactic cellscellscells isisis associatedassociatedassociated withwithwith thethethe magnetosomesmagnetosomesmagnetosomes 
(Frankel(Frankel(Frankel etetet al.,al.,al., 1983).1983).1983). ItItIt hashashas beenbeenbeen proposedproposedproposed thatthatthat A.A.A. magnetotacticummagnetotacticummagnetotacticum 
precipitatesprecipitatesprecipitates FeFeFe 333 000 444 ininin thethethe sequence:sequence:sequence: Fe3+ quinatequinatequinate ->FeFe HH 

-+-+ FeFeFe HHH 
->-+-+ low-densitylow-densitylow-density 

hydrous-ferric-oxide ->-+-+ ferrihydriteferrihydriteferrihydrite ->-+ FeFeFe 333 000 444 ••• InInIn nonmagneticnonmagneticnonmagnetic cellscellscellshydrous-ferrie-oxidehydrous-ferrie-oxide -+ thethethe 
processprocessprocess stopsstopsstops withwithwith ferrihydrite.ferrihydrite.ferrihydrite. InInIn cellscellscells ofofof thethethe cloned,cloned,cloned, nonmagnetononmagnetononmagneto
tactictactictactic strainstrainstrain thethethe processprocessprocess stopsstopsstops withwithwith low-densitylow-densitylow-density hydroushydroushydrous ferricferricferric oxide.oxide.oxide. 

InInIn thethethe proposedproposedproposed sequences,sequences,sequences, ironironiron entersentersenters thethethe cellcellcell asasas FeFeFe 333 +++ chelatedchelatedchelated bybyby 
quinicquinicquinic acid.acid.acid. ReductionReductionReduction tototo FeFeFe 222 +++ releasesreleasesreleases ironironiron fromfromfrom thethethe chelator.chelator.chelator. FeFeFe 222 +++ 

isisis reoxidizedreoxidizedreoxidized andandand accumulatedaccumulatedaccumulated asasas thethethe low-densitylow-densitylow-density hydrous-iron-oxide.hydrous-iron-oxide.hydrous-iron-oxide. ByByBy 
analogyanalogyanalogy withwithwith thethethe depositiondepositiondeposition ofofof ironironiron ininin thethethe micellarmicellarmicellar corescorescores ofofof thethethe proteinproteinprotein 
ferritin,ferritin,ferritin, thisthisthis oxidationoxidationoxidation stepstepstep mightmightmight involveinvolveinvolve molecularmolecularmolecular oxygen,oxygen,oxygen, whichwhichwhich isisis 
requiredrequiredrequired forforfor FeFeFe 333 000 444 precipitationprecipitationprecipitation ininin A.A.A. magnetotacticummagnetotacticummagnetotacticum (Blakemore(Blakemore(Blakemore etetet 
al.,al.,al., 1984).1984).1984). DehydrationDehydrationDehydration ofofof thethethe hydrous-ferrie-oxidehydrous-ferrie-oxidelow-densitylow-densitylow-density hydrous-ferric-oxide resultsresultsresults 
ininin ferrihydrite.ferrihydrite.ferrihydrite. Finally,Finally,Finally, partialpartialpartial reductionreductionreduction ofofof ferrihydriteferrihydriteferrihydrite andandand furtherfurtherfurther 
dehydrationdehydrationdehydration yieldsyieldsyields FeFeFe 333 000 444 ••• 

InInIn highhighhigh r'esolutionresolut.ionresolut.ion TEMTEMTEM studiesstudiesstudies (Mann(Mann(Mann etetet aI.,al.,al., 1984),1984),1984), nonono otherotherother' 
crystallinecrystallinecrystalline phasesphasesphases ininin additionadditionaddition tototo FeFeFe 333 000 444 werewerewere detected.detected.detected. However,However,However, ininin somesomesome 
magnetosomes,magnetosomes,magnetosomes, noncrystallinenoncrystallinenoncrystalline materialmaterialmaterial waswaswas foundfoundfound contiguouscontiguouscontiguous withwithwith thethethe 
FeFeFe 333 ThisThisThis suggestssuggestssuggests thatthatthat hydrous-ferrie-oxidehydrous-ferrie-oxide•••000 444 thethethe hydrous-ferric-oxide phasephasephase isisis amorphousamorphousamorphous 
ferrihydrite,ferrihydrite,ferrihydrite, andandand thatthatthat finalfinalfinal crystallizationcrystallizationcrystallization ofofof FeFeFe 333 000 444 occursoccursoccurs asasas aaa 
solution-reprecipitationsolution-reprecipitationsolution-reprecipitation process,process,process, possiblypossiblypossibly triggeredtriggeredtriggered bybyby FeFeFe 222 +++ ions.ions.ions. 

AdditionalAdditionalAdditional experimentsexperimentsexperiments demonstratedemonstratedemonstrate thatthatthat whilewhilewhile thethethe hydrous-ferrichydrous-ferrichydrous-ferric
oxideoxideoxide isisis primarilyprimarilyprimarily associatedassociatedassociated withwithwith magnetosomes,magnetosomes,magnetosomes, FeFeFe 222 +++ ininin thethethe cellcellcell isisis 
veryveryvery probablyprobablyprobably associatedassociatedassociated withwithwith thethethe peptidoglycanpeptidoglycanpeptidoglycan wallwallwall layerlayerlayer ofofof thethethe cellcellcell 
(Ofer(Ofer(Ofer etetet al.,al.,al., 1984).1984).1984). ThisThisThis associationassociationassociation couldcouldcould occur'occuroccur duringduringduring thethethe conversionconversionconversion 
fromfromfrom thethethe ironironiron quinatequinatequinate complexcomplexcomplex outsideoutsideoutside thethethe cellcellcell tototo ferricferricferric ironironiron andandand ultiultiulti

matelymatelymately tototo FeFeFe 333 000 444 withinwithinwithin thethethe cell.cell.cell. 

FeFeFe 
333 000 444 isisis thermodynamicallythermodynamicallythermodynamically stablestablestable withwithwith respectrespectrespect tototo hematitehematitehematite andandand 

ferrihydrite atatat lowlowlow andEEE andand highhighhigh pHpHpH (Garrels andandand Chr'ist,Chr'ist,Chr'ist, 1965).1965).1965). HOI-lever,(Garr'elsferr'ihydriteferr'ihydrite (Garr'els HOI·lever,HOI·lever,
11HH

rapidrapidrapid transformationtransformationtransformation bfbfbf ferrihydriteferrihydriteferrihydrite tototo magnetitemagnetitemagnetite appearsappearsappears tototo involveinvolveinvolve 
more thanthanthan simplesimplesimple reductionreductionreduction andandand dehydroation.dehydroation.dehydroation. Whilemor'emor'e 'While'While thethethe degreedegreedegree ofofof 
crystallinitycrystallinitycrystallinity ofofof ferrihydriteferrihydriteferrihydrite cancancan vary,vary,vary, ininin crystallinecrystallinecrystalline samplessamplessamples ititit hashashas aaa 
structurestructurestructure relatedrelatedrelated tototo hematite,hematite,hematite, withwithwith hexagonalhexagonalhexagonal close-packedclose-packedclose-packed oxygenoxygenoxygen atomsatomsatoms 
andandand FeFeFe 333 +++ octahedrallyoctahedrallyoctahedrally coordinatedcoordinatedcoordinated sites.sites.sites. FeFeFe 333 000 444 hashashas aaa cubic,cubic,cubic, inverseinverseinverse 
spinelspinelspinel structurestructurestructure withwithwith FeFeFe 333 +++ ininin octahedraloctahedraloctahedral andandand tetrahedraltetrahedraltetrahedral sites,sites,sites, andandand FeFeFe 222 +++ 
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ininin octahedraloctahedraloctahedral sites.sites.sites. This,This,This, plusplusplus thethethe factfactfact thatthatthat thethethe precipitationprecipitationprecipitation processprocessprocess 
requiresrequiresrequires spatialspatialspatial segregationsegregationsegregation ofofof regionsregionsregions ofofof differingdifferingdiffering EEE andandand possiblypossiblypossibly pH,pH,pH,

HHH 
suggestssuggestssuggests thatthatthat thethethe processprocessprocess fallsfallsfalls intointointo thethethe biomineralizationbiomineralizationbiomineralization categorycategorycategory 
describeddescribeddescribed bybyby LowenstamLowenstamLowenstam (1981)(1981)(1981) asasas "organic"organic"organic matrixmatrixmatrix mediated."mediated."mediated." ThusThusThus thethe'the' 
magnetosomemagnetosomemagnetosome envelopeenvelopeenvelope isisis probablyprobablyprobably ananan integralintegralintegral elementelementelement ininin thethethe precipiprecipiprecipi
tationtationtation process,process,process, functioningfunctioningfunctioning asasas aaa -forlocuslocuslocus forfor enzymaticenzymaticenzymatic activities,activities,activities, 
compartmentalizingcompartmentalizingcompartmentalizing constituents,constituents,constituents, providingprovidingproviding controlcontrolcontrol ofofof EEE andandand pH,pH,pH, asasas

HHH
wellwellwell asasas comprisingcomprisingcomprising aaa structuralstructuralstructural elementelementelement anchoringanchoringanchoring thethethe 0.FeFeFe 333 o.o. particlesparticlesparticles tototo 
thethethe remainderremainderremainder ofofof thethethe cell.cell.cell. 

MAGNETOTACTIC ALGAEALGAEALGAEMAGNETOMAGNETO TACTICTACTIC 

InInIn additionadditionaddition tototo bacteria,bacteria,bacteria, FeFeFe 333 o.o.0. hashashas beenbeenbeen reportedreportedreported asasas aaa biomineralbiomineralbiomineral

izationizationization productproductproduct ininin includingeUkaryoteseUkaryoteseUkaryotes inclUdinginclUding chitons,chitons,chitons, honeybees,honeybees,honeybees, pigeons,pigeons,pigeons, 
bobolinks,bobolinks,bobolinks, tunatunatuna andandand other'sothersothers (see(see(see e.g.,e.g.,e.g., Kir'schvink,Kir'schvink,Kir'schvink, 1985).1985).1985). InInIn thesethesethese 
organisms,organisms,organisms, FeFeFe 333 0.0.0. hashashas beenbeenbeen identifiedidentifiedidentified magneticallymagneticallymagnetically ororor followingfollowingfollowing extracextracextrac
tiontiontion fromfromfrom thethethe cell.cell.cell. Recently,Recently,Recently, FeFeFe 333 0.o.o. hashashas beenbeenbeen identifiedidentifiedidentified ininin vivovivovivo ininin 
magnetotacticmagnetotacticmagnetotactic euglenoideuglenoideuglenoid algalalgalalgal cellscellscells fromfromfrom brackishbrackishbrackish sedimentssedimentssediments ininin BrazilBrazilBrazil 

(Torres(Torres(Torres dedede Araujo etetet al.,al.,al., 1985).1985).1985). TEMTEMTEM ofofof thesethesethese organismsorganismsorganisms showsshowsshows thatthatthat theytheytheyAraUjoAraUjo 
containcontaincontain numerousnumerousnumerous FeFeFe 333 0.0.0. particlesparticlesparticles arrangedarrangedarranged ininin chainschainschains orientedorientedoriented moremoremore ororor 
lesslessless parallelparallelparallel tototo thethethe longlonglong axisaxisaxis ofofof thethethe cellcellcell (Figure(Figure(Figure 5).5).5). IndividualIndividualIndividual 
particlesparticlesparticles areareare arrowheadarrowheadarrowhead ororor tooth-shapedtooth-shapedtooth-shaped andandand areareare withinwithinwithin thethethe singlesinglesingle 
magneticmagneticmagnetic domaindomaindomain sizesizesize rangerangerange forforfor FeFeFe 333 000•.•.•. Hence,Hence,Hence, eacheacheach chainchainchain isisis aaa permanentpermanentpermanent 
magneticmagneticmagnetic dipole.dipole.dipole. IfIfIf thethethe momentsmomentsmoments ofofof allallall thethethe chainschainschains areareare orientedorientedoriented parallelparallelparallel 
tototo eacheacheach other,other,other, aaa cellcellcell wouldwouldwould havehavehave aaa magneticmagneticmagnetic dipoledipoledipole momentmomentmoment equalequalequal tototo thethethe 
sumsumsum ofofof thethethe momentsmomentsmoments ofofof allallall itsitsits particles.particles.particles. AnAnAn estimateestimateestimate ofofof thethethe totaltotaltotal 
magneticmagneticmagnetic momentmomentmoment MMM ofofof algalalgalalgal cellscellscells givesgivesgives MMM ==~ 555 XXX 10-10-10- 101010 emu.emu.emu. ThisThisThis isisis aboutaboutabout 
100010001000 timestimestimes thethethe momentmomentmoment ofofof aaa typicaltypicaltypical magneticmagneticmagnetic bacterium,bacterium,bacterium, andandand correspondscorrespondscorresponds 
tototo aaa totaltotaltotal ofofof aboutaboutabout 333 xxx 101010 333 alignedalignedaligned particlesparticlesparticles ofofof thethethe observedobservedobserved 
dimensions.dimensions.dimensions. 

TheTheThe biologicalbiologicalbiological significancesignificancesignificance ofofof magnetotaxismagnetotaxismagnetotaxis ininin thesethesethese algaealgaealgae isisis notnotnot 
yetyetyet understood.understood.understood. HoweverHoweverHowever thethethe highlyhighlyhighly orderedorderedordered arrangementarrangementarrangement ofofof thethethe chainschainschains ofofof 

magneto somesparticlesparticlesparticles ininin thethethe cellscellscells suggestssuggestssuggests thatthatthat theytheythey areareare chainschainschains ofofof magnetosomesmagnetosomes 
'leroyveryvery muchmuchmuch like chains magnetosomes ininin bacbacbacteria.terter ii a.a. EvEv forforidenceidence for thethetheIiIi keke thethethe chacha insins ofofof magnemagne tosomestosomes Evidence 
presencepresencepresence ofofof membranesmembranesmembranes envelopingenvelopingenveloping thethethe particlesparticlesparticles mustmustmust awaitawaitawait TEMTEMTEM ofofof thinthinthin 
sections.sections.sections. However,However,However, thethethe factfactfact thatthatthat thethethe particlesparticlesparticles areareare separatedseparatedseparated fromfromfrom eacheacheach 
otherotherother andandand notnotnot clumpedclumpedclumped isisis evidenceevidenceevidence thatthatthat theytheythey areareare notnotnot freefreefree tototo movemovemove ininin thethethe 
cells.cells.cells. ChainsChainsChains ofofof freefreefree magneticmagneticmagnetic particlesparticlesparticles wouldwouldwould lowerlowerlower theirtheirtheir energyenergyenergy bybyby 
movingmovingmoving togethertogethertogether andandand eventuallyeventuallyeventually formingformingforming clumps.clumps.clumps. 

ThUS, eUkaryoticeUkaryoticeUkaryotic cellscellscells asasas wellwellwell asasas prokaryoticprokaryoticprokaryotic cellscellscells cancancan produceproduceproduceThus,Thus, 
0.in formformform ofofof singlesinglesingle magneticmagneticmagnetic domainsdomainsdomains asasas ananan intracellularintracellularintracellular biobiobioFeFeFe 333 o.ino.in thethethe

mineralizationmineralizationmineralization product.product.product. ItItIt willwillwill bebebe interestinginterestinginteresting tototo comparecomparecompare thethethe
biomineralizationbiomineralizationbiomineralization processprocessprocess andandand thethethe role(s)role(s)role(s) ofofof membranesmembranesmembranes ininin thesethesethese fundafundafunda
mentallymentallymentally differentdifferentdifferent typestypestypes ofofof organisms.organisms.organisms.

MAGNETOSOMEMAGNEToSOMEMAGNEToSOME MEMBRANESMEMBRANESMEMBRANES

PreviousPreviousPrevious studiesstudiesstudies (Balkwill(Balkwill(Balkwill etetet a1.,a1.,a1., 1980)1980)1980) pr'ovidedpr'ovidedpr'ovided suggestivesuggestivesuggestive 
evidenceevidenceevidence forforfor aaa lipidlipidlipid bilayerbilayerbilayer envelopeenvelopeenvelope surroundingsurroundingsurrounding thethethe bacterialbacterialbacterial magnetomagnetomagneto
some.some.some. However,However,However, conclusiveconclusiveconclusive evidenceevidenceevidence hadhadhad beenbeenbeen lackinglackinglacking becausebecausebecause ofofof thethethe 
difficultydifficultydifficulty ininin interpretinginterpretinginterpreting thinthinthin sectionssectionssections andandand thethethe absenceabsenceabsence ofofof datadatadata ononon 
purifiedpurifiedpurified magnetosomes.magnetosomes.magnetosomes. RecentRecentRecent data,data,data, obtainedobtainedobtained bybyby freeze-etchingfreeze-etchingfreeze-etching andandand bybyby 
thinthinthin sectioningsectioningsectioning bothbothboth cellscellscells andandand magneticallymagneticallymagnetically extractedextractedextracted magnetosomesmagnetosomesmagnetosomes 
(Cor'by etetet al.,al.,al., 1988),1988),1988), indindind icateicateicate thethethe presencepresencepresence ofofof aaa trtrtr iii laminalaminalamina tetete membranemembranemembrane(Gor'by(Gor'by 
surroundingsurroundingsurrounding eacheacheach magnetosomemagnetosomemagnetosome core.core.core. ThisThisThis membranousmembranousmembranous envelopeenvelopeenvelope waswaswas absentabsentabsent 
fromfromfrom purifiedpurifiedpurified magnetosomesmagnetosomesmagnetosomes treatedtreatedtreated withwithwith detergentdetergentdetergent tototo removeremoveremove lipidslipidslipids andandand 
proteins.proteins.proteins. TrilaminateTrilaminateTrilaminate membranemembranemembrane vesiclesvesiclesvesicles withwithwith dimensionaldimensionaldimensional andandand spatialspatialspatial 



 

 

Fig.Fig.Fig. S.5.5. (a)(a)(a) TransmissionTransmissionTransmission electronelectronelectron micrographmicrographmicrograph aofofof aa negativelynegativelynegatively stainedstainedstained 

wholewholewhole cellcellcell ofofof thethethe magnetotacticmagnetotacticmagnetotactic algaalgaalga AnisonenaAnisonenaAnisonena platysomum.platysomum.platysomum. 

Bar:BarBar == ~ m .101010 wm.wm. (b)(b)(b) magnifiedmagnifiedmagnified regionregionregion ofofof thethethe aboveaboveabove cellcellcell showingshowingshowing 

numerousnumerousnumerous bullet-shapedbullet-shapedbullet-shaped magnetosomesmagnetosomesmagnetosomes arrangedarrangedarranged ininin chains.chains.chains. 
Bar : 1 ~m.BarBar == 11 wm.wm. 



 

 

  

characteristicscharacteristicscharacteristics ofofof magnetosomes,magnetosomes,magnetosomes, butbutbut devoiddevoiddevoid ofofof cores,cores,cores, werewerewere presentpresentpresent ininin 
wildwildwild typetypetype magneticmagneticmagnetic cellscellscells growngrowngrown withoutwithoutwithout iron.iron.iron. AmorphousAmorphousAmorphous ironironiron oxideoxideoxide waswaswas 
occasionallyoccasionallyoccasionally presentpresentpresent ininin smallsmallsmall quantityquantityquantity withinwithinwithin thesethesethese vesicles.vesicles.vesicles. MagnetoMagnetoMagneto
somes,somes,somes, vesiclesvesiclesvesicles withwithwith amorphousamorphousamorphous ironironiron o x i d ~ ,o x i d ~ ,o x i d ~ , ororor emptyemptyempty vesiclesvesiclesvesicles werewerewere notnotnot 
presentpresentpresent withinwithinwithin cellscellscells ofofof aaa nonmagneticnonmagneticnonmagnetic mutantmutantmutant strain.strain.strain. ItItIt isisis apparent,apparent,apparent, 
therefore,therefore,therefore, thatthatthat thesethesethese membranesmembranesmembranes areareare ananan integralintegralintegral partpartpart ofofof magnetosomesmagnetosomesmagnetosomes andandand 
maymaymay bebebe consideredconsideredconsidered tototo bebebe magnetosomemagnetosomemagnetosome boundaryboundaryboundary membranes.membranes.membranes. 

MagnetosomeMagnetosomeMagnetosome membranesmembranesmembranes dododo notnotnot appearappearappear tototo bebebe contiguouscontiguouscontiguous withwithwith thethethe 
cytoplasmiccytoplasmiccytoplasmic membrane.membrane.membrane. ConnectionsConnectionsConnections betweenbetweenbetween thethethe twotwotwo membranesmembranesmembranes havehavehave nevernevernever 

beenbeenbeen observedobservedobserved ininin numerousnumerousnumerous thinthinthin sections,sections,sections, includingincludingincluding stereostereostereo views,views,views, ofofof 
magneticmagneticmagnetic cells.cells.cells. IfIfIf thethethe magnetosomemagnetosomemagnetosome membranesmembranesmembranes werewerewere invaginationsinvaginationsinvaginations ofofof thethethe 
cytoplasmiccytoplasmiccytoplasmic membrane,membrane,membrane, freeze-etchingfreeze-etchingfreeze-etching wouldwouldwould bebebe expectedexpectedexpected tototo revealrevealreveal severedseveredsevered 
connectionsconnectionsconnections asasas pitspitspits ininin thethethe innerinnerinner surfacesurfacesurface ofofof thisthisthis membranemembranemembrane [as[as[as observedobservedobserved 
withwithwith freeze-etchedfreeze-etchedfreeze-etched preparationspreparationspreparations ofofof cyanobacteriacyanobacteriacyanobacteria whichwhichwhich possesspossesspossess photophotophoto
syntheticsyntheticsynthetic membranesmembranesmembranes asasas vesicularvesicularvesicular intrusionsintrusionsintrusions ofofof thethethe cytoplasmiccytoplasmiccytoplasmic membranemembranemembrane 
[Lommen[Lommen[Lommen andandand Takemoto,Takemoto,Takemoto, 1978)J;1978)J;1978)J; ititit diddiddid not.not.not. Furthermore,Furthermore,Furthermore, whenwhenwhen spherospherosphero
plastsplastsplasts werewerewere made,made,made, theytheythey diddiddid notnotnot evertevertevert theirtheirtheir magnetitemagnetitemagnetite crystalscrystalscrystals asasas wouldwouldwould 
bebebe expectedexpectedexpected ofofof particlesparticlesparticles withinwithinwithin surficialsurficialsurficial invaginationsinvaginationsinvaginations ofofof thethethe 
cytoplasmiccytoplasmiccytoplasmic membrane.membrane.membrane. 

TheTheThe magnetosomemagnetosomemagnetosome membranemembranemembrane doesdoesdoes notnotnot appearappearappear significantlysignificantlysignificantly differentdifferentdifferent ininin 
overalloveralloverall compositioncompositioncomposition fromfromfrom otherotherother cellcellcell membranes.membranes.membranes. Proteins,Proteins,Proteins, freefreefree fattyfattyfatty 
acids,acids,acids, glycoproteins,glycoproteins,glycoproteins, andandand phospholipidsphospholipidsphospholipids werewerewere detecteddetecteddetected asasas components.components.components. 
TheTheThe ratioratioratio ofofof theirtheirtheir abundanceabundanceabundance isisis thatthatthat expectedexpectedexpected forforfor aaa biologicalbiologicalbiological membranemembranemembrane 
(Rogers,(Rogers,(Rogers, 1983).1983).1983). AlthoughAlthoughAlthough mostmostmost proteinsproteinsproteins detecteddetecteddetected ininin envelopesenvelopesenvelopes ofofof 
purifiedpurifiedpurified magnetosomesmagnetosomesmagnetosomes werewerewere ofofof similarsimilarsimilar massmassmass (but(but(but notnotnot quantity)quantity)quantity) tototo thosethosethose 
ofofof thethethe cytoplasmiccytoplasmiccytoplasmic membrane,membrane,membrane, twotwotwo werewerewel'e uniquelyuniquelyuniquely withwithwith thethethe magnetosomemagnetosomemagnetosome 
envelope.envelope.envelope. ItItIt isisis temptingtemptingtempting tototo speculatespeculatespeculate thatthatthat thesethesethese couldcouldcould havehavehave aaa specificspecificspecific 
rolerolerole ininin magnetitemagnetitemagnetite production.production.production. AsAsAs enzymes,enzymes,enzymes, theytheythey couldcouldcould promotepromotepromote thethethe 
accumulationaccumulationaccumulation ofofof supersaturatingsupersaturatingsupersaturating quantitiesquantitiesquantities ofofof ironironiron oxideoxideoxide withinwithinwithin thethethe 

vesicles,vesicles,vesicles, serveserveserve tototo oxidizeoxidizeoxidize ferrousferrousferrous iron,iron,iron, ororor reducereducereduce andandand dehydratedehydratedehydrate thethethe 
ferrihydriteferrihydriteferrihydrite precursorprecursorprecursor ofofof bacterialbacterialbacterial magnetite.magnetite.magnetite. TheyTheyThey couldcouldcould alsoalsoalso bebebe 
ferrihydrite-associatedferrihydrite-associatedferrihydrite-associated proteinsproteinsproteins suchsuchsuch asasas bacterioferritinbacterioferritinbacterioferritin (Stiefel(Stiefel(Stiefel andandand 
Watt,Watt,Watt, 1979)1979)1979) apoprotein.apoprotein.apoprotein. AsAsAs proteins,structuralstructuralstructural pr'oteins,pr'oteins, theytheythey mightmightmight 'Contribute'Contribute'Contribute 

thethethe 'Compartmentalization essentialessentialessential forforfor "organi'C"organi'Ctototo compartmentalizationcompartmentalization deemeddeemeddeemed "organic matrixmatrixmatrix
mediated"mediated"mediated" (Lowenstam, 1981).1981).1981).biomineralizationbiomineralizationbiomineralization (LoHenstam,(LoHenstam, 
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