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Magnetite as a prokaryotic biomarker: A review

Concepcion Jimenez-Lopez,' Christopher S. Romanek,? and Dennis A. Bazylinski’
Received 9 September 2009; revised 9 November 2009; accepted 20 November 2009; published 22 April 2010.

[1]1 Over the years, nanometer-sized magnetite (Fe;O,4) crystals have been recovered from
many modern and ancient environments including sediments and soils and even
meteorites. In some cases these crystals have been used as “magnetofossils” for evidence
of the past presence of specific microbes. Magnetite nanocrystals can be formed by a
number of different biological and inorganic mechanisms resulting in crystals with
different physical and magnetic characteristics. Prokaryotes (bacteria) biomineralize
magnetite through two methods that differ mechanistically, including: biologically induced
mineralization (BIM) and biologically controlled mineralization (BCM). Magnetite
nanocrystals produced by BIM are known to be synthesized by the dissimilatory iron-
reducing bacteria, are deposited external to the cell, and generally are physically
indistinguishable from magnetite particles formed inorganically. BCM magnetites, in
contrast, are synthesized by the magnetotactic bacteria and some higher organisms and are
precipitated intracellularly as membrane-bounded structures called magnetosomes. These
magnetites appear to have unique crystal morphologies and a narrow size range leading
to their original use as magnetofossils. Because of the discovery of nanometer-sized
crystals of magnetite in the Martian meteorite ALH84001, the use of these criteria for the
determination of whether magnetite crystals could constitute a prokaryotic biomarker was
questioned. Thus, there is currently great debate over what criteria to use in the
determination of whether specific magnetite crystals are biogenic or not. In the last decade,
additional criteria have been established (e.g., the Magnetite Assay for Biogenicity), and
new tools and technologies have been developed to determine the origin of specific types

of magnetite crystals.
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1. Introduction

[2] A major problem for understanding the origin of life
and the evolutionary origin and phylogeny of prokaryotes is
the lack of unambiguous, reliable microbial fossils. The
search for reliable biomarkers is not only crucial to under-
standing early evolution on our planet, but appropriate
biomarkers might also help to reveal traces of ancient or
current biological activity on extraterrestrial bodies such as
Mars. Although there are numerous organic compounds (e.g.,
hopanoids, a class of pentacyclic triterpenoid lipids [Peters et
al., 2005]) that are often preserved in the fossil record and
can and/or have been used as molecular biosignatures,
mineral biomarkers are preferred by many because of their
perceived longer persistence in nature. The rationale for this
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use of minerals is based on the fact that organisms that have
the capability of precipitating minerals are present in all the
major biological groups, from prokaryotes to eukaryotes
including humans. However, a marked difference exists
among the different taxonomic groups concerning their
mechanisms of biomineral synthesis [Simkiss and Wilbur,
1989].

[3] Many, if not most, biominerals contain one or more
metals. The most numerous metal-containing biominerals are
phosphates followed by oxides and carbonates. Roughly 25%
ofthese biominerals are hydrated and are not well crystallized
[Simkiss and Wilbur, 1989]. In the past decade there has been
increasing interest in the biogeochemical transformations of
Fe(IIl)-bearing precursors and processes leading to the bio-
mineralization of Fe minerals [Dong et al., 2000]. This is
partially due to the fact that iron is the fourth most abundant
element in the Earth’s crust and also because many believe
that Fe(IIl) was the first external electron acceptor of global
significance in microbial respiration [Walker, 1987; Cairns-
Smith et al., 1992; de Duve, 1995a, 1995b].

2. Importance of Magnetite as a Biomarker

[4] Magnetite, ferrous-ferric oxide (Fe3Oy,), is a com-
monly occurring mineral on Earth usually found in natural
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terrestrial environments ranging from igneous and meta-
morphic rocks to all kinds of sedimentary environments
[Thomas-Keprta et al., 2000]. It has also been found in extra-
terrestrial materials (e.g., the Martian meteorite ALH84001
[Thomas-Keprta et al., 2000]). Magnetite can be produced
either inorganically or biologically, through both biologi-
cally induced mineralization (BIM) [Frankel and Bazylinski,
2003] and biologically controlled mineralization (BCM)
[Bazylinski and Frankel, 2003]. Magnetite has been found to
be a byproduct of microbial Fe(Ill) respiration [e.g., Loviey
et al., 1987] and therefore the presence of magnetite has
been used as possible evidence for respiratory processes in
the early evolution of the Earth [Walker, 1987; Vargas et al.,
1998], as evidence for a vast terrestrial subsurface biosphere
[Gold, 1992], and even for evidence of life on ancient Mars
[McKay et al., 1996].

3. Synthesis and Features of Abiotic and Biogenic
Magnetites

3.1.

[5] The inorganic formation of magnetite as a primary
mineral phase can be achieved through a variety of methods
including homogeneous and/or heterogeneous precipitation
from bulk solution. It can also be formed as a secondary
phase by thermal decomposition of Fe-bearing carbonates
such as siderite and by the recrystallization of ferrihydrite,
green rust and/or ferric oxyhydroxides.

3.1.1. Magnetite Precipitation as a Primary Mineral
Phase

[6] The best developed techniques for the synthesis of
inorganic magnetite as a primary mineral phase are based on
the precipitation of magnetite from bulk solution since large
quantities of the mineral can be produced. There are a
number of different specific methods to do this, some of
which are detailed below, that mainly differ in how Fe(Il) is
introduced in the solution. All these methods, however, are
dependent on controlling the conditions consistent with the
thermodynamic stability field for magnetite, which include
Eh, pH and alkalinity/pCO, [Garrels and Christ, 1990] as
shown in Figure 1.

[7] Most of the procedures involving the precipitation of
magnetite from bulk solution follow the so-called “copre-
cipitation” method, in which Fe(Il) and Fe(III) mixtures are
introduced as starting solutions under anoxic conditions.
In order to maintain the conditions necessary for the ther-
modynamic stability field for magnetite, different com-
pounds are used to increase and maintain alkaline conditions
during magnetite precipitation including the following: NHj
at 85°C [Vayssieres et al., 1998; Tseng et al., 2007], NaOH
at 25°C in agarose gel [Prozorov et al., 2007a, 2007b],
NaOH at 25°C in solution [Vayssiéres et al., 1998; Perez-
Gonzalez et al., 2010], NH4OH at 25°C [A4rato et al.,
2005], and N(CH3)4OH [Vayssieres et al., 1998]. It is com-
mon for the magnetite crystals formed in this manner to be of
several different morphologies (within the same reaction
mixture) including cubic, rounded, octahedral and/or irreg-
ular (Figures 2a and 2b). However, different morphologies,
sizes and size distributions can be obtained by varying the
conditions in the reaction mixture [e.g., Nyird-Kosa et al.,
2009]. For instance, the mean crystal size of the magnetite
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crystals formed can be adjusted over a large range at the
nanometer scale (1.5-12.5 nm) by controlling the pH and
the ionic strength of the iron solutions. Smaller magnetite
particles can be obtained through higher pH values and
higher ionic strengths of the iron solutions [Vayssieres et al.,
1998]. Nyiré-Késa et al. [2009] studied in great detail the
influence of synthesis conditions on the size and shape of
magnetite nanoparticles that were produced in inorganic
coprecipitation processes. Parameters examined included the
types of reagents used and their concentrations, pH, tem-
perature (from 9 to 90°C) and the presence and absence
of oxygen (oxic versus anoxic under N,). The size of the
magnetite nanoparticles produced ranged between ~11 and
120 nm and the mean size within this range was controllable
by adjusting these parameters. The morphologies of the
magnetite nanocrystals were also affected by the synthesis
conditions and varied according to grain size. Crystals with
diameters between 10 and 25 nm had irregular or rounded
crystal morphologies, whereas those with diameters greater
than 50 nm were octahedral.

[8] For those applications in which specific sizes and
relatively narrow size distributions of the magnetite particles
are desired, several modifications of the bulk “coprecipita-
tion” technique have been developed. These modifications
are mainly based on limiting the space available for crystal
growth by precipitating magnetite in microemulsions, vesicles,
polymer solutions, or gels [Mann and Hannington, 1988;
Ward and Friberg, 1989; Liu et al., 2004].

[9] Another method for inorganic precipitation of mag-
netite is the “reduction-precipitation” technique, in which
the precipitation of magnetite occurs by the addition of iron
only as an Fe(III) solution (mainly FeCls). The precipitation
of spherical magnetite particles with mean diameter of about
10 nm or less has been shown to occur through the reduction
of ferric ions (as FeCls) to ferrous ions by Na,SOj; followed
by an increase in the pH of the system by the addition of
ammonia, always under anoxic conditions [Schwertmann
and Murad, 1990; Qu et al., 1999]. The mineralogy of the
product strongly depends on the initial [Fe**]/[SO3 ] ratio.

[10] Another way to reduce Fe(IIl) ions and to obtain and
maintain the necessary Eh value range to comply with the
stability field for magnetite is by applying a constant voltage
to the solution throughout the experiment (the “electro-
chemical” method). Using this method, cubic nanoparticles
(45-80 nm) of magnetite were obtained from an iron-based
electrode immersed in an alkaline aqueous medium con-
taining Fe-complexing molecules [Franger et al., 2004].

[11] Magnetite can also be precipitated at high tempera-
tures, which results in the synthesis of larger, morphologi-
cally well defined crystals. Magnetite can be produced by
the oxidation of a Fe(Il) solution (FeSO,4) at 90°C by the
addition of KNO;3; while maintaining a high pH using a
solution of KOH. The resulting magnetite is close to stoi-
chiometric and forms cubes varying in sizes between 0.05
and 0.20 pm [Schwertmann and Cornell, 2000]. Magnetite
is also known to precipitate at high temperature via the
mixing of solutions of FeSO, ¢ 7H,O and N,H, * H,O and
the subsequent heating of the reaction mixture in an auto-
clave at 150°C for 8 h [Zhu et al., 2007]. Using this method,
well crystallized, cubic magnetite particles of about 1 um in
diameter were obtained.
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Figure 1. Eh-pH diagram showing the stability field for the mineral magnetite (Fe30,): (a) in an open
system at a constant pCO, (=0.1 atm) calculated from the equations of Garrels and Christ [1990]. The
line that separates the stability field for magnetite and siderite (FeCO3) shifts up at higher pCO, and down
at lower pCO,. The stability field for magnetite is extremely sensitive to Eh conditions (determined by the
concentration of aqueous Fe*" and Fe** and pO,), pH and pCO,; (b) in a closed system at a constant
alkalinity, again calculated from the equations of Garrels and Christ [1990]. The line that separates the
stability field for magnetite and siderite shifts left at lower alkalinities and right at higher alkalinities,
increasing and decreasing, respectively, the magnetite stability field.

3.1.2. Magnetite Formation as a Secondary Mineral
Phase

[12] Magnetite can be formed as a secondary phase, a term
which implies that the magnetite forms through the trans-
formation of certain iron-bearing mineral phases at high or
at low temperatures. At low temperature (~25°C), magnetite
forms by the transformation of ferrihydrite and/or green rust,
both of which are thermodynamically unstable under anoxic
conditions, once the pH, Eh, pCO,, [Fe(I)] of the system
meet the requirements necessary to reach the stability field
for magnetite [Zachara et al., 2002].

[13] Magnetite has also been shown to form through reac-
tions between soluble Fe(OH), and FeOOH at temperatures

ranging from 25 to 100°C and pH values from 3 to 13
[Ishikawa et al., 1998]. Well crystallized cubic magnetite
particles were obtained using this reaction, mixed with
spindle- and rod-shaped, needle-like and irregular crystals
of FeOOH.

[14] The thermal decomposition of siderite or other Fe-
rich carbonate phases at temperatures higher than 400°C in
the absence of oxygen has been shown to result in the for-
mation of magnetite (Figures 2c¢ and 2d). This reaction has
been explored in some detail [Golden et al., 2001, 2004;
Thomas-Keprta et al., 2009; Jimenez-Lopez et al., 2008]
in connection with controversy over the origin of nano-
meter-sized magnetite crystals within the Martian mete-
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Figure 2. Transmission electron microscope (TEM) micrographs of thin-sectioned preparations of in-
organic magnetites. (a, b) Magnetite synthesized by the coprecipitation method from NaHCO;-
Na,CO3-Fe(ClOy4),-FeCl; solution at 25°C. NaOH was added until a pH of 11 was reached. Arrows
labeled Mt indicate examples of magnetite crystals. (¢, d) Magnetite produced from the thermal decom-
position of ankerites at 700°C and 1 atm pCO,. In this case, all crystals consist of magnetite. Scale bars
represent: Figure 2a, 400 nm; Figures 2b-2d, 200 nm.

orite ALH84001 (discussed in a later section) [McKay et al.,
1996].

3.2. Biogenic Magnetites

[15] Magnetite is known or thought to be produced bio-
logically by a number of organisms that range from pro-
karyotic microorganisms (includes the Bacteria and the
Archaea) [Bazylinski and Frankel, 2003; Frankel and
Bazylinski, 2003] to possibly humans [Kirschvink et al.,
1992]. However, as previously stated, organisms differ as
to their mechanisms of magnetite biomineralization. In this
section we focus on magnetite biomineralization by pro-
karyotic microorganisms.

[16] The biomineralization of magnetite by prokaryotes
can be separated into two mechanistic modes: (1) biologi-
cally induced mineralization (BIM) [Lowenstam, 1981;
Lowenstam and Weiner, 1989]; and (2) biologically con-
trolled mineralization (BCM) [Frankel and Bazylinski,
2003]. Biologically controlled mineralization has also been
referred to in the past as organic matrix-mediated mineral-
ization [Lowenstam, 1981; Lowenstam and Weiner, 1989]
and boundary-organized biomineralization [Mann, 1986]
implying that membranes are important in the biominer-
alization process. There are several important marked dif-
ferences between BIM and BCM and we will focus on these
in the context of biomarkers.

[17] In general, BIM is a result of the metabolic activity of
organisms and subsequent chemical reactions that involve
metabolic byproducts and, for this reason, BIM minerals are
virtually always deposited external to the cell. In some
cases, organisms secrete one or more metabolic products
that react with ions or compounds in the environment
resulting in the subsequent precipitation of mineral particles
[Frankel and Bazylinski, 2003] while in others, bacterial
surfaces such as cell walls or polymeric materials (exopo-
lymers) exuded by bacteria, act as important sites for the
adsorption of ions and subsequent mineral nucleation and
growth [Beveridge and Murray, 1980; Konhauser, 1998]. In
essence, BIM is equivalent to inorganic mineralization
under the same environmental conditions and the mineral
particles are therefore likely to have crystallochemical fea-
tures that are generally indistinguishable from those syn-
thesized inorganically.

[18] In BCM, minerals usually form on or within organic
matrices or vesicles within the cell suggesting that the
organism exerts a significant degree of control over the
nucleation and growth of the mineral crystals and thus over
the composition, size, habit, and intracellular location of the
particles [Bazylinski and Frankel, 2003]. Crystals formed by
BCM are generally structurally well ordered with a narrow
size distribution and species-specific, consistent, crystal
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Figure 3. TEM micrographs of extracellular magnetite pro-
duced by biologically induced mineralization (BIM) by cells
of Shewanella oneidensis. (a) Low-magnification TEM im-
age of thin section of Shewanella cells and associated extra-
cellular magnetite (indicated by arrows labeled Mt). Scale
bar represents 500 nm. (b) High-magnification TEM image
of thin-sectioned crystals of BIM magnetite produced by
Shewanella cells. All crystals in Figure 3b consist of mag-
netite. Scale bar represents 100 nm.

habits. These qualities indicate that BCM processes are
under metabolic and genetic control.
3.2.1. Magnetite Produced by BIM

[19] Magnetite produced through BIM is most commonly
recognized and studied in the dissimilatory iron-reducing
bacteria although other microorganisms may also be involved.
These facultatively anaerobic to anaerobic microorganisms
respire with Fe(IIT), reducing it to Fe(Il), as a terminal electron
acceptor under anaerobic conditions. These bacteria are
ubiquitous and have been found in all kinds of fresh and
marine aquatic habitats [Loviey et al., 1990; Caccavo et al.,
1992; Roh et al., 2006] including soda lakes [Zavarzina et
al., 2006], thermal springs [Sokolova et al., 2007], leachate
ponds [Ye et al., 2004], mining-impacted lake sediments
[Cummings et al., 1999] and drainage waters [Kusel, 2003;
Johnson and Hallberg, 2003], and oxic-anoxic interfaces
[Frankel and Bazylinski, 2003].
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[20] Magnetite formed by BIM has been found to be
produced and studied in a number of iron-reducing pro-
karyotes including Shewanella putrefaciens strain CN32
[Fredrickson et al., 1998; Zachara et al., 2002], Shewanella
oneidensis [Perez-Gonzalez et al., 2010], Shewanella sp.
PV-4 [Roh et al., 2006] several species of Geobacter [Loviey,
1997; Zachara et al., 2002], Ferribacterium Ilimneticum
[Cummings et al., 1999], alkalophilic bacteria such as
Geoalkalibacter ferrihydriticus [Zavarzina et al., 2006] and
Alkaliphilus metalliredigens [ Ye et al., 2004], and thermophilic
bacteria such as TOR-39 [Zhang et al., 1998], Thermo-
lithobacter ferrireducens and Thermolithobacter carbox-
vdivorans [Sokolova et al., 2007]. Generally, unlike the case
of BCM magnetite in the magnetotactic bacteria (discussed
in the next section), there appears to be no known function
that can be ascribed to these BIM particles except, perhaps,
as a solid substrate for attachment (although their small size
seems to preclude this notion).

[21] The mineralogy, morphology, composition and size
of iron-bearing precipitates including magnetite formed
through BIM by the dissimilatory iron-reducing bacteria
depend strongly on: environmental conditions under which
precipitation occurs (e.g., pH, pO,, pCO,, Eh, temperature
[Bell et al., 1987; Kukkadapu et al., 2006; Roh et al., 2006]);
growth medium composition including the concentrations
and chemical forms of electron donor and acceptor; and
sorbed ions [Zachara et al., 2002]. In the laboratory, micro-
organisms most frequently use poorly crystalline Fe(IIl)
oxides as electron acceptor with ferrihydrite and nanogoethite
the most easily used by cells. These minerals are common
secondary weathering products in soils, unsaturated and sat-
urated subsurface materials and aquatic sediments [Zachara
et al.,2002; Van der Zee et al., 2003; Kukkadapu et al.,
2005]. Some dissimilatory iron-reducing bacteria also uti-
lize and reduce the Fe(Il) in phyllosilicates (e.g., montmo-
rillonite, illite [Kukkadapu et al., 2006]) and even magnetite
[Dong et al., 2000, 2003a, 2003b].

[22] Although the specific mechanism(s) of magnetite
biomineralization by the dissimilatory iron-reducing bacte-
ria have not been completely characterized chemically,
Zachara et al. [2002] examined the production of magnetite
by Shewanella putrefaciens when ferrihydrite was used as
the source of Fe(Ill) as electron acceptor. These authors
proposed that the precipitation of magnetite via BIM by
S. putrefaciens occurred by topotactic conversion of 2-line
ferrihydrite driven by Fe(II) sorption under specific chemical
conditions in the growth medium which included: (1) inter-
mediate flux of Fe(Il) being released by cells; and (2) a
gradient of increasing pH and other ions (e.g., PO; ") oc-
curring from the cell into the surrounding culture medium.
The metabolic products of these reductions (Fe(Il)) make
the system supersaturated with respect to magnetite, thus
allowing the precipitation of this mineral phase.

[23] Magnetite crystals produced by the dissimilatory
iron-reducing bacteria have been characterized to some
degree as to their morphology and size. Crystals have been
reported to be globular by some while other studies report the
synthesis of euhedral or irregularly shaped crystals with
variable morphologies and sizes [Sparks et al., 1990; Zachara
et al., 2002; Kukkadapu et al., 2005; Perez-Gonzalez et al.,
2010] (Figure 3). The size of the magnetite crystals in these
studies ranged from <35 nm, placing them in the super-
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Figure 4. Examples of magnetite crystals in magnetosomes
produced via biologically controlled mineralization (BCM) in
cells of different magnetotactic bacteria. (top) Darkfield scan-
ning transmission electron microscope (STEM) image of a
chain of cubooctahedral crystals with rounded edges in a
newly isolated magnetotactic spirillum. (middle) Darkfield
STEM image of multiple chains of anisotropic elongated
hexagonal prismatic crystals in an uncultured magnetotactic
coccus collected from Morro Bay, California. Note that the
smaller immature crystals are located at the ends of the
chains. (bottom) Bright field STEM image of a chain of aniso-
tropic tooth-shaped crystals in an uncultured magnetotactic
spirillum collected from a hot spring in northern Nevada. In
all cases, the bar represents 100 nm.

paramagnetic size range meaning that they would not be
permanently magnetic at ambient temperature, to the single
magnetic domain size range (~35-120 nm) in which the
individual crystals each carry a permanent magnetic dipole
moment at ambient temperature [Vali et al., 2004; Roh et al.,
2006; Perez-Gonzalez et al., 2010]. Under some experi-
mental conditions, the small magnetite particles formed by
Shewanella putrefaciens have been shown to contain an
excess Fe(Il)/Fe total ratio (compared to stoichiometric
magnetite) and were chemically unstable transforming to
ferrous hydroxyl carbonate over time [Kukkadapu et al.,
2005]. In almost all instances of BIM, unlike in BCM, it
is clear that the organism has little, if any, control over
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the biomineralization process(es) and thus BIM minerals,
including magnetite, are generally indistinguishable in mor-
phology and size from minerals formed inorganically under
the same chemical conditions; that is, these biominerals are
generally characterized by poor crystallinity, broad particle-
size distributions, lack of specific crystal morphologies, poor
mineral specificity (mixed mineral compositions) and/or the
inclusion of impurities in the mineral lattice [Frankel and
Bazylinski, 2003; Bazylinski et al., 2007]. This is why BIM
minerals, including magnetite, are not commonly used as
biomarkers at the present.

[24] However, there are some exceptions to the examples
described above. A unique form of tabular, single-domain
magnetite has been shown to be produced through BIM by
cells of Geobacter metallireducens strain GS-15 under
nontraditional (low-CO,) culture conditions. This magnetite
has a well defined crystal habit and magnetic properties and
it has been proposed by Vali et al. [2004] that because of the
uniqueness of this form of magnetite, its presence could be
used as an indicator of ancient biological activity in terres-
trial and extraterrestrial environments. Other distinctions
between inorganically produced and BIM magnetites, not
based on morphological criteria, have recently been deter-
mined that suggest that at least some BIM magnetites can be
used as biosignatures. These are discussed in a later section.
3.2.2. Magnetite Produced Through BCM

[25] Magnetite is also produced by a group of prokaryotes
known as the magnetotactic bacteria through BCM. These
metabolically, morphologically, and phylogenetically diverse
motile bacteria are ubiquitous in aquatic habitats and their
swimming direction is influenced by the Earth’s and external
magnetic fields. This unusual behavior, termed magnetotaxis,
is due to the presence of a number of unique intracellular
organelles called magnetosomes which are membrane-
encased crystals of a magnetic mineral, either magnetite
and/or greigite (Fe;S,) in the case of many marine magne-
totactic bacteria [Bazylinski and Frankel, 2004]. There is
much evidence to show that there is functionality to mag-
netosomes and they are currently thought to aid cells in
locating and maintaining an optimal position in vertical
chemical concentration (e.g., oxygen) gradients in natural
aquatic and sedimentary habitats [Bazylinski and Frankel,
2003; Frankel et al., 1997]. Unlike the externally pro-
duced magnetite crystals synthesized by the dissimilatory
iron-reducing bacteria through BIM, those produced by the
magnetotactic bacteria are biomineralized intracellularly in
vesicles that originate from invaginations of the cell mem-
brane [Komeili et al., 2004, 2006].

[26] Features of BCM magnetites differ greatly from those
produced through BIM. BCM magnetite crystals produced
by the magnetotactic bacteria have the following char-
acteristics: (1) high chemical purity; (2) high structural
perfection; (3) consistent crystal habits within a given spe-
cies or strain, most commonly equidimensional cuboocta-
hedra or nonequidimensional, pseudohexagonal prisms with
(110) side faces and truncated (111) end caps, elongated
along the [111] axis perpendicular to the endcaps, or tooth-
and bullet-shaped crystals with a pointed end (Figure 4);
(4) a certain fraction (~10% but may differ with bacterial
strain) of twinned crystals characterized by rotations of
180 degrees around [111] axis with a common (111) contact
plane and to a lesser degree multiple twinned crystals; (5) a
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consistent width to length ratio; and (6) an asymmetric
crystal-size distribution with a sharp cutoff for larger sizes
within the single magnetic domain size range [e.g., Sparks et
al., 1990; Bazylinski et al., 1994; Devouard et al., 1998]. In
addition, BCM magnetite crystals have novel magnetic
properties that differ from those produced through BIM
[Moskowitz et al., 1989, 1993]. The features, taken together,
show that magnetite synthesis in the magnetotactic bacteria
is a result of an exquisitely controlled biomineralization
process probably regulated at gene level by the bacteria
[Bazylinski and Schiibbe, 2007]. In addition, magnetosomes
are usually arranged in a chain motif within the cell
[Bazylinski et al., 1994], an arrangement in which the total
magnetic dipole moment of the cell is simply the sum of the
permanent dipole moments of the individual, single-magnetic-
domain magnetite particles [e.g., Penninga et al., 1995;
Proksch et al., 1995; Suzuki et al., 1998; Dunin-Borkowski
et al., 1998, 2001]. The result is that the chain of magne-
tosomes in a magnetotactic cell functions like a single
magnetic dipole and causes the cell to behave similarly
[Bazylinski and Frankel, 2003]. The development and con-
struction of the magnetosome chain in some magnetotactic
bacteria has been shown clearly to be under genetic control
and relies on the MamK and Maml] proteins [Komeili et al.,
20006; Scheffel et al., 2006].

4. Criteria Used to Distinguish Between
Inorganically Produced and Biogenic Magnetite

[27] Since McKay et al. [1996], Clemett et al. [2002], and
Thomas-Keprta et al. [2000, 2001] reported the morpho-
logical similarity of some nanometer-scale magnetite crystals
in the rims of carbonate inclusions in the Martian meteorite
ALHS84001, to BCM magnetite in terrestrial magnetotactic
bacteria, as part of the evidence for the presence of life on
ancient Mars, much scientific debate has been focused on
the criteria that can and must be used to distinguish between
the biological and inorganic origins of magnetite crystals. At
present, six criteria, when considered collectively, are used
by many as a means of determining whether magnetite
crystals found in the environment are biogenic and can
therefore be used as a biomarker. Although these criteria
were first proposed by Thomas-Keprta et al. [2000] and
referred to as the magnetite assay for biogenicity (MAB),
some have been used informally for nearly 30 years to
identify the putative fossil remnants of bacterial magneto-
somes (magnetofossils) in the sedimentary rock record on
Earth [e.g., Petersen et al., 1986; Chang and Kirschvink,
1989; Chang et al., 1989; Stolz et al., 1989; Hesse, 1994;
Akai et al., 1997; Schwartz et al., 1997]. We stress here that
these criteria are specifically aimed at identifying certain
types of BCM magnetite and are not applicable for BIM
magnetite. They include specific physical and chemical
characteristics of magnetite crystals formed through BCM
that, when considered collectively, are not observed in any
known population of inorganic magnetite crystals.

4.1.

4.1.1. Narrow Size Range

[28] Mature magnetosomes contain magnetite or greigite
crystals that occur in a narrow size range, ~35-120 nm,
indicating that the crystals are stable single magnetic domains
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[e.g., Bazylinski, 1995; Bazylinski and Moskowitz, 1997,
Sparks et al., 1990; Thomas-Keprta et al., 2000]. This fact
has physical significance for the cell because smaller parti-
cles would be superparamagnetic at ambient temperature
and would not have stable remanent magnetization and
multiple domains would form in larger particles thereby
lowering the remanent magnetization [Bazylinski and
Frankel, 2003]. Thus, superparamagnetic or multidomain
magnetite crystals are of little or no value for magnetotaxis
[Kirschvink and Lowenstam, 1979]. By synthesizing single
magnetic domains, the cell has maximized the magnetic
remanence of its magnetosome crystals. Magnetite crystals
from a single species of magnetotactic bacterium exhibit a
nonlognormal size distribution with the mode above the
median in the single-magnetic-domain-size range and a
sharp cutoff for larger sizes [Devouard et al., 1998].
4.1.2. Restricted Anisotropic Width/Length Ratios

[20] Magnetosome magnetite crystals show very consis-
tent width/length ratios within the same species of bacterium
(as well as a consistent crystal habit).
4.1.3. Chemical Purity

[30] Magnetite produced by magnetotactic bacteria is
generally considered to be pure stoichiometric Fe;O,4, lacking
other metal contaminants [e.g., Mann and Frankel, 1989;
Sparks et al., 1990; Meldrum et al., 1993a; Bazylinski, 1995;
Bazylinski and Moskowitz, 1997; Thomas-Keprta et al.,
2000] although some exceptions have been reported. Trace
amounts of titanium have been found in magnetite from
uncultured bacteria from unamended natural sediments
[Towe and Moench, 1981]. In addition, some uncultured
magnetotactic bacteria appear to incorporate manganese in
their magnetosomes when MnCl, was added to the micro-
cosms containing the cells [Keim et al., 2009] while cells of
three species of Magnetospirillum in culture have been
shown to incorporate cobalt present in the growth medium
in magnetosome magnetite, most probably in the surface
layers of the crystals [Staniland et al., 2008].
4.1.4. Crystallographic Perfection

[31] Magnetite crystals formed by magnetotactic bacteria
(studied by high-resolution transmission electron micros-
copy, HRTEM) indicate that they are structurally perfect
(i.e., free of internal defects), with the minor exception of
occasional twinning usually perpendicular to the [111] axis
of elongation [Vali et al., 1987; Mann et al., 1988a, 1988b;
Vali and Kirschvink, 1991; Devouard et al., 1998; Thomas-
Keprta et al., 2000]. Lack of lattice defects ensures no loss
in the net magnetic moment of the particle.
4.1.5. Unusual Crystal Morphology

[32] Inorganically produced magnetite crystals less than
1 pm generally adopt isotropic forms (e.g., cubooctahedral,
the equilibrium form of magnetite) in which the surface
free energy is minimized [Ichinose et al., 1992]. Growth of
this type of crystal is centrosymmetric. Although magnetite
crystals produced by some magnetotactic bacteria are
cubooctahedral in morphology (e.g., Magnetospirillum species
[e.g., Mann et al., 1984; Moisescu et al., 2008]), many
magnetotactic bacteria biomineralize unusual anisotropic
particles including elongated hexagonal prisms and tooth- or
bullet-shaped crystals whose crystal growth cannot be cen-
trosymmetric. These elongated, pseudoprismatic structures,
corresponding to the unequal growth of some symmetry
related faces, might occur either because of anisotropy in the
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environment surrounding the crystal (e.g., chemical con-
centration, temperature and/or pH gradients) or the growth
sites [Mann and Frankel, 1989]. Anisotropy might originate
from an anisotropic flux of ions through the magnetosome
membrane surrounding the crystal, or from anisotropic inter-
actions of the magnetosome membrane with the growing
crystal [Mann and Frankel, 1989].

[33] Although the information in the previous paragraph
suggests that there is no significant variance to the morphol-
ogies of magnetite crystals produced by a specific species of
magnetotactic bacterium, there is evidence to the contrary.
Faivre et al. [2008] showed that biological control over
magnetite biomineralization by magnetotactic bacteria can be
affected by environmental parameters. More specifically,
they found that the morphology of magnetite crystals (in a
single species of magnetotactic bacterium, Magnetospirillum
gryphiswaldense, which synthesizes cubooctahedral crystals)
was not exclusively determined by biological intervention
through vectorial regulation at organic boundaries or by
molecular interaction with the magnetosome membrane but
also by the rates of cellular Fe uptake. Moreover, not only
morphologies affected but also crystal aspect ratios and
crystal-size distributions. The authors suggest that the ex-
pression of different faces is favored for different growth
conditions.

[34] Thomas-Keprta et al. [2002] are more stringent in
their definition of unusual magnetite crystal morphology in
their description of the MAB; they describe an unusual
morphology based on the magnetosome crystals of marine
magnetotactic bacterium strain MV-1 and their similarity to
a population of presumably biogenic magnetite crystals in
the ALH84001 meteorite. This elongated crystal geometry is
referred to as truncated hexa-octahedral and consists of
eight {111} octahedral faces, divided into two end faces and
six small truncation faces, six {110} dodecahedral faces,
and six {100} cubic truncation faces [Thomas-Keprta et al.,
2002]. The remaining six {110} faces, required by the face-
centered cubic crystal structure, are presumably truncation
faces of vanishingly small dimension. This is the most com-
monly observed crystal morphology of magnetite crystals in
strain MV-1 and approximately 25% of the total magnetite
crystals examined from Martian meteorite ALH84001 car-
bonates [Thomas-Keprta et al., 2002].

4.1.6. Crystallographic Direction of Elongation

[35] Forthose biogenic magnetite crystals that are elongated,
itis characteristic for these crystals to be elongated along one of
the [111] directions, that is, one of the possible four threefold
rotation axes of a regular octahedron [Mann et al., 1988a,
1988b; Vali et al., 1987; Vali and Kirschvink, 1991; Thomas -
Keprta et al., 2000, 2002]. Recently, however, it has been
questioned whether or not the [111] crystallographic direction
of elongation of BCM magnetite crystals should be used as a
criterion for magnetite biogenicity since it has been found that
not all BCM magnetites display crystal elongation along this
direction [Isambert et al., 2007].

4.2. Other Features Used to Distinguish Biogenic From
Inorganic Magnetite
4.2.1. Crystal Size and Shape Factor Distributions

[36] Buseck et al. [2001] and Faivre and Zuddas [2006]
suggested that the shape of the crystal size distribution
(CSD; commonly shown as a plot of size along the long
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axes of the crystals versus frequency) could be diagnostic
for BCM magnetite. For example, most CSDs of magnetite
from magnetotactic bacteria studied to date are asymmetric
and negatively skewed, and some have sharp cutoffs toward
larger sizes [Meldrum et al., 1993a, 1993b; Devouard et al.,
1998]. CSDs of inorganically produced magnetites are
typically lognormal and tail off toward larger sizes [Buseck
et al., 2001]. Arato et al. [2005] extended these analyses by
combining the use of the CSD in combination with a shape-
factor distribution (SFD; represents the distribution of
crystals in the shape factor which is width/length) of mag-
netite populations to determine whether environmental
magnetite crystals are biogenic, more specifically whether
they were those of magnetotactic bacteria. They found that if
the SFDs of distinct magnetosome magnetite types occur-
ring in the same sample differ, the CSDs of individual
magnetosome types can be retrieved from bulk data and
used to show that this specific magnetite crystal population
was from magnetotactic bacteria. Interestingly, they also
found that one strain of magnetotactic bacterium produced
magnetite crystals with a Gaussian size distribution. Faivre
and Zuddas [2006] combined the use of the CSD with
oxygen isotope determinations (discussed in a later section)
to distinguish biogenic magnetite.
4.2.2. Presence of Chains of Magnetite Crystals

[37] Magnetospirillum species align their magnetosomes
in a linear chain within the cell through the actions of the
actin-like protein MamK and the acidic protein Mam J
[Scheffel et al., 2006; Komeili et al., 2006]. These proteins
have been shown to be required for magnetosome chain
assembly. Magnetosomes are attached by the protein MamJ
to a series of cytoskeletal filaments that traverse the cell
along its long axis and are composed of MamK. In the chain
arrangement, the total magnetic moment of the chain and the
cell is the sum of the individual crystals so the bacterium
behaves as a single magnet. Thus, by arranging the mag-
netosomes in chains, the cell has maximized its possible
magnetic dipole moment. The presence of magnetite chains
in sediments and rocks along with morphology of the par-
ticles has been used as an indicator of the past presence of
magnetotactic bacteria [Kopp and Kirschvink, 2008]. Chains
of structures resembling magnetite crystals have even been
observed in Martian meteorite ALH84001 and interpreted
similarly although the structures have never been unequiv-
ocally identified as magnetite [Friedmann et al., 2001].
However, the reliability of this criterion is in doubt by many
since magnetosome magnetite crystals may not remain in
chains after the bacterium dies and lyses [Thomas-Keprta
et al., 2000, 2002]. In addition, chain formation can be
induced in collections of magnetic particles when strong
magnets are used to separate the particles from sediments,
which is often the case.
4.2.3. Magnetic Property Measurements

[38] Kopp and Kirschvink [2008] recently suggested the
use of six criteria for the identification of biogenic magne-
tites based on the quality of the geologic, magnetic, and
electron microscopic evidence. These criteria are mainly
based on those discussed earlier (e.g., crystal morphology)
but, unlike some of the criteria used in the past, also rely on
a number of magnetic property determinations. Magneto-
some magnetite crystals have been shown in the past to have
novel magnetic properties [e.g., Moskowitz et al., 1989,
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1993] and several researchers have tried to exploit these
properties as a means of distinguishing whether magnetite
crystals are biogenic or not.

[39] One of the early magnetic techniques used to detect
biogenic magnetite, now referred to the Moskowitz test
[Weiss et al., 2004a, 2004b], is based on work by Moskowitz
et al. [1993] that detects the Verway transition. In 1939,
Verwey reported an unusual feature of magnetite, a dis-
continuous drop in the conductance (an increase in resis-
tivity) on cooling magnetite crystals below 122 K [Verway,
1939]. This temperature, Ty, is known as the Verwey tem-
perature and is dependent on the chemical purity of mag-
netite and to a lesser extent crystal size. The Moskowitz test
is based on a number of low-temperature magnetic mea-
surements, the most useful being: (1) acquisition and
demagnetization of isothermal remanent magnetization
(IRM) using static, pulse and alternating magnetic fields;
(2) acquisition of anhysteretic remanent magnetization
(ARM); and (3) thermal dependence of low-temperature
(20 K) saturation IRM (SIRM) after cooling in a zero
magnetic field (ZFC) or in a 2.5 T field (FC) from 300 K
[Moskowitz et al., 1993]. The most diagnostic magnetic
parameter for magnetosome chain identification in bulk
sediment is related to the difference between low-tem-
perature zero field and field cooled SIRMs on warming
through the Verwey transition (T ~ 100 K). Intact chains
of unoxidized magnetite (magnetite oxidizes to maghemite
over time in air) magnetosomes have ratios of dpc/6zrc > 2,
where ¢ is a measure of the amount of magnetic remanence
lost by warming through the Verwey transition. Oxidation
of the magnetite to maghemite or disruption of the chain
arrangement reduces the 0pc/0zpc ratio to about 1, a value
typically observed for some inorganically produced mag-
netite, maghemite, greigite and BIM magnetite particles
produced by dissimilatory Fe(Ill)-reducing bacteria
[Moskowitz et al., 1993]. Numerical simulations of dgc/0zrc
ratios for simple binary mixtures of magnetosome chains and
inorganic magnetic fractions suggest that 6pc/6zrc can be a
sensitive indicator of the presence of biogenic magnetite in
the form of intact chains of magnetite magnetosomes and can
be a useful magnetic technique for detecting them in bulk
sediment samples or rocks [Moskowitz et al., 1993; Weiss et
al., 2004a, 2004b].

[40] A more recently developed type of magnetic deter-
mination is through ferromagnetic resonance spectroscopy
(FMR) which can be used to measure the effective magnetic
field within a sample and includes contributions from both
magnetic anisotropy and magnetostatic interactions [Weiss
et al., 2004a, 2004b; Kopp et al., 2006]. FMR has been
used to determine the presence of BCM magnetite produced
by magnetotactic bacteria since the technique can detect
many important features of this magnetite such as they are
single-magnetic-domain crystals with narrow size and shape
distributions that are often elongated and generally arranged
in chains [Kopp et al., 2006].

[41] The criteria of Kopp and Kirschvink [2008] exten-
sively utilize magnetic measurements and include the fol-
lowing: (1) whether the geological context of where the
magnetofossils were found is well understood strati-
graphically, geochemically, and paleomagnetically (whether
robust paleomagnetic evidence is available that suggest a
primary magnetization is present); (2) whether magnetic or
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microscopic evidence support the presence of significant
single-domain magnetite; (3) whether magnetic or FMR
evidence indicates narrow size and shape distributions, and
whether microscopic evidence reveals single-domain parti-
cles with truncated edges, elongate single-domain particles,
and/or narrow size and shape distributions; (4) whether
FMR, low-temperature magnetic, or electron microscopic
evidence reveals the presence of chains of magnetosome
crystals; (5) whether low-temperature magnetometry, energy
dispersive X-ray spectroscopy, or other techniques demon-
strate the high chemical purity of the particles (lacking metal
ions other than Fe, and, in particular, the absence of Ti); and
(6) whether high-resolution TEM (transmission electron
microscopy) indicates crystallographic perfection (the near
absence of crystallographic defects). These authors use a
score system to determine whether a magnetofossil identifi-
cation is robust, using the first criterion to set the threshold.

5. Potential Problems, New Techniques, and
Methodologies

[42] In spite of the considerable effort to define criteria
to distinguish whether magnetite crystals found in natural
environments are biogenic in origin, the use of some of
these criteria has been questioned and debated by many for
a number of reasons [e.g., Buseck et al., 2001]. We pointed
out several problems with the use of the separate criteria in
the MAB in the previous section and will address others
here. We remind the reader, however, that satisfying a sole
criterion is not considered enough to claim a biological
origin of magnetite. The fulfillment of all the criteria has
been proposed as a robust signature for biogenic magnetite
[Thomas-Keprta et al., 2000, 2002].

5.1. Issues and Problems Using Crystal Morphology
and Size as an Indicator of Biogenicity

[43] The problem of using crystal morphology as a crite-
rion to recognize the biological origin of minerals is an old
one and is not limited to magnetite. The authenticity of
many ancient fossils of prokaryotes, once accepted by the
scientific community as valid, is currently under great
scrutiny [Dalton, 2002]. An illustration of this point con-
cerns the putative microbial fossils supposedly representing
cyanobacterial species from 3.5 billion year old cherts from
the Precambrian Warrawoona formation in Western Australia
[Schopf and Packer, 1987; Schopf, 1993]. Brasier et al.
[2002] reexamined the putative fossils and offered an alter-
native explanation for their formation, i.e., the structures are
secondary artifacts formed from amorphous graphite within
multiple generations of metalliferous hydrothermal vein
chert and volcanic glass while Dalton [2002] described
these putative fossils as “carbonaceous blobs, probably
formed by the action of scalding water on minerals.” Garcia-
Ruiz et al. [2003, 2009] were able to synthesize inorganic
micron-sized filaments of silica-coated nanometer-sized
carbonate crystals, arranged with strong orientational order
that exhibit noncrystallographic morphologies (curved,
helical) reminiscent of biological forms. The morphology
of those filaments (so-called biomorphs) is very similar to
the putative cyanobacterial microfossils in the cherts. These
authors propose an inorganic model for the formation of
those biomorphs involving the participation of simple
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organic hydrocarbons, whose sources may also be inorganic.
The authors conclude “Our results demonstrate that abiotic
and morphologically complex microstructures that are iden-
tical to currently accepted biogenic materials can be synthe-
sized inorganically” [Garcia-Ruiz et al., 2003, 2009].

[44] Much attention has been focused on the use of crystal
morphologies as indicators of magnetite biogenicity since it
was the first criteria used historically for this purpose.
Again, this was based on the fact that magnetotactic bacteria
biomineralize crystals with morphologies not observed in
inorganically synthesized particles. One of the major criticisms
in using morphology as a criterion is based on the method-
ology used in the determination of the three-dimensional
(3-D) structures of nanometer-sized crystals. Such particles
are most often analyzed by some form of electron mi-
croscopy, and the difficulty arises when 3-D shapes are
inferred from 2-D images. One method used by Thomas-
Keprta et al. [2001] and Golden et al. [2004] to minimize
this problem was to reconstruct the 3-D shapes of magnetite
crystals by multiple 2-D TEM bright field images taken at
different tilting angles. The best method, however, in de-
termining the 3-D structure of small crystals is the use of
electron tomography which has been used successfully for
this purpose on magnetite crystals from a magnetotactic
bacterium and from ALH84001 [Clemett et al., 2002]. These
techniques involve the examination of a statistically signif-
icant number of crystals and thus a large amount of labor
intensive work is required.

[45] With the exception of octahedral magnetite crystals,
we are unaware of any abiotic procedure that has exactly
reproduced the morphologies and physical and magnetic
features of BCM anisotropic magnetite produced by the
magnetotactic bacteria with the possible exception of mag-
netite crystals synthesized in the study by Golden et al.
[2004]. The key to synthesizing these types of magnetites
may lie in understanding how the magnetotactic bacteria and
other organisms biomineralize such particles. This infor-
mation, in turn, might prove valuable in determining
whether crystal morphology is useful in determining mag-
netite biogenicity.

[46] Although some of the proteins and molecular events
involved in the construction of the magnetosome chain have
been recently characterized [Komeili et al., 2004, 2006;
Scheffel et al., 2006], little is known regarding the actual
biochemical and biomineralization processes leading to
synthesis of magnetite by magnetotactic bacteria. Synthesis
of the bacterial magnetosome chain involves several discrete
steps including magnetosome vesicle formation, assembly of
the vesicles in chains, iron uptake by the cell, iron transport
into the magnetosome vesicle and controlled Fe;O, (or
Fe;S,) biomineralization within the magnetosome vesicle
[Bazylinski and Frankel, 2004; Frankel and Bazylinski,
2006].

[47] The magnetosome membrane vesicle was thought to
be of prime importance in the process as it was assumed that
the vesicle controlled the chemical conditions (e.g., pH, Eh)
that result in making magnetite the most stable Fe-bearing
mineral phase as well as the size and shape of the magnetite
crystal [Gorby et al., 1988]. It is now clear that the mag-
netosome membrane vesicle originates from an invagination
of the cell (plasma) membrane and that the vesicle forms
prior to magnetite biomineralization [Komeili et al., 2006].
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The magnetosome membrane contains proteins that are
unique to this structure and that are not found in other parts
of the cell [Bazylinski and Frankel, 2004]. For this reason,
these proteins are those thought to be involved in the con-
trolled biomineralization of magnetite which has led to a
number of studies where magnetite is chemically precipi-
tated in the presence of specific magnetosome membrane
proteins.

[48] Arakaki et al. [2003] examined a number of magne-
tosome membrane proteins in Magnetospirillum magneti-
cum strain AMB-1 and found that when magnetite was
precipitated chemically in the presence of one of them,
Mms6, the morphology of the crystals was affected and
slightly approached that of mature magnetosome crystals in
intact cells. Others [Amemiya et al., 2007; Prozorov et al.,
2007a, 2007b] performed modified versions of this experi-
ment and confirmed the results of Arakaki et al. [2003].
Mms6 is an amphiphilic protein consisting of an N-terminal
LG-rich hydrophobic region and a C-terminal hydrophilic
region containing repeats of acidic amino acids that might
suggest that cations such as Fe might bind to this latter
region of the protein. Amemiya et al. [2007] concluded that
the Mms6 protein: (1) acts as a template/scaffold for mag-
netite precipitation; (2) regulates the size of the magnetite
crystals to approximately 20 nm; and (3) restricts the shape
of the magnetite crystals to the cubooctahedral habit by
association with specific crystal faces. It would be interest-
ing to examine the morphology of the crystals using some of
the high-resolution techniques discussed earlier to obtain an
accurate reconstruction of the crystals’ 3-D morphology.

[49] There are few in vivo studies involving the role spe-
cific magnetosome proteins in the BCM process of magnetite
in magnetotactic bacteria. The MamGFDC proteins are
highly conserved among magnetotactic bacteria and make up
about 35% of the protein associated with the magnetosome
membrane in Magnetospirillum gryphiswaldense [Scheffel et
al., 2008]. These proteins have been found to regulate the
size of magnetosome magnetite crystals as mutants that lack
these genes produced magnetite crystals that were only
about 75% of the size of the crystals produced by cells of the
wild-type. The proteins appear to be at least partially func-
tionally redundant and act synergistically in controlling the
size of magnetite crystals in M. gryphiswaldense [Scheffel
et al., 2008].

[s0] The key to understanding the biomineralization of the
unusual morphologies of BCM magnetites, protein-mineral
interactions must be explored to a much greater extent, in
both in vitro and in vivo experiments. It seems unlikely that,
given the relatively large number of different proteins
present in the magnetosome membrane, that only one acts as
a template/scaffold for magnetite precipitation and is re-
sponsible for the size and shape of the crystal. Other para-
meters that should be investigated are the effects of protein
concentration, pH, and so on. It is noteworthy that the ex-
periments conducted by Amemiya et al. [2007] were per-
formed at unusually high temperatures (90°C) at which the
bacterium is incapable of growth. Because it is difficult to
distinguish between magnetite and maghemite using X-ray
diffraction (XRD) and selected area electron diffraction
(SAED), it is crucial to ensure that the final product of these
types of reactions is indeed magnetite. These minerals can
be differentiated using Mossbauer spectroscopy [Schwertmann
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and Cornell, 2000] and Raman spectroscopy [Hanesch,
2009].

[51] Another approach to understand the role(s) of specific
magnetosome membrane proteins in the biomineralization
of magnetite is the use of mutants in which specific mag-
netosome membrane protein genes have been inactivated
(knockout mutants). After inactivation of specific genes, the
organism can be grown under normal conditions where
normal cells produce magnetosomes, and then examined for
effects on magnetosome synthesis. This is a commonly used
strategy in microbiology to understand and elucidate the
processes involved in many physiologic and genetic func-
tions and was used successfully in demonstrating the roles
of the proteins MamJ and MamK in construction of the
magnetosome chain [Komeili et al., 2006; Scheffel et al.,
2006] and the roles of the MamGFDC proteins in regulat-
ing the size of magnetosome magnetite crystals [Scheffel et
al., 2008].

[52] The last point we present here regarding crystal mor-
phology is that it must be considered that organisms other
than prokaryotes biomineralize single-magnetic-domain
crystals of magnetite that have similar morphologies to the
BCM crystals of the magnetotactic bacteria. These organ-
isms include single-celled eukaryotes such as protists
[Bazylinski et al., 2000] and algae [Torres de Araujo et al.,
1985] and higher organisms such as some fish (e.g., sockeye
salmon [Mann et al., 1988a, 1988b]) and even some plants
[Gajdardziska-Josifovska et al., 2001]. Although some of
these organisms biomineralize magnetite crystals with a
cubooctahedral morphology like sockeye salmon [Mann et
al., 1988a, 1988b], others synthesize elongated anisotropic
particles (tooth-shaped in the algae [Torres de Araujo et al.,
1985] and a percentage of hexahedral prisms as well as
octahedra in grass cells [Gajdardziska-Josifovska et al.,
2001]). Recently, exceptionally large biogenic magnetite
crystals were discovered in clay-rich sediments spanning the
Paleocene-Eocene Thermal Maximum in a borehole at
Ancora, NJ [Schumann et al., 2008]. These crystals ex-
hibited novel spearhead-like and spindle-like morphologies
with sizes up to 4 um long and hexaoctahedral prisms up to
1.4 pm long. Like the BCM magnetite crystals of magne-
totactic bacteria, these single-crystal particles exhibit
chemical composition, lattice perfection, and oxygen iso-
topes consistent with an aquatic origin. Electron holography
demonstrates single-domain magnetization despite their
large crystal size. The large size of these crystals appears to
preclude them from being synthesized internally in prokar-
yotes and therefore it seems likely that if they represent true
examples of BCM then it would be by some type of eu-
karyote. The contribution of eukaryotes to the magnetization
of sediments, soils and other natural habitats is unknown.

5.2. Issues and Problems With Chemical Purity

[s3] Although most early high-resolution studies of
magnetosome magnetite resulted in the conclusion that this
magnetite is essentially pure enough to be considered stoi-
chiometric magnetite [e.g., Sparks et al., 1990; Meldrum et
al., 1993a, 1993b; Thomas-Keprta et al., 2000], some recent
studies show that metals other than iron can be incorporated
into magnetosome magnetite [Towe and Moench, 1981;
Staniland et al., 2008; Keim et al., 2009] as discussed in a
previous section. Two of these studies [Towe and Moench,
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1981; Keim et al., 2009] deal with uncultured cells col-
lected from natural environments indicating that the incor-
poration of contaminating metals in magnetosome magnetite
can occur in nature and not just in culture.

[54] Key questions regarding these studies is whether the
metal cation is actually incorporated within the mineral
structure, and, if so, is the resulting crystal a solid solution
where the metal cation replaces some of the Fe atoms in the
crystal lattice or is the crystal composed of one or more
mixed mineral phases. The situation for the examples pro-
vided above is unclear although in the case of cobalt in-
corporation by cells of Magnetospirillum species, the cobalt
appears to be confined to surface layers of the magnetite
[Staniland et al., 2008]. Several techniques can be used for
this determination including XRD and Raman spectroscopy.
A thorough and careful analysis of XRD spectra of mag-
netite might reveal peak shifts indicating a solid solution or
peak shoulders which would indicate a mixture of mineral
phases. Analyzing shifts in Raman spectra or changes in
magnetic properties or using X-ray absorption fine structure
spectroscopy (XAFS) to determine cation composition and
coordination might also prove very helpful here. Raman
spectroscopy is nonintrusive and nondestructive and has
also been used in the form of laser-Raman spectroscopic
imagery to examine the putative ancient filamentous cya-
nobacterial microbial fossils [Schopf et al., 2002] and thus
could prove a valuable tool in the armamentaria used in the
evaluation and assessment of structures that could represent
microbial fossils.

[55] The high purity criterion has recently gained more
importance in the debate whether there is a subset of bio-
genic magnetite crystals in the ALH84001 meteorite.
Golden et al. [2004] claimed that chemically pure magne-
tites can be obtained from the thermal decomposition of
magnesium siderites at 470°C under anoxic conditions and
proposed an inorganic mechanism for the formation of the
chemically pure magnetites in ALH84001. Thomas-Keprta
et al. [2009], performing similar experiments, obtained a
strikingly different result. They could not produce chemi-
cally pure magnetites from thermally decomposed sideritic
carbonates that contained Mg, Mn and Ca and reported only
finding magnetites containing several mol % Mg and Mn.
This result is consistent with those of many other similar
studies [e.g., Gallagher and Warne, 1981; Dubrawski,
1991; Gotor et al., 2000; Isambert et al., 2006]. Recently,
Jimenez-Lopez et al. [2008] reported that the thermal de-
composition of (Ca, Mg, Fe)CO5 at 700°C under 1 atm CO,
yielded magnetites with different amounts of Mg and Ca
incorporated into the magnetite crystal structure. This result
is interesting because of the difficulty of integrating the
Ca(Il) cation into the magnetite structure due to its size
while Mg and Mn are more easily incorporated into the
magnetite structure [Thomas-Keprta et al., 2009]. It appears
that only Golden et al. [2004] were able to obtain chemically
pure magnetite from the thermal decomposition of mixed
cation siderite (in this case from Copper Lake). However,
Bell [2007] showed that the Copper Lake siderite used by
Golden et al. [2004] was a finely intermixed sample of
nearly pure siderite embedded within impure siderite and,
during heating as described by Golden et al. [2004] only the
most Fe-rich portion of the siderite would have decomposed
forming nearly pure magnetite [ Thomas-Keprta et al., 2009].
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Thus it seems that Golden et al. [2004] did not produce
chemically pure magnetite from mixed composition siderite
since the temperature was too low to decompose the mixed
cation carbonate and only the decomposition threshold for
nearly pure siderite was reached [Thomas-Keprta et al.,
2009].

[s6] Before the “chemically pure magnetite” criterion can
be used reliably, it is clearly important to determine whether
or not cations other that iron can get incorporated into the
structure of BCM magnetites.

6. Other Options, Possibilities,
and Considerations

6.1.

[57] Living organisms are known to fractionate the stable
isotopes of some elements that are incorporated in bio-
minerals because the biochemical pathway(s) used to pro-
duce biominerals may be influenced by kinetic isotope
effect [O-Neil, 1986]. If characteristic isotope fractionations
are expressed for iron (Fe) and/or oxygen (O), this would
provide a valuable biosignature for the origin of Fe-oxides
(e.g., magnetite) that are produced biogenically. Delta no-
tation is a common convention used to report isotope
compositions and it is expressed here as §°°Fe for Fe and
880 for O where:

Use of Isotopes

6= [RsamplC /Rstandard — 1] x 1000 in per mill (%, ) units;
R = *Fe/**Feor '*0/'°0

[58] Johnson et al. [2004] recognized three principal
pathways through which Fe isotopes may be fractionated by
microorganisms: (1) assimilatory Fe metabolism (iron in-
corporated into cell material; e.g., through the action of
siderophores [Brantley et al., 2001] or biologically con-
trolled mineralization of magnetosomes [Bazylinski and
Moskowitz, 1997]), (2) lithotrophic or phototrophic Fe(Il)
oxidation [Widdel et al., 1993; Heising and Schink, 1998;
Heising et al., 1999; Emerson, 2000; Straub et al., 2001;
Ehrlich and Newman, 2008], and (3) dissimilatory Fe(IlI)
reduction [Lovley, 1987; Nealson and Myers, 1990]; each of
these pathways is briefly discussed below.

[s9] Little work has been conducted on Fe isotope frac-
tionation during assimilatory Fe metabolism. A single promi-
nent study by Mandernack et al. [1999] suggests there is little
to no measurable Fe isotope fractionation during the pro-
duction of intracellular magnetosomes by magnetotactic
bacteria.

[60] Two prominent studies have been conducted on Fe
isotope fractionation during Fe oxidation by bacteria under
circum-neutral [Croal et al., 2004] and acidic [Balci et al.,
2006] conditions. These experiments showed a 1 to 3%o
increase in 6°°Fe in the precipitated ferric oxide, regardless
of whether the reaction occurred under sterile or micro-
biologically active conditions. This is not to say that bio-
logical fractionation does not occur during Fe oxidation as
isotope fractionations are best expressed in systems where
the exchange kinetics proceed more slowly that the precip-
itation rate of the solid. Beard and Johnson [2004] proposed
a conceptual model of iron oxidation that predicts the net Fe
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isotope fractionation between soluble Fe and iron oxide as a
combination of the equilibrium fractionation between solu-
ble Fe(Il) and Fe(IIl) (2.9%0 at 25°C [Welch et al., 2003])
and a kinetic fractionation between aqueous Fe(Ill) and iron
oxide (<1.3%o [Skulan et al., 2002]). The model predicts an
isotope fractionation between soluble Fe(Il) and ferric oxide
up to ~3%o, with lower values if a strong kinetic fraction-
ation exists between Fe(IIl) and iron oxide. This conceptual
framework was validated experimentally by Balci et al.
[2006] who showed that acidophilic bacteria are capable
of fractionating Fe isotopes at low pH when the precipitation
rate of ferric oxide is relatively low. They found that the
difference in isotope composition between soluble Fe(III)
and Fe(Il) was approximately 3%o, and that ferric oxide had
an Fe isotope composition that was equal to or less than
soluble Fe(IIl).

[61] Most studies of microbiological Fe isotope fraction-
ation are conducted with microorganisms that conserve en-
ergy through dissimilatory Fe(Ill) reduction. Experimental
studies have shown that a variety of substrates can act as
electron acceptors including dissolved Fe(IIl), hydrous ferric
oxide (HFO), goethite, hematite, magnetite, and Fe(III)-clay
minerals [Loviey, 1991; Gates et al., 1993; Kostka and
Nealson, 1995; Kostka et al., 1996; Neal et al., 2003; Kim
et al., 2004]. The end product of dissimilatory Fe(IIl) re-
duction is Fe(I), which commonly precipitates as magnetite
and siderite under the appropriate environmental conditions
[Loviey and Phillips, 1988; Roden and Lovley, 1993;
Fredrickson et al., 1998; Zhang et al., 1998, 2001; Roden et
al., 2002; Zachara et al., 2002]. Based on batch culture
experiments, the aqueous Fe(Il) produced by dissimilatory
Fe(III) reduction has an Fe isotope composition that is 0.5 to
2%o lower than the ferric substrate from which it is derived
[Beard et al., 1999, 2003; Icopini et al., 2004; Johnson et
al., 2005; Crosby et al., 2005, 2007]. As previous studies
suggest, the key step to understanding Fe isotope fraction-
ation during dissimilatory Fe(Ill) reduction is the transfor-
mation reaction that occurs during electron transfer. Based
on culture experiments with cells of Geobacter sulfurredu-
cens and Shewanella putrefaciens that used goethite or he-
matite as the ferric substrate, Crosby et al. [2005, 2007]
demonstrated there was a 3%o isotope fractionation between
aqueous Fe(Il) and the outermost layer of ferric iron on the
oxide surface, which was explained by equilibrium isotope
fractionation between aqueous Fe(Il) and the solid reactive
substrate. Leaches of the solid revealed that sorbed Fe(II)
had a Fe isotope composition that was 0.4%o (hematite) or
0.8%o (goethite) higher than aqueous Fe(II). Although sor-
bed Fe(Il) had a slightly different Fe isotope composition
compared to soluble Fe(Il), sorption alone was insufficient
to produce Fe(Il) with the relatively low Fe isotope com-
position measured in these experiments. Instead, it appears
the fractionation step requires electron and atom exchange
between Fe(Il) and Fe(Ill) iron within a reactive surface
layer of the iron oxide.

[62] As stated above, the end product of dissimilatory
Fe(IIT) reduction is soluble Fe(II), that could be incorporated
in siderite and/or magnetite. These solid minerals may pre-
serve an Fe isotope signature of the processes responsible for
their formation. Johnson et al. [2005] reported little differ-
ence between the Fe isotope composition of pure siderite and
soluble Fe(Il) in dissimilatory Fe(IlI) reduction experiments
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Figure 5. Raman spectra of inorganically produced magne-
tite and biologically induced mineralized (BIM) magnetite
produced by cells of Shewanella oneidensis. The inorganic
magnetite was synthesized using the coprecipitation method
as described in the caption of Figure 2. Note that the oxide
peak of magnetite is shifted toward higher wave numbers in
the BIM magnetite (700 cm ') compared to that of the in-
organically produced magnetite (670 cm ™).

when these phases reached isotope equilibrium, while sid-
erite was ~1.0%o higher than soluble Fe(II) for experiments
where kinetic fractionation was expressed. In addition,
substitution of foreign ions into the siderite structure
strongly influences the Fe isotope composition of the solid,
with Ca-substituted siderite being ~1.0%o0 greater than pure
FeCO3.

[63] Calculated and measured Fe isotope fractionations for
the microbial magnetite—soluble Fe(Il) system range from
4.2 to 0.0%0 [Mandernack et al., 1999; Polyakov and
Mineev, 2000; Schauble et al., 2001; Johnson et al., 2003,
2004], which is nearly as broad as the entire range of ter-
restrial Fe isotope compositions observed in nature. Based
on long-term (~1 year) dissimilatory Fe(Ill) experiments
where magnetite was produced through the reaction between
ferrihydrite and soluble Fe(Il), Johnson et al. [2005] inferred
that the equilibrium fractionation between Fe(Il) and bio-
logical magnetite is —1.3%o. However, isotope fractionation
of Fe has been observed in abiotic systems [Bullen et al.,
2001; Johnson et al., 2002; Roe et al., 2003], so it is still
unclear whether the observed fractionations are due to biolog-
ical or abiotic processes. Thus additional studies are required
to definitively determine whether Fe isotopic fractionation
can be used reliably as a fingerprint of bacterial activity.

[64] Potential isotope biosignatures have also been in-
vestigated for magnetite using oxygen isotope systematics.
For instance, Mandernack et al. [1999] determined the O
isotope composition of BCM magnetite produced by two
species of magnetotactic bacteria grown at temperatures
between 4°C and 35°C under microaerobic and anaerobic
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conditions. Their data indicate a temperature-dependent
fractionation for the magnetite-water system that is consis-
tent with the BIM magnetite-water fractionation determined
by Zhang et al. [1997] using thermophilic Fe(Ill)-reducing
bacteria (BIM magnetite-water system decreased from
—0.09%o at 50°C to —1.08%o at 70°C).

[65] Faivre and Zuddas [2006] determined the fraction-
ation of O isotopes for the magnetite-water system under a
wide range of conditions. Their data showed marked dif-
ferences in the fractionation of oxygen isotopes for biolog-
ically and inorganically produced magnetite compared to
Mandernack et al. [1999] and Zhang et al. [1997]. While
the fractionation factor for the inorganic magnetite—water
system increased by ~2.5%o between 5° and 69°C, the bio-
logical magnetite—water system factor decreased ~3.5%o,
with a crossover point at about 43°C [Faivre et al., 2004].
These results suggest that the oxygen isotope composition of
magnetite could be a suitable criterion to identify biogenic
magnetite if the formation temperature of the mineral or the
oxygen isotope composition of water is known. Because
many bacteria are known to synthesize magnetite near the
crossover point, more work should be performed at these
temperatures with both Fe(IlI)-reducing and magnetotactic
bacteria.

6.2. Organic Compounds and Changes in the Crystal
Structure

[66] In many cases, organic compounds have an essential
role on mineral formation. They can: (1) template the nu-
cleation of crystals [Pentecost, 1985; Mann et al., 1988a,
1988b; Dupraz and Visscher, 2005]; (2) concentrate posi-
tively charged cations at the negatively charged areas of the
cell wall, membranes, debris or even byproducts of bacterial
metabolic activity [Fowle and Fein,2001; Rodriguez-Navarro
et al., 2007; Neal et al., 2007]; (3) favor the oriented aggre-
gation of homogenously nucleated crystals by electrostatic
affinity between negatively charged ions and specific atomic
planes of the crystals (ionotropic effect [Rodriguez-Navarro
et al., 2007]); and (4) trap seed crystals which act as nuclei
for heterogeneous precipitation [Knorre and Krumbein,
2000; Turner and Jones, 2005].

[67] Organic compounds have been shown on occasion
to become incorporated within the crystal structure of a
mineral, modifying and sometimes even stabilizing the
mineral. This has been shown to be true for BIM vaterite
(CaCO3) produced by Myxococcus xanthus [Rodriguez-
Navarro et al., 2007] and BIM magnetite produced by
Shewanella oneidensis [Perez-Gonzalez et al., 2010]. There
is a visible shift to higher frequencies of the Raman spec-
trum of the Shewanella BIM magnetite compared to that of
magnetite produced inorganically (Figure 5). More studies
are needed to confirm such differences in other BIM mag-
netites. This may be true of some BCM magnetites although
there is currently no evidence for the presence of even trace
amounts of organics in the mineral structure of BCM
magnetite. If these structural differences due to the presence
of organics are maintained over significant periods of time,
their presence could constitute a biosignature for BIM
magnetite if other characteristics of BIM magnetite are
present. Raman spectrometry should be considered now as a
valuable tool for detecting changes in magnetite structure
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caused by the incorporation of both organics and “foreign”
cations.

6.3. Structural Relationships Between Crystals
and Topotaxy

[68] Because of the controversy regarding the possible
thermal decomposition origin of the magnetites in ALH84001,
it is important to determine whether or not magnetites found
in other geological samples originated via thermal decom-
position of a carbonate precursor. There is an increasing
amount of evidence that the endothermic decomposition re-
actions of a solid phase A into two phases B (solid) + C (gas)
are topotactic. This means that the product crystals of the
reaction maintain the orientation of the precursor mineral.
Structural features of the precursor, frequently the packing of
the bulkiest ions, survive relatively unchanged in the product
crystals [Dasgupta, 1961]. Topotaxy has been found to occur
in the decomposition of many hydroxides and oxy-hydroxides
[e.g., Chaix-Pluchery et al., 1983; Kim et al., 1987; Figlarz et
al., 1990], dolomite (MgCa(CO3),) [Carter and Buseck,
1985], ankerite (MgFe(CO3),) [Dasgupta, 1965], siderite
(FeCO3) [Dasgupta, 1961], magnesite (MgCOs3) [Dasgupta,
1964; Kim et al., 1987] and calcite (CaCO3) [Rodriguez-
Navarro et al., 2009].

[69] Therefore, magnetites formed by the thermal de-
composition of a Fe-bearing carbonate phase (e.g., siderite),
would maintain a topotactic relationship with the mineral
precursor. Studies involving structural relations within
crystals and their relative orientations may help identify
whether or not such crystals were produced by a thermal
decomposition of a carbonate precursor.

[70] Barber and Scott [2002] examined magnetite and
periclase (MgO) crystals in the Fe-Mg-Ca carbonates in the
Martian meteorite ALH84001 using transmission electron
microscopy, to evaluate whether there was any kind of
structural relationship with the carbonate matrix that might
indicate whether the crystals originated from thermal de-
composition of the carbonates. They found that magnetite
crystals growing in small voids and in microfractures oc-
casionally had epitaxial relationships with the carbonate,
while those nanocrystals fully embedded in the ferroan
carbonate showed topotaxy (3-D lattice continuity) with
the carbonate matrix rather than epitaxy. The structural
relationship between the two minerals (magnetite and car-
bonate matrix) was {111},,,/ (i.e., parallel) (0001)c,s, and
{110} mag// {1120} carp. Based on these results, Barber and
Scott [2002] concluded that the mineral crystals resulted
from the thermal decomposition of the carbonates. However,
there were thousands of magnetite crystals that in ALH84001
that show no structural relationship with the ankerite matrix.
Barber and Scott [2002] also assumed that the thermal de-
composition of the ankerite matrix would result in pure
oxides (MgO, Fe;0,4 and CaQ), a supposition that is in sharp
contrast with the findings of Thomas-Keprta et al. [2009]
who demonstrated that thermal decomposition of the an-
kerite matrix would result in the formation of magnetites
with Mg substitutions. If Barber and Scott’s [2002] as-
sumption was true, periclase (MgO) would probably be
present in relatively large amounts in ALH84001 and yet very
little was found. Nonetheless, others [e.g., Treiman, 2003]
agree with the conclusions of Barber and Scott’s [2002]
and believe the heat for the ankerite decomposition origi-
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nated from thermal shock. It seems obvious that more work is
required to better understand the chemistry and structural
changes following the thermal decomposition of ankerites.

7. Conclusions and Challenges for the Future

[71] A major problem for understanding the origin of life
and the evolutionary origin and phylogeny of prokaryotes
and eukaryotic microbes is the general lack of reliable mi-
crobial fossils. As we illustrated in an earlier section, many
of the structures assumed to be fossilized microbes, much
of which are at least partially mineralogical, is subject to
alternate interpretations in which abiotic, inorganic reac-
tions have been implicated.

[72] In the last several decades, much attention has been
focused on magnetite synthesis by prokaryotes including
both the dissimilatory iron-reducing and the magnetotactic
bacteria, and the subsequent use of nanometer-sized crystals
of magnetite as magnetofossils, a biosignature of the past
presence of these organisms. Although much has been
learned as to how these organisms biomineralize magnetite
and how magnetite is formed inorganically, there are still
many parameters that affect the chemical and isotopic
composition, crystal morphology and mineral structure of
magnetite that still cause many to doubt the reliability of
magnetite nanocrystals as magnetofossils. Others are con-
vinced and the debate continues. In this paper, we tried to
present a nonbiased viewpoint on this issue by describing
studies that have data and conclusions that represent both
sides of the issue. At this point in time based on the data we
currently have, it seems unlikely that a consensus of opinion
on the issue will be reached. The good news is that it ap-
pears that there are a number of new and old promising
technologies and techniques, some of which we describe
here, that might be applied in novel ways to studies of
magnetite and other potential microbial fossils.
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