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Environmental parameters affect the physical properties of fast-growing magnetosomes

DAMIEN FAIVRE,"* NICOLAS MENGUY,2 MIHALY POSFAL?® AND DIRK SCHULER!*

"Department of Microbiology, Max Planck Institute for Marine Microbiology, Celsiusstr. 1, 28359 Bremen, Germany
’[nstitut de Minéralogie et Physique des Milieux Condensés, UMR 7590, CNRS, Universités Paris 6 et 7, IPGP, 140 rue de Lourmel, 75015

Paris, France
*Department of Earth and Environmental Sciences, University of Pannonia, POB 158, 8200 Veszprém, Hungary
“Microbiology, Department of Biology, LMU Miinchen, Maria-Ward-Strasse 1a, 80638 Miinchen, Germany

ABSTRACT

Magnetotactic bacteria are known to mediate the formation of intracellular magnetic nanoparticles
in organelles called magnetosomes. These magnetite crystals are formed through a process called
biologically controlled mineralization, in which the microorganisms exert a strict control over the
formation and development of the mineral phase. By inducing magnetite nucleation and growth in
resting, Fe-starved cells of Magnetospirillum gryphiswaldense, we have followed the dynamics of
magnetosome development. By studying the properties of the crystals at several steps of maturity,
we observed that freshly induced particles lacked a well-defined morphology. More surprisingly,
although the mean particle size of mature magnetosomes is similar to that of magnetosomes formed
by constantly growing and Fe-supplemented bacteria, we found that other physical properties such
as crystal-size distribution, aspect ratio, and morphology significantly differ. Correlating these results
with measurements of Fe uptake rates, we suggest that the expression of different faces is favored for
different growth conditions. These results imply that the biological control over magnetite biominer-
alization by magnetotactic bacteria can be disturbed by environmental parameters. Specifically, the
morphology of magnetite crystals is not exclusively determined by biological intervention through
vectorial regulation at the organic boundaries or by molecular interaction with the magnetosome
membrane, but also by the rates of Fe uptake. This insight may contribute to better define biomarkers
and to an improved understanding of biomineralizing systems.
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INTRODUCTION

Bio-induced and bio-controlled mineralization (BIM and BCM,
respectively) were historically distinguished on the basis of the
process pathway, the crystal properties, and the functionality of
the crystals that are formed (Bazylinski and Frankel 2003; Frankel
and Bazylinski 2003; Lowenstam 1981). Biomineralization and
assembly of bacterial magnetosomes are intracellular processes
under strict genetic control (Komeili et al. 2006; Scheffel et al.
2006; Ullrich et al. 2005) that result in magnetite crystals that are
strain-specific and have narrow crystal-size distributions (CSDs)
(Devouard et al. 1998), enabling the cell to orient itself in magnetic
fields (Dunin-Borkowski et al. 1998). Thus, magnetite formation
by magnetotactic bacteria (MTB) is generally regarded as a typical
example of BCM in prokaryotes.

Information about the dynamics of magnetosome formation at
the crystal-chemical as well as at the cellular level has remained
sparse while the properties of BCM crystals are well understood.
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It was shown that magnetosomes can have various morphologies,
but that these morphologies are strain-specific (Baeuerlein 2003).
Only little variations of the morphologies of elongated crystals
were reported for the magnetococcus MC-1, presumably result-
ing from differences in the growth medium that affected crystal
growth rates (Meldrum et al. 1993). However, even in this case,
a well-defined morphology was observed for immature crystals,
suggesting that the cell exerts control over crystal development
even at the early stages of crystal growth.

An extensive knowledge of the dynamics of magnetosome
development, correlated with the time-resolved analysis of the
evolving magnetosomes, is required for the understanding of
the biomineralization process. Thus, to determine how mag-
netosomes grow and how MTB control the formation of the
magnetic inclusions, we used a technique that allowed us to study
the dynamics of controlled magnetosome development, without
the perturbation caused by cell division (Scheffel et al. 2006).
Magnetite formation was induced under controlled conditions
in non-magnetic, Fe-starved resting cells by the addition of Fe,
and the properties of the crystals [CSDs, shape factor distribu-
tions (SFDs), and morphology] were subsequently analyzed at
different stages of their growth.
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MATERIALS AND METHODS

Organism and growth conditions

The magnetotactic bacterium Magnetospirillum gryphiswaldense strain MSR-1
(DSM 6361) was used throughout all experiments. This model microorganism can
be grown in the laboratory more readily than other MTB (Schleifer et al. 1991).
Cells were grown at 28 °C, in a 100 mL medium in 1 L flasks, in microaerobic
conditions (1% O, in the headspace) (Heyen and Schiiler 2003). The medium
described in this report was optimized for the growth of cells in an “Fe-free”
minimal medium. Compared to the rich medium, components were either omitted
oradded at lower concentrations (HEPES: 10 mM, Na-pyruvate: 27.5 mM, NaNOj:
4 mM, KH,PO,: 0.7 mM, MgSO,: 0.6 mM, and soy bean peptone: 1 g/L). Iron
concentration in the medium was determined by a modified version (Viollier et al.
2000) of the ferrozine assay (Stookey 1970). The total Fe concentration was below
the detection limit of 1 pM, which supports cell growth but not the formation of
magnetite. This medium was called “low-iron medium” (LIM). “Magnetite-free”
cells were obtained after 4 passages in the LIM. For the reference sample, 50 uM
Fe** citrate was added to the LIM.

Non-growing cells

After the establishment of a non-magnetic culture, cells in the mid-logarithmic
growth phase were transferred to a low-C medium (LCM)—a medium in which
they could not grow but still formed magnetite under the same conditions (28 °C,
100 mL medium in 1 L flasks, microaerobic conditions). The LCM had the same
composition as the LIM, except that pyruvic acid sodium salt and peptone were
omitted. Under these conditions, cells remained viable as indicated by motility
upon microscopic investigation, and retained the potential to biomineralize mag-
netosomes throughout the experiment as shown by an increase in C,,, (Schiiler
et al. 1995). Briefly, cells were aligned at different angles relative to a light beam
by means of an external magnetic field. The ratio of the resulting maximum and
minimum scattering intensities (C,.,) is correlated with the average number of
magnetic particles and can be used for a qualitative assessment of magnetite
formation. Magnetite formation was induced by addition of 50 uM Fe**-citrate
to the Fe-starved cells in LCM. Incubation was under the same conditions (28
°C, 1% O,) as in the LIM growth experiments. Iron uptake rates were determined
from the difference of the Fe concentration in the medium between two samplings,
normalized by the dry weight of bacteria present in the medium.

Determination of growth and magnetite formation

Bacterial growth was determined by measuring the Optical Density (OD) at
565 nm (Shimadzu UV-1201V spectrophotometer). The magnetic orientation of
cells was determined by optical measurements (C,,,) (Schiiler et al. 1995). Iron
was added to the medium at the concentration of 50 umol/L as Fe*'citrate. At
given time intervals, samples of 2.0 mL were withdrawn from the culture for C,,,
determination, and for the preparation of TEM grids.

Grid preparation and TEM analysis

About 1 mL of the cell suspension was used for grid preparation. The probes
were centrifuged at 14000 rpm for 5 min and then resuspended in 100 pL of
LIM. Then copper grid with an amorphous carbon support film was deposited on
a drop of the preparation and let for about 10 min for adsorption. The grids were
subsequently removed, washed with deionized water and dried with filter paper.
Bright-field TEM images were obtained with a Zeiss EM10 transmission electron
microscope at an accelerating voltage of 60 kV. Inter-particle distances and par-
ticle properties were analyzed using standard analytical software for processing
digitized electron microscope images (ImageJ) and according to a previously
described method (Faivre et al. 2005). Briefly, magnetosome sizes and shape fac-
tors were obtained from scanned micrographs. The dimensions were estimated by
determining the best fit of an ellipse to the projection of to the particle. The major
and minor axes of the best fitting ellipse were used as the length and width of the
crystal respectively. This technique has been shown to produce negligible artifacts
in the size distributions (Devouard et al. 1998).

HRTEM analysis

Intracellular magnetite crystals were characterized by HRTEM using a JEOL
2100F electron microscope operating at 200 kV. Due to the fact that the crystals
are viewed in projection, the shape determination of nanocrystals is not an easy
task (Buseck et al. 2001). Since the TEM pole piece allowed us to tilt the sample
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in the range —20 to +20°, it was neither possible to perform TEM tomography, nor
to obtain high-tilt series of images as in (Golden et al. 2004). We have employed
a method previously used for a study of pure abiotic magnetites (Faivre et al.
2005). For each particle, the observation zone axis and a crystallographic direction
perpendicular to this axis were determined from the 2-D fast Fourier transform
(FFT) of the image and the corresponding stereographic projection (Figs. la and
1b). This method is based on two points: (1) the knowledge of the crystallographic
orientation considerably reduces the number of morphologies compatible with
the observed shape; (2) about fifty mature crystals have been studied providing a
reasonable statistical basis. Moreover, the habit for MSR-1 magnetosomes is known
to be cuboctahedral or close to cuboctahedral. Hence, we compared the observed
shape with several models with different expressions of {100}, {111}, and {110}
faces (Figs. 1c, 1d, le, and 1f). For instance, for the magnetite crystal presented in
Figure 1a, it appears that the most probable shape is a cube with poorly developed
{110} and {111} faces (Fig. 1g).

RESULTS AND DISCUSSION

We observed the first magnetite-containing cells after 55
min. TEM observations did not reveal any magnetite particle in
samples that were taken earlier. Sampling was repeated after 100,
220, and 340 min. Mean particle sizes (+16) recorded 100, 220,
and 340 min after Fe addition of Fe (hereafter referred to as “im-
mature,” “intermediate,” and “mature” states) were 19.4 (7.9),
26.3 (9.6), and 31.5 (13.9) nm, respectively. On the other hand,
a mean size of 32.5 = 10.0 nm was measured for crystals that
formed in growing cells continuously exposed to Fe-sufficient
conditions (hereafter referred to as “reference” state). At least
200 particles were measured in each sample (Table 1). The av-
erage numbers of particles per cell (+16) were 17.8 (3.7), 20.3
(5.3),and 29.5 (6.1) in immature, intermediate, and mature cells,
respectively, whereas it was 32.1 (7.6) in reference cells (40 cells
studied). Thus, two conclusions can be drawn from these results:
First, and not surprisingly, crystal dimensions continuously
increase after addition of Fe; and second, that after 340 min the
average size and number per cell of the induced magnetosomes
have almost reached the average values that are characteristic
of the reference magnetosomes and cells. Thus, the so-called
mature magnetosomes definitely have reached a “mature” state
of development.

CSDs of the developing crystals at different stages of their
growth exhibited distinct changes (Figs. 2a, 2c, and 2e). The
CSDs of the magnetosomes from the induced experiments
were always positively skewed (skewness of the distributions:
0.26, 0.06, and 0.50 at 100, 220, and 340 min after Fe addition,
respectively), but evolved from a nearly normal distribution
(at 100 and 220 min) to a broader distribution (340 min) In
contrast, reference crystals presented an asymmetric and nega-
tively skewed CSD, with sharp cut-off toward larger sizes (Fig.
2g). Thus, even though the mean particle sizes of mature and
reference magnetosomes are similar, their CSDs differ (Figs. 2e
and 2g). CSDs of magnetosomes have been tentatively used as
biomarkers (Devouard et al. 1998; Faivre et al. 2005; Faivre and
Zuddas 2006; Posfai et al. 2001; Thomas-Keprta et al. 2000),
but it has been demonstrated lately that a statistical analysis of
sizes and shapes of bio-controlled magnetite particles may not be
sufficient to reveal the origin of the crystals (Arato et al. 2005).
Nevertheless, the CSD in general gives some hints about the
crystal-formation pathway (Eberl et al. 1998). In our experiments,
the observed difference between the CSDs of induced mature
and referenced particles suggests that the particles originate from
two different processes. Specifically, as the CSD of the refer-
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TaBLE 1. Time-resolved properties of the developing magnetosomes and a comparison with the reference in continuously growing and
Fe-supplemented cells (N.A. not applicable, N.D. not determined)

Sample name Crystallite Immature Intermediate Mature Reference

Time after induction (min) 55 110 220 340 N.A.

Average size (nm) N.D. 19.4 26.3 315 325

Average number of magnetosomes per cell N.D. 17.8 20.3 29.5 32.1

General morphology Lack a well-defined morphology N.D. N.D. Dominated by {100} faces Cubooctahedral

_ [111]
[110]

e

FIGURE 1. (a) High-resolution image of an intracellular mature magnetite crystal. (b) Fast Fourier transform (FTT) of the image in a. As
explained in the methodology section, the FET allows the precise determination of the crystallographic orientation of the particle, as shown next
to b. (¢—f) Four different morphological models derived from various combinations of the three crystal forms {111} (octahedron), {100} (cube),
and {110} (dodecahedron), shown in the same orientation as the magnetite crystal in a. (g—j) The projected outlines of the models are compared
with the magnetosome in a. The cube with poorly developed {110} and {111} faces in ¢ appears to be the most probable morphology, compatible

with the studied magnetite crystal (g).

ence crystals is narrower than that of mature magnetosomes, the
process leading to the formation of the mature magnetosomes is
less strictly controlled than the process leading to the develop-
ment of the reference magnetosomes.

Particles of the freshly induced cells exhibit broad shape fac-
tor distributions (SFDs): 30% of the immature magnetosomes are
elongated (SF <0.75), and no distinct maximum can be observed
in the SFD. The intermediate and mature crystals have more
equidimensional shapes: 54 and 65% of magnetosomes have SF
> (.85 in intermediate and mature cells, respectively, and distinct
maxima appear at SF =0.90 and 0.95, respectively (Figs. 2b, 2d,
and 2f). However, the SFD is even narrower for the reference
crystals (Fig. 2h), with 93% of the magnetosomes having SF
> 0.85 and a maximum at SF = 0.95. The difference between
mature and reference magnetosomes presumably confirms the
difference observed in the CSDs, i.e., that the crystals did not
develop under the same conditions in these two cases. Specifi-

cally, as the distribution of the reference crystals is significantly
narrower than that of the mature crystals, the reference crystals
formed under more-controlled conditions than the magnetosomes
that formed in the controlled Fe-induction experiment.

We further attempted to determine the morphologies of
the freshly nucleated crystallites (55 min after induction), the
mature and the reference magnetosomes (Table 1, Fig. 1 and
3). The habits of the newly formed crystallites can be seen in
Figure 3a. Due to the weaker contrast of these small particles
with respect to the surrounding cell, the determination of the 3-D
shape is particularly difficult. For crystals smaller than 10 nm,
a large diversity of shapes was observed, and no unique shape
could be clearly distinguished. No structural phase other than
magnetite could be detected using electron diffraction, not even
a poorly crystalline one. In a previous study on MC-1, it was
assumed that the crystals at the end of the magnetosome chain
were the youngest and thus the immature particles (Meldrum
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FIGURE 2. CSDs and SFDs (left and right, respectively) of developing magnetosomes. (a and b) 100 min after induction, (¢ and d) 220 min
after induction, and (e and f) 340 min after induction. (g) CSD and (h) SFD of reference magnetosomes. TEM images of characteristic induced

and reference cells are also presented (scale bar = 1 um).

et al. 1993). In that case, the smallest magnetosomes displayed
equidimensional morphologies, unlike the elongated mature
crystals. However, as {110} faces were already present on both
the small and the mature crystals, those authors concluded that
the bacteria acted to control the development of crystal nucleation
and growth even at the early stages of crystal growth. In our study,
the particles that formed first (55 min after induction) are small
and immature, and lack a well-defined morphology (Fig. 3a).
This observation confirms our interpretation of CSDs and SFDs
that although the nucleation of magnetite in the vesicles is under
strict biological control that imposes a chemical supersaturation
enabling magnetite formation, the crystal growth process is too
fast in our induction experiments for the cells to be able to control

the morphology at an early stage.

The morphologies of mature magnetosomes were studied in
another set of experiments. For some zone axes, the projected
shapes can be modeled by two or three morphologies, preventing
the unambiguous determination of the actual 3-D morphologies
of the nanoparticles (Fig. 3b). However, some conclusions can
be drawn from the observation of about 50 mature magnetite
crystals. The morphologies of mature magnetosomes are based on
{100}, {110}, and {111} faces, with the majority of the crystals
exhibiting relatively large {100} faces, i.e., the crystals resemble
cubes with small {110} and {111} faces (Fig. 3b). Cuboocta-
hedral particles with similar expression of the {100} and {111}
faces were also observed. Thus, although no unequivocal mor-
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[011] zone axis

[011] zone axis

FIGURE 3. Examples of comparisons between the projected shapes of magnetosomes, as observed in HRTEM images, and morphological models
that consist of various expressions of the {111}, {100}, and {110} forms. The models are shown in the same orientation as the corresponding
magnetosomes, for which the crystallographic orientation was determined from their FFT values (shown in the second column of the figures). (a)
Crystallites, sampled 55 min after Fe induction (scale bar =4 nm). The crystallites appear rounded and have irregular shapes, making a meaningful
identification of their morphologies impossible. The shapes of the crystallites vaguely match almost any of the idealized model morphologies. (b)
Mature magnetosomes, sampled 340 min after Fe induction (scale bar = 10 nm). The projected outlines of the magnetosomes are consistent with
the cube-like models (¢) Reference magnetosomes, formed in continuously growing and Fe-supplemented cells (scale bar = 10 nm). The outlines
of the magnetosomes and the thickness fringes in their HRTEM images are consistent with the cuboctahedral models.

phology could be determined, most of the mature magnetosomes
appear to possess a cube-like shape. The observed variety of mor-
phologies, and their difference from the generally cuboctahedral
morphology of magnetosomes from magnetospirilla (Devouard
et al. 1998; Mann et al. 1984; Posfai et al. 2006), indicate that
magnetite growth—just as magnetite nucleation—is not under
strict biological control in our induction experiments.

From the analysis of about 50 reference magnetosomes,
we conclude that the typical habit of the reference MSR-1
crystals is cuboctahedral with {100} faces nearly as large as

{111} faces, and little to no expression of {110} faces (Fig. 3c).
Thus, the morphologies of the reference magnetosomes are not
compatible with most of the observed projections of the mature
magnetosomes, as it should be if the classical BCM process
was followed. The present study shows that the morphologies
of mature magnetosomes can be influenced by experimental
conditions. This result suggests that conditions allowing the
rapid formation of magnetosomes also have an effect on the
morphology of the crystals. Thus, the definition of biomarkers
should take into account the possibility for the bacteria to form
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FIGURE 3. — Continued

magnetosomes with unexpected morphologies under varying
environmental conditions.

Organisms are known to mediate rapid rates of mineralization
while simultaneously selecting the growth of mineral faces. In
the case of magnetite, the equilibrium crystal form of abiotic
crystals is the octahedron. In contrast, {100} faces are expressed
on both the mature and the reference magnetosomes. Thus, the
biological process appears to control the formation of the {100}
faces. The widely accepted view of crystal growth processes is
that macromolecules are capable of directing crystal morphology,
but have little effect on growth rates. Here we show that growth
rates impact the crystal morphology by certainly reducing the ef-
fect of the macromolecules. In fact, our experimental conditions
enabled the formation of mature magnetosomes in less than 6 h,
whereas the formation of the reference magnetite crystals was
observed after 24 h. We measured up to 30 nmol;/min per mg
dry weight Fe uptake during magnetosome formation by induced
cells, whereas growing and permanently Fe-supplemented cells
on average used 1 nmolg./min per mg dry weight, which shows
more than one order-of-magnitude difference in Fe uptake rate
at a given time (Fig. 4). Because {100} faces were dominant
in the induction experiments, the growth rate along <100> had
to be smaller than along <111>. In contrast, in the reference
sample, {111} faces were observed to be largest, indicating
that the growth rate along <100> exceeded that along <111>.
It has to be noted that the differences in the media may impact
the physiology of the cells that in turn can have an effect on the
observed morphology. In any case, the expression of different
faces is favored for different growth conditions. Similar obser-
vations were made on calcite crystals where it was shown that
different crystallographic forms had different isotopic signatures,
reflecting different growth rates (Dickson 1991). Thus, it will

[110] zone axis

°

[111] zone axis

[001] zone axis

[112] zone axis

be extremely interesting to study the isotopic properties of the
magnetite crystals formed under these different conditions in
future experiments.

In summary, we propose that the process of magnetosome
formation proceeds as follows. During the initial phase, mag-
netite crystals nucleate under chemical supersaturation condi-
tions controlled by the bacteria. Local supersaturation could be
achieved, for example, by the effect of an Fe-transport protein
such as MamM or MamB (Jogler and Schiiler 2006), or an acidic
protein such as Mms6 (Arakaki et al. 2003), which concentrate
the iron. Another possibility is based on the fact that magnetite
crystallites were shown to be membrane-associated, and thus the
protein may also serve as a nucleation site (Faivre et al. 2007).

The nucleation process results in normal CSDs and irregular
morphologies. These physical properties suggest that magneto-
some formation cannot be strictly biochemically controlled, at
least when the rate of Fe uptake is large. During a later phase,
the rate of Fe transport to the magnetosomes decreases, resulting



FAIVRE ET AL.: FAST-GROWING MAGNETOSOMES EXHIBIT AN UNSPECIFIC MORPHOLOGY 469

30 : : . .

---X- - - induction

——o—reference
20 P ]

15 : 1

iron uptake rates
[(nmol/min)/(mg dry weight)]

0 100 200 300 400 500
time (min)

FIGURE 4. Iron uptake rates during the induction experiments
(crosses and dashed line) and comparison with reference experiments
(open circles and continuous line). After 100 min, the rates are ~30x
larger in the induction experiments than in the reference experiment.
Then the rates are slowing down and the values are similar in the two
experiments after 500 min.

in a more-controlled growth of the magnetosomes that reach the
magnetic single-domain size. Alternatively, the Fe flux might
remain constant, but the increase in particle surface area could
be sufficient to reduce particle growth rates. Depending on the
external Fe concentration, magnetosome formation can be rapid,
generating a morphology resembling a cube; or slower, producing
then the classical cubooctahedral morphology.

These findings show that bio-controlled mineralization pro-
cesses that are currently used to reconstruct paleoenvironments
are not necessarily robust parameters as they can be influenced
by external factors. This suggests a key role for Fe uptake rates in
BCM together with genetic control by the organism, as the BCM
pathway and the resulting crystal properties are not necessarily
unique and can exhibit some variations. Finally, these findings
provide an avenue for understanding biomineralization at the
physico-chemical level and designing biomimetic approaches
that will enable formation of magnetite with a degree of control
only expressed in biominerals.
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