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Received 30 January 1999 Summary Magnetotactic bacteria synthesize intracet|idaveloped, single magnetic

Accepted 25 February 1999 domain crystals of magnetite (f&&, Fe*Fe,**O,) and/or greigite (F&,) called
magnetosomes. The magnetosomes contain well-ordered crystals that have narrow
size distributions and consistent species- and/or strain-specific morphologies. These
characteristics are features of a process called biologically-controlled mineralization
in which an eganism exerts a great degree of crystallochemical control over the
nucleation and growth of the mineral particle. Because of these features, the mineral
particles have been used as biomarkers although not without conyroMeese
unigque structures impart a permanent magnetic dipole moment to the cell causing
it to align and swim along geomagnetic field lines, a behavior known as magnetotaxis.
The apparent biological advantage of magnetotaxis is that it aids cells in more
efficiently locating and maintaining position in vertical chemical gradients common
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The serendipitous discovery of magnetotactic bacteria occumeti preclude the possibility of magnetotactic Archaea, although
25 years ago when Richd?dBlakemore, then a graduate studemione has ever been discovered); (i) are motile by means of flagella
at the University of Massachusetts at Amherst, microscopicdliyagnetotactic gliding bacteria or nonmotile bacteria that produce
observed lege populations of coccoid bacteria in mud migratinnagnetosomes could also exist though they would be easily
unyieldingly in one direction until small magnets were brougbterlooked during selection); (iii) exhibit a negative tactic and/or
in the vicinity of the microscopd]. It quickly became clear to growth response to atmospheric levels of oxygen; and (iv) possess
Blakemore that the swimming direction of the cocci was stronglynumber of magnetosomes.
influenced by magnetic fields and that, in general, cells swam Phylogenetic analyses, based on the sequence of the 16S
towards the south end of a bar magnet and away from the ndRINA, show that almost all magnetite-producing magnetotactic
end. Using magnetic manipulations of collected cells and electoawcteria belong to the-subdivision of the Proteobacteria [17,
microscop, this amazing phenomenon, called magnetotaxis, v&8. Exceptions include a cultured, magnetite-producing, sulfate-
found to be due to the presence of unique intracelklictron- reducing magnetotactic strain, RS-1 [58], which belongs to the
dense, iron-rich structures called magnetosomes [1]. Despitedsabgroup of the Proteobacteria [30], andrgdauncultured,
fact that 25 years have elapsed since their disgowery few rod-shaped, magnetite-producing bacterivfagnetobacterium
species of magnetotactic bacteria have been isolated and gioawaricum that is phylogenetically associated not with the
in pure culture. In addition, partially because of the fastidiousn&ssteobacteria but with the Nitrospira phylum in the Domain
of the strains, little is known about how these microb&sacteria [63]. The 16S rRNA of only one greigite-producing
biomineralize their magnetic mineral inclusions at thmagnetotactic bacterium, an unusual multicellular form, has been
biochemical/chemical and molecular levels. sequenced and theganism is associated with the sulfate-reducing
The magnetotactic bacteria are a heterogeneous groupauteria in thé&subdivision of the Proteobacteria [17]. Because
motile, mainly aquatic prokaryotes that exhibit a number of cellutbe dfferent subdivisions of the Proteobacteria are considered to
morphologies including coccoid, rod-shaped, vibrioid and spirilldige coherent, distinct evolutionary lines of descent [69], and at
[7, 12]. Extremely lege cells and even a multicellular form aréeast one magnetite-producing species is phylogenetically linked
known to exist [57, 63]. Despite this morphological diverdiite to a major grouping in the Domain Bacteria other than the
magnetotactic bacteria share several important features [7],Ribteobacteria, it seems likely that magnetotaxis as a trait and
(i) are Gram-negative members of the Domain Bacteria (this doegnetosome synthesis have evolved several times in the past.
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Nonetheless, the term “magnetotactic bacteria” lacks taxonomliectron microscopy (TEM), electron diffraction and known iron
significance and these microorganisms should be regarded sidfale chemistry, the reaction scheme for greigite formation in
diverse morphological and metabolic group of prokaryotes tihahgnetosomes appears to be:

share the trait of magnetotaxis [7, 12].

Magnetotactic bacteria are cosmopolitan in distribution a
ubiquitous in aquatic habitats [7, 12] with few exceptions. They The de novo synthesis of hon-magnetic, crystalline, iron sulfide
have not been found in significant numbers in well aeratedpoecursors aligned along the magnetosome chain is significant
in acidic aquatic environments such as mine drainages. On a rheause it indicates that chain formation is not necessarily a
local basis, the highest numbers of these organisms are fomadnetism-related process [31] and that biomineralization and
at or just below the oxic-anoxic boundary or transition zowhain formation are separately controlled by the bacterium [3].
(OATZ) also referred to as the microaerobic zone or tReports of non-magnetic pyrite [41] and ferrimagnetic pyrrhotite
redoxocline. In many freshwater habitats, the OATZ is locat@ek,S;) [21] in magnetotactic bacteria likely represent
at the sediment-water interface or just below it. However, in somisidentifications of greigite and other iron sulfide phases.
brackish-to-marine systems, the OATZ is permanently or The morphology of the crystalline mineral phase of the
seasonally located in the water column due to the upward diffusieagnetosome varies but is generally consistent within cells of
of hydrogen sulfide, produced by sulfate-reducing bacteriaasingle bacterial species or strain [6, 7]. Even the bacterium that
the anaerobic zone and sediment [7]. In some cases, stymoeguces magnetite and greigite produces only one morphological
pycnoclines and other physical factors, probably including tfeem of each mineral [3]. Three general morphologies of magnetite
microorganisms themselves, stabilize the vertical chemieal greigite particles have been observed in magnetotactic bacteria
gradients and the resulting OATZ. The OATZ occurs in the watesing TEM [6]. They include: (i) roughly cuboidal [1]; (ii)
columns of the Pettaquamscutt Estuary (Narragansett Bay,datallelepipedal (rectangular in the horizontal plane of projection)
USA) [3, 19] and Salt Pond (Woods Hole, MA, USA) [7] fof4, 66]; and (iii) tooth-, bullet- or arrowhead-shaped (anisotropic)
much of the year and has been studied in some detail. Many typ&s39]. Examples of these morphologies are shown in Fig. 1.
of magnetotactic bacteria are found at both sites. Generallpe exception to this rule occurs in the greigite particles of an
the magnetite-producing magnetotactic bacteria prefer timusual many-celled “microcolony” of 20 or so similar prokaryotic
OATZ proper and behave as oxygen-respiring microaerophileslls, arranged roughly in a sphere, that is motile as an entire unit
Support for this also comes from the two strains of magnetibeit not as separate cells [41, 57]. This organism produces mostly
producing magnetotactic bacteria isolated from the OATZ of thleomorphic particles that lack a consistent crystalline morphology
Pettaquamscutt: a vibrio, strain MV-2 [17, 48], and a coccadthough cubo-octahedral and tooth-shaped crystals are
strain MC-1 [17, 22, 47]. Both strains grow as microaerophilescasionally present (Fig. 1C) [41, 56]. This particle pleomorphism
although strain MV-2 also grows anaerobically with nitrous oxite not understood but may indicate (a) less controlled
(N,O) as a terminal electron acceptor. The greigite-producerskioenineralization process(es) in this microorganism.
mainly located in the anaerobic sulfidic waters below the OATZ The rod-shaped bacterium that synthesizes both minerals
and are likely anaerobes [3, 7], although greigite-produciogntains different sizes of arrowhead-shaped crystals of magnetite
magnetotactic bacteria have not yet been isolated and growanid rectangular prismatic crystals of greigite co-organized within
pure culture. the same chains of magnetosomes [3]. In cells of this uncultured
organism, the magnetite and greigite crystals are positioned with
their long axes oriented along the chain direction. This suggests
The bacterial magnetosome that the magnetosome membranes surrounding the magnetite and

greigite particles contain different nucleation templates and
Magnetosomes, defined as intracellular, single-magnetic-dorthizt there are differences in magnetosome vesicle biosynthesis.
crystals of a magnetic iron mineral, either the iron oxide magnetiteus, it is possible that two separate sets of genes control the
or the iron sulfide greigite, enveloped by a membrane lmomineralization of magnetite and greigite in this organism. In
membrane-like structure [1, 26], are the signature feature ofaldelition, environmental variables such as local molecular oxygen
magnetotactic bacteria and are responsible for their behaviaann/or hydrogen sulfide concentrations and/or redox conditions
magnetic fields. Although most magnetotactic bacteria produmgght regulate the type of biomineralization by cells of this
only one mineral type, a rod-shaped magnetotactic bacteriorganism. Cells from the more oxidized regions of the OATZ
from the Pettaquamscutt Estuary contains both magnetite amatain more or exclusively arrowhead-shaped magnetite particles
greigite [3] and recently, non-magnetic iron sulfides together witthile cells collected from below the OATZ in the anaerobic,
greigite have been observed in some organisms [55, 56].  sulfidic zone contain more or exclusively greigite particles [3].

The iron sulfide-type magnetosomes contain particles of Metal compositional impurities in magnetosomes are unusual.
greigite [29, 41] or a mixture of greigite and some non-magnelice magnetite-producers in pure culture produce stoichiometric
greigite precursors including mackinawite (tetragonal FeS) andgnetite even when grown in the presence of relatively high
possibly, sphalerite-type cubic FeS [55, 56]. Based on transmissigrounts of other transition metal ions. Several exceptions exist,

r(]:élbic FeS- mackinawite (tetrag. FeS) greigite (FgS,) [55, 56].
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however, in magnetotactic bacteria from environmental sourc[¥ A
Trace amounts of titanium were found in magnetite particles
a freshwater magnetotactic coccus from a wastewater treatn
pond [65]. Significant amounts of copper, ranging from aba
0.1 to 10 atomic % relative to iron, were found in the iron sulfi
particles of the many-celled, magnetotactic microorganis
described earlier, as well as in some rod-shaped bacteria [5,
The presence of copper appeared to be dependent upon w
the organisms were collected and therefore, likely upon cop
availability [5, 56].

High resolution TEM studies have revealed that tt
magnetite particles within magnetosomes are of high structt
perfection and have been used to determine their ideali:
morphologies [36—-39, 42, 47, 48]. These studies have shc
the cuboidal particles to be truncated cubo-octahedra and B
parallelepipedal particles to be either truncated hexahedra
octahedral prisms. The cubo-octahedral crystal morpholc
preserves the symmetry of the face-centered cubic spi
structure and is considered an equilibrium growth form
magnetite that is commonly found in chemically-produce
magnetite particles. The hexa- and octahedral prismatic parti
represent departures from this equilibrium form, presumat
due to the acceleration or deceleration of mineral growth
certain crystal faces [40]. The synthesis of the tooth-, bulli
and arrowhead-shaped crystal appears to be more complex
that of the other forms [38, 39] and morphological studi
suggest that their growth occurs in two stages. The first, dur
which the length and width develop concurrently, is tt
formation of a well-ordered, isotropic, cubo-octohedral sing|
magnetic-domain crystal while the second involves anisotro
growth of the particle along a preferred (pointed end) directic

The magnetite and greigite crystals found in tr
magnetotactic bacteria fall within a narrow size range, 35
120 nm [6], where the particles are uniformly magnetize
permanent single-magnetic-domains. Smaller particles, tern
superparamagnetic, are not permanently magnetic at amb
temperature and would not be useful to the cell. Domain we
would form in larger particles, forming a multi-domain crysta
reducing the magnetic remanence of the particle. |
synthesizing single-magnetic-domains, cells maximize t
magnetic remanence of the individual particles [7].

The function of magnetotaxis

- o
In most magnetotactic bacteria, the magnetosomes are arral “ T
in one or more chains in which the magnetic interactions of 1 ey -

single particles cause their magnetic dipole moments to Origig. 1 Morphologies of greigite (RS, crystals in magnetosomes of
parallel to each other along the chain length. In this arrangemmagnetotactic bacteria. (A) STEM micrograph of cubo-octahedra within an
the total magnetic dipole moment of the cell is the sum of {uncultured rod-shaped bacterium collected from a salt marsh pool; (B) STEM
dipole moments of the individual particles and the chain beha‘o_f hexagonal prisms within an uncultured rod-shaped bacterium from the same

. . . . site; (C) TEM of tooth-shaped)(and rectangularj greigite crystals in the
as a single magnetic dipole [7]. This cooperative effect betW(many—celled magnetotactic bacterium described in the text. Magneti@,XFe

particles in the chain has now been directly shown using €elec¢rystais show the same morphologies when viewed with electron microscopy
holography in the TEM, which outlines the magnetic field lin¢in the horizontal plane (Fig. 1C courtesy of M. Pésfai and P.R. Buseck)
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A geomagnetic pole. Dead cells, however, do not swim and cannot
7 7 7 7 7 be magnetotactic.
/ Most non-spirillar magnetotactic bacteria have a magnetic
i / s/ / / Y polarity; north- or south-seeking. In wet mounts of these types
o g s 7 Y 7 y “oxic zone of cells (e.g. magnetotactic cocci), more than 99% of the cells
nd [02]// 7 S // swim persistently in one direction and it was this observation
7 7 /

OATZ /

\

~ P P that led to the discovery of magnetotaxis in bacteria [11]. In

7 7 7 o 7 contrast, magnetotactic spirilla grown in liquid culture show
L7517 //'/; /// e no preference in their swimming direction and equal numbers

/7 anoxic zone,/ . . . . . . .

, 7 P 4 P 4 v e pZ of cells swim in either direction in wet mounts [22]. The vertical
B ’.I_ Y _‘/_ _ _ X _ _ a7 _ | componentofthe inclined geomagnetic field appears to select
sediment for a polarity in the former organisms in each hemisphere by
favoring those cells whose polarity leads them down towards
B sediments, away from toxic concentrations of oxygen in surface
waters. North- (and downward-) seeking magnetotactic bacteria
[O2]2 [O2]" [O2]1 predominate in the northern hemisphere while south-seeking
@t <@ cells predominate in the southern hemisphere [13]. At the
’@,: @@ ©> equator, where the vertical component of the geomagnetic field
[02] » is zero and neither polarity is selected for, equal numbers of
- F both polarities exist [24]. The presence of “polar” magnetotactic

bacteria in “plates” at the OATZ in the water columns of

Fig. 2(A) Diagram of the oxic-anoxic transition zone (OATZ) in the water columChemI(:{jllly-strmncled aquatic systems [3, 7, 22], and the fact

of a chemically-stratified semi-anaerobic basin (e.g. Salt Pond, Woods H(ﬂ%,at cultured magnetotactic cocci form microaerophilic bands
MA, USA) containing inverse concentration gradients of oxygefi)(j@fusing  Of cells at some distance from the meniscus of the growth
from the surface, and sulfide {f} produced by sulfate-reducing bacteria in themedium [22], are not consistent with this model of
anaerobic zone. Magnetite-producing magnetotactic bacteria are normally preﬁ‘iﬁbnetotaxis. Otherwise north—seeking magnetotactic bacteria

at the OATZ while the greigite-producers are found in the anaerobic zone bel?]wthe northern hemisphere would be found in the sediments

the OATZ where sulfide is present. How these organisms find and maintain an -
optimal position in these vertical concentration gradients is not known. Ax@l' at th? bolttom o.f.culture tubes. How do both cell types find
magnetotactic species (e.g. spirilla) align along the inclined geomagnetic fisldd maintain position at the OATZ?
lines (dashed lines) and swim up and down relying on a temporal sensory Magnetotactic bacteria propel themselves forward in their
mechanism of aerotaxis to find and maintain position at the OATZ. Polat ueous surroundings by rotating their fIageIIa as do most other
magnetotactlc spemes (.e.g. cocm)‘appear tp use a r_19ve| two-state aerotﬂ,c 'é-swimming baCteria. Unllke CeuS EBCheriChia Col-and
sensory mechanism to find and maintain optimal position at the OATZ. Whe ) . . .
cells of this type are in the oxic zone above the OATZ, they are in suboptirf41€" ChemOt'a.Ct'C bacteria that eXh'b'F a Charac_te”St'C run and
conditions ([Q] too high) and swim downward (small arrows above OATZ)tumble” motility, most magnetotactic bacteria move only
When they get below the OATZ, they are again in suboptimal conditiofjs ((®idirectionally, backwards and forwards, and do not change
too low), reverse the direction of their flagella motors and swim upward (Smaﬁlrection by tumbling [22]_ The magnetotactic spirilla which
arrows below the OATZ) without turning around. (B) Depiction of the two-stal . '
. o . . ave a polar flagellum at each end of the cell, align along and
aerotactic sensory mechanism in the magnetotactic cocci whgapfears . o s . .
to dictate the rotation of the flagellar motors,][@creases to the right, F is SWIM UP and _dowr! the 'n'C“neq geomagnetic field “n?S while
the direction of the magnetic field and,Jrepresents an optimal [[Yor the ~ USing aerotaxis to find their optimal oxygen concentration at the
cell. Under oxic conditions ([, [O,] too high), cells are or go into state 1 OATZ (Fig. 2) [22]. The microaerophilic magnetotactic cocci,
and swim persistently downward (northward in the northern hemisphere) pargjighich possess two bundles of flagella on one side of the cell
to P until they encounter a low oxygen threshold4@O; too low) which 150, o\vim in both directions but use magnetotaxis differently.
switches the cell into state 2. In state 2, cells swim antiparallel to F until the}il . . . .
reach a high oxygen threshold [ which causes them to switch back to | N€Y swim forW"?“:d (north-sggklng) in the n_orthem hem'Sph?re
state 1 again. In both cases, the magnetic dipole of the cell is aligned alonguder oxic conditions explaining their persistent north-seeking
behavior in wet mounts of oxic agueous medium. When the
oxygen concentration becomes low enough (suboptimal
of force [20]. The cell has therefore maximized its magnetic dipalenditions), cells reverse direction (by reversing the direction
moment, which is generally large enough so that its interactafrtheir flagellar rotation), without turning around, using a novel
with the Earth’s geomagnetic field overcomes the thermal foreesotactic sensory mechanism that functions as a two-way switch
tending to randomize the cell’s orientation in its aqueo(fSig. 2) rather than the well-recognized aerotactic sensory
surroundings [23]. Magnetotaxis results from the passive alignmmaeichanism used by other bacteria (€.g.oli, Magnetospirillum
of the cell along geomagnetic field lines while it swims. Cellmjagnetotacticuin When cells go above the OATZ and the
live or dead, align along magnetic field lines, behave like miniataneygen concentration becomes too high (again suboptimal
compass needles and are neither attracted nor pulled toward etheditions), they reverse direction again [22].
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On the basis of the observations described above, two 1
of magneto-aerotaxis, called axial and polaave been
distinguished for the tfierent mechanisms used by tt
magnetotactic spirilla and the magnetotactic cocci, respecti
[22]. In the magnetotactic spirilla, the geomagnetic field provi
an axis, not a direction, for motility along the oxygen gradie
The geomagnetic field provides both an axis and a directic
motility for the magnetotactic cocci. Both mechanisms invo
the passive orientation of the cellular magnetic dipole in
geomagnetic field. Both cell types use magnetotaxis in conjun:
with aerotaxis to find and maintain optimal position in a verti
oxygen gradients. Magnetotaxis is particularly advantageot
microarganisms in vertical concentration gradients becaus
increases thefficiency of finding and maintaining an optims
position relative to the gradient by reducing a three-dimensi
search problem to a one-dimensional search problem |
.Magn?tOtaXis may also. interact with other forms of chemot: Fig. 3 Scanning-transmission electron micrograph of a rod-shaped bacterium
involving molecules or ions other than oxygen, such as sulf -\ o cents greigite-containing magnetosomes (M) and gas vacuoles (GV).
or with redox- or phototaxis in bacteria that inhabit the anaer This qganism was collected from a salt marsh pool
zone (e.g. greigite-producers) in chemically-stratified waters
sediments.

Cellular magnetotaxis is a direct consequence of the a@llivities. BIM-type particles are formed extracellyleate poorly
possessing magnetosomes. Bacteria cannot think and can emlgtallized, have a broad size distribution and no defined
react to a stimulus and therefore did not originally synthesinerpholog. In addition, the lack of control over biomineralization
magnetosomes for magnetotaxis (a teleologigalraent). In in BIM can result in decreased mineral specificity and/or the
addition, many obligately microaerophilic bacteria find andclusion of impurities in the particles. Mineral particles produced
maintain position at the ATZ without magnetosomes, culturedby BIM share the same crystallochemical features as those
magnetite-producing magnetotactic bacteria form microaerophilioduced chemically in the absence of bacteria [35]. Therefore,
bands in the absence of a magnetic field and some greigi@rticles formed by BIM are generally indistinguishable from
producing magnetotactic bacteria produce gas vacudiesse particles produced non-biogenically ingamic chemical
presumably for buoyancy (Fig. 3). reactions under similar conditions. The implication in BIM is that
minerals nucleate in solution or form from poorly crystallized
mineral species already present [7].

Microbial biomineralization processes in Magnetite is formed through BIM by some dissimilatory-
magnetite and greigite formation iron reducing bacteria that respire with Fe(lll) as amorphous
Fe(lll) oxyhydroxide [33] under anaerobic conditions. Fe(ll),
Magnetosomes contain well-ordered crystals with narrow sjp@duced by the cells, subsequently reacts with excess Fe(lll)
distributions and specific particle morphologies. Thesxyhydroxide in the environment to form magnetite. Magnetite
characteristics are indicative of a direct mechanism prticles formed by these micmganisms are (i) extracellula
mineralization termed “biologically-controlled mineralization'(ii) irregular in shape with a relatively broad size distribution
(BCM) [7], in which the oganisms appear to regulate thand (i) poorly crystallized [62]. Although magnetite formation
biomineralization process to a high degree, exerting a great debyeBIM has only been shown to occur in cultureSloéwanella
of crystallochemical control over the nucleation and growth pifirefaciers ard Geobacter metalieducengy-, andd-subgroups,
the mineral particles. This, in turn, suggests that BCM processspective), Proteobacteria) [32, 33], it is likely that magnetite
are under specific metabolic and genetic control. can be produced by any Fe(lll)-reducing bacterium under

Magnetite and greigite can also be formed by a second, indisegtable environmental conditions.
means of mineral formation called “biologically-induced Some sulfate-reducing bacteria produce particles of greigite
mineralization” (BIM) [34]. In BIM, biomineralization is not using BIM processes. In this case, sulfate-reducing bacteria
controlled by the manism and occurs indirectly as a result séspire with sulfate anaerobioglteleasing hydrogen sulfide.
metabolic activities of therganism and subsequent chemicabulfide ions react with excess iron present in the growth medium
reactions. In most cases, thigamisms secrete and/or produce (&rming magnetic particles of greigite and pyrrhotite as well
metabolic product(s) that react(s) with a specific ion or compouagiof a number of other non-magnetic iron sulfides including
in the environment resulting in the production of extracellularackinawite, pyrite (cubic FgSand marcasite (orthorhombic
mineral particles that are an unintended byproduct of metabél@S) [7]. The mineral species formed in these bacterially-

500 nm
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in Antarctica and interpreted as partial evidence for ancient
life on Mars [46]. These crystals range from about 10 to 100 nm,
are in the superparamagnetic and single-magnetic-domain size
range, and are cuboid, teardrop and irregular in shape. Pyrrhotite
and possibly greigite particles, about 100 nm, were also identified.
The iron sulfide particles vary in size and shape. Both the
magnetite and the iron sulfide particles are embedded in a fine-
grained carbonate matrix on the rim of carbonate inclusions
within the meteorite. These findings have raised serious debate
on the interpretation and use of such particles as biomarkers both
on Earth and in extraterrestrial materials. In a recent study [18],
inorganically-produced and biogenic magnetite crystals from
several strains of magnetotactic bacteria were examined by
electron microscop Crystal defects such as twinning are
relatively common in both types of magnetite and not useful
Fig. 4 Transmission electron micrograph of a magnetic separate from surf@@ distinguishing charact8tatistical analysis of the sizes and
sediments collected from the Irish Sea. Note the presence of parallelepip&gl@pes might provide robust criteria for discerning biogenic and
cubo-octahedral and tooth-shaped forms of magnetite that are presumpelbiogenic magnetite crystals although more studies involving
“magnetofossils” left from magnetotactic bacteria (Courtesy of Z. Gibba,ystaus formed by cells in nature (versus those synthesized by
cultured cells) must be performed [18].
catalyzed reactions are dependent upon the pH of the growth
medium, the incubation time and temperature, thethe
presence of specific oxidizing and reducing agents and the tppBy/siology of magnetotactic bacteria and
of iron source in the growth medium. Micrganisms modify links to magnetosome synthesis
or contribute to many of these factors such as pHtE. Most
studies of iron sulfides produced through BIM by sulfat@nly a handful of magnetotactic bacterial species have been grown
reducing bacteria involve the motile Gram-negative bacteriunpure culture. Most of these are magnetotactic freshwater spirilla
Desulfovibrio desulfuricas(d-subgroup of the Proteobacteriathat synthesize cubo-octahedral particles of magnetite. Although
Domain Bacteria), but because all sulfate-reducing bactariagnetite synthesis has not yet been linked to the physiology
release sulfide ions when respiring with sulfate, it is likely thet a magnetotactic bacterium, it is important to understand the
all are capable of producing iron sulfide minerals through Blphysiology of these bacteria and the conditions under which they
under appropriate environmental conditions. Although nosgnthesize magnetosomes in order to find this link. One point
of the iron sulfides produced by the sulfate-reducing bactegalea, however; magnetite is formed by physiologically diverse
have been examined in any detail using modern electragnetotactic bacteria under aerobic and anaerobic conditions.
microscopy techniques, it is likely that they have similar The first magnetotactic bacterium to be isolated and grown
characteristics to those of BIM magnetite and cannot ipgpure culture waslagnetospirillum (formerly Aquaspirillum
distinguished from in@anically-produced forms. [59]) magnetotacticon strain MS-1 [14]. This species, isolated
The ability to distinguish between the various types ffom a freshwater swamp, is the most studied magnetotactic
bacterially-produced (BCM vs BIM) as well as iganically- bacterium. Cells are helical, possess an unsheathed polar flagellum
produced magnetite and greigite has great environmeriedach end of the cell and synthesize cubo-octahedral crystals of
and paleobiogical significance. When magnetotactic bacteri@gnetite. This organism is obligately respiratory and grows
cells die and lyse, their magnetosomes can be depositedh&noeganoheterotrophically usingganic acids as a source of
“magnetofossils” into the sediments, where they contribute to #ezgy and carbon. Although this strain uses nitrate as a terminal
sedimentary paleomagnetic and mineral magnetic records [7, &@ctron acceptor during denitrification, cells still require a small
The narrow single magnetic domain size range and appareathount of molecular dioxygen for growth and are therefore
unique crystal morphologies provide a means of identifyingligate microaerophiles [2]. Cells produce more magnetite when
magnetosome mineral particles using electron microscopygebwn with nitrate than with oxygen as a terminal electron
magnetic extracts from sediments. acceptqg yet molecular oxygen must still be present for magnetite
Magnetite particles presumably derived from magnetotacgynthesis, with the optimal concentration for maximum magnetite
bacteria have been separated from many recent freshwateryglds being 1% (v/v) oxygen in the headspace of cultures and
marine sediments (Fig. 4) [7, 16] as well as from anciesdncentrations greater than 5% being inhibitory [15]. Irffamte
sediments approximately two billion years old [16]. Morgpveto understand the relationship between nitrate and oxygen
magnetite particles resembling those from magnetotactic bactetitization and magnetite synthesis, Fukumori and co-workers
have been found in the Martian meteorite ALH84001 collectedamined electron transport and cytochromed.imagne-
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totacticum Tamegai et al. [65] reported a novel “cytochromenly under anaerobic conditions [58]. Cells are helicoid-
a,-like” hemoprotein present in greater amounts in magnetic cétisrod-shaped and possess a single polar flagellum. Little is
than nonmagnetic cells. They did not find a true cytochmeknown about the physiology of this strain. Cells grow
that was once considered to be one of the terminal oxidases, atbegnoorganoheterotrophically using certain organic acids and
with ano-type cytochrome, iiM. magnetotacticurfb2]. A new alcohols as carbon and energy sources and do not use nitrate as
ccbtype cytochrome oxidase [64] and a cytochrord,-type a terminal electron acceptor.
nitrite reductase [68] were isolated and purified from Several other pure cultures of magnetotactic bacteria exist
M. magnetotacticunirhe latter protein is of particular interes{DA Bazylinski, unpublished data), but they grow poorly and
because it shows Fe(ll):nitrite oxidoreductase activity that nidtle is known about them. Strain MC-1 produces hexahedral
be linked to the oxidation of Fe(ll) in the cell and thus to magnefitesms of magnetite and grows chemolithoautotrophically with
synthesis [68]. thiosulfate or sulfide as an electron and energy source [47]. Strain

Cells of M. magnetotacticumeduce Fe(lll) and translocateMV-4, a new marine spirillum, produces elongated octahedrons
protons when Fe(lll) is provided anaerobically [61] suggestin§magnetite and grows chemolithoautotrophically with thiosulfate
that cells conserve energy during the reduction of Fe(lll). Tlischemoorganoheterotrophically [48].
reduction may be linked to growth [27] but has never been
shown to directly support an energy-consuming process (€.Q-
amino acid uptake). Magnetosome formation

Matsunaga et al. [44] isolated a magnetotactic spirillum ) ) o ]
physically similar to M. magnetotacticum designated Chemistry/biochemistry The initial step in magnetosome
Magnetospirillumstrain AMB-1, which is much more c)Xygensynthess in magnetotactic bacteria is iron uptake. Free redu-
tolerant than other magnetotactic species and forms colonie %‘?1 Fe(ll) is very soluble [51] and is easily taken up by gells

) . . y non-specific means. However, because free Fe(lll) is so

the surface of agar plates. This speciesNikenagnetotacticum

. e " insoluble, most microbes rely on iron chelators that bind and
synthesizes cubo-octahedral crystals of magnetite, is obligalely hilize Fe(lll). These chelators, called siderophores, are

respiratory, has a chemoorganoheterotrophic mode of nutrijgfined as low molecular weight (<1 kDa), specific ligands
and uses organic acids as sources of energy and carbon. @eilsfacilitate the solubilization and transport of Fe(lll) [28].
like those oM. magnetotacticugrform more magnetosomesThey are generally produced under iron-limited conditions,
when grown with nitrate. However, unliké& magnetotacticumm and high iron concentrations repress their synthesis.
this strain grows under anaerobic conditions with nitrate and A hydroxamate siderophore was reported to be produced
synthesizes magnetite without molecular oxygen [45]. Growk cells ofM. magnetotacticurgrown under high but not low
and inhibitor studies [44, 45] show thiltagnetospirillum iron conditions [54], the reverse of what is normally observed.
AMB-1 uses nitrate as a terminal electron acceptor althougbwever, this unusual finding was never confirmed. Frankel
the products of nitrate reduction were not reported. Anothetral. [25] assumed that iron uptake by this organism probably
similar microaerophilic, freshwater magnetotactic spirillunmccurred via a non-specific transport system. Although iron is
M. gryphiswaldensfs9], also produces cubo-octahedral crystatsipplied as Fe(lll) chelated to quinic acid, the growth medium
of magnetite. How nitrate affects magnetite synthesis and groaibo contains reducing agents (e.g. ascorbic acid) potent enough
of M. gryphiswaldensis not known. to reduce Fe(lll) to Fe(ll). Thus, both forms of iron are present
A marine magnetotactic vibrio, strain MV-1, was isolateand it is not known which form is taken up by cells.
from a sulfide-rich salt marsh pool [4]. Cells possess a single Nakamura et al. [50] did not detect siderophore production
polar unsheathed flagellum and synthesize hexahedral prisnatiMagnetospirillumAMB-1 and concluded that Fe(lll) uptake
crystals of magnetite when growing either microaerobically by cells was mediated by a periplasmic binding protein-
anaerobically with nitrous oxide §N) as the terminal electrondependent iron transport system. Spent medium stimulated iron
acceptor. Cells appear to produce more magnetite undptake by cells oM. gryphiswaldenséut there was no
anaerobic conditions than under microaerobic conditions [é}idence for the presence of a siderophore [60]. Iron for
Cells of this nutritionally versatile species grow chemanagnetite synthesis in this species is taken up as Fe(lll) and
organoheterotrophically with organic or amino acids as carkibie process appears to be energy-dependent [60].
and energy sources, chemolithoautotrophically with thiosulfate Only one study has addressed the chemistry of magnetite
and sulfide as energy sources, and carbon dioxide as the spighesis after iron uptake. Frankel et al. [25] examined
carbon source. Cells use the Calvin-Benson cycle for carltha nature and distribution of major iron compounds in
dioxide fixation as cell-free extracts from thiosulfate-growl. magnetotacticurasing®Fe Mdssbauer spectroscopy. They
cells show ribulose bisphosphate carboxylase/oxygenase actipityposed a model in which Fe(lll) is taken up by the cell by
A virtually identical strain, designated MV-2, was isolated fromon-specific means and reduced to Fe(ll) as it enters the cell.
the Pettaquamscutt Estuary [17, 48]. It is then reoxidized to form a low-density hydrous Fe(lll) oxide
Strain RS-1 is a Gram-negative, sulfate-reducing bacteritimat is then dehydrated to form a high-density Fe(lll) oxide
that grows and produces bullet-shaped particles of magngfieerihydrite) that was detected in cells. In the last step,
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bacteria is obviously required for molecular studies of
magnetosome synthesis. Technical problems have hampered
research in this area over the years, including for example, the
lack of a significant number of magnetotactic bacterial strains
for comparison, the fastidiousness of the organisms in culture
and the elaborate techniques required for the growth of these
organisms and the inability of most strains to grow on the surface
of agar plates. Two general approaches to this problem have been
taken by investigators: (i) the generation and biochemical
and genetic comparisons of non-magnetotactic mutants; and
(i) biochemical investigation of the magnetosome membrane.
Waleh and co-workers [9, 67] showed that some
genes oM. magnetotacticurnan be functionally expressed
in E. coli and that the transcriptional and translational
elements of the two microorganisms are compatible. They
cloned, characterized and sequencedréoé gene from
M. magnetotacticurf®, 10]. They also examined iron uptake
Fig. 5Transmission electron micrograph of a negatively-stained preparation (BO M. magnetotacticurand cloned and characterized a 2 kb

sodium phosphotungstate, pH 7.0) of purified magnetite-containing magnetoso, .
from strain MV-1. The “magnetosome membrane” is visualized as an electr ?—\?A fragment fromM. magnetOtaCtlcunhat complemented

lucent area surrounding each magnetite crystal. This membrane is easily remB&aroD (biosynthetic dehydroquinase) gene function in
with detergents like sodium deodecyl sulfate E. coliandSalmonella typhimuriunThearoD mutants of these

strains cannot take up iron from the growth medium and when
one-third of the Fe(lll) ions in ferrihydrite are reduced anthe 2 kb DNA fragment fronM. magnetotacticunwas
with further dehydration, magnetite is produced. introduced into these mutants, their ability to remove iron from

The size and shape of the mineral phase of the magnetosthraegrowth medium was restored [8] suggesting that the

reflect the strict control the magnetotactic bacteria exert overthekb DNA fragment is important in iron uptake in
biomineralization processes involved in magnetosome synthddismagnetotacticunHowever, although the cloned fragment
In all cultured and some non-cultured strains of magnetitestored iron-uptake deficiencies in siderophore-lacking, iron-
producing magnetotactic bacteria, the magnetosome mineral pbadgeke deficient mutants d&. coli, it did not mediate
appears to be enveloped by a coating, the “magnetosaigerophore biosynthesis [8].
membrane” (Fig. 5) [26]. Although it is not known whether all Okuda et al. [53], also working witii. magnetotacticum
greigite-producing magnetotactic bacteria produce a magnetostoned three proteins, with apparent molecular weights of 12,
membrane, a similar structure has been occasionally observe#2lrand 28 kDa, unigque to the magnetosome membrane
M. magnetotacticupithe magnetosome coating is not contiguoasid absent from the cellular membrane fraction. N-terminal amino
with the cell membrane and appears to consist of a lipid bilageid sequence of the 22 kDa protein led to a 17 bp oligonucleotide
containing phospholipids and numerous proteins, several of whichbe for the genomic cloning of the gene encoding for that
are unique to this membrane and not the outer or cell membiaratein. The protein exhibits significant homology with several
[26]. It is the magnetosome membrane that is presumably the Iqiogeins of the tetratricopeptide repeat protein family that includes
of control over the size and morphology of the inorganic particfétochondrial protein import receptors and peroxisomal protein
as well as the structural entity that anchors the magnetosonimpbort receptors. Thus, although the role of the 22 kDa
a particular location within the cell. However, it is not known ihagnetosome membrane protein in magnetosome synthesis has
the magnetosome membrane is premade as an “empty” membmahbeen elucidated, it may function as a receptor interacting with
vesicle prior to the biomineralization of the mineral phase. Emjgtysociated cytoplasmic proteins [53].
and partially filled vesicles have been observed in iron-starved MagnetospirillumAMB-1, the oxygen-tolerant species [46],
cells of M. magnetotacticurf26] but have not been commonlyforms colonies on the surface of agar plates. In air, colonies
observed in other magnetotactic strains. The unlikely alternatre white and typically contain non-magnetic cells but under
is that nucleation of the mineral phase occurs prior to membraneincubation atmosphere of 2% oxygen, cells form black-
formation. In any case, most biochemical and molecular biologibabwn colonies consisting of magnetic cells. This feature
studies directed at understanding the biomineralization proce$aetitated the selection of non-magnetic mutants (which form
involved in magnetosome formation are focused on thaite colonies) obtained by the introduction of transposdn Tn
magnetosome membrane. into the genome dflagnetospirillumAMB-1 by the conjugal

transfer of plasmid pSUP1021 that contains the transposon
Molecular biology Little is known about the molecular biology[43]. Introduction of this plasmid and transposon into
of magnetosome formation. A genetic system in the magnetotaetianagnetotacticurwas also successful but colony formation

100 nm
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by this strain was not. Three regions of k@gnetospirillum 4. Bazylinski DA, Frankel RB, Jannasch HW (1988) Anaerobic production
AMB-1 chromosome appear to be required for magnetosome of magnetite by a marine magnetotactic bacterium. Nature 334:518-519

synthesis [43, 49]. One region includes a gene, designated 232/iinski DA, GarrattReed AJ, Abedi, A, Frankel RB (1993) Copper
association with iron sulfide magnetosomes in a magnetotactic bacterium.

magA that encodgs fora protgin homologogs with ca}tion efflux  arch Microbiol 160:35-42

proteins, theée. colipotassium ion-translocating protein, KefC,6. Bazylinski DA, Garratt-Reed AJ, Frankel RB (1994) Electron microscopic
and the putative sodium ion/proton antiporter, NapA, from studies of magnetosomes in magnetotactic bacteria. Microsc Res Tech
Enterococcus hiraéThemagAgene was expressedn coli 27:389-401

. . Bazylinski DA, Moskowitz BM (1997) Microbial biomineralization of
and membrane vesicles prepared from cells that contained fhe Bazylinski . o (1997) : ,
magnetic iron minerals: microbiology, magnetism and environmental

magAgene product took up iron when ATP was supplied significance. In: Banfield JF, Nealson KH (eds) Geomicrobiology:
indicating that energy is required for iron uptake. TegA Interactions Between Microbes and Minerals. Washington: Mineralogical
gene was expressed to a much greater degree when wild-typeSociety of America Rev Mineral, 35:181-223

cells were grown under iron-limited conditions rather than irorf: Berson AE, Hudson DV, Waleh NS (1991) Cloning of a sequence of

. e - Aquaspirillum magnetotacticuthat complements theroD gene of
sufficient conditions under which they produced more Escherichia coliMol Microbiol 522612264

magnetosomes [49]. The nonmagnetotactis ftant over- o gerson AE, Peters MR, Waleh NS (1989) Cloning and characterization
expressed thmagAgene under iron-limited conditions although  of therecAgene ofAquaspirillum magnetotacticurdrch Microbiol
it did not synthesize magnetosomes. The role ainthgAgene 152:567-571
in magnetosome synthesis is thus unclear. 10. Berson AE, Pe.tgrs MR, Waleh NS_ (1990) N'uclec_mde sequemeefof
gene ofAquaspirillum magnetotacticunNucleic Acid Res 18:675
11. Blakemore RP (1975) Magnetotactic bacteria. Science 190:377-379
) 12. Blakemore RP (1982) Magnetotactic bacteria. Annu Rev Microbiol
Final comments 36:217-238
13. Blakemore RP, Frankel RB, Kalmijn AJ (1980) South-seeking

This paper shows that much more work remains to be done magnetotactic bacteria in the southern hemisphere. Nature 236:384—-385

in elucidating the molecular basis for magnetosome synthekfs, Blakemore RP, Maratea D, Wolfe RS (1979) Isolation and pure culture
of a freshwater magnetic spirillum in chemically defined medium. J

However, the knowledge gained will have an impact that goes gacteriol 140:720-729

beyond microbiology. Structures virtually indistinguishables. Blakemore RP, Short KA, Bazylinski DA, Rosenblatt C, Frankel RB
from magnetosomes have been found in protozoa and a number1985) Microaerobic conditions are required for magnetite formation
of animal species including the brain of humans [31]. In some within Agquaspirillum magnetotacticunGemicrobiol J 4:53—-71

. . hang S-BR, Stolz JF, Kirschvink JL, Awramik SM (1989) Biogenic
cases, there is reasonable evidence that the presence of’th&hang SBf . ) (1989) Biog
magnetite in stromatolites. Il. Occurrence in ancient sedlmentary

structures is related to some type of magnetoreception in the ¢ironments. Precambrian Res 43:305-315

Earth’s geomagnetic field. The fact that many organisms DelLong EF, Frankel RB, Bazylinski DA (1993) Multiple evolutionary
biomineralize single magnetic domain crystals of similar origins of magnetotaxis in bacteria. Science 259:803-806
morphologies suggests the intriguing idea that they sharetfie Devouard B, Posfai M, Hua X, Bazylinski DA, Frankel RB, Buseck PR

. . — - (1998) Magnetite from magnetotactic bacteria: size distributions and
same or a similar set of genes responsible for biomineralization. fwinning. Am Mineral 83:1387-1398

Studying the magnetic personality in humans may havgs Donaghay PL, Rines HM, Sieburth JM (1992) Simultaneous sampling
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waters. Arch Hydrobiol Beih Ergebn Limnol 36:97-108
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