Eur Biophys J (2017) 46:533-539
DOI 10.1007/s00249-017-1199-5

< @ CrossMark
‘ \

ORIGINAL ARTICLE

Ny

Biophysics in Europe

The swimming polarity of multicellular magnetotactic
prokaryotes can change during an isolation process employing
magnets: evidence of a relation between swimming polarity

and magnetic moment intensity

Roger Duarte de Melo! - Daniel Acosta-Avalos!

Received: 18 July 2016 / Revised: 30 November 2016 / Accepted: 20 January 2017 / Published online: 4 February 2017

© European Biophysical Societies’ Association 2017

Abstract Magnetotactic microorganisms are character-
ized by swimming in the direction of an applied magnetic
field. In nature, two types of swimming polarity have been
observed: north-seeking microorganisms that swim in the
same direction as the magnetic field, and south-seeking
microorganisms that swim in the opposite direction. The
present work studies the reversal in the swimming polarity
of the multicellular magnetotactic prokaryote Candidatus
Magnetoglobus multicellularis following an isolation pro-
cess using high magnetic fields from magnets. The propor-
tion of north- and south-seeking organisms was counted as
a function of the magnetic field intensity used during the
isolation of the organisms from sediment. It was observed
that the proportion of north-seeking organisms increased
when the magnetic field was increased. The magnetic
moment for north- and south-seeking populations was
estimated using the U-turn method. The average magnetic
moment was higher for north- than south-seeking organ-
isms. The results suggest that the reversal of swimming
polarity must occur during the isolation process in the pres-
ence of high magnetic fields and magnetic field gradients.
It is shown for the first time that the swimming polarity
reversal depends on the magnetic moment intensity of mul-
ticellular magnetotactic prokaryotes, and new studies must
be undertaken to understand the role of magnetic moment
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polarity and oxygen gradients in determination of swim-
ming polarity.
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Introduction

Magnetotactic bacteria (MTB) are known for their pro-
duction of magnetic nanoparticles in magnetosomes, ena-
bling them to swim along geomagnetic field lines, an
ability known as magnetotaxis. It is assumed that MTB
are different in the two hemispheres of the Earth, because
they always need to swim vertically downwards to oxic/
anoxic sediment layers. As the vertical component of the
geomagnetic field is upward in the Southern Hemisphere
but downward in the Northern Hemisphere, two types of
swimming polarity have been identified in MTB: north-
seeking (NS) in the Northern Hemisphere, characterized
by swimming in the same direction as the geomagnetic
field, and south-seeking (SS) in the Southern Hemisphere,
swimming in the direction antiparallel to the geomagnetic
field (Bazylinski and Frankel 2004). In the presence of a
magnet, NS MTB swim in the direction of the magnetic
south pole while SS MTB swim toward the magnetic north
pole. This swimming polarity is known as “polar magne-
totaxis,” in contrast to “axial magnetotaxis” where MTB
swim freely in both senses of the magnetic field lines, not
towards a single magnetic pole. The discovery of MTB at
the Geomagnetic Equator (Frankel et al. 1981) shows that
NS and SS populations can coexist in that region and that
their population densities are a function of the geomagnetic
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inclination (Torres de Araujo et al. 1990). This suggests
that it is always possible to find a small fraction of NS
MTB in the Southern Hemisphere and vice versa. How-
ever, Simmons et al. (2006) reported that large populations
of SS MTB were found in marine sediments of the North-
ern Hemisphere, with the proportion of SS microorganisms
correlated to the in situ environmental oxidation—reduction
potential. Zhang et al. (2010) suggested that redox gradi-
ents combined with different magnetic field directions can
control the swimming polarity of the MTB MO-1 culture.
Recently, Pop et al. (2014) reported that the swimming
polarity of the MTB Magnetospirillum gyrphiswaldense
can be switched from axial to polar by growth of cultures
in presence of oxygen gradients and magnetic fields, both
oriented parallel or antiparallel, and even that the NS popu-
lation can become SS upon a sudden increase in the local
oxygen level. All those reports show that the swimming
polarity depends on the relation between the direction of
the magnetic field and the oxygen gradient.

In the present report, isolation of MTB using magnets
is investigated. In our laboratory, such isolation is done
using a small glass vessel with one or two capillary ends.
To isolate SS MTB, a magnet is put in front of one cap-
illary end with the magnetic north pole facing it (Fig. 1).
If NS and SS MTB are present in the sediment, only SS
MTB will swim into the capillary end facing the magnet
while NS MTB will swim in the opposite direction to the
other capillary end of the vessel. In fact, in Rio de Janeiro,
Brazil, at the opposite capillary end a small number of NS
MTB may be collected. However, in the water drop isolated
in front of the magnet, both populations appear, with NS
MTB being found at lower proportion. It is interesting to
ask how the NS MTB population is mixed with SS MTB
in the same capillary end, because in theory they must be
found only at opposite ends of the concentrator. The pre-
sent report aims to discuss this phenomenon, analyzing the
isolation of MTB using different magnetic field intensities
in the capillary tip. The multicellular magnetotactic prokar-
yote (MMP) Candidatus Magnetoglobus multicellularis
(CMm) was used in the present study, because it is easier to
quantify the amount of MMPs isolated (in comparison with

i

Fig. 1 Apparatus to isolate MTB. Glass vessel with two capillary
ends filled with sediment and water. In one end, a magnet produces
an intense magnetic field. To isolate a population of SS MMP, the
magnetic north pole faces the capillary end
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MTB) and because it shows “polar magnetotaxis” (Abreu
et al. 2007).

Materials and methods

CMm MMPs are found at Araruama Lagoon (22°50'S;
42°13'W), a hypersaline (~55 %o) coastal lagoon of Rio
de Janeiro State, Brazil. Samples of water and sediment
containing the microorganism were collected at depth of
1 m and, in the laboratory, transferred into aquariums with
approximately 1/3 sediment and 2/3 water. The aquariums
were near to a window to illuminate them by sunlight. To
collect MMPs, water and sediment were collected using a
Pasteur pipette from a zone somewhat below the sediment
surface in the aquarium and transferred to a glass container
(Fig. 1), as described by Lins et al. (2003). This glass con-
tainer has two lateral capillary ends, in one of which the
microorganisms are concentrated using a permanent mag-
net. The north pole of the magnet was placed near to and at
the level of the capillary end to collect an optimal amount
of SS MMPs. To investigate whether the magnetic field
intensity determines the presence of NS organisms in the
same capillary end, the distance of the magnet from the
capillary end was changed and the magnetic field meas-
ured at the position of the capillary end (digital gaussmeter
Globalmag model TLMP-Hall-05k-T1), yielding 480 Oe
at 1 cm, 130 Oe at 2 cm, 50 Oe at 3 cm, 28 Oe at 4 cm,
and 15 Oe at 5 cm. Ten different isolation procedures were
undertaken for each distance.

Counting procedure

After 15 min, a drop of water was collected from the cap-
illary end using a dropper. The dropper tip was taken out
from the capillary perpendicular to the magnet to avoid
the drop being exposed to higher magnetic fields. The
drop was then placed on a coverslip. A digital microscope
(Celestron no. 33340) was used to observe and record
the MMPs in the drop. A pair of coils was adapted to the
sides of the digital microscope and connected to a direct-
current (DC) power supply to generate a uniform magnetic
field of about 5 Oe in the objective lens region (magnetic
field measured with a digital gaussmeter Globalmag model
TLMP-Hall-050). The magnification used was 10x. The
entire water drop border was recorded, making it possible
to count the amount of SS and NS MMPs isolated in the
same drop, since the film was stationary or could be sepa-
rated into frames to count individual MMPs. As mentioned
above, ten drops were analyzed for each magnet distance.
After counting, the proportion of SS and NS organisms was
calculated and statistical analysis carried out on each set of
proportions for each magnet distance.
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Effect of magnetic gradient

Assuming that a small proportion of MMPs is NS, there is
a possibility that they will appear in the same drop because
of the force due to the magnetic field gradient from the
magnet. To investigate whether this applies, isolation was
carried out with the magnet south pole facing the capillary
end and a magnetic field of 460 Oe (Video 1) and another
with the magnet north pole facing the capillary end and
a magnetic field of 460 Oe (Video 2). Another video was
recorded with the magnetic north pole facing the capillary
end and a magnetic field of 15 Oe (Video 3), to show the
effect of different magnetic field intensities.

The effect of different isolation times (5, 10, and
15 min) on the NS proportion was analyzed. The magnetic
field in the capillary end was 460 Oe, and the procedure for
counting the number of SS and NS MMPs was the same as
described above.

Magnetic moment estimation

To determine whether the SS and NS populations isolated
in the same drop have the same size and magnetic moment,
isolations were done with magnetic fields of 480 and
15 Oe. To estimate the magnetic moment of the MMPs, the
U-turn method was used to calculate the U-turn time f,. A
pair of coils connected to a DC power supply were set on
the stage of an inverted microscope (Nikon Eclipse TS100),
and the coverslip with the drop was placed in the middle
of the coils (Fig. 2). The lens had magnification of 40x,
allowing measurement of the MMP radius R. The magnetic
field generated by the coils was 11 Oe. An electric circuit

Fig. 2 Experimental setup used to record the U-turn movement. A
pair of coils was adapted to the stage of an inverted microscope, and
the coils were connected to a power supply through a circuit that per-
mits change of the magnetic field polarity. MMPs (SS or NS) are first
concentrated at a border of the drop then stimulated to swim when the
magnetic field polarity is inverted. A second inversion in the magnetic
field polarity produces the U-turn. The drop was positioned in the
middle of the pair of coils, and U-turns were recorded using a video
camera attached to the microscope

Fig. 3 Example U-turn of a SS MMP. The figure was created by add-
ing the frames from a U-turn video. Bar 5 pm

for changing the voltage polarity (current reversal) was
connected between the power supply and coils, leading to
inversion of the magnetic field direction when a button was
pushed. After two magnetic field inversions, the MMPs per-
formed U-turn trajectories (Fig. 3). The magnetic moment
(m) can be estimated using the formula (Esquivel and Lins
de Barros 1986)

f = [877R3 /(mB)} - In(2mB/kT), )

where ¢, is the U-turn time, 7 is the viscosity of the medium
(about 1073 Pa s), R is the microorganism radius, B is the
external magnetic field, k is the Boltzmann constant, and
T is the temperature (about 300 K). To calculate ¢#,, the fol-
lowing procedure was undertaken: U-turn trajectories were
recorded at rate of 82 fps using the inverted microscope
with a digital camera (Lumera Infinity 1). The coordinates
of the U-turn trajectories were obtained using ImagelJ soft-
ware (NIH, USA) (Fig. 4a). In the experimental setup, the
external magnetic field is applied in the x direction, mean-
ing that the x coordinate as a function of time must be two
straight lines with different slopes (Fig. 4b). The U-turn
time ¢, is the time necessary for the change of slope and
can be calculated from the derivative dx/dt (Fig. 4c). As
depends on the radius of the microorganism, a table of the-
oretical values for tu/R3, as a function of m and maintain-
ing n, B, and T constant, permits determination of the value
of m for each MMP via comparison with the experimental
values of #,/R®. All graphs were produced using Microcal
Origin software, and statistical analysis carried out using
GraphPad InStat software.

Results and discussion
The results showed that NS and SS populations were pre-

sent in the same water drop after isolation from the capil-
lary end in front of a magnetic north pole. Normally, one
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Fig. 4 Example of procedure to measure U-turn time 7,. a The coor-
dinates of the U-turn trajectory are obtained using Image] software.
The example corresponds to the U-turn in Fig. 3. b As the magnetic
field is oriented along the x-axis, the U-turn x-coordinate must be a
linear function of time, and during the U-turn the slope must change.
¢ The U-turn time, ¢, corresponds to the time interval for the change
of slope in the x-coordinate. The initial (7}) and final (7}) instants of
the change of slope process are indicated in the figure. #, is calculated
from the difference between T; and T}, i.e., t, = T; — T;. In this exam-
ple,t,=0.16s
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would expect to detect only the SS population at that cap-
illary end because MMPs show polar magnetotaxis. Fig-
ure 5d, f and Videos 2 and 3 show that the amount of NS
MMPs increased when the magnetic field used for isola-
tion was increased. Let us assume that NS MMPs are com-
monly present in water sediment. If this is the case, their
presence in Video 2 must be because an attractive force
produced by the magnetic field gradient carried them to the
capillary end. On the other hand, several NS MMPs must
be isolated when the magnetic south pole is facing the cap-
illary end. This, however, is not observed in Fig. 5b and
Video 1. The corresponding isolation with the magnetic
south pole showed very few microorganisms, in contrast
to the presence of several NS MMPs isolated when using
the magnetic north pole (Video 3). So, it can be concluded
that, in natural MMP populations, NS microorganisms are
present at very low proportions (less than 1%), in contrast
to SS microorganisms. From Videos 2 and 3 and Fig. 5d, f,
one can conclude that the MMPs reaching the capillary end
are SS when the magnetic north pole is used and that a pro-
portion of them become NS inside the drop during isolation
and transportation to the microscope slide.

During the present research, several experiments were
done to observe the inversion of swimming polarity in
individual MMPs, using strong magnetic fields during the
observation process under the microscope. Magnetic fields
of about 50 or 100 Oe, generated with coils or magnets,
were unable to invert the swimming polarity in observation
times of about 30 min (data not shown). These experiments
show that the inversion of swimming polarity occurs only
during the isolation process in the concentrator tip. Per-
haps we did not observe the change of swimming polarity
because an abrupt change in the local oxygen gradient is
essential, as happens at the moment of drop extraction from
the capillary tip.

The proportion of NS and SS individuals in the same
drop is a function of the strength of the magnetic field at
the capillary end (Fig. 6), with increasing NS proportion as
the magnetic field is increased. The proportion measured
for different isolation times was the same, meaning that the
proportion is not the result of an accumulative process. To
determine whether the two populations are different, the
radii and magnetic moments were determined for two dif-
ferent isolation procedures (Table 1). For NS and SS popu-
lations isolated using a magnetic field of 480 Oe, the mean
radii were statistically different amongst themselves, while
the mean radius of the SS population isolated using a mag-
netic field of 15 Oe was statistically similar to that of the
SS population isolated using 480 Oe [analysis of variance
(ANOVA) test: p < 0.05]. To determine whether the two
populations had different magnetic moments, the U-turn
method was used. As shown by the results in Table 1, the
mean magnetic moments were statistically different for
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Fig. 5 Effect of magnetic field intensity on number of isolated SS
and NS MMPs. a, ¢, e Isolation process with different magnet con-
figurations. b, d, f Opposite sides of the isolated drop observed in the
microscope; the arrow at the fop indicates the magnetic field direction
during the observation. This magnetic field is generated by coils as in
Fig. 2. In this configuration, SS MMPs should accumulate at the left
drop border and NS MMPs at the right drop border. a, b The mag-
net is 1 cm away from the concentrator tip with the magnetic south
pole (MS) facing the tip (B = 460 Oe). It is observed in b that no
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Fig. 6 NS MMP proportion as function of magnetic field intensity in
capillary end. Each point represents the average of 10 measurements,
and the bar corresponds to the standard error

MMPs were isolated. This result shows that NS MMPs are not com-
monly present in the sample. ¢, d The magnetic north pole (MN) is
facing the tip, 1 cm away from the concentrator tip (B =~ 460 Oe). d
SS and NS MMPs are isolated in the same drop, but the proportion of
SS MMPs is higher than that of NS MMPs. e, f The MN is 6 cm away
from the concentrator tip (B = 15 Oe). NS MMPs are still observed
but in much fewer number compared with d. b, d Show that the sam-
ple is composed of SS MMPs and that they convert to NS MMPs dur-
ing the isolation process

the SS and NS populations but statistically similar for the
two SS populations (ANOVA test: p < 0.05). The magnetic
moments obtained for the SS and NS populations (Table 1)
are in good agreement with the magnetic moment esti-
mated previously using the U-turn method (Perantoni et al.
2009). Table 1 shows that the NS population has higher
magnetic moment than the SS population. The ratio of
the lower to higher average values was about 0.73 &£ 0.10.
One can consider that the magnetic moment for NS MMPs
results from SS MMPs that were remagnetized. Winklhofer
et al. (2007) and Acosta-Avalos et al. (2012) showed that
remagnetization of MMPs produces a degree of magnetic
optimization (defined as the ratio among lower and higher
magnetic moment) of about 0.85 £ 0.01 (Winklhofer et al.
2007) or 0.90 £ 0.07 (Acosta-Avalos et al. 2012). The
magnetic moment ratio obtained here of about 0.7 is far
from that expected theoretically and experimentally, indi-
cating that the magnetic moments of NS MMPs are not the
result of remagnetization. Moreover, CMms show positive
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Table 1 Average radius and

_ ! 480 Oe 15 Oe
magnetic moment estimated

from U-turn time of SS and NS R (jum) m(x100%Am?» N R (um) m(x100%Am?» N
MMPs isolated using different

magnetic field intensities at SS MMPs 298 +£0.06%  11+£0.8 32 2874006 107 +0.8 31
capillary end (480 and 15 Oe) NS MMPs 323+£007% 15+1.1° 33 - - -

ANOVA test with Tukey—Kramer multiple comparisons was used. Different letters indicate statistical dif-
ference among the values (upper-case letters for radius R, lower-case letters for magnetic moment m). Val-
ues expressed as average =+ standard error. The individual values are shown in Table II (Electronic Supple-

mentary Material)

correlation between magnetic moment and volume (Peran-
toni et al. 2009). Our results show that the NS and SS pop-
ulations had different distributions of radius, meaning that
NS MMPs should have higher magnetic moments than SS
MMPs, ruling out the remagnetization hypothesis, because
that process does not change the size of the microorganism.

These results show that exposure of the CMm organisms
to high magnetic fields from a magnet, during the isola-
tion procedure, induced a change in the swimming polarity,
suggesting that the MMPs that change swimming polarity
from SS to NS are selected owing to their higher magnetic
moment. Our results do not allow us to determine whether
the magnetic moment polarity also changed. Experiments
done by Blakemore et al. (1980) showed that alternating
50-Hz magnetic fields above 1 kOe could invert the mag-
netic moment polarity and swimming polarity of MTB,
showing a relationship among them. Penninga et al. (1995)
used strong magnetic fields (of about 700 Oe) in pulses of
1-5 ms to invert the magnetic moment polarity of MTB.
They observed that, for MTB, the minimum magnetic field
to invert the polarity was the same as the coercive field
(about 310 Oe). For MMPs, Penninga et al. (1995) meas-
ured the coercive field as 200 Oe and observed that MMPs
can be demagnetized, which is distinct from MTB. MMP
demagnetization was also reported by Rodgers et al. (1990)
and Keim et al. (2006), where alternating 60-Hz magnetic
fields were used, the demagnetized MMPs being unable
to respond magnetotactically. In the present experiments,
MMPs showed magnetotaxis with both swimming polari-
ties after isolation from the capillary tip. No demagnet-
ized MMPs were observed. The magnetic fields where NS
MMPs were observed (28, 50, and 130 Oe) are lower than
the coercive field of 200 Oe, and our experimental manipu-
lation of the drop during the isolation procedure avoids
exposure to higher magnetic fields from the magnet. These
facts suggest that the magnetic moment polarity of the
MMP was not inverted and that the inversion of swimming
polarity must be related to another mechanism. Pop et al.
(2014) showed that swimming polarity can be changed
by oxygen gradients, relative to the magnetic field direc-
tion, meaning that, to change the swimming polarity, it is
not necessary to change the polarity of the MTB magnetic
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moment. Our results indicate that the intensity of the mag-
netic moment m is important too in the determination of
the swimming polarity in the presence of nonuniform high-
intensity magnetic fields.

It has been shown that the swimming polarity of MTBs
depends on the magnetic moment polarity (Blakemore
et al. 1980; Penninga et al. 1995) and aerotaxis determined
by the presence of oxygen gradients (Pop et al. 2014). In
particular, Pop et al. (2014) showed that the change in
swimming polarity is related to the relative orientation
among the magnetic field and oxygen gradient. During
the isolation procedure used in our experiment, there is no
way the MMP magnetic moment m could change its polar-
ity without being demagnetized, but in the process of iso-
lating the water drop from the capillary end, the dropper
moves the drop through an air environment and magnetic
field gradient, creating an oxygen gradient through the
drop (Cai et al. 2008). If this sudden oxygen gradient in the
water drop promotes a change in swimming polarity, it may
be hoped that all MMPs would have the same probability
to change polarity. However, our results suggest that only
those microorganisms with sufficient magnetic moment m
could change from SS to NS (Table 1).

The same behavior is observed in noncultured MTB, but
their number and size make it difficult to quantify the num-
ber of SS and NS organisms and determine the magnetic
moment for each population.

In conclusion, the swimming polarity reversal of MMPs
during the isolation process with the application of mag-
netic fields from magnets and with intensities much higher
than that of the geomagnetic field was studied for the first
time. The results show that the swimming polarity rever-
sal depends on the intensity of the MMP magnetic moment.
More studies are required to understand the relation
between the magnetic moment polarity, magnetic moment
intensity, and oxygen gradient in determining the swim-
ming polarity.
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