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Abstract Candidatus Magnetoglobus  multicellularis
(CMm) is a multicellular organism in which each constit-
uent cell is a magnetotactic bacterium. It has been observed
that disaggregation of this organism provokes the death of
the individual cells. The observed flagellar movement of
the CMm indicates that the constituent cells move in a
coordinated way, indicating a strong correlation between
them and showing that this aggregate could be considered
as an individual. As every constituent cell is a magneto-
tactic bacterium, every cell contributes with a magnetic
moment vector to the resultant magnetic moment of the
CMm organism that can be calculated through the vectorial
sum of all the constituent magnetic moments. Scanning
electron microscopy images of CMm organisms have
shown that the constituent cells are distributed on a helix
convoluted on a spherical surface. To analyze the magnetic
properties of the distribution of magnetic moments on this
curve, we calculated the magnetic energy numerically as
well as the vectorial sum of the magnetic moment distri-
bution as a function of the number of cells, the sphere
radius and the number of spiral loops. This distribution
proposes a magnetic organization not seen in any other
living organism and shows that minimum energy configu-
rations of magnetic moments are in spherical meridian
chains, perpendicular to the helix turns. We observed that
CMm has a high theoretical degree of magnetic optimi-
zation, showing that its geometrical structure is important
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to the magnetic response. Our results indicate that the
helical structure must have magnetic significance.
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Introduction

Magnetotactic bacteria are flagellated microorganisms able
to orient to magnetic fields. This is possible because of the
presence of intracellular arrangements of magnetosomes,
which are magnetic nanoparticles enveloped by a mem-
brane (Frankel 2003; Bazylinski and Frankel 2004). The
magnetic nanoparticles have been identified as the iron
oxide magnetite (Fe;O,) or the iron sulfide greigite (FesS,4)
(Farina et al. 1990; Mann et al. 1990), depending on the
bacterial metabolism. Each magnetotactic bacterium can be
thought of as a live compass, because the magnetosome
chain functions as a magnetic needle, transmitting mag-
netic torques to the cellular body that orientate its direction
to that of the external geomagnetic field.

Candidatus Magnetoglobus multicellularis (CMm)
(GeneBank EF014726) is a multicellular magnetotactic
prokaryote (MMP) (Abreu et al. 2007). MMPs have been
found all over the world: North America (Rodgers et al.
1990), South America (Abreu et al. 2007), Europe
(Wenter et al. 2009), Asia (Zhou et al. 2011) and Aus-
tralia (Fleming and James 2011). The CMm organism is
spherical and composed of approximately 10—40 gram-
negative cells. These cells are flagellated magnetotactic
bacteria (Keim et al. 2006; Lins and Farina 1999). Each
bacterium has magnetosomes composed mainly of the
magnetic iron sulfide greigite (FesS4), but in some cases
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magnetosomes of greigite or magnetite were observed in
the same CMm (Lins et al. 2007). Each CMm contains
about 300-1,000 magnetosomes, arranged in planar
groups in the cytoplasm near the periphery of the
microorganism and parallel to the external surface (Keim
et al. 2006). Several observations by scanning electron
microscopy suggest that the bacteria that compose this
organism are organized following a roughly helical dis-
tribution (Keim et al. 2006; Lins and Farina 1999; Farina
et al. 1983). The cells are arranged radially around an
acellular internal compartment at the center of the
organism. Each cell has a pyramidal shape with the base
forming the outer surface of the organism. Confocal laser
scanning microscopy shows that the radial cell arrange-
ment is highly organized. The architecture observed has a
biological advantage: all component cells are in contact
with the outside environment and maintain contact with
all the others through the internal acellular compartment
(Keim et al. 2006). The CMm has a magnetic moment
which aligns with the geomagnetic field in the same way
as magnetotactic bacteria. This magnetic moment is the
vectorial resultant of the distribution of magnetic
moments of each constituent cell (Rodgers et al. 1990;
Winklhofer et al. 2007). CMm organisms are very motile
and reach velocities of about 70 pm/s. When a CMm
organism is in the presence of a magnetic field, it is
observed to swim in an elongated helical trajectory with
the symmetry axis aligned to the applied magnetic field
(Perantoni et al. 2009). Observations made with the
magnetic field parallel to the optical axis of an optical
microscope (i.e., field direction perpendicular to the
microscope slide) show that during its migratory move-
ment, the cell body rotates once in the same sense of the
helical trajectory (clockwise) (Keim et al. 2006). This is
evidence that the flagella of each component cell are
parallel to the organism surface and create forces that
produce a precession of the cellular body around the
symmetry axis of the organism. It is known that CMm
loses its magnetization upon exposure to demagnetizing
magnetic fields, recovering it later (Rodgers et al. 1990;
Keim et al. 2006), and that exposing these organisms to
strong magnetic fields (about 1,000 G) remagnetizes them
to higher magnetization values to about 20% of their
natural ones (Winklhofer et al. 2007). These observations
indicate some kind of organization of the magnetic
moments associated to each magnetotactic bacterium
composing CMm. In this paper we propose that the
magnetic moments are arranged in a spherical helix and
that the observed magnetic properties of CMm depend on
this distribution. The magnetostatic energy that results
from the distribution of magnetic moment vectors
attached to a spiral curve is analyzed, and the magnetic
moment distributions with extreme energies (minimal and
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maximum) are found. The biological implications of these
magnetic configurations are discussed.

Mathematical model
The curve

CMm has a unique organization of cells among the pro-
karyotes (Keim et al. 2004a). The study of CMm organisms
has produced the following observations about the cells
that compound them:

1. Cells are genetically identical (Abreu et al. 2007),
having a size distribution. This distribution is not too
wide, being (3.1 & 0.44) pm, as described by Lins and
Farina (1999). So, it can be said that the constituent
cells have similar volumes.

2. Magnetosomes are distributed in planar groups near
the periphery of each CMm cell (Abreu et al. 2007).

3. The cells are joined forming a sphere but following a
curve around the sphere (Abreu et al. 2007; Lins and
Farina 1999; Farina et al. 1983; Perantoni et al. 2009;
Silva et al. 2003) and not randomly as in the aggregation
of soap bubbles (Silva et al. 2003).

4. CMm constituent cells are pyramidal in form, with the
base facing the external ambient and the apex directed
to the sphere center (Keim et al. 2006).

5. The coordinated movement shown for CMm organisms
must be the result of a highly specialized structure that
permits the cells to respond as a unit. Also, the CMm
magnetization shows a degree of optimization incom-
patible with a random cell organization (Rodgers et al.
1990; Winklhofer et al. 2007; Perantoni et al. 2009).

Considering the preceding observations, it is feasible to
propose a model for the cell organization and consequently
for its magnetic organization.

Figure 1 shows a SEM micrograph of several CMm
organisms with their typical architecture. In the paper by
Abreu et al. (2007) the curve followed by the cells around
the spherical organism is identified as spiral. Farina et al.
(1983) describe the organism structure as a helicoidal
arrangement. But mathematically the observed curve is a
spherical spiral or a helix convoluted on a sphere. Only one
parameter is necessary to describe the curve. A helix can be
described by its Cartesian coordinates

x = rcos(t)
y = rsin(z) (1)
7 = At

where r and A are constants, and ¢ is a parameter. To
convolute this curve over a sphere of radius R, the
following equations can be used:
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Fig. 1 Scanning electron microscopy micrograph of several Candid-
atus Magnetoglobus multicellularis organisms collected at the
Araruama Lagoon, Rio de Janeiro, Brazil. The electron microscope
was the Jeol JSM-5800 located at the Instituto Militar de Engenharia
(IME—RJ). Bar = 2 pm

x= (R - zz)l/zcos(t)

y = (R* - zz)l/z-sin(t) (2)
z=[t)(Lx) —1]-R

where —R <z < R, 0 <t < 2Ln and L is the number of
loops in the helix. This parametrization is different than the
common one given in spherical coordinates for a spherical
helix and spherical spiral (Weisstein 2011a, b), because it
maintains the cylindrical structure of Eq. 1. In this
parametrization the symmetry axis of the spiral is the
z axis. The spherical helix parametrization (Eq. 2) is
interesting because the distance between loops is almost
constant, different from the spherical spiral parametrization
that produces a dense concentration of loops at the poles.
Biologically, one expects an almost uniform spacing
between loops, because the CMm cells have similar vol-
umes as mentioned above. On the proposed spherical helix
N cells must be distributed forming the CMm organism.

The parameters R and N are not independent. Each cell
composing the organism has an average volume V;. In the
center of the organism there is an acellular internal com-
partment surrounded by the N cells. The total volume of the
organism can be written in the following way:

Vo = (4/3)7‘[R3 = NV, + V¢ (3)
Observing the TEM micrographs (for example, Fig. 6 at

Keim et al. 2006) it can be assumed that V- ~ 0.5V;. The
expression for R as a function of N must be:

R = [(3/4m)- (N + 0.5)-V})'* “)

It is assumed that V; is approximately constant and with
a value of about 0.33 um3 (Lins and Farina 1999).

The distribution

As magnetosomes are attached near the cell surface, it is
assumed that the magnetic moment vector (m;) associated
to each cell must be tangential to the spherical surface. As
the volume occupied by the magnesome chains in the
whole bacterial body is too small [Viagnetosomes/
Veen & 1073 (Lins de Barros and Esquivel 1987)], the
unpaired magnetic moment can be considered as that of a
point dipole. It is also common in theoretical analyses to
consider magnetotactic bacteria as self-propelled magnetic
dipoles (Frankel 2003). If N cells compose the organism,
then N magnetic dipolar moment vectors must be distrib-
uted on the helix. As the cells are considered identical, the
distance measured along the helix among adjacent mag-
netic dipoles, i.e., the next dipole in the helix, must be a
constant. It is supposed that each magnetic moment has an
inclination angle with respect to the helix curve (when the
inclination angle is 0° the magnetic moment is tangent to
the curve). Based on the fact that the CMm constituent
cells are identical, as mentioned above, it is assumed that
all the magnetic moment vectors have equal inclination
angles and the same magnitude.

The energy calculation

As our interest is the magnetic energy E of the distribution
in the presence of an external magnetic field Bgxr, it can
be calculated as:

E :Zuij —Zmi - BExT (5)
i>i i

where u;; is the interaction energy of magnetic moments my
and m;. The second part of Eq. 5 is related to the magnetic
energy of the distribution in the presence of some external
magnetic field. As all the cells are similar, it can be
supposed that all the magnetic moment vectors have the
same magnitude, differing only in their direction. So, it can
be written:

m; = momy; (6)

where m,; is the unitary vector of m; and represents its
direction. In this way, u;; can be written as:

iy = (Momé/ 47ffi3j) (i - myj — 3 (myi - ri) (- Fi))
(7)

where rj; = rj—r; is the relative position vector between
the magnetic moments m; and my, r; is the unitary vector
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of ry;, and pio is the vacuum permeability. From Eq. 7 it can
be seen that u;; depends strongly on the relative orientation
among the interacting magnetic moments. Changing the
relative orientation, the energy can be changed from
attractive to repulsive or vice versa.

As the magnetic moment vectors are tangent to the
sphere and also have an angle with respect to the helical
curve, they must be in a plane tangent to the sphere. This
plane can be described by a triad of unitary vectors: the
tangent vector t;, the normal vector n; and the binormal
vector tp;. The tangent vector is calculated from its defi-
nition from the differential calculus:

ti = (dri/dt) / (|dri/dt |) (3)

where r; is calculated with Eq. 2.
The tangent plane is described by the set of perpendic-
ular vectors t; and tp;, where

tpi =t X (9)

The normal vector n; to the sphere is defined as n; = ri/Irjl,
considering the sphere center as the origin of the reference
system. As mentioned above, the magnetic moments do not
exactly lie on the tangent direction and might be rotated for
some angle o relative to the curve tangent direction
(Fig. 2). As mentioned before, we suppose that all the
magnetic moments have the same angle o. So, for each
angle o the magnetic moment direction can be written as:

my; (o) = cos(o)t; + sin(a)tp; (10)

Equation 10 implies that the magnetic energy E is a
function of a. For the N cells composing the organism, we
have N magnetic moments m;() and N position vectors r;,
and with them it is possible to calculate the magnetic energy
E(o) using Eqgs. 5 and 7. E(«) was calculated numerically
for 500 values for o in the interval from 0° to 360°.

The number of cells N determines the radius R trough
Eq. 4, permitting the calculation of the N vectors r;. With
the coordinates x, y, z the vectors t; and tp; are calculated
for each r;. Then for each value of «, N values of m;(c) are

o sm pm = -
Fig. 2 Diagram of the unitary vectors used on the curve. The dashed
line corresponds with the curve. The unitary vectors normal n, tangent
t and binormal tp are mutually perpendicular. The magnetic moment
m is on the plane formed by t and tp, and makes an angle o with
respect to t
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generated. For different pairs of positions r; and rj
(i # j and i > j) the energy uj is calculated assuming a
value for my. The energy E(x) is calculated with all the
possible values for u;; and assuming an external magnetic
field Bgxr. The entire process is repeated for the 500
values of a.

For each o the X, Y, Z components of the total magnetic
moment vector Mt = Xm; were also calculated. The pro-
cess to calculate the energy depends only on three vari-
ables: the number of cells (N), the number of loops in the
spherical helix (L) and the external magnetic field (Bgxr).
The numerical results were analyzed with the Microcal
Origin software. The calculations were done using values
for N from 15 to 30, L =6 and Bgxr =0, 0.5 and
5,000 G.

Results
Bext =0
Energy as function of o

Figure 3 shows an example of the magnetic energy as a
function of the angle o. The first characteristic observed is
that, independent of the N, L and R values, the energy curve
presents two minima and two maxima. The minimum
energy configurations have angles that differ by 180°, and
also the maximum energy configurations, meaning that
both configurations have their total magnetic moments
aligned in the same direction but in antiparallel senses.
This result is implicit in the symmetry of the dipolar energy

E (107J)

-8 T T T T T T T
0 50 100 150 200
o (degrees)

T ' T 1
250 300 350

Fig. 3 Magnetic energy E for 15 magnetic moments distributed on a
helix of 6 loops and Bgxt = 0, in function of the angle « as defined at
Fig. 2. The radius of the CMm organism in this conditions is 1.07 pm
(Eq. 4)
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(Eq. 7): if m; is changed to —m; the magnetic energy does
not change. Among adjacent minimum and maximum
configurations the angles differ by 90°. In all the observed
curves the minimum energy configuration is obtained for
angles o # 0°. In Fig. 3 the first maximum is attained at
about 10° and the first minimum at about 100°. For dif-
ferent values of N these angles change, the maximum
energy angles ranging from —30° to 30° and the minimum
energy angles from 50° to 120°. In the set of minimum
energies the minimum values are attained at angles at about
100°, corresponding with N values of 15, 20 and 25. After
N = 25 the next minimum is at N = 29, which corre-
sponds with an angle of about 80°. This means that the
configuration that produces the minimum magnetic energy
corresponds with strips of magnetic dipoles, oriented
almost perpendicular to the helix turns and following
approximately meridian lines (Fig. 4). This can be under-
stood because in this discrete magnetic dipole distribution
the distance among adjacent dipoles on the curve is greater
than the distance between adjacent dipoles in adjacent
turns. The influence of the neighbor magnetic dipole in the
next turn is stronger than other neighbor dipoles. A struc-
ture like this has been proposed in magnetic self-assembly
of three-dimensional surfaces from planar sheets (Bon-
cheva et al. 2005).

The values for minimum and maximum energies were
observed to be higher than the ambient thermal energy
kpT, which has a value of about 4 x 1072! J at 300 K. To
calculate the energy, a value for the magnetic moment of
each cell of 1.8 x 107'° Am? was assumed, as reported by
Wajnberg et al. (1986).

My versus E
For each magnetic moment distribution, determined by the

angle o, the components of the total magnetic moment
vector were calculated. The most important of them is the

Fig. 4 CMm magnetic configurations for minimum and maximum
energy. a Magnetic dipole chains in spherical meridians produce the
minimum energy configuration (attractive). b Magnetic dipole rings
produce the maximum energy configuration (repulsive). In both
figures, each arrow represents the cellular magnetic dipole. The
observed structure is the front one
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Fig. 5 Component z of the total magnetic moment (Mzr) in the
function of the energy E of the configuration of 15 magnetic moments
distributed on a helix of 6 loops and Bgxt = 0. Observe that for each
value of E there are four different values of Mzt corresponding with
the four different configurations with the same energy value, as is
observed in Fig. 3, but for the extreme E values (minimum or
maximum) there are only two different values of Mzt associated to
each one

z component Mz, because it is on the symmetry axis.
Figure 5 shows the My values as a function of the energy
E for L = 6 and N = 15. Similar graphs are obtained for
other values of N. It is observed in Fig. 3 that four values of
o produce the same value of E, but each value of o rep-
resents different distributions, producing different mag-
netic moment vectors, as can be observed in Fig. 5. An
interesting feature is that both configurations with mini-
mum energy have higher Mzt values than those for max-
imum energy configurations, and Myt values for the
minimum energy configurations have different polarities.
As both configurations have the same minimum energy
value, both polarities are possible in the same proportion
for Bgxr = 0. A detailed analysis of Mzt versus E curves
shows that the minimum energy configurations do not have
a higher value for Mzt than is attained in other configu-
rations. For example, in Fig. 5 the minimum energy is
—6.692 x 107" J, and its corresponding My is =+
22.06 x 107'5 Am?, but the maximum value for Mgy is
22.79 x 107'> Am®. The interesting feature is that the
analyzed distribution does not present its maximum value
for Mzt at the minimum energy configuration.

Maximum and minimum energies as a function of N
As mentioned above, the magnetic configurations were
analyzed with N from 15 to 30. Figure 6 shows the varia-

tion of the maximum and minimum energies as the func-
tion of N. As N grows the energy values oscillate with a
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Fig. 6 Minimum and maximum values of the magnetic energy E
(Emin and Epax, respectively) as a function of the number of
magnetic moments N distributed on a helix of 6 loops and Bgxr = 0

period of about 5. It is also observed that the configurations
have two energy limits: a higher one of about 2 x 107" J
and a lower one of about —7 x 1077 J. For some values of
N the corresponding maximum and minimum energies are
very close, but never equal (in Fig. 6 for N = 18:
Eyvin = —1.09 x 107" and Epax = —1.06 x 10717 ).
The origin of these oscillations must be the change in the
relative position of the dipoles from one turn to the next as
the number of cells N changes. As mentioned above, the
minimum values in the oscillation for the set of minimum
magnetic energies corresponds with angles of about 100° or
80°, creating a distribution of magnetic dipole chains fol-
lowing approximately spherical meridians. All the energy
values are higher than the ambient thermal energy kgT.

BEXT = 0.5 and BEXT = 5,000 G

It was observed that at Bgxr = 0 the two minimum energy
configurations are degenerate in the absence of an external
magnetic field. Now, the configuration energy was calculated
considering Bgxt # 0. Figure 7 shows E(x) for N = 15,
L = 6 and Bgxt = 0.5 G, which is about the same order of
magnitude as the geomagnetic field. It was assumed that Bgxr
is a vector directed along the z axis. As observed in Fig. 7, there
are two minimum energy configurations, but with different
energy values (—6.84 x 107'7 and —6.62 x 1077 J). The
magnetic field Bgxt removes the degeneracy and favors the
configuration with a field-parallel net magnetic dipole moment
(in Fig. 7, E = —6.84 x 10717 corresponds to My =
+22.06 x 107" Am?).

A very strong magnetic field can change this energy
view. Bgxtr =5,000 G=0.5T is a relatively strong
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Fig. 7 Magnetic energy E for 15 magnetic moments distributed on a
helix of 6 loops and Bgxt = 0.5 G, in the function of the angle « as
defined in Fig. 2. The insert shows the difference among the
minimum values of E

magnetic field, and its effect on the energy configuration is
observed in Fig. 8. Now, both minimum energy configu-
rations degenerate to only one configuration and similar to
the maximum energy configurations. Figure 8 shows the
result for N = 15 and L = 6, and can be compared with
Figs. 3 and 7. For this strong field Eygn = —1,146 x
107177 corresponds to Mz = +22.79 x 107" Am?, and
Emax = 1,133 x 107177 corresponds to Mzr = —22.79 x
107" Am®. This value of Myr for the minimum energy
configuration corresponds to the greater value for Mzr

1500

1000

500

E (10" J)
o
1

-500

-1000

-1500 S T s e L o e
0 50 100 150 200 250 300 350
o (degrees)

Fig. 8 Magnetic energy E for 15 magnetic moments distributed on a
helix of 6 loops and Bgxt = 5,000 G, in the function of the angle o as
defined in Fig. 2. Observe that for higher values of Bgxr, there are
only one minimum and one maximum value for E
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in the analyzed distribution with N =15, L =6 and
BEXT = 0

Degree of magnetic optimization (DMO)

The values for the total magnetic moment Mt were also
calculated for all the configurations. As a rule, the value of
Mz is similar to the magnitude of Mt. For example, for
N =15 and L = 6 the values are Myt = 22.79 x 1071
and My = 22.87 x 107'5 Am?% Also it was observed that
in the presence of a weak Bgxr (e.g., the geomagnetic
field) the minimum energy configuration does not have the
greater My value, but with high Bgxt the Myt attains its
higher value. Interestingly, the greater M value does not
correspond with the direct sum of the individual magnetic
moments, which never become parallel (in the example
above, the direct sum of the 15 individual magnetic
moments is 27 x 107'> Am?). This is a consequence of the
attachment to the cell structure of each individual magnetic
moment, restricted to the tangent plane to the spherical
body. This feature was analyzed experimentally by
Winklhofer et al. (2007), where magnetic moment mea-
surements were done with CMm using the rotating mag-
netic field technique, based on the swimming behavior of
magnetotactic organisms in a magnetic field that rotates in
the optical plane of the microscope (Hanzlik et al. 2002). In
those measurements the CMm behavior was observed for
two different conditions: under the natural state and after
strong magnetic pulses (duration of about 2 ms and pulses
with a maximum intensity of 1,000 Oe). With both mea-
surements it is possible determine the degree of magnetic
optimization (DMO), defined by Winklhofer et al. (2007)
as the magnitude of the natural remanent magnetic moment
in relation to the maximum remanent magnetic moment of
the organism under the given boundary conditions. They
determined DMO values of about 0.9 for individual
organism measurements and 0.85 for measurements in
groups of organisms. Our model for the magnetic structure
of CMm allows the calculation of the DMO through the
calculation of the magnetic energy (Eq. 5) with two dif-
ferent values for Bgyr. The natural remanent magnetic
moment is obtained in the minimum energy configuration
with low Bgxr similar to the geomagnetic field, and the
maximum remanent magnetic moment is obtained with
higher values of Bgxr. It is considered that the maximum
remanent magnetic moment must be the minimum energy
configuration that results from the application and removal
of a high Bgxr. The magnetic dipole configuration
remaining after the field removal must the same as that
with the presence of Bgxr, but with a relaxation decay time
to a magnetic configuration associated to weak Bgxr. So,
for each value of N the theoretical DMO can be calculated
with the quotient Mzyn/Mzuigaer, Where Mzyn is the

/
—
—

[ ]
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M
o
&
1
e

0,80 \/
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Number of magnetic moments N

Fig. 9 Degree of magnetic optimization (DMO) as a function of the
number of magnetic moments N distributed on a helix of 6 loops. The
DMO was calculated through the quotient Mzyun/Mzuiguer, as
mentioned in the paper

M, value at the minimum energy configuration at low
magnetic fields and Mzyiguer 1S the My value for the
minimum energy configuration at higher magnetic fields.
Figure 9 shows the DMO value as a function of N. It is
observed that the DMO value oscillates when N increases.
The average DMO value for N between 15 and 30 is
0.90 £ 0.07. This average value is similar to the experi-
mental one measured by Winklhofer et al. (2007).

Discussion

The proposed model supposes that CMm has a symmetry
axis with a preferred direction, corresponding to that of the
resultant magnetic moment. This symmetry axis also
determines the direction of movement of the organisms
because of the way the flagella are distributed around the
helical curve. This assumption is contrary to the soap
bubble model, where a certain number of bubbles produce
a spherical structure with one bubble in the center (Silva
et al. 2003).

Our model is based on mathematical simplifications
based on experimental observations of the CMm mor-
phology and magnetic behavior. Several scanning electron
microscopy micrographs show that CMm cells are arranged
not as soap bubbles linked to form a sphere, but following a
kind of spiral. Sometimes CMm seems to be formed by two
spirals indicating that the cell organization is more com-
plex or changes during the life cycle in order to maintain
the cell distribution, the axis of movement and the mag-
netic polarity over several generations (Keim et al. 2006;
Perantoni et al. 2009). So, our model starts by assuming
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that CMm cells are not randomly grouped, but organized in
a curve that we suppose to be a spherical helix.

In the absence of an external magnetic field (Bgxt = 0)
both directions on the symmetry axis have equal proba-
bilities to appear, but when Bgxt # O the direction par-
allel to the external field has higher probability. For CMm
the direction parallel (antiparallel) to the geomagnetic field
can be identified as the south- (north-) seeking polarity of
magnetotatic organisms from the Southern hemisphere
(Bazylinski and Frankel 2004). As can be observed in
Fig. 7, the parallel configuration is preferred to the anti-
parallel one, but the energy levels are so close that it is
possible that organisms with both polarities coexist in the
same population. The presence of CMms with both polar-
ities in the same population has been observed in samples
collected at Araruama Lagoon in Rio de Janeiro, Brazil
(Keim et al. 2006). The polarity change has also been
observed in remagnetization experiments, exposing the
organisms to a 60-Hz AC magnetic field (Rodgers et al.
1990; Keim et al. 2006).

The model also proposes a magnetic organization not
seen in any other living organism. The CMm magnetic
organization was proposed by others (Abreu et al. 2007;
Rodgers et al. 1990; Keim et al. 2006; Winklhofer et al.
2007; Perantoni et al. 2009), but for the first time the idea
was used here in a consistent model to calculate the opti-
mal distribution of magnetic moments and the magnetic
energy configurations. One can speculate whether the
helical distribution can be the ultimate result of the mag-
netic interaction between the CMm cells. It is difficult to
demonstrate that N magnetic moments, free to interact
between them, have an equilibrium distribution in a
spherical helix. Theoretical studies of the dynamics of
fragmentation of magnetic structures show that rings of
magnetic nanoparticles, in the presence of magnetic fields
perpendicular to the ring plane, disrupt into helical chains
when the intensity of the magnetic field increases (Jund
et al. 1995). Experiments on the three-dimensional self-
assembly of metallic rods with submicron diameters, using
magnetic interactions, showed that they form “bundles” of
rods, each rod oriented side-by-side with their long axes
parallel to one another and their ferromagnetic sections
aligned. The metallic rods were designed to contain two
ferromagnetic sections separated by diamagnetic sections.
The ferromagnetic sections were constructed in such a way
that the easy axis of magnetization is perpendicular to the
long axis of the rod. This restriction permits the formation
of stable “bundles”. They observed that the magnetic
dipoles in a bundle are ordered such that the bundle has
little or no net magnetic dipole (Love et al. 2003). This
experiment shows that the natural 3D assembly of mag-
netic objects produces structures with no net magnetic
dipole. The high DMO observed in CMm organisms is
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contrary to that result. The 3D geometrical organization
through the spherical helix favors a magnetic structure with
minimum magnetic energy and with a high resultant
magnetic moment. That must be of biological relevance for
an agglomerate of magnetotactic bacteria: the spherical
helix permits that the resultant organism maintains the
magnetic behavior.

The present model showed minimum energy configu-
rations of magnetic moments in spherical meridian chains,
perpendicular to the helix turns. These configurations are
compatible with the observed highly ordered arrangement
of the magnetosome chains across entire MMP organisms
from North Sea sediments (Wenter et al. 2009). Figure 2b
and c¢ from Wenter et al. (2009) shows the chains of
magnetosomes following meridians and almost perpen-
dicular to the helix observed at Fig. 2a of the same
reference.

In the model we assumed that all the magnetic moments
have the same inclination with respect to the curve. For the
CMm organism that supposition is supported by the fact
that there is a relation among the position of the mag-
netosome chain and the flagella. If all the bacteria com-
posing the CMm body are similar, having their flagella
following the spiral, then all the magnetic moments asso-
ciated with each bacterium must have the same inclination
with respect to the spiral curve.

The organism Candidatus Magnetoglobus multicellu-
laris shows a high degree of magnetic and biological
organization (Abreu et al. 2007; Wagensberg et al. 2010).
It is composed by several bacteria, but behaves as a single
organism. It does not show a unicellular division process
but a coordinate binary division of the whole organism. A
parameter to characterize the optimization of this magnetic
organization is the degree of magnetic optimization
(DMO). Through the distribution of magnetic moments on
a spherical helix, inclined with respect to the curve line, it
was possible to obtain DMO values similar to the experi-
mental ones (Winklhofer et al. 2007). The high DMO
shows that its geometrical structure is important to main-
tain the magnetotactic behavior. Magnetic forces do not
have to be responsible for this structure, but our model
indicates that the helical structure must have magnetic
significance.

Our model also shows that the magnetic energy asso-
ciated with the minimum energy configuration is higher
than the thermal energy, not suffering from instabilities of
the local temperature, adapting easily to different weather
all over the world.

This model should be applied to analyze the division
process proposed for this organism by Keim et al. (2004b),
where it divides in a binary fashion, following a set of
geometrical surfaces similar to that obtained through
rotation of Cassini curves.
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