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Abstract— The nutrient concentration greatly influences the  concentration, nutrient competition is less impuatta
formation of various colony patterns generated by acterial between bacteria, growth becomes heterogeneoysaites
populations. We consider a 2D cellular automaton gwth  cjrcular colonies deform due to fingering [6] [5]chleads to
model of bacterial colony in the case of nutrientititation. The the "labyrinth” configuration. Conversely, if theutrient
present cellular automaton simulates the growth proess in concentration is saturated 'aII bacteria’ have ariamit
order to obtain these patterns in the case of rando . L.

access, the nutrient competition is lower, the mplgrowth

inoculation. We show that numerical patterns are @se to those | . ; \ - S
experimentally observed in the literature. is fast until reaching the "dense configuration".

Keywords-Cellular automaton; bacterial colony; nutrient
limitation.

l. INTRODUCTION

Bacteria predominantly live in surface-associated
communities [1]. They develop at any interfacest thie
suitable for microbial growth. Important examplesiere
bacteria develop are teeth [2], waste water treatr®,
problem of biocorrosion [4]. It is well known th#btese
biological systems are combination of several befravof
interacting individuals. These interacting indivadisl are
able to produce higher-level patterns especiallthin case
of in-plane expansion of colonies.

In the case of random inoculation, the collaboratid
bacteria has been recently studied in the case of
Pseudomonas Aeruginosa [5]. This study shows the
existence of important links between patterns ahd t I
competition between growth and nutrient accessvaBying S pag
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the nutrient access, several patterns have beeervelos [ e

such as: dense, labyrinth, worm-like, spots or barad big et ' s o

holes (see Figure 1). The experimental setting istets in oI R e Wormdlike
o . . . : - orm-like

cultivating a biofilm on glass coverslip submergéd % QP Sk

inoculated liquid medium. This study investigatedwh s

evolutionary competition among individuals affectdony Spots

patterns. The main contribution was to providerantd link
between higher level patterning and the potential f Figure 1. Different colony patterns depending on nutrientagoriration
evolutionary conflict in social systems. The "wolike" 51

configuration is obtained at the beginning of thperience
when cells begin to colonize the surface. The antri
competition between cells is very important dua lonited
substrate. The colony growth is therefore limited amall
colonies form the biofilm. If we increase the suat

Cellular automata are now commonly used in ecology
research. This modeling approach is appealing lsecéu
represents directly the individuals and their bébrav
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making easier the link with scientific expertiseoabthe purpose, we consider a bacteriinbocated aii, that gives
ecosystem than in more abstract models. They showirth to a new bacteria, located at x’ such as &ximize the
interesting spatio-temporal patterns that can bapeoed o oy .
with observations. Several individual-based modese probability B(X‘ ,X) as follows:
been used to model bacterial colony patterns incttse of
in-plane expansion.

The aim of the present study is to include the aetitipn B(X ,X) =baw (X' —x )xC(d(x')) )
phenomenon in the growth process and to highliglet t
advantages and the limitations of a such model. thisr
purpose, a simple cellular automaton based onuheerical This process represents the probability to a biacter
and experimental observations is proposed in thst fi
section by focusing on nutrient competition aspettsis

model is then explored in the case of random iraitr  that is dispersed following the kerne). This dispersion

and numerical pattems are compared (0 pateiMgemel allows us to model the cell spreading orudase

experimentally observed in the literature. Resu® \nich is commonly observed in the literature [SPJ1The
analyzed so as to give new means about COMPEUtiof - ond termC(d(X')) represents a competition function
between growth and nutrient access and explanatiorike P P )

emergence of higher-level patterns. The aim is to propose a relevant competition fuomcti
C(d(x')) based on the numerical observations performed
in Section 2. This competition function dependdtmnlocal
bacterial densityd(X') of the new bacteria, defined as
r{ollows:

located atX; , to give birth to a new bacteria, locatedxat

Il CELLULAR AUTOMATON OF BACTERIAL COLONY

Discrete modeling of bacterial dynamics has bee
developed wusing individual-based models or cellular N
automata [7]. They have been already used in sesech N — oy
various domains in order to simulate patterns amtitute d(x) = sz (Xi X) @
an additional approach to the differential equatipproach. B
Since 10 years, a lot of individual-based modelbauterial .
biofilms have been developed, mainly by the Deaétrh [7] where @, represents a competition kernel. Tlig -
[8] [9]. Individual-based model and cellular autdorahave  function is based on circular uniform kernels pastarized
been de_veloped in ordgr to model bacterial patthrme with g, and g, as follows:
case of in-plane expansion. Here, we propose asiargle
model of bacteria expansion that focuses on thevthro

process including a competition behavior with coafien o\ — 1 "y <

in order to obtain some of the patterns describedhe w'(x X) = (ﬂU)2 ’|X XI‘ g 3)
introduction. The main originality lies in the fathiat the \ A

nutrient dynamics is not modeled. @ (X-x) = 0’|X_X| >0,

A Spatial distribution of bacteria The functiond(X') takes into account the influence of

other bacteria in the growth process. The functiop

In the cellular automaton growth model, each baater engples us to model a nutrient competition due fova

is only represented by its spatial coordinates #n ... . - .
dimensions). Letn be the number of bacteria. The diffusion coefficient through the value @f, . Indeed, if we

distribution of bacteria in the 2D space is giventbe list ~ consider a reaction-diffusion model, the distaneénizen
two bacteria affects the bacteria growth, espacill the
case of a low diffusion coefficient of the nutrierthe
influence of the nutrient diffusion coefficient pess can be
B. Bacteria dynamics represented by the value of, . In an experimental point of
view, this competition process is observed for egxanin

Bacteria dynamics only includes a growth process. Wthe DLA-like patterns [11]. The idea is to modelisth
assume that each bacterium cell has a constanaltiopb ~ competition term with a simple function. This cortifien
to produce a daughter cell during a time interddl function C(d(X')) has to have the following properties:

Moreover, we had a competition functid@(d(x')) in
order to take into account the competition behakor this

(% )1cicy Of 2D positions.
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c)=1

: ") = 4)
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Furthermore, the function has to have a paraméiar t
enables us to tune the intensity of the competitioa to the
nutrient concentration. Different functions canused such
as exponential or polynomial We have chosen thHewiahg
polynomial function:

C(d(x')) =[-d(x)]" (5)
where n enables us to control the intensity of the
competition process. This function has been plotbad
Figure 2.
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Figure 2. Value of the competition functio€(d(x")) following the
number of bacteria in the local environmeitx') -

In the case oh = 0, the competition terfC(d(X')) is

equal to 1, leading to no competition. It leadshewve a
classical growth process where the nutrient comagan is
very important (limit case). For > 0, the competition term
C(d(x')) tends toward O for a high bacterial density in the

local environment of the potential new bacteriathis case,
the bacteria become "non active". When there @ n
bacterium in the local environment of the potentigw

bacteria, the competition ter@(d(x')) is equal to 1, that

is to say there is no competition. As explainedvabom
enables us to tune the intensity of the competitisee
Figure 2). For high values dai, the competition is very
important. It leads to slow down the growth of tieterial
population and to simulate bacterial behavioursoled in
Figure 1.
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Finally, the lower the valuef the competition function
C(d(x")), the higher the competition, the lower the value

of the probabilityB(X , X'). It leads that new bacteria has

a higher probability to be located in a new platere there
are few bacteria.

The cooperative aspect of bacterial biofilm hasnbee
described in [5] [12]. This cooperation is simpikén into

account through the maximization 8(x ,X'): bacteria

mechanically push the new bacteria where the enwiemnt
is the most favourable. It enables us to model
mechanical pressure with a preferential directishgfe the
competition is the lowest). Losses in biomass ao¢ n
considered because we consider that this phenomeson
be neglected in this phase of growth. Some simariathave
been done (not reported in this paper) and havesrshbat
losses in biomass influence the density of bactenia the
dynamics but not the obtained patterns in a quiaégoint
of view. The aim here is to propose a new growthcess
(including competition behavior) and to show tha van
obtain patterns observed in the literature with phaposed

growth process

the

C. Implementation

The current model depends on 4 variablgso,, O,

andn. A cellular automaton has been implemented using a
200200 um2 grid. The model was implemented in &iatl
(7.2) for Windows with the following operations:

1. initialization of a population ofN bacteria randomly
located. The distribution of bacteria in the 2D@p& given

by the list(X; )., Of 2D positions. Go to step 2.1;

2. growth process:
2.1. initialization of index (i=1). Go to step 2.2;
2.2. the value ofB(X; ,X') is calculated for all

possible locations X' following the process
defined above. Go to step 2.3;

2.3. the locationX , that maximizes the probability
B(X; ,X') is chosen. If there are several locations

that maximize B(x; ,X') , the location X, is

randomly chosen. Go to step 2.4;
2.4. a random numbex is chosen in the range
[0,1]. If the value ofa is inferior to the value of

B(Xi ,Xm) , go to step 2.5. Otherwise, go to step
2.6;
2.5. a bacteria located &, is added,
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2.6. ifi < N, advance bacterial indexand go to 1): no competition leads to a dense and uniform

step 2.2. Ifi = N, go to step 3; configuration; important competition leads to wolike
3. advance time and go to step (2) with the updatedienia patterns and the labyrinth pattern corresponds he t
distribution. intermediate case;

- influence of g, : O, influences the competition

. RESULTS distance. When the value ©f, is low, the competition
between bacteria is not important. It leads to Hbly
_In this section, we have computed the spatial patéor with small voids. On the contrary, when the valfiey
different values of the parameters. However, we ehav is high, large voids are observed within the latyri
decided to fix the value of; (0,=1pm). It seems to be . influence of the competition on the bacterial signp:
unrealistic to have a higher value @%. Moreover, if we we can see that configurations are directly linkedhe

final bacterial density. Indeed, the steady stafgedds on
the competition between individuals and on the nem$
individuals, that is to say the bacterial densitthen the
competition is not importanh€5), bacteria can grow and
we have a high steady bacterial density. On théraon
when the competition is important, the growth iewsd

increase this value, spatial structures tends tarbform.
We have choseb = 1 bacterial, here. Note that for low
values ofb, spatial structures don't change but execution
times increase. In the following, we started sirtiales from

an initial state that represented a uniform incoomawith

individuals, placed at random locations. The ihitlansity down bv the competition leading to a lower stead
of individuals is equal to 1% of the domain. We é&aested s petitior ng . y
density. From a qualitative point of view, we have

on the competition process:= (1, 5, 15, 25) and@, = (4, the simulated patterns and the density calculatsd the
experimental patterns. It clearly shows that weehav
same qualitative correlation between densities and
patterns;

- main models enable us to converge to a steadg sta
using losses in biomass. The current model leada to
convergence of the bacterial density with the uka o
competition term in the growth process. We canthaé
patterns are directly linked to the final bacted&nsity
(see Figure 5).

6, 8) um. Simulations have been stopped when ttrease
of individuals between two time steps is inferior®t1% in
order to have a quasi-steady state. Results atéeglon
Figure 3. Comments are:

- influence ofn: n is directly linked to the competition
between individuals. Then-parameter increases this
competition and leads to a decrease of the number o
individuals. Whenn=0 (not reported here) or 1, the
competition is weak and the distribution of the thda is
uniform. Then, whem increases, labyrinth appears and for
high values of n we have worm-like configuratiofifiese
results are concordant with the observed pattees Figure
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Figure 3. Colony patterns for different valuesmfnd g,-
IV. CONCLUSION
08 ‘ - - ‘ Since twenty years ago, patterns of expansion gemtiu
by bacterial populations have experimentally been
o S 1 highlighted in the literature. Different models kabeen
o T | proposed in the literature, mainly based on difieed
T equations, in order to simulate these patterns. réwt
Qus f ] process including competition has been proposedhim
I paper that has been implemented in a cellular aattom
04 ] The competition aspect is taken into account by the
calculation of a local bacterial density that isigited by a
ol | polynomial function. Results have shown that thisdei
enables us to obtain observed patterns in theafasmdom
ozl 1 inoculations. This model leads to steady statel thié use
of the competition term in the growth process. Reshave
01l 1 also shown that the obtained patterns are linkettieédinal
bacterial density. Finally, this growth process tlwia
o5 w0 o5 5 o T competition term) can be used in more complex nselas

to take into account competition.

Figure 4. Evolution of the densitp with respect to the time.
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Figure 5. Steady state densip/following n and o, "EXp
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" corresponds to the pattern obtained erpamtally in [5]; " CA™ corresponds to the pattern

obtained with the cellular automaton.
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