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ABSTRACT

Magnetotactic bacteria comprise several aquatic species that orient and migrate along geomagnetic
field lines. This behavior is based on the presence of intracellular ferrimagnetic grains of the minerals
magnetite (Fe;0,) or greigite (Fe;S,). Whereas the structural and magnetic properties of magnetite
magnetosomes have been studied extensively, the properties of greigite magnetosomes are less well
known. Here we present a study of the magnetic microstructures, chemical compositions, and three-
dimensional morphologies and positions of Fe-sulfide crystals in air-dried cells of magnetotactic
bacteria. Data were obtained using several transmission electron microscopy techniques that include
electron holography, energy-filtered imaging, electron tomography, selected-area electron diffraction,
and high-resolution imaging. The studied rod-shaped cells typically contain multiple chains of greigite
magnetosomes that have random shapes and orientations. Many of the greigite crystals appear to
be only weakly magnetic, because the direction of their magnetic induction is almost parallel to the
electron beam. Nevertheless, the magnetosomes collectively comprise a permanent magnetic dipole
moment that is sufficient for magnetotaxis. One of the cells, which is imaged at the point of dividing,
contains multiple chains of both equidimensional Fe-sulfide and elongated Fe-oxide crystals. The equi-
dimensional and elongated crystals have magnetic properties that are consistent with those of greigite
and magnetite, respectively. These results can be useful for obtaining a better understanding of the
function of magnetotaxis in sulfide-producing cells, and they have implications for the interpretation

of the paleomagnetic signals of greigite-bearing sedimentary rocks.
Keywords: Greigite, magnetotactic bacteria, transmission electron microscopy, electron holography,
electron tomography, magnetic properties, biomineralization

INTRODUCTION

Iron-sulfide magnetosomes in magnetotactic bacteria were
first described in 1990 (Farina et al. 1990; Mann et al. 1990). The
primary mineral in the magnetosomes was identified as greigite
(FesS,) (Heywood et al. 1990, 1991; Bazylinski et al. 1990,
1993), which is ferrimagnetic and isostructural with magnetite
(Fe;0,). In subsequent studies, the structures and compositions of
sulfide magnetosomes were analyzed in detail, and non-magnetic
precursors of greigite (primarily mackinawite, FeS) also were
identified (Pdsfai et al. 1998a, 1998b). Despite these studies,
sulfide-producing magnetotactic bacteria remain enigmatic
because they are not available in pure culture (Bazylinski and
Frankel 2004). Whereas the magnetic properties of magnetite
magnetosomes have been studied from many perspectives for
several bacterial strains (Diaz-Ricci et al. 1991; Moskowitz et
al. 1993; Proksch et al. 1995; Dunin-Borkowski et al. 1998,
2001; McCartney et al. 2001; Weiss et al. 2004; Simpson et
al. 2005), little is known about the magnetic microstructure of
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sulfide magnetosomes (Diaz-Ricci and Kirschvink 1992). The
magnetic parameters of greigite, including the critical particle
size for single-domain behavior, and the effects of shape and
magnetocrystalline anisotropy on magnetic microstructure,
are not known satisfactorily (Hoffmann 1992; Roberts 1995;
Dekkers et al. 2000; Peters and Dekkers 2003; Chen et al. 2005).
In the present study, we characterize Fe-sulfide magnetosomes
comprehensively, with the aim of providing measurements that
may shed light on sulfide biomineralization processes and on the
biological functions of sulfide magnetosomes, as well as on the
contribution of biogenic greigite to the paleomagnetic signal in
sedimentary deposits.

Off-axis electron holography is a transmission electron mi-
croscopy (TEM) technique that can be used to study the magnetic
microstructures of nanocrystals (Dunin-Borkowski et al. 2004).
The method has been applied successfully to studies of magnetite
magnetosomes, and it has been extremely useful for assessing
the competing effects of shape and magnetocrystalline anisot-
ropy and interparticle interactions on the magnetic properties of
linear chains of magnetosomes (Dunin-Borkowski et al. 1998,
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2001; McCartney et al. 2001; Simpson et al. 2005). Here we use
electron holography to characterize the magnetic properties of
Fe-sulfide magnetosomes quantitatively.

Accurate knowledge of the three-dimensional shapes, posi-
tions, and orientations of magnetosomes is important for inter-
preting their magnetic properties. However, the measurement of
nanoparticle shapes is challenging (Buseck et al. 2001; van Pop-
pel et al. 2005). In the present study, we use ultra-high-tilt series
of high-angle annular dark-field (HAADF) images to provide to-
mographic reconstructions of three-dimensional particle shapes,
orientations, and positions. Because HAADF images are affected
by diffraction contrast less strongly than bright-field images, they
are better suited for tomographic reconstruction of crystalline
specimens (Midgley et al. 2001). We present three-dimensional
reconstructions of the same magnetosomes from which electron
holograms were obtained, and correlate the particle shapes and
structures with their magnetic properties.

EXPERIMENTAL METHODS

Sediment and water samples containing magnetotactic bacteria were col-
lected at Morro Bay, California in the spring of 2002. Drops were enriched in
magnetotactic cells by using a bar magnet and placed on nickel TEM grids. No
fixation was used, with the cells simply allowed to dry on the grids. Although this
procedure may introduce artifacts, such as a flattening of the magnetosome chain
and changes in the orientations of the magnetosomes, the magnetosome chains
appeared to remain relatively intact. High-resolution transmission electron micro-
scope (HRTEM) images and selected-area electron diffraction (SAED) patterns
were obtained from individual crystals using JEOL 4000EX electron microscopes
(at Arizona State University in 2002 and at Cambridge in 2005), operated at an
accelerating voltage of 400 kV. SAED patterns were also obtained using a JEOL
3010 TEM (at Budapest in 2005).

Chemical maps and electron holograms were obtained at 300 kV using a Philips
CM300-ST field-emission-gun TEM equipped with a Gatan Imaging Filter (GIF)
(at Cambridge in 2002 and 2004). Additional chemical maps were obtained from
bacteria that had been collected earlier (in 1998) at Sweet Springs Nature Preserve,
Massachusetts, and prepared in the same way as described above. These maps were
obtained at 300 kV using a JEOL 3000F TEM fitted with a field-emission gun and a
GIF (at Oxford in 1999). “Jump-ratio” images were obtained by dividing two images
that had been acquired using electrons that had suffered energy losses just above
and below a core-loss edge in the energy-loss spectrum arising from the element
of interest. These maps may contain artifacts, such as a contribution from a large,
non-specific background intensity to the signal, and are used primarily for obtaining
qualitative information about element concentrations. More accurate compositional
maps were obtained by using three-window, background-subtracted imaging. This
technique involves the acquisition of two energy-loss images below and one above
the edge of interest; a power-law background modeled on the basis of the two pre-
edge images is then subtracted from the post-edge image (Egerton 1986).

We used off-axis electron holography in the TEM to study the magnetic mi-
crostructures of chains and individual magnetosomes. The technique involves the
use of a coherent electron source (a field-emission gun), a Lorentz lens for imag-
ing samples in magnetic-field-free conditions, and a positively charged wire (an
electron biprism), in place of one of the selected-area apertures. Part of the electron
wave that travels through the region of interest on the sample is overlapped with
part that travels only through vacuum by the biprism, resulting in the formation
of an interference fringe pattern. The part of the electron wave that passes through
the sample experiences a phase shift with respect to the part that passes through
vacuum. This phase shift, which is sensitive to electric and magnetic fields in the
specimen, is recorded in the spacings of the holographic fringes. By processing
the recorded holograms digitally, it is possible to separate the mean inner potential
(MIP) and magnetic contributions to the holographic phase shift. Details of this
procedure are described by Dunin-Borkowski et al. (2004).

Ultra-high-tilt series of HAADF images for electron tomography were obtained at
200 kV using a Tecnai F20 field-emission-gun TEM (at Cambridge in 2004). HAADF
images were acquired at 2° tilt intervals over a tilt range of —79° to +78° and used for
three-dimensional tomographic reconstruction of the shapes of the cell and the magneto-
somes. The field of view of each original image was 4383 nm. Each image was acquired
for 40 s, which corresponds to 3.8 x 10> s dwell time per pixel.
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RESULTS

Most cells are rod-shaped, with a single polar flagellum
and multiple chains of Fe-sulfide magnetosomes (Fig. 1). The
chains are not as well organized as is typical of magnetite-bear-
ing bacteria. For example, many cells contain crystals that are
offset from the chains and apparently scattered throughout the
cytoplasm. In some cells, there are no recognizable chains, and
the magnetosomes form disordered clusters (Fig. 1c). It is pos-
sible that some of the disorder of the magnetosomes is an artifact
arising from air-drying of the cells. However, Keim et al. (2004a,
2004b) also observed disordered sulfide magnetosome chains in
fixed cells, and we believe that most of the magnetosome orienta-
tions that we observed in the sulfide-producing cells generally
reflect the original conditions. Two cells were studied in detail:
the single cell shown in Figure 1d (see also Figs. 2 and 3) and
a large, dividing rod (Figs. 4-12) (collected in 2002 at Morro
Bay). The compositions, magnetic properties, morphologies, and
structures of the Fe-sulfide magnetosomes in these two cells are
described below.

Compositions measured from chemical maps

The cell shown in Figure 1d contains a double chain of mag-
netosomes, which are each ~60 nm in size. Figure 2 shows four
chemical maps obtained from the same cell. The magnetosomes
exhibit dark contrast in the C map (Fig. 2a) because the projected
concentration of C is lower at their positions than elsewhere in
the cell. Only a few crystals exhibit strong contrast in the O map
(Fig. 2b). None of these crystals are within the double chain of
magnetosomes that runs approximately parallel to the long axis
of the cell. These O-rich crystals are absent from the Fe map
(Fig. 2¢), but are present (marked using white arrows) in the S
map (Fig. 2d).

FIGURE 1. High-pass-filtered, bright-field transmission electron
micrographs of rod-shaped single cells containing Fe-sulfide
magnetosomes.
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FIGURE 2. (a) Three-window, background-subtracted C chemical
map, and (b) jump-ratio O, (¢) Fe, and (d) S chemical maps obtained from
the cell shown in Figure 1d. The white arrows mark the position of the
magnetosome chain in b, and S- and O-bearing, Fe-free particles in d.
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For easier visualization of variations in the compositions of
the magnetosomes, a composite image in which red, green, and
blue correspond to the C, S, and Fe signals, respectively, is shown
in Figure 3. Light blue regions correspond to the positions of Fe
sulfide crystals, whereas particles that contain S but no Fe appear
green. The cell is rimmed in places by extracellular O- and S-rich
material (arrowed), as indicated by the green color along the outer
cell wall. Magnetic flux contours, which are superimposed onto
this chemical map, are discussed below.

Figure 4 shows a magnetotactic bacterium that is apparently
undergoing cell division. A multiple chain of magnetosomes,
which extends along the long axis of the cell, is divided ap-
proximately equally between the two daughter cells. It is known
from previous studies that the structures and compositions of
Fe-sulfide magnetosomes can change in unfixed, dehydrated
cells when TEM specimens are stored in air (Pdsfai et al. 1998a,
1998b). Accordingly, we studied this cell more than once.
Chemical maps and electron holograms were obtained both in
September 2002 and in October 2004, whereas HRTEM images
and SAED patterns were recorded in December 2002 and in
August 2005. Electron tomography was performed on the same
cell in November 2004. The multiple experiments provided an
opportunity to observe compositional and magnetic changes of
the magnetosomes over a period of several years.

Composite chemical and magnetic induction maps obtained

FIGURE 3. Composite
image formed from three
chemical maps (as indicated
by the color code at the
bottom of the image) and
magnetic phase contours
obtained using electron
holography. The contour
spacing is 0.075 radians.
In the inset, yellow circles
mark magnetosomes that
appear to be either weakly
magnetic or non-magnetic.
Measured properties of the
arrowed crystals (marked
by numbers and letters) are
listed in Table 1. The large
arrows mark S-rich material
on the cell surface.

Red=C; . Green=3S, Blue:Fe
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FIGURE 4. Composite images formed from chemical and magnetic
induction maps acquired from a dividing cell in (a) September 2002
and (b) October 2004. The contour spacing is 0.098 radians in both
images. Numbered white arrows in a mark crystals that are referred to
in Table 2, whereas red arrows mark elongated Fe-oxide magnetosomes.
White arrows without numbers point to S- and O-containing, Fe-free
particles. Compositions of magnetosomes within the area boxed in b
are shown in Figure 6.

FIGURE 5. (a) Three-window O map, (b) a composite of three-
window O, S, and Fe maps, and (c¢) a bright-field image of the central
part of the dividing cell shown in Figure 4. SAED patterns obtained
from the greigite crystal marked 13 and from the elongated magnetite
crystal marked 16 are inserted in ¢ in their corresponding orientations.
The chemical maps and SAED patterns were obtained in 2004 and
2005, respectively. The black arrows mark greigite magnetosomes with
distinct oxide shells, whereas white arrows mark thin flake-like Fe oxide
particles. The same particles are arrowed in a, b, and ¢. Properties of the
numbered crystals are listed in Table 2.

Red=0, Green=5, Blue=Fe

or 100nm
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FIGURE 6. (a and b) S/Fe and O/Fe ratios of particles from the boxed
region in Figure 4b, plotted on the same arbitrary scale as a function
of their positions within the magnetosome chain. The origin on the
horizontal axis corresponds to the cell-division plane. The graphs are
for (a) Fe sulfide particles and (b) Fe oxide particles. The measurements
were made in 2004. (¢) Shape-factor distributions of the sulfide and
oxide particles shown in a and b. The shape factor of each crystal was
calculated from to the formula (a + b)/2¢, where a < b < ¢ and a, b, and
c are the three axes of a best-fitting ellipsoid that was determined from
HAADF images taken at 0° and 44° tilt angles.

in 2002 and 2004 are shown in Figures 4a and 4b, respectively.
Jump-ratio and three-window chemical maps were used to form
Figures 4a and 4b, respectively. Unfortunately, it is generally
more difficult to obtain quantitative compositional information
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FIGURE 7. (a) High-resolution TEM image and (b) selected-area
electron diffraction pattern obtained from crystal 9 in Figure 5 and Table
2. The arrows and dashed lines in (a) mark fragments that appear to be
attached to the primary particle. (¢) Fourier-filtered version of the boxed
region in a. The strong contrast variations likely result from changes in
crystal thickness.

about a sample from a jump-ratio image than from a three-
window elemental map, and Fe/S ratios such as those shown in
Figures 4a and 4b cannot be compared with each other directly.
Nevertheless, it is apparent that the magnetosome chain has a
light green color in Figure 4a, indicating that most particles con-
tain Fe and S. The distribution of red color in Figure 4a shows
that the projected concentration of C is higher along the thick
cell wall than in the interior of the cell. The new cell membrane
that is forming in the gap between the two halves of the chain is
enriched in O and S (Figs. 5a and 5b) but not in C (not shown). As
in the single cell shown in Figure 2, magnetosome-sized crystals
that contain S and O but not Fe also occur in the cell.

Even though the compositions in Figures 4a and 4b cannot be
compared directly for the reasons discussed above, some changes
over the two-year period are apparent. There is more variation
in color within the multiple magnetosome chain in Figure 4b
than in Figure 4a, suggesting that the compositions of the mag-
netosomes changed variably, depending on their positions in the
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chain. The predominantly blue color of the crystals in Figure 4b
may indicate that many of the Fe-sulfide magnetosomes have
converted partially to Fe-oxide. The S-rich granules that were
near the edges of the cell are now either absent or exhibit a much
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fainter S signal in Figure 4b than in Figure 4a.

A detailed analysis of the compositions of individual magne-
tosomes was performed on the O, S, and Fe three-window maps
acquired in 2004. In the multiple magnetosome chain, most of

TABLE 1. Summary of observations for the magnetosomes numbered in Figure 3

Particle number and Shape factor Axis of elongation Orientation of axis of elongation ~ Apparent magnetic Other

mineral species (width/ length) (based on SAED) with respect to chain axis induction (T) comments

1 greigite 0.83 [110] and [100] perpendicular along [110], not detectable L-shaped crystal in projection,

parallel along [100] probably formed from two
individual crystals. Planar defect
along [111].

2 greigite 0.79 [100] perpendicular 0.02 Likely to be an aggregate of two
or three crystals, resulting in
uneven contrast in the center

of the crystal.

3 greigite 0.72 [113] parallel 0.13 Patchy contrast. Induction lines

parallel to elongation direction
and chain axis.

4 greigite 0.77 [511] perpendicular 0.03 Offset from the chain axis.
Likely to be an aggregate of

several crystals.

5 greigite 0.73 not identified perpendicular 0.04 Patchy contrast.

X not identified 1.00 - - 0.06 Induction lines parallel to

chain axis.

Y not identified 0.92 not identified ~30° 013 Induction lines parallel to

elongation direction.

TABLE 2. Summary of observations for the magnetosomes numbered in Figure 4a

Particle number  Shape factor  Axis of elongation  Orientation of axis Composition Apparent Other

and mineral (width/ length)  (based on SAED)  of elongation with magnetic induction comments

species respect to chain axis in 2002 in 2004 in 2002 in 2004

6 greigite 0.75 [110] ~45° sulfide + oxide sulfide + medium strong A

rimononeside  oxide shell

7 greigite 0.82 [110] ~45° sulfide + mostly oxide  strong weak B

oxide shell

8 greigite 0.70 [130] parallel sulfide sulfide + minor strong strong C

oxide

9 greigite 0.85 [110] ~45° sulfide sulfide + medium medium D

oxide shell 0.13T) (0.10T)

10 greigite 0.87 not [113] parallel to chain axis  sulfide + sulfide + weak medium E

identified minor oxide oxide shell (0.06T) 0.117)

11 greigite 0.93 not [130] parallel to chain axis sulfide + sulfide + weak weak F

identified minor oxide oxide shell

12 greigite 0.70 [100] ~30° sulfide + sulfide + weak weak G

minor oxide oxide shell

13 greigite 0.95 not identified [111] parallel to chain axis sulfide + sulfide + strong (0.16 T) medium (0.10T) H

minor oxide oxide shell

14 greigite 0.92 not identified [110] parallel to chain axis sulfide + sulfide + strong (0.15T) weak (0.06T) |

minor oxide oxide shell

15 greigite 0.86 not identified [111] parallel to chain axis sulfide + sulfide + strong (0.15T) medium (0.12T) J

minor oxide oxide shell

16 magnetite 0.30 [100] parallel oxide oxide very strong very strong K

(0.627T) (0.527T)

A = Possibly several flakes on top of one another. Induction lines wavy.
B = Induction lines parallel to chain axis.

C = Induction lines parallel to elongation direction and chain axis.
D = Induction lines parallel to elongation direction.

E = Induction lines parallel to chain axis.

F = Offset from the chain. Induction lines at ~45° to the chain axis.
G =Induction lines roughly parallel to elongation direction.

H = Induction lines parallel to chain axis.

| =Induction lines parallel to chain axis

J =Induction lines parallel to chain axis.

K = Induction lines parallel to elongation direction.
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the particles have equidimensional, rounded shapes and contain
primarily Fe and S. However, elongated, rod-shaped crystals
and some flake-like particles also occur. These crystals are both
morphologically and compositionally distinct from most of the
particles in the chain. The elongated and flake-like particles
contain little or no S, but significant O (Fig. 5a). As indicated

FIGURE 8. Magnetic contour map of the multiple magnetosome chain
in the dividing cell shown in Figure 4a. Red lines in (a) mark uniformly
magnetized chain segments consisting of several magnetosomes. Yellow
dots in (b) mark crystals that appear to be either weakly magnetic or
non-magnetic.
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by their violet color in Figure 5b, they contain primarily Fe
and O. Thus, the dividing cell contains both sulfide and oxide
magnetosomes.

In addition to identifying Fe-sulfide and Fe-oxide particles,
the possibility that compositional changes had occurred in these
two groups was investigated. As the biological material in the
cell contains significant O and contributes slightly to the S sig-
nal, it is not straightforward to determine the compositions of
the particles quantitatively. Therefore, relative S/Fe and O/Fe
ratios in individual particles were determined by measuring the
total intensity in selected (7 x 7 pixel) regions of the chemical
maps, centered on the particles. The background O and S levels
were set to zero on the basis of the respective intensities of these
elements outside the cell. By using this method, 35 sulfide and
10 oxide particles were analyzed within the boxed area marked
in Figure 4b.

Ratios of S/Fe and O/Fe measured from the Fe-sulfide par-
ticles are plotted in Figure 6a as a function of the distances of
the magnetosomes from the cell-division plane. Although there
is some scatter in the points, the S/Fe and O/Fe ratios clearly
vary with increasing distance from the center of the dividing
cell. Particles that are closer to the division plane generally
have higher S/Fe and lower O/Fe ratios. We attribute the trend
in these ratios in the sulfide particles to variable degrees of
oxidation of greigite during sample storage. The chemical maps
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FIGURE 9. Histograms showing magnetic induction measured from individual particles using electron holography. The graphs are for particles
from the dividing cell shown in Figure 4. (a) Sulfide particles measured in 2002; (b) oxide particles measured in 2002; (¢) sulfide particles measured
in 2004; (d) oxide particles measured in 2004. The magnetic induction values are consistent with the sulfide particles being greigite and the oxide
particles being magnetite. Sulfide and oxide particles were identified on the basis of their compositions measured in 2004.
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FIGURE 10. (a) S/Fe and (b) O/Fe ratios of particles from the boxed
region in Figure 4b, plotted on an arbitrary scale as a function of their
magnetic induction. All measurements were performed in 2004. Filled
circles represent sulfide particles, and open and lightly shaded circles
denote elongated rod-shaped and flake-like oxide particles, respectively.
(¢) Magnetic induction of sulfide particles from the same region, plotted
as a function of their positions within the magnetosome chain. The origin
on the horizontal axis corresponds to the cell division plane. Open and
filled circles represent values that were measured in 2002 and 2004,
respectively.

shown in Figure 5 reveal that the Fe-sulfide crystals are rimmed
by an oxide layer. Compositional variations also are observed
in the elongated and flake-like Fe-oxide particles, although the
smaller number of crystals analyzed makes the identification of
systematic changes difficult, and the variable S content of the cell
material also contributes to the signal (Fig. 6b). The relationships
between particle compositions and shapes are illustrated in the
form of a shape-distribution diagram in Figure 6c.
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FIGURE 11. Two views of a three-dimensional tomographic
reconstruction of the dividing cell in Figure 4, obtained from an
ultra-high-tilt series of high-angle annular dark-field images. The
magnetosomes are shown in yellow, whereas other cell materials are
shown in blue. (a) and (b) show “top” and “side” views, respectively,
of the dehydrated, flattened cell.

FIGURE 12. Higher-resolution tomographic reconstruction of the
boxed region marked in Figure 11a, viewed from four different directions,
which are indicated on the images. Black and white arrows mark the same
crystals as in Figure 5. Red arrows indicate elongated, thin crystals.

Crystal structures and orientations measured from SAED
patterns and HRTEM images

The structures of the magnetosomes that are numbered in Fig-
ures 3 and 4 were characterized using SAED patterns (acquired in
2002 and 2005) and HRTEM images (acquired in 2002). SAED
patterns of crystals 1 to 15 are consistent with greigite. No reflec-
tions corresponding to mackinawite or to any other Fe-sulfide
mineral appeared in the patterns. However, extended defects
such as stacking faults and dislocations, as well as patchy con-
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trast, occur in HRTEM images (Fig. 7). Similar patchy contrast
was observed in other sulfide-containing cells and attributed to
the strain that results from the presence of defects (Pdsfai et al.
1998a, 1998b). The defects were interpreted as resulting from
a mackinawite to greigite solid-state conversion process. Other
factors, including thickness variations, also may contribute to
the uneven contrast.

Many greigite crystals in Figure 5 appear to be agglomerates
of smaller grains, as if several nuclei had merged in a consistent
crystallographic orientation during crystal growth. The resulting
irregular shapes may contribute to the highly variable diffrac-
tion contrast observed in conventional bright-field images of the
crystals. Smaller, thin crystal fragments appear to be attached
to the surfaces of several crystals (Fig. 7a), contributing to their
uneven thicknesses and, accordingly, to the contrast variation
in bright-field images.

The crystallographic orientations of the greigite magne-
tosomes, with respect to one another, are as random as their
morphologies. Whereas crystals in magnetite-producing bacteria
often are elongated along [111], with an axis of elongation that
is aligned parallel to the magnetosome chain (Simpson et al.
2005), the greigite crystals in the two cells that were examined
here have highly variable orientations. No major crystallographic
direction is preferred as the axis of elongation. The alignment of
the crystals with respect to the chain axis also varies randomly,
even though in a previous study some magnetosomes appeared
to be aligned preferentially with [100] parallel to the chain
(Postai et al. 1998b). Tables 1 and 2 (see page 1221) summarize
the crystallographic, compositional, and magnetic features of
individual magnetosomes in the cells shown in Figures 3 and 4,
respectively, from which SAED patterns and HRTEM images
were obtained. It is apparent from Tables 1 and 2 and Figure 6¢
that some of the greigite crystals are slightly elongated. However,
their width/length ratios are nowhere smaller than 0.62, whereas
the same ratio is typically between 0.2 and 0.4 for the highly
elongated oxide particles.

Several Fe-sulfide magnetosomes have a faint halo around
them in bright-field images (Fig. 5c¢). This halo is almost cer-
tainly of amorphous material, as it shows neither lattice fringes
nor diffraction contrast on tilting. The positions of the halos
coincide with the presence of O-rich shells around the crystals;
such shells are marked using black arrows in the chemical map
in Figure 5a. SAED patterns also were obtained in 2005, by
which time many greigite magnetosomes had developed thick
oxide shells. These patterns remain consistent with the greigite
structure (Fig. 5c¢).

The only Fe-oxide particle from which SAED patterns were
obtained is crystal 16 (Fig. 5). The patterns indicate that this
crystal is either magnetite or maghemite, and its elongation axis
is parallel to [100] (Fig. 5c¢).

Magnetic properties measured using electron holography

The magnetic induction in the specimen, measured using
electron holography, is displayed conveniently in the form of
contours formed from the magnetic contribution to the phase
shift, as shown in Figures 3 and 4. Only the magnetic induc-
tion perpendicular to the electron beam direction is recorded in
such maps. The maps are quantitative in the sense that the same
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amount of magnetic flux is enclosed between any two adjacent
contours.

The magnetosome chain in the cell in Figure 3 contains
magnetic phase contours that are generally parallel to the
axis of the chain. However, there is considerable variation in
the local directions of the contours within individual particles.
The lower chain appears to be magnetized more uniformly
than the upper chain, which comprises three short segments
between which the contours either turn back on themselves
or join those in the lower chain. The strength of the magnetic
signal in the crystals apparently becomes progressively weaker
toward the ends of the chains. Surprisingly, some crystals such
as those at the ends and to one side of the chains have no con-
tours inside them and thus appear to be non-magnetic. These
crystals are marked in yellow in the inset to Figure 3.

Both halves of the magnetosome chain in the dividing
cell also exhibit complicated magnetic contours (Fig. 4a). The
multiple chain consists of several, approximately uniformly
magnetized, linear segments of three or four magnetosomes.
These segments, which are indicated using red lines in Figure
8a, are associated with bundles of contours whose direction
may deviate from that of the chain axis. The contours in the
elongated magnetosomes are generally parallel to the long
axis of each crystal. Many magnetosomes that are marked in
yellow in Figure 8b contain few (1-3) contours or none at all.
Most crystals that appear to be non-magnetic are located away
from the main axis of the mutiple chain.

The general direction of the magnetic induction measured
in the multiple chain is similar in the maps recorded in 2002
and 2004. In each case, the magnetosomes are magnetized ap-
proximately parallel to the chain axis. However, the number of
magnetic phase contours recorded across the entire chain is lower
in 2004 (Fig. 4b) than in 2002 (Fig. 4a), indicating that the over-
all magnetization of the crystals has decreased over two years.
This decrease is most notable on the left side of the chain, where
the chemical map in Figure 4b also shows the most significant
compositional changes, as indicated by the predominantly blue
color. It appears that the partial conversion of Fe-sulfides into
amorphous oxides has resulted in a net decrease in the magne-
tization of the individual crystals.

Quantitative measurements of the magnetic induction in
individual magnetosomes were performed on the particles from
which detailed compositional data were available (in the boxed
area in Fig. 4b). To calculate the magnetic induction from the
electron holographic phase images, the cross-sectional size
of each particle, in a direction perpendicular to the contours,
was determined. This size measurement was made from two
HAADEF images acquired at specimen tilt angles of +45° and
—45° for each magnetosome. The induction was calculated on
the assumption of infinite cylindrical particle shapes. The results
reveal that the magnetic induction in the particles is related to
their composition, phase, and morphology, as shown in Figure
9. Even though the distribution of measurements of magnetic
induction is wide, the elongated oxide particles were clearly
more strongly magnetic than the more equidimensional sulfide
crystals, both in 2002 and in 2004.

The measured induction in the sulfide particles is approxi-
mately consistent with values expected from the literature for
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greigite (~0.16 T) (Dunlop and Ozdemir 1997). In contrast, the
measurements for the elongated oxide particles are closer to those
expected for either magnetite (0.60 T) or maghemite (0.48 T)
(Dunlop and Ozdemir 1997). Because several of the elongated
particles showed induction values larger than 0.48 T in 2002, it
is likely that they were originally magnetite.

Both the sulfide and the oxide particles were more weakly
magnetic in 2004 than in 2002 (Fig. 9). Although artifacts of
data processing cannot be excluded, the observed decrease in
magnetization may result from the partial oxidation of both the
sulfide and the oxide particles. It appears that chemical changes
have resulted in a weaker magnetic induction, but the direction
of the field in each particle has remained approximately the
same (Fig. 4).

The relationship between composition and magnetic induc-
tion was studied further by plotting the measured S/Fe and
O/Fe ratios (on an arbitrary scale) as a function of the magnetic
induction, measured in 2004 (Figs. 10a and 10b). The points in
these graphs are for the same particles for which compositions
are shown in Figure 6. Sulfide and oxide particles are clearly
distinct from each other in terms of both their morphology and
their magnetic induction. Based on their morphology, Fe-oxide
particles can be grouped into “elongated” and “flake-like” cat-
egories (Figs. 10a and 10b). The elongated particles are more
strongly magnetic than the flake-like crystals, perhaps because a
greater fraction of the volume of the flake-like particles had oxi-
dized. Alternatively, their volumes may have been overestimated,
resulting in an apparently lower magnetic induction.

The scatter in the measured magnetic induction values of the
greigite particles is likely related to a lower probability that their
magnetization directions are constrained to lie in the plane of the
specimen. Measured induction values that are lower than 0.16
and 0.60 T for sulfide and oxide particles, respectively, may be
explained by the presence of strong out-of-plane components
of their magnetization, the effect of demagnetizing fields on the
measurements, or both. Variations in the S/Fe and O/Fe ratios
could also affect the magnetic induction of greigite particles.
However, there is no clear relationship between the positions
of sulfide magnetosomes relative to the division plane and their
induction values (Fig. 10c), even though the compositions of
greigite particles are observed to change according to their posi-
tion in the cell (Fig. 6a).

Crystal morphologies, orientations, and positions measured
using electron tomography

Figure 11 shows an electron tomographic reconstruction of
the dividing cell, in which blue corresponds to the organic mate-
rial and yellow to the magnetosomes. The green color inside and
the blue spikes outside the cell are artifacts that arise primarily
from the fact that images could not be acquired over the full tilt
range of £90°. Although the cell appears to be relatively intact
in Figures 4 and 11a, the tomographic reconstruction shows that
it is actually flat, presumably through the loss of most of the cell
volume by dehydration (Fig. 11b).

Because relatively low-magnification HAADF images were
used to obtain the reconstruction of the entire cell shown in
Figure 11, the spatial resolution is insufficient to resolve the
morphological details of the individual magnetosomes clearly.

1225

Nevertheless, the images show that the multiple chains have a
three-dimensional arrangement, as if they were inside a tube
that runs parallel to the long axis of the cell. Because the cell is
flattened in such a way that one side is concave, the original posi-
tion of the multiple magnetosome chain relative to the cell wall
cannot be measured. However, owing to the three-dimensional
arrangement of the magnetosome chains, it is likely that at least
some of the Fe-sulfide crystals may be close to the center of the
cell, instead of being anchored to the cell wall as in some mag-
netite-bearing bacteria (Bazylinski and Frankel 2004). Several
scattered crystals in the cell appear to be outside the primary
“tube” of chains and to be independent of the chain configura-
tion. Although the flattening of the cell during dehydration may
have changed the original orientations of the crystals slightly,
we do not believe that it caused the dispersal of magnetosomes
from the chain structure.

A higher-spatial-resolution tomographic reconstruction,
obtained from a —78° to +78° tilt series of higher-magnification
HAADF images, is shown in Figure 12. This region corresponds
to the boxed region in Figure 11a. The magnetosomes can now
be seen to have highly irregular, variable morphologies. The
tomographic reconstruction confirms that the Fe-oxide particles
are either flake-like or have elongated, almost needle-like habits
(marked using red arrows in Fig. 12). The morphologies of the
elongated magnetosomes appear to highly constrain the direction
of the magnetic induction to be parallel to their axes (Fig. 4a).

DISCUSSION

Conversion of magnetosomes

Previous studies have shown that Fe sulfide magnetosomes
are initially non-magnetic mackinawite (FeS) and later convert to
greigite (Pdsfai et al. 1998a, 1998b). It is tempting to interpret the
presence of weakly magnetic particles at the edges and the ends
of the magnetosome chains (Figs. 4 and 8b) as being suggestive
of the presence of unconverted mackinawite. However, SAED
patterns and HRTEM images obtained from several of these
sulfide magnetosomes are consistent with the crystal structure
of greigite. As discussed above, these particles may appear to be
weakly magnetic because they are magnetized largely out of the
plane of the sample and therefore almost parallel to the electron
beam direction. The weaker magnetization also may be related to
demagnetizing fields, which should affect the particles closer to
the ends of the chain more strongly than those in the center.

The cells were first studied several months after they were
collected. As the mackinawite to greigite conversion was found
to take place within about a week in samples that were stored in
air (Pdsfai et al. 1998b), any Fe-sulfides other than greigite are
likely to have converted to greigite by the time of our studies.
Therefore, the present magnetic data do not provide informa-
tion about the mackinawite to greigite transition. However, the
partial transformation of greigite to amorphous Fe-oxide in the
dividing cell during sample storage is well documented in the
present study and is consistent with the magnetic and the com-
positional data. Because the samples were stored in a vial and
exposed to the atmosphere, O, could enter the cells and react
with the magnetosomes. Having been collected in the spring of
2002, many sulfide magnetosomes already had oxide rims when
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Green=0, Red=S, Blue=Fe

FIGURE 13. Three-window, background-subtracted chemical maps
of Fe-sulfide magnetosomes obtained from a cell of a multicellular
magnetotactic prokaryote. The crystals have distinct shells of amorphous
Fe-oxide. The chemical element and the electron energy-loss edge that
was used for the maps are indicated in each image.

they were first examined in the fall of 2002. By the time they
were reexamined in 2004, most of the greigite magnetosomes had
developed distinct oxide shells (Figs. 5 and 6). As indicated in
Figure 6a, the degree of greigite oxidation is not uniform along
the cell; the magnetosomes that are further laterally from the
center of the cell appear to be more oxidized. This trend may
reflect pre-existing compositional differences among the greigite
magnetosomes, although the possibility that this observation re-
sults from variations in the O content of the organic cell materials
cannot be ruled out. The process by which S is released from
the magnetosomes by oxidation is also unclear; presumably it
diffuses as SO, into the cell.

The conversion of sulfide magnetosomes in rod-shaped cells
over time is not unique. We observed similar compositional fea-
tures in cells from the multicellular magnetotactic prokaryote,
an organism that forms cell aggregates that move as single units
(Rodgers et al. 1990; Lins and Farina 1999; Keim et al. 2004a,
2004b). Chemical maps obtained from a sample two years after
it was collected indicate that the Fe-sulfide magnetosomes have
Fe-oxide surface shells (Fig. 13). Similar shells on greigite mag-
netosomes were also noticed by Farina et al. (1992).

Because the oxide shells are amorphous, they reduce the
magnetic moment of the original greigite crystals. Such a
reduction in magnetic induction over two years is apparent in
Figure 9. The decrease in the magnetization of greigite over time
has been considered in paleomagnetic studies (Dekkers et al.
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2000). Greigite did not remain stable either in sediments or in
rock samples that were stored for longer periods (Snowball and
Thompson 1990). It is likely that, under oxic conditions, greigite
particles in sediments will develop oxide shells similar to those
observed on the magnetosomes. It remains to be determined
whether the conversion of greigite magnetosomes continues
beyond the formation of oxide shells and the greigite crystals
eventually completely turn into amorphous Fe-oxide. If at least
part of the original sulfide is preserved, then magnetosome-sized
greigite crystals can be used as biomarkers both in soil (Stan-
jek et al. 1994) and in sedimentary rock samples (Pdsfai et al.
2001), and they may be useful as biomarkers in archaeological
studies (Linford et al. 2005). The distinctive shapes of crystal
size distributions could be used in such studies to identify mag-
netofossils (Pdsfai et al. 2001). Because several generations of
greigite can form diagenetically in sedimentary rocks and each
of these contributes to the total magnetization, complicating
magnetostratigraphic interpretation (Rowan and Roberts 2006),
it is important to know which, if any, of the greigite particles
were deposited as magnetofossils.

Oxidation also affects the magnetite magnetosomes that occur
with greigite in the dividing cell shown in Figure 4. The magnetic
induction measured in the Fe-oxide particles decreased between
2002 and 2004 (Fig. 9), presumably owing to the maghemitiza-
tion of the original magnetite partices. Such transformations have
been inferred from bulk magnetic measurements of magnetite
crystals originating from magnetite-producing magnetotactic
bacteria (Moskowitz 1995; Carter-Stiglitz et al. 2004; Pan et
al. 2005).

Relationship between composition, morphology, crystal-
lographic orientation, and magnetization

Although all the sulfide magnetosomes were found to be
greigite, their measured magnetic induction appears to vary
significantly, presumably as a result of variations in their mor-
phology and orientation. Compositional variations may also
slightly affect the magnetic induction. The greigite crystals are
either slightly elongated or almost equidimensional (see Fig. 6¢
and the shape factor columns in Tables 1 and 2). In general, the
more elongated crystals appear to be more strongly magnetic,
particularly if the elongation and chain axes are parallel to one
another. However, the long axes of many crystals are not parallel
to the chain axis, particularly in the outer regions of the multiple
chain. Such crystals typically either appear to be non-magnetic,
or their induction lines are parallel to the elongation of the
crystal rather than to the chain axis (crystals 2, 4, 5,9, and 12
in Tables 1 and 2). The apparently non-magnetic crystals have
elongation axes that do not lie parallel to the chain, are prob-
ably magnetized largely out of the plane of the flat cell and thus
contribute little to the in-plane magnetic signal recorded using
electron holography. In general, the random crystallographic
orientations of the greigite particles do not appear to affect
their magnetic induction. Thus, the shape anisotropy of most
greigite magnetosomes appears to be the most important factor
that controls their magnetization direction (unless they are very
closely spaced), followed by interparticle interactions, whereas
magnetocrystalline anisotropy is the least important.

Based on theoretical considerations, Diaz-Ricci and Kirsch-
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vink (1992) calculated the size- and shape-dependent magnetic
properties of greigite and suggested that the sizes of the greigite
magnetosomes place them at the boundary of the superparamag-
netic and single magnetic domain size range. They also found
that the crystal shape significantly affects the magnetic proper-
ties of isolated greigite crystals. Whereas ~70 nm particles with
prismatic habits were calculated to be single domains, spheroidal
particles of the same size were superparamagnetic. Our results
indicate that equidimensional greigite particles as small as ~40
nm can be single magnetic domains. Either the boundary between
the superparamagnetic and the single domain ranges is at a lower
value than calculated by Diaz-Ricci and Kirschvink (1992) or
magnetic interactions between the chain-bound particles con-
strain the magnetization direction to lie in a particular direction
(i.e., thermal fluctuations are overcome).

A striking contrast exists between the magnetic behavior of
the greigite magnetosomes and that of magnetite magnetosomes
in other types of bacteria. In all magnetite-producing strains that
have been studied using electron holography (Dunin-Borkowski
etal. 1998; 2001; McCartney et al. 2001; Simpson et al. 2005),
the magnetite crystals are organized in relatively straight chains,
with each particle aligned such that [111] is parallel to the chain
axis, resulting in a fairly uniform magnetic induction along the
chain in terms of both magnitude and direction. The strict biologi-
cal control that results in the presence of uniform morphologies,
sizes and orientations of magnetite magnetosomes appears to
be weaker in greigite-producing bacteria, perhaps as a result of
a different biomineralization process. The random shapes and
orientations of the greigite magnetosomes result in a variable,
winding magnetic field along the chain. Nevertheless, the chain
contains many magnetosomes that collectively produce an over-
all magnetic moment that is parallel to the long axis of the cell
and enables it to migrate along magnetic field lines.

The dividing cell in Figure 4 contains both greigite and
Fe-oxide magnetosomes. Magnetite was found together with
greigite in rod-shaped bacteria by Bazylinski et al. (1995), and
amorphous Fe-oxide particles have been described in magneto-
tactic multicellular aggregates (Lins and Farina 2001). The
Fe-oxide magnetosomes that are described in the present study
are all magnetic and therefore must also be crystalline. They
are typically highly elongated, with an elongation axis parallel
to [100]. Similarly elongated biogenic magnetite particles were
found by Vali and Kirschvink (1989). Whereas SAED patterns
obtained from one of these elongated oxides are consistent with
both magnetite and maghemite, the magnetic data suggest that
the particles are magnetite. The elongated shapes constrain the
direction of magnetic induction, as seen from the dense and
parallel contour lines in the particles marked by red arrows in
Figure 4a. Because these particles are aligned with their long axes
parallel to the chain axis, they contribute significantly (~30%)
to the total magnetic moment of the cell.

In addition to the magnetosomes in the multiple chains, some
greigite crystals are apparently scattered in the cytoplasm. Their
presence raises the possibility that the magnetosomes form at
random locations in the cell and then assemble into chains. A
similar mechanism operates under special conditions in Magne-
tospirillum gryphiswaldense, a magnetite-producing bacterium
(Scheffel et al. 2005). Some Fe-free, S- and O-bearing particles
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also occur in both cells (marked by white arrows in Figs. 2d
and 4a). These particles appear to be near the cell wall and are
presumably unrelated to magnetosome formation.

The total magnetic moment of a cell also can be determined
from electron holography. By using the method described by
Dunin-Borkowski et al. (1998), we measured a magnetic mo-
ment of 9.0 x 10" Am?for the cell in Figure 3. Almost exactly
the same value (9.5 x 107! Am?) was calculated by Heywood
et al. (1990) for a greigite-bearing cell on the basis of literature
data and particle volumes.

The dividing cell in Figure 4 had a magnetic moment of
1.8 x 107 Am? in 2002, exactly double that of the single cell
(Fig. 3). This is the first definitive evidence that daughter cells
inherit parental magnetosomes and that the two daughter cells
are magnetotactically viable (i.e., MB/kgT= 10, where M is the
cellular magnetic moment, B is the geomagnetic field, kg is
Boltzmann’s constant, and 7 is temperature), as soon as they
separate from each other. For comparison, magnetic moments of
magnetite-producing strains Magnetospirillum magnetotacticum
MS-1 and MV-1, were measured to be 5 x 107'° and 7 x 107
Am?, respectively (Dunin-Borkowski et al. 1998). As a result
of oxidation of the magnetosomes during specimen storage, the
magnetic moment of the dividing cell had decreased to 1.4 x
107'* Am? by 2004.

The presence of both magnetite and greigite magnetosomes
in the same cell raises the question of whether the cell would
be sufficiently magnetic for magnetotaxis if it contained sulfide
magnetosomes only. The separate contributions of oxide and
sulfide particles to the total magnetic moment were calculated
for the chain fragment within the boxed area in Figure 4b. We
multiplied the magnetic phase shift across each particle by the
particle length along the induction direction and by h/2me, and
then summed the moments of individual particles. The magnetic
moments of oxide and sulfide particles are 1.4 x 107" and 3.5 x
107" Am?, respectively. Thus, in this part of the magnetosome
chain the contribution of oxide particles to the total magnetic
moment is ~30%. Extrapolating the measured ratio of magnetic
contributions of magnetite and greigite magnetosomes to the
entire cell, in 2002 the magnetic moment solely attributable to
the greigite magnetosomes was ~6.3 x 1071 Am? in each daugh-
ter cell, resulting in MB/kpT = 7.5. The daughter cells would
therefore migrate parallel to the geomagnetic field at more than
80% of their forward speed (Frankel 1984) even without the
magnetite magnetosomes.

Except for the evidence that greigite magnetosomes develop
from nonmagnetic Fe-sulfide precursors (Pdsfai et al. 1998b), the
biomineralization process in greigite-bearing bacteria is virtually
unknown. Magnetite biomineralization in Magnetospirillum gry-
phiswaldense is thought to be associated with the gene products
of a 130 kilobase genomic region that comprises a “‘magnetosome
island” (Ullrich et al. 2005). However, the roles of many of the
gene products are as yet unknown. Nevertheless, a scheme for
the biomineralization process has been proposed (Scheffel et
al. 2006; Komeili et al. 2006). The magnetosome membrane
vesicles, which envelop the mineral crystals, form prior to ini-
tiation of crystal nucleation by invagination of the cytoplasmic
membrane (CM) and remain attached to the CM during growth
of the crystals. The magnetosomes also are associated with a
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system of actin-like filaments that are presumably involved in
the organization of the magnetosomes in chains. The filaments
lie close to the CM, allowing the magnetosome vesicles to be
associated simultaneously with the filaments and the CM. The
process of magnetosome formation in the Fe-sulfide-bearing
magnetotactic rods might be similar to that in magnetite-bearing
bacteria, with magnetite-forming vesicles and Fe-sulfide-forming
vesicles co-organized by filaments (Bazylinski et al. 1995).

The function of magnetotaxis in these greigite-bearing cells
is enigmatic because they inhabit sulfidic sediments and waters
below the oxic-anoxic transition zone (OATZ). In such environ-
ments, strong vertical oxygen concentration gradients are absent.
Thus, the utility of magnetotaxis cannot be magnetically assisted
aerotaxis as in many magnetite-bearing bacteria (Frankel et al.
1997). Several authors (e.g., Simmons et al. 2004) have suggested
that internal Fe minerals might be connected to metabolic or
detoxification functions of the cell. Nevertheless, the uniform
magnetic moments of the various cells that were measured in this
and previous studies (Dunin-Borkowski et al. 1998, 2001) sug-
gest that the development of magnetosome chains is optimized
to provide the cell with a magnetic moment that enables it to
navigate magnetically. Even the rod-shaped, greigite-bearing
cells described here seem to produce magnetosomes with the
primary function of enabling magnetotaxis. Such microorgan-
isms may use magnetically assisted chemotaxis to respond to as
yet unidentified environmental stimuli.

In the present study, we have used several advanced TEM
techniques to characterize iron sulfide magnetosomes inside the
cells of magnetotactic bacteria. By using a combination of SAED,
HRTEM, and electron tomography, the shapes and the crystal-
lographic orientations of the magnetosomes were determined,
with respect to both the magnetosome chain axis and the elonga-
tion directions of the particles. We also obtained magnetosome
compositions using energy-filtered imaging. These data were
correlated with the magnetic induction of the magnetosomes,
measured using electron holography. The combined data set
revealed that the direction of the magnetic field in individual
greigite magnetosomes is dominated by shape anisotropy and
by interparticle interactions. The orientations and the relative
positions of the greigite magnetosomes appear to vary widely in
the magnetosome chain, resulting in a lower efficiency in gener-
ating a magnetic moment than in magnetite-producing bacteria
that contain well-ordered magnetosome chains. However, the
large number of greigite magnetosomes in the chain, as well as
the presence of highly elongated magnetite particles among the
iron sulfides, results in a magnetic moment that is sufficient for
magnetotaxis.
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