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ABSTRACT
Intracellular magnetite (Fe3O4) crystals produced by magnetotactic bacteria strain MV-1 are in
the single-domain size range, and are chemically pure. We have previously suggested that they
exhibit an unusual crystal habit described as truncated hexa-octahedral. Such a crystal morphology
has not been demonstrated for any inorganic population of magnetite, nor would it be expected,
given considerations of symmetry and free energy. By inference, this morphology is a physical
signature of a biological origin. Here we report data from transmission electron microscope (TEM)
tomography of such crystals isolated from magnetotactic bacteria, which confirm the unusual geometry, originally proposed from classical TEM tilt imaging.

INTRODUCTION
A subpopulation of magnetite crystals from the Martian
meteorite ALH84001 has been interpreted as the product of
relic biological activity based on their chemical and physical
similarities to terrestrial magnetite produced by magnetotactic
bacteria strain MV-1 (Thomas-Keprta et al. 2000, 2001). Of
these similarities, one in particular has been the subject of considerable debate: the crystal morphology of MV-1 magnetite.
Thomas-Keprta et al. (2001) have proposed that MV-1 magnetite displays an unusual crystal morphology, referred to as truncated hexa-octahedral, based on multi-tilt transmission electron
microscope (TEM) imaging of individual magnetite crystals
along multiple crystallographic axes. This geometry is not displayed by any known population of inorganic magnetite, nor
would it be expected, based on the following two observations:
(1) the point group symmetry of the magnetite unit cell is cubic of the point group type m4 3 m2 , whereas the point group symmetry for a truncated hexa-octahedron is trigonal of the type
3 m2 ; and, (2) the free energy minimized crystal geometry (i.e.,
Wulff polyhedron) of nanometer-sized magnetite is cubo-octahedral. Consequently, single-domain magnetite with a truncated
hexa-octahedral geometry would seem to be the provenance of
biogenic activity; as such, it would constitute a biosignature.
Buseck et al. (2001) have argued that the approach of ThomasKeprta et al. was insufficient to constrain crystal morphology
and, additionally, that MV-1 magnetite does not display trun* E-mail: kthomas@ems.jsc.nasa.gov
0003-004X/02/1112–1727$05.00

cated hexa-octahedral geometry (P. Buseck, personal communication). They suggest, although they have not demonstrated,
that only electron tomographic methods would be capable of
determining the crystal morphology of MV-1 magnetite.
Here we report the crystal morphology exhibited by the
majority of strain MV-1 magnetites as determined by TEM tomography. We are able to confirm the truncated hexa-octahedral model proposed by Thomas-Keprta et al. (2001).

CLASSICAL TEM ANALYSES OF MV-1 MAGNETITE
Magnetite is an Fe-suboxide (Fe3O4) that adopts the inverse
spinel crystal structure and exhibits cubic symmetry. Magnetite nanocrystals have morphologies that represent a combination of cubic {100}, octahedral {111}, and dodecahedral {110}
crystallographic faces. Based on simple surface free energy
minimization arguments (Pimpinelli and Villain 1998), the equilibrium morphology of magnetite is expected to be a cubo-octahedron, and indeed, this is the most common form in which
nanocrystalline magnetite is observed (Ichinose et al. 1992).
Thomas-Keprta et al. (2001) interpreted the morphology of
MV-1 based on classical TEM imaging. This procedure involves
imaging a single crystal with HRTEM over a wide angular range
of tilt angles (±45∞) with the caveat that this rotation must intersect two or more crystallographic zone axes. No a priori
assumptions about the crystal morphology are necessary other
than that of convexivity (invariably true for nanocrystals based
on surface free energy minimization arguments). For each TEM
image in the rotation sequence, the two-dimensional (2-D) projection of the crystal can be described by the intersection of a
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series of planes lying perpendicular to the image plane. The
convex-hull (Barber et al. 1996) of the vertices defined by the
intersection of three or more planes in three-dimensional (3D) space describes the maximum volume polygon, whose projection under an identical rotation sequence is consistent with
the experimental 2-D observations. For each zone axis observed,
the 2-D plane that describes it can be colored according to its
surface normal. If the surface normal lies coplanar with the
{111} crystallographic directions, it is colored green, if coplanar with the {100} crystallographic directions, it is colored blue,
and if coplanar with the {110} crystallographic directions, it is
colored red. No distinction is made between a face, an edge, or
a vertex, nor is one warranted, because an edge is simply a face
of infinitesimal width, and a vertex is a face of infinitesimal
length and width.
Clearly, if only a limited range of tilt angles, or a poorly
chosen sequence of 2-D images is obtained, more than one
polygon may account for the observation and the crystal morphology remains indeterminant. As such, care is necessary to
use only those rotation sequences for which there is no ambiguity in the choice of model.
Using this approach, Thomas-Keprta et al. (2001) have posited that MV-1 magnetites have a geometry not previously described in the literature1. To avoid ambiguity, they had called this
geometry “truncated hexa-octahedral” and represents the shape
formed by eight octahedral {111} faces, six {100} faces, and six
of a possible twelve {110} faces as indicated in Figure 1.

TEM TOMOGRAPHIC ANALYSIS OF MV-1 MAGNETITES
The 3-D shape of an object can be reconstructed from a
series of 2-D projections by any of several rigorous methods
(Frank 1992). A principle that illustrates these methods is the
Fourier Slice Theorem, which states that the Fourier transform
of a 2-D projection from a 3-D object corresponds to a 2-D
slice through the origin of the 3-D Fourier transform of that
object. Thus, an approximation to the complete 3-D Fourier
transform can be assembled from a large number of tilted views,
and this approximation can be used to reconstruct the object in
3-D. Alternatively, real-space procedures, such as weighted
back-projection, may be used to make reliable 3-D models from
the multiple 2-D projections.
In the present study, we used a 300 KeV TEM with a field
emission gun (Tecnai F-30 from FEI Inc.), equipped with a
2048 ¥ 2048 pixel CCD camera from Gatan Inc. to image magnetite crystals2 over tilt ranges from –50∞ to +58∞ in 2∞ tilt intervals. The images were aligned for back-projection by the

1
In the microbiological community, strain MV-1 magnetites
have been referred to previously as “parallelepipeds” (e.g.,
Mann et al. 1991), a term that does not adequately describe the
true crystal morphology.
2
Strain MV-1 cells were grown anaerobically with nitrous oxide as the terminal electron acceptor under heterotrophic conditions (Dean and Bazylinski 1999). MV-1 magnetite crystals
were prepared for TEM analysis by extracting them from the
cells and allowing an ~2 mL droplet of the magnetite suspension to dry on a continuous carbon TEM film supported by a
copper grid.

FIGURE 1. (A) An idealized truncated hexa-octahedral crystal of
magnetite from the magnetotactic bacterium strain MV-1 displaying
–
eight {111} octahedral (green) faces, six {110} hexagonal (red) faces,
and six {100} cubic (blue) faces. The majority of magnetite crystals
isolated from magnetotactic bacteria strain MV-1 display this geometry.
The principal cartesian axes x,y,z are indicated and in crystallographic
nomenclature correspond to the [100], [010], [001] Miller indices.
–
Directions for [111], [110], and [101] zone axes are shown by the yellow
arrows. (B) View of an idealized truncated hexa-octahedron viewed
down the [111] zone axis and the corresponding TEM image of a
magnetite, ~50 nm in the longest dimension, from magnetotactic
bacteria strain MV-1. Truncated hexa-octahedron viewed down the
[111] axis of elongation displaying a hexagonal outline. (C) View of
an idealized truncated hexa-octahedron viewed down the [110] zone
axis and the corresponding TEM image of a magnetite, ~50 nm in the
longest dimension, from magnetotactic bacteria strain MV-1. This view
displays the width of both the {100} and {110} faces. (D) View of an
–
idealized truncated hexa-octahedron viewed down the [101] zone axis
and the corresponding TEM image of a magnetite, ~50 nm in the longest
dimension, from magnetotactic bacteria strain MV-1.

positions of 5 nm Au spheres affixed to the specimen prior to
microscopy (O’Toole et al. 1999). 3-D reconstructions were
computed using weighted back-projection of the tilted views
(Gilbert 1972). The tomograms were viewed and analyzed as a
series of slices 0.525 nm thick, taken parallel to the specimensupporting grid, using the IMOD software package (Kremer et
al. 1996). The external shape of each magnetite crystal was determined by defining the external contour of a given magnetite in
each slice and assembling a stack of these contours in 3-D.
To aid in visualization, the stacked contour array was reduced to an optimal mesh by Delaunay triangulation (Voronoi
Diagrams and Delaunay Triangulations 1992). The surface
normal to each of the triangles in the mesh was calculated and
the triangle faces colored according to the orientation of that
surface normal relative to the principal crystallographic axis
of magnetite. Green surfaces correspond to {111} orientations,
blue surfaces to {100} orientations, and red surfaces to {110}
orientations as noted above. Triangles whose surface normal
did not correspond to one of the principal axes were colored
gray. This approach allows direct visual comparison of the reconstructed images to the geometric model previously proposed
by Thomas-Keprta et al. (2001) (Figs. 2 and 3). Within the ex-
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FIGURE 2. (A) From left to right, an idealized truncated hexaoctahedron, a reconstructed tomographic image of an MV-1 magnetite
crystal created by Delaunay triangulation, and an indexed color
reconstruction of the same tomographic image where the green surfaces
correspond to a {111} orientation, blue surfaces to a {100} orientation
and red surfaces to a {110} orientation. (The procedure used to
determine the surface orientation, and hence color, of the tomographic
model are described in the text.) Magnetite crystal shown in A-D is
~50 nm in length and has an aspect ratio of ~1.3. (B) Same as in A but
–
viewed along the [101] zone axis (note similarity to Fig. 1D). (C) Same
as in A but viewed along the [111] zone axis (note similarity to Fig.
1B). (D) Same as in A but viewed along the [110] zone axis (note
similarity to Fig. 1C).
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FIGURE 3. Same views as in Figure 2. Reconstruction of ~60 nm
magnetite found in the same chain as the magnetite in Figure 2. While
demonstrating truncated hexa-octahedral geometry, note the variation
in the degree to which the individual faces are expressed compared to
the magnetite in Figure 2. Such variations are commonly found among
MV-1 magnetite crystals produced within the same cell (Thomas-Keprta
et al. 2002).
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perimental and numerical uncertainties of the deconvolution,
the tomographic reconstruction is indistinguishable from the
proposed truncated hexa-octahedral morphology of ThomasKeprta et al. (2001) (Fig. 1).

CONCLUSIONS
The truncated hexa-octahedral geometry proposed by Thomas-Keprta et al. for MV-1 magnetites is consistent with the
results obtained from TEM tomography. The classical TEM
procedure used by Thomas-Keprta et al. is sufficient to constrain the 3-D morphology of a high symmetry crystallite such
as magnetite, and may be a preferable method3 to answer the
highly specific question as to the morphology of biogenic MV1 magnetite crystals. We note, however, that this approach is
not suitable for a more generalized system that may involve
low-symmetry, and/or non-convex morphologies; herein lies
the advantage of tomographic techniques.
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