NAVIGATIONAL COMPASS IN MAGNETIC BACTERIA
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Magnetotactic bacteria that orient and swim in a preferred direction in the geomagnetic field contain sufficient single domain

magnelite to constilute a biomagnetic compass.

Several species of bacteria from both fresh water
and marine enviornments were observed to orient
and swim in a preferred direction in the geomag-
netic field (magnetotaxis) [1, 2]. Kalmijn and
Blakemore [2] observed that most of the magneto-
tactic bacteria in sediments oriented and swam
along magnetic field lines toward the north. Rever-
sal of the ambient magnetic field with Helmholtz
coils caused the cells to make large U-turns within
one second and swim in the opposite direction.
Killed cells also oriented in uniform fields as low
as 0.1 G. In these and other respects {3] the cells
behaved like single magnetic dipoles.

A magnetotactic spirillum designated strain
MS-1 was isolated from a fresh water swamp and
grown in pure culture {4]. Magnetic cells of this
new bacterial isolate each had an intracytoplasmic
chain of approximately 22 electron opaque par-
ticles (fig. 1). Each particle was roughly octahedral,
500 A along each major axis. Energy dispersive
X-ray measurements [1] (and unpublished resuits)
showed that the particles in strain MS-1 had high
iron content. Mdssbauer spectroscopy of *’Fe in
freeze dried magnetic and nonmagnetic cells {5]
showed conclusively that iron in magnetic cells was
present primarily in the form of magnetite, Fe,O,,
with a small admixture of y-Fe,0,. Another iron-
containing material with a room temperature
Mdssbaner spectrum similar to that of the iron
storage protein ferritin was also observed.

A population of nonmagnetic cells of MS-1 was
derived by successively cloning their nonmagneto-
tactic progeny in media low in iron. The magnetic
variant of MS-1 had over 10 times the total iron
content of the nonmagnetic form. Nonmagne-
totactic cells lacked the magnetite crystals. Thus,
magnetotaxis in MS-1 is associated with intracellu-
lar magnetite. Since the bacteria were grown in a
chemically defined media containing soluble

(chelated) iron, the presence of intracellular mag-
netite implies a process of bacterial synthesis.

The magnetic properties of magnetite particles
depend on their size and shape. For a particle of
roughly cubic shape with side dimension 4, there is
a range of d over which the particle will be a single

Fig. 1. Eleciron micrographs of magnetofactic spirillum strain

MS-1. Left: cell stained with phosphotungstic acid. Flagella

have been displaced from normal positions at ends of cell. Note

chain of magnelite particles. Right: cell thin-sectioned to reveal

internal location of chain of magnetite particles. Each bar = 0.5
pr.
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magnetic domain. The magnetic moment of a sin-
gle domain for temperatures well below the Curie
point is the saturation or maximum magnetic mo-
ment of the particle and is unchanging in time,
Particles with dimensions d < d, are superpara-
magnetic, i.e. thermal activation induces transitions
of the magnetic moment between different easy
magnetic axis directions with a consequent loss of
magnetic “memory” [6}. Particles with dimensions
d » d, are multidomain and consequently have
macroscopic moments which are either nulled or
less per unit volume than single domain particles.
Butler and Banerjee [7] calculated that for mag-
netite at 300 K d, ~ 500 A and d,, = 760 A. Thus
with & = 500 A, the magnetite particles in strain
MS-1 are within the single domain size range.

The magnetic properties of a chain of single
domain particles have been considered by Jacobs
and Bean [8], Their results showed that because of
strong interparticle interactions, the preferred
orientation of the individual particles is such that
their axes of magnetization are parallel, north-to-
south along the chain direction. Thus, the entire
chain acts as a single magnetic dipole with a mo-
ment equal to the sum of the particle moments.
They also calculated the applied field necessary to
cause reversal of the chain magnetization, postulat-
ing a fanning mechanism for individual moment
reversal. This mechanism requires an applied field
of several hundred Gauss to induce reversal in a
chain of magnetite particles, in qualitative agree-
ment with recent experimental results obtained
using magnetic bacteria [3].

The magnetic moment per bacterium, M, can be
calculated using the known magnetic moment per
unit volume of magnetite, M, = 480 emu/cm’ [9}.
For a single particle of volume 1.25 X 1071 em?,
the magnetic moment nm = 6.1 X 107 4 emu. For a
cell containing the average chain length of 22 par-
ticles, the total moment per bacterium M = 1.3 X
10~!2 emu. In the geomagnetic field of 0.5 G, the
total magnetic energy of a cell MH = 6.6 X 107"
erg. This value is over an order of magnitude
greater than thermal energy, kT (4.1 X 107 Y erg at
300 K).

The orientation of a bacterium or, equivalently,
the orientation of an ensemble of bacteria in the
earth’s magnetic field of 0.5 G in water at ambient
temperatures, can be calculated from the well-

known Langevin theory of classical paramagnetism
[10]. The energy of a magnetic dipole in a magnetic
field £ = M-H = MH cos 8, where 8 is the angle
between the moment direction and the magnetic
field direction. The orientation is equivalent 1o the
thermal average of cos 8, which is a function of
MH/ET:

{cos ) = L{(MH/KT), (1)
where
() - e 8- ()

This function is plotted in fig. 2. The arrow indi-
cates the orientation of a magnetic bacterium with
a chain of 22 particles. This shows that each
bacterium contains a sufficient but not an exces-
sive amount of single domain sized magnetite in an
appropriate configuration to produce orientation in
the earth’s magnetic field at ambient temperature,
e.g. the cell’s chain of magnetite crystals functions
as a biomagnetic compass.

The simplest hypothesis for the mechanism of
magnetotaxis is passive orientation of the
bacterium resulting from the torque exerted by the
ambient magnetic field on its biomagnetic compass

MH/ kg T

Fig. 2. Langevin function (eq. (1)) plotted as a function of the

ratio of magnetic to thermal energy. The arrow indicates the

orientation of magnetic bacteria with a calculated moment of

1.3 X 10~ 2 emu/cell in the geomagnetic field at ambient tem-
perature.
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as it swims. An estimate of the rotation time re-
quired for a bacterium in water can be obtained
from the rotational diffusion equation [10-12]. As
discussed by Purcell [13), the motion of a
bacterium in water is dominated by viscous forces,
and hence the torque is proportional to the angular
velocity of rotation:

M X H = 87r' d8/d:, 3)

where 7 is the viscosity of water (0.01 poise at 300
K) and r is the radius of the bacterium, using a
spherical approximation. We define an orientation
time constant

7 = 8’/ MH =~ 0.05 s (4)

assuming r = 0.5 pm and MH as given above. The
time required to reorient 180° in response to a sign
reversal of an 0.5 G magnetic field is ~ 87 or 0.4 s,
This result is of the order of reversal times for
bacteria from mud samples [2].

Since most magnetotactic bacteria from the
northern hemisphere are observed to swim north-
ward and hence downward [1, 14], the compass in
these cells must have a fixed orientation with re-
spect to the flagellum, with the north-seeking pole
opposite to the flagellum. This orientation could be
preserved in cell division if the compass is parti-
tioned between two daughter cells. Subsequently,
during the magnetite biosynthesis the magnetic
moments of nascent magnetite particles at the ends
of the pre-existing chains would become oriented
along the chain direction by interaction with the
chain dipole moment. It is also interesting to
speculate that if magnetotactic bacteria exist in the
southern hemisphere, and if downward-directed
motion is advantageous, they might have reversed
polarity, i.e. swim in the direction of their south-
seeking pole [15]. South-seeking bacteria have been
produced in the laboratory by subjecting them to
short (1 us), powerful (up to 600 G) magnetic
pulses oriented opposite to their swimming direc-
tion [3].

In conclusion, magnetotactic bacteria construct
a biomagnetic compass by synthesizing a chain of
single domain magnetite particles. This chain func-
tions as a single magnetic dipole with a magnetic

moment sufficient to produce orientation of the
bacterium in the geomagnetic field at ambient tem-
peratures. There are at least two consequences of a
biomagnetic compass in bacteria: (i) they will align
in, and their motion will be directed in, the (homo-
geneous) geomagnetic field; (ii) they will tend to
localize by swimming to regions of locally higher
magnetic flux density due, for example, to materi-
als with high magnetic susceptibility in the environ-
ment.
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