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Abstract 

We describe pulsed-magnetic-field remanence measurements of individual, killed, undisrupted cells of three different 
types of magnetotactic bacteria. The measurement technique involved the observation of aligned, individual magnetotactic 
bacteria with a light microscope as they were subjected to magnetic pulses of increasing amplitude. We show that for MM 
cells, the hysteresis loop is square, with the coercive field variable from cell to cell. This is consistent with just two 
magnetization states for the single chain of magnetite particles. For MR and MMP cells, the hysteresis loops are not square, 
indicating that there are several different magnetization states, and that individual cells can be demagnetized. The coercive 
fields in the MR and MMP cells are less variable than for the MM cells. 

1. Introduction 

Magnetotactic bacteria, a diverse group of In many magnetotactic bacteria from marine, sul­
prokaryotes, contain magnetosomes [l,2], which are fidic environments, the magnetosome particles con­
magnetic mineral particles enclosed in membranes. sist of the iron-sulfide mineral greigite, Fe3 S4 [5], 
In most cases, the magnetosomes are arranged in a which is isostructural with magnetite and is also 
single or multiple chains, and are apparently fixed ferrimagnetically ordered at ambient temperature. 
within the cell. In many magnetotactic bacterial types, The greigite particles are also characterized by nar­
the magnetosome mineral particles consist of ferri­ row particle size distributions and species-specific 
magnetic magnetite, Fe30 4 [3], are characterized by crystal habits [6]. However, whereas the magnetite 
narrow particle size distributions, and have uniform, particles in a magnetosome chain are usually ori­
species-specific, crystalline habits [2]. The particle ented so that a [111] crystallographic axis of each 
sizes range between 40 to 100 nm, and are within the particle lies along the chain direction, the greigite 
permanent single-magnetic-domain size range for particles in a magnetosome chain are usually ori­
magnetite [4]. ented so that a [100] crystallographic axis of each 

particle is oriented along the chain direction. In one 



organism, an unusual, many-celled, magnetotactic 
prokaryote (MMP) [7], particles of non-magnetic 
pyrite, FeS 2, occur in addition to Fe3S 4 [5]. In 
another organism, both magnetite and greigite parti- 
cles occur in the same chain of magnetosomes [8]. 

Whether the mineral particles are magnetite or 
greigite, the chain of magnetosome particles consti- 
tutes a permanent magnetic dipole fixed within the 
bacterium [9]. The remanent moment is generally 
close to its saturation value. Normally it is suffi- 
ciently larger than the background thermal energy so 
that it, and consequently the bacterium, is oriented 
along geomagnetic field lines as it swims, causing 
the bacterium to migrate along the field lines. 

Kalmijn and Blakemore [10] and Mizota and 
Maeda [11] have reported on the effect of pulsed 
magnetic fields on the migration of uncharacterized 
magnetotactic bacteria collected from natural envi- 
ronments. An intense magnetic pulse of several hun- 
dred gauss, oriented opposite to a steady, several 
gauss magnetic field in which the bacteria were 
migrating, caused a fraction of the bacteria, which 
increased over a certain range with the strength of 
the pulses, to reverse their direction of migration. 
Similarly, exposure of magnetotactic bacteria to an 
intense 60 Hz magnetic field caused about 50 per- 
cent of magnetotactic bacteria in a sample to migrate 
opposite to the original migration direction, subse- 
quent to removal of the 60 Hz field [12]. 

These observations were consistent with only two, 
opposite, directions of magnetization relative to the 

chain direction and a square hysteresis loop for each 
cell, but with coercive fields that varied from cell to 
cell, or varied according to the instantaneous orienta- 
tion of the cell with respect to the direction of the 
magnetic pulse. 

In this paper, we describe pulsed-magnetic-field 
remanence measurements of individual, killed, 
undisrupted cells of three different types of magneto- 
tactic bacteria. The measurement technique was based 
on a method described by Knowles [13] for small 
synthetic magnetic particles. It involved the observa- 
tion of aligned, individual magnetotactic bacteria 
with a light microscope as they were subjected to 
magnetic pulses of increasing amplitude. The mi- 
croorganisms studied were the culturable magneto- 
tactic bacterium Magnetospirillum magnetotacticum 
(MM) (formerly Aquaspirillum magnetotacticum 
ATCC 31632), which contains a single chain of 
cubo-octahedral magnetite-containing magnetosomes 
[3], and two uncultured magnetotactic bacteria; an 
uncharacterized magnetotactic curved rod that con- 
tains two or more adjacent chains of greigite-contain- 
ing magnetosomes (MR), and the MMP described 
above. The MR and MMP were collected from water 
and sediment obtained from a brackish salt marsh 
pool at Morro Bay, California., 

As we show below, the MM hysteresis loop is 
square, with the coercive field variable from cell to 
cell. This is consistent with just two magnetization 
states for the single chain of magnetite particles. For 
the MR and MMP, the hysteresis loops are not 
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Fig. 1. Schematic diagram of the pulsed magnetic field remanence measurements. A cell aligned in the field B,  is subjected to high field 
pulses Bp, mostly oriented opposite to B,. Following each pulse, the relative remanent moment of the cell M r is determined as described in 
the text. A - F  correspond to a sequence of pulses and remanent moment measurements that results in the remanence plot shown to the right. 
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square, indicating that there are several different 
magnetization states, and that individual cells can be 
demagnetized. The coercive fields in the MR and 
MMP cells are less variable than for the MM cells. 

2. Method 

Cells of MM were cultured as previously de- 
scribed [14] and fixed in 1% glutaraldehyde. Some of 
the fixed cells were deposited on carbon-coated elec- 
tron microscope grids for transmission electron mi- 
croscopy. 

Cells of MR and MMP were collected from 
brackish salt marsh sediments using a modified 
race-track technique [15]. The cells were fixed in 3% 
formaldehyde. Some of the MR cells were deposited 
on carbon-coated electron microscope grids for 
transmission electron microscopy. 

Magnetic measurements are shown schematically 
in Fig. 1. They were made with an Olympus BH-2 
microscope fitted with a video camera, VCR and 
monitor, and a coil system. The × 40 objective was 
modified by removing a magnetic spring that pressed 
on the lens and caused a distortion of the field at the 
object site. The metal microscope stage was replaced 
by a lucite stage that was fitted with a coil system 
consisting of insulated copper wire wound on lucite 
forms. 

The coil system consisted of two orthogonal, 
500-turn coil pairs (nominally oriented N-S  and 
E-W) that generated a variable (up to 15 G), DC 
alignment field B a in the optical plane of the micro- 
scope. The orientation of B a in the plane could be 
controlled by adjusting the currents through the two 
coil pairs. A field B a with constant magnitude could 
also be used, rotating in the plane at a variable rate 
by applying sinusoidal currents, 90 degrees out of 
phase, to the two coil pairs. Another 600-turn coil 
pair, oriented parallel to the E - W  alignment pair, 
was used to generate a 1 to 5 ms magnetic pulse 
field Bp with variable amplitude up to 700 G. The 
two pulse coils, calibrated for field as a function of 
current, were connected through switching transistors 
to a 50-150 V power supply. The magnitude of the 
pulse field was obtained from the reading of a peak 
voltmeter that measured the sum of the voltages 
across standard resistors in series with the coils. 

Fixed cells in aqueous suspension were drawn up 
into a glass capillary tube with a rectangular cross- 
section and an optical path length of 0.1 mm (InVitro 
Dynamics). The capillary tube was placed on the 
stage and viewed through the microscope. The sus- 
pended cells were observed to orient along B a, and 
to rotate by 180 degrees if the direction of B a was 
reversed by reversing the direction of current in the 
coils. 

Most of the measurements were made with only 
the E - W  alignment coils activated, with Ba approxi- 
mately 7 G. Pulsed magnetic fields of increasing 
amplitude with Bp oriented opposite to B a were 
applied to the sample. When Bp exceeded the coer- 
cive force H c of the chain of particles in a particular 
cell, the cell could be seen to rotate by 180 degrees 
following the pulse. 

The remanent magnetic dipole moment of the cell 
Mr, following a pulse of amplitude Bp, relative to its 
original value, i.e., before being subjected to any 
pulses, was determined by measuring the time T 
required for the cell to rotate between two angles, thl 
and qb 2, with respect to B~, following a reversal of 
B a. The relationship between the torque exerted by 
B a on M r and the viscous drag on the cell as it 
rotates is given by [16]: 

MrB a sin 0 V d d O / d t ,  (1) 

where 0 is the instantaneous angle between M r and 
Ba, and V d is the rotational-viscous-drag coefficient, 
which for a sphere is equal to 87r1/R 3 (1/ is the 
viscosity coefficient of water and R is the radius of 
the sphere) [17]. Rearrangement and integration of 
Eq. (1) yields 

T (Vd/MrBa) [In t a n ( t h J 2 )  In tan( th2/2)].  

(2) 

For constant Vd, Ba, thl and thE, T is inversely 
proportional to M r . Because of the logarithmic di- 
vergence of T at th 0 and 180 °, T was measured 
between thl 10° and thE 170°" This method could 
not be used to determine the absolute magnitude of 
the cellular remanent moment because the actual 
viscous drag coefficients for the cells in the water 
medium were not known. 

A variation on this method utilized B~ rotating in 
the focal plane at a fixed frequency ( 0.5 Hz) [18], 
initially with a field magnitude of approximately 7 
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Fig. 2. Transmission electron micrograph of a Magnetospirillum 
magnetotacticum (MM) cell. Bar 1 ~m. 

mined by applying progressively larger dc fields to 
an initially demagnetized sample and measuring the 
remanence after removal of the field. The dc demag- 
netization (DCM) curve was determined by saturat- 
ing the sample in a large positive field and measur- 
ing the remanence after applying progressively larger, 
negative, dc fields. The bulk sample was prepared by 
drying a small drop of the cell suspension onto a 
glass cover slip. 

3. Results 

G. At first the cell rotated at constant angular veloc- 
ity with the field. Then, with the rotation frequency 
unchanged, the field magnitude B a was slowly re- 
duced until at a value ( n a ) m i n ,  the cell was observed 
to stop rotating with the field. According to Eq. (1), 
rotation of a cell at constant angular velocity will 
occur as long as the torque on the cell due to the 
rotating field is balanced by the viscous drag. As B a 
is decreased, O increases. At B a (Ba)min ,  0 9 0  °, 

for B a < (Ba)min ,  the cell stops rotating with the 
field. From Eq. 1, M r is proportional to  (Ba )mi  n. AS 
noted above, since V d was not known, only the 
relative magnitude of the remanent moment M r of 
the cell could be determined in this way. 

Besides the pulse measurements described above, 
the average coercive force and remanence curves of 
a bulk sample of the cultured MM cells were mea- 
sured with an alternating gradient force magnetome- 
ter in static fields up to 1.0 kG. The isothermal 
remanent magnetization (IRM) curve was deter- 
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Fig. 3. Hysteresis loop for a bulk MM sample at 295 K. The 
coercive force is 303 G. 

3.1. Magnetospirillum magnetotacticum 

An electron micrograph of one of the MM spirilla 
with its single chain of cubo-octahedral magnetite 
particles is shown in Fig. 2. Examination of thirty 
micrographs showed that the cells contained from 8 
to 52 magnetosomes (ave. 24) with an average parti- 
cle volume of 9.6 x 10-17 cm 3. Using the value of 
480 e m u / c m  3 for Fe304 at 295 K, this yields an 
estimated magnetic moment per cell ranging from 
M 0.32 to 2.4 X 10 -12 emu, with an average value 
of 1.1 × 10 -12 emu (1 e m u =  1 erg/gauss). The 
bulk coercive force at 295 K was 303 G (Fig. 3), 
which is consistent with previous measurements on 
MM cells [19]. The remanence ratio (Mr/M s) was 
0.48, in excellent agreement with the theoretical 
value of 0.5 for a random dispersion of single-mag- 
netic-domain particles. 
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Fig. 4. Pulsed magnetic field remanence plot for an individual 
MM cell. 
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In the pulsed remanence curve of Fig. 4, the 
relative magnitude of the remanent dipole moment of 
a cell M r is plotted against the amplitude Bp of the 
pulsed magnetic field. Since B a was taken as defin- 
ing the positive direction, and Bp is antiparallel to 
Ba, -Bp  is plotted along the abscissa in Fig. 4. For 
negative values of M r the magnetization of the chain 
has reversed direction within the cell. The hysteresis 
loop in this spirillum is very square. In such cases, 
the coercive field, H c, is defined as the field at 
which the magnetization reversal takes place; for the 
present sample, H c 310(3) G. A square hysteresis 
loop is characteristic of all MM cells, suggesting that 
the magnetization of a cell can be reversed, but that 
the cell cannot be demagnetized. In a few cells, 
however, the magnetization reversal occurred in two 
stages, with a sudden small decrease in moment 
followed by complete magnetization reversal at a 
slightly higher pulse field. 

The magnitude of M r for a cell was the same 
before and after a saturation pulse (Bp 700 G), 
with Bp parallel to na, indicating that the micro- 
magnetic spin structure of the chain was the same in 
both states, and that the natural remanent moment of 
the cells equals the saturation remanent moment. 

The IRM and DCM curves for the bulk sample 
are shown in Fig. 5. As a measure of inter-strand or 
intra-strand dipolar interactions, the two sets of re- 
manence measurements are combined to form a 
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(IRM) and dc  demagnet iza t ion (DCM) for bulk  sample.  Curves  

have been normal ized to the saturat ion remanence  produced  in 1 

kG. A Henkel  plot for  this sample  is shown in the insert. 
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Fig. 6. His togram of  swi tching fields for M M  cells with swi tching 

field distributions obtained by differentiat ing the D C M  and IRM 

data in Fig. 5. The remanent  SFDs have been normal ized by  the 

total area under  each curve. 

Henkel plot (e.g., Ref. [20]) and shown in the inset 
of Fig. 5. For non-interacting single domain parti- 
cles, the Henkel plot is linear with a slope of - 2 .  
The slight concave upward departure from ideal 
behavior suggests a minimal degree of negative (de- 
magnetizing) interactions between magnetosome 
chains [19-22]. 

The pulse fields at which magnetization reversal 
occurred were measured for 50 spirilla and are dis- 
played in the histogram shown in Fig. 6. The average 
magnetization reversal field for these cells was 292 
G, in good agreement with the bulk coercivity of 303 
G for the sample but less than the remanent coerciv- 
ity (H  r) of 339 G. The solid and dashed lines in Fig. 
6 were obtained by differentiating the DCM and 
IRM remanence plots of the bulk data with respect to 
magnetic field and provide estimates of the switch- 
ing field distributions (SFD) during magnetization 
and remagnetization. Both remanent SFDs are ap- 
proximately the same suggesting minimal interaction 
effects and is another expression of the near linear 
Henkel plot. Although the average coercivity is ap- 
proximately the same for both the bulk and single 
cell experiments, there is a sharp cutoff in the single 
cell SFD compared to the high-field tail for the 
random dispersion of dried cells. 

The dependence of H c on the orientation of Bp 
with respect to the orientation of M r was investi- 
gated by comparing H c for Bp oriented antiparallel 
to B a, to H c for Bp oriented at 45 degrees to B a. 
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Fig. 7. Transmission electron micrograph of an uncultured magne- 
totactic rod (MR). Bar 1 ixm. 

The values of H e were 300 G and 320 G, respec- 
tively. 

F e 3 S  4 magnetosomes. An electron micrograph of a 
MMP is shown in Fig. 8. The organism consists of 
multiple cells, each of which contains single or 
double magnetosome chains. The magnetosome min- 
erals a re  F e 3 S  4 and FeS2, but the arrangement of the 
minerals in the chains is not known. Fig. 8 shows the 
MMP with the individual cells disaggegated on the 
grid. There is evidence from electron microscopy 
(B.R. Heywood, S. Mann, and R.B. Frankel, unpub- 
lished) that the magnetosome chains in cells of the 
intact organism have a common orientation. 

Pulsed field remanence plots for six MR cells and 
five MMP cells are shown in Figs. 9 and 10, respec- 
tively. The average values of H c were 320 + 20 G 
and 200 + 3 G, respectively. Unlike the MM cells, 
the MR and MMP hysteresis loops were not square, 
indicating that individual MR and MMP cells can be 
demagnetized. 

3.2. MR and MMP 4. Discussion 

An electron micrograph of a MR cell is shown in 
Fig. 7. The cell contains two adjacent chains of 

The high squareness of the pulsed remanence data 
obtained for MM is consistent with the single chain 

Fig. 8. Transmission electron micrograph of an uncultured, many-celled, magnetotactic prokaryote (MMP). Bar 1 I~m. 
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Fig. 9. Pulsed magnetic field remanence plots for a six magneto- 
tactic rods (MR). 

of single-domain magnetite particles in this organ- 
ism. This structure is reminiscent of the 'chain of 
spheres' model for elongated single domain particles 
[23]. Magnetic interactions between the particles and 
the perfect crystallographic alignment of the crys- 
talline easy axis along the chain direction combine to 
make the chain axis the easy axis of magnetization, 
and magnetization reversal occurs by a fanning or 
vortex propagation mechanism [23-25]. Because of 
gaps between the particles in the chain, the coercive 
force is less than the coercive force expected for a 
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Fig. 10. Pulsed magnetic field remanence plots for five many-cel- 
led, magnetotactic prokaryotes (MMP). 

solid rod or cylinder [19]. For example, the classical 
nonsymmetric fanning mode of Jacobs and Bean [23] 
predicts H c 439 G for a chain of 12 magnetite 
particles or greater, whereas the observed Hc for the 
MM sample is approximately 300 G. The fanning- 
type reversal modes are also consistent with the 
observed distribution in the coercive force in the 
population, either through a distribution in gap sizes, 
chain lengths, or both. Theoretical models for fan- 
ning-like magnetization reversals in a linear chain of 
particles predict that chain coercivity approaches a 
saturation value for n > 12 [23,25,26]. We interpret 
the sharp cutoff in the coercivity distribution ob- 
served for the cells in terms of this saturation effect. 
However, since it was not possible to observe the 
chain length in a cell with light microscopy, it was 
not possible to correlate the coercive force of a given 
cell with chain length. 

The relatively small increase, from 300 to 320 G, 
in the coercive force with change of angle from 0 to 
45 between the bacterial dipole and the pulse field 
is also consistent with a non-coherent reversal mode, 
such as the fanning mode in the chain of spheres 
model [23]. 

The sudden small decrease in moment followed 
by complete remagnetization at slightly higher pulse 
fields, observed in some MM cells, suggests that an 
intermediate remanent state can occasionally be ob- 
tained. The reason for this is unclear, but is probably 
related to departures from an ideal, linear chain 
structure. One type of departure is the presence of a 
few immature magnetosomes at the ends of chains 
[27]. Immature magnetosomes are smaller-sized par- 
ticles, approaching the superparamagnetic-single do- 
main transition volume, formed during initial crystal 
growth. The moments of these particles may switch 
at a lower critical field than the rest of the chain due 
to their smaller volumes and terminal positions. The 
variable occurrence of these smaller magnetosomes 
in MM cells would explain both the small magnitude 
of the moment decrease and why the intermediate 
micromagnetic state is observed in only some cells. 

The pulsed hysteresis measurements on MR and 
MMP cells suggest that organisms with two or more 
adjacent chains can be effectively demagnetized. For 
this type of geometrical arrangement of magneto- 
somes, either the moments of the two strands are 
antiparallel ('inter-chain'), or individual magneto- 
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somes along the same chain can be antiparallel ('in-
tra-chain'). It is noteworthy that the chains with 
greigite only (MR) have higher coercivity than chains 
with greigite and pyrite (MMP), even though the 
greigite magnetosomes have similar size distribu-
tions in both organisms. This observation can be 
rationalized if we hypothesize that pyrite particles 
are co-organized in the chains of the MMP. Then it 
is likely that MR cells reverse their magnetization by 
inter-chain remagnetization only, whereas the MMP 
cells reverse their magnetization by intra-chain re-
magnetization. Presumably, the non-magnetic pyrite 
particles in the MMP chains reduce the strong posi-
tive interactions between the greigite particles, mak-
ing an intra-chain reversing mode more probable 
with a concomitant decrease in the energy barrier for 
remagnetization. These observations are in agree-
ment with recent micromagnetic modeling of switch-
ing field behavior in interacting chains of cubic and 
spherical particles [24,25]. 
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