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S U M M A R Y
Stable single-domain (SD) magnetite formed intracellularly by magnetotactic bacteria is of
fundamental interest in sedimentary and environmental magnetism. In this study, we studied
the time course of magnetosome growth and magnetosome chain formation (0–96 hr) in Mag-
netospirillum magneticum AMB-1 by transmission electron microscopy (TEM) observation
and rock magnetism. The initial non-magnetic cells were microaerobically batch cultured at
26 ◦C in a modified magnetic spirillum growth medium. TEM observations indicated that
between 20 and 24 hr magnetosome crystals began to mineralize simultaneously at multiple
sites within the cell body, followed by a phase of rapid growth lasting up to 48 hr cultivation.
The synthesized magnetosomes were found to be assembled into 3–5 subchains, which were
linearly aligned along the long axis of the cell, supporting the idea that magnetosome vesicles
were linearly anchored to the inner membrane of cell. By 96 hr cultivation, 14 cubo-octahedral
magnetosome crystals in average with a mean grain size of ∼44.5 nm were formed in a cell.
Low-temperature (10–300 K) thermal demagnetization, room-temperature hysteresis loops
and first-order reversal curves (FORCs) were conducted on whole cell samples. Both coerciv-
ity (4.7–18.1 mT) and Verwey transition temperature (100–106 K) increase with increasing
cultivation time length, which can be explained by increasing grain size and decreasing non-
stoichiometry of magnetite, respectively. Shapes of hysteresis loops and FORCs indicated each
subchain behaving as an ‘ideal’ uniaxial SD particle and extremely weak magnetostatic in-
teraction fields between subchains. Low-temperature thermal demagnetization of remanence
demonstrated that the Moskowitz test is valid for such linear subchain configurations (e.g.
δFC/δZFC > 2.0), implying that the test is applicable to ancient sediments where magnetosome
chains might have been broken up into short chains due to disintegration of the organic scaffold
structures after cell death. These findings provide new insights into magnetosome biominer-
alization of magnetotactic bacteria and contribute to better understanding the magnetism of
magnetofossils in natural environments.

Key words: Biogenic magnetic minerals; Environmental magnetism; Rock and mineral mag-
netism.

1 I N T RO D U C T I O N

Magnetotactic bacteria (MTB) have the capability of producing tai-
lored magnetosomes, which are single-domain (SD) magnetic crys-
tals consisting of magnetite (Fe3O4) or greigite (Fe3S4) particles
each enveloped by a lipid bilayer membrane (Bazylinski & Frankel
2004; Komeili et al. 2004). Because of their unique crystalline,
magnetic and biochemical characteristics, unraveling the formation
mechanism of magnetosomes and identifying the fossil magneto-
somes (also named magnetofossils) are of fundamental interest in

geosciences, biomineralization and biology (Bazylinski & Frankel
2004; Pan et al. 2005a; Pósfai et al. 2006a; Komeili 2007; Kopp &
Kirschvink 2008).

Magnetofossils have been found in a variety of deposi-
tional environments, from present to Mesozoic, and possibly of
Precambrian age (Chang et al. 1989; Pan et al. 2005a; Housen
& Moskowitz 2006; Lippert & Zachos 2007; Maloof et al. 2007;
Kopp & Kirschvink 2008). Because MTB prefer to live within the
oxic/anoxic interface (OAI), which is generally located at sediment–
water interface or within a chemically stratified water column,

C© 2009 The Authors 33
Journal compilation C© 2009 RAS



34 J. Li et al.

magnetofossils can convey very useful information about palaeoe-
cology and palaeoclimate (Hesse 1994; Snowball et al. 2002;
Paasche et al. 2004; Linford et al. 2005). In addition, SD magneto-
fossils contribute significantly to the magnetic signature of aquatic
sediments and soils (Egli 2004; Kim et al. 2005; Pan et al. 2005a;
Housen & Moskowitz 2006). The cultivatable MTB strains provide
unique opportunities to study magnetosome and chain formation
under controlled laboratory conditions and their associated rock
magnetic properties.

The most significant structural feature of MTB is that their mag-
netosomes are usually arranged in the form of a single or multiple
chains, which serve as an intracellular biocompass and facilitate
orientation along the geomagnetic field lines (Frankel et al. 1997).
Recent molecular biology and cryo-electron tomography studies
suggested that magnetosome chain is fixed inside the cell body by
an organic scaffold, that is, a cytoskeletal structure and anchoring
proteins (Kobayashi et al. 2006; Komeili et al. 2006; Scheffel et al.
2006). Nevertheless, the dynamics of chain formation in MTB is
not well understood and needs to be examined experimentally. Here,
we provide important constrains on the dynamics of magnetosome
chain formation.

To detect magnetofossils in natural sediment sample, Moskowitz
et al. (1993) proposed a rockmagnetic test uniquely sensitive to the
presence of magnetite crystals arranged in chains. A positive test is
obtained when the δ ratio (δFC/δZFC) is greater than 2.0. The δ ratio
reflects the difference of remanence losses passing the Verwey tran-
sition between the field-cooled (FC) and zero-field cooled (ZFC),
where δ = (M 80K – M 150K)/M 80K, and M 80K and M 150K are the rema-
nences measured at 80 and 150 K, respectively, that is, well below
and above the temperature T v of the Verwey transition in magnetite.
The Moskowitz test relies on two factors: higher magnetocrystalline
anisotropy of magnetite in the monoclinic phase (T < T v) than in
the cubic phase (T > T v) and second, shape anisotropy produced
by the chain arrangement. It has been demonstrated that the test
is valid for both cultured and uncultured MTB cell samples where
cells contain complete chains of magnetosomes (Moskowitz et al.
1993, 2008; Pan et al. 2005b). However, failures of the Moskowitz
test (i.e. δ ratios less than 2.0) were also reported due to smearing,
or even, of the absence of the Verwey transition as a result of mag-
netosome oxidation (i.e. non-stoichiometry) or due to the presence
of superparamagnetic (SP) magnetite particles (Moskowitz et al.
1993; Weiss et al. 2004; Fischer et al. 2008).

Moreover, besides forming a complete magnetosome chain, Mag-
netospirillum magneticum AMB-1 (hereafter referred to AMB-1)
can also form fragmental chains separated by gaps (Kopp et al.
2006), depending on the growth conditions. These unconven-
tional fragmental chains could provide new insights into not only
the mechanism of magnetosome biomineralization but also the
magnetic properties. For instance, it is not clear whether the
Moskowitz test is still valid for the fragmental chains, which
could be common for magnetofossils in sediments and sedimentary
rocks.

In this study, we aim to demonstrate that fragmental chains can
be consistently formed by AMB-1 in controlled laboratory condi-
tions and further to monitor how they develop with cultivation time
(0–96 hr). The temporal changes of magnetosome growth and
magnetic properties throughout the cell growth phases were care-
fully studied by a combination of transmission electron microscopy
(TEM) and rock magnetic methods [low-temperature magnetic
measurements, room-temperature hysteresis loops and first-order
reversal curves (FORCs)]. Finally, we discussed the biophysical
and geological significance of our findings.

2 M AT E R I A L S A N D E X P E R I M E N TA L
M E T H O D S

2.1 Strain, culture condition and sampling

The AMB-1 strains used in this study were purchased from the
American Type Culture Collection (ATCC700264; Matsunaga et al.
1991). They were cultured in a modified magnetic spirillum growth
medium (MSGM; Yang et al. 2001). The time-course growth ex-
periment started from non-magnetic AMB-1 cells (without any in-
tracellular magnetosomes; Fig. 1a), which were obtained through
a 36-hr aerobic incubation of AMB-1 strains. About 2-mL non-
magnetic cell suspension was inoculated into each of the 96 serum
vials that contained 250-mL MSGM with about 50-mL headspace.
The vial was sealed with a butyl-rubber stopper after the inocu-
lation to avoid further gas exchange with ambient air. During the
whole experiment, all vials were treated statically and cells were
microaerobically cultured at 26 ◦C. For the detailed description of
the used chemical composition of growth medium, non-magnetic
cells preparation and inoculation procedures, see the Appendix.

Cells were collected at 0, 10, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56,
60, 68, 76 and 96 hr (total 16 steps) to monitor cell growth, magne-
tosome and chain formation. At each given time, cell samples were
enriched from six fresh (not sampled) vials. Magnetic experiments
were performed on whole cell samples cultivated at 28, 36, 48, 68
and 96 hr of different growth phases (see Section 3.1 and
Table 1). For magnetic measurements, fresh cells were harvested
by centrifuging the cell suspensions at 10 000 rpm for 15 min at
4 ◦C using an Eppendorf 5804(R) centrifuge.

2.2 OD600 and TEM analyses

Cell growth at a given time was monitored by measuring the optical
density of cell suspensions at 600 nm (OD600), using a spectropho-
tometer (Model 722 spectrophotometer, Shanghai Hanson Instru-
ment).

TEM analyses were performed on a JEM-100CXII TEM at an
accelerating voltage of 80 kV. The magnetosome numbers were
counted from at least 50 cells (up to 221 cells). The crystal sizes
were determined by measuring the major (length, L) and minor
(width, W ) axes of the best-fitting ellipse of the 2-D bright-field
TEM images. The grain size was defined as (L + W )/2, and the
shape factor as W /L.

To evaluate the spatial distribution of magnetosomes and sub-
chain (see Section 3.1), centre-to-centre distance between two ad-
jacent magnetosomes within a subchain (dcc) and inter-subchain
distance (d sc; defined as the nearest centre-to-centre distance be-
tween two end crystals in adjacent subchains) were analysed by
counting at least 100 particles.

2.3 Low-temperature magnetic measurements

Low-temperature magnetic experiments were performed on
the whole cell samples using a Quantum Design Magnetic
Property Measurement System (MPMS XP-5, sensitivity is
5.0 × 10−10 A m2). Saturation remanence acquired in a 5-T field at
10 K (hereafter termed SIRM5T−10K) was demagnetized and mea-
sured by warming from 10 to 300 K following two different mag-
netic field pre-treatments. The first was produced by cooling the
cell samples down from 300 to 10 K in a zero magnetic field (ZFC),
whereas the second was produced by cooling the cell samples from
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Figure 1. Representative transmission electron microscopy (TEM) images of whole AMB-1 cells cultivated at different times. (a) Initial non-magnetic cell;
(b) 24-hr cultivated cell with fine-grained magnetosomes (marked by arrows); (c) 28-hr cultivated cell; (d) 36-hr cultivated cell; (e) 96-hr cultivated cell showing
magnetosome subchains (marked by Sn); (f) extracted magnetosomes from cells at 96-hr cultivation.

300 to 10 K in a 5-T field (FC). The Verwey transition temperature
(T v) is defined as the temperature for the maximum of the first-order
derivative of dM/dT from the FC curve. The δ ratio (δFC/δZFC) was
calculated after Moskowitz et al. (1993).

2.4 Room-temperature hysteresis loops and FORCs

Room-temperature hysteresis loops and FORCs were measured us-
ing an Alternating Gradient Force Magnetometer Model Micro-
Mag 2900 (Princeton Measurements Corporation, sensitivity is
1.0 × 10−11 A m2). The hysteresis loops were measured between
±1.5 T with an averaging time of 100 ms. Saturation magnetization
(M s), saturation remanence (M rs) and coercivity (Bc) were deter-
mined after correction for linear contributions from the diamag-
netic and paramagnetic phases. Subsequently, the SIRM acquired

at 1.5 T was demagnetized in a backfield to obtain the coercivity of
remanence (Bcr). Each FORC was measured by saturating the cell
sample at 1.2 T, decreasing the field to a value of Ha, and reversing
the field sweep to the saturated state in a series of steps following
the protocol described in Roberts et al. (2000). FORC diagrams
were calculated using the FORCO-BELLO MATLAB code version
0.99c with a smoothing factor (SF) of 3 (Winklhofer & Zimanyi
2006). In a FORC diagram, the horizontal and vertical axes usually
are referred to as microcoercivity (Hc) and interaction field, respec-
tively. Strictly speaking, this assignment is only true for a system in
which each particle is characterized by a rectangular hysteresis loop
(Winklhofer & Zimanyi 2006). At the other extreme, in a non-
interacting assemblage of randomly oriented Stoner–Wohlfarth type
particles, the vertical axis cannot have the meaning of an interac-
tion field, and should rather be referred to as bias field (Hb), which
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Table 1. Data of cell growth, magnetosome and subchain formation of AMB-1 at different growth stages.

Cells Magnetosomes Magnetosome chains
Growth phase Time (hr)

OD600 N m Lm (nm) W m (nm) Shape factor Subchain number d sc (nm) dcc (nm)

0 0.000 0 – – – – – –
Lag phase 10 0.000 0 – – – – – –

20 0.008 0 – – – – – –

24 0.017 6 ± 4 24.3 ± 4.5 19.1 ± 5.2 0.79 – – –
28 0.018 6 ± 3 36.0 ± 11.7 30.1 ± 10.5 0.84 3 ± 1 221.3 ± 124.2 57.9 ± 10.4
32 0.032 9 ± 4 42.8 ± 10.7 35.8 ± 10.4 0.83 4 ± 2 245.1 ± 153.7 60.5 ± 9.1

Exponential phase 36 0.036 11 ± 3 43.9 ± 12.1 36.1 ± 11.2 0.82 4 ± 1 273.6 ± 131.8 59.8 ± 9.6
40 0.041 9 ± 3 42.9 ± 10.4 37.2 ± 10.4 0.86 4 ± 1 286.4 ± 132.1 62.5 ± 9.6
44 0.083 12 ± 3 43.8 ± 12.4 36.8 ± 11.3 0.84 5 ± 2 243.4 ± 134.9 61.5 ± 9.6
48 0.107 12 ± 5 44.4 ± 12.1 37.5 ± 11.3 0.84 4 ± 1 239.0 ± 127.3 61.8 ± 10.0

52 0.107 12 ± 3 45.7 ± 10.7 39.9 ± 10.1 0.87 4 ± 1 290.0 ± 158.6 61.9 ± 10.3
56 0.105 11 ± 3 44.2 ± 12.3 37.2 ± 11.5 0.84 4 ± 2 283.1 ± 162.3 60.6 ± 9.4

Stationary phase 60 0.098 12 ± 4 47.2 ± 12.5 39.6 ± 11.6 0.84 4 ± 1 283.1 ± 198.6 57.9 ± 11.7
68 0.095 13 ± 4 46.1 ± 13.1 38.4 ± 11.7 0.83 5 ± 1 273.6 ± 185.6 55.9 ± 12.1
76 0.081 14 ± 3 45.5 ± 13.1 39.2 ± 12.6 0.86 4 ± 2 276.7 ± 157.5 58.6 ± 9.6
96 0.082 14 ± 3 48.2 ± 13.8 40.8 ± 12.9 0.85 4 ± 1 247.0 ± 125.5 56.9 ± 10.3

Note: OD600 refers optical density of cell suspensions; N m indicates the averaged magnetosome number per cell; Lm and W m indicate the mean grain length
and width of magnetosome, respectively; d sc indicates the inter-subchain distance within cells, dcc indicates the centre-to-centre distance between adjacent
magnetosomes within subchains.

reflects the history-dependence of magnetization changes (Newell
2005). Also, for non-interacting particles, the contributions to the
FORC diagram for negative values of Hb do not reflect irreversible
switching events, but history-dependent reversible magnetization
changes, as shown theoretically by Newell (2005) and experimen-
tally by Winklhofer et al. (2008).

3 R E S U LT S

3.1 Cell and magnetosome growth, and magnetosome
subchain

Based on the OD600 data, the time-course cell growth can be divided
into three phases (Table 1). The cell numbers increase very slowly
during a lag phase (0–20 hr), increase rapidly during an exponential
phase (20–48 hr) and decrease slowly during a stationary phase
(48–96 hr). The death phase, which is characteristic of exponential
decrease in cell numbers, did not occur until 96 hr in this study.

The number and the grain size of magnetosomes and chain ar-
rangements are summarized in Table 1. No magnetosomes were
visually observed in the AMB-1 cells during the lag phase. At
24 hr, about 10 per cent of cells produced very fine-grained magne-
tosomes which were detected at multiple positions within the cell
body (Fig. 1b, arrows). After 32 hr cultivation and later, almost all
cells formed magnetosomes; magnetosomes in a bacterium were
arranged in the form of several short chains along the long axis of
the cell (see Figs 1c–e).

Under the used growth conditions, the vast majority of cells
(>90 per cent) formed fragmental chains. The fragmental chain
commonly consists of 3–5 short chains with large gaps (hereafter re-
ferred to as subchains). Each subchain contains 3–6 closely aligned
magnetosomes. Smaller magnetosomes are usually formed at the
end of a subchain. Nevertheless, the subchains were linearly aligned
along the long axis of the cell. The centre-to-centre distance dcc

varies from 55.9 to 62.5 nm and is nearly constant during the whole
time course (Table 1). The distance between adjacent subchains d sc

varies from ∼221 to ∼290 nm (Table 1). These snapshots at dif-

ferent stages of cell growth suggest that the relative position of a
magnetosome within a subchain is likely fixed.

To quantify the magnetosome growth, the averaged magneto-
some number per cell (N m), length (Lm) and width (W m) of magne-
tosome, and shape factor were analysed (see Table 1). Statistically,
the N m, Lm and W m increase rapidly during the early exponential
phase. Between 32 and 48 hr, the cells divide faster, while the N m

still increases, indicating that magnetosomes were synthesized fast
enough to compensate for the accelerated cell division. The slight
decrease of N m at 40 hr suggests that magnetosome formation lags
behind cell division at the end of the exponential phase. During the
stationary phase, the cell number decreases with time, but the N m

and grain sizes still increase slightly. After 96 hr cultivation, in av-
erage, the cell produced 14 cubo-octahedral magnetosome crystals
with a mean grain size of 44.5 nm (Figs 1e and f).

Fig. 2 shows the grain size and shape factor distributions of mag-
netosomes at 28 , 32 and 68 hr. The grain size distribution evolves
gradually from positively skewed (skewness of 0.17 at 28 hr) to
negatively skewed shape (skewness of −0.29 at 32 hr and −0.52 at
68 hr). The positively skewed shape of the crystal size distribu-
tion represents the unconstrained growth (i.e. not limited by vesi-
cles size). With the magnetosome growing, the spatial limitation of
vesicles possibly results in forming a negatively skewed distribu-
tion. The shape factor distributions of magnetosomes throughout
the cell cultivation were very narrow and asymmetric, also indicat-
ing a strictly biochemical control on magnetosome formation (Eberl
et al. 1998; Arató et al. 2005).

3.2 The Verwey transition and the Moskowitz test

Fig. 3 shows representative low-temperature magnetization curves
and room-temperature hysteresis loops of the cell samples. Both
FC and ZFC warming curves show a sharp drop of SIRM5T−10K

intensity around 100–106 K (Figs 3a, c and e), indicative of mag-
netite magnetosomes. Specifically, the T v is of 100, 104, 104, 104
and 106 K for the cell samples at 28, 36, 48, 68 and 96 hr, respec-
tively. On the warming curves after FC, those samples showed about
90.9, 58.6, 49.8, 44.2 and 51.7 per cent of SIRM5T−10K loss at 300 K,
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Magnetite magnetosome and fragmental chain formation of Magnetospirillum magneticum AMB-1 37

Figure 2. Crystal size distributions (left-hand side) and shape factor distributions (right-hand side) of magnetosomes at 28, 32, and 68 hr. Size equals
(W + L)/2.

respectively. The decreasing demagnetization through warming and
increasing T v with cultivation time suggest a decreasing contribu-
tion of SP particles and an evolution towards more stoichiometric
magnetite (Aragón et al. 1993; Muxworthy & McClelland 2000).
The observed remanence losses at 300 K by low-temperature de-
magnetization are much bigger than those of other cultured and
uncultured MTB (see table 2 in Pan et al. 2005b). It is likely due to
the smaller grain size formed and much shorter chains in this study.
However, the T v values (100–106 K) are comparable to other values
published (see Pan et al. 2005b), suggesting that grain size effect
on the T v value is limited (Prozorov et al. 2007).

The calculated δFC/δZFC values increase from 1.3 at 28 hr to ≥2.0
after 36 hr. For the cell samples at 36, 48, 68 and 96 hr, their δ ratios
are 2.2, 2.1, 2.3 and 2.0, respectively.

3.3 Hysteresis loops and FORCs

The room-temperature hysteresis loop for the cell sample at 28 hr
is slightly wasp-waisted with the lowest Bc, Bcr and M rs/M s, but

the highest Bcr/Bc, falling into the region with higher SP content
(Fig. 3b). This is well consistent with the TEM observation and
low-temperature magnetic measurement, which indicate a mixture
of SP and SD particles. Other cell samples cultivated for longer time
showed nearly classic Stoner–Wohlfarth type hysteresis loops with
increasing coercivity values (Figs 3d and f). On the modified Day
plot, the cell sample at 28 hr falls within the SD + SP region, while
the other cell samples are located well in the SD grain size region
(Fig. 4). The M rs/M s values are close to 0.5, which indicates that the
magnetization within the cells is dominated by uniaxial anisotropy
(imparted by the magnetosome chain or subchain structure, which
outweighs the intrinsic cubic magnetocrystalline anisotropy; Stoner
& Wohlfarth 1948). The Bc increases from 4.7 mT at 28 hr to
18.1 mT at 96 hr; and the Bcr increases from 11.2 mT at 28 hr to
23.3 mT at 96 hr.

FORC diagrams may provide detailed information about the dis-
tributions of coercivity and magnetostatic interaction fields, and the
domain state of magnetic components (Pike et al. 1999; Roberts
et al. 2000). FORC diagrams for the representative whole cell sam-
ples are shown in Fig. 5. Consistent with TEM observations, the
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Figure 3. Low-temperature magnetic measurements and room-temperature hysteresis loops for the cell sample at 28, 36 and 96 hr. Solid (open) squares
indicate the FC (ZFC) data. Thin line stands for the dM /dT of FC data, its peak reflects the T v. The calculation of δFC/δZFC ratio sees the text.

FORC diagrams for the whole AMB-1 cells show a very clear
evolution from a mainly SP pattern to an SD pattern. Specifically,
as expected for very small grain size and less magnetosomes, the
FORC diagram for the 28 hr sample is ‘noise’ (Fig. 5a). The FORC
distribution of cell sample at 36 hr already indicates the presence
of stable SD particles with a small fraction of viscous SD (close to
Hc = 0; Fig. 5b). Obviously, the viscous SD fraction is too small to
influence the shape of the hysteresis loop, which is not constricted
(Fig. 3d). And finally, the FORC diagram for the cell sample at 96 hr
shows a typical SD behaviour (Fig. 5c).

The FORC diagrams for the whole AMB-1 cells after 36 hr cul-
tivation show rather narrow vertical distribution along the Hc axis
(Figs 5b and c), very different from the ones obtained for interact-
ing magnetite particles (Muxworthy et al. 2004; Pan et al. 2005b).
The latter shows a large vertical spread, while the FORC diagrams
obtained here are confined to within a few mT of either side of the
Hc axis. The little vertical spread appears to be due to processing-
related smoothing, as the diagrams become increasingly concen-
trated along the Hc axis for decreasing values of SF. Interestingly,
the FORC diagram in Fig. 5(c) has a pronounced negative region
in the lower-left domain, centred about the point (Hc, Hb) = (0,
−30) mT, which is connected to the maximum of the distribution
at (Hc, Hb) = (−30, 0) mT by a line with slope 45◦. That is exactly
what Newell predicted for a non-interacting, isotropically oriented

Stoner–Wohlfarth assemblage (Newell 2005). This observation sup-
ports the interpretation of the corresponding major hysteresis loop
(Fig. 3f) in terms of a ‘Stoner–Wohlfarth’ loop. From this analogy,
we may conclude that magnetostatic interactions are too small to
noticeably affect the magnetic hysteresis properties.

4 D I S C U S S I O N

4.1 Magnetosome synthesis in AMB-1

In the present study, no magnetosomes were detected during the lag
phase despite non-magnetic AMB-1 cells growing in iron-rich con-
ditions. The temporal variations of average magnetosome numbers,
mean grain sizes and cell numbers suggest that the AMB-1 cells syn-
thesize magnetosomes during both the exponential and stationary
growth phases, but dominantly in the former phase (Table 1). This
is different from the growth of AMB-1 under anaerobic conditions,
which produced magnetosomes only in the exponential growth
phase (Matsunaga et al. 1996; Yang et al. 2001). Komeili et al.
(2004) showed that non-magnetic AMB-1 cells formed full-sized
magnetosomes within 21 hr after transited into iron-rich medium.
This suggests that both the initial cells and the culture environ-
ments affect the magnetosome formation in AMB-1. For instance,
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Magnetite magnetosome and fragmental chain formation of Magnetospirillum magneticum AMB-1 39

Figure 4. Measured M rs/M s and Bcr/Bc data for the AMB-1 cells (solid
symbols, this study) compared to the other MTB (open symbols, data from
(Moskowitz et al. 1993), the mixture of MV1H + 10 nm ferrofluid (Carter-
Stiglitz et al. 2001) and the predictions of linear mixing theory (Dun-
lop 2002). Samples of the AMB-1 cells at 28 hr (square), 36 hr (circle),
48 hr (inverse triangle), 68 hr (triangle) and 96 hr (asterisk); the wet MV-1
and MV-2 (squares), freeze-dried MV-1 (triangles) and freeze-dried MS-1
(inverse triangles) cells.

Komeili et al. (2004) prepared their initial non-magnetic cells by
pre-culturing AMB-1 strains anaerobically in iron-poor medium,
and the time-course experiments were carried out under anaero-
bic conditions. Therefore, rapid magnetosome formation may be
ubiquitous in optimal natural conditions.

The reduced T v of magnetosome magnetite has been observed in
other cultured and uncultured MTB cell samples (Moskowitz et al.
1993, 2008; Carter-Stiglitz et al. 2004; Weiss et al. 2004; Pan et al.
2005b; Kopp et al. 2006; Pósfai et al. 2006b; Prozorov et al. 2007).
Generally speaking, cation substitution, oxidation and cation va-
cancies can reduce the T v (Muxworthy & McClelland 2000; Walz
2002). Previous experiments showed that MTB formed magnetite
has highly chemical purity even with titanium, chromium, cobalt,
copper, nickel, mercury or lead in growth medium (Gorby 1989).
Oxidation caused by sample handling in this study should be slight
because fresh cells were quickly centrifuged at low temperature
(4 ◦C) for short time (15 min) and taken for the low-temperature
measurements immediately. Cation vacancies (Frankel et al. 1979)
or crystal defects (Devouard et al. 1998) cannot be excluded at this
stage. Although the exact mechanism for the lower T v of magneto-
somes is not determined, our data support the idea that the lower T v

may be an intrinsic property of magnetosome magnetite (Pan et al.
2005b; Fischer et al. 2008; Moskowitz et al. 2008).

4.2 Mechanism of subchain assemblage

Recently, Komeili (2007) proposed a new mechanism for magne-
tosome formation of AMB-1 involving in three steps: (1) invagi-
nation of magnetosome membrane from the inner membrane of
cell; (2) integration of the membrane invaginations into a intact
chain with the help of cytoskeletal filaments and (3) biomineral-
ization of magnetite particles within the empty membrane invagi-
nations pre-aligned within and anchored to the inner membrane of
the cell. TEM observations of this study clearly showed that the
magnetosome formation in AMB-1 starts simultaneously at multi-
ple sites within cell body along the long axis of the cell. Gradually,

Figure 5. FORC diagrams for the AMB-1 cell sample at 28 (a), 36 (b)
and 96 hr (c). A lower-left ‘negative region’ can be observed for the 96-hr
sample.

the adjacent magnetosomes were assembled into 3–5 subchains,
and the newly formed magnetosomes are added to the end of the
subchains. The subchain pattern was observed till the final stage.
Although the empty membrane invaginations and the cytoskeletal
filaments were not detected in this study, the observations of linear
arrangement of magnetosomes along the long axis of the cell and
constant dcc values strongly support Komeili’s model. The physical
connection of magnetosome vesicles to inner membrane and to cy-
toskeletal filaments within cell may maintain the linear arrangement
of subchains. A different mechanism for the chain arrangement in
Magnetospirillum gryphiswaldense MSR-1 was proposed, in which
magnetosome biomineralization initiates simultaneously at multiple
discrete sites along the entire length of the cell; and then the growing
magnetosomes shift towards the mid-cell to form a straight, tightly
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packed chain (Scheffel et al. 2006; Faivre et al. 2007). This differ-
ent dynamics of magnetosome-chain assemblage might result from
fundamental differences in the molecular mechanisms of different
MTB species.

A significant observation in this study is AMB-1 formed 3–
5 subchains under the used culture conditions. Several factors
should be considered. Previous study revealed that no magneto-
somes were formed by AMB-1 when oxygen in gas phase exceeded
35 per cent (Yang et al. 2001). We grew AMB-1 in microaero-
bic condition (∼21 per cent oxygen in the gas phase at initial time),
which could inhibit magnetosome formation. Second, the used batch
way culture (without subsequent iron-feeding) may lead to insuffi-
cient supply of available iron during stationary growth phase. Third,
the retrogression of the initial non-magnetic cells (aerobic culture)
possibly deteriorates the magnetosome formation ability of cells. To
fully understand the subchain formation, further experiments (i.e.
iron-feeding and various growth conditions) are needed.

4.3 Magnetostatic interaction of magnetosome subchains

The magnetostatic interactions in MTB cell samples could arise
from the intrachain, interchain and intercell interactions. Previously
theoretical and experimental studies have revealed that magneto-
static interactions inside magnetosome chain along the direction of
the chain lead to the entire chain to behave in a magnetically coher-
ent fashion (Penninga et al. 1995; Hanzlik et al. 2002), and to act
as an ‘ideal‘ uniaxial Stoner–Wohlfarth particle (Dunin-Borkowski
et al. 1998; Simpson et al. 2005; Pósfai et al. 2006a). The subchain
configuration of AMB-1 cells in present study provides an opportu-
nity to study the inter-subchain and intra-subchain interactions. As
clearly seen in hysteresis loops (Figs 3d and f) and FORCs (Figs 5b
and c), these subchains behave as uniaxial Stoner–Wohlfarth par-
ticles. There are significant intra-subchain interactions and nearly
negligible interactions between subchains. The large d sc (>200 nm)
and good separation of whole cells also cause weak or negligible
inter-subchain and intercell interactions.

The absence of interaction characteristics also corroborate the
earlier studies that FORC diagram cannot detect strong intrachain
interactions of magnetosomes because each magnetosome chain
acts as an individual elongated SD particle (Pan et al. 2005b; Chen
et al. 2007). This idea was independently supported by magnetic
induction mapping of multiple magnetosome chains in MTB using
electron holography (Simpson et al. 2005; Pósfai et al. 2006a).

4.4 More geological significance

In nature, MTB commonly inhabit in OAI in aquatic environments
with a high cell concentration of 105–106 cells mL–1. The OAI
system can provide MTB with beneficial vertical redox and chem-
ical gradients, and relatively high concentration of dissolved iron
(Simmons et al. 2004; Simmons & Edwards 2006; Moskowitz et al.
2008). Thus, the natural environments have advantages for mag-
netosome formation compared with laboratory culture conditions.
So far, the direct observation of MTB growth in natural environ-
ment is not practically feasible. Detailed studies on the cultivated
MTB strains are still crucial for understanding the mechanism of
magnetosome formation and their biogeochemical significances,
for example, nitrogen fixation, nitrogen denitrification and iron cy-
cling, despite that there could be dramatic differences between the
laboratory condition and natural environment. If fragmental chain
were found to exist in other cultivated or uncultivated MTB, the sub-

chain pattern and experimental conditions used in this study may
provide very useful reference to account for the fragmental chain
formation.

Importantly, the present study shows for the first time that the
Moskowitz test is still valid for subchains of magnetosomes (Figs 1,
3c and e). The failure of Moskowitz test for the cell sample at
28 hr is obviously due to the presence of a high-fraction SP par-
ticles and very poor chain formation, as indicated by the shape
of warming curve (Fig. 3a), hysteresis loop (Fig. 3b) and FORC
diagram (Fig. 5a). All other four measured samples (36, 48, 68
and 96 hr) successfully passed the test. This finding significantly
expands the practicality of the test to identify magnetofossils in an-
cient sediments. Besides, the observed lower T v (100–106 K) for the
cultivated AMB-1 suggests a reduced stoichiometry of magnetite
magnetosomes.

It is realized that magnetic minerals in sediments, usually a mix-
ture of biogenic and abiogenic phases, are much more complicated
than expected previously, and we have little knowledge how well
magnetosomes are preserved in bulk sediments. To establish effec-
tive criteria for identification of magnetofossils in sediment sample,
rock magnetic studies in combination of electron microscopy analy-
ses and ferromagnetic resonance (FMR) spectroscopy are required.
Kopp & Kirschvink (2008) recently proposed six-criteria scoring
schemes for evaluating identifications, and stressed the FMR spec-
troscopy as a tool for investigating both the narrowness of grain
size distributions and magnetic anisotropy. With these new compre-
hensive approaches, it is expected that future studies of sediments
and sedimentary rocks will unravel more palaeoenvironmental and
magnetic signals carried by magnetofossils.

5 C O N C LU S I O N S

The combination of multiparameter rock magnetic analyses and
TEM observations consistently featured the processes of the mag-
netosome formation in AMB-1 under a controlled microaerobic
growth condition. It was found that AMB-1 form magnetite magne-
tosomes during both the exponential and stationary growth phases,
but dominantly in the former one. The growing magnetosomes are
organized into 3–5 subchains, linearly aligned along the long axis
of the cell. Together with the constant dcc values, observations of
this study provide lines of evidence that magnetosomes are physi-
cally connected to the cell and linearly assembled. The subchains
behave as uniaxial SD particles with strong intra-subchain mag-
netostatic interactions and rather weak inter-subchain and intercell
magnetostatic interactions as shown by highly suppressed vertical
distributions in FORC diagrams. The Moskowitz test was proven to
be valid for magnetosome arranged in subchains.
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A P P E N D I X

A.1 Chemical composition of growth medium

The modified MSGM used in this study contains the following
ingredients (in grams per litre): 0.74 g of succinic acid, 0.68 g of
potassium dihydrogen phosphate, 0.12 g of sodium nitrate and 0.1 g
of sodium thioglycolate. The medium was supplemented with 10 mL
of Wolfe’s vitamin solution and 10 mL of Wolfe’s mineral solution.
The pH was adjusted to 7.0 with NaOH solution prior to sterilization
at 115 ◦C for 30 min. Compared with the normal MSGM, our
modified MSGM contains three-fold more ferric quinate (60 μM)
and is enriched by the addition of 0.1 g yeast extract and 0.2 g
of polypeptone. The addition of yeast extract and polypeptone was
proven to be able to increase the cell growth and magnetosome
production (Yang et al. 2001).

A.2 Preparation and inoculation of non-magnetic
AMB-1 cells

First, the pre-cultured cells were inoculated into 200 mL MSGM
contained in a 300-mL flask. The initial cell density is about
2.0 × 106cells mL–1 (measured by bacterial counting chamber).
The flask was then put in a shaking incubator with free gas ex-
change and was agitated at 80 rpm at 26 ◦C. After 36 hr shaking
cultivation, the cells reached an exponential growth phase with cell
density of about 5.0 × 108 cells mL–1. The newly divided cells
did not contain intracellular magnetic particles based on TEM ob-
servations. The non-magnetic AMB-1 cells were obtained through
a 36-hr aerobic incubation of AMB-1 strains. About 2-mL non-
magnetic AMB-1 cell suspension was inoculated into each of the
96 250-mL serum vials (the initial density of cells is approximately
2.0 × 106 cells mL–1). To generate a microaerobic condition, the
vials were sealed with butyl-rubber stopper after the inoculation to
avoid further gas exchange with ambient air.
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