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MagnetotacticMagnetotactic bacteriabacteria containcontain magnetosomes,magnetosomes, whichwhich areare mineralmineral particlesparticles enclosedenclosed byby 

membranes.membranes. TheThe particlesparticles areare ferrimagneticferrimagnetic magnetite,magnetite, ferrimagneticferrimagnetic greigite,greigite, oror 

greigitegreigite andand non-magneticnon-magnetic pyrite.pyrite. TheThe particlesparticles constituteconstitute anan elegantelegant biomagneticbiomagnetic com­com­

passpass thatthat orientsorients thethe cellcell alongalong thethe geomagneticgeomagnetic fieldfield lineslines asas itit swims.swims. ThisThis paperpaper 

discussesdiscusses thethe structuresstructures ofof thesethese particlesparticles andand theirtheir possiblepossible formationformation mechanisms.mechanisms. 

1.01.0 INTRODUCTIONINTRODUCTION 

AA numbernumber ofof speciesspecies ofof motile,motile, aquaticaquatic bacteriabacteria areare ableable toto orientorient andand navigatenavigate alongalong 

geomagneticgeomagnetic lines.lines. 11--33 ThisThis behavior,behavior, knownknown asas magnetotaxis,magnetotaxis, isis basedbased onon thethe factfact thatthat 

eacheach magnetotacticmagnetotactic bacteriumbacterium isis aa swimming,swimming, permanentpermanent magneticmagnetic dipole,dipole, thatthat is,is, aa 

motilemotile bio-magneticbio-magnetic compass.compass.22 TheThe permanentpermanent magneticmagnetic dipoledipole momentmoment ofof eacheach mag­mag­

netotacticnetotactic cellcell isis duedue toto intracellular,intracellular, membrane-bound,membrane-bound, permanentpermanent single-magnetic­single-magnetic­

domain-sizeddomain-sized inorganicinorganic particlesparticles knownknown asas magnetosomes,magnetosomes, whichwhich are,are, inin mostmost cases,cases, 

arrangedarranged inin chains.chains. ll ,3,4,5,3,4,5 TheThe biomineralizationbiomineralization process,process, involvinginvolving thethe composition,composition, 

size,size, position,position, orientation,orientation, andand eveneven morphologymorphology ofof thethe particles,particles, isis highlyhighly controlledcontrolled byby 

thethe bacteria.bacteria.66 MoreoverMoreover thethe magnetosomemagnetosome chainchain isis aa hierarchicalhierarchical structurestructure thatthat isis aa 

masterpiecemasterpiece ofof permanentpermanent magnetmagnet engineering.engineering. 

TheThe magnetosomesmagnetosomes ofof mostmost ofof thethe magnetotacticmagnetotactic bacteriabacteria thatthat havehave beenbeen studiedstudied toto datedate 

containcontain particlesparticles ofof magnetite,magnetite, Fe304.Fe304. AnAn exampleexample isis shownshown inin FigureFigure 1.1. ThisThis organ­organ­

ism,ism, designateddesignated strainstrain MYMY-4,-4, isis anan unidentifiedunidentified magnetotacticmagnetotactic bacteriumbacterium fromfrom aa marinemarine 

marshmarsh thatthat hashas recentlyrecently beenbeen isolatedisolated andand growngrown inin purepure culture.culture. ItIt containscontains aa chainchain ofof 

1616 uniformlyuniformly sizedsized andand shapedshaped magnetitemagnetite particles,particles, eacheach aboutabout 6060 nmnm alongalong thethe chainchain 

axis.axis. measure­MagnetiteMagnetite waswas identifiedidentified asas thethe mineralmineral formform byby electronelectron diffractiondiffraction measure­
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FigureFigure 1.1. TEM/BFTEM/BF imageimage ofof thethe marine,marine, magnetotacticmagnetotactic bacterium,bacterium, strainstrain MYMY-4.-4. TheThe chainchain ofof 
particlesparticles inin thethe cellcell areare thethe magnetite-containingmagnetite-containing magnetosomes.magnetosomes. TheThe globularglobular structuresstructures con­con­
taintain polyphosphatepolyphosphate oror sulfursulfur (see(see FigureFigure 2).2). 

mentsments onon particlesparticles inin wholewhole cells.cells. 

InIn additionaddition toto thethe magnetosomes,magnetosomes, cellscells ofof strainstrain MYMY -4-4 containcontain otherother electron-denseelectron-dense 

structures,structures, whichwhich alsoalso consistconsist ofof partiallypartially inorganicinorganic materials.materials. TheseThese areare shownshown inin 

FigureFigure 22 wherewhere elementalelemental mapsmaps ofof Fe,Fe, 0,0, S,S, andand PP areare shownshown forfor aa cellcell ofof strainstrain MYMY-4.-4. 

TheseThese mapsmaps werewere producedproduced inin aa scanningscanning transmissiontransmission electronelectron microscope,microscope, fittedfitted withwith 

aa fluorescentfluorescent X-rayX-ray detector.detector. AsAs thethe electronelectron beambeam waswas rasteredrastered overover thethe specimen,specimen, thethe 

instantaneousinstantaneous X-rayX-ray intensitiesintensities ofof severalseveral selectedselected elementselements werewere determineddetermined andand re­re­

corded.corded. ItIt cancan bebe seenseen thatthat FeFe andand 00 densitydensity correlatecorrelate withwith thethe positionspositions ofof thethe particlesparticles 

inin thethe cell,cell, whichwhich isis consistentconsistent withwith theirtheir identificationidentification asas magnetite.magnetite. PP andand 00 mapmap withwith 

thethe large,large, globular,globular, electron-denseelectron-dense structuresstructures inin thethe cell.cell. TheseThese areare presumablypresumably poly­poly­

phosphatephosphate granules,granules, whichwhich occuroccur inin manymany typestypes ofof bacteria.bacteria. Finally,Finally, twotwo globularglobular con­con­

centrationscentrations ofof SS areare alsoalso seenseen inin thethe cell.cell. TheseThese couldcould bebe elementalelemental sulfursulfur globulesglobules 

whichwhich areare obscuredobscured byby thethe largelarge polyphosphatepolyphosphate granulesgranules inin thethe electronelectron micrograph.micrograph. 

ThusThus thethe cellcell producedproduced atat leastleast threethree spaciallyspacially segregatedsegregated inorganicinorganic products.products. 
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FigureFigure 2.2. ElementalElemental X-rayX-ray densitydensity mapsmaps ofof thethe organismorganism shownshown inin Figure]:Figure]: toptop left,left, 0;0; toptop 
right,right, P;P; bottombottom left,left, S;S; bottombottom right,right, FeFe X-rayX-ray images.images. 

TheThe consistencyconsistency ofof thethe magnetosomemagnetosome particleparticle shapeshape inin strainstrain MYMY-4-4 suggestssuggests aa uniformuniform 

particleparticle morphology.morphology. ThisThis hashas recentlyrecently beenbeen determineddetermined toto bebe cubo-octahedralcubo-octahedral withwith aa 

smallsmall elongationelongation alongalong thethe [211][211] direction'?direction'? InIn fact,fact, narrownarrow sizesize distributionsdistributions andand spe­spe­

cies-speciftccies-speciftc morphologiesmorphologies areare aa characteristiccharacteristic featurefeature ofof thethe magnetitemagnetite biominerali­biominerali­

zationzation processprocess inin allall magnetotacticmagnetotactic bacteria.bacteria.66 TheseThese qualitiesqualities areare notnot characteristiccharacteristic ofof 

inorganicallyinorganically (chemically)(chemically) producedproduced magnetite,magnetite, nornor ofof extracellularextracellular magnetitemagnetite producedproduced 

byby dissimilatorydissimilatory iron-reducingiron-reducing bacteria.bacteria. 88 TheThe latterlatter typetype ofof indirectindirect magnetitemagnetite produc­produc­

tiontion resultsresults fromfrom chemicalchemical modificationsmodifications ofof thethe extracellularextracellular environmentenvironment byby thethe orga­orga­

nismsnisms themselves.themselves. InIn thisthis casecase thethe magnetitemagnetite resultsresults fromfrom aa chemicalchemical reactionreaction betweenbetween 

extracellularextracellular ferricferric oxyhydroxideoxyhydroxide andand solublesoluble ferrousferrous ionsions whichwhich thethe cellscells secretesecrete asas 

theythey reducereduce ferricferric iron.iron. TheThe resultingresulting magnetitemagnetite particlesparticles havehave aa widewide sizesize distributiondistribution 

andand nono organicorganic component.component. ThisThis typetype ofof biomineralizationbiomineralization hashas beenbeen termedtermed "biologi­"biologi­

cally-inducedcally-induced mineralization,"9mineralization,"9 inin contrastcontrast toto "biologically-controlled"biologically-controlled mineralization"mineralization" inin 

whichwhich thethe inorganicinorganic particlesparticles areare producedproduced withinwithin organicorganic matrices.matrices. 9,9, II 00 

AA numbernumber ofof idealizedidealized morphologiesmorphologies ofof bacterialbacterial magnetitemagnetite inin magnetotacticmagnetotactic bacteriabacteria 

havehave beenbeen characterizedcharacterized66 somesome ofof thesethese areare shownshown inin FigureFigure 3.3. TheThe cubo-octahedralcubo-octahedral 
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FigureFigure 3.3. IdealizedIdealized crystalcrystal morphologiesmorphologies ofof bacterialbacterial magnetite:magnetite: (a)(a) cubo-octahedron;cubo-octahedron; (b)(b) andand 
(c)(c) hexagonalhexagonal prisms;prisms; (d)(d) elongatedelongated cubo-octahedroncubo-octahedron (after(after Ref.Ref. 6).6). 

morphologymorphology (Figure(Figure 3a)3a) preservespreserves thethe symmetrysymmetry ofof thethe face-centeredface-centered cubic,cubic, spinelspinel 

crystalcrystal structure,structure, andand maymay bebe consideredconsidered anan equilibriumequilibrium growthgrowth form.form. TheThe otherother 

morphologiesmorphologies (Figures.(Figures. 3b-d)3b-d) allall representrepresent departuresdepartures fromfrom thethe equilibriumequilibrium form,form, 

presumablypresumably duedue toto accelerationacceleration oror decelerationdeceleration ofof thethe growthgrowth ofof certaincertain crystalcrystal faces,faces, 
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FigureFigure 4.4. TEM/BFTEM/BF imageimage ofof magnetitemagnetite particlesparticles separatedseparated fromfrom cellscells ofof strainstrain MV-lMV-l showingshowing 
thethe magnetosomemagnetosome membranemembrane inin thisthis organism.organism. Magnification:Magnification: 100,000100,000 x.x. 

possiblypossibly resultingresulting fromfrom thethe differentialdifferential bindingbinding ofof macromoleculesmacromolecules toto thosethose faces.faces. 

ItIt isis clearclear thatthat magnetotacticmagnetotactic bacteriabacteria exerciseexercise greatgreat controlcontrol overover thethe biomineralizationbiomineralization 

process.process. HowHow theythey dodo thisthis isis unclearunclear butbut isis currentlycurrently underunder study.study. InIn severalseveral speciesspecies ofof 

magnetotacticmagnetotactic bacteria,bacteria, thethe magnetitemagnetite particlesparticles areare envelopedenveloped inin whatwhat appearsappears toto bebe aa 

membranemembrane vesicle.vesicle. InIn AquaspirillwnAquaspirillwn magnetotacticum,magnetotacticum, thethe vesiclevesicle isis aa unitunit membranemembrane 

(i.e.,(i.e., aa lipidlipid bilayer)bilayer) consistingconsisting ofof phospholipidsphospholipids andand numerousnumerous proteins,proteins, whichwhich isis appa­appa­

rentlyrently notnot contiguouscontiguous withwith thethe cytoplasmiccytoplasmic membrane.]membrane.] 11 TheThe magnetosomemagnetosome membranemembrane 

isis presumablypresumably thethe structuralstructural entityentity thatthat anchorsanchors thethe mineralmineral particleparticle atat aa particularparticular loca­loca­

tiontion inin thethe cell,cell, asas wellwell asas thethe locuslocus ofof controlcontrol overover thethe sizesize andand morphologymorphology ofof thethe par­par­

ticle.ticle. AA magnetosomemagnetosome membranemembrane hashas alsoalso recentlyrecently beenbeen foundfound inin cellscells ofof thethe faculta­faculta­

tivelytively anaerobic,anaerobic, marine,marine, magnetotacticmagnetotactic bacterium,bacterium, strainstrain MV-lMV-l (Figure(Figure 4).4). Clearly,Clearly, 

moremore informationinformation aboutabout thesethese membranesmembranes andand theirtheir associatedassociated proteinsproteins inin differentdifferent mag­mag­

pro­netotacticnetotactic bacteriabacteria wouldwould bebe highlyhighly desirabledesirable inin elucidatingelucidating thethe biomineralizationbiomineralization pro­

cess.cess. 
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2.02.0 MAGNETICMAGNETIC STRUCTURESTRUCTURE OFOF THETHE MAGNETOSOMEMAGNETOSOME CHAINCHAIN 

TheThe hierarchicalhierarchical structurestructure ofof thethe magnetosomemagnetosome chainchain isis significantsignificant whenwhen oneone considersconsiders 

itsits magneticmagnetic properties.properties.22 Firstly,Firstly, considerconsider thethe sizesize ofof thethe individualindividual particles.particles. LargeLarge 

particlesparticles ofof anyany magneticmagnetic material,material, includingincluding magnetite,magnetite, lowerlower theirtheir magnetostaticmagnetostatic 

energyenergy byby formingforming magneticmagnetic domains,domains, thusthus reducingreducing thethe remnantremnant magneticmagnetic momentmoment ofof 

thethe particle.particle. MagneticMagnetic domainsdomains areare regionsregions ofof uniformuniform magnetizationmagnetization andand areare separatedseparated 

fromfrom eacheach otherother inin thethe particleparticle byby transitiontransition regionsregions knownknown asas domaindomain walls.walls. InIn thethe do­do­

mainmain walls,walls, thethe directiondirection ofof magnetizationmagnetization changeschanges smoothlysmoothly fromfrom thatthat ofof oneone domaindomain 

toto thethe other.other. TheThe widthwidth ofof thethe domaindomain wallswalls inin aa particleparticle isis determineddetermined byby thethe funda­funda­

mentalmental magneticmagnetic propertiesproperties ofof thethe materialmaterial includingincluding magneticmagnetic exchangeexchange andand anisotropyanisotropy 

energies,energies, andand isis hencehence aa constantconstant forfor anyany magneticmagnetic material.material. ThusThus whenwhen thethe particleparticle 

dimensionsdimensions becomebecome comparablecomparable withwith thethe domaindomain wallwall width,width, domainsdomains cannotcannot formform andand 

thethe particleparticle isis forcedforced toto remainremain aa singlesingle magneticmagnetic domaindomain withwith uniform,uniform, maximummaximum mag­mag­

netization.netization. ForFor magnetite,magnetite, thisthis isis 9292 emu/g.emu/g. CalculationsCalculations byby ButlerButler andand BanerjeeBanerjee 1212 givegive 

7676 nmnm asas thethe upperupper limitlimit forfor thethe single-magnetic-domain-sizesingle-magnetic-domain-size rangerange forfor equidimensionalequidimensional 

particlesparticles ofof magnetite.magnetite. BecauseBecause ofof shapeshape anisotropy,anisotropy, thethe single-magnetic-domainsingle-magnetic-domain vol­vol­

umeume increasesincreases withwith axialaxial ratioratio forfor non-equidimensionalnon-equidimensional particles.particles. AsAs aa rulerule ofof thumb,thumb, 

magnetitemagnetite particlesparticles withwith longlong dimensionsdimensions ofof thethe orderorder ofof 120120 nmnm oror lessless areare singlesingle mag­mag­

neticnetic domains.domains. 

TheThe thermalthermal stabilitystability ofof thethe magnetizationmagnetization inin single-magnetic-domainsingle-magnetic-domain particlesparticles isis deter­deter­

minedmined byby thethe particleparticle volume.volume. TheThe magnetizationmagnetization isis orientedoriented alongalong anan energeticallyenergetically fa­fa­

vorablevorable directiondirection inin thethe particleparticle knownknown asas anan easyeasy magneticmagnetic axis,axis, which,which, forfor magnetitemagnetite 

aboveabove thethe so-calledso-called VerweyVerwey transitiontransition atat 118118 K,K, isis parallelparallel toto aa <Ill><Ill> direction.direction. ThereThere 

areare severalseveral equivalentequivalent <111><111> directionsdirections inin thethe latticelattice andand thermalthermal energyenergy cancan spontan­spontan­

eouslyeously exciteexcite transitionstransitions ofof thethe magnetizationmagnetization overover thethe interveningintervening hardhard magneticmagnetic direc­direc­

tions,tions, oror energyenergy barriersbarriers duedue toto magneticmagnetic anisotropy.anisotropy. ThisThis behavior,behavior, knownknown asas superpa­superpa­

ramagnetism,ramagnetism, resultsresults inin aa time-averagedtime-averaged lossloss ofof remnantremnant magnetizationmagnetization inin anan ensembleensemble 

ofof particles.particles. ForFor single-magnetic-domainsingle-magnetic-domain particlesparticles aboveabove aa certaincertain volume,volume, thethe 

transitiontransition raterate ofof thethe magnetizationmagnetization willwill bebe negligiblenegligible andand thethe particlesparticles willwill retainretain aa per­per­

manentmanent magnetization.magnetization. ForFor magnetitemagnetite atat 300300 K,K, particlesparticles withwith dimensionsdimensions greatergreater thanthan 

oror equalequal toto aboutabout 3535 nmnm willwill bebe permanentlypermanently magnetized.magnetized. Thus,Thus, magnetitemagnetite particlesparticles 

withwith longlong dimensionsdimensions betweenbetween aboutabout 3535 andand 120120 nmnm areare permanent,permanent, singlesingle magneticmagnetic 
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domainsdomains atat ambientambient temperature.temperature. TheThe magnetitemagnetite particlesparticles producedproduced byby magnetotacticmagnetotactic 

bacteriabacteria areare typicallytypically withinwithin thisthis sizesize range.range. ThusThus thethe bacteriabacteria areare notnot onlyonly producingproducing 

magnetic,magnetic, mineralmineral particles,particles, theythey areare producingproducing permanent,permanent, single-magnetic-domain­single-magnetic-domain­

sizedsized particlesparticles ofof thatthat mineral.mineral. 

WhenWhen thethe particlesparticles areare organizedorganized intointo chains,chains, asas theythey areare inin magnetotacticmagnetotactic bacteria,bacteria, thethe 

magneticmagnetic interactionsinteractions betweenbetween themthem causecause theirtheir magneticmagnetic dipoledipole momentsmoments toto orientorient pa­pa­

rallelrallel toto eacheach otherother alongalong thethe chainchain direction.direction. TheThe totaltotal magneticmagnetic dipoledipole momentmoment ofof thethe 

chainchain isis thusthus thethe sumsum ofof thethe momentsmoments ofof thethe individualindividual particles.particles. ByBy organizingorganizing thethe par­par­

ticlesticles intointo chains,chains, aa bacteriumbacterium isis essentiallyessentially constructingconstructing aa permanentpermanent magneticmagnetic dipoledipole 

whichwhich isis sufficientlysufficiently largelarge toto orientorient thethe cellcell inin thethe geomagneticgeomagnetic fieldfield inin waterwater asas itit 

swims.swims. ThatThat is,is, thethe magneticmagnetic energyenergy ofof thethe dipoledipole inin thethe geomagneticgeomagnetic fieldfield isis aboutabout aa 

factorfactor ofof 1010 oror greatergreater thanthan thermalthermal energyenergy atat ambientambient temperature,temperature, whichwhich resultsresults inin anan 

80%80% oror betterbetter averageaverage projectionprojection ofof thethe momentmoment onon thethe fieldfield direction.direction. 

TheThe cellularcellular magneticmagnetic dipoledipole cancan havehave twotwo possiblepossible orientationsorientations withwith respectrespect toto thethe fla­fla­

gellum,gellum, whichwhich makesmakes thethe organismsorganisms eithereither North-seekingNorth-seeking oror South-seekingSouth-seeking inin thethe geo­geo­

magneticmagnetic field.field. OrganismsOrganisms withwith thethe formerformer andand latterlatter polaritypolarity predominatepredominate inin thethe NNor­or­

themthem andand SouthernSouthern hemispheres,hemispheres, respectively.1-3respectively.1-3 TheThe advantageadvantage ofof magnetotaxismagnetotaxis isis 

presumablypresumably increasedincreased efficiencyefficiency inin findingfinding andand maintainingmaintaining preferredpreferred positionposition inin redoxredox 

and/orand/or oxygenoxygen gradients.gradients. 

WeWe mightmight notenote thatthat permanentpermanent magnetmagnet manufacturersmanufacturers havehave beenbeen usingusing biomimickrybiomimickry 

withoutwithout realizingrealizing it.it. TheThe basicbasic strategystrategy inin thethe manufacturemanufacture ofof permanentpermanent magnetsmagnets fromfrom 

differentdifferent materials,materials, includingincluding alnico,alnico, samarium-cobalt,samarium-cobalt, neodymium-iron-boron,neodymium-iron-boron, andand 

others,others, isis toto firstfirst produceproduce permanent,permanent, single-magnetic-domain-sizedsingle-magnetic-domain-sized particlesparticles ofof thethe ma­ma­

mag­terialterial andand thenthen toto presspress thethe particlesparticles togethertogether andand sintersinter themthem toto formform thethe finishedfinished mag­

net.net. TheThe magnetmagnet isis thenthen magnetizedmagnetized inin anan intenseintense magneticmagnetic field.field. TheThe bacteriabacteria havehave "" 

engineeredengineered aa moremore elegantelegant solutionsolution byby formingforming chainschains ofof singlesingle magneticmagnetic domainsdomains 

whichwhich spontaneouslyspontaneously produceproduce thethe maximummaximum magnetization.magnetization. 
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FigureFigure 5.5. TEMIBFTEMIBF imagesimages ofof twotwo magnetotacticmagnetotactic rod-shapedrod-shaped bacteriabacteria collectedcollected fromfrom sulfidic
sulfidic
aquaticaquatic habitats.habitats. Bars:Bars: II micron.
micron.

3.03.0 IRONIRON SULFIDESULFIDE PARTICLESPARTICLES ININ MAGNETOTACTICMAGNETOTACTIC BACTERIABACTERIA 

MolecularMolecular oxygenoxygen isis apparentlyapparently requiredrequired forfor cellscells ofof A.A. magnctotacticummagnctotacticum toto produceproduce 

intracellularintracellular magnetite,magnetite, JJ33 andand thisthis hashas ledled toto thethe assumptionassumption thatthat magnetitemagnetite formationformation byby 

magnetotacticmagnetotactic bacteriabacteria isis confinedconfined toto surfacesurface sedimentssediments inin aquaticaquatic habitatshabitats withwith 

microaerobicmicroaerobic conditions.conditions. 1414 However,However, morphologicallymorphologically diversediverse formsforms ofof magnetotacticmagnetotactic 

bacteriabacteria areare alsoalso commoncommon inin reducingreducing sedimentssediments andand waterswaters thatthat containcontain highhigh concen­concen­

trationstrations ofof hydrogenhydrogen sulfidesulfide (H2S)(H2S) andand probablyprobably nono freefree oxygen.oxygen. ISIS SuchSuch conditionsconditions 

•• occuroccur inin coastalcoastal estuarineestuarine environments,environments, saltsalt marshmarsh poolspools andand certaincertain shallowshallow anaerobicanaerobic 

basins.basins. 

Sulfide-richSulfide-rich sedimentssediments andand waterwater collectedcollected fromfrom bothboth thethe westwest coastcoast andand easteast coastcoast ofof 

thethe UnitedUnited StatesStates (Morro(Morro Bay,Bay, CaliforniaCalifornia andand WoodsWoods Hole,Hole, Massachusetts,Massachusetts, respectively)respectively) 

containedcontained largelarge numbersnumbers ofof rod-shapedrod-shaped magnetotacticmagnetotactic bacteria.bacteria. TheseThese werewere separatedseparated 
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FigureFigure 6.6. MagnifiedMagnified viewview ofof intracellularintracellular greigite,greigite, Fe3S4'Fe3S4' particlesparticles inin thethe cellscells shownshown inin FigureFigure 
5,5, showingshowing (a)(a) cubo-octahedralcubo-octahedral andand (b)(b) rectangularrectangular prismaticprismatic morphologies.morphologies. 
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magneticallymagnetically andand examinedexamined byby electronelectron microscopy.microscopy. AtAt leastleast twotwo typestypes ofof rod-shap~drod-shap~d

organismsorganisms werewere found,found, aa smallersmaller oneone (ca.(ca. 2.52.5 xx 1.31.3 mm)mm) andand aa largerlarger oneone (ca.(ca. 33 mmmm xx 22 

mm),mm), containingcontaining cubo-octahedralcubo-octahedral andand rectangularrectangular prismaticprismatic electronelectron densedense particles,particles, 

respectively.respectively. TheseThese areare shownshown inin FiguresFigures 55 andand 6.6. X-rayX-ray elementalelemental mappingmapping byby scan­scan­

ningning transmissiontransmission electronelectron microscopymicroscopy revealedrevealed thatthat thethe particlesparticles werewere composedcomposed ofof 

ironiron andand sulfur,sulfur, notnot ironiron andand oxygenoxygen (Figure(Figure 7).157).15 IdentificationIdentification ofof thethe iron-sulfuriron-sulfur 

mineralmineral phasephase byby indexingindexing isolatedisolated singlesingle crystalcrystal electronelectron diffractiondiffraction patternspatterns revealedrevealed 

thatthat bothboth thethe smallersmaller andand largerlarger rodsrods containedcontained particlesparticles ofof greigite,greigite, Fe3S4.16,17Fe3S4.16,17 ThisThis 

mineralmineral hashas aa face-centeredface-centered spinelspinel structurestructure andand isis isostructuralisostructural withwith magnetite.magnetite. StudyStudy 

ofof thethe particlesparticles byby highhigh resolutionresolution transmissiontransmission electronelectron microscopymicroscopy revealedrevealed twotwo 

distinct,distinct, idealizedidealized particleparticle morphologiesmorphologies whichwhich areare shownshown inin FigureFigure 8.8. 1717 ThusThus greigitegreigite 

formationformation inin thesethese bacteriabacteria parallelsparallels magnetitemagnetite formationformation inin thethe microaerophilicmicroaerophilic bacteriabacteria 

describeddescribed above,above, withwith narrownarrow sizesize distributionsdistributions andand species-specificspecies-specific morphologies,morphologies, 

implyingimplying aa highhigh degreedegree ofof controlcontrol overover thethe biomineralizationbiomineralization process.process. Uncontrolled,Uncontrolled, 

biologically-inducedbiologically-induced mineralizationmineralization ofof ironiron sulfidesulfide particlesparticles isis knownknown toto occuroccur inin somesome 

dissimilatorydissimilatory sulfate-reducingsulfate-reducing bacteria.bacteria. 1818 

GreigiteGreigite isis ferrimagneticferrimagnetic atat ambientambient temperature.temperature. ItsIts saturationsaturation magnetizationmagnetization isis app­app­

roximatelyroximately 3030 emu/g,emu/g, aboutabout oneone thirdthird thatthat ofof magnetite.magnetite. ThusThus itit isis lessless "efficient""efficient" thanthan 

magnetitemagnetite asas aa permanentpermanent magnetmagnet material.material. Nevertheless,Nevertheless, itit isis perfectlyperfectly adequateadequate asas thethe 

basisbasis ofof thethe magnetotacticmagnetotactic responseresponse inin thosethose bacteriabacteria whichwhich produceproduce it.it. ManyMany ofof thethe 

basicbasic magneticmagnetic propertiesproperties ofof griegitegriegite havehave notnot beenbeen determineddetermined soso thethe single-magneticsingle-magnetic 

domaindomain sizesize rangerange isis notnot known,known, butbut onon thethe basisbasis ofof thethe magnetizationmagnetization andand CurieCurie tempe­tempe­

raturerature wewe maymay inferinfer thatthat itit isis approximatelyapproximately thethe samesame asas magnetite.magnetite. ThusThus chainschains ofof 

magnetomagnetosomessomes containingcontaining greigitegreigite wouldwould functionfunction analogouslyanalogously toto chainschains ofof magne­magne­

tosomestosomes containingcontaining magnetite.magnetite. 

LivingLiving inin thethe samesame sulfidicsulfidic habitatshabitats onon thethe westwest andand easteast coastscoasts ofof thethe UnitedUnited StatesStates asas 

thethe greigite-containinggreigite-containing magnetotacticmagnetotactic rodsrods describeddescribed aboveabove isis anan unusualunusual multicellular,multicellular, 

magnetotacticmagnetotactic prokaryoteprokaryote (Figure(Figure 9)9) thatthat isis referredreferred toto casuallycasually asas "the"the mulberry"mulberry" be­be­

causecause ofof itsits appearanceappearance inin thethe lightlight microscope.microscope. JJ99 AA similarsimilar organismorganism occursoccurs inin Bra­Bra­

zil,20zil,20 andand probablyprobably inin similarsimilar habitatshabitats inin otherother partsparts ofof thethe world.world. TheThe intactintact organismorganism 

containscontains 77 toto 2020 individualindividual cells,cells, eacheach ofof whichwhich hashas flagellaflagella onon oneone sideside ofof thethe cell,cell, andand 

containscontains aboutabout 1010 electron-denseelectron-dense particlesparticles arrangedarranged inin chainschains FigureFigure 10.10. ThereThere isis 
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FigureFigure 7.7. ElementalElemental X-rayX-ray densitydensity mapsmaps forfor aa magnetotacticmagnetotactic rod-shapedrod-shaped bacteriumbacterium withwith cubo­cubo­
octahedraloctahedral particles.particles. UpperUpper panel:panel: STEM/BFSTEM/BF image.image. LowerLower panel:panel: upperupper left,left, STEMSTEM image;image; 
upperupper right,right, 0;0; bottombottom left,left, S;S; bottombottom right,right, Fe.Fe. TheThe correlationcorrelation ofof FeFe andand SS densitydensity withwith par­par­
ticleticle positionposition showsshows thatthat thethe particlesparticles containcontain FeFe andand SS butbut notnot O.O. SimilarSimilar resultsresults havehave beenbeen 
reportedreported forfor cellscells containingcontaining rectangularrectangular prismaticprismatic particles.particles. 
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FigureFigure 8.8. IdealizedIdealized morphologiesmorphologies ofof greigitegreigite crystalscrystals formedformed inin magnetotacticmagnetotactic bacteria:bacteria: (a)(a) 
cubo-octahedron;cubo-octahedron; (b)(b) elongated,elongated, truncatedtruncated cube.cube. (After(After Ref.Ref. 17.)17.) 

FigureFigure 9.9. TEM/BFTEM/BF imageimage ofof aa magnetotactic,magnetotactic, multicellularmulticellular prokaryoteprokaryote ("mulberry")("mulberry") showingshowing 
individualindividual cellscells andand chainschains ofof particleparticle (Ref.(Ref. 21).21). 
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FigureFigure 10.10. ElectronElectron micrographmicrograph ofof oneone ofof 2020 constituentconstituent cellscells ofof thethe magnetotactic,magnetotactic, 
multicellularmulticellular prokaryoteprokaryote ("mulberry").("mulberry"). EachEach cellcell isis flagellatedflagellated andand containscontains magnetosomes.magnetosomes. 
TheThe cellcell hashas beenbeen negativelynegatively stainedstained (Ref.(Ref. 19).19). 

electronelectron microscopicalmicroscopical evidenceevidence thatthat thethe magnetosomemagnetosome chainschains areare orientedoriented parallelparallel toto 

eacheach otherother inin thethe intactintact organism.organism. TheThe organismorganism isis motilemotile andand magnetotactic,magnetotactic, butbut ifif itit isis 

disrupted,disrupted, e.g.,e.g., byby osmoticosmotic shock,shock, thethe individualindividual cellscells areare notnot motile,motile, butbut areare perma­perma­

nentlynently magnetic.magnetic. 

AsAs inin thethe magnetotacticmagnetotactic rods,rods, elementalelemental mappingmapping showsshows thatthat thethe electron-denseelectron-dense inclu­inclu­

sionssions inin thisthis organismorganism areare ironiron sulfidessulfides (Figure(Figure 1111 ).21,22).21,22 However,However, electronelectron diffractiondiffraction 

datadata revealreveal thatthat inin additionaddition toto greigite,greigite, thethe cellscells containcontain nonmagneticnonmagnetic pyrite,pyrite, FeS2.FeS2. 2121 

SinceSince thethe morphologiesmorphologies ofof thethe particlesparticles inin thisthis organismorganism areare notnot uniformuniform asas inin thethe mag­mag­

netotacticnetotactic rods,rods, itit isis notnot possiblepossible toto distinguishdistinguish thethe particlesparticles ofof greigitegreigite andand pyritepyrite onon thethe 

basisbasis ofof simplesimple examinationexamination ofof thethe transmissiontransmission electronelectron micrographs.micrographs. ThusThus itit isis notnot 

knownknown howhow thethe greigitegreigite andand pyritepyrite particlesparticles areare distributeddistributed inin thethe cells.cells. However,However, thethe 

electronelectron diffractiondiffraction datadata suggestsuggest thatthat pyritepyrite isis thethe predominantpredominant mineral.mineral. TheThe rolerole ofof 

non-magneticnon-magnetic pyritepyrite inin thethe cellscells isis notnot known,known, butbut itit clearlyclearly playsplays nono rolerole inin magneto­magneto­

taxis.taxis. WilliamsWilliams2323 hashas proposedproposed thatthat pyritepyrite isis involvedinvolved inin maintenancemaintenance ofof ironiron andand sul­sul­

fidefide homeostasishomeostasis inin thethe organisms.organisms. Moreover,Moreover, itit hashas recentlyrecently beenbeen foundfound thatthat coppercopper 
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FigureFigure II.II. ElementalElemental densitydensity mapsmaps forfor thethe particlesparticles inin oneone ofof thethe constituentconstituent eeleel IsIs ofof thethe mag­mag­
netotactic,netotactic, multicellularmulticellular prokaryote:prokaryote: upperupper left,left, transmissiontransmission electronelectron micrograph;micrograph; upperupper right,right, 
0;0; bottombottom left,left, S;S; bottombottom right,right, Fe.Fe. ParticlesParticles consistconsist ofof greigite,greigite, Fe3S4'Fe3S4' andand pyrite,pyrite, FeS2FeS2 (Ref.(Ref. 
21).21). (See(See aLsoaLso ColorColor PlatePlate 5.)5.) 

cancan bebe incorporatedincorporated intointo thethe greigitegreigite and/orand/or pyritepyrite particles,24particles,24 suggestingsuggesting aa possiblepossible rolerole 

inin detoxification.detoxification. Nevertheless,Nevertheless, itit isis remarkableremarkable thatthat thesethese organismsorganisms areare separatelyseparately 

mineralizingmineralizing twotwo iron-sulfideiron-sulfide minerals,minerals, probablyprobably inin eacheach ofof itsits constituentconstituent cells.cells. 

4.04.0 CONCLUSIONCONCLUSION 

TheThe rationalerationale forfor biomimickingbiomimicking asas aa strategystrategy forfor thethe designdesign ofof novelnovel materialsmaterials andand struc­struc­

turestures isis thatthat thethe materialsmaterials andand structuresstructures foundfound inin organismsorganisms havehave beenbeen refinedrefined andand opti­opti­

mizedmized inin thethe coursecourse ofof evolutionevolution toto havehave certaincertain propertiesproperties andand toto serveserve specificspecific func­func­

tions.tions. EvenEven ifif thethe functionsfunctions areare notnot completelycompletely understood,understood, thethe propertiesproperties cancan bebe deter­deter­

minedmined andand correlatedcorrelated withwith thethe structures.structures. ma­ThusThus strategiesstrategies forfor thethe productionproduction ofof newnew ma­
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terialsterials andand structuresstructures withwith similarsimilar propertiesproperties cancan bebe determined.determined. MuchMuch ofof thethe workwork inin 

thisthis areaarea hashas focusedfocused onon thethe mechanicalmechanical propertiesproperties ofof materialsmaterials andand structuresstructures inin higherhigher 

organisms,organisms, suchsuch asas shell,shell, bone,bone, connectiveconnective tissue,tissue, chitin,chitin, etc.etc. TheThe magnetotacticmagnetotactic bacte­bacte­

riaria affordafford anan exampleexample ofof optimizationoptimization ofof magneticmagnetic propertiesproperties inin biomineralizedbiomineralized mag­mag­

neticnetic particlesparticles byby maintenancemaintenance ofof controlcontrol overover particleparticle sizesize andand morphology,morphology, andand crea­crea­

tiontion ofof aa hierarchicalhierarchical structurestructure byby relativerelative particleparticle placementplacement inin thethe cell.cell. ItIt isis remarkableremarkable 

thatthat thethe samesame generalgeneral schemescheme isis utilizedutilized forfor twotwo differentdifferent magneticmagnetic mineralsminerals inin differentdifferent 

speciesspecies ofof bacteria.bacteria. ItIt hashas recentlyrecently beenbeen determineddetermined byby phylogeneticphylogenetic analysisanalysis thatthat mag­mag­

netite-producingnetite-producing magnetotacticmagnetotactic bacteriabacteria andand thethe iron-sulfide-producingiron-sulfide-producing mulberrymulberry belongbelong 

toto distinctdistinct lineageslineages ofof thethe proteobacteriaproteobacteria inin thethe domaindomain bacteria.bacteria. 2525 ThisThis suggestssuggests thatthat 

thethe biochemicalbiochemical basisbasis ofof thethe biomineralizationbiomineralization processprocess couldcould bebe differentdifferent forfor thethe twotwo 

mineralmineral particles.particles. InIn anyany case,case, elucidationelucidation ofof thethe detailsdetails ofof bacterialbacterial biomineralizationbiomineralization 

processesprocesses couldcould yieldyield cluesclues toto thethe productionproduction ofof orderedordered arraysarrays ofof inorganicinorganic magneticmagnetic 

materialsmaterials onon aa nanometernanometer scale.scale. 
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