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Distinct morphological characteristics of magnetite formed intra-
cellularly by magnetic bacteria (magnetosome) are invoked as
compelling evidence for biological activity on Earth and possibly on
Mars. Crystals of magnetite produced extracellularly by a variety of
bacteria including Geobacter metallireducens GS-15, thermophilic
bacteria, and psychrotolerant bacteria are, however, traditionally
not thought to have nearly as distinct morphologies. The size and
shape of extracellular magnetite depend on the culture conditions
and type of bacteria. Under typical CO,-rich culture conditions,
GS-15 is known to produce superparamagnetic magnetite (crystal
diameters of approximately <30 nm). In the current study, we were
able to produce a unique form of tabular, single-domain magnetite
under nontraditional (low-CO5) culture conditions. This magnetite
has a distinct crystal habit and magnetic properties. This magnetite
could be used as a biosignature to recognize ancient biological
activities in terrestrial and extraterrestrial environments and also
may be a major carrier of the magnetization in natural sediments.

M inerals must crystallize within one of the seven known
crystallographic systems. Within each crystal system, a
mineral may assume several crystalline forms. Changes in growth
conditions such as impurities, pH, redox potential (Eh), ionic
strength, temperature, and pressure may influence the habit of
the crystal. Crystals belonging to the cubic crystal system such as
magnetite (Fe;O04) are not expected to show any shape anisot-
ropy when grown as free particles in aqueous solutions at room
temperature. However, the possibility of deviation from the ideal
morphological symmetry of the cubic system under specific
environmental conditions (e.g., an anisotropic medium) has
been reported (1, 2). Although magnetite forms predominantly
diamond-shape octahedrons {111} in the cubic crystal classes, it
also crystallizes in several other forms (e.g., dodecahedral and
cubic). Unusual, elongated forms known as whiskers have also
been reported to form from a vapor phase at high temperatures
(3). Magnetite crystals formed by magnetotactic bacteria (mag-
netosomes) also have a variety of distinct morphologies. In
particular, prismatic, elongated single-domain (SD) magnetite is
produced intracellularly by a variety of magnetic bacteria in
diverse environments (4—6). The formation of prismatic mag-
netite crystals has not been reported by any other mechanism at
low temperature (<100°C). Extracellular biogenic magnetite is
formed by several types of bacteria (7, 8), but is typically poorly
crystalline and close to diamond and other equilibrium shapes
such as cubes, octahedrons, and dodecahedrons.

Geobacter metallireducens GS-15 is known to produce fine-
grained, predominantly superparamagnetic (10-50 nm in di-
ameter) magnetite crystals under anaerobic conditions (9, 10).
This magnetite is formed extracellularly during cell growth,
but with no visible association with cellular structures. GS-15
is capable of rapid iron reduction at the expense of acetate as
a carbon source (11). Depending on the cell culture conditions
(e.g., composition of growth medium), siderite may also
precipitate. The ratio of magnetite-to-siderite is controlled by
the concentration of CO; in the head space of the culture tube
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and a carbonate buffer in the medium. Under conventional cell
culture conditions, there is no intermediate phase between the
final run-products, magnetite and siderite, and the starting
material, ferrihydrite. Our objective in this study was to
investigate the run-products in a GS-15 culture incubated in a
low-CO, environment.

Materials and Methods

G. metallireducens GS-15 was obtained from the laboratory
culture collection of John D. Coates, University of California,
Berkeley. It was originally isolated from iron-rich sediments
collected from the Potomac River (12) and was categorized in
the delta proteobacteria, which are closely related to Desulfu-
romonas acetoxidans (13).

Ferrihydrite, which was prepared following a procedure de-
scribed by Schwertmann and Cornell (14), was used as the sole
electron acceptor for GS-15. Standard anaerobic techniques
were used throughout the experiments. All transfers were per-
formed by using needles and syringes under sterile conditions.
The basal medium used for the incubation of GS-15 was com-
posed of 0.25 g of NH4Cl, 0.1 g of KCl, 5 g of Pipes (buffer), 5
ml of vitamin stock solution, and 5 ml of mineral stock solution
added to 1 liter of second-order deionized water. After bubbling
with N, gas, the medium was cooled with ice water to avoid
negative pressure in the tubes. The medium was dispensed in
10-ml amounts in 26-ml pressure tubes with the protection of N,
flow. The tubes were capped with butyl rubber stoppers, sealed
with aluminum caps, and autoclaved at 121°C for 20 min. The pH
of the media was adjusted to 7.2 before autoclaving. No phos-
phate was added to the media.

Preparation of Fe-Free Inoculum and Inoculation. Sodium acetate
and ferric citrate (previously prepared stock solution) were used
as the electron donor and electron acceptor (10 and 50 mM,
respectively) for preparing the inoculum of GS-15. After incu-
bating for 5 days, the GS-15 primary culture was pelletized by
centrifuging the medium at 10,000 X g. After decanting the
supernatant, the pellet was washed with O,-free water to remove
excess Fe(II) and redispersed in medium under anaerobic con-
ditions. Nitrilotriacetic acid (NTA) (4 mM), 12.5 mM sodium
acetate, 2.5 mM FeCl,, 50 mM ferrihydrite, and 10% (vol/vol)
inoculum were injected into the pressure tubes. All tubes were
incubated at 30°C. FeCl, was added before incubation to accel-
erate the precipitation of magnetite. NTA was used to keep the
Fe(III) added as free ions (15).

One milliliter of the cultured medium was taken from each
tube at every sampling point for bacterial cell counts. The
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subculture was fixed with 2.5% glutaraldehyde in 0.1 M caco-
dylate. Cell numbers were determined by acridine-orange direct
counts following the procedure described by Zhang et al. (16).

Time-Course Measurements of Iron Reduction. A 0.2-ml sample was
taken from a set of tubes, transferred to oxygen-free 0.5 M HCl,
and allowed to dissolve for 1 h. The solution was passed through
a0.2-um filter and diluted with a ferrozine solution (1 g ferrozine
and 13.7 g Hepes sodium salt in 1 liter of deionized water).
Absorptions were measured on a Shimadzu UV-VIS spectro-
photometer at 562 nm.

Magnetic Methods. The magnetic properties of the bacterial
samples were measured at temperatures ranging from 10 to 300
K by using low-temperature superconducting quantum interfer-
ence device, hysteresis loops, and ferromagnetic resonance
(FMR) spectroscopy as described (17).

Transmission Electron Microscopy (TEM) Analysis. The morphologi-
cal characteristics of magnetite were investigated with TEM.
Culture medium containing bacterial cells, organic matter, and
inorganic solids was fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate. The specimens were centrifuged for 2 min at 15,000
X g to form a pellet. After washing with buffer and a solution of
95% ethyl alcohol-H,O, samples were dehydrated with 95%
ethyl alcohol, and the pellet was embedded in low viscosity,
thermally curing Epon resin. Ultrathin sections (70—80 nm) were
cut from the resin blocks by using a Reichert-Jung Ultracut E
ultramicrotome with a Diatome (Biel, Switzerland) diamond
knife. The sections were transferred to 300-mesh formvar Cu
TEM grids for image analysis in a JEOL JEM-2011 TEM
equipped with a Gatan (Pleasanton, CA) 300W charge-coupled
device camera. To enhance contrast in the bacterial cells in the
TEM images, selected samples were stained with lead citrate and
uranium acetate. Owing to the high concentration of organic
matter in the biomass and interaction among magnetite crystals,
a dispersion and suspension of the particles directly onto TEM
grids was not possible.

The morphological descriptions of the crystals in the run-
products as imaged in TEM are based on the 2D projections of
the true crystal habits of individual particles. The 3D morphol-
ogy of the crystals was assessed in TEM through a series of
images at various angles of tilt (+45° to —45°). In addition, as the
TEM images were obtained from ultrathin sections, it is ex-
pected that particles >70 nm would be fragments, which pre-
cludes a statistical analysis of the sizes and distribution of the
particles.

Results and Discussion

Formation of Lepidocrocite (y-FeOOH). Although the absence of
CO, prevented the formation of siderite, an additional conse-
quence was a distinct phase transformation and unique crystal-
lization pathway. We found that when CO, was absent from
GS-15’s cell culture headspace, the ferrihydrite starting material
transformed to lepidocrocite (y-FeOOH) as an intermediate
phase before evolving to magnetite (see below). The experiments
ran for 34 days, and samples were taken at reaction times of 0,
24h,60h, 125 h, 150 h, 558 h, 668 h, and 34 days. Control samples
run under the same experimental conditions but without bac-
teria were sampled at the same reaction times. The Eh-pH show
moderate change over the course of the experiments (Fig. 1).
The results of TEM, x-ray powder diffraction (XRD), and
magnetic analyses of two selected reaction times (150 and 668 h)
and one control reaction time (668 h) are described herein in
greater detail. The solid phase in the control sample consisted
solely of ferrihydrite with no other mineral phase detected by
TEM or XRD. The XRD data on the 150-h sample showed the
predominance of lepidocrocite with minor amounts of magnetite

16122 | www.pnas.org/cgi/doi/10.1073/pnas.0404040101

7.35 1 - 4
7.30 - - 2 9
| | o H
:& 7.25 Eh (mV) 0=
-4 pH Eﬁ
7.20 L 2
7.15 4 4
7.10

0 100 200 300 400 500 600 700

Time (hours)
Fig. 1. Time-course analysis of pH and Eh showing minimal variation of both
pH (7.10-7.35) and Eh (—4 to +4 mV) throughout the experiment. Note that

the system becomes slightly oxidizing after 400 h, when magnetite becomes
the predominant phase.

(Fig. 24), whereas the 668-h sample showed only magnetite (Fig.
2B). Imaging of the 150-h sample by TEM showed the presence
of relatively large, platy crystals of lepidocrocite surrounded by
nanoparticle aggregates of ferrihydrite. Selected-area electron
diffraction of the lepidocrocite showed single-crystal patterns
(Fig. 34). Minor amounts of superparamagnetic and SD mag-
netite were embedded within the aggregates of ferrihyderite. The
crystals of lepidocrocite showed evidence of dissolution and
were completely converted to magnetite by 668 h (Fig. 3B).
Bacterial activity with respect to iron reduction was very low up
to 125 h. An increase in Fe(II) in solution at 150 h indicated
increased bacteria growth. The Fe(II) was consumed to form
magnetite. As the magnetite continued to form until the end of
the experiment, Fe(III) reduction by bacteria also continued.
The presence of a biomass consisting of bacteria and their
metabolic by-products was confirmed by TEM observation.
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Fig.2. X-raydiffraction patterns confirming the presence of lepidocrocite (L)

in the sample at 150 h (A) and predominately magnetite (M) after 668 h (B).
CPS, counts per second.
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Conventional TEM images obtained from ultrathin sections of the samples. (A) The samples at 150 h showed the presence of amorphous ferrihydrite
(Frh) and crystalline plate-like lepidocrocite [Lep, the lath-shaped crystals (arrows) are cross sections of the plate-like lepidocrocite crystals]. (Inset) The
selected-area electron diffraction pattern showing the presence of large single crystals of lepidocrocite (indices) and weak diffraction rings of fine-grained
magnetite. (B) The samples at 668 h showed different projections of the tabular magnetite ranging from lath-like to platelet and diamond (equilibrium) shaped

magnetite. (Inset) The selected-area electron diffraction pattern of an aggregate of magnetite with random orientation showing varying intensities of the
diffraction rings and their corresponding indices.

Fig. 3.

The Moskowitz test (17-19) on the 150-h sample (Fig. 44)
showed a monotonic drop in remanence from room temper-
ature to 10 K, a superimposed weak Verwey transition in the
field cool (FC) curve at 118 + 2 K, and 8gc/8zrc = 1.1, where
ZFC is the zero FC. These data are consistent with most of the
magnetism in this sample originating from a paramagnet
[almost certainly the lepidocrocite, whose 50-K Néel point (20)
would account for the observed steep drop in remanence to 50
K] along with a small fraction from magnetite in the SD or
larger size range. That magnetite is quite pure: Fe;.Z,O4 with
x ~0.01-0.04 for a wide range of impurities; Z = Zn, Ti, Al,
Mg, Co, Ni, and Ga (20-23). The near-unity 8gc/dzrc value
indicates the absence of isolated chains of crystals like those
grown intracellularly by magnetotactic bacteria. X-band FMR
spectra for the 150-h sample (Fig. 4B) had gest = 2.1 and AB =
77 mT. Although we are not aware of any previous FMR
measurements on lepidocrocite, the sample’s relatively narrow
linewidth and gesr value close to the 2.1 were distinct from
typical SD magnetite samples (Fig. 4 C and D).

Lepidocrocite precipitates as a metastable phase under both
natural and laboratory conditions (24). In soil, lepidocrocite
forms by the oxidation of Fe?" compounds. High partial
pressures of CO, appear to preferentially favor goethite
formation instead of lepidocrocite (14), as is also evident in
our experiment. The Eh-pH (-4 mV — 7.28) data obtained
from our experiment, however, does not fit into the stability
field of lepidocrocite in the conventional Eh-pH (100-300 mV
— 7) stability diagram (8, 26). This discrepancy may be
explained by the biogenic origin of lepidocrocite that is
mediated by the metabolic activity of GS-15. At the inorganic—
organic interface, similar crystal growth of y-FeOOH has been
observed in the presence of a stearyl alcohol (Langmuir)
monolayer, which serves as a template for the epitactic growth
of y-FeOOH (27). Banfield et al. (28) suggested that ferrihy-
drite converts to goethite via the relocation of iron atoms into

Vali et al.

IY‘- 0w _

4 -

adjacent face-sharing octahedral sites. A similar pathway may
exist for the conversion of ferrihydrite to lepidocrocite.

Formation of SD Magnetite (Fe304). By 558 h, both the lepidocrocite
and ferrihydrate were converted into magnetite. The x-ray
powder diffraction data of the samples at 558 and 668 h revealed
the presence of only magnetite (Fig. 2B). TEM investigation of
these samples showed predominantly SD magnetite, as con-
firmed by the selected-area electron diffraction patterns (Fig.
3B). Images of the 2D projection of the crystals revealed the
presence of a variety of shapes ranging from lath-like (aspect
ratios from 1 to 0.25) to tabular platelet (pseudohexagonal) to
diamond (equilibrium). Upon tilting of the specimen in TEM
(*40°), some crystals showed an apparent change in shape,
which is the result of the projection of the same tabular crystals
having different orientation relative to the direction of the
electron beam. Fig. 5 4 and B shows the apparent changes in
morphology of several tabular crystals at angles of tilt of 0° and
40°, respectively. High-resolution TEM images of one of the
crystals viewed parallel to {111} shows a d-spacing of 0.48 nm,
which is characteristic of magnetite (Fig. 5 C and D). Most of the
tabular crystals show a unique twinning along the {111} plane
(Fig. 5 A and C). There was an apparent wide size distribution
in all shapes of magnetite from the three experiments. In general,
among SD magnetite 70% of the particles consisted of tabular-
shaped crystals that ranged in size from 20 to 200 nm in length
and from 20 to 70 nm in width. These values are approximate as
some crystals represent fragments of larger crystals from the
process of ultrathin sectioning, which affects the measurement of
the length of the crystal. Not all of the crystals are projected with
the (111) parallel to the electron beam, which results in variation
of the width. The aspect ratios of the tabular crystals were
assessed by measuring the length of the larger crystals, which
were projected with their (111) parallel to the beam. The fraction
of diamond-shaped (equilibrium) magnetite crystals collected
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Fig. 4.

Magnetic data on G. metallireducens GS-15 samples at various growth stages. (A) Moskowitz test on 668-h, 34-day, and 150-h samples. Shown is the

moment as a function of temperature as the sample warmed up to room temperature (see text). (B-D) FMR spectra of: 150-h sample (B), 668-h sample (C), and
34-day sample (D). Shown is the derivative of the microwave (9.3 GHz) absorbance with respect to the intensity of the applied DC field, d//dB, plotted as a function
of the intensity of the field. Heavy lines indicate 295-K data; fine lines indicate 77-K data. (E) Low-temperature cycling of the 668-h and 34-day (data multiplied
by 2) samples after exposure to a saturating (5 T) field at 300 K. Shown are the moments of the samples in a quenched (<2 X 1074 T) field as they progressively
cooled from 300 to 10 K (top curves) and then warmed back up to 300 K (bottom curves). The FC (m) and ZFC () data are marked. (F) Room temperature hysteresis

data on 34-day and 668-h samples.

after 34 days was slightly larger than that for the 558- and 668-h
experiments. Energy dispersive spectroscopy of individual mag-
netite crystals did not reveal the presence of any detectable
impurities.

The room temperature magnetic data favor the conclusion
reached with our TEM data that the 668-h and 34-day samples
contain predominantly SD to pseudo-SD magnetite. Hysteresis
data at 295 K on the 668-h sample (Fig. 4E) indicated the
presence of SD magnetite and showed a saturation field of 300
mT, a bulk coercivity of H. ~8 mT, and a ratio of saturation
remanence to saturation magnetization of My/M; ~0.26. Room
temperature X-band FMR of the samples at 668 h measured ges¢
=29, AB = 129 mT, and A = 1.3, consistent with the presence
of interacting SD magnetite (Fig. 4C). These are very close to the
values measured on the 34-day sample: gesr = 2.9, AB = 108 mT,
and 4 = 1.2 (Fig. 4D).

Additional support for the presence of magnetite comes from
our low-temperature magnetic data. Low-temperature cycling
(Fig. 4F) and Moskowitz tests (Fig. 44) suggest that the 668-h
and 34-day samples undergo soft Verwey transitions. The mo-
ments of the two samples at 300 K (after warming) are ~90% of
that before cooling (Fig. 4F), which is consistent with an average
grain size of approximately <100 nm (17, 19). The FC and ZFC
curves (Fig. 44) split at 122 = 3 K (668-h sample) and ~115 =
10 K (34-day sample). The relatively large uncertainty on the
latter results from the fact the ZFC curve actually crosses the FC
curve (the meaning of this crossover is unclear). If we attribute
this splitting to the Verwey transition, then the Moskowitz test
suggests that the magnetite in these samples is quite pure:
Fe;..Z,04 with x < 0.05 for a wide range of impurities Z (see
above). The sharp rise in remanence in the Moskowitz tests (Fig.
4A4) just below 50 K likely reflects the presence of some
lepidocrocite and/or a small fraction of superparamagnetic
magnetite (24).
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These magnetic data distinguish our GS-15 samples from those
grown by conventional GS-15 culture methods (9). The latter
typically have much lower remanence and coercivity (Mys/M; ~0.02
and H, = 0.8 mT) (18) and have g.¢ = 2.07, AB = 54 mT, and 4 =
1.03 at room temperature (23), reflecting the fact they are almost
entirely superparamagnetic in size. The 668-h and 34-day samples
are also unlike magnetotactic bacteria, which typically have 8gc/
dzrc > 2, Mis/Ms ~ 0.5, A < 1, AB > 80 mT, and secondary
absorption peaks, which are thought to be a reflection of their
intracellular chains of SD magnetite crystals (19, 23). Other than
GS-15 grown under the conditions discussed here, only one other
bacterium (the fermentative anaerobe Thermoanaerobacter ethan-
olicus TOR 39) is known to produce extracellular magnetite pre-
dominantly in the SD-size range (7, 23).

Biological-Induced Nucleation and Growth of Magnetite. Although
there is extensive literature available on the synthesis of mag-
netite on inorganic and organic substrates, the role of bacteria
in the formation of extracellular magnetite remains poorly
understood. The primary driving force in biological-induced
mineralization is the interaction between organic and inorganic
phases. At the organic-inorganic interface, several factors may
act in concert to control nucleation and growth of crystals,
particularly pH, ionic strength, lattice geometry, polarity, stere-
ochemistry, and topography (29, 30).

Newman and Banfield (31) discussed the molecular and
biochemical processes involved in electron transfer and iron
reduction in a bacteria-mediated aqueous system that are es-
sential for extracellular precipitation of Fe(II)-containing phases
such as magnetite. Lovley and coworkers (9, 10, 12, 13) have
extensively investigated the roles of enzymatic and metabolic
activities relevant to magnetite formation in GS-15. It is possible
that these organic molecules serve as nucleation sites for mag-
netite via a self-assembly mechanism. The association of proteins

Vali et al.



Fig. 5.

TEM images obtained from ultrathin sections prepared from the sample at 668 h showing crystal shape and structure of tabular magnetite

(pseudohexagonal). Projection of tabular magnetite at 0° tilting (A) and at 40° tilting (B) showing the orientation of the {111} crystal face parallel (1 and 2 in
A) and perpendicular (1 and 2 in B) of the same particles with respect to the plane of the ultrathin section. (Cand D) High-resolution TEM images of an individual
crystal of magnetite showing two sets of {111} lattice fringes of magnetite. Arrows in A and C show twinning in magnetite crystals.

and other organic molecules has been observed in minerals such
as hydroxyapatite (32), calcite (33, 34), and iron oxyhydroxide
(35). It is also possible, however, that the role of bacteria is to
provide a suitable environment (e.g., pH, Eh, ionic strength) for
the precipitation of magnetite. If so, models proposed for
inorganic mechanisms may be used to explain the formation of
magnetite (36).

The tabular magnetite formed by GS-15 under the experi-
mental conditions presented in this study is unique and has not
been found, to our knowledge, in any other biological or
nonbiological system. Pseudomorphic replacement, solid-state
phase transformation, incorporation of impurities, the presence
of a template, and epitactic growth are considered as factors
responsible for the deviation from equilibrium crystal shape.
There is no obvious evidence to suggest that any of the above
pathways lead to the formation of the tabular-shaped magnetite
in this study. Both the equilibrium shape (diamond) and tabular
magnetite are present in the 558- and 668-h samples. As both
types of magnetite crystals exhibit a rather broad size distribu-
tion ranging from 10 to 200 nm (suggesting a simultaneous and
continuous nucleation and growth of both crystal shapes), a
conversion of one form to the other can be excluded. The
formation of different crystal shapes under the same experi-
mental conditions in a closed system has been observed only in
magnetotactic bacteria (5), where the nucleation and growth of

Vali et al.

magnetic crystals is controlled by a surrounding membrane (37).
Banfield et al. (28) proposed an interesting mechanism for
crystal growth in a biological system that is based on the
aggregation of clusters of atoms serving as sites of nucleation for
crystals. A similar mechanism may operate in our system leading
to the formation of free magnetite particles. The coprecipitation
of tabular and diamond shaped magnetite as free particles under
the same environmental conditions cannot be explained, how-
ever, on the basis of the same kinetic and thermodynamic laws
that are applied to inorganic systems. The existence of different
microenvironments is required to explain this phenomenon.
Indeed, we have observed within the mineral aggregates an
accumulation of biomass that may create thermodynamic con-
ditions different from the bulk environment. It is possible that
a protein-based mineralization process is responsible for the
formation of the magnetite in our system. Mineral formation
under such a process is common in higher organisms (32, 38, 39).
However, minor changes in the size and shape of the magnetite
between 558 h and 34 days could result from an aging or ripening
process.

Traditionally, magnetotactic bacteria and their magnetite
fossils have been thought to be the predominant carriers of
stable remanence in sediments (25, 40). As discussed by Lovley
etal. (9), however, GS-15 produces 5,000-fold more magnetite
than an equivalent biomass of magnetotactic bacteria, al-
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though only 4% of magnetite grown under standard conditions
is SD (18). Our demonstration that under some experimental
conditions GS-15 produces predominantly SD magnetite sug-
gests that GS-15 magnetite could potentially be the dominant
source of magnetization in sediments. The magnitude of the
actual contribution of SD GS-15 magnetite depends on how
widespread the conditions under which GS-15 produces such
crystals [which would include but are probably not limited to
low CO; and unlimited Fe(I1I) as in our experiments] are in the
environment. It is possible that although tabular minerals were
observed in soils and sediments, they were not recognized as
magnetite. If this magnetite is common in nature, it may be
useful as a biosignature. In addition, its distinct shape and
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