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ABSTRACT

A simple mechanical model for a magnetotactic bacterium is
developed. The flagellar torque is explicitly -considered and
the motion equation is computaticnally .:solved. 'Gompariéon
between theworetical and experimental trajectory shows that the
model describes with good accuracy the movement of a magneto-
tactic bacterium. With this model it is obtained the total fla
gellar force. The transversal component of the flageldar force
is about eight times the longitudinal one for the case treated
in this work showing the importance in consider torque effects

when is studied motion of bacteria.

Key-words: Magnetotaxy:; Bacterial behavior; Magnetism; Motion

eduation of microorganism.
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INTRODUCTION

The study of movement.of a bacterium has been made by sev-
eral authors. In 1951 Sir Geoffrey Taylor, F.R.S. . (1951 a,b)}
analysed the swimming of microorganisms and the action of a
rotating tail. Only several . years later it was_established'&nt
flagelluméis the organelle responsable_for'the_swimming of sev
eral bacteria (Berg and Anderson, 1973}. The movement of.micrg
organisms in viscous environments, the - action of flagellar
bundles and flagellar structures haﬁe been treated in ‘- several
different aspects, (Berg and Brown, 19?2,'Berg-1§?5, Liuvger 1977,
Berg and Purcell, 1977, Oozawa and Hayashi, 1983, Macnab and
Aizawa, 1984, Lowe et al.;1987, Carlile et al. 1987). The move
ment in the dimensions of microorganisms in a liquid medium has
a different physics: it is a low Reyholds number problem and
this introduces a new approach to~£reat'ﬂﬁ3aproblem {Purcell,
1977, Berg-énd Turner,11979).ngeunact33 bacteria are very
particular organisms to study the movement of - microorganisms
since they are oriented by an external field in controlled la-
boratory conditions.

A simplified description of the motion of a magnetotactic
microorganism is that these microcrganisms swim parallel' to
the magnetic field lines. Optical.microscopy shows that ' under
constant field the microorganisms have a linear trajectory.
When the field is suddenly reserved these organisms ' re-orient
in the field, making an U-turn (Esquivel and :Lins.de Barros,
1986). Electron-microscopy (EM) of several magnetotactic cells

shows the presente of flagella. These structures are responsa-
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ble for the movement. Typical velocities are of about 100um/s

to 300um/s under fields of order of 1l0G, but some species can

have lower velocities. The observation of these organisms only

in the presence of the geomagnetic field, with no other ex—

ternal field applied, is difficult since induced fields are

usually pfesent. At low fields, howeVer,.i.e., fields of about
0.5G or less, we observe a complex movement with - no - strick
evidence of magnetic orientation. Low-exposure. photographies
on dark~field microscopy give the track of trajetory of .these
microorganisms. These photographies can be made'with different
homoéeneous-fields.-The trajectory cbserved is nearly  linear
but it have particularities. They seems tc be the - projection
(in the plane of the photo} of a cylinder helix trajectory = rather
than a planar'tiajectory. In fields of order of 10G the cells
have alongated track and in fields lessthan 2G the track is
ondulated. Since the displacement of the cell is produced by

the flagellar beat we can associate these characteristics to
the action of flagella.

In this work we construct a mechanical model of a . magnetftactic
microorganism propelled by a flagellum, and we solve the motion
differential system equation taking into account randemic con-
tributions. We compare the theoretical trajectory with : experi-

mental tracks obtained ‘in a dark-field microscope.

MODEL

To treat the bacterium movement we adopt the usual approach
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of rigid body physics. Firstly we describe the translation mo-
‘tion of the Center of Mass (CM)} and, secondly we treat -the
rotation movement in the CM system. We assume a model described
as follows: a spherical body with a conétant.magnetic dipolar
moment m, colinear to the average direction of motion and ' pro-
‘pelled by a flagellum that have a beat. The flagellum produces
a constanE force.Ff that precess around the body Siﬁetry raxes
¥ as shown in figure 1.

This flagellar force, Ff‘has two components. The longitudinal

component F paréllel to rlj is responsable ' for - the trans-

L'(
lational motion. of the body and it is equilibrated by the  vis-
oous drag. This'component éan.be considered as - constant.  The
other component is the.transversal ?T; perpendicular to ¥, and
it is described in our model .as a rotating vector with constant
intensity and frequency w. The longlitudinal component does not
-produce any torque on -the body vith respect to the center of
mass-system (CM) since it is coincildent with the bedy simetry

axis, but the transversal is responsable to a torgue that ro-

tates the cell body. With respect to the CM we can write:

ﬁf =¥+ FT
with F =F ¢
e . -
and Fp = FTcoswt§-+ F,sinwty

where (%,3,¥) are the usual spherical coordinates, and w is

the flagellar frequency, F_ acts on the point A, (figure 1) on

£
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the border of the cell, defined as:
X = -Rrf

where R is the bacterium radius.

We ignore, in our model, any flagellar geometry. We ‘con-
sider oﬂiy the force:produced by the flagellum. We - restrict
our study to the particular case that the flagellar movement
ié periodic with constant frequency w. Tumble can be included,

later, by the introduction of an intense randomic perturbation.

MOTION EQUATION

The CM translates with respect to the laboratory system

(8'). In CM the motion equation is given by:

%% = ] Torques (1)

where I is the total angular moment related to the :CM origin.
Using spherical coordinates the torque due to the flagel-

lar beatting, I is

f'

?f = rfIcOSmta - sinutd) (2).

= F.R

where 1, is: ¢f T

£
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The magnetic .moment m in CM, is: m=mt .
e
The magnetic torque T _ is:

3

TS ~mBsin 8y ' {3)

where the external field B is parallel to Z (8 = BZ).
The visoous torque:due to the medium is proportional to the

angular velocity and is given by:
?v = 8MnR3{é% + sinedd) (4)

where the term in braquet is the angular velocity expressed in
physical coordinates of CM system. |

The right-side of eq. (1) includes inerﬁial effects. Since
we are interested in the. problem of a bacterium moving in a
viscous medium, we can ignore all inertial contributions . be-
cause we are in the regimem of lamellar flow (i.e., lowsReynolds
numbers). This corresponds to disregard the terms proportional
‘to the second time derivative. The motion equation (1) reduces

to:

To take into account perturbation terms due to currents flow,
non-magnetic interaction between organisms, etc, and thermal
disorder we introduce randomic contributions expressed as
C(8,7). The total differential equation in its vectorial form

is:
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. -1_ginwt .
sing\p - ——— 5+E(8,7)
8nnR3sine ' (6)

This is a coupled system of non-linear first order differential

equations, as given below:

dae _. ' coswet + sine+ C (7) .
de 8InR3. *  8uyR3 ¥
1_8inwt : _
%‘&2_--——-————‘5' '-;-ce (8)
: 8mnR3sins

where C,sC, are the components of ¢ with respect to ¥ and 8.

It is interesting to observefﬁhat.dw/dt depends explicitly:
on 8 {(or, siné) and there is no explicit dependence on B. This
system of soupled equations (er. {7) and (8)) was solved -numeri-
cally using the Gauss method for integration... We.: focalize;

principally, the behavior of our model under the suddently re-

version of the magnetic field, i.e., the U-turn trajectory.

"PARTICULAR - CASES .

If Te

(or, we ignore thermal digorder and randomic perturbations)

=0 (or, there is no flagellar torque), and C = 0

eqgs. (8) gives:
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That is, the azimuthal anglé: is constant and the trajectory of
the microorganism is planar. In this case, eqg. (7) reduces to
fhe familiar differentia1~equatibn-of the C. Bean model, '(Es-
‘quivel and Lins de Barros, 1986), and we have an analytical so

lution for the problem:-

d&% . mB . .
Siﬁe ,:“ B.n:nRa (t to) (9)
y = cte (10)

If B =0 (or m=0) and the randomic terms are zero, we ~obtain
equations of motion for a model of one microorganism propelled

by a flagellum. This equation is:

8InR It TCOSut (1la)
. T .8inwt
_ L3 dy _ _ fgSenet _
and 8InR ar =155 (11b)
Integrating the 6 equation:
Tf/w _ _
g = - sinwt + &, {llc)
8InR

Where 6, is the constant of integration related to initial
conditions. Egs. (1ll) show that for a non-magnetotactic micro-~
organism (or a magnetotactic microorganism in the absence of

magnetic field) 8 varies between:
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o £ = 0 £
Tf/w
where 8= ——- (12)
8InR3
and & is the angle between the tangent to the trajectory ' .and

the z-axis and ines informations about the turn of the trajec-
tory. It is important to note that knowing 6 as a function of t

we can obtain the ratio between 1. and w. The angular frequency,

f
w; canbe obtained directly from the expérimental data and t¢cannot
be measured directly. Eq. {(12) gives a method to estimate the -
torqﬁe intensity of the flagellum with respect to the CM.

Note that v, depends oanT {(not on F ). Usually it is . as-
sumed that flagellum is a very long rigid organelle {about 10um
for bells with 1uym radius) with a string configuration ° (i.e.,
rigid organelle with an helix shape with several turns). If the
flagellum have an integer number of turns there isno transversal
force,_or Tg
with about an integer number of turns. In this case we have

= 0. Actually several bacteria has long flagella

.0 and B NMO (13a)

whhredad'is the initial angle. In this case (i.e., t_. =+ 0) the

£
movement is produced by'FL and a good approximation is eo = 0.

{ 8ince there is no inertial effecte - 3//§f). Using the ¢
expression, eq. (1lc), and.making the . usual approximatiopn,.

sin 6 ~ ¢ for & -~ 0, eg. (llb) is writfen as:



CBPF-NF-011/88

-0
ag _ ) Tfsinmt n Tfsinmt.
at = 3. T"’/OJ ;
8mR"0 smiR3 ) £ sinwt + 0,
8InR3 .

Since we assume 9, ~ 0 we can integrate the above equation and

then:
¥ = wt + v, -{13b)

Equations (13a and b) are the parametric equations of a cylindrical
heljx and represents the tnajecto:y of a batcterium with' long
flagellum with approximately an integer nﬁmber of turns.

. To compare our results with laboratory observations it 1is
-necessary to write egs. {(7) and (8 in the laboratory system
(lab). Since the bacterium swims in a typical low Reynoclds num-
ber regimen there is no inertial effects and the velocity, :3 ’
is parallel to the flagellar force,.§¥. The equations can . be

written . in the lab system as:

X = X + dr.sine,cosy
Yy =Y, + dr.sine.siny

zZ = zo&+ dr.cos8

where dr = v dt, dt is the time interval;, and v is the instan-
taneous velocity, v = |v].(%x,v,2) - are the usual ..laboratory
cartesian cogrdinates and.xo, yoand zZ their values at +t-=:0,
We take the z-axis in the laboratory system parallel : t6 . the

2-axis of the CM gystem,
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-APPLICATION OF THE MODEL TO A PARTICULAR EXPERIMENTAL CASE -

- Pigure 2 shows a typical trajectory of a bacterium swimin-
-;né under a magnetic field. This figure was obtained with a
dark field illumination in optical microscopy and :fepresents
the trace of the body of the bacterium ovér the film emulsiqn.
In £ =0 Epoint P, in'figure.zﬂand=4) the applied field'waa_sug
denly reversed and the bacterium re-orients to the field 1line
and makes an U-turn.. The trajectory seems to be the -projection
of a cylindrical helixLand.wé note that during the re-orienta-
tion” the bacterium describes the same spinning around 3-axis
as observed when the cell swims parallel to”the.fiéld line.’ This
complex movement is due .to the flagellar actioh.

. Figure 2 was taken at fileld of 4.1-G and exposure time was
0.6 sec. This bacterium was found in mads of a sample collected
in Itaipu lagoon, a coast lagoon from Rio. de Jaheiro region.
The sample w&s collected as describe elsewher®. (Lins de ' Bar-
ros and Esquivel, 1‘985,' Esquivel and Lins de Barros, 1986). We
‘have also used slow-motion.video-cdupled to the optical micro-
scope to monitorate all of our observatioﬁs as - iwell as to
measure velocities,-characteristic times and other parameters.

We made measurements of the bacterium velocity as a func-

- tion of the applied magnetic field and'of its reversai time
and diameter of U~turn. We made, also, transmission electron

microscopy micrographs of several bacteria of the same samplés (figqu-

re 3). The samples for E.M. was prepared as usually (deé.cribed

in literature (Lins de Barros andvESQuivel, 1985; Wajnberg et

al. 1986). Some iﬁportant characteristics of the bacteria ana-
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lysed are presented in table 1.

We note that figuré'z shows a deflection of the trajectory
due to a transversal-residualumagnetic'field induced in the
microscope apparatus and, eventually, due to the. geomégnétic
field. Using the ' C. Bean model, the data presented in table.-1
and the radius obtained by E.M. we can estimate the.total mag=-
netic mo%ent of one cell. This value is 0.48 xlo-lzemu._

Figure 4 is other figure of the bacterium track ~-in .: the
same conditions of figure 2 with a larger amplification. This photo:
shows the complex trajectory of ‘the celil. & is the anglé ' between
the’tangent to the track »and the z-axis at the middle amplitude
.poiht (point M in figure 4) we obtain Bff= 5?0 + 30, Using
this value to # and: assuming that this trajectory is a roughly
approximation for a zero field trajectory, and using eq. (12}

we obtain:

te = 0.25¢R? = 1.6£R3

where f is the frequency and. can be estimated directly from
the dark~field photo, measuring the number of cycles and . di-
viding by the exposure time., Table 2 shows the parameters m,f,

v,T.. Using these values in egs. (7) and (8), and integrating

£
numerically, we obtain, after transforming to the .laboratory
coordinate system, the bacterium trajectory presented in figu-
re 5. Compariscn between figure 4 and figure 5 shows fhat this
model describes very well the .bacterium motion. |

Parameters in table 2 allow us to obtain the total flagel

lar force, Ff:
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F 7= 6mnRv = 1.9 x10 'dyn
F, = 7,/R =3.3x10" "dyn -

and F, = = 3'.8_x10—7dyn

Note that F,./F, ~ 1.7. In this case the flagellar trans-
versal component of Ff.is greater than the longitudinal one.
This suggests a bacterium with a single small assimetric fla-
gellar body. This is confirmed by transmission electrdn micro-
scopy (figure 6}.

The magnetic torque is: o = m.B = 2‘x10-12cgs,;at_3 %4.16.
This vaiue is about 8 times smaller than the flagellar torque.
The magnetic torque acts as an. orientation mechanism of the
envoltory shape of the trajectory. The flagellar periodic beat
produces local variations-of the trajectory. The mean trajec-
tory i1s described by thé.magnetic interaction while the specific
.characteristics of the trajectory is described by the flagel-
lar action.

For fields higher than'4oiG,.uhen Tw > T + it is probable
that there will be a strong change in the: trajectory shape. The

£fiéld will extend the trajectory.

CONCLUSIONS..

The application of this model to some other particular cases
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gives a good agreement with experimental trajectory as pwesented
in the previous section 5. --Although-- it is a.simple model, in the
senge that only a pmxessug‘flagellar force is considered, this
model describes with good accuracy the movement of magnetotactic
nicroorganisms and permits us the caloulation of the total fla-
gelar force. The basic. limitation of this model.is the fact that
we are describing microorganisms propelled by 6n1y one flagellum
or. by flagellar-bundle bound to the cellular body by only one

basal body. Several bacteria has bundles not described by :this

model,
The model permits to obtain informations on the  movement
and the motility of magnetotactic microorganisms in very low

fields. It is @ifficult to obtain these fields in the laborato
ry and our model can. contribute to understand some questions
ébout.efficiency of magnetic orientation. in ' microorganismg
(Lins de Barros and Esquivel, 1987).

Pertniatﬁm; can be easily introduced. The randomic term can
describe enviroﬁmental perturbations {currents, water flow) or
flagellar tumble.

We adopt a spherical body for the bacterium. To generalize
for another body shape it is only necessary to change ~ the ana
lytical expression of the’ viscous force (Berg, 1983).

Finally this model can be generalized to describe a aag—
netotactic bacterium. with a magnetic moment non-colinear to ° the
longitudinal coﬁponent of the flagellar force. This introduces
several analytical difficulties but it is a more realistic des-

cription to a magnetotactic-micrporganism.
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FIGURE CAPTION

[
1

Figure CM System of_spherical bacterium.-ﬁ-magnetic moment.
ﬁf— flagellar force. (r,0,¢} are fhe spherical oo~
- ordinates. B-external’ magnetic field.

Figure 2 - U~-turn trajectory of bacteria at 4.1 G. Bar =10pm.
‘This photo was:taken at dark-field optical microsao
py 1lllumination with exposure time of 0.6 sec. The
sample was collected in brackish'waters of . Itaipu
lagoon (Ric de Janeiﬁo, Brazil).

Figure 3 - Scanning electron micrograph of several magnetotac-

._'tic.ﬁacteria collected in Itaipu lagoon. Rar = 1l0um.

Figure 4 -~ (a) Same as figure 2, with bar = 10 ym. (b) U-=turn
trajectory with no -contribution of external cons-
tant field indaced. Bar = 10 um.

Figure 5 = Computer solution of motion equation a magnetotac-

-12 '
e.m.u, r

tic bacterium. Magnetic moment = 0.48 x10
flagellar frequency, »=84 Hz, instantaneous veloci
ty, v =200 um/sec and flagellar ﬁorque =16.5 x
10_12cgs.'Bar = 10 um.

Figure 6 - (a)-Electron micrograph of a magnetotactic:bacterium
from Itaipu showing cne flagellar bundles coupled
to the bacterium body by cne-basal bodies. ~Note
that this bacterium has short flagella. This is in
agreement - with our computer solution for the mo-
tion équation.-Bar'=2um.(b)-Electron micrograph of

the same bacterium showing two internal chains of

magnetic material. Bar = 2um.
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Figure 2
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Figure 6a
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Figure 6b
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TABLE CAPTIONS

Table 1 - Experimental parameters of bacteria collected in

Table 2 -

Itaipu lagoon. All measurements were made with B =

4.1 G. U~turn time was calculated using C. Bean

model . The radius was measwred by  scanning electron mi

CYrQscopy.

Parameters experimentally obtained for the bacterium
treated in this work. m - magnetic moment (cobtained

from U-turn analysis);f-~ flagellar frequency (ob
tained from dark-field photography), v-instantaneous
velocity (obtained from dark-field analysis and vi-
deo record)., Tg flagellar torque (obtained from eq.
(12)).
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TABLE 1
MEAN U-TURN U-TURN RADIUS
VELOCITY DIAMETER TIME (EM)
AT 4.1 G AT 4.1 G AT 4.1 G
-160ym/s 8 um 0.1138eg|0.0733eg . 0.5 um
TABLE 2
1 . B=4.16
m £1H2)  vim/s) |, (ags)
(emu}
0.48 x1092} g4 200 l16.5 x307%2%
N
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