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ABSTRACT
We report on the application of off-axis electron holography and high-resolution TEM to study the crystal
habits of magnetosomes and magnetic microstructure in two coccoid morphotypes of magnetotactic bacte-
ria collected from a brackish lagoon at Itaipu, Brazil. Itaipu-1, the larger coccoid organism, contains two
separated chains of unusually large magnetosomes; the magnetosome crystals have roughly square projec-
tions, lengths up to 250 nm and are slightly elongated along [111] (width/length ratio of about 0.9). Itaipu-3
magnetosome crystals have lengths up to 120 nm, greater elongation along [111] (width/length ~0.6), and
prominent corner facets. The results show that Itaipu-1 and Itaipu-3 magnetosome crystal habits are related,
differing only in the relative sizes of their crystal facets. In both cases, the crystals are aligned with their
[111] elongation axes parallel to the chain direction. In Itaipu-1, but not Itaipu-3, crystallographic positioning
perpendicular to [111] of successive crystals in the magnetosome chain appears to be under biological con-
trol. Whereas the large magnetosomes in Itaipu-1 are metastable, single-magnetic domains, magnetosomes

in Itaipu-3 are permanent, single-magnetic domains, as in most magnetotactic bacteria.
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INTRODUCTION

Magnetotactic bacteria orient and migrate along
geomagnetic field lines. Each cell contains mag-
netosomes, which are membrane-enclosed, nano-
scale, iron-mineral crystals (Bazylinski and Frankel
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2000, 2004). The magnetosomes are typically ar-
ranged in one or more chains, with the chain orien-
tation close to the axis of motility of the cell. The
chain of magnetosomes constitutes a permanent
magnetic dipole in each cell that causes the cell to
remain oriented along the local magnetic field as
the bacterium swims. This orientation presumably
increases the efficiency of the cell in finding the
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preferred oxygen concentration in chemically stra-
tified sediments or water columns (Frankel et al.
1997).

In micro-aerobic freshwater and marine envi-
ronments, magnetotactic bacteria with magnetite
(Fe304) magnetosomes occur, whereas in sulfidic
environments magnetotactic bacteria that produce
greigite (Fe;S4) magnetosomes are present (Sim-
mons et al. 2004). The magnetosome membrane is
presumably a structural entity that anchors the min-
eral particles at particular locations in the cell, as
well as the locus of biological control over the min-
eralization process (Matsunaga and Okamura 2003,
Schiiler 2004).

Magnetosome magnetite crystals in different
bacterial species or strains have different, but consis-
tent, projected shapes when observed by transmis-
sion electron microscopy (Bazylinski and Frankel
2000, Devouard et al. 1998).
habits of magnetosome magnetite crystals in a num-

Idealized crystal

ber of magnetotactic bacteria have been inferred
from 2D high-resolution lattice images, assuming
low-index faces (Bazylinski et al. 1994, Frankel and
Buseck 2000, Mann and Frankel 1989, Mann et al.
1987, Matsuda et al. 1983, Meldrum et al. 1993a, b,
Thomas-Keprta et al. 2001). In magnetotactic spir-
illa, the idealized crystal habits are equidimensio-
nal cuboctahedra comprising {100} and {111} faces
(Mann et al.
netotactic bacteria, including cocci and vibrios, the

1984). In a number of other mag-

crystals are elongated along the [111] axis parallel to
the magnetosome chain direction and the projected
shapes are quasi-rectangular. The idealized habits
for the crystals comprise {100}, {111}, and {110}
forms with 6, 8, and 12 faces, respectively. The elon-
gation along [111] results in a non-equidimensional
crystal habit with two groups of six {110} faces and
two groups of two and six {111} faces. The six
{100} faces remain equidimensional. The result is
a prism-like arrangement with a hexagonal cross-
section perpendicular to [111] through the center of
the crystal (Towe and Moench 1981). The remai-
ning faces form corner facets at the intersections be-
tween the body {110} and end-cap {111} faces (see
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Figure 2). The sizes of the crystals, the width/length
ratios, and the relative sizes of the corner faces dif-
fer between species, resulting in the distinctive pro-
jected shapes.

It is possible to determine such complex habits
in small crystals with techniques such as electron
tomography, which involves carefully controlled
TEM tilting experiments (Buseck et al. 2001).
However, electron tomography does not give infor-
mation about magnetic structure. Off-axis electron
holography, on the other hand, can be used to ob-
tain both magnetic and structural information about
nanometer-sized magnetic crystals. In this paper
we report on the application of electron holography
and high-resolution transmission electron micros-
copy to compare the crystal habits and magnetic
structures of magnetosomes between two types of
magnetotactic bacteria collected at the same loca-
tion in Brazil. The magnetosomes studied here
were obtained from two coccoid morphotypes of
magnetotactic bacteria in a brackish lagoon at Itai-
pu, Brazil, which is located on the coast of Brazil
north of Rio de Janeiro (Farina et al. 1994, Lins
et al. 1994). At least four coccoid morphotypes
with magnetite magnetosomes, Itaipu-1, -2, -3 and
-4 (Spring etal. 1998), ararely observed rod-shaped
bacterium (Lins and Farina 1998), and multicel-
lular magnetotactic prokaryotes (U. Lins, unpub-
lished results), occur in the lagoon. Itaipu-1, the
largest coccoid organism, contains two separated
chains of magnetosomes; the magnetosome crys-
tals have roughly square projections, lengths up to
250 nm and width-to-length ratios of about 0.9 (Fa-
rina et al. 1994, Spring et al. 1998). These are the
largest-volume magnetosome crystals yet reported.
Itaipu-2 and -4 are smaller cocci containing mag-
netosome crystals that are smaller, but with simi-
lar projected shapes to those in Itaipu-1. Itaipu-3
has magnetosome crystals that are elongated along
[111] (width/length ~ 0.6), with lengths up to 120
nm and prominent corner facets. The combination
of TEM microdiffraction and high-resolution imag-
ing was used to provide information on the shapes of
individual magnetosomes (Lins et al. 2005). Itisre-
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markable that the crystals in Itaipu-1 are not only all
aligned with [111] elongation axes parallel to each
other along the chain, but are also ordered rotation-
ally perpendicular to the chain axis, with like corner
faces of adjacent crystals facing each other (Lins et
al. 2005).

MATERIALS AND METHODS
SAMPLE PREPARATION

Itaipu-1 and Itaipu-3 bacteria predominated in the
lagoon at the time the samples for this study were
collected. Cells of Itaipu-1 and Itaipu-3 were iso-
lated from sediment and water samples by using
glass chambers with capillary ends positioned in-
Cells in-
side the glass chamber swam in the direction of

side magnetic coils (Lins et al. 2003).

the north magnetic pole of the coil (i.e., antiparal-
lel to the magnetic field generated by the current
in the coils), and accumulated at the end of the
capillary, from where they were collected and de-
posited into Eppendorf plastic tubes. Whole cells, or
magnetosomes extracted from disrupted cells, were
deposited on holey-carbon TEM grids. A protocol
modified from Towe and Moench (1981) was used
for disruption of magnetotactic bacteria and isola-
tion of crystals. Briefly, cells were concentrated
at the bottom of an Eppendorf tube by centrifuga-
tion, re-suspended in a solution containing detergent
(SDS, about 20% w/v), and magnetically concen-
trated with a strong rare-earth magnet positioned at
the bottom of the tube. In order to eliminate the
detergent and dissolved organic material, the super-
natant was discarded, the pellet was re-suspended
in distilled water, and the magnetite crystals were
reconcentrated at the bottom of the tube. This pro-
cess was repeated until no detergent remained in
the sample. The isolated magnetite crystals were
further treated with a hot NaOH solution (circa
60°C) and washed in distilled water, as described
above. Water drops containing the crystals were
spread over the grids. Grids were then air-dried
and observed under the transmission electron mi-
croscope. In some cases the crystal suspension was

sonicated prior to deposition on the grids. The dis-
ruption process resulted in Itaipu-1 and Itaipu-3
magnetosomes mixed together on the TEM grid
(Figure 1). High-resolution TEM and selected area
electron diffraction (SAED) measurements were
made with a Philips CM200 field emission gun
(FEG) TEM.

Off-axis electron holography was performed
with a Philips CM200 FEG TEM operated at 200
kV. This microscope has a rotatable electrostatic
biprism (a 0.6-micron quartz wire coated with
gold) located in place of one of the conventional
selected-area apertures. It also has a Lorentz mini-
lens, which is located in the bore of the objective
lens pole-piece. With the conventional microscope
objective lens switched off, the Lorentz minilens
allows the examination of the magnetosomes in
close to field-free conditions with a line resolution
of 1.2 nm at 200 kV.

PRINCIPLES OF ELECTRON HOLOGRAPHY

In off-axis electron holography, the sample is po-
sitioned in the transmission electron microscope so
that it covers approximately half the field of view,
and a charged electrostatic biprism causes the elec-
tron wave that has passed through the specimen to
overlap with a reference wave that has only passed
through vacuum. The resulting hologram is an in-
terference pattern in which amplitude information
is contained in the relative amplitude of the cosine-
like fringes, and information about the phase shift
of the electron wave is contained in their position
(Dunin-Borkowski et al. 1998a, b, 2001).

By recording digital holograms with a slow-
scan CCD camera, accurate quantification of the
phase and amplitude becomes possible (de Ruijter
and Weiss 1993). The complex image may be re-
constructed rapidly and accurately with computer
techniques by selecting a sideband associated with
the cosine periodicity from the Fourier transform
of the hologram and then performing the inverse
Fourier transform of the sideband. Using this imag-
ing method, both the phase and amplitude of the
electron wavefront can be extracted, unlike a con-
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Fig. 1 — Transmission electron microscopy image of isolated chains of magnetosomes

from Itaipu-1 (large crystals) and Itaipu-3 (small crystals). Scale bar indicates 200 nm.

ventional TEM image, which represents only the
intensity of the electron wave and does not contain
any phase information.

For a sample with electrostatic potential, V,
and magnetic vector field, B, the phase shift, A¢,
of the electron wave can be expressed as (Reimer
1989)

Ap(x, y) = 2% EtEe / Vr)dz — = / B(r) e dS
Y = S EE+ 2R, T °

where A, E, E,, e, i, and V are the electron wave-

length, kinetic energy, rest mass energy, charge,
Planck’s constant, and electrostatic mean inner po-
tential, respectively. In the absence of induced elec-
tric fields, the first integral is equal to the mean in-
ner potential (Gajdardziska-Josifovska et al. 1993)
times the sample thickness. The second integral
picks out the components of the magnetic field per-
pendicular to the incident-beam direction, i.e., those
that normally correspond to the components in the
plane of the sample.

The mean inner potential is a quantity that is
related to the electron-optical index of refraction
and is characteristic for a particular material com-
position and density. In the absence of magnetic
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fields, it represents a constant that correlates the
phase shift with the projected thickness. Normally,
this quantity is determined by analyzing samples
whose thickness is precisely known. Conversely,
once determined, it can be used to measure the
local thickness.

Two holograms corresponding to reversed ori-
entations of the magnetization are acquired in or-
der to analyze both the 3D shape and magnetic flux
of small magnetic crystals. Reversals of the mag-
netization are obtained in situ by the application
of the magnetic field of the objective lens (Dunin-
Borkowski et al. 1998a, 2001). The sum of the
phases of these two holograms then represents
twice the mean inner-potential contribution to the
phase if the magnetization has exactly reversed,
whereas the difference of the phases gives twice the
magnetic contribution.

Knowledge of the value of the mean inner po-
tential for magnetite enables the electrostatic con-
tribution to the phase to be converted directly into
thickness (Gajdardziska-Josifovska et al. 1993). A
preliminary estimate for the mean inner potential,
14V, has been made. Electron holography can thus
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provide quantitative information about the projec-
ted thicknesses of the crystallites, and holograms
can be acquired for specific tilts of the crystals to
provide 3D morphologies.

RESULTS

It is not possible to tell from the 2D images alone
whether any set of lattice fringes is parallel to ter-
minating facets or wedge-edges. Whereas the darker
contrast in the centers of the crystals may indicate
that the crystals are thicker there, the contrast of
TEM images is an unreliable indicator of thickness
and thus cannot be used to determine morphology
(Buseck et al. 2001). Therefore off-axis electron
holography was used to measure the cross-sectional
thickness of the crystals (Lins et al. 2005) result-
ing in the idealized crystal habit shown in Figure 2
for Itaipu-1 crystals. Figure 3a shows the thick-
ness contours derived from electron holograms for
three Itaipu-1 crystals (labeled 1, 2 and 3) and two
Itaipu-3 crystals (labeled 4, and 5). The thickness
profiles across crystals 2 and 4 are shown in Figure
3b whereas the thickness profiles across crystals 3
and 5 are shown in Figure 3c. The profiles of crystal
2 and 4 are consistent with a hexagonal cross-section
with the electron beam in a [211] projection, corre-
sponding to the intersection of two adjacent {110}
planes (Figure 2). This projection has a peak (tent-
top) in the center. On the other hand, the profiles of
crystals 3 and 5 are consistent with hexagonal cross-
sections in a [110] projection, corresponding to the
electron beam perpendicular to one {110} face and
angled with respect to the adjacent two faces (Fig-
ure 2). This projection has a flat region (flat-top)
in the center. We previously reported that magnetic
contours for Itaipu-3 crystals were always consis-
tent with permanent single magnetic domain struc-
ture. However, Itaipu-1 crystals presented magnetic
contours consistent with permanent single magnetic
domain only when crystals were arranged in linear
chains (as in Figure 3a). When the chain breaks (be-
cause of the use of ultrasound during sample prepa-
ration) the magnetic contour lines did not show a

single direction for the magnetization within the
crystals. From these results (McCartney et al. 2001)
it was concluded that large Itaipu-1 crystals present
a metastable single-domain structure.

Fig. 2 —Idealized structure for elongated magnetosomes. Itaipu-
1 and Itaipu-3 crystals show similar morphology except for crystal
length, width to length ratio, and relative development of the

corner faces.

A high-resolution image of part of a crystal
from a chain in a [110] projection (Figure 4) is
consistent with the idealized structure described for
Itaipu-1 crystals (Lins et al. 2005). It has a {111}
face at the left end of the crystal and intersections
between adjacent [110] planes at the top and bottom
edges. Well-developed {110} and {100} corner faces
occur, but possible {111} corner faces are incons-
picuous. Thus the idealized structure of the Itaipu-3
crystals is similar to that of the Itaipu-1 crystals (Fig-
ure 2), except for length, width to length ratio, and
relative development of the corner faces.

Figure 5 shows (A) thickness contours and (B)
magnetic field lines for the four crystals at the
left end of a chain obtained from the deviations
of electron holographic fringes, as described above.
The thickness profiles along the lines indicated by
the arrows crossing the thickness contours are shown
in (¢) and (d) where half-thickness is plotted with
distance along the arrows. The crystal on the left
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Fig. 3 —a) Cluster of three Itaipu-1 magnetosomes (crystals 1, 2 and 3) and two Itaipu-3 magnetosomes
(crystals 4 and 5) with thickness contours derived from electron holographic image. (b, ¢) Thickness
profiles for the traverses indicated by the lines. Crystal 1 is in a [110] projection zone and has a flattop
profile. Crystals 2 and 4 are close to a [211] projection zone and have a tent-top profile. Crystals 3 and
5 are in a [110] projection zone and have a flattop profile. Scale bar indicates 150 nm.
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Fig. 4 — High-resolution transmission electron microscopy lattice-fringe image of an Itaipu-3

magnetosome. Inset is a diffractogram of the crystal. Scale bar indicates 15 nm.

has a flat-top profile indicative of a [110] projection,
whereas the crystal on the right has a tent-top profile
indicative of a [211] projection. These results show
that both the Itaipu-1 and Itaipu-3 crystals have ide-
alized habits in which [111] is a three-fold rotational
axis and [110] and [211] are two-fold rotation axes.
However, the surfaces of the Itaipu-3 crystals can
be substantially roughened, as shown in Figure 6.
This crystal also shows a [111] twin plane through
its center.

DISCUSSION

We used electron holography and high-resolution
TEM to determine both the 3D morphology of bac-

terial magnetite crystals and their magnetic micro-
structure. The results confirm that both Itaipu-1
and Itaipu-3 bacteria have magnetosome magne-
tite crystals with similar non-equidimensional crys-
tal habits, although the sizes of the crystals and their
width to length ratios differ. In addition, the results
confirm that the crystals are organized with [111]
axes of elongation parallel to each other along the
chain direction.

In general, magnetotactic cocci, including Itai-
pu-3, make larger volume magnetosomes and pre-
sumably have higher magnetic dipole moments per
cell than magnetotactic spirilla or vibros (Devouard
et al. 1998, Meldrum et al. 1993a, b). The cocci

are also the fastest swimmers, with forward speeds
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Fig. 5 — Electrostatic (A) and magnetic (B) contributions to electron holographic phase of four Itaipu-3
magnetosomes in a chain. Scale bar indicates 100 nm in both figures. The thickness profiles along the
lines indicated by the arrows crossing the thickness contours are shown in (C) and (D) where half-thickness

is plotted with distance along the arrows.

approaching 1000 microns per second (Cox et al.
2002), which requires greater propulsive forces
compared to the other magnetotactic bacteria.
These greater propulsive forces may result from
the bilophotrichous flagellation of many coccoid
magnetotactic bacteria (Frankel et al. 1997, Towe
and Moench 1981). Many magnetotactic cocci are
observed to make rocking motions as they swim.
This would occur if the magnetic dipole in each cell
were not perfectly aligned along the axis of motility
of the cell, and also because flagella in magneto-
tactic bacteria are short (similar to or smaller than
one helical turn) when compared to Escherichia coli
that has very long flagella, and follows straight tra-
jectories (Nogueira and Lins de Barros 1995).

The fact that the magnetocrystalline aniso-
tropy of magnetite above the Verwey transition is
relatively low (Moskowitz 1995) prompts the ques-
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tion of whether there is functional significance to
the adoption by the Itaipu cocci and most, if not all,
coccoid, magnetotactic bacteria, of non-equidimen-
sional crystal habits. Because [111] axes are the
“easy” magnetic axes above the Verwey transition,
alignment of the [111] axes of elongation of the
crystals with the axis of the magnetosome chain
tends to increase the magnetocrystalline and shape
anisotropy of the chain as a whole. The fact that
the magnetic field lines follow the crystal elonga-
tion in Figure 5b suggests that the total anisotropy
of the individual crystals is more important than
the shape anisotropy of the whole chain in deter-
mining the magnetic microstructure. However, rel-
atively straight chains are the rule and here the lo-
cal crystal magnetic anisotropy adds to the overall
shape anisotropy of the chain. The relatively low
magnetocrystalline anisotropy of magnetite above
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Fig. 6 —High-resolution transmission electron microscopy lattice-fringe image of

atwinned Itaipu-3 magnetosome showing arough surface. Insetis a diffractogram

of the crystals. Scale bar indicates 20 nm.

the Verwey transition (Moskowitz 1995) and the
slight elongation of the magnetosome crystals in
Itaipu-1 suggests that the shape anisotropy of the
chain alone is sufficient to keep the magnetization
along the chain direction without spontaneous rever-
sals. This may explain the presence of large {111}
contact faces between crystals, preventing misalign-
ment of the crystals in the chain.

Although increased magnetic anisotropy prob-
ably increases the coercive force of the chain, it is
notimmediately apparent what, if any, effect this has
on magnetotaxis. Some bacteria, such as the mag-
netotactic spirilla, have equidimensional magnetite
crystals and yet form magnetosome chains in which
the magnetic flux is well confined to the magnetite
crystals in the chain. These bacteria have magnetic
dipole moments per unit length that are compara-
ble to those in bacteria with magnetosome chains
containing elongated crystals (Dunin-Borkowski et

al. 1998b). Also, some bacteria have magnetosome
magnetite crystals with an [211] axis of elongation
parallel to the chain direction (Mann et al. 1987).
Although the magnetic dipole moment per unit
length for chains with these crystals has not been
measured, it must be of sufficient magnitude to ac-
count for the magnetotactic response of the cells.
Thus elongation of magnetosomes along [111] can-
not be explained by simply invoking natural selec-
tion (Thomas-Keprta et al. 2001).

An explanation for non-equidimensional habits
presumably lies in the biomineralization process it-
self. Magnetite crystals grown in an isotropic solu-
tion free of external stresses adopt equidimensional
habits with low index faces, but anions or organic
molecules in the solution can influence the relative
growth of those faces. In magnetotactic bacteria,
the magnetite crystals form within magnetosome
membranes that are thought to influence the nucle-
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ation and growth of the crystal from a saturated iron
solution at the right electrochemical potential and
pH such that magnetite is the stable phase (Baeuer-
lein 2000, Mann and Frankel 1989, Schiiler 1999).
Non-equidimensional growth could result from the
presence of the nucleating surface or an anisotopic
iron ion flux through the membrane that results in
crystal habits with lowered symmetry compared to
crystals grown in isotropic situations. This might
also explain the occurrence of magnetosomes with
arrowhead, tooth-shaped or bullet projections, i.e.,
with even lower symmetry than the magnetosomes
in the Itaipu cocci (Blakemore et al. 1981). It would
be interesting to have these cocci in pure culture
to evaluate the effects of varying concentrations of
oxygen, iron, and specific iron chelators on magne-
tosome growth.
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RESUMO

Nos relatamos a aplicacdo de holografia ndo-axial e mi-
croscopia eletronica de alta resolu¢do para estudar os
habitos cristalinos de magnetossomos e a microestrutura
magnética de dois morfotipos de cocos de bactérias mag-
netotdticas coletadas em uma lagoa salobra em Itaipu,
Brasil. Itaipu-1, o organismo cocdide maior, contém

duas cadeias separadas de magnetossomos atipicamente
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grandes; os cristais dos magnetossomos possuem pro-
jecdes aproximadamente quadradas, comprimentos de
até 250 nm e sdo ligeiramente alongados na direcdo [111]
(razdo largura/comprimento de aproximadamente 0.9).
Os cristais dos magnetossomos em Itaipu-3 possuem
comprimentos até 120 nm, maior alongamento na dire-
¢do [111] (largura/comprimento ~ 0.6), e proeminentes
facetas nas extremidades. Os resultados mostram que os
hédbitos cristalinos dos magnetossomos em Itaipu-1 e
Itaipu-3 sdo relacionados, diferindo apenas nos tama-
nhos relativos das suas faces cristalinas. Em ambos os
casos, os cristais s3o alinhados com seus eixos de alon-
gamento [111] paralelos & dire¢do da cadeia. Em Itaipu-
1, mas ndo em Itaipu-3, o posicionamento cristalogra-
fico, perpendicular a direcdo [111], de cristais sucessivos
na cadeia de magnetossomos parece estar sobre controle
biolégico. Enquanto os magnetossomos grandes em Itai-
pu-1 sdo monodominios magnéticos metaestdveis, em
Itaipu-3 eles sdo monodominios magnéticos permanentes

como na maioria das bactérias.

Palavras-chave: magnetita, magnetotaxia, microscopia

eletronica de transmissdo de alta resolucéo.
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