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Abstract

‘Candidatus Magnetoglobus multicellularis’ is a multicellular magnetotactic prokaryote found in the Araruama lagoon in
Rio de Janeiro, Brazil. This microorganism shows a photokinesis that depends on the incident light wavelength, but that
dependence can be canceled by the presence of radio-frequency (RF) electromagnetic fields. The present manuscript has
as its aim to study the effect of light wavelength and RF fields on the U-turn time of ‘Candidatus Magnetoglobus multicel-
lularis’, a behavior more related to magnetotaxis. As the experiments were performed during the night, the microorganisms
were greater in size than normal, indicating that they were in the process of division. Our results show that when normal in
size, the microorganism’s U-turn time is modified by the light wavelength (lower for blue light than for green and red light),
but RF fields do not affect that U-turn time dependence on the light wavelength. For the microorganism in the process of
division, we describe for the first time how the photokinesis and U-turn time dependence on the light wavelength disappear.
It is proposed that methyl-accepting chemotaxis proteins are involved in that light wavelength dependence for the U-turn
time, but still more studies are necessary to understand how RF fields cancel the photokinesis light wavelength dependence,

but do not affect the dependence of the U-turn time.

Keywords Magnetotaxis - Multicellular magnetotactic prokaryote - Radical pair mechanism - U-turn - Monochromatic
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Introduction

Magnetotaxis is the passive response to magnetic fields
observed in a group of bacteria known as magnetotac-
tic bacteria (MTB). Among the known MTB, there are a
group of multicellular organisms known as Multicellular
Magnetotactic Prokaryotes (MMP). There are two types:
the spherical (sMMP) and the ellipsoidal (eMMP) (Abreu
and Acosta-Avalos 2018). sMMP microorganisms are well
studied and are found in almost all continents. ‘Candida-
tus Magnetoglobus multicellularis’ (CMM) is a sMMP
found in Rio de Janeiro, Brazil. It has a diameter of about
7 pm (between 5 pm and 9 pm) and is formed by an aver-
age number of 17 MTB, each one biomineralizing greigite
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magnetosomes arranged in linear chains (Abreu et al. 2007).
The MTB composing the CMM are Gram-negative cells
distributed in a spherical helix, being the helix axis the
CMM motion axis (Keim et al. 2006). Phylogenetic analy-
ses based on 16S rRNA genes sequences have shown that
CMM is related to sulfate-reducing bacteria from the Del-
taproteobacteria (Abreu et al. 2007). Transmission electron
microscopy images show that the cells composing the CMM
are arranged radially around an acellular internal compart-
ment, found in the center of the organism, causing them
to assume pyramidal shapes, with the CMM outer surface
formed by the pyramid bases (Keim et al. 2006). The geo-
metrical magnetic moment distribution around the CMM
body produces a resultant magnetic moment directed in the
helix axis (Acosta-Avalos et al. 2012). The CMM surface
is covered by flagella which are helical tubes never as long
as a helix turn (Silva et al. 2007). In Rio de Janeiro, Brazil,
CMMs are South-seeking, meaning that they swim contrary
to the magnetic field direction. The magnetotactic swimming
trajectories of CMMs have been studied and characterized
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as cylindrical helixes (Keim et al. 2018), with the helix axis
oriented to the magnetic field. The study of magnetotactic
trajectories in MMPs has shown that magnetotaxis functions
in a different way in CMMs when compared to uncultured
MTB (De Melo et al. 2020) and that CMMs present photoki-
nesis that is mediated by a radical-pair mechanism, a mecha-
nism that is involved in light-dependent magnetoreception
(De Melo and Acosta-Avalos 2017a).

It has been shown that CMMs are sensitive to low-inten-
sity monochromatic light. Experiments were done meas-
uring the mean velocity AS/At for monochromatic light
(blue—469 nm, green—>517 nm, and red—628 nm), and
it was observed that there is an increase for the velocities
under red light and a decrease in the velocities under green
light when compared to the velocities under blue and white
light (Azevedo et al. 2013). Changes in magnetic field and in
the light intensity also change the relation among the veloci-
ties, meaning that the sensitivity to monochromatic light
depends on the magnetic field value (Azevedo and Acosta-
Avalos 2015). Azevedo et al. (2013) showed also that the
U-turn time changes in the presence of monochromatic light,
with the time lower for green light illumination than the time
for the other monochromatic lights used. This dependence of
the U-turn time on the wavelength of the illumination light
has not been studied further. In the present manuscript, the
axial velocity was measured in U-turn trajectories, assum-
ing that sMMPs move in helical trajectories. U-turn times
were measured under different monochromatic light condi-
tions with the aim of confirming the results of Azevedo et al.
(2013) about the U-turn time, and RF fields were applied
simultaneously with the aim of investigating if radical-pair
mechanisms influence the effect of monochromatic light on
the U-turn in the same way it affects photokinesis (De Melo
and Acosta-Avalos 2017a). Our aims were not completely
fulfilled, because CMMs were in the division process and
showed no photokinesis. This phenomenon is described for
the first time.

Materials and methods
Microorganisms

Uncultured spherical multicellular magnetotactic prokary-
otes were collected in Araruama lagoon (22°52'S, 42°20'W)
located in Rio de Janeiro, Brazil. The sediments were col-
lected and maintained in a glass aquarium in our lab in Rio
de Janeiro city. Samples in the aquarium stayed alive by
about 3 months, and it was necessary to collect a new sample
after that time. The local geomagnetic parameters in Rio de
Janeiro are: horizontal component =18 pT, vertical compo-
nent=— 15 pT, and total intensity =23 puT.
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To concentrate MMPs for the experiments, a sub-sample
was transferred to a specially designed flask containing a
lateral capillary aperture and a small magnet generating a
magnetic field aligned to the capillary aperture (Lins et al.
2003). The studied MMPs were South-seeking and swam
towards the capillary facing the North pole of a magnet.
After 5 min, samples were collected with a micropipette.

U-turn recordings

The U-turn technique has been used to estimate the mag-
netic moment of magnetotactic microorganisms (Esquivel
and Lins de Barros 1986). This trajectory is observed in
the following situation: magnetotactic microorganisms are
concentrated in the water drop border, for observation in an
optical microscope, in the presence of a uniform magnetic
field in the proper direction for a North- or South-seeking
microorganism, when the magnetic field inverts its direc-
tion the magnetotactic microorganisms start to swim fol-
lowing the new direction, then a new magnetic inversion to
the original direction makes the microorganism swim with
a trajectory with a U form until the velocity became paral-
lel to the new magnetic field direction (Fig. 1a). Theoreti-
cally, assuming that the only influences are the magnetic and
hydrodynamic torques, in the Low Reynolds number regime,
the total torque must be null and the following equation must
be valid:

mBsin(y) — 8znR>(dy /dr) = 0, (D

where mBsin(y) is the magnetic torque and — 8m]R3(dy/dt)
is hydrodynamic torque or viscous drag torque. y is the angle
between the magnetic moment m and the magnetic field B,
and it is assumed that the magnetic moment follows the tra-
jectory direction, n is the water viscosity, and R is the micro-
organism radius. 87nR? is the viscous coefficient for a sphere
and its expression is different for other body geometries. As
Esquivel and Lins de Barros (1986) show, from the U-turn
trajectory, two parameters can be used to estimate the mag-
netic moment of a MTB: the U-turn time 7 and the U-turn
radius. The U-turn radius is difficult to measure, because it is
necessary that the MTB swims in the focal plane throughout
the U-turn trajectory. The U-turn time is easier to measure
from the trajectory and has been used in several studies to
estimate the magnetic moment of MTBs (e.g., Perantoni
et al. 2009; De Melo and Acosta-Avalos 2017b; Acosta-
Avalos et al. 2019). From Eq. (1) it is possible to calculate
the following expression for the U-turn time t:

T = [87[;’]R3 /mB] In (2mB/kT), (2)

where kT is the thermal energy, k is the Boltzmann constant,
and T is the absolute temperature.
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Fig. 1 a Typical U-turn trajectory observed in a ‘Candidatus Mag- »

netoglobus multicellularis’ illuminated with blue light in Experiment
1. Axes are in pixels, because they are the crude data obtained from
ImageJ software. In the figure are indicated the beginning and the end
of the trajectory. The drop border is located to the left. b X coordinate
as a function of time. As it can be seen, the curve is composed by two
straight lines with inclination of different sign. ¢ Derivative of X in b
with respect to time as a function of time. It is observed a transition
between the positive and negative inclinations. The U-turn time 7 is
the time interval between both inclinations. In the figure, letter b indi-
cates the begin and letter e indicates the end of the interval of time. In
this case, t=045s

The U-turn trajectories were recorded to calculate the
U-turn time t. On the stage of an inverted microscope
(Nikon Eclipse TS100) were set a pair of coils connected
to a DC power supply and fixed to a glass microscope slide
where the collected drop with MMPs was placed. The lens
used had a magnification of 20X and numerical aperture
of 0.55 allowing the measurement of the MMP radius R.
The magnetic field generated by the coils was 0.2 mT and
0.3 mT. An electric circuit for changing the voltage polarity
(reversal of current) was connected between the power sup-
ply and coils, leading to the inversion of the magnetic field
direction when the button was turned to on or off. After two
magnetic field inversions, the MMP perform a U-turn move-
ment (Fig. 1a). To calculate 7, the following procedure was
performed: U-turn trajectories were recorded, with a rate
of 82 fps, in the inverted microscope with a digital camera
(Lumera Infinity 1). The coordinates of the U-turn trajecto-
ries were obtained using the software ImageJ (NIH—USA).
The coordinates were in pixel units and the conversion to pm
was done using a calibration ruler, which consists in a 1 mm
line divided in 100 parts. In the experimental set-up, the
external magnetic field is applied in the x direction, meaning
that the x coordinate of the U-turn in Fig. 1, as a function of
time, must be composed of two straight lines with different
slopes (Fig. 1b). The U-turn time T must be the time neces-
sary for the change of slope and can be calculated through
the derivative dx/dt (Fig. 1c¢).

The axial velocity was measured analyzing the move-
ment before the magnetic field inversion associated with
the U-turn, assuming that the MTB trajectory is similar to a
cylindrical helix. In this case, if the helix axis is aligned to
the magnetic field direction, then the coordinates must have
the following parametrization:

xIt) = xyg+ V-t (3a)

(@) =y, + r-cos (27rft + (bo), (3b)

where x, and y, are initial values for the coordinates, V,, is
the axial velocity, r is helix radius, f is the helix frequency,
and ¢, is the phase constant. However, the trajectory is
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not fully parallel to the magnetic field direction because
of thermal perturbations that disorient the bacterial swim-
ming (Kalmijn 1981). If the trajectory is tilted relative to the

@ Springer



636

European Biophysics Journal (2020) 49:633-642

magnetic field by an angle 6, the coordinates must have the
following expressions:

x(1) = x' cos 0 +y' sin = rsin6 cos (2zft + ) + V,, - 1 cos O
(4a)

y(t) = —x" sin@ + y' cos @ = rcos  cos (27rft + qbo) — V. - t-sin.
(4b)
The observed coordinates x and y as a function of time
must be oscillating functions with linear tendencies. If 4 is
near to 0°, then x(#) must be similar to a straight line and
y(#) must be an oscillating function with an inclination.
The inclinations of x and y correspond to V,=V_ -cos6
and V=V, -sinb, respectively, and V,, = (V2+ Vy2)1/2. The
inclination for each coordinate is calculated through a linear
fit as a function of time for the curve before the magnetic
field inversion. In general, it is not easy to calculate r and f,
because the coordinate y(¢) has a complex oscillating behav-
ior, similar to the sum of two oscillating functions with two
frequencies and radiuses. Even with that complex oscillating
behavior in y(¢), the axial velocity can be calculated from the
time derivatives, as shown in Egs. 4a and 4b.

Experiments with monochromatic light

Three different experiments were done on different dates,
and they will be identified as Experiment 1 (Expl) done at
October 2017, Experiment 2 (Exp2) done at August 2018,
and Experiment 3 (Exp3) done at October 2018. For each
set of experiments, new CMMs were collected at Araruama
Lagoon. All the experiments were performed during the
night beginning at about 17:00 h. These experiments were
conducted in a dark room with the illumination in the micro-
scope being done by a monochromatic LED lamp (blue:
469 nm, green: 517 nm, and red: 628 nm) (Fig. 2) posi-
tioned in the same place of the tungsten microscope lamp as
has been done by De Melo and Acosta-Avalos (2017a).
The power of each monochromatic light was maintained
in 120 pW at the glass slide and measured using a power
meter (Newport Optical Power Meter Model 1916-C). The
tungsten lamp light was used as a control. Experiments 1
and 2 were performed with a frame rate of 82 fps and mag-
netic field of 0.2 mT, while Experiment 3 was performed
with a frame rate of 54 fps and magnetic field of 0.3 mT,
because on that day, the CMMs behaved differently from the
other two experiments. De Melo and Acosta-Avalos (2017a)
showed that monochromatic light’s effect on photokinesis
can be canceled by radio-frequency electromagnetic fields.
In the present work, radio-frequency was also applied to
observe its effect on the U-turn time. The frequency was
calculated using the expression for the Zeeman resonance
frequency:
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Fig.2 Spectral emission of the monochromatic LED lamps used in
the experiment: blue lamp: maximum=469 nm, FWHM =22 nm;
green lamp: maximum=517 nm, FHWM =28 nm; red lamp: maxi-
mum =628 nm, FWHM =16 nm. All spectra are normalized to their
respective maximums

frr = (28.025 MHz x mT™") X By, o)

where B, is the magnetic field applied by the pair of coils.
For Experiments 1 and 2, the RF field has frequency of
5.6 MHz and for Experiment 3 a frequency of 8.4 MHz. The
procedure to generate the RF electromagnetic field is the
same described by De Melo and Acosta-Avalos (2017a).

In all the experiments, the microorganism size R, the axial
velocity V,,, the U-turn time 7 as a function of the light
wavelength illumination condition, and with or without the
presence of RF fields were calculated.

All graphics and analysis were done using the software
Microcal Origin and the statistics with the software Graph-

Pad InStat and Oriana for circular statistics.

Results and discussion

CMM size

Table 1 shows the statistics of the diameters measured in the
CMMs observed in each experiment. The values correspond
with the experiments done in the presence of a 0.2 mT mag-
netic field. Figure 3 shows that the distributions are Normal.
The values observed for diameters are in agreement with the
size observed previously in CMMs from Araruama Lagoon
(Abreu et al. 2007; De Melo and Acosta-Avalos 2017b). It
is observed that Exp1 diameters are lower than diameters for
Exp2 and Exp3 (Fig. 4). CMM has a life cycle characterized
by initially doubling its volume before starting a splitting
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Table 1 Statistics for ‘Candidatus Magnetoglobus multicellularis’
size in Experiment 1 (Expl), Experiment 2 (Exp2), and Experiment
3 (Exp3)

D (pm) SE Range N
Expl 5.85% 0.67 4.23-7.82 340
Exp2 6.77° 0.72 4.61-8.68 243
Exp3 7.77° 0.99 5.61-10.58 247

D is the diameter, SE is the standard error, Range is the minimum and
maximum values in the group, and N is the number of microorgan-
isms measured. Different letters in column D represent the statistic
difference (ANOVA test, p <0.05)
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Fig.3 Histogram for the diameters of ‘Candidatus Magnetoglobus
multicellularis’ for the three experiments done in the present manu-
script. Expl =Experiment 1. Exp2=Experiment 2. Exp3 =Experi-
ment 3. The statistics for the diameters are in Table 1

process by enlarging its body and twisting at its middle to
produce two equal daughters (Keim et al. 2006). Doubling
the volume means that the relation among the initial micro-
organism diameter d; and the pre-splitting microorganism
diameter d, must be (Perantoni et al. 2009):

(dp/d;) = ()" ~ 1.26. (6)

Observing the average values in Table 1, we get the
values (dg,/dg) =1.16 and (dgs/dg) =1.33. From those
values, it can be considered that the microorganisms in
Experiments 2 and 3 are microorganisms that already dou-
bled their volume to start the division process. It has been
shown that in environmental samples containing CMMs,
collected during the day (13:00 h) and night (21:00 h), the
microorganisms move downward at night and the number

Fig.4 ‘Candidatus Magnetoglobus multicellularis’ observed by opti-
cal microscopy in the border of the water drop. a Microorganisms
observed in Experiment 1. b Microorganisms observed in Experiment
2. ¢ Microorganisms observed in Experiment 3. The scale bar in all
images represents 20 pm

of CMMs in the process of division during the night was
higher, suggesting that the CMM life cycle might be under
control of a circadian rhythm (Abreu et al. 2014). Follow-
ing findings described in the paper of Abreu et al. (2014),
the fact that our experiments were performed during the
night, and the size relations among Expl CMMs and
Exp2—Exp3 CMMs show that the majority of the CMMs
studied in the present manuscript were in the process of
division.
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Light-dependent photokinesis

Table 2 shows the values of V,, for the three experiments
in the different illumination conditions. As can be seen,
a light-dependent photokinesis is only observed in Expl
where CMMs are at their normal size. The velocity under
red light continues to be bigger than that under green light,
but the relation between velocities under white and blue
light is different than has been observed at 0.4 mT by De
Melo and Acosta-Avalos (2017a) or 0.14 mT by Azevedo
et al. (2013), where white and blue give rise to the same
translation velocity value. Azevedo and Acosta-Avalos
(2015) showed that there is a complex relation among the
translation velocity, the magnetic field intensity and the
monochromatic light power, and in some conditions, blue
and red light can give rise to similar velocity values, but
green is always lower. That is observed also in Table 2 for
Experiment 1. The RF field affected the velocity of CMMs
under white, green, and red illumination but not under
blue illumination, as De Melo and Acosta-Avalos (2017a)
also showed. As Experiment 1 also was performed during
the night, it is interesting to observe the results obtained
with an experiment done during the day (morning at about
10:00 h) with CMMs from the same sample. The veloc-
ity was measured using the same procedure as described
above, in the presence of a magnetic field of 0.5 mT, and the
result was: for blue light V,,=122.7+22.2 pm/s (N=55),
for green light V,,=99.2 +23.8 pm/s (N =30), and for red
light V,,=152.1+32.3 ym/s (N=55) (V,,=mean =+ stand-
ard deviation; all values are statistically different: ANOVA
test p <0.05). Those results are in accord with the light
wavelength-dependent photokinesis reported by Azevedo
et al. (2013), Azevedo and Acosta-Avalos (2015) and De
Melo and Acosta-Avalos (2017a). The results in Experi-
ment 1 concerning the RF effect on the photokinesis are

not comparable with the results showed by De Melo and
Acosta-Avalos (2017a), because the CMMs in the Experi-
ment 1 are physiologically different, since they are preparing
for the division process. In Experiment 2, the photokinesis
changes. In this case, red light maintains lower velocities
than blue and green light, and the RF field only acts over
green light illumination. When the size increases more, as in
Experiment 3, the photokinesis disappears and the RF field
no longer affects the velocity of the microorganisms. The
results of Exp2 in Table 2 shows that in certain size condi-
tions, before the beginning of the division process, light still
affects the velocity but not through a radical-pair mecha-
nism, and when the size is more than the expected doubling
of normal size, the radical-pair mechanism associated with
photokinesis disappears. Table 2 also shows that there is an
increase in the velocity from Exp2 to Exp3, indicating some
sort of relation among the microorganism velocity and vol-
ume (Fig. 5). It is interesting that for each experiment, there
is no significant correlation between diameter and veloc-
ity (Pearson correlation test: p > 0.05 in all cases). Figure 3
shows that the increase in diameter determines an increase
in velocity, perhaps because in this case, greater CMMs in
Experiments 2 and 3 have more cells and more flagella than
CMMs in Experiment 1, as expected for CMMSs in the divi-
sion process, increasing their propulsion power.

U-turn time

Table 3 shows the U-turn time t measured in all the illu-
mination conditions in the three experiments. As can be
observed, in Experiment 1, there is a dependence of T on
the wavelength, as was reported by Azevedo et al. (2013).
The difference observed between that study and the present
report is that Azevedo et al. (2013) used a different meth-
odology to estimate the U-turn time and monochromatic

Table 2 Statistics for axial

o . . Light illumination
velocities V,, in Experiment 1

Vo (pm/s)

(Expl), Experiment 2 (Exp2), Expl

Exp2 Exp3

and Experiment 3 (Exp3), as a

function of the light wavelength White

473+1.8% (41)8

and the presence of RF fields White + RF 68.7 +2.3% (40)
Blue (469 nm) 73.5+3.48 46)NS 95.3+2.4% (36)NS 109.5+3.24 4DNS
Blue+RF 69.5+2.6% (40) 101.2 +2.8% (40) 113.1+3.8" (39)
Green (517 nm) 52.1+2.94 41)8 88.4+2.4% (41)8 99.6+3.34 (4)NS
Green+RF 82.4+2.6" (46) 95.6+2% (40) 105.1+£4.3* (41)
Red (628 nm) 64.6£2.28 (45)8 72.5+2.88 (40)NS 103.8 +3.24 (40)NS
Red +RF 73.9+£2% (42) 79+3.2° (41) 102.1+2.5 (42)
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In each column is represented the average value and its standard error, and between parentheses the number
of microorganisms measured. Different letters over the standard error value represent the statistical dif-
ference (ANOVA test, p <0.05): uppercase letters stand for experiments without RF field and lowercase
letters stand for experiments with RF fields. Letters over the parentheses are to show the statistical differ-
ence between experiments with fixed light wavelength with and without RF fields (#-Student test, p <0.05):
S =statistical significant difference and NS = No statistical difference
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1204 The present manuscript shows that under normal size
100_' ‘ [ Te _—* : conditions, before the beginning of the division process,
. ] ‘ ' CMM presents a photokinesis that is canceled by RF fields
£ l ‘ T whose frequency is calculated through the Zeeman reso-
£ 80+ . o . . .
2 ] 4& nance formula, indicating the involvement of a radical-pair
2 604 ﬂ mechanism. Experiments done during the day in the present
‘_{3’ ] S manuscript showed the usual light wavelength-dependent
é’ 40 - \ photokinesis in CMMs (Azevedo et al. 2013; Azevedo and
1 Acosta-Avalos 2015; De Melo and Acosta-Avalos 2017a).
20+ During the performance of the present experiments, we
were not aware of the comment of Abreu et al (2014) about
0 s 5 e 7 & 8 10 the prevalence of CMMs in the division process in sam-

Diameter (um)

Fig.5 Velocity as a function of the diameter for blue, green, and red
illuminations in Experiments 1, 2, and 3. Symbols are related to the
Experiment: stars for Expl, squares for Exp2, and dots for Exp3. The
coordinates in each symbol are the average values for velocity and
diameter for each experiment, and bars indicate the corresponding
standard deviation

light with different power, producing as a result a U-turn
time for green light lower than that for blue, yellow, and
red light illumination, which were statistically similar. In
Table 3, it is observed that with red light the value of 7 is
lower than that for blue and green light, which are statisti-
cally similar, and also it is observed that the RF field does
not affect the U-turn time for any monochromatic light,
different than was observed with the velocity. When the
size increases in Experiments 2 and 3, the U-turn time
does not change with the monochromatic light and with
the RF field.

ples collected during the night, and for us, it was a surprise
to correlate the disappear of light wavelength-dependent
photokinesis with the increase of the CMM size. When the
microorganism size increases, both photokinesis and the
RF field influence disappear and an increase in translation
velocity is observed (Fig. 3). The fact that the division pro-
cess produces the disappearance of photokinesis must be
associated with a higher production of proteins needed for
cell division that block the action of chromophores involved
in CMM photokinesis. Up to now, it is not known what
chromophores are responsible for the observed photokinesis
in CMM. Its cryptochrome is discounted, because it absorbs
blue light and is sensitive to RF fields in that wavelength, but
our results show that, in CMM, the chromophore involved is
not sensitive to blue light. In some way, during the division
process, the photokinesis chromophore of CMM is involved
in another function or is not produced.

Our results also show that the U-turn time is affected by
the light wavelength, but it is insensitive to RF fields in the
Zeeman resonance frequency. When the size increases, the

Table 3 Statistics for the

. X . Light illumination T(8)

U-turn time 7 in Experiment 1

(Expl), Experiment 2 (Exp2), Expl Exp2 Exp3

and Experiment 3 (Exp3), as a

function of the light wavelength White 0.34+£0.02% (41)NS

and the presence of RF fields White + RF 0.37+0.2% (40)
Blue (469 nm) 0.57+0.038 (46)NS 0.37x0.014 (40)NS 0.43+£0.034 41DNS
Blue+RF 0.63+0.06" (40) 0.35+0.02% (40) 0.45+0.02* (40)
Green (517 nm) 0.52+0.048 4D)NS 0.35+0.024 @D 0.45+0.034 4DNS
Green+RF 0.47+£0.03% (46) 0.36+£0.02% (40) 0.44+0.03* (41)
Red (628 nm) 0.40+0.024 (45)NS 0.35+£0.024 (42)NS 0.51+£0.034 (40)NS
Red +RF 0.380.02% (42) 0.36+0.02% (43) 0.49+0.03% (42)

In each column is represented the average value and its standard error, and between parentheses the number
of microorganisms measured. Different letters over the standard error value represent the statistical dif-
ference (ANOVA test, p <0.05): uppercase letters stand for experiments without RF field and lowercase
letters stand for experiments with RF fields. Letters over the parentheses are to show the statistical differ-
ence between experiments with fixed light wavelength with and without RF fields (¢-Student test, p <0.05):
S =statistical significant difference and NS = No statistical difference
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dependence on the light wavelength disappears and a unique
behavior is observed. We deduce that the mechanisms related
to the light wavelength-dependent photokinesis and U-turn in
CMM are different. The U-turn is considered to be mediated
only by the magnetic torque among the resultant magnetic
moment and the external magnetic field (Esquivel and Lins
de Barros 1986). Some studies have considered that tradi-
tional U-turn analysis lacks a necessary flagellar contribution
that could be added to the differential equation describing it
(Pichel et al. 2018) or that a correction in the hydrodynamic
torque coefficient may be required (Chen et al. 2018). The
magnetic moment calculated through Eq. (2) for the U-turn
time 7 is shown in Table 4 for Experiment 1. It is observed that
the average magnetic moment has a dependence on the light
wavelength, but the magnetic moment is a material property
that never has been observed to change with irradiation of low
power light. An interpretation of the variations in T observed
in Table 3 is that the monochromatic light is affecting the fla-
gellar function, and introducing perturbations that affect the
U-turn dynamics. As the microorganism movement is con-
trolled by the flagella, then the light irradiation might only
increase the flagellar perturbation and not cancel it, producing
an increase in the effective temperature T and a decrease
in the rate mB/kgTyy; observed in Eq. (2). That effect must
produce as a result wrong estimates of the magnetic moment
lower than its real value. That was observed by Rosenblatt
et al. (1982) when designed a birefringence technique to study
the magnetic moment of Aquaspirillum magnetotacticum.
They observed that the estimated magnetic moment of live
cells is always lower than that of dead cells, and proposed
that a hydrodynamic effect can be the source of the effect: the
swimming of the bacteria can affect the orientations of nearby
bacteria in some way and have the effect of increasing the
effective temperature, producing a non-thermal perturbation
as estimated through k7. In Table 4, it is observed that for
green and red light, the magnetic moment values are greater
than for blue light. The magnetic moment histogram for each
distribution in Table 3 shows a non-Gaussian distribution with
two maxima in each case: 15x 107> Am? and 27x 107! Am?

Table 4 Mean values of ‘Candidatus Magnetoglobus multicellularis’
magnetic moments as a function of the light wavelength

Light illumination Magnetic moment SE N
(x 10715 Am?)

White 48.7% 2.9 39

Blue (469 nm) 23.7° 1.5 41

Green (517 nm) 34.8¢ 2.5 40

Red (628 nm) 35°¢ 2.1 45

Magnetic moments were estimated using Eq. (2). Data are related
to the Experiment 1 and without RF field application. SE =standard
error. N =sample size. Different letters in column D represent the sta-
tistic difference (ANOVA test, p <0.05)
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for blue light; 24 x 107> Am? and 44 x 10~'5 Am? for green
light; 24 x 107> Am? and 46 x 107'> Am? for red light and
34x 107" Am? and 55x 107'5 Am? for white light. Previous
studies have shown that the CMM magnetic moment estimated
through the U-turn technique, and using white light, is dis-
tributed in a curve with two maxima at about 10x 10715 Am?
and 20x 10~'> Am? (Perantoni et al. 2009). However, a math-
ematical model for the magnetic moment distribution in
CMM calculates a magnetic moment of 23 x 107> Am? for a
microorganism with 15 cells and assuming that each cell has
a magnetic moment of 1.8 x 107'> Am? (Acosta-Avalos et al.
2012). It is interesting to observe that that theoretical mag-
netic moment value must be lower than the real one, because
the observed average value of the cells in CMM is 17 but for
CMM organisms composed of up to 30 MTB (Keim et al.
2006). The results in Table 4 can be interpreted as for green
and red light the non-thermal perturbation decreases in com-
parison to the blue light perturbation. It is known that mag-
netotactic bacteria from the genus Magnetospirillum possess
diversified photoreceptor genes that may be responsible for
phototaxis, including genes that encode phytochrome-domain
photoreceptors that induce red/far-red light phototaxis (Wang
et al. 2019). Perhaps, phytochrome photoreceptors are involved
in the observed CMM red light photokinesis (Azevedo et al.
2013). An interesting result was reported by Chen et al. (2018).
They studied the participation of the methyl-accepting chemo-
taxis protein amb0994 in the magnetotaxis of Magnetospiril-
lum magneticum AMB-1, comparing the behavior of wild-
type bacteria and mutants with suppressed amb0994. Zhu et al.
(2014) showed that amb0994 is used by AMB-1 bacteria to
sense the torque and actively regulate the flagellar rotation
bias to align its orientation with the magnetic field. Chen et al.
(2018) showed that after a magnetic field inversion of direc-
tion, the U-turn parameters are not equal between both AMB-1
wild type and mutants: mutants present higher velocities than
wild type and mutants present lower U-turn times than wild
type. These differences are interpreted through the interference
of amb0994 in the flagellar function, interference that is not
observed in the mutant. In other words, the results of Chen
et al. (2018) show that the non-thermal perturbation is gener-
ated by the flagellar action of the amb0994 protein activated
by the magnetic torque. MMPs are composed by magnetotac-
tic bacteria, and perhaps something similar can be happening
here: illumination with green and red light should interfere
in the function of a similar protein of the methyl-accepting
chemotaxis protein group, decreasing or blocking the effect of
that protein on the flagellar function, increasing or decreasing
the velocity and increasing the estimated magnetic moment
through the elimination of the non-thermal perturbation. The
suppression of that effect when CMMs are starting their divi-
sion process could be related to a non-production of those
proteins, because they need to produce more proteins related
to the division process. However, it is not clear how the same
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protein can be affected by RF electromagnetic fields during
photokinesis and is not during the U-turn. This hypothesis
must be explored in future studies on CMM behavior.

Conclusion

The present manuscript described for the first time the unex-
pected result of the absence of light wavelength-dependent
photokinesis in experiments performed during the night in
CMMs when the microorganisms are involved in the divi-
sion process. Our results confirmed the effect of RF elec-
tromagnetic fields on photokinesis induced by green and
red light, and show that the U-turn time is affected by the
wavelength of the light irradiation, but is not affected by RF
fields. However, the last results must be performed again
in experiments done during the day. We hypothesize that
methyl-accepting chemotaxis proteins are involved in the
light effect on the U-turn and perhaps on photokinesis but
more studies are necessary to understand how RF fields
affect only photokinesis and not the U-turn time in Experi-
ment 1. As the greater CMM sizes observed in Experiments
2 and 3 are related to the beginning of the CMM division
process, it is possible that the observed insensitivity to the
light wavelength is related to the non-production of proteins
related to the light wavelength sensitivity, because they need
to produce more proteins related to the division process.
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