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It is widely believed that magnetotactic bacteria (MTB) form
membrane-enveloped magnetite crystals (magnetosomes) under
strict genetic control. In this study, the Magnetospirillum mag-
neticum strain AMB-1 was cultured in the same growth medium,
but under four different growth conditions: Anaerobic static, aero-
bic static, aerobic 80-rpm rotating, and aerobic 120-rpm rotating to
investigate possible environmental influences on magnetite magne-
tosome formation. Integrated analyses, using transmission electron
microscopy, X-ray diffraction and rock magnetism, indicate that,
from the anaerobic static to aerobic 120-rpm rotating culture, the
formed magnetite magnetosomes became more equidimensional,
smaller in grain size, and higher in crystal twinning frequency.
Magnetic properties of magnetite magnetosomes such as coerciv-
ity, remanence coercivity, remanence ratio and Verwey transition
temperature systematically decreased from 22.0 mT to 5.2 mT,
31.3 mT to 9.3 mT, 0.45 to 0.31, and 108 K to 98 K, respectively.
Comparison of additional anaerobic 120-rpm rotating cultures
with anaerobic static cultures showed that the effect of rotating,
at least up to 120 rpm, on the cell growth and magnetite magneto-
some formation is weak and negligible. Given that all samples were
prepared and measured in the same way, the changes in physical
and magnetic properties indicate that environmental factors (oxy-
gen) affected the biomineralization of magnetite magnetosomes in
magnetotactic bacteria, which supports the previous findings. In all
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experiments, only magnetite with the geometry of truncated octa-
hedron was formed within magnetosomes, which suggests that the
mineral phase and crystal habit remain to be genetically controlled.
These results also imply the physical and magnetic properties of
magnetite magnetosomes may, to some extent, reflect the external
growth environments.

Keywords magnetotactic bacteria, M. magneticum AMB-1, environ-
mental factor, biologically controlled mineralization, rock
magnetism

INTRODUCTION
Biomineralization is a process by which living organisms

mediate the deposition of minerals. Based on the pathway,
biomineralization can be distinguished into biologically induced
mineralization (BIM) and biologically controlled mineraliza-
tion (BCM) (Bazylinski et al. 2007; Edwards and Bazylinski
2008). In BCM minerals precipitate intracellularly on, or within
specific organic matrices or vesicles, which allows the organ-
ism exert strict biological control over the biomineralization
process.

Consequently, BCM products generally have perfect crystal-
lography, consistent and specific morphologies, narrow particle
size distributions, chemical purity and highly-ordered structures
(Bazylinski et al. 2007). Magnetotactic bacteria (MTB) have the
ability to synthesize intracellular, nanometer-sized, single do-
main (SD) magnetite (Fe3O4), or greigite (Fe3S4) crystals or
both in organelles known as magnetosomes (Faivre and Schüler
2008). Magnetosome is widely considered as a model system for
understanding the BCM process in organisms (Bazylinski et al.
2007; Pósfai and Dunin-Borkowski 2009). In view of geological
records, fossil magnetosomes (also called magnetofossils) are
considered as potential biomarkers in the search for early terres-
trial and extraterrestrial life, proxies for reconstructing paleoen-
vironments, and important carriers of magnetic remanence in
sedimentary rocks (Hesse 1994; Yamazaki and Kawahata 1998;
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MAGNETITE MAGNETOSOME SYNTHESIS 363

Pan et al. 2005a; Kopp and Kirschvink 2008; Jimenez-Lopez
et al. 2010).

The synthesis of magnetite magnetosomes is achieved by
a process of strict genetic control, which produces perfectly
crystallized and highly ordered crystals with species-specific
morphologies and sizes (Schüler 2008). Experiments on cul-
tivated MTB strains have also demonstrated that the forma-
tion of magnetosomes can be affected by environmental factors
(Blakemore et al. 1985; Faivre et al. 2008; Popa et al. 2009).
For instance, Blakemore et al. (1985) first examined the effect
of oxygen on the amount of magnetite magnetosomes within
Magnetospirillum magnetotacticum MS-1 and proposed mag-
netofossils as a retrospective indicator of microaerobic envi-
ronment. Faivre et al. (2008) found that the rates of Fe up-
take influence the crystal-size distribution, aspect ratio, and
morphology of magnetite magnetosomes in Magnetospirillum
gryphiswaldense strain MSR-1. Popa et al. (2009) found that the
cells of Magnetospirillum magneticum strain AMB-1 produced
predominantly dwarfed magnetite magnetosomes in a 150 rpm-
stirred culture containing 45 µM initial oxygen in the medium.
However, systematic studies on the influence of environmental
factors on magnetite magnetosome formation are still sparse.
Such studies are essential in revealing the process of magnetite
magnetosome biomineralization, as well as to gain a better un-
derstanding of the significance of magnetofossils as a proxy for
paleoenvironments.

Magnetospirillum magneticum strain AMB-1, which was
originally isolated in pure culture by Mutsunaga and his cowork-
ers from freshwater sediment in Tokyo, Japan, has served as
a model organism for MTB studies (Matsunaga et al. 1991;
Matsunaga et al. 2005). AMB-1 is a facultative anaerobic with
the capability of growing under a wide range of oxygen con-
ditions. In the present study, we tested the effects of different
growth conditions on magnetite magnetosome biomineraliza-
tion by culturing AMB-1 in the same growth medium, but under
four different growth conditions. Mineralogy, crystallography,
and magnetic properties of magnetosomal magnetites were an-
alyzed using transmission electron microscopy (TEM), X-ray
diffraction (XRD) and rock magnetic methods. We found that
the magnetosomal magnetites synthesized in AMB-1 under four
growth conditions are different.

MATERIALS AND METHODS

Cell Culture and Sample Preparation
M. magneticum strain AMB-1 (ATCC700264) was used in

this study. Non-magnetic cells were obtained by growing AMB-
1 strains in iron-starved medium as described by Li et al. (2009).
These non-magnetic cells of AMB-1 were then cultured in an
enriched magnetic spirillum growth medium (EMSGM) with
the addition of 60 µM ferric quinate. The starting cell den-
sity after inoculation was ∼5.0 × 106 cells/ml. Growth exper-
iments were carried out with cells cultured at 26◦C in 500 ml

triangular flasks each containing 500 ml of culture medium.
The flasks were sealed with 8 layers of gauze to prevent con-
tamination, but allow for free gas exchange with the external
environment.

The anaerobic static (ANS) experiment was carried out in
an anaerobic glove box (ShangHai CIMO Medical Instrument
Co., Ltd., China), which allowed the oxygen concentration to
be reduced to lower than 0.02% (V/V). The aerobic static (AS)
experiment was carried out in a static incubator, and the aerobic
80-rpm rotating (A80), and aerobic 120-rpm rotating (A120)
experiments were performed in a rotating incubator with a
rotation amplitude of 5 cm and rotation rates of 80 rpm and
120 rpm, respectively. No atmospheric control was imposed for
the static and rotating incubators.

Cell cultures were sampled at 0 h, 8 h, 16 h, 20 h, 24 h,
28 h, 32 h, 36 h, 40 h and 48 h (total 10 steps) to monitor
the cell growth and the dissolved oxygen concentration in the
medium (DOC). The cell growth was determined by measuring
the optical density at 600 nm (OD600), using a spectrophotome-
ter (Unico UV-2102-PC). At each step, one flask (not sampled
before) from each group was selected to measure the DOC with
a Dual-Input Multi-parameter Meter (HQ40d, Hach Company,
the sensitivity is 0.01 mg/l). The time-course experiments were
repeated for three times to test reproducibility of results. Sim-
ilar trends of the cell growth and oxygen consumption were
observed in the three repeated experiments.

To examine the properties of magnetosomes, in this study,
whole cells of 48 h were harvested by centrifugation of
∼2.5 liters of cultures for each growth group with an Eppendorf
5810R centrifuge at 10,000 rpm for 10 min at 4◦C. To avoid
oxidation, all sample loading, cell drying and magnetosome
isolation were carried out inside an anaerobic glove box. Cell
samples from each growth group were divided into three parts:
(1) ∼1010 cells were loaded into a non-magnetic gelatin capsule
for magnetic measurement; (2) ∼1011 cells were dried at room
temperature for XRD analysis; and (3) ∼1010 cells were used for
isolating magnetosomes. To isolate magnetosomes, cells were
resuspended in ∼50 ml of distilled water, disrupted by an ul-
trasonicator (VCX130, SONICS, U.S.A) at 0◦C; magnetosomes
were collected magnetically with a bar magnet, and then washed
with distilled water at least five times by repeated dispersion us-
ing a sonicator. All samples were packed in small plastic screw
tubes with nitrogen protection and then were stored at −20◦C
in a refrigerator prior to measurements. Because all samples
were prepared and measured using the same procedure, differ-
ences caused by sample preparation and measurements can be
excluded; therefore, observed differences can be regarded as
growth effects.

In addition, anaerobic 120-rpm rotating (AN120) cultures in
a rotation incubator were performed in order to further test the
rotating effects on magnetite magnetosome formation. TEM,
hysteresis loops and FORC measurements on 48-h grown cells
were conducted. Data were compared with the results of ANS
cultures.
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364 J. LI AND Y. PAN

Magnetic Measurements
Room-temperature magnetic measurements of whole cell

samples, including hysteresis loops and first-order reversal
curves (FORCs), were performed on an Alternating Gradient
Force Magnetometer (Model MicroMag 2900, Princeton Mea-
surements Corporation, sensitivity is 1.0 × 10−11 Am2). Hys-
teresis loops were measured between ± 500 mT. Saturation
magnetization (Ms), saturation remanence (Mrs) and coercivity
(Bc) were determined after correcting for linear contributions
from diamagnetic and paramagnetic phases. Remanence coer-
civity (Bcr) was determined from a back-field demagnetization
curve. FORCs were measured following the protocol described
by Roberts et al. (2000). FORC diagrams were calculated us-
ing the FORCinel v1.18 software with a smoothing factor of 2
(Harrison and Feinberg 2008).

Low-temperature magnetic measurements of whole cell sam-
ples were performed on a Quantum Design Magnetic Property
Measurement System (MPMS XP-5). Zero-field cooled (ZFC)
curves were obtained by cooling the samples from 300 K to 5 K
in zero magnetic field. Then, the samples were given a saturation
remanence in a 2.5-T field (hereafter termed as SIRM5K 2.5T) and
the remanence was measured during warming to 300 K in zero
field. The field-cooled (FC) curves were obtained by cooling the
samples from 300 K to 5 K in a 2.5-T field. Then, a SIRM5K 2.5T

was imparted and the remanence was measured during warm-
ing to 300 K in zero field. The Verwey transition temperature
(Tv) was defined as the temperature of the maximum of the first
derivative of the FC curves. The δ ratio (δFC/δZFC) was calculated
after Moskowitz et al. (1993).

XRD Analyses
XRD analyses of whole cell samples were performed on

a DMAX2400 X-ray diffractometer using Cu Kα radiation at
40 kV and 80 mA, step-scan mode (0.02◦ intervals) with the
sampling time of 6 s at each step. The wavelength of Gu/K-α
(1.54056 Å) was used to calculate d-space values. Using the
Bragg equation for cubic systems, the lattice cell parameter
a0 was determined by the Nelson-Riley Extrapolation method
(Nelson and Riley 1945).

TEM Analyses
Conventional TEM observations of whole cells were per-

formed on an FEI Tecnai-20 TEM with an acceleration voltage
of 120 kV. Magnetosome dimensions were measured from the
TEM images along the long axis (length, L) and width perpen-
dicular to the long axis (W) with the Adobe Photoshop CS soft-
ware. The grain size (S) was defined as (L+W)/2, and the shape
factor was defined as W/L of magnetosomes. High resolution
TEM (HRTEM) observations of isolated magnetosomes were
conducted on a JEM-2010 TEM with an accelerating voltage of
200 kV. Digital Micrograph software was used for image pro-
cessing (filtering of HRTEM images and obtaining Fast Fourier
transform (FFT) patterns). Given a face center cubic (fcc) struc-
ture for magnetite, the ideal morphology of magnetosomes was

reconstructed based on HRTEM and the corresponding FFT
images of individual particles (Faivre et al. 2008). Selected
area electron diffraction (SAED) patterns were recorded from a
group of magnetosomes at various camera lengths.

RESULTS

Cell Growth, Oxygen Consumption
and Magnetosome Formation

As shown in Figure 1a, the AMB-1 cells undergo a compara-
ble trend of cell growth under four different growth conditions,
ANS, AS, A80 and A120. The number of cells increases slowly
during a lag phase from 0−16 h, it then increases rapidly during
an exponential phase from 16−32 h, and remains nearly con-
stant or decreases slightly during a stationary phase from 32−
48 h. However, the cell growth densities between the four groups
differ significantly. At any given culture time, the cell growth
density was consistently ANS < AS < A80 < A120.

Initial DOC values were 0.07 mg/l, 5.03 mg/l, 6.98 mg/l
and 7.89 mg/l for the ANS, AS, A80 and A120 cultures, re-
spectively, which suggests that the oxygen supply was greatest
in the A120 growth condition. The dissolved oxygen in cul-
tures was consumed by cell respiration during cell growth, as
a result, the DOC decreased rapidly (Figure 1b). After 32 h of
cultivation, the DOC in the AS, A80 and A120 media were be-
low detectable levels, indicating that the external oxygen supply
from the air could not keep pace with the oxygen consumption
of the AMB-1 cell respiration. After 48 h cultivation, all four
growth media have more than 5 µM of dissolved iron remain-
ing in the medium. This indicates that all cells grew in iron rich
rather than iron-starving conditions.

For the ANS, AS, A80 and A120 cultures, the magneto-
somes were first detectable in cells at 8 h, 20 h, 24 h and
28 h, respectively, which corresponds to DOC values of about
0.00 mg/l, 0.44 mg/l, 0.45 mg/l and 0.20 mg/l, respectively.
This indicates that AMB-1 started to synthesize magnetosomes
only in a lower DOC level (e.g., ≤ 0.45 mg/l at 26◦C). This
observation is consistent with previous findings that moderate
to high oxygen levels can inhibit the formation of magnetite,
and that magnetosomes are synthesized by AMB-1 only under
microaerobic to anaerobic conditions (Yang et al. 2001).

Temporal variations of OD600, average magnetosome num-
bers per cell, and mean grain sizes indicate that the magneto-
somes are formed dominantly during the exponential growth
phase (Figures 1a, c, d). Based on this, the 48 h-grown cells
were harvested and comparatively analyzed to investigate the
effects of growth conditions on the synthesized magnetosomes.
As expected, XRD analyses on the whole cell samples indicate
that magnetites were synthesized by the AMB-1 cells grown
under the four different conditions. Based on XRD spectrum,
the lattice parameter values calculated are 8.403 Å, 8.403 Å,
8.408 Å and 8.402 Å for the ANS, AS, A80 and A120 mag-
netites, respectively.
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MAGNETITE MAGNETOSOME SYNTHESIS 365

FIG. 1. (a) Temporal variations of cell growth (OD600) (a), oxygen concentration (dissolved oxygen concentration, DOC) (b), average magnetosome number per
cell (c) and mean grain size (d). The solid square, cycle, triangle and star lines indicate the anaerobic static (ANS), aerobic static (AS), aerobic 80-rpm rotating
(A80) and aerobic 120-rpm rotating (A120) cultures, respectively. The open symbols on the DOC curves indicate the time points at which the magnetosomes are
first detectable within AMB-1 cells.

Characteristics of Magnetosomes
From the ANS to A120 growth conditions, the cells produced

fewer magnetosomes with decreasing grain sizes (Figures 1c,
d and 2). The average numbers of magnetosomes per cell of
AMB-1 were 12 ± 5, 11 ± 5, 8 ± 3 and 7 ± 4 for the ANS,
AS, A80 and A120 cultures, respectively, with average grain
sizes of 41.5 ± 15.0 nm, 40.6 ± 14.7 nm, 35.7 ± 12.3 nm
and 33.0 ± 8.5 nm, respectively. The grain size distribution of
magnetosomes is negatively skewed and relatively wide for the
ANS and AS cultures, while it is nearly normal distributed and
narrow for the A80 and A120 cultures. The average values of
shape factor of magnetosomes determined from TEM images
are 0.78, 0.79, 0.85 and 0.89 for the ANS, AS, A80 and A120
cultures, respectively (Figure 2), which indicates a change in
crystal shape from more elongated to cubic-like.

TEM observations indicate that the AMB-1 cells grown un-
der the four different conditions commonly produce 5–20 mag-
netosomes arranged into a linear fragmental chain in each cell
(Figure 3). Interestingly, HRTEM observations indicate that the
frequency of twinned crystals for ANS, AS, A80 and A120
cultures are approximately 20.2% (of 649 particles), 21.9% (of
593 particles), 33.8% (of 500 particles) and 51.6% (of 629 par-

ticles), respectively. Multiple twins in the magnetosomes were
occasionally observed in the A120 culture (Figure 3d).

Both SAED and HRTEM analyses on isolated magnetosomes
confirm that the magnetosomes formed by AMB-1 cells are
solely magnetite (Figures 3 and 4). Representative HRTEM im-
ages of mature magnetosomes recorded from [011] zone axis of
magnetite and the corresponding models are shown in Figure 4.
The surface faces at the edges for the four types of magneto-
somes are identical and can be identified as {111} and {100}
faces. This indicates that the magnetite magnetosomes formed
by AMB-1 under the four different conditions have a same crys-
tal habit of truncated octahedron.

FORC Diagrams and Hysteresis Parameters
The FORC distributions indicate a dominant SD signal for

the ANS and AS magnetite magnetosomes, and a mixture of SD
and superparamagnetic (SP) for the A80 and A120 magnetite
magnetosomes. The narrow vertical spread indicates weak or
negligible inter-chain or inter-cell magnetostatic interactions.
Nevertheless, the horizontal spread of the FORC distribution,
which indicates the microcoercivity distributions of magnetic
minerals, differs and contracts towards lower values from the
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366 J. LI AND Y. PAN

FIG. 2. Histograms of crystal number (left), grain size (middle), and shape factor (right) of magnetite magnetosomes synthesized by the AMB-1 cells after 48 h
cultivation. (a) Anaerobic static culture (ANS). (b) Aerobic static culture (AS). (c) Aerobic 80-rpm rotating culture (A80). (d) Aerobic 120-rpm rotating culture
(A120).

ANS to the A120 cells (Figure 5). The peak coercivity (Hc, FORC)
is approximately 30.6 mT, 20.8 mT, 13.9 mT and 4.6 mT for the
ANS, AS, A80 and A120 cells, respectively. The hysteresis pa-
rameters Bc, Bcr, and Mrs/Ms gradually decrease from the ANS to
A120 cultures, e.g., Bc = 22.0 mT, Bcr = 31.3 mT and Mrs/Ms =

0.45 for the ANS cells and Bc = 5.2 mT, Bcr = 9.3 mT and
Mrs/Ms = 0.31 for the A120 cells (Table 1). The systematic de-
creasing of magnetic parameters can be interpreted as a result of
decreasing of grain size and crystal elongation, and increasing of
crystal twinning frequencies in the magnetite magnetosomes.
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MAGNETITE MAGNETOSOME SYNTHESIS 367

FIG. 3. Features of magnetite magnetosomes formed by the AMB-1 cells grown under the four different conditions after 48 h cultivation. (a) Anaerobic static
culture (ANS). (b) Aerobic static culture (AS). (c) Aerobic 80-rpm rotating culture (A80). (d) Aerobic 120-rpm rotating culture (A120). From left to right, the first
column contains typical TEM images of intact AMB-1 cells, the second column contains typical TEM images of isolated magnetosomes, and the third column
contains selected area electron diffraction (SAED) patterns recorded from a group of isolated magnetosomes. ‘T’ and ‘MT’ indicate twinned and multiple-twinned
crystals, respectively. TEM observations indicate that the AMB-1 cells grown under all four conditions form a similar fragmental chain of magnetosomes, but
with significant differences in crystal size, morphology and twinning frequency. The analyses of SAED patterns and d-spacing values confirm that all four types
of magnetosomes are composed solely of magnetite.

The Verwey Transition
Tv systematically decreases with growth conditions, i.e.,

108 K, 106 K, 104 K and 98 K for the ANS, AS, A80 and
A120 cells, respectively. The sharpness of Verwey transition be-
havior (i.e., the peak magnitude of dM/dT) similarly decreases
(Figure 5). The observed reduction of Tv and sharpness of the
Verwey transition from the ANS to A120 cultures indicates that

the degree of non-stoichiometry of magnetite in the magneto-
somes increases with increasing of oxygen availability. Addi-
tionally, the remanence in the high-temperature interval (T >

Tv, e.g., 120–300 K) decreased continuously for the A80 and
A120 cells is associated with a gradual unblocking of SP par-
ticles. As seen in Table 1, the reduced δ ratio (δFC/δZFC) value
for the A120 cells, which is lower than the threshold value of
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368 J. LI AND Y. PAN

FIG. 4. HRTEM images of individual magnetite magnetosomes recorded along the [011] zone axis of magnetite (left), and their corresponding Fast Fourier
transform (FFT) images (middle) and morphological models (right). (a) Anaerobic static culture (ANS). (b) Aerobic static culture (AS). (c) Aerobic 80-rpm rotating
culture (A80). (d) Aerobic 120-rpm rotating culture (A120). On the left column, solid lines and dash lines indicates {111} and {100} faces, respectively. On the
right column, corresponding model are oriented with respect to crystal direction deduced from FFT analysis. HRTEM imaging, FFT analyzing and morphological
modeling show that there is no significant difference in crystal habits between four types of magnetite magnetosomes.

2.0 for the Moskowitz test, may be related to the presence of
a high-fraction of SP particles and poor chain configuration
(Moskowitz et al. 1993; Moskowitz et al. 2008; Li et al. 2009).

The Rotating Effect
The time courses of cell growth are not distinguishable be-

tween the ANS and AN120 cultures (Figure 6a). TEM obser-

vations of grain sizes and shapes of magnetite magnetosomes
(data not shown), hysteresis loop and FORC diagrams of 48 h-
grown cells demonstrated that the difference of magnetite mag-
netosomes synthesized in AN120 and ANS cultures is weak
and negligible (Figure 6b–d). This indicates that the rotating,
at least up to 120 rpm, does not significantly affect the mag-
netite magnetosome formation. Therefore, we inferred that the
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MAGNETITE MAGNETOSOME SYNTHESIS 369

TABLE 1
Magnetic parameters of the bulk samples of AMB-1 cells after 48 h growth

Culture Bcr (mT) Bc (mT) Bcr/Bc Mrs/Ms Tv (K) δFC δZFC δFC/δZFC

ANS 31.3 22.0 1.42 0.45 108 0.395 0.166 2.38
AS 22.0 16.1 1.37 0.44 106 0.353 0.116 3.05
A80 16.8 10.6 1.59 0.38 104 0.369 0.133 2.77
A120 9.3 5.2 1.80 0.31 98 0.472 0.295 1.60

Notes: The ANS, AS, A80 and A120 indicate anaerobic static, aerobic static, aerobic 80-rpm rotating and aerobic 120-rpm rotating cultures,
respectively. The Bcr, Bc, Mrs and Ms indicate remanence coercivity, coercivity, saturation remanence and saturation magnetization, respectively.
The Tv indicates the Verwey transition temperature defined as the temperature for the maximum of the first derivative of the FC curves. The δFC

and δZFC are defined after Moskowitz et al. (1993), i.e., δ = (M80K − M150K)/M80K (M80K and M150K are the remanences measured at 80 K and
150 K, respectively).

FIG. 5. Room-temperature FORC diagrams (left) and low-temperature magnetic properties (right) for the bulk sample of AMB-1 cells after 48 h cultivation.
(a) Anaerobic static culture(ANS). (b) Aerobic static culture (AS). (c) Aerobic 80-rpm rotating culture (A80). (d) Aerobic 120-rpm rotating culture (A120). The
FORC diagrams were calculated with a smooth factor of 2. The peak coercivity, Hc,FORC, is defined as the Hc field corresponding to the peak of the FORC
distribution. Zero-field-cooled (ZFC) and field-cooled (FC) curves were used after normalizing by FC-SIRM5K 2.5T.
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FIG. 6. Comparison of anaerobic static (ANS) (solid square line) and anaerobic 120-rpm rotating (AN120) (open cycle line) cultures. (a) Cell growth curves. (b)
Hysteresis loops. (c) and (d) FORC diagrams.

possibility of above mentioned difference of magnetite magne-
tosomes in AMB-1 from the ANS to A120 cultures derived from
the rotating influence could be precluded.

DISCUSSION

The Role of Environmental Oxygen and Rotating
In this study, the ANS growth condition can be regarded as

a true anaerobic environment, while the AS, A80 and A120
growth conditions have free exchange with air and each cul-
ture thus has a constant oxygen supply to the medium. As seen
from the initial DOC values (Figure 1b), the oxygen supply was
increased from AS to A120. However, the external supply of
oxygen could not keep pace with the consumption by growing
cells. In other words, the magnetite magnetosomes in the AS,
A80 and A120 cultures were formed under a similar microaer-
obic and anaerobic environment, but a different condition of
oxygen supply in the medium.

Due to the usage of flasks rather than a bioreactor, it is hard
to precisely determine the oxygen content of the growth cultures
of this study. However, based on TEM analyses, AMB-1 cells
started to synthesize visible magnetosomes by 8 h, 20 h, 24 h and
28 h cultivation in the ANS, AS, A80 and A120 cultures, respec-

tively; the magnetite magnetosomes synthesized become more
cube-like with smaller grain sizes, and more imperfect crys-
tals (e.g., twinning; Figures 2 and 3). This observation confirms
previous findings that environmental factors affect the physical
properties of magnetite magnetosomes (Blakemore et al. 1985;
Heyen and Schüler 2003; Faivre et al. 2008; Popa et al. 2009;
Yang et al. 2001). These changes in magnetite magnetosome
are well characterized by the changes in magnetic properties
and the corresponding parameters, i.e., the Bc, Bcr, Mrs/Ms and
Hc,FORC and Tv for the samples of whole cells systematically
decrease from the ANS to A120 cultures. Although the AMB-1
produced magnetite with similar grain sizes and shape factors
under ANS and AS growth conditions, there is a 2 K decrease of
Tv and a 27% decrease of coercivity for the latter. This reduction
suggests that oxygen does play a role in the biomineralization
of magnetite magnetosomes.

M. magneticum strain AMB-1 is a facultative anaerobic
MTB. When it grows aerobically, cells of AMB-1 prefer to
use O2 as the terminal electron acceptor (TEA) (Matsunaga
et al. 2005; Yang et al. 2001). When it grows anaerobically
and nitrate is available in culture, it can use nitrate as TEA
(Matsunaga et al. 1991; Matsunaga and Tsujimura 1993). This
study revealed that the magnetite magnetosomes start to be
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formed at different stages in four growth conditions when the
DOC is lower than a threshold value of ∼0.45 mg/l, which
could correspond to a switch from O2 to nitrate TEA. Bazylin-
ski and Blakemore (1983) found that MS-1 cells grown under
microaerobic condition start to extensively utilize nitrate when
O2 steadily decrease to a level of lower than ∼200 µM. A sim-
ilar switch could occur in AMB-1 as well. It is worth studying
how magnetite magnetosome synthesis is affected during this
switch in future work.

Oxygen could serve as a regulatory signal for adjusting the
expression or/and activity of specific genes and proteins that are
involved in controlling grain size, crystal shape, chain arrange-
ment and crystallization of magnetite, as well as in regulating
the physical and chemical conditions of magnetosome vesicles
(e.g., iron supply direction, pH and redox potential), and con-
sequently, affect the magnetite magnetosome biomineralization
(Ding et al. 2010; Faivre and Schüler 2008; Murat et al. 2010;
Sakaguchi et al. 1993; Scheffel et al. 2008; Short and Blakemore
1989). Overall, there needs to be a combined investigation link-
ing the mineralization processes with the molecular processes
to unravel the BCM mechanism of magnetite magnetosomes.

Another factor to be considered in the present study is the
rotating effect on the magnetite synthesis. Our additional studies
of ANS and AN120 cultures indicate that the rotating, at least
up to 120 rpm, does not affect the cell growth in anaerobic
cultures. Although there are slight increases of Bc (2.6 mT)
and Bcr (3.9 mT) for the AN120 cells, compared with the ANS
cells, their ratios of Mrs/Ms and Bcr/Bc are nearly unchanged,
indicating that the rotating does not significantly influence the
magnetite synthesis in AMB-1. These changes, however, clearly
contrast to distinct reductions of Bc (10.9 mT), Bcr (12.7 mT)
and Mrs/Ms (∼30%) and an increasing of Bcr/Bc (∼24%) for
A120, compared with AS, where flakes have free contact with
air (Table 1). Therefore, we infer from above observations that
the environmental oxygen, instead of rotating flasks, dominantly
influence the magnetite magnetosome formation in AMB-1.

The Biologically Controlled Mineralization
Molecular studies have well demonstrated that magnetite

magnetosomes are formed in a stepwise manner, in which mag-
netosome membrane biogenesis, iron uptake, nucleation and
growth of magnetite crystal, and chain arrangement are per-
formed under strict biochemical and genetic controls (Komeili
et al. 2004, 2006; Murat et al. 2010). This study demonstrated
that synthesized magnetosomal magnetite, as evidenced by both
TEM and magnetism, can be influenced by environmental fac-
tors (e.g., oxygen). Decreasing Tv from 108 K to 98 K from ANS
to A120 implies that the synthesized magnetosomes become
more non-stoichiometric magnetite (Muxworthy and McClel-
land 2000). The new observation casts some doubts on previous
thoughts that MTB produce stoichiometric magnetite.

However, the cause for reduced Tv, which was observed for
different strains of MTB and samples processed by different
methods, e.g., freeze-dried cells, fresh wet cells and isolated

magnetite magnetosomes, is intensively debated (Li et al. 2009,
2010a, 2010b; Moskowitz et al. 1993, 2008; Pan et al. 2005b;
Prozorov et al. 2007). The reduced Tv of MTB-produced mag-
netite was usually interpreted as a result of oxidation of mag-
netosomes (Moskowitz et al. 1993; Özdemir and Dunlop 2010;
Pan et al. 2005b; Weiss et al. 2004), or an intrinsic property of
magnetosomal magnetites (Fischer et al. 2008; Moskowitz et al.
2008; Pan et al. 2005b). In this study, all samples were prepared
under anaerobic atmosphere, and were measured in the same
fashion.

We prefer to interpret the gradually decrease of Tv from the
ANS to A120 cultures as a result of increasing twinning and/or
ion vacancies of magnetite in magnetosomes, due to increas-
ing oxygen supply during cell growth. The results of XRD and
SAED analyses also show no maghemitization for our sam-
ples, although a slight degree of maghemitization could not
be detected by these methods. Nanoscale probing on the crys-
tal structure and composition of magnetite magnetosomes are
needed in the future by using advanced TEM techniques (e.g.,
electron energy-loss spectroscopy) and synchrotron radiation
based techniques (e.g., X-ray magnetic circular dichroism).

Geological Implications
The experimental results of AMB-1 growth in this study pro-

vide some useful clues for the bacterial mineralization in natu-
ral environments. In modern natural habitats, MTB are usually
found in the highest numbers at, or just below, the oxic-anoxic
interface within aquatic environments (Bazylinski et al. 2000;
Simmons et al. 2004). Several recent studies have demonstrated
that the oxygen concentration gradient, salinity, nitrate and tem-
perature can strongly influence the number and composition of
MTB communities (Jogler et al. 2010; Lin and Pan 2010; Sim-
mons et al. 2004). Magnetofossils have been used as paleoen-
vironmental indicators from a variety of marine and freshwater
sediments (Kopp and Kirschvink 2008).

It has been shown that the concentrations of magnetofossils,
as well as their morphology assemblage, vary with climate os-
cillations (Hesse 1994; Kopp et al. 2009; Paasche and Larsen
2010; Yamazaki and Kawahata 1998). Hesse (1994) found that
the cyclic variation pattern of bacterial magnetofossil concen-
tration in the Tasman Basain in southwest Pacific Ocean sedi-
ments correlates to climatic changes. The intervals of low bac-
terial magnetite concentration, occurring in glacial periods, are
accompanied by a change of the bacterial magnetite morphol-
ogy assemblage interpreted as recording a change in bacterial
species assemblage. Yamazaki and Kawahata (1998) also found
that isotropic crystal magnetofossils occur in relatively oxidized
conditions, while anisotropic crystal magnetofossils predomi-
nate in more reduced conditions in Pacific deep-sea sediments.

The present study revealed for the first time that, the crystal
properties (e.g., number, shape factor, size and crystallinity) and
associated magnetic properties (e.g., Bc, Bcr and Tv) of magnetite
magnetosomes synthesized by AMB-1 are environmentally de-
pendent, although it produced solely magnetite with a truncated
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octahedron under different growth conditions. This suggests that
physical features and magnetic properties of magnetosomes or
magnetofossils could provide additional information of the bac-
terial growth conditions. Therefore, the reconstruction of pa-
leoenvironment through detailed studies of the concentration,
morphology assemblage and magnetic traits of magnetofossils
is prospective.

CONCLUSIONS
The magnetosomes synthesized by the AMB-1 cells grown

under different oxygen concentrations contained solely mag-
netite with a truncated octahedron, which suggests that the
mineral phase and crystallographic habit of magnetosomes are
strain-specific and under genetic control. However, lines of ev-
idence presented in this study suggest that biomineralization
of magnetite magnetosomes in AMB-1 can be influenced by
growth conditions such as environmental oxygen concentra-
tions. Increasing oxygen supply may result in the production of
more non-stoichiometric magnetite in magnetosomes.
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Heyen U, Schüler D. 2003. Growth and magnetosome formation by mi-
croaerophilic Magnetospirillum strains in an oxygen-controlled fermentor.
Appl Microbiol Biotechnol 61:536–544.

Jimenez-Lopez C, Romanek CS, Bazylinski DA. 2010. Magnetite as a prokary-
otic biomarker: A review. J Geophys Res-Biogeosci 115, doi: 10.1029/
2009jg001152.

Jogler C, Niebler M, Lin W, Kube M, Wanner G, Kolinko S, Stief P, Beck
AJ, de Beer D, Petersen N, Pan YX, Amann R, Reinhardt R, Schüler D.
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magnetosome proteins MamGFDC are not essential for magnetite biomin-
eralization in Magnetospirillum gryphiswaldense but regulate the size of
magnetosome crystals. J Bacteriol 190:377–386.

Short KA, Blakemore RP. 1989. Periplasmic superoxide dismutases in
Aquaspirillum Magnetotacticum. Arch Microbiol 152:342–346.

Simmons SL, Sievert SM, Frankel RB, Bazylinski DA, Edwards KJ. 2004.
Spatiotemporal distribution of marine magnetotactic bacteria in a seasonally
stratified coastal salt pond. Appl Environ Microbiol 70:6230–6239.

Weiss BP, Kim SS, Kirschvink JL, Kopp RE, Sankaran M, Kobayashi A,
Komeili A. 2004. Ferromagnetic resonance and low-temperature magnetic
tests for biogenic magnetite. Earth Planet Sci Lett 224:73–89.

Yamazaki T, Kawahata H. 1998. Organic carbon flux controls the morphology
of magnetofossils in marine sediments. Geology 26:1064–1066.

Yang CD, Takeyama H, Tanaka T, Matsunaga T. 2001. Effects of growth medium
composition, iron sources and atmospheric oxygen concentrations on pro-
duction of luciferase-bacterial magnetic particle complex by a recombinant
Magnetospirillum magneticum AMB-1. Enzyme Microb Technol 29:13–19.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 o
f 

G
eo

lo
gy

 a
nd

 G
eo

ph
ys

ic
s 

] 
at

 2
0:

51
 0

8 
Fe

br
ua

ry
 2

01
2 


