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Entropy production is calculated for bacterial chemotaxis in the case of a migrating band of bacteria in
a capillary tube. It is found that the speed of the migrating band is a decreasing function of the starting
concentration of the metabolizable attractant. The experimentally found dependence of speed on the
starting concentration of galactose, glucose and oxygen is fitted with power-law functions. It is found
that the corresponding exponents lie within the theoretically predicted interval. The effect of the
reproduction of bacteria on band speed is considered, too. The acceleration of the band is predicted
due to the reproduction rate of bacteria. The relationship between chemotaxis, the maximum entropy
production principle and the formation of self-organizing structure is discussed.
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1. INTRODUCTION

Chemotaxis is the movement of microorganisms
induced by some chemical attractant and is a basic
and universal phenomenon among microorganisms
(Eisenbach er al. 2004). The subject of this paper is
chemotaxis of bacteria. Generally, in research of bac-
terial chemotaxis two lines of investigations have
been taken. The first line is devoted to the collective
behaviour of bacteria (see chapter IV in Eisenbach
et al. 2004 and references therein) while the second
one is devoted to the mechanisms of chemotactic
response of the individual bacterium to the gradient
of attracting or repelling chemicals (see chapter III in
Eisenbach ez al. 2004 and references therein).

Three types of collective effects in bacterial chemo-
taxis can be distinguished. The first type is associated
with the introductory experiments performed by Adler
(1966) and Nossal (1972) which have triggered an
extremely high level of activity in research on chemo-
taxis. The second type makes complex patterns of
spatial two-dimensional distribution of bacteria dis-
covered by Budrene & Berg (1991, 1995). The third
type is associated with different fractal patterns
observed with bacteria colony spotted on medium con-
taining relatively high agar concentrations (MacNeil
et al. 1994; Ben-Jacob ez al. 1995, 1998, 2000;
Mendelson 1999; Matsyama & Matsushita 2001).
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In theoretical approaches chemotaxis is usually
described by kinetics equations. One writes the diffu-
sion equations for concentrations of bacteria and
attractants. Then the bacterial diffusion equations is
extended with chemotactic and reproduction terms
while the diffusion equation for attractant is extended
by the reproduction term only. In these equations the
chemotactic term plays the role of an additional ther-
modynamic force. From the mathematical point of
view this is a system of two nonlinear diffusion
equations. Using this approach the complex patterns,
the aggregation, and the collapse of the swarm rings
have been described (Budrene & Berg 1991, 1995).

Two objections can be raised against this approach.
The first one relates to the chemotactic term. It is
introduced ad hoc to explain chemotaxis. The second
objection, connected with the first one, is the lack of
a more basic principle underlying chemotaxis.

In order to avoid these objections we invoke maxi-
mum entropy production (MEP) principle as the key
for understanding chemotaxis itself and the collective
behaviour of bacteria in migrating bands.

The MEP principle states that the system with some
degrees of freedom develops in such a way as to pro-
duce maximum possible entropy (Dewar 2003, 2005;
Zupanovi¢ et al. 2005).

The basic features of Escherichia coli motion were dis-
covered by Berg & Brown (1972). They found that it
consists of an erratic turning stage (tumble) and a for-
ward propulsion stage (run). A bacterium has sensors
that detect the difference of concentration of the meta-
bolizable chemicals (nutrients). In the tumble stage it
explores the difference of the concentration of nutrient
in, practically, all directions. It chooses the direction of

This journal is © 2010 The Royal Society
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the largest difference of nutrients for forward propul-
sion. A well-established feature of chemotaxis is the
insensitivity of the tumbling frequency to the concen-
tration of the metabolizable attractant (see Barkai &
Liebler 1997 and references therein). It turns out that
bacterium movement is not sensitive to the concen-
tration of the chemoattractant but only to its gradient.
Flux of nutrients is proportional to its gradient. In
this way a bacterium moves through the region of the
largest flux of chemoattractant.

It was found by Forrest & Walker (1964) that the
increase of the concentration of nutrients is associated
with the increase of the entropy production of bacteria.
Since entropy production is proportional to the flux of
nutrients we can reinterpret the conclusion by Forrest &
Walker by saying that entropy production of bacteria is
proportional to the flux of nutrients. In the case of E. coli
the direction of attractant concentration gradient is the
direction of the largest flux of metabolizable chemoattrac-
tant and the direction associated with the largest possible
entropy production. Since bacteria choose this direction,
then, according to Forrest & Walker (1964), we can
say that bacteria, considered as the system, develop in
accordance with the MEP principle.

Bacteria live in colonies. Then, according to the
MEP principle, one expects that a colony will consume
nutrients in such a way as to ensure the maximum
possible gradient of metabolizable chemicals. Indeed
such behaviour was observed by Adler (1966).

The paper is divided into five sections, of which this
is the first. Basic facts of the bacterial chemotaxis are
briefly exposed in §2. Theoretical background and
model assumptions are the subject of §3. Results
are summarized in §4. The most relevant results are
summarized in §5.

2. PHENOMENOLOGY OF BACTERIAL
CHEMOTAXIS

In this paper, we consider only the first type of collec-
tive chemotactic effects, that is, the movement of
bacteria along the capillary tube. Most of these exper-
iments have been done by Adler (1966). They have
been carried out using capillary tubes with a homo-
geneous solution of galactose (or glucose) and
oxygen as metabolizable attractant. Tubes were inocu-
lated at one end with E. coli bacteria. Soon afterwards,
two clear bands of bacteria were observed moving from
the point of origin. In these experiments the following
quantities were measured: the speed of bands, and the
concentration profiles of bacteria, galactose, glucose
and oxygen along the capillary tube. Adler also per-
formed chemotactic experiments with E. coli in the
Petri plates. Spreading rings of E. coli were observed.
However, the results of these experiments were
reported only qualitatively. Speed of the swarm rings
and concentration of the bacteria in the rings were
measured by Nossal (1972).

3. THEORETICAL BACKGROUND AND

MODEL ASSUMPTIONS

Standard descriptions of metabolic processes are based
on the concept of free energy, but any other
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thermodynamic potential could also be used. Bacteria
and the solution of nutrients, which serve as metaboliz-
able attractants, with the surroundings can be
considered as an isolated system. Entropy is the ther-
modynamic potential suitable for description of the
processes in an isolated system. According to the
second law of thermodynamics, entropy is an increasing
function of time. The most important quantity for the
description of non-equilibrium processes in isolated sys-
tems is the entropy production d;S/dz, where d;S is the
change of the entropy due to irreversible processes in
the system within the time interval dz. The idea that
entropy production, rather than energy, is important
in biology has become attractive since the studies of
Prigogine & Wiame (1946) and Prigogine (1967).

In the chemotaxis experiment, the speed of change
in the spatial distribution of chemoattractants is much
less than the speed of movement of an individual bac-
terium (Brenner er al. 1998). This fact enables
quasistatic description of the chemotaxis phenomenon
in contrast to the standard one, which includes time as
an important parameter (Keller & Segel 1970; Nossal
1972; Brenner et al. 1998).

Here, we introduce two postulates:

— For a fixed time the concentration of bacteria is
proportional to the flux of incoming nutrient
molecules.

— An average rate of the entropy production of
a bacterium is a decreasing function of the
concentration of bacteria.

The first postulate is based on the well-known fact that
the reproduction of bacteria is an increasing function
of the rate of supplied food. The second one is based
on the self-evident fact that the more bacteria are con-
centrated in the same volume, with a fixed
concentration of nutrients, the lower is the rate of
the incoming nutrients to an individual bacterium
and that leads to its lower entropy production.

According to our first postulate, the concentration
of bacteria is proportional to the flux of nutrients,

p(x,2) = d(2)je(x, 7). (3.1)

Here p(x, t) and j.(x, r) are the concentrations of
bacteria and the flux of nutrient at point x and
moment z, respectively; d(z) is the delay function.
A Dbacterium needs time to respond to the change
in the nutrient flow. For example, the abrupt
change in the nutrient flow is followed by continuous
change in the concentration of bacteria. The charac-
teristic time for the change of function d(¢) is the
inverse reproduction rate.

Owing to the diffusion law, the flux is proportional
to the gradient of the concentration of metabolizable
attractants,

Je(x,2) = D|Ve(x, 1), (3.2)

where D is the diffusion constant of nutrients. Then
we find that the concentration of bacteria is pro-
portional to the gradient of the concentration of the
nutrients,

ple.1) = d(t)D|Ve(x, 1)]. (33)
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We note that the above relationship is different from
the one derived by Nossal (1972). In the case of zero
reproduction it follows from Nossal’s (1972) equation
that the concentration of bacteria is p = a/(V ¢/c)?. It is
seen from this relationship that the concentration of
bacteria is a function of the concentration of metabo-
lizable attractant. This stands in contrast to the
results of experiments done on individual bacteria
(Barkai & Liebler 1997), and to the profile of bacteria
concentration experimentally found in capillary tubes
(Adler 1966).

Let us consider the experiments done by Adler
(1966) with E. coli in capillary tubes. The capillary
was inoculated at one end with bacteria. After a
while, part of the bacteria separated into a migrating
band. Bearing in mind the experimental fact that
bacteria in a band leave a zero concentration of
nutrient behind (Adler 1966), the above equation
offers us the possibility to find the number of bacteria
N(?) in the band. Simple integration of equation (3.3)
gives

N(z) = d(t)DAco, (3.4)

where ¢q is the starting (or still non-consumed) con-

centration of nutrients and A is the capillary cross

section. Thus d(z) can be experimentally determined

by measuring the number of bacteria in the band.
The density of entropy production is

85 _ i, 1) L
ar = P e

(3.5)

Here p(x, ) is the concentration of bacteria and
(d;sp)/dr is the mean entropy production per a bacter-
ium owing to the dissipation of the chemical free
energy of nutrients associated with bacterium meta-
bolic activity, respectively. Entropy production due to
the heat flux is not included.

In order to make the analysis as simple as possible,
we assume the power-law dependence of mean entropy
production per bacterium on the concentration of
bacteria

disb
de

where b is the characteristic constant for a given
metabolizable attractant.

The non-physical divergence in the point with zero
bacterium density has no significant effect at the final
result since the relevant quantity is the density of
entropy production. It is equal to
dl'S

T _p 1-n
dt p Y

—bp, (3.6)

0<n<l. (3.7)

The requirement 1>#xn>0 ensures that the
entropy production is an increasing function of the

concentration of bacteria. The total entropy
production is
dz'S —n —n
= bA[d(t)D]" J|Vc|1 dx. (3.8)
The concentration of nutrients is given by
C(xv [) = COf(x> [)7 (39)
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where f(x,t) is a dimensionless function with

asymptotes
lim f(x,z) =0 and lirf fx,2) =1. (3.10)
X— —00 X—+00
Then we get
d;S —
= bld(¢)D])" b M1A, (3.11)

dr
where I = [*_(df/dx)" ™" dx.

On the other hand, the total entropy production of
the band is proportional to the ratio of the consumed
nutrient and the corresponding time interval. Since a
barrier of nutrient moves with oy, it follows that the
entropy production is

d;S
de
where s, is the entropy production associated with the
dissipation of free chemical energy due to the con-

sumption of one nutrient molecule. Then from
equations (3.11) and (3.12) it follows that

v =b [d(z)D]I*”IL

Such’

= vbCOASn7 (312)

(3.13)

It follows from equation (3.4) that the delay func-
tion d(z) relates to the starting number of bacteria
and the number of bacteria at the moment ¢z, i.e.

(3.14)

Assuming that the elapsed time is much less than the
reproduction time an exponential law of bacteria
growth can be approximated with linear law. The same
assumption regarding reproduction of bacteria during
chemotaxis has been made by Burdene & Berg (1995).
In terms of the reproduction factor r, we can write

N(z) = N(0)(1 + re). (3.15)

At the moment of the separation of the band from
the colony its speed is v,(0). Owing to reproduction,
this value increases to 7. In the case of the short
time interval z, we can relate these two values with
acceleration, () = v,(0) + a,cct. Here a,.. is band
acceleration. It follows from equations (3.13)—-(3.15)
that acceleration of the band is

Aace = vp(0)(1 — n)r. (3.16)

4. RESULTS
We focus on the experimental data from Adler’s (1966)
paper with oxygen considered as nutrient. These data
suggest that concentrations of oxygen and E. coli are
the unsymmetrical and symmetrical functions of coor-
dinate x, respectively. The fact that these functions
have different parities is in accordance with our
equation (3.3). In order to check these results quanti-
tatively, we have fitted experimental results with
hyperbolic functions.

A concentration profile of oxygen taken from
Adler’s (1966) paper is fitted by the function
tanh[(x — xo )/e] (see figure 1a). The corresponding
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Figure 1. (a) The fit (solid line) of the experimentally determined data (dots) of the concentration of oxygen (Adler 1966) as
the function of coordinate x with a hyperbolic function. Coordinate axis x is aligned along the capillary tube. () The concen-
tration of E. coli as the derivation of the hyperbolic function from figure 1a (solid line) (see equation (3.3)) and the fit (dashed
line) of the experimentally determined data (dots) of the concentration of E. coli (Adler 1966). The maximum of the function
derived from equation (3.3) is equal to the maximum of the fitted curve. Note that peaks on this figure do not coincide. The
shift is due to measurements of profiles of concentrations of oxygen and bacteria at different times. A difference in width of
concentration of bacteria calculated from concentration profile of oxygen and measured concentration of bacteria is discussed

in the text.

(@)

(b)

Figure 2. The decrease of band speed due to an increase in the concentration of nutrients (a — b).

concentration of the bacteria calculated as its deri-
vation (equation (3.3)) is shown by the solid line in
figure 10.

The concentration profile of E. coli (fig. 2 in Adler’s
1966 paper) is fitted with the derivation of the
hyperbolic tangent function, cosh™? [(x — xo)/e*]. Fit
is shown by the dashed curve in figure 15. The excel-
lent fit proves that there is no significant asymmetry
in the bell-shaped distribution of E. col in the
migrating band. If the concentration of bacteria were
dependent on the concentration of nutrients, the
bell-shaped function should be an asymmetrical one,
owing to the large difference between the concen-
trations of oxygen at its edges. The discrepancy in
widths between the experimentally determined profile
of bacteria concentration and the one used to fit the
experimentally determined concentration of oxygen
(¢) can be attributed to the resolution of the
measurement.

We note that, in contrast to the experiments with
individual E. coli mentioned at the beginning of this
section, the gradients of oxygen, galactose and glucose
concentrations in Adler’s experiments are not exter-
nally applied but are created by the metabolic

Phil. Trans. R. Soc. B (2010)

Table 1. The characteristic exponents n of the
metabolizable attractants.

metabolizable attractant n
oxygen 0.31
glucose 0.62
galactose 0.9

activity of E. coli in an otherwise homogeneous
solution of nutrients.

It follows from equation (3.13) that the speed of a
band in a capillary is a decreasing function of the start-
ing concentration of nutrients (see figure 2). We have
used the power-law function to fit the experimentally
determined dependence of the band speed on the
starting concentration of the nutrient (see figs 9,10
and 12 in the reference Adler 1966). The exponent
is the characteristic of the nutrient. The results are
shown in table 1. We note that all values of exponent
n fall into the interval (0,1), as predicted by our
theory (compare equation (3.7) and table 1).

From this equation, it is clear that the higher expo-
nent n means less acceleration. This result is in
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(@)

(b)

Figure 3. The increase of the slope of the barrier of nutrient (a — b) and the acceleration of the migrating band due to the
reproduction of bacteria at a fixed concentration of the nutrient.

accordance with the experimental fact that the band
consuming oxygen (nz = 0.31) is faster than the one
consuming galactose (= 0.9) (see fig. 2 from Adler
1966).

The acceleration of the migrating band can easily be
interpreted in terms of the entropy production of the
whole band. Owing to reproduction of the bacteria,
the total entropy production of the band increases.
In the case of a fixed concentration of the non-
consumed nutrient ¢y, the band needs to accelerate
in order to meet the increased need in entropy pro-
duction (see equation (3.12)). The acceleration of
the band, or barrier of nutrient, is accompanied by
an increase in the diffusion flux. Using the law of dif-
fusion (equation (3.2)), we find that the acceleration of
the band is accompanied by an increase in the nutrient
barrier slope (see figure 3). We note, in addition, that
the acceleration of the bands was experimentally
detected by Nossal (1972) and Budrene & Berg
(1995) in the case of metabolizable and non-metabo-
lizable  attractants, respectively. = Furthermore,
qualitative analysis based on figure 3 suggests that
acceleration of the band is accompanied by a narrow-
ing of the barrier of the metabolizable attractant.
The width of the barrier defines the width of the
band. This means that acceleration is accompanied
by an increase in the total number of bacteria and by
the shrinkage of the band. Indeed, in the case of
spreading swarm rings, this effect was observed
(Nossal 1972).

In order to be more specific, we use equation (3.16)
to find that the ratio between speeds of bands
consuming different nutrients is

ﬂ _ Qaccl _ Vbl (O)(l - 7’!1)7‘1
V2 Qacc2 Ub2 (0)(1 - n2)7'2 '

(4.1)

Assuming that starting speed is not a function of
chemoattractant and the same reproduction factors
r1 = rp, we can roughly estimate the ratio between
speeds of bands
v (1—mny)

=y (4.2)

By means of table 1 our rough estimation is that
speed of the first band in Adler’s experiment should

Phil. Trans. R. Soc. B (2010)

be 7 times greater than the speed of the second
band. This result is in accordance with the measured
values which show that the ratio of speeds is
approximately 5.

5. CONCLUSIONS

Biochemical processes in living species occur far from
the thermodynamic equilibrium. In order to describe
them, one must resort to non-equilibrium thermodyn-
amics. In this paper, thermodynamic analysis of the
motion of the migrating bands is done in terms of
entropy production only. There are two important
results of this paper.

The first one considers the speed of the band as the
function of the starting concentration of nutrients.
The power-law dependence is used. From the thermo-
dynamic consideration, it follows that the exponent
should be within the interval 0 <»n < 1. The expo-
nents of the power-law functions are obtained by
fitting experimental results obtained by Adler (1966).
It was found that they were indeed within the
predicted interval.

The second result is the prediction of band accel-
eration caused by the reproduction of bacteria. In
the case of constant rate reproduction, a simple
relationship between acceleration, initial speed and
rate of reproduction is predicted. We note that accel-
eration of the ring in the Petri plate with
metabolizable attractant, accompanied by the repro-
duction of bacteria, has been observed (Nossal 1972).

We claim in this paper that bacterial chemotaxis is
rooted in the MEP principle. To be more specific let
us reconsider the experiments done by Adler (1966).
The migrating band comes from the colony of E. col
that is placed at one end of a capillary tube. For ped-
agogical reasons, we call it the left end. Initially, a
small number of E. coli bacteria at the free border of
the colony create a small gradient in nutrient concen-
tration. Owing to the chemotaxis effect, this small
gradient attracts other E. coli bacteria from the
colony, which reinforces this gradient. In this way posi-
tive feedback is established in the system. Owing to the
positive feedback the gradient becomes as high as
possible. This means that the flux of nutrients is the
maximum possible. The speed of the barrier of
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nutrients is the maximum possible, too. Then, accord-
ing to equation (3.12), entropy produced by bacteria is
the maximum possible. In other words, the stationary
state is established when entropy production reaches
its maximum possible value. We have considered
briefly accelerated bands. Accelerating bands are
tightly connected with the reproduction of bacteria.
At a certain concentration of bacteria reproduction
diminishes to zero and a band finds itself in a station-
ary state. Acceleration of a band is just its transient
state to the stationary state. We point out that analysis
of experimental results obtained on both individual
E. coli and on colonies of E. coli in capillary tubes
show that the chemotaxis induced by a metabolizable
attractant is in agreement with the MEP principle.
We note that the conclusion drawn by Forrest &
Walker (1964) is in accordance with the MEP
principle, too.

This principle has been successfully applied in clima-
tology (Paltridge 1981; Kleidon er al. 2003). Paltridge
found excellent fit of measured values for annual aver-
age distribution of temperatures at the Earth surface
with predictions from the MEP principle.

Shimokawa & Ozawa (2001) have applied this
principle to the problem of oceanic circulation.

Linear non-equilibrium thermodynamics covers
processes close to equilibrium in physics and chem-
istry. In this case, established distribution of the
fluxes is associated with the maximum possible
entropy production (Zupanovi¢ er al. 2004, 2005;
Botri¢ ez al. 2005).

The MEP principle and principles similar to the
MEP principle are associated with several different
theories of development of biological systems (see
reference Martyushev & Seleznev 2006 and references
cited therein).

Among these theories, we single out Swenson’s
theory. This theory is based on two principles
(Swenson 1997):

— The universe develops in such a way as to achieve
the final state as soon as possible.

— The appearance of ordered subsystems leads to
more efficient realization of the former principle.

These statements are nothing but qualitative interpret-
ation of the MEP principle. As an example, Swenson
describes a tornado as an illustration of his principles.
A tornado, in contrast to ordinary wind, is higher in
the hierarchy of organized atmospheric structures. It
is not just movement of air mass from the place of
high pressure to the place of low pressure, but includes
many finer details in its clearly visible structure. How-
ever, this organized structure produces entropy much
more efficiently than less organized structures such
as ordinary wind. A similar example is the formation
of Bénard convection cells that appear as spon-
taneously arising structures in a liquid layer when
heat is applied from below. At the critical temperature
gradient the heat conduction is replaced with the con-
vection that produces entropy much more efficiently
than heat conduction. A migrating band in bacterial
chemotaxis is also a spontaneously formed structure.
As we have explained above this structure produces

Phil. Trans. R. Soc. B (2010)

entropy most efficiently. In other words bacterial
chemotaxis is another example of the Swenson
(1997) theory.

The principle of maximum information entropy for-
mulated by Jaynes (1957a,b) has proved itself a useful
predictive method in ecology (Shipley ez al. 2006) and
theory of information (Ishwar & Moulin 2005). The
application of this principle to non-equilibrium ther-
modynamics led to the derivation of the maximum
entropy production principle (Jones 1983; Dewar
2003, 2005; Zupanovié et al. 2006). According to
the MEP principle, a system develops in such a way
as to produce the maximum possible entropy. This
principle has been so far successfully applied in physics
(Zupanovi¢ et al. 2004, 2005; Botri¢ er al. 2005),
chemistry (Zupanovic & Juretic 2004), biology
(Juretic & Zupanovi¢ 2003; Zupanovi¢ & Juretic
2004; Dewar et al. 2006), climatology (Paltridge
1981; Kleidon ez al. 2003) and oceanography
(Shimokawa & Ozawa 2001). A very nice review on
the MEP principle and its applications in physics, chem-
istry and biology has been written by Martyushev &
Seleznev (2006).

The present work was supported by the bilateral research
project of Slovenia-Croatia Cooperation in Science and
Technology, 2007—2008 and Croatian Ministry of Science
grant no. 177-1770495-0476 to D]J.

REFERENCES

Adler, J. 1966 Chemotaxis
708-715.

Barkai, N. & Liebler, S. 1997 Robustness in simple bio-
chemical networks. Nature 387, 913-917. (doi:10.1038/
43199)

Ben-Jacob, E., Cohen, I., Shochet, O., Aronson, I., Levine,
H. & Tsimering, L. 1995 Complex bacterial patterns.
Nature, 373, 566—-567. (doi:10.1038/373566a0)

Ben-Jacob, E., Cohen, I. & Gutnick, D. L. 1998 Cooperative
organization of bacterial colonies: from genotype to
morphotype. Annu. Rev. Microbiol. 52, 779-806.
(doi:10.1146/annurev.micro.52.1.779)

Ben-Jacob, E., Cohen, I. & Levine, H. 2000 Cooperative
self-organization of microorganisms. Adv. Phys. 49,
395-554. (doi:10.1080/000187300405228)

Berg, H. C. & Brown, D. A. 1972 Chemotaxis in Escherichia
coli analysed by three-dimensional tracking. Nature 239,
500-504. (doi:10.1038/239500a0)

Botri¢, S., Zupanovié, P. & Jureti¢, D. 2005 Is the stationary
current distribution in a linear planar electric network
determined by the principle of maximum entropy
production? Croat. Chem. Acta 78, 181—184.

Brenner, M. P, Levitov, L. S. & Budrene, E. O. 1998 Phys-
ical mechanisms for chemotactic patterns formation by
bacteria. Biophys. ¥ 74, 1677-1693. (doi:10.1016/
S0006-3495(98)77880-4)

Budrene, E. O. & Berg, H. C. 1991 Complex patterns
formed by motile cells of Escherichia coli. Nature 349,
630-633. (doi:10.1038/349630a0)

Budrene, E. O. & Berg, H. C. 1995 Dynamics of formation
of symmetrical patterns by chemotactic bacteria. Nature
376, 49-53. (d0i:10.1038/376049a0)

Dewar, R. 2003 Information theory explanation of the
fluctuation theorem, maximum entropy production and
self-organized criticity in non-equilibrium stationary
states. J. Phys. A 36, 631-641. (doi:10.1088/0305-
4470/36/3/303)

in bacteria. Science 153,


http://dx.doi.org/doi:10.1038/43199
http://dx.doi.org/doi:10.1038/43199
http://dx.doi.org/doi:10.1038/373566a0
http://dx.doi.org/doi:10.1146/annurev.micro.52.1.779
http://dx.doi.org/doi:10.1080/000187300405228
http://dx.doi.org/doi:10.1038/239500a0
http://dx.doi.org/doi:10.1016/S0006-3495(98)77880-4
http://dx.doi.org/doi:10.1016/S0006-3495(98)77880-4
http://dx.doi.org/doi:10.1038/349630a0
http://dx.doi.org/doi:10.1038/376049a0
http://dx.doi.org/doi:10.1088/0305-4470/36/3/303
http://dx.doi.org/doi:10.1088/0305-4470/36/3/303
http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org on April 7, 2010

Chemotaxis and entropy production P. Zupanovi¢ et al.

1403

Dewar, R. C. 2005 Maximum entropy production and the
fluctuation theorem. F Phys. A 38, L371-L381.
(doi:10.1088/0305-4470/38/21/1.01)

Dewar, R., Jureti¢, D. & Zupanovié, P. 2006 The functional
design of the rotary enzyme ATP synthase is consistent
with maximum entropy production. Chem. Phys. Lett.
430, 177-182. (doi:10.1016/j.cplett.2006.08.095)

Eisenbach, M. et al. 2004 Chemotaxis in bacteria. London,
UK: Imperial College Press.

Forrest, W. W. & Walker, D. J. 1964 Change in entropy
during bacterial metabolism. Nature 201, 49-52.
(doi:10.1038/201049a0)

Ishwar, P. & Moulin, P. 2005 On the existence and
characterization of the MaxEnt distribution under general
moment inequality constraints. IEEE Trans. Inf. Theory
51, 3322-3333. (doi:10.1109/TTT.2005.853317)

Jaynes, E. T. 1957a Information theory and statistical
mechanics. Phys. Rev. 106, 620-630. (doi:10.1103/
PhysRev.106.620)

Jaynes, E. T. 19576 Information theory and statistical
mechanics II. Phys. Rev. 108, 171-190. (doi:10.1103/
PhysRev.108.171)

Jones, W. 1983 Variational principles for entropy production
and predictive statistical mechanics ¥ Phys. A 16,
3629-3634. (doi:10.1088/0305-4470/16/15/027)

Juretic, D. & Zupanovié, P. 2003 Photosynthetic models with
maximum entropy production in irreversible charge
transfer steps. Comput. Biol. Chem. 27, 541-553.
(doi:10.1016/j.compbiolchem.2003.09.001)

Keller, E. & Segel, L. A. 1970 Initiation of slime mold
aggregation viewed as an instability. J. Theor. Biol. 26,
319-415. (doi:10.1016/0022-5193(70)90092-5)

Kleidon, A., Fraedrich, K., Kunz, T. & Lunkeit, F. 2003 The
atmospheric circulation and states of maximum entropy
production. Geophys. Res. Lert. 30, 2223. (doi:10.1029/
2003GL.018363, 2003)

MacNeil, S. D., Mouzeyan, A. & Hartzell, P. L. 1994 Genes
required for both gliding motility and development in
Myxococcus xanthus. Mol. Microbiology 14, 785-795.
(doi:10.1111/.1365-2958.1994.tb01315.x)

Martyushev, L. M. & Seleznev, V. D. 2006 Maximum
entropy production principle in physics, chemistry and
biology. Phys. Rep. 426, 1-45. (doi:10.1016/j.physrep.
2005.12.001)

Matsyama, T. & Matsushita, M. 2001 Population mor-
phogenesis by cooperative bacteria. Forma 16, 307—-326.

Phil. Trans. R. Soc. B (2010)

Mendelson, N. H. 1999 Bacillus subtilis microfibers,
colonies and bioconvection patterns use different strat-
egies to achieve multicellular organization. Environ.
Microbiol. 1, 471-477. (do0i:10.1046/j.1462-2920.1999.
00066.x)

Nossal, R. 1972 Growth and movement of rings of chemo-
tactic bacteria. Exp. Cell. Res. 75, 138—142. (doi:10.
1016/0014-4827(72)90529-0)

Paltridge, G. W. 1981 Thermodynamic dissipation and the
global climate system. Q. ¥ R. Meteorol. Soc. 127,
531-547. (doi:10.1256/smsqj.45304)

Prigogine, 1. 1967 Introduction to thermodynamics of

irreversible  processes. New York, NY: Interscience
Publishers.
Prigogine, I. & Wiame, ]J. M. 1946 Biologie et

thermodynamique des phénomenes irréversibles. Cell.
Mol. Life Sci. (CMLS) 11, 451-453. (doi:10.1007/
BF02153597)

Shimokawa, S. & Ozawa, H. 2001 On the thermodynamics
of the oceanic general circulation: entropy increase rate
of an open dissipative system and its surroundings.
Tellus 53A, 266-277.

Shipley, B., Vile, D. & Garnier, E. 2006 From plant traits to
plant communities: a statistical mechanistic approach to
biodiversity. Science 314, 812-814. (doi:10.1126/
science.1131344)

Swenson, R. 1997 Autocatakinetics, evolution, and the law
of maximum entropy production: a principled foundation
towards the study of human ecology. Adv. Human Ecol. 6,
1-47. (1995 Biophys. 7. 68, 2181-2189).

Zupanovic’, P. & Jureti¢, D. 2004 The chemical cycle kinetics
close to the equilibrium state and electrical circuit

} analogy. Croat. Chem. Acta 77, 561-571.

Zupanovi¢, P., Juretic, D. & Botri¢, S. 2004 Kirchhoff’s
Loop Law and the maximum entropy production
principle. Phys. Rev. E 70, 056 108. (doi:10.1103/Phys-

y RevE.70.056108)

Zupanovic, P., Jureti¢, D. & Botri¢, S. 2005 On the equival-
ence between Onsager’s principle of the least dissipation
of energy and maximum entropy production principle.
Conduction of heat in an anisotropic crystal. FIZIKA A
14, 89-96.

Zupanovié, P, Botri¢, S. & Jureti¢, D. 2006 Relaxation
processes, MaxEnt formalism and Einstein’s formula for
the probability of fluctuations. Croat. Chem. Acta 79,
335-338.


http://dx.doi.org/doi:10.1088/0305-4470/38/21/L01
http://dx.doi.org/doi:10.1016/j.cplett.2006.08.095
http://dx.doi.org/doi:10.1038/201049a0
http://dx.doi.org/doi:10.1109/TIT.2005.853317
http://dx.doi.org/doi:10.1103/PhysRev.106.620
http://dx.doi.org/doi:10.1103/PhysRev.106.620
http://dx.doi.org/doi:10.1103/PhysRev.108.171
http://dx.doi.org/doi:10.1103/PhysRev.108.171
http://dx.doi.org/doi:10.1088/0305-4470/16/15/027
http://dx.doi.org/doi:10.1016/j.compbiolchem.2003.09.001
http://dx.doi.org/doi:10.1016/0022-5193(70)90092-5
http://dx.doi.org/doi:10.1029/2003GL018363, 2003
http://dx.doi.org/doi:10.1029/2003GL018363, 2003
http://dx.doi.org/doi:10.1111/j.1365-2958.1994.tb01315.x
http://dx.doi.org/doi:10.1016/j.physrep.2005.12.001
http://dx.doi.org/doi:10.1016/j.physrep.2005.12.001
http://dx.doi.org/doi:10.1046/j.1462-2920.1999.00066.x
http://dx.doi.org/doi:10.1046/j.1462-2920.1999.00066.x
http://dx.doi.org/doi:10.1016/0014-4827(72)90529-0
http://dx.doi.org/doi:10.1016/0014-4827(72)90529-0
http://dx.doi.org/doi:10.1256/smsqj.45304
http://dx.doi.org/doi:10.1007/BF02153597
http://dx.doi.org/doi:10.1007/BF02153597
http://dx.doi.org/doi:10.1126/science.1131344
http://dx.doi.org/doi:10.1126/science.1131344
http://dx.doi.org/doi:10.1103/PhysRevE.70.056108
http://dx.doi.org/doi:10.1103/PhysRevE.70.056108
http://rstb.royalsocietypublishing.org/

	Bacterial chemotaxis and entropy production
	Introduction
	Phenomenology of bacterial chemotaxis
	Theoretical background and model assumptions
	Results
	Conclusions
	The present work was supported by the bilateral research project of Slovenia-Croatia Cooperation in Science and Technology, 2007-2008 and Croatian Ministry of Science grant no. 177-1770495-0476 to DJ.
	References




