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Abstract

Magnetotactic bacteria are microorganisms that swim following the geomag-
netic field lines, because of an intracellular magnetic moment that aligns their 
body to the magnetic field lines. For that reason, these bacteria are appropriate 
for the study of microorganisms’ motion. The present paper studies the swim-
ming trajectories of uncultured magnetotactic cocci under the effect of com-
bined constant (DC) and alternating (AC) magnetic fields oscillating at frequen-
cies that formally correspond to the cyclotron frequency for Ca2+, K+, Fe2+ and 
Fe3+ ions. The swimming trajectories were observed to be cylindrical helixes 
and their helix radiuses, frequencies, axial velocities and orientation angles of 
the trajectories relative to the constant magnetic field were determined. The 
orientation angles were used to calculate the magnetic to thermal energy ratio, 
which helps the study of the disorientating effect of the flagellar motion. Our 
results show that combined magnetic fields tuned to the resonance of Ca2+ 
ions affect all the trajectory parameters. Frequencies associated to Ca2+ and 
K+ do not affect the bacterial swimming direction relative to the magnetic field 
direction. On the other hand, frequencies associated to Fe2+ and Fe3+ do change 
the bacterial swimming direction relative to the magnetic field direction, which 
means that those frequencies affect the flagellar function. These results show 
indirect evidence of the action of calcium binding proteins in the motility of 
magnetotactic cocci. 
Keywords: magnetotaxis, magnetotactic cocci, Ion Parametric Resonance mod-
el, Ion Cyclotron Resonance model, calcium-binding proteins, sheath-associat-
ed protein.

Introduction

T﻿he effect of very low frequency oscillating magnetic fields on living beings has 
been observed in several organisms and in different conditions (Krylov and 
Osipova, 2023). The frequencies observed to affect living beings have been related 
to resonance frequencies of ions such as calcium and potassium (Liboff, 2019). 
The first model to explain that effect was proposed by A. R. Libbof (1985) and is 
known as Ion Cyclotron Resonance (ICR) model. The ICR model assumes that to 
observe the effect, the magnetic field frequency must be the cyclotron frequency 
of the affected ion, independent of the magnitude of the oscillating magnetic field. 
However, the ICR model is not realistic for the typical dimension of a cell (Sand-
weiss, 1990). After Libbof, another model was proposed by V. V. Lednev (1991 and 
1996), which is known as Ion Parametric Resonance (IPR) model. In this model, 
the observed effects are related to the interference between the vibrational states 
of an ion linked to a protein (considering the ion as a charged spatial oscilla-
tor). The vibrational ground state is split by the presence of a static magnetic field 
BDC, and the interference of both states determines the probability to observe any 
bioeffect by an oscillating magnetic field BAC. In other words, combined magnetic 
fields (CMF) generated by parallel magnetic fields BDC and BAC, can affect the 
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vital functions of living organisms through their effect 
on ions bound to proteins. The IPR model assumes that 
sinusoidal magnetic fields BAC oscillating at the cyclo-
tron frequency associated to a particular ion molecule, 
and determined by the magnetic field BDC, can affect the 
biological function of the protein associated to that ion 
(Krylov and Osipova, 2023). The model assumes that 
B = BDC + BAC*sin(2πfCt), and to observe the bioeffect 
the following must be satisfied (Belova and Panchelyuga, 
2010): 

	 fC = (q*BDC) / (2πm)	 (1a)
	 BAC = 1.8*BDC	 (1b)

where q is the ion electric charge and m is the ion mass. 
The most common studied ions are Ca2+, K+ and Mg2+ 
because of their biological importance. The use of ap-
propriate CMFs can show the influence of Ca2+ on the 
motility and swimming of microorganisms (Smith, 
McLeod, Liboff, and Cooksey, 1987).

Magnetotactic bacteria (MTB) are microaerobic 
or anaerobic prokaryotes that biomineralize magnetic 
nanoparticles involved by a membrane and organized 
in linear chains in the cytoplasm (Abreu and Acosta-
Avalos, 2018). The magnetic nanoparticles have been 
shown to be of magnetite (Fe3O4) or greigite (Fe3S4), 
both ferrimagnetic minerals. The set formed by the 
magnetic nanoparticle and the membrane is known as 
magnetosome. The magnetosome chain confers a mag-
netic moment to the MTB body, and through a magnetic 
torque with the external magnetic field, the MTB body 
swims oriented to the magnetic field lines, a property 
known as magnetotaxis (Esquivel and Lins de Barros, 
1986; Kalmijn, 1981). As the local magnetic field chang-
es its direction, the MTB present in the environment 
change their swimming direction accordingly to follow 
the new magnetic field direction. That property makes 
MTB a good model to study microorganism motion. 

The aim of the present research was to investigate 
the movement and trajectory of uncultured MTB cocci 
under the presence of extremely low frequency oscillat-
ing magnetic fields and observe the influence of those 
magnetic fields on the bacterial trajectory parameters. 
For that, the movement was studied in the presence of 
CMFs tuned to the cyclotron frequency of Ca2+ and oth-
er ions as proposed by the IPR model. 

Materials and methods

Non-cultured MTB cocci were collected in the Rodrigo 
de Freitas lagoon located in Rio de Janeiro, RJ, Brazil. The 
sediments with MTB cocci were collected in 2007 and 
stored in a glass aquarium. These magnetotactic cocci 
belong to the class Etaproteobacteria (Lin et al., 2018). 
The local geomagnetic parameters in Rio de Janeiro 
are: horizontal component  =  0.18  Oe, vertical compo-

nent = –0.15 Oe; total intensity = 0.23 Oe. As these MTB 
cocci are from South America, they are south-seeking, 
which means that their swimming direction is contrary 
to the magnetic field direction (Blakemore and Frankel, 
1981).

Fig. 1. A  — Glass microscope slide with a pair of coils to generate 
the magnetic field BDC. The optical plane is on the glass surface and 
corresponds to the X — Z plane while the positive Y-axis points up.  
B — Experimental set-up. The digital microscope Celestron is inside 
a pair of coils used for the generation of the magnetic field BAC. The 
microscope slide of figure A is fixed on the microscope stage; observe 
that both coil axes are parallel.
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To isolate the MTB cocci for the experiments, sedi-
ments with water were transferred to a glass flask con-
taining a lateral capillary aperture, and the MTB cocci 
were attracted to this capillary aperture using a small 
magnet that generated a magnetic field aligned to the 
capillary aperture (Lins et al., 2003). Samples were col-
lected with a micropipette after 2 minutes.

For the trajectory analysis the movement of MTB 
cocci was recorded using a digital microscope (model 
44340, Celestron, USA) with a pair of hand-made coils 
attached to a microscope slide (Fig.  1A), producing 
static (DC) magnetic fields perpendicular to the micro-
scope optical axis (horizontal plane). A  10X lens was 
used together with a digital amplification of 4 times to 
observe the cocci. The movement was recorded in vid-
eos at 10 fps. A second pair of coils was used to gener-
ate the AC magnetic field. The digital microscope was 
inside the second pair of coils (Fig. 1B). The axis of the 
second pair of coils was parallel to the axis of the pair 
of coils attached to the microscope slide, guaranteeing 
the parallelism of the AC and DC magnetic fields. The 
AC magnetic field was generated by a sinusoidal volt-
age provided by a function generator (model 33250A, 
Agilent, USA) connected to the second pair of coils. The 
magnetic field generated by each coil was measured us-
ing a 3-axis fluxgate magnetometer (model 113, Applied 
Physics Systems, USA). The magnetometer permitted 
to confirm that both magnetic fields (the applied DC 
magnetic field and the AC magnetic field) were parallel 
and perpendicular to the geomagnetic field. Control ex-
periments were recorded with BDC only (BAC = 0). Com-
bined experiments were conducted with BDC and BAC to-
gether. In both cases, a drop of water was collected from 
the concentrator capillary aperture using a micropipette 
and put on the microscope slide with BDC already turned 
on. The movement video started when MTB cocci were 
accumulated in the drop border. The MTB cocci started 
their movement when the direction of BDC was inverted, 
because of the inversion of the current direction in the 
coils. A drop of water was used to record only a pair 
of Control and Combined experiments, always in that 
order, and a new drop was used to record a new pair 
of experiments. For each experimental condition there 
were used enough number of drops to get about 40 tra-
jectories.

For the experiments the microscope was oriented 
so as to make the geomagnetic field perpendicular to 
the CMF. In other words, if the XZ plane corresponds to 
the focal plane and the Y axis is the vertical axis, then: 
BCMF = (BDC + BAC*sin(2π fCt)) k and BGEO = (0.18 Oe) i + 
(0.15 Oe) j, where i, j, k are the Cartesian unit vectors. 
Table 1 shows the values for BDC, BAC and the cyclotron 
frequency fc chosen for ions Ca2+, K+, Fe2+ and Fe3+ ac-
cording to Eqs.  (1). We chose Ca2+ and K+ because of 
their importance in cellular functions (Belova and Pan-

chelyuga, 2010) and Fe2+ and Fe3+ because of their high 
presence in MTB to produce magnetosomes.

Video records were analyzed with the ImageJ soft-
ware (NIH, USA). Trajectory coordinates were obtained 
manually frame by frame for each microorganism and 
later analyzed with the software MicroCal Origin. It is 
known that the set of coordinates of X and Z (see be-
low) of the experimental bacterial trajectories are plane 
projections of cylindrical helixes. For each trajectory 
the translational velocity VT, the helix frequency f and 
the helix radius R were estimated. Statistical tests were 
performed with the software GraphPad InStat, and the 
angular statistics were performed with the software Ori-
ana 4.02.

Parametrization of bacterial trajectories

Bacterial movement occurs under the low Reynolds’ 
number regime. One consequence is that the bacte-
rial trajectory is a cylindrical helix (Crenshaw, 1996; 
Nogueira and Lins de Barros, 1985), whose equations as 
a function of time are:

	 x(t) = R*cos(ωt)	 (2a)
	 y(t) = R*sin(ωt)	 (2b)
	 z(t) = V*t	 (2c)

where the Z axis coincides with the helix axis, V is the 
axial velocity, R is the helix radius, w = 2pf is the angular 
velocity and f is the helix frequency.

The bacteria swimming recorded in a microscope 
produces bidimensional data (Fig.  2). Considering the 
Z axis parallel to the helix axis and located on the focal 
plane together with the X axis, the trajectory observed 
must be a waving line with parametric equations  (2a) 
and (2c). When the helix axis does not coincide with the 
Z axis but is inclined by an angle θ, the parametric equa-
tions for the coordinates z and x transform as follows:

	 x’ = –z*sinθ + x*cosθ = 	  
	 = –R*cosθ*cos(2πft) + V*t*sinθ	 (3a)
	 z’ = z*cosθ + x*sinθ = 	  
	 = R*sinθ*cos(2πft) + V*t*cosθ	 (3b)

Table 1. Values of BDC, BAC and fC used to generate the 
CMF associated to each ion resonance. The values of BDC 
and fC were obtained from Eqs. 1

Ion BDC (Oe) BAC (Oe) fC (Hz)

Ca2+ 0.59 1.06 45.2

K+ 0.72 1.29 28.2

Fe2+ 0.66 1.18 36.2

Fe3+ 0.57 1.03 47.3

The values for BAC were limited by the maximum value of B generated 
by the set of coils at the frequency fC, keeping the AC voltage ampli-
tude in the function generator at 10 Volts.
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Eqs.  3a and 3b represent a straight line plus a si-
nusoidal waving. The angle q results from the misalign-
ment among the helix axis and the magnetic field lines 
because of thermal perturbations. Experimentally, the 
inclination angle θ and the trajectory parameters V, 
R and f can be calculated using Eqs.  (3a) and (3b). To 
perform good experimental adjustments the helix axis 
which coincides with the magnetic field lines must be 
parallel to some frame axis (horizontal or vertical) in the 
video. To this purpose, the position of the camera was 
adjusted so that the horizontal axis of each frame was 
aligned to the DC applied magnetic field.

Results and discussion

Magnetotactic cocci swim in trajectories that can be ad-
justed as cylindrical helixes (Fig. 2). As the DC magnetic 
field has two components in our experimental setup, the 
resultant DC magnetic field is composed by the applied 
DC magnetic field and the geomagnetic field: BDC Total = 
(0.18 Oe) i + (0.15 Oe) j + BDCk. 

Our results show that the combined magnetic field 
does not affect the magnetotactic behavior compared to 
the control experiments, since in all experimental con-
ditions MTBs respond to the magnetic field direction 
change. 

Table 2 shows the parameters V, R and f calculated 
for MTB trajectories. We observe that the frequency as-
sociated to Ca2+ produces a statistically significant in-
crease in the velocity (Student t-test, p = 0.02) and tra-
jectory radius (Student t-test, p  =  0.001), and that the 
frequency associated to Fe3+ produces a statistically 
significant decrease only in the velocity (Student t-test, 

p = 0.02). The effects of CMF tuned to Ca2+ frequency 
on the trajectory parameters show indirectly that the 
flagellar function of these MTB coccus is associated to 
calcium dependent proteins. 

Another movement parameter is the trajectory ori-
entation relative to the applied DC magnetic field. Mag-
netotaxis is recognized because magnetotactic microor-
ganisms react to changes in the magnetic field direction, 
swimming in trajectories parallel to the magnetic field 
direction (Fig. 2). In our experiments magnetotactic mi-
croorganisms do not react to the AC magnetic field and 
follow only the resultant DC magnetic field. As the axial 
velocity has the same direction as the helicoidal trajecto-
ry axis, the components of the axial velocity were used to 
determine the trajectory angle θ relative to the Z axis be-
cause the main DC magnetic field component is on this 
axis and q corresponds to the angle among the axial ve-
locity and BDC. The angle θ was calculated using Eqs. (3), 
the expected angle θMF was calculated as arctan (BGEO/
BDC) and the results are shown in Table 3. It can be ob-
served that MTB coccus swim following the direction of 
the total DC magnetic field (BDC Total), as expected for 
magnetotactic behavior (Frankel and Blakemore, 1980). 

Fig. 2. Example of MTB trajectory curves. The axis’ orientation is the 
same as in the microscope display. The arrow below the trajectories 
represents the swimming direction. The magnetic fields BGEO X and 
BDC and the total BDCXZ are also shown. Observe that the swimming 
direction is contrary to the direction of BDCXZ because the studied 
magnetotactic cocci are south-seeking.

Table 2. Parameters of the MTB trajectories. The 
values of the parameters V, R and f for the helicoidal 
trajectories, in the presence of CMF, were obtained from 
data analysis using Eqs. 3

V ± SD (μm/s) R ± SD (μm) f ± SD (Hz) N

Ca2+

Control 89 ± 41.7 2.43 ± 1.69 1.01 ± 0.73 43

Experiment 101.9 ± 37.1 3.89 ± 2.57 0.76 ± 0.36 42

t-test s. (p = 0.02) s. (p = 0.001) s. (p = 0.05)

K+

Control 82.7 ± 20.5 2.46 ± 1.59 0.98 ± 0.56 48

Experiment 99.9 ± 43.8 2.56 ± 1.53 0.95 ± 0.43 43

t-test n. s. n. s. n. s.

Fe2+

Control 89.4 ± 33 2.65 ± 1.54 0.84 ± 0.55 40

Experiment 79.1 ± 27.4 3.63 ± 2.99 0.74 ± 0.35 40

t-test n. s. n. s. n. s.

Fe3+

Control 131.4 ± 33.2 4.05 ± 2.43 1.08 ± 0.41 38

Experiment 113.6 ± 32.5 4.2 ± 2.39 1.06 ± 0.5 41

t-test s. (p = 0.02) n. s. n. s.

SD means standard deviation and N is the number of analyzed trajec-
tories. Control corresponds to BAC = 0 and Experiment corresponds to 
the presence of CMF (BAC ≠ 0). Each pair of Control and Combined re-
sults was compared using a Student t-test: n. s. means not significant 
(p > 0.05) and s. means significant (p < 0.05).
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Table 4 shows the circular statistics for the relative 
angles θREL = θ – θMF used to get insights about the effect 
of BAC on the magnetotactic behavior. It can be seen that 
frequencies associated to Ca2+ and K+ do not change the 
mean angle (Watson — Williams F-test: p > 0.05). For 
the frequencies associated to Fe2+ and Fe3+ the mean an-
gles tend to be statistically different only for Fe3+ (Wat-
son — Williams F-test: p = 0.05), the standard deviation 
increases for both frequencies when compared to the 
control and, consequently, the concentration of angles 
around the mean value decreases, meaning that these 
frequencies affect the magnetotactic behavior. 

These results show that frequencies associated to 
Ca2+ and K+ do not affect the MTB swimming direction 
relative to the magnetic field direction, and that frequen-
cies associated to Fe2+ and Fe3+ affect the MTB swim-
ming direction relative to the magnetic field direction. 
This direction is determined by the action of flagellar 
and magnetic torques, meaning that for so far unknown 
reasons the Fe2+ and Fe3+ frequencies change the flagel-
lar torque in such a way that oppose to the orientating 
effect of the magnetic torque. Another way to observe 
this is to calculate the magnetic to thermal energy ra-
tio (X = mB/kT), through the calculation of the mean 
value of cosθREL and its variance σ2, as in Acosta-Avalos 

et al. (2019), De Melo, Leão, Abreu and Acosta-Avalos 
(2020) and Carvalho, Abreu and Acosta-Avalos (2021). 
Briefly, Kalmijn (1981) showed that the average value for 
cosθREL (<cosθREL>) follows the Langevin function with 
X as argument and calculated the variance of cosθREL:

	 <cosθREL> = coth (X) – 1/X	 (4a)
	 σ2 = 1 – coth2 (X) + 1/X2	 (4b)

Using Eqs (4) it is easy to isolate X to get the follow-
ing expression:

	 X = 2<cosθREL> / (1 – <cosθREL>2 – σ2)	 (5)

Table 5 shows the values of X for all the experimental 
conditions. As can be seen, for Ca2+ and K+, X increases 
when compared to the control experiment, which means 
that in those conditions the flagella improve its function, 
decreasing the disturbing effective temperature associ-
ated to the disorientating thermal energy. On the other 
hand, for Fe2+ and Fe3+ the value of X decreases when 
compared to the control experiment, which means that 
the effective temperature increases through some sort 
of flagellar malfunction that disorients the MTB swim-
ming direction.

Table 3. Circular statistics for trajectory angles θ  
(the angle between the axial velocity and the magnetic 
field BDC)

θ ± SD (deg) θMF(deg)

Ca2+

Control 24.3 ± 5.9 22

Experiment 24.2 ± 5

K+

Control 19.2 ± 5.8 18

Experiment 19.6 ± 4.1

Fe2+

Control 22 ± 4.6 19

Experiment 23.6 ± 8.1

Fe3+

Control 25.1 ± 7.5 22

Experiment 20.5 ± 11.6

SD means Circular Standard Deviation. Control corresponds to 
BAC = 0 and Experiment corresponds to the presence of CMF (BAC ≠ 0). 
θMF corresponds to the angle between the total DC magnetic field 
(BGEO + BDC) and the Z axis. For all the angle groups (Control and Ex-
periment) the Rayleigh test gives p << 0.05, meaning that the angles 
are not distributed uniformly around the circle but are concentrated 
around the mean angle. Comparison among groups of angles Control 
and Experiment was done using the Watson-William F-test and in all 
the cases the mean angles are not significantly different (p > 0.05).

Table 4. Circular statistics for relative angles 
θREL = θ – θMF

Mean θREL SD r Concentration

Ca2+

Control 2.8 5.9 0.995 91.7

Experiment 2.6 5 0.996 131.7

K+

Control 1.7 5.8 0.995 99.4

Experiment 2.1 4.1 0.997 194

Fe2+

Control 3.5 4.6 0.997 156.5

Experiment 5.2 8.1 0.99 50.1

Fe3+

Control 3.6 7.5 0.991 58.7

Experiment 359 11.7 0.979 24.6

SD means Circular Standard Deviation. Control corresponds to 
BAC  =  0 and Experiment corresponds to the presence of CMF 
(BAC ≠ 0). r corresponds to the mean vector length and 0 < r < 1. The 
concentration is a parameter that measures how the angles are dis-
tributed around the mean value: higher concentration values mean 
all the angles are very close to the mean angle. The angle groups 
(Control and Experiment) are not distributed uniformly around the 
circle but are concentrated around the mean angle (Rayleigh test 
p  <<  0.05). Comparison between groups of the angles Control and 
Experiment was done using the Watson  — William F-test; for Ca2+, 
K+ and Fe2+ the mean angles are not significantly different (p > 0.05) 
and for Fe3+ there is a tendency to control and experiment angles be 
statistically different (p = 0.05).
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Our experiments with combined magnetic fields 
show that Ca2+ is related to the movement in MTB coccus, 
as has been shown in other MTB (Lefevre et al., 2010). 
The increase in velocity and improvement in swimming 
direction relative to the DC magnetic field in the pres-
ence of resonant conditions for Ca2+ can be understood 
as an improvement in motility, as has been shown in 
diatoms Amphora coffeaeformis (Smith, McLeod, Liboff, 
and Coosey, 1987). This result is evidence of the involve-
ment of calcium-dependent proteins in the motility of 
our uncultured magnetotactic cocci. It has been shown 
that the sheath enclosing the flagellar bundle from the 
MO-1 marine MTB culture consists of a glycoprotein 
named sheath-associated protein (sap), homologous to 
eukaryotic calcium-dependent adherent proteins (cad-
herin). In the MO-1 MTB culture calcium ions medi-
ate the assembly of the tubular-shaped sheath, which is 
essential for MTB swimming (Lefevre et al., 2010). On 
the other hand, the effect of Fe2+ and Fe3+ frequencies 
as observed here has never been reported. Khokhlova et 
al. (2018) investigated the metabolism of the bacterium 
Rhodospirillum rubrum under the presence of AC and 
DC magnetic fields in resonance conditions for phos-
phorous and Fe3+. They observed that the consumption 
of nitrate and iron in the culture medium increased un-
der the presence of the combined magnetic fields. As far 

as we know, there is no reported protein binding iron 
associated to flagella described for magnetotactic micro-
organisms. We do not expect that the effect is caused by 
magnetosomes because magnetotaxis is not disrupted, 
but the high content of intracellular iron in these mi-
croorganisms makes it possible to consider that proteins 
binding iron are also involved in the flagellar function. 

It is interesting to consider that magnetotactic bac-
teria can be influenced by natural oscillating magnetic 
fields combined with the static geomagnetic field. How-
ever, the amplitudes of those natural oscillating magnet-
ic fields are too small when compared to the amplitude 
of the geomagnetic field (Palmer, Rycroft, and Cermack, 
2006), and do not satisfy the condition showed in Eq. 1b. 
The results shown here can be observed only in labora-
tory and help us to understand the participation of in-
tracellular ions in the bacterial movement.

Conclusion

The present manuscript shows that experiments with 
combined DC and AC magnetic fields at low frequencies 
tuned to the resonance of Ca2+ ions, following the Ion 
Parametric Resonance model, produce direct evidence 
of the influence of calcium in the motility of MTB and 
indirect evidence of the participation of calcium binding 
proteins in their flagellar system. When the combined 
magnetic field is tuned to the resonance of Fe2+ and Fe3+ 
the effects observed can be understood as evidence of 
iron binding proteins participating in the flagellar func-
tion. These last results were never reported in MTB and 
deserve future studies. The experiments with resonance 
frequencies tuned to K+ show that the mere presence of 
AC magnetic field does not affect the bacterial move-
ment, but it is necessary for the frequency to be associ-
ated with the cyclotron frequency of ions influencing the 
bacterial flagellar system.
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