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PECULIARITIES OF BACTERIAL
CHEMOTAXIS IN A CYLINDRICAL PORE

The process of bacterial redistribution in a cylindrical pore filled with an attractant has been
considered. The attractant concentration decreases linearly along the pore, and the redistri-
bution of bacteria occurs due to their diffusion (the motion of bacteria along the gradient of
their concentration) and chemotazis (the motion of bacteria along the gradient of attractant
concentration). The influence of a spatial confinement on the bacterial distribution in the pore
is analyzed. It is shown that if the pore wall is “repelling” for bacteria, the spatial confinement
can change the bacterial distribution. In particular, as the pore radius decreases, the chemo-
tazxic effect becomes weaker. The non-uniformity of a bacterial distribution in the system is
estimated. The chemotazis sensitivity function (the deviation of the ratio between the local
average bacterial concentration and the average bacterial concentration over the whole system
from unity) is calculated, and its dependence on the attractant concentration at the system

ends and on the pore size is determined.
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1. Introduction

The chemotaxis problem is an important direction
of researches in modern biophysics [1-5]. The chemo-
taxis phenomenon arises because some bacteria can
“feel” the presence of certain substances, which are
called attractants. If there is an attractant in the
system, bacteria become redistributed in accordance
with the gradient of attractant concentration. The-
refore, by affecting the attractant distribution, it is
possible to control the bacterial distribution. In this
process, besides the attractant concentration gradi-
ent, other factors play an important role, for exam-
ple, the total attractant concentration and the way
how the bacteria are introduced into the system.
There are different approaches to study the bac-
terial chemotaxis theoretically [6-11]. One of them
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consists in simulating the behavior of separate bac-
teria. In particular, for today, we know the following
algorithm of the bacterial behavior in a medium with
an attractant [6]:

e every bacterium moves uniformly in a straight
line within a certain time interval;

e this kind of motion continues until a tumbling;
i.e. the bacterium stops and randomly changes the
direction of its motion;

¢ the tumbling frequency depends to the amount
of an attractant registered by the bacterial receptors
during the motion; the higher the amount of the regis-
tered attractant, the lower is the tumbling frequency.

This algorithm is applicable, if the behavior of sep-
arate bacteria is studied and a further statistical av-
eraging of their trajectories and spatial distribution
is carried out (see, e.g., work [6] and the references
therein).
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Although this approach is quite acceptable, it has
disadvantages. In particular, it is often required to
know analytical expressions for the distribution func-
tion of bacteria and for other parameters of the sys-
tem. In this case, more appropriate is the approach
that is based on the application of non-linear differ-
ential equations of the diffusion type. It was substan-
tiated in works [12-14] and is commonly accepted
today.

However, the task of studying the chemotaxis is
not trivial even in its simplest formulation. The gen-
eral problem includes a separate important case: the
chemotaxis of bacteria in a porous medium [15-
18]. On the one hand, this case directly concerns real
systems, thus being challenging. On the other hand,
when solving this problem, we face certain difficul-
ties of the mathematical origin. In this work, we pro-
pose a mathematical model that describes specific
features in the behavior of bacteria located in a sys-
tem with the geometry of a cylindrical pore. This re-
search is methodologically based on a series of our
previous studies [19-21] carried out for one- and two-
dimensional systems and is their continuation. But,
unlike the cited works, we consider a spatially con-
fined three-dimensional system: a cylinder that is fi-
nite along its main axis.

2. Mathematical Model

Let us consider a three-dimensional system, which is
a finite cylinder with radius R and length L filled
with bacteria and an attractant. The coordinate z
is reckoned along the cylinder axis, so that 0 < z <
L; for the radial distance p from the cylinder axis,
0 < p < R. The boundary conditions are assumed to
be independent of the azimuthal angle, so that the
sought functional dependences do not depend on this
coordinate.

Our approach is based on an expression for the
bacterial flux j,. We suppose that this expression
contains two terms. One of them is associated with
the bacterial concentration gradient in the system
(the diffusion term), and the other with the attrac-
tant concentration gradient (the term describing the
chemotaxis). Denoting the space-time distribution of
bacteria by b(¢, z, p) and the stationary spatial distri-
bution of attractant by c¢(z, p), we write the bacterial
flux j, as follows:

b(t,z,p)Ve(z, p)

j» = —DVb(t,z,p) + k .
b L P EIE

(1)
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Here, V is the gradient operator, D the diffusion co-
efficient, and k and ay are phenomenological param-
eters of the model.

In the second term, which is directly associated
with the chemotaxis, the numerator includes the
product of the bacterial concentration b(t, z, p) and
the attractant concentration gradient Ve(z,p), be-
cause we proceed from the assumption that the
chemotaxis-related bacterial flux component is pro-
portional to the attractant gradient and the bacte-
rial concentration. The presence of a denominator in
this term is explained by the experimental fact (see,
e.g., work [6]) that the growth of the attractant con-
centration results in the saturation of the bacterial
receptor sensitivity, so that the attractant gradient
effect decreases. As was shown in works [19, 21|, the
choice of the term associated with chemotaxis in the
presented form [see Eq. (1)] makes it possible to cor-
rectly describe the chemotaxis effect not only at the
qualitative level, but also at the quantitative one.

Knowing the general expression for the bacterial
flux j, and the attractant distribution ¢(z, p), we can
determine the space-time distribution of bacteria in
the system using the continuity equation

% + div j, = 0, (2)
provided that the bacteria do not reproduce them-
selves or die. Let us consider a stationary case where
the distribution of bacteria has stabilized and does
not depend on the time, b = b(z, p). In addition, the
attractant concentration does not depend on the ra-
dial coordinate p, so that ¢ = ¢(z) and the attrac-
tant concentration gradient is directed along the z-
axis. Under all those conditions, Eq. (2) gives rise to
the following equation determining the spatial distri-
bution of bacteria:

b 10b 9% k d b dc
st otz =2 {2] =0. (3)
op pOp 0z Ddz | (ag+¢)? dz
This equation should be complemented by boundary
conditions. Furthermore, it is also necessary to deter-
mine the spatial distribution of the attractant in the
system, c(z).

As to the attractant, we assume that its concen-
trations at system’s ends (the left end z = 0 and the
right end z = L) are known, and the concentration is

higher at the left end, i.e. ¢(0) = Cy > ¢(L) = Cy. In
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this case, the spatial distribution of the attractant lin-
early varies with the coordinate z and is determined
by the following formula:

z z
cz:C(l——) Ci—. 4
(=G (1-2)+ 02 (®)

The mode of introducing bacteria into the system
consists in that the bacterial concentration is given
at the right end,

b(z = L) = By, (5)

and there is no bacterial flux through the left end,
=__ - == =0. (6)

We also assume that there are no bacteria at the
cylindrical surface (p = R), i.e. their concentration
equals zero here:

b(z,p=R)=0. )

This condition corresponds to a situation where
the cylindrical (pore) surface is “repulsive” for the
bacteria.

3. Chemotaxis Sensitivity Function

Now, we have all information required to calculate
the spatial distribution of bacteria b(z, p). However,
in practice, the point of interest is not a local value
of the bacterial concentration, but its averaged value
over a certain region. In this case, it is convenient
to experimentally measure the amount of bacteria at
a certain “cross-section” of the cylindrical pore. For
example, if we are interested in a “cross-section” of
the thickness Az, which is located at the distance
z from the left end of the cylindrical pore, then the
average concentration of bacteria in this region, B(z),
can be calculated as follows:

z+Az R

/ iz / dob(' p)p. (8)
0

z

_ 2
B(2) = moas

In the limit Az — 0 (the “cross-section” thickness
vanishes), this formula reads
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The corresponding average concentration of bacteria
in the system equals

5 L R
i [ fan
0

0

(10)

In the simplest way, the concentration of bacteria
can be measured at system’s ends. As was already
marked above, the bacterial concentration at the right
end (z = L) is fixed. Therefore, the matter of inter-
est is the concentration of bacteria at the left end
(z =0). Let us introduce the following numerical pa-
rameter:
- B0 (11)

B

which characterizes the deviation of the ratio between
the average bacterial concentrations at the left end
and throughout the system from unity. Expression
(11) defines the chemotaxis sensitivity function F,
which numerically characterizes the non-uniformity in
the bacterial distribution [6, 19-21]. The case F' = 0
means that the average concentration of bacteria at
the left end of the system is equal to the average
concentration over the whole system. The larger the
chemotaxis sensitivity function, the higher is the de-
viation of the average concentration of bacteria at the
left end from the average concentration of bacteria in
the system. Negative values of the chemotaxis sensi-
tivity function mean that the average concentration
of bacteria at the left end is lower than the average
concentration of bacteria in the system. The chemo-
taxis sensitivity function is the ultimate goal of our
study.

4. Bacterial Distribution

While solving the problem of bacterial distribution,
let us nondimensionalize the variables and introduce
some new notations. In particular, we put p = rR,
z = zL, and ¢(z) = apy(z), and denote C; = £Cy
(0 < ¢ <1)and Cy = ag x 10P. Then the attrac-
tant distribution in terms of dimensionless variables
is given by the formula

Y(@) = 107(1 — (1 = §)). (12)

In essence, the parameter p determines the attrac-
tant concentration at the left end (y(0) = 107), and
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Fig. 1. Chemotaxis sensitivity function F(p) at various values
of the parameter h = 10 (solid curve), 3 (dashed curve), 1
(dotted curve), and 0.8 (dash-dotted curve)

the parameter ¢ the attractant concentration ratio
between the right and left pore ends (v(1) = £v(0)).

By putting b(z,p) = Bom(z,r), h = £ and
A = ==, we obtain the following equation in dimen-
swnless Varlables which describes the distribution of
bacteria in the system:

dji(w)
T+ (@) ] -0
(13)

8%m

or?

10m 5 0%m 9 d
+;E+ha )\hd

The function m(x,r) has to satisfy the following
boundary conditions:

m(x, )2
| g
m(z=1,r) =1, (15)
m(z,r=1)=0. (16)
The solution is sought in the form of a series
Z ) Jo(tinr), (17)

where Jy(u) is the Bessel function of the zeroth order,
and p, (n =1,2,...) are its zeros (Jo(un,) = 0). The
function m,, (z) has to satisfy the equation

n(2)y'(z)

mZ(x)—(%l)Zmn(x)—)\d [( ’y(x))J =0, (18)

where the prime denotes the derivative. The bound-
ary conditions for the function m,(z) are as follows:
A1 =¢)10P

/ O N N

mn(1) =

mp(0) = 0, (19)

_ 20
tonJ1 (i) (20)
whereJ; (u) is the Bessel function of the first order.

Thus, we have to find the functions m,(z) and, af-
terward, calculate the chemotaxis sensitivity function
using the formula

() Ji(pn)

Hn

8

Fo it
]

— 1.

M (2)da Ji(pn) 2

Hn

O%»—A

5. Influence of Boundary
Conditions and Spatial Confinement

The solutions m,(z) can be calculated only numeri-
cally. Another important factor is the implicit depen-
dence of the chemotaxis sensitivity function (21) on
the parameters p and h, because the solutions m,, (x)
depend on them. Actually, the matter concerns the
dependence of the chemotaxis sensitivity function on
the attractant concentration at system’s ends and on
the ratio between the linear pore dimensions.

The dependence F'(p) of the chemotaxis sensitivity
function on the parameter p, which determines the
attractant concentrations at system’s ends, was cal-
culated for the parameters £ = 0.75 and A = 40. The
latter value is close to that which can be obtained on
the basis of information concerning the actual bacte-
rial parameters (see, e.g., work [6]). The calculations
were performed for various values of the parameter h;
in particular, h = 10, 3, 1, and 0.8. The parameter
p was varied within the interval —3 < p < 3. The
results of calculations for the dependence F(p) are
shown in Fig. 1.

The dependence F(p) is dome-shaped (like those
obtained for one- and two-dimensional systems [6,19—
21]). The dependence of this type can be explained as
follows. At a given p-value, the dimensionless concen-
tration gradient equals v/(z) = (£ — 1) x 107. Hence,
when the parameter p increases, the attractant con-
centration gradient grows by magnitude. Therefore,
the non-uniformity in the bacterial distribution (and,
hence, the chemotaxis sensitivity function) also in-
creases at first. However, together with an increase of
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the attractant gradient, the total amount of the at-
tractant in the system also increases. At a certain mo-
ment, the sensitivity of a bacterial receptor achieves
the saturation, and the bacteria cease to “feel” the at-
tractant gradient. The bacterial distribution becomes
more uniform, and the chemotaxis sensitivity func-
tion decreases. In particular, at A = 10, the chemo-
taxis sensitivity function increases from zero to a cer-
tain maximum value and then vanishes. For larger
values of the parameter h, the dependence F'(p) does
not change qualitatively. However, if the parameter
h decreases, then the following effect is observed:
the peak height in the chemotaxis sensitivity func-
tion profile decreases, and the function itself shifts
downward into the region of negative values. This is a
result of the spatial confinement, because smaller val-
ues of the parameter h mean a reduction of the pore
radius with respect to the pore length. Furthermore,
this effect is a direct result of zero boundary condi-
tions at the cylindrical surface. As was marked above,
such conditions correspond to the situation where the
cylindrical surface is “repulsive” for the bacteria. The-
refore, the chemotaxis becomes suppressed, and this
effect is stronger for smaller pore radii.

The dependence F'(h) of the chemotaxis sensitiv-
ity function on the ratio h between the pore radius
and the pore length is depicted in Fig. 2. The calcula-
tion was carried out for the parameter p = 0. As was
expected, the chemotaxis sensitivity function grows
with the parameter h at small h and afterward sat-
urates. A significant deviation from the saturation
value is observed only if the pore radius is compa-
rable with or smaller than the pore length.

6. Results and Conclusions

Hence, a phenomenological model for the chemotaxis
phenomenon is proposed in this work. The model al-
lows this phenomenon to be studied and a distribu-
tion of bacteria in a cylindrical pore with an attrac-
tant to be determined. A situation close to probable
experimental conditions is considered: the attractant
concentration is fixed at the pore ends; the bacte-
rial concentration is fixed at one end, and the aver-
age bacterial concentration is registered at the other
end. For this configuration of the system, the chemo-
taxis sensitivity function is calculated, which gives
some insight into the non-uniformity of a bacterial
distribution over the system.
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Fig. 2. Chemotaxis sensitivity function F'(h) at p =0

Two qualitative effects are obtained, which result
from the spatial confinement and the peculiarities in
the spatial distribution of an attractant. In particu-
lar, the dome-shaped dependence of the chemotaxis
sensitivity function on the attractant concentration
at the pore end (more exactly, a parameter that de-
termines the concentration at the pore end) is the
same as the behavior of this quantity in one- and
two-dimensional systems with bacteria and an attrac-
tant. At the same time, a reduction of the extremum
magnitude and a shift of the chemotaxis sensitivity
function into the region with negative values, as the
pore radius decreases, take place owing to the spatial
confinement of the system and the specific boundary
conditions at the lateral pore surface. Therefore, the
spatial confinement can be a factor that weakens the
processes associated with the chemotaxis.

The results obtained in this work are in agree-
ment with available experimental and theoretical
data. They can be useful when processing experimen-
tal results obtained for the chemotaxis in capillary
systems and porous media.

1. J.D. Murray. Mathematical Biology: I. An Introduction
(Springer, 2007).

2. H.C. Berg. E. coli in Motion (Springer, 2004).

3. J. Adler. Chemotaxis in bacteria. Science 153, 708 (1966).

4. R.M. Macnab, D.E. Koshland. The gradient-sensing mech-
anism in bacterial chemotaxis. Proc. Natl. Acad. Sci. USA
69, 2509 (1972).

5. H.C. Berg, D.A. Brown. Chemotaxis in Escherichia coli
analysed by three-dimensional tracking. Nature 239, 500
(1972).

6. T. Namba, M. Nishikawa, T. Shibata. The relation of sig-
nal transduction to the sensitivity and dynamic range of
bacterial chemotaxis. Biophys. J. 103, 1390 (2012).

141



A.N. Vasilev, B.Y. Serhushev

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

G.R. Ivanitskii, A.B. Medvinskii, M.A. Tsyganov. From
disorder to ordering — on the example of the microorganism
motion. Usp. Fiz. Nauk 161, No. 4, 13 (1991) (in Russian).

. G.R. Ivanitskii, A.B. Medvinskii, M.A. Tsyganov. From the

dynamics of population autowaves formed by living cells to
neuroinformatics. Usp. Fiz. Nauk 164, No. 10, 1041 (1994)
(in Russian).

. J. Zhuang, G. Wei, R.W. Carlsen, M.R. Edwards, R. Mar-

culescu, P. Bogdan, M. Sitti. Analytical modeling and
experimental characterization of chemotaxis in Serratia
marcescens. Phys. Rev. E 89 , 052704 (2014).

T. Sagawa, Y. Kikuchi, Y. Inoue, H. Takahashi, T. Mu-
raoka, K. Kinbara, A. Ishijima, H. Fukuoka. Single-cell E.
coli response to an instantaneously applied chemotactic sig-
nal. Biophys. J. 10, 730 (2014).

M.J. Tindall, S.K. Porter, P.K. Maini, G. Gaglia, J.P. Ar-
mitage. Overview of mathematical approaches used to
model bacterial chemotaxis. II: Bacterial populations. Bull.
Maith. Biol. 70, 1570 (2008).

E.F. Keller, L.A. Segel. Travelling bands of chemotactic
bacteria: A theoretical analysis. J. Theor. Biol. 30, 235
(1971).

E. Keller, L. Segel. Model for chemotaxis. J. Theor. Biol.
30, 225 (1971).

E. Keller, L. Segel. Initiation of slime mold aggregation
viewed as an instability. J. Theor. Biol. 26, 399 (1970).
R.M. Ford, R.W. Harvey. Role of chemotaxis in the trans-
port of bacteria through saturated porous media. Adv. Wa-
ter Resour. 30, 1608 (2007).

M. Stone Olson, R.M. Ford, J.A. Smith, E.J. Fernandez.
Quantification of bacterial chemotaxis in porous media us-
ing magnetic resonance imaging. Environ. Sci. Technol.
38, 3864 (2004).

M.L. Porter, F.J. Valdés-Parada, B.D. Wood. Multiscale
modeling of chemotaxis in homogeneous porous media.
Water Resour. Res. 47, W06518 (2011).

F.J. Valdés-Parada, M.L. Porter, K. Narayanaswamy,
R.M. Ford, B.D. Wood. Upscaling microbial chemotaxis
in porous media. Adv. Water Resour. 32, 1413 (2009).

142

19. O.M. Vasilev, D.E. Sakovich. Simulation of bacterial
chemotaxis in a one-dimensional system. Zh. Fiz. Dosl. 19,
1801 (2015) (in Ukrainian).

20. D.V. Bogdanov, O.M. Vasilev. Chemotaxis sensitivity
function for a two-dimensional system with radial symme-
try. Zh. Fiz. Dosl. 21, 3801 (2017) (in Ukrainian).

21. A.N. Vasilev. Analytical approach for calculating the che-

motaxis sensitivity function. Ukr. J. Phys. 63, 255 (2018).

Received 23.09.18.
Translated from Ukrainian by O.I. Voitenko

O.M. Bacuaves, B.€. Cepeywes

OCOBJIMBOCTI XEMOTAKCUCY
BAKTEPIN V HUIIHIPUYHIN ITOPI

Peszmowme

B crarTi posrisiaeTbest mpoiiec nepepos3noiisy 6akTepiii B 1iu-
JiHApUYHIN TIOpi 3a HasgBHOCTI arpakTaHTy. KoHueHTparis at-
PaKTaHTy JIHIHO 3MeHIIyeThCsT B3I0BXK mopu. Ilepeposnomin
OakTepiil BiiOyBaeThCs 3a paxyHOK Audys3il Ta 3a paxyHOK Xe-
MoTakcucy (pyx 6akrepiii y HAIPSMKY IPaJi€HTa AaTPAKTAHTY ).
B crarTi 3’s1cOBy€TBCS IUTAHHS PO BILJIUB IIPOCTOPOBOTO OOMe-
2KEHHsI Ha XapaKTep pO3UOAiLy GakTepiii B cucreMi. 3a ymo-
BH, II0 OOKOBI CTIHKM Iopu € “BigmToBxyooummu’ mjs GaxTe-
piif, TOKa3aHo, 0 HASABHICTH IMPOCTOPOBOTO OOMEXKEHHS IIPH-
BOJIMTH JIO 3MIHM XapakTepy po3mnojiiry 6akrepiit. 3okpema, 3i
3MEHIIEHHAM paJiyca mopu edeKT Bil XeMOTAKCUCY 3MEHIIy€e-
Thes. JIj1s OliHKM HEOJHOPIIHOCTI po3Mo/1iiny 6akTepiit y cucre-
Mi PO3paxoBy€eThCsl (DYHKILA TyTIUBOCTI XeMoTakcucy (Biaxu-
JIEHHSI BiJ] OJIMHUYHOIO 3HAYEHHsI BiJIHOIIIEHHS CEPEIHBOI KOH-
meHTpalil 6akTepiit B meBHiil 06Js1acTi 10 cepeHbOl KOHIIEHTPA-
uil 6axTepiit o Beiil cucremi). 3HANHEHO 3a/I€KHICTD DYHKIIIT
9y TJIIMBOCTI XeMaTaKCHUCY BiJi KOHIIEHTpallil aTpaKTaHTy Ha I'pa-
HUIFX CUCTEMHM Ta Bif IT siHiliHUX po3MipiB.
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