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ABSTRACT

MATHEMATICAL MODELLING OF QUORUM SENSING IN BIOFILMS

Mallory Rose Frederick Advisor:
University of Guelph, 2010 Dr. Hermann J. Eberl

Quorum sensing is a cell communication mechanism used to coordinate

group behaviour based on population density. A mathematical model of quorum

sensing in bacterial biofilms is developed, consisting of a nonlinear diffusion reac-

tion system describing the effects of a growing biofilm on bacterial quorum sensing

behaviour. In numerical experiments, the influence of the hydrodynamic environ-

ment and nutrient conditions on biofilm growth and quorum sensing behaviour are

studied, and flow-facilitated inter-colony communication and spatiotemporal quorum

sensing induction patterns are observed. The model is extended to include an im-

pact of quorum sensing on biofilm growth, through the explicit description of EPS,

the protective biomass layer surrounding bacterial biofilm cells. The circumstances

under which quorum sensing-regulated EPS production is a beneficial strategy for

cells are identified. Biofilm colonies that use this strategy have lower cell popula-

tions than non-quorum sensing colonies, but may secure nutrients in a space-limited

environment and outcompete neighbouring colonies.
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Chapter 1

Introduction

Biofilms are microbial communities encased in a layer of extracellular poly-

meric substances (EPS), adhered to biotic or abiotic surfaces. In a biofilm, bacteria

are protected by the EPS matrix from external stresses, and are able to flourish in

any aqueous environment with adequate nutrients available. Quorum sensing is a

type of cell-cell communication, used to coordinate gene expression and behaviour in

groups. Bacteria cells produce and release signalling molecules (AHL), and when a

critical environmental AHL concentration is reached, the cells become induced, and

undergo changes in gene expressions.

The problem motivating this study is to understand how biofilm growth

impacts quorum sensing induction of bacteria cells. Comprehension of the converse

relation is also desirable, that is, how quorum sensing influences biofilm growth. This

thesis is organized into a series of two related paper manuscripts. In the first paper,

presented in Chapter 2, a convection-diffusion-reaction model of biofilm growth is

combined with a model of quorum sensing in suspended bacteria cultures. Hydro-

dynamic conditions and nutrient resources are varied so that resulting spatial and

temporal induction patterns may be identified. Communication behaviours amongst

individual biofilm colonies and associated ecological implications will be analyzed.
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The focus of the second paper, presented in Chapter 3, is resolving the prob-

lem of how quorum sensing in turn influences biofilm growth. The model is extended

to explicitly describe EPS, a structural component of biofilms, and differential EPS

production rates by induced and non-induced bacteria cells. A question of interest

is whether or not quorum sensing-regulated EPS production provides a benefit to

biofilm cells, and if so, under which environmental conditions. Competition between

individual colonies will also be studied.

The first paper is a version of a manuscript submitted to the journal, “Cana-

dian Applied Mathematics Quarterly”; this version has since been revised and short-

ened based on reviewer feedback. At the time of this thesis presentation, the second

paper is a draft, prepared for future submission to a journal. Both papers have been

prepared in collaboration with multiple authors. My contributions to the first research

paper includes revision and extension of simulation code, conduction of computer sim-

ulations, analysis of results, and the writing of most sections. My contributions to the

second paper include the above tasks, as well as model development. My co-authors

contributed to the model development, analysis, preparation of computer code for

numerical solutions, simulation experiment design, and biological expertise.
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Chapter 2

A mathematical model of quorum sensing in

patchy biofilm communities with slow background

flow

M.R. Frederick1,∗, C. Kuttler2, B.A. Hense3, J. Müller2, H.J. Eberl1,4

1Department of Mathematics and Statistics, University of Guelph

2Center of Mathematical Sciences, Technical University of Munich

3Institute of Biomathematics and Biometry, HelmholtzCenter Munich

4Biophysics Interdepartmental Group, University of Guelph

∗corresponding author: mfrederi@uoguelph.ca

Abstract

For an increasing number of bacterial species, regulation of gene expression by pro-

duction of extracellular signalling molecules has been observed. This mechanism,

generally called quorum sensing, is a type of cell communication used to coordinate

behaviour in groups based on population density. We present a mathematical model

of quorum sensing in bacterial biofilms, consisting of a nonlinear diffusion reaction
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system which describes the effects of a growing biofilm on bacterial quorum sensing

behaviour. The model includes production and spatial spreading of biomass, con-

version of down-regulated biomass into up-regulated biomass as a consequence of

the quorum sensing signalling molecule concentration, and convective and diffusive

transport of nutrients and quorum sensing molecules. The biofilm structure is two-

dimensional, and so it is possible to observe the effects of signals produced by one

colony on neighbouring colonies. In numerical experiments we investigate how the

hydrodynamic environment and nutrient conditions contribute to biofilm growth and

quorum sensing behaviour, and interpret the ecological implications of our results.

We discuss observed flow-facilitated inter-colony communication and spatiotemporal

induction patterns for the various environmental conditions tested.

Keywords: biofilm; convective transport; mathematical model; quorum sensing

Classification: MSC2000:92D25

2.1 Introduction

2.1.1 Bacterial biofilms

Biofilms are microbial communities encased in a layer of extracellular poly-

meric substances (EPS), adhered to biotic or abiotic surfaces. Biofilms are an ex-

tremely successful life form, and are able to flourish in any aqueous environment with

adequate nutrients available. In fact, bacteria preferentially reside in biofilms, rather

than in isolation as planktonic cells. In a biofilm, bacteria are protected by the EPS

matrix from external stresses, and carry out a wide range of reactions which are rel-
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evant in many disciplines, such as environmental engineering, food processing, and

medicine (Lewandowski, 2007).

2.1.2 Quorum sensing in biofilms

Quorum sensing was originally described as a diffusion-reaction based cell-

cell communication mechanism used by several bacterial taxa to coordinate gene ex-

pression and behaviour in groups, based on population densities (Fuqua et al., 1994).

Bacteria cells constantly produce and release low amounts of signalling molecules,

called autoinducers (e.g., acyl-homoserine lactones (AHL) in Gram-negative bacte-

ria). When a critical environmental autoinducer concentration is reached, the bacteria

are rapidly induced and undergo changes in gene expressions. In most bacterial au-

toinducer systems, the autoinducer synthase gene is up-regulated, initiating positive

feedback, and the bacteria subsequently produce AHL molecules at an increased rate.

As the extracellular autoinducer concentration reflects the cell density, the time at

which this phenotypic change occurs is dependent on the cell density. Quorum sens-

ing was originally described for and, until now, mainly investigated in homogeneous

planktonic cultures. However, most bacteria live attached to surfaces in spatially

heterogeneous biofilms, usually as assemblages of microcolonies, or “patchy” biofilm

communities (Kierek-Pearson and Karatan, 2005, Costerton et al, 1995). Under these

conditions, autoinducers reflect local, rather than global, cell densities. Redfield

(2002) assumed alternatively that autoinducers are used by single cells for the mea-

surement of the diffusible space, or more generally, the mass transfer properties of the

environment. This concept, which does not involve cooperation, is called diffusion



6

sensing. Hense et al. (2007) unified both concepts with the idea of efficiency sensing

and argued that induction of cells is influenced by both cell density and mass transfer

limitations, as well as inhomogeneities of cell distribution. Although there are some

experimental indications for the influence of mass transfer limitations (Dulla and Lin-

dow, 2008, Kirisits et al., 2007, Shompole et al., 2003), this has never been analyzed

systematically for spatially heterogeneous growing biofilms in complex matrices with

varying nutrient conditions. In fact, most papers still assume that the purpose of

autoinducers is for cell density assessment. The term “quorum sensing” originally

referred to only the cell density measurement, and even today it is usually defined in

this sense. However, the term is well established and indeed used to refer to general

measurements of autoinducers, disregarding whether mass transfer limitation or cell

distribution contribute or even dominate. We adopt this broad use of terminology

and refer to pure cell density measurement as “quorum sensing in the strict sense”.

As a number of traits relevant for human, animal and plant health are regulated via

autoinducers (Demuth and Lamont, 2006, Whitehead et al, 2001), a comprehensive

understanding of quorum sensing systems is highly desirable.

2.1.3 Modelling of quorum sensing in biofilms

We will study how a hydrodynamic environment affects spatiotemporal quo-

rum sensing induction patterns and flow-facilitated inter-colony communication in a

developing biofilm. Specifically, we will model quorum sensing induction in patchy

biofilms in a slow-flow hydrodynamic environment, and investigate the effect of en-

vironmental conditions such as bulk flow velocities and nutrient availability on the
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onset of quorum sensing. We will consider Gram-negative bacteria with their typical

autoinducer system, which involves acyl-homoserine lactones (AHLs) as the signalling

molecule. The effect of nutrient availability on quorum sensing is qualitatively easy to

predict: increased food availability promotes growth, and accelerated growth in turn

accelerates quorum sensing. On the other hand, the contribution of bulk flow hydro-

dynamics is more difficult to estimate. Increased flow implies an increased convective

supply of nutrients, implying growth is increased, and thus quorum sensing induction

is accelerated. Increased flow velocities also imply increased convective transport of

AHL in the aqueous phase. Convective AHL transport can have three effects on the

onset of quorum sensing: (i) AHL molecules that are produced in a biofilm colony

and diffuse from the colony into the aqueous phase are transported downstream (i.e.,

locally removed), which delays local upregulation. (ii) Downstream colonies receive

AHL molecules from upstream. If the AHL concentration in the aqueous phase is

higher than in the biofilm colonies, AHL will diffuse into the colony and can promote

up-regulation, even when cell densities are relatively low. (iii) AHL is washed out

from the channel by the flow field; these washed out AHL molecules have no effect on

quorum sensing. Which of these three effects dominates, and how they balance each

other, cannot be readily predicted, and must be investigated.

There are currently numerous mathematical models which can be found in

the literature describing quorum sensing in both suspended bacteria and in biofilms,

and for various applications. Ward et al. (2001), Dockery and Keener (2001), and

Müller et al. (2006), proposed models of quorum sensing in a well-mixed popula-

tion of bacteria cells, describing bacteria growth and AHL production in a manner
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representative of a batch culture experiment. This model predicted a rapid switch

in proportions of down- and up-regulated sub-populations, which is a characteristic

feature of quorum sensing systems. Ward et al. (2003) and Chopp et al. (2002, 2003)

studied models of quorum sensing activity in a growing one-dimensional biofilm, in

which biofilm thickness varies in time, to identify the key biofilm and quorum sensing

kinetics parameters responsible for induction. Other models detail the biochemistry

of quorum sensing systems (Anguige et al., 2004, 2005, 2006). As fluid flow in the

liquid phase of the biofilm has the potential to greatly impact both biofilm growth

and quorum sensing (Purevdorj and Costerton, 2002), more recent models have in-

corporated hydrodynamic effects (Janakiraman et al., 2009, Vaughan et al., 2009).

Janakiraman et al. (2009) studied biofilm growth and quorum sensing in mi-

crofluidic chambers experimentally and with a one-dimensional mathematical biofilm

thickness model, using very low flow rates (Reynolds number Re<< 1). They found

that the flow rate greatly affects quorum sensing in the biofilm: at high flow rates,

the biofilm thickness is smaller due to detachment, and the transport rate of AHL

out of the biofilm channel can be so high that the AHL concentration does not reach

the threshold required for induction. Purevdorj and Costerton (2002) remark on the

importance of diffusive processes, in particular, that the washout of signal molecules

from the bulk fluid surrounding microcolonies would increase the concentration gra-

dient between the biofilm and the bulk liquid, driving the diffusive flux of signal

molecules out of the biofilm. Their work indicates that diffusion through the biofilm

in different hydrodynamic conditions is key to the AHL signal concentration in micro-

colonies. Wanner et al. (2006) also demonstrated that hydrodynamics are required
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to accurately describe mass conversion and substrate degradation in biofilm systems,

so including a flow field component will in turn lead to an accurate description of

quorum sensing in our developing biofilm. Flow may have the potential to disturb

quorum sensing, interrupting bacterial behaviour. This is relevant to the specific ap-

plication of biofilm manipulation via quorum sensing control, which has been studied

in the medical context (Anguige et al., 2004, Ward et al., 2001). With this evidence

of the key roles a hydrodynamic environment plays, we will expand on the works of

Janakiraman et al. (2009) and previous models by thoroughly investigating the con-

tribution of flow to mass transfer and inter-colony communication in the simulation

environment.

We will apply our model to a two-dimensional patchy biofilm population.

There are limitations to one-dimensional or two-dimensional flat (slab-like) biofilm

models. One-dimensional biofilm thickness models, predicting thickness or height in

time, do not have a spatial structure. A flat, two-dimensional biofilm (e.g., Kirisits

et al., 2007) may be described as a collection of cells in a rectangular grouping. The

biofilm may grow thicker and horizontally expand in time, but cells are homogeneously

distributed in this setup, and so microcolony behaviour cannot be monitored. In our

“patchy” biofilm community, multiple microcolonies, or clusters of cells, are sepa-

rately placed throughout a simulated environment. A limitation of one-dimensional

or two-dimensional flat biofilm models is that induction will not be spatially resolved;

once AHL reaches the threshold concentration for quorum sensing, the entire biofilm

simultaneously becomes induced. In contrast, cells arranged in microcolonies do not

react homogeneously, and will not necessarily undergo induction at the same time.
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Furthermore, induction can occur for a lower number of cells in a patchy biofilm

than in a homogeneous biofilm, because the cell density (and consequently, AHL

concentrations) is higher in the small cell clusters (Müller et al., 2006). By using a

two-dimensional patchy biofilm pattern, we are able to analyze multiple colonies, as

well as the spatial variations in the sub-populations within the biofilm. In addition,

the dissolved substrates will be spatially modelled, specifically, the depletion of car-

bon and accumulation of AHL. We are particularly interested in low flow velocities,

which will enable us to focus on the contribution of flow to mass transfer reactions in

our system, as opposed to Janakiraman et al. (2009), in which the system behaviour

was largely controlled by detachment processes, and Chopp et al. (2009), in which

the system is convection dominated.

To resolve the aforementioned limitations of existing models, and to enable

ourselves to research in detail mass transfer and communication, we begin with a

biofilm growth model based on the non-linear density dependent diffusion-reaction

equation originally proposed in Eberl et al. (2001) for a single species biofilm with

one limiting nutrient. In this paper, we include equations for the down- and up-

regulated bacterial sub-populations, and consider convective transport for carbon

and AHL, the dissolved substrates. Also, in contrast to the models which begin with

a fully developed biofilm (e.g., Vaughan et al., 2009), we have a mechanistic biofilm

growth model which starts with very few small bacteria colonies initially adhered to

a substratum.

To the biofilm growth model of Eberl et al. (2001), we add the processes of a

quorum sensing system in a molecularly founded way. In our quorum sensing model,
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we take into account the dimerisation process for AHL, which appears for almost all

investigated quorum sensing systems (Whitehead et al., 2001, Fuqua et al., 2002).

When AHL binds to its receptor, this complex dimerizes, and becomes effective as

a transcription factor. We model this non-linear AHL dose-response relationship in

combination with the positive feedback loop of induction, describing accurately the

switch-like behaviour in the upregulation of bacteria. The bacteria Pseudomonas

aeruginosa is typically selected for biofilm and quorum sensing studies. Though

this bacterium is highly relevant for quorum sensing, it has three quorum sensing

systems, and so difficulties may arise in the definition of when quorum sensing is

“on” or “off” in the bacteria cells. Pseudomonas putida is used in our study; with

only one known quorum sensing system, this bacterium is practical for studying basic

quorum sensing behaviour. The quantitative quorum sensing parameter values used

in our numerical simulations were derived from laboratory experiments on planktonic

P.putida cultures.

We exclude dead cells, additional microbial species, attachment/detachment,

and high flow velocities in our model. Though these aspects may be present in a full

biofilm and quorum sensing system, we choose to specifically model quorum sensing

induction patterns in patchy biofilms in a slow-flow hydrodynamic environment. This

is a creeping flow regime with Reynolds numbers smaller than one, but not so small

that flow does not contribute to mass transfer. The slow flow regime was found to have

significant effects in the Janakiraman et al. (2009) system. In fact, in biofilm systems,

the dimensionless Peclet number which relates convective and diffusive contributions,

is orders of magnitudes larger than the Reynolds number (Eberl et al., 2000, Eberl and
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Sudarsan, 2008), indicating that mass transfer can be substantial even in slow flow

regimes. Moreover, at the low flow velocities considered here, mechanical effects such

as detachment of the biofilm matrix need not be considered - flow induced shear forces

will have a negligible effect on the deformation of the biofilm (Eberl and Sudarsan,

2008). We may then focus on the contribution of flow to mass transfer reactions

in our system. Secondly, we focus on narrow conduits, mimicking pore spaces in

soils and fractured media. The numerical solution of the flow equations is the most

computationally expensive part in biofilm modeling. However, with these assumptions

that we have made, we are able to use a quick, analytical approximation to the

hydrodynamic flow model, which was previously introduced in Eberl and Sudarsan

(2008).

We have developed the first biofilm growth and quorum sensing mathe-

matical model for two-dimensional patchy biofilm colonies with nutrient-dependent

biomass growth and the consideration of fluid flow. Our two-dimensional flow model

allows for the study of how AHL produced in one colony can have a non-local effect

on neighbouring colonies, which is a consequence of the fact that AHL produced by

the bacteria is transported by convection and diffusion in the aqueous phase. This is,

in fact, the primary difference between the model presented here and previous models

of quorum sensing in biofilms. As biofilms reside in aqueous habitats, the effects of

the surrounding hydrodynamic environment play a critical role in growth and other

processes. We will use our model to investigate the effects of environmental conditions

such as bulk flow velocities and nutrient availability on the onset of quorum sensing.
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2.1.4 Outline of Paper

In the following sections, we will derive our mathematical model, and de-

scribe the two different flow mechanisms we will use: one in which the volumetric

flow rate is constant throughout the domain, and in the other, the flow varies as

the channel fills with biomass. A series of simulations will be presented, in which

we have conducted numerical experiments to compare the spatiotemporal effects of a

growing biofilm on quorum sensing, under various environmental conditions, namely

flow effects and nutrient availability.

2.2 Mathematical Model

2.2.1 Biofilm growth model

We formulate a mathematical model for biofilm development in terms of the

dependent variable m, representing the local biomass density. As in Dockery and

Klapper (2001) and Wood and Whitaker (1999), we use the mass balance for biomass

as the starting point for the development of our biofilm model:

mt + ∇(Um) = G(C, m), (2.1)

in which the function G(C, m) is the net biomass production rate, which depends

on the concentration of a growth limiting substrate C. The unknown vector-valued

function U is the velocity with which the biomass moves in the biofilm colony, caused

by growth and spatial expansion of the biofilm. Equation (2.1) represents one equa-
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tion for the unknown functions m, U, C. The growth limiting substrate C will be

described by a transport-reaction equation below. In order to obtain U , we consider

the momentum equation for biomass,

(Um)t + ∇(UUm) = −∇P − f(m)mU, (2.2)

in which the new variable P is the unknown biomass pressure. The last term in this

equation describes forces moderating biomass movement, such as kinematic friction;

see Kowlaczyk et al. (2004) and Wrzosek (2008), in which f(m) = f = constant

is suggested. In order to close this model, an additional relationship must be es-

tablished. In Dockery and Klapper (2001), closure is achieved by introducing the

assumption that in the biofilm, the biomass density is always at the maximum cell

density, m = Mmax = const, that is, the biofilm is assumed to be incompressible.

Alternatively, Wood and Whitaker (1999) suggested to close the model algebraically

by imposing a constitutive relationship P = P (m), which recovers the traditional

Wanner-Gujer (1986) biofilm model in the one-dimensional setting. However, the

higher dimensional case remained open. We follow the Wood and Whitaker (1999)

approach. As in Dockery and Klapper (2001), we neglect the inertial forces, and the

momentum equation (2.2) reduces to the Darcy-like equation,

−
1

mf
∇P = −

1

mf
P ′(m)∇m = U.
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Substituting this into (2.1) gives for the biomass density the quasilinear diffusion-

reaction equation,

mt = ∇ (D(m)∇m) + G(C, m),

with the density-dependent diffusion coefficient,

D(m) :=
1

f
P ′(m).

D(m), or alternatively P (m) must be chosen such that (i) notable spatial expansion

of the biofilm only takes place for large enough m, and (ii) the biomass density m

does not exceed the maximum possible value Mmax. One choice that is known to

satisfy these conditions (Efendiev et al., 2009) is:

D(m) = δ
ma

(Mmax − m)b
, a, b > 1, δ > 0,

which can be derived from power law assumptions P ∼ mη for m ≈ 0 and P ∼

(Mmax − m)−λ for m ≈ Mmax.

The growth controlling substrate C in (2.1) is governed by the transport-

reaction equation:

Ct + ∇(UC) = ∇(d∇c) − F (C, m).

Commonly, Monod kinetics are assumed to describe growth of biomass:

F (C, m) =
µ

Y

Cm

k2 + C
, G(C, m) =

µCm

κ2 + C
− κ4m.
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Here, µ is the maximum growth rate of the species, Y is the yield coefficient, κ2 is the

Monod half saturation concentration, and κ4 is the cell death rate. The characteristic

time-scale for spatial expansion of the biofilm is much larger than the characteris-

tic time-scale for diffusion and consumption of substrate in the biofilm. Therefore,

following Wanner et al. (2006), it is common practice to neglect the convective term.

For convenience, in the following section, and for the remainder of the paper,

we will use the volume fraction occupied by biomass rather than the biomass density,

that is, we use M := m/Mmax as a dependent variable. Then, summarizing the above,

the biofilm growth model is:

∂tM = ∇(DM(M)∇M) +
κ3CM

κ2 + C
− κ4M (2.3)

∂tC = ∇(d∇C) −
κ1CM

κ2 + C
(2.4)

in which κ1 := µMmax/Y , κ3 = µ, and the density dependent diffusion coefficient

for biomass is formulated as DM(M) = δMa−b
maxM

a(1 − M)−b. The spatial domain Ω

in which our model is formulated is accordingly subdivided into two not neccessarily

connected subdomains, the aqueous phase Ω1(t) := {(x, y) ∈ Ω : m(t, x, y) = 0} and

the solid biofilm phase Ω2(t) := {(x, y) : m(t, x, y) > 0}. These regions change as the

biofilm grows.

The model (2.3), (2.4), which we derived here from the same starting point as

the biofilm model of Dockery and Klapper (2001), is the density-dependent diffusion-

reaction model for biofilm formation that was originally introduced in an ad hoc
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fashion in Eberl et al. (2001). More recently, this model was also derived from a

semi-discrete master equation in Khassehkhan et al. (2009b), beginning with as-

sumptions resembling those that are used in cellular automata models of biofilms,

such as Picioreanu et al. (1998).

The diffusion-reaction biofilm model (2.3), (2.4) has been studied in a small

series of papers, for analytical, numerical, and biological interest. In particular, an

existence and uniqueness proof was given in Efendiev et al. (2009), in which it was

also shown that the solution remains bounded by 1 (the maximum biomass density is

not exceeded). Moreover, it was shown that there exists a η > 0, η << 1, such that

the solution M remains below 1 − η, provided M = 0 somewhere on the boundary,

and so M will be separated from the singularity at M = 1. The model possesses

a global attractor that was studied in Demaret and Efendiev (2008). In Eberl et

al. (2001) and Eberl and Demaret (2007), it was shown in numerical simulations

that this model is able to describe the formation of cluster-and-channel biofilms and

the so-called “mushroom” biofilm architectures which can be observed under severe

substrate limitations.

2.2.2 Quorum sensing model

We present a mathematical model for quorum sensing in a growing biofilm

community in a narrow conduit which consists of several colonies. This model com-

bines the diffusion-reaction biofilm model derived in Section 2.2.1 with the quorum

sensing model for suspended populations of Müller et al. (2006). The dependent

variables of our model are the down-regulated bacteria (M0), up-regulated (quorum
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sensing induced) bacteria (M1), AHL (AHL), and growth limiting nutrient, the dis-

solved carbon substrate (C). Bacteria M0 and M1 are expressed as the fraction of the

volume they locally occupy at each point in the domain (volume fraction). AHL and

C are expressed as concentrations. The processes incorporated into our model are:

• production of new up- and down-regulated biomass, controlled by nutrient avail-

ability

• nutrient consumption by down- and up-regulated biomass

• spatial spreading of the biofilm for high local biomass volume fractions (i.e., for

M = M0 + M1 ≈ 1)

• conversion of down-regulated biomass into up-regulated biomass as a conse-

quence of AHL concentration inducing a change in gene expression, and a con-

stant rate of back-conversion

• natural cell death

• abiotic AHL decay

• differential AHL production rates of down-regulated and up-regulated cells

• diffusive transport of carbon substrate and AHL in the biofilm, and both con-

vective and diffusive transport in the surrounding aqueous phase of the biofilm
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The mathematical model is:

∂tM0 = ∇(DM(M)∇M0) +
κ3CM0

κ2 + C
− κ4M0 − κ5AHLnM0 + κ5τ

nM1

∂tM1 = ∇(DM(M)∇M1) +
κ3CM1

κ2 + C
− κ4M1 + κ5AHLnM0 − κ5τ

nM1

∂tC = ∇(DC(M)∇C) −∇(wC) −
κ1C(M0 + M1)

κ2 + C

∂tAHL = ∇(DAHL(M)∇AHL)) −∇(wAHL) − σAHL + αM0 + (α + β)M1

The total volume fraction occupied by the biofilm is M = M0 + M1. The

diffusion coefficient for biomass (DM(M)) is described in Section 2.2.1. The diffusion

coefficients for C and AHL are lower in the biofilm than in the surrounding aqueous

phase (Stewart, 2003). We use DC(M) = DC(0) + M(DC(1) − DC(0)), DAHL(M) =

DAHL(0) + M(DAHL(1) − DAHL(0)), where DC(0) and DAHL(0) are the diffusion

coefficients in water, and DC(1) and DAHL(1) are the diffusion coefficients in a fully

compressed biofilm.

The convective contribution to transport of C and AHL in the aqueous

phase is controlled by the flow velocity vector w = (u, v), where u and v are the flow

velocities in the x- and y- directions. The calculation of w is further described in

Section 2.2.3.

In the reaction terms, κ3 is the maximum specific growth rate of the bacterial

biomass. The maximum specific substrate consumption rate is denoted by κ1 =

κ3Mmax/Y . Bacterial growth is described by Monod kinetics, where κ2 is the half-

saturation constant. κ4 is the cell lysis rate. The parameter κ5 is the quorum sensing



20

regulation rate — the rate at which down-regulated bacteria become up-regulated,

and vice versa. The AHL production rate of down-regulated bacteria is α, and the

increased production rate of up-regulated bacteria is α+β. AHL degrades abiotically

at rate σ. τ is the threshold AHL concentration locally required for quorum sensing

induction to occur. We use n (n > 1) to describe the degree of polymerisation in

the synthesis of AHL, equivalent to the Hill coefficient describing cooperative binding

reactions in the Hill equation, acting as a switch function (Müller et al., 2006).

We non-dimensionalise our model using the following rescalings: x̃ = x
L
, t̃ =

tκ3, where L is the flow channel length, and 1
κ3

is the characteristic time scale. The

new dimensionless concentration variables are: C̃ = C
Cbulk

, Ã = AHL
τ

, where Cbulk is

the bulk substrate concentration (the amount of substrate C supplied at the inflow

boundary). The new reaction parameters are:

κ̃1 =
Mmax

Y Cbulk

; κ̃2 =
κ2

Cbulk

; κ̃3 = 1; κ̃4 =
κ4

κ3

; κ̃5 =
κ5τ

n

κ3

;

σ̃ =
σ

κ3
; α̃ =

αMmax

κ3τ
; β̃ =

βMmax

κ3τ
;

Finally, the diffusion coefficients become:

D̃C =
DC

L2κ3

; D̃AHL =
DAHL

L2κ3

; D̃M =
DM

L2κ3

;
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and we obtain the non-dimensional system:

∂t̃M0 = ∇̃(D̃M(M)∇̃M0)) +
κ̃3C̃M0

κ̃2 + C̃
− κ̃4M0 − κ̃5Ã

nM0 + κ̃5M1

∂t̃M1 = ∇̃(D̃M(M)∇̃M1)) +
κ̃3C̃M1

κ̃2 + C̃
− κ̃4M1 + κ̃5Ã

nM0 − κ̃5M1

∂t̃C̃ = ∇̃(D̃C(M)∇̃C̃)) − ∇̃(wC̃) −
κ̃1C̃M

κ̃2 + C̃

∂t̃Ã = ∇̃(D̃A(M)∇̃Ã)) − ∇̃(wÃ) − σ̃Ã + α̃M0 + (α̃ + β̃)M1

Existence proofs for the solutions of similar biofilm models with multiple

volume occupying substances have been presented in Demaret et al. (2008) and

Khassekhan et al. (2009) for a purely diffusive setup, i.e., in the absence of convective

transport of dissolved substrates in the aqueous phase. The same concept of the proof,

which does not allow a statement on uniqueness of the model solution, may be applied

to the quorum sensing and biofilm growth model introduced here. In contrast to the

models studied in Demaret et al. (2008) and Khassekhan et al. (2009), we remark

that here, by adding the equations for M0 and M1, the biofilm growth model (2.3),

(2.4), can be recovered. With the arguments detailed in Efendiev et al. (2009), we

know that M = M0+M1 and C are unique and separated from the singularity M = 1.

Therefore, the question of uniqueness of the solutions of the quorum sensing model

reduces to the question of uniqueness of the semi-linear system:

∂t̃M1 = ∇̃(D̃M(M)∇̃M1) +
κ̃3C̃M1

κ̃2 + C̃
− (κ̃4 + κ̃5 − κ̃5A

n)M1 + κ̃5Ã
nM

∂t̃Ã = ∇̃(D̃A(M)∇̃Ã) − σ̃Ã + α̃M + β̃M1,
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in which we can treat C and M as known functions. Problems of this type have been

extensively studied in the literature (e.g., Ladyzenskaja et al., 1988).

The parameters used in our simulations and their non-dimensional values

are listed in Table 2.1. The biofilm parameters κ1-κ4 were chosen from the range of

standard values in biofilm modelling literature (Wanner et al., 2006), the diffusion

coefficient values (dM , a, b) were selected from Eberl and Sudarsan (2008), and the

quorum sensing parameters κ5, α, β, τ, γ and n were derived from experiments on the

kinetics of suspended P. putida IsoF cultures and the AHL molecule 3-oxo-C10-HSL.

Table 2.1: Constant model parameters used in our simulations and their non-
dimensional values. Values for the parameters varied in our simulation experi-
ments are given in the text. References: [46]= Wanner et al. (2006), [18]= Eberl
and Sudarsan (2008), [24]=Hobbie and Roth (2007), M=measured experimentally,
S=selected for our system.

Parameter Description Non-
dimensional
Value

Reference

κ3 Maximum specific growth rate 1 [46]
κ4 Lysis rate 0.067 [46]
κ5 Quorum sensing up-regulation rate 2.5 M
σ Abiotic degradation rate of AHL 0.022 M
α Constitutive production rate of AHL 13 M
β Induced production rate of AHL 130 M

DC(0), DC(1) Diffusion coefficients for substrate 0.67, 0.54 [18]
DAHL(0), DAHL(1) Diffusion coefficients for AHL 0.52, 0.26 [24]

a Diffusion coefficient parameter 4.0 [18]
b Diffusion coefficient parameter 4.0 [18]

dM Biomass motility coefficient 6.67e-09 [18]
H/L Channel aspect ratio 0.1 S

The following boundary conditions are imposed on our domain Ω=[0,L]x[0,H ]:

• For M0 and M1, no flux conditions everywhere (n is the direction of the outward
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normal):

∂nM0 = 0, ∂nM1 = 0 on ∂Ω

• For C and AHL, no diffusive flux conditions everywhere except for on inflow,

where we specify the bulk concentration:

C = 1, Ã = 0 for x = 0, ∂nC = 0, ∂nÃ = 0 everywhere else.

Thus, no biomass leaves or enters the flow channel, and no AHL enters the

flow channel from the upstream boundary. However, AHL and carbon in the dissolved

liquid phase Ω1 may exit the system via convective transport. Initially, the substratum

is inoculated by down-regulated cells; we prescribe the number of such inoculation

sites, but their location and the biomass density is chosen randomly. So while our

model is completely deterministic, the inoculation adds a stochastic element. This

mimics the difficulty in controlling cell attachment sites in flow channel laboratory

experiments.

2.2.3 Hydrodynamic component

Hydrodynamics have been incorporated via two alternative mechanisms for

flow in the channel:

1. Regular: the volumetric flow rate in the channel remains constant throughout

the simulation. Hydrodynamic conditions are specified in terms of the dimen-

sionless Reynolds number for the empty flow channel

2. Bioclogging: the flow rate in the channel decreases due to the increased flow

resistance from the growing biofilm
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The flow in the aqueous phase is described by the incompressible Navier-

Stokes equations. As an alternative to solving the complete flow equations numeri-

cally, we use the thin-film approximation as proposed in Eberl and Sudarsan (2008):

0 = −
1

ρ

∂p

∂x
+ ν

∂2u

∂y2
, 0 =

∂p

∂y
, 0 =

∂u

∂x
+

∂v

∂y

where p is the hydrodynamic pressure field; constants ρ and ν are the density and

kinematic viscosity of water. This approximation is valid in the liquid region of long,

narrow conduits for slow flow regimes. Unlike the complete Navier-Stokes or the

Stokes equations, this flow model can be solved analytically, which allows for fast

computation. In order to drive the flow in the channel, we specify the volumetric

flow rate in terms of the non-dimensional Reynolds number Re for the empty flow

channel, given by:

Re =
HU

ν

where our characteristic height scale H is the channel height, and U is the maximum

flow velocity of the unperturbed Poisseuille flow. According to Eberl and Sudarsan

(2008), we have then the flow rate q:

q =
2

3
νRe,

where ν is the kinematic viscosity of the bulk liquid.
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For the regular flow mechanism, we assume the flow rate to be constant for

all time. An additional complexity was added to our regular flow model to account for

the phenomenon of “bioclogging”, which refers to the change in porosity and hydraulic

conductivity of a saturated porous medium due to microbial growth (Thullner et al.,

2004). This is of particular importance for the study of biofilm processes in microbial

soil ecology. Thullner et al. (2002a) demonstrated that a relatively small amount of

biofilm can cause significant clogging effects. A growing biofilm changes the hydraulic

conductivity of the porous medium, and so according to Darcy’s Law, the flow rate

will change as well. The Darcy equations, used to relate flow velocities in porous

media, express how the flow velocity q is proportional to the pressure gradient ∇P ,

where hydraulic conductivity is the proportionality factor k:

q =
k

νρ
∇P

where ν, ρ are the kinematic viscosity and density of the bulk liquid respectively. The

hydraulic conductivity k varies in time with biofilm growth, as described above. A

smaller hydraulic conductivity implies lower flow velocities.

Several empirical relations have been suggested to describe how hydraulic

conductivity changes with porosity as the total amount of biomass increases (Thullner

et al., 2004). Many of these relations require additional empirical model parameters,

which we choose not to introduce. The Clement et al. (1996) model has been chosen

here for simplicity; this model gives hydraulic conductivity k as a function of porosity
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h:

k(h) = h19/6

Note that 19/6 ≈ 3; k(h) is approximately a cubic polynomial, similar to all other

k − h relationships in Thullner et al. (2004).

For our simulations, we conceive our flow channel as a narrow conduit, such

as a space between soil particles. Our pore space h is defined to be the smallest

gap between the top of an individual biofilm colony and the top of the flow channel,

scaled to our channel height. This minimum pore space h will change spatially and

temporally as biomass grows and fills the channel.

We then scale the computed regular flow field velocities by the clogging

function k(h). For the bioclogging conditions, our modified formula for the flow rate

in terms of the Reynold’s number is,

q = k(h)
2

3
νRe.

When biomass is not present, h = 1.0 and k(h) = 1.0, so the flow velocities

remain precisely the same as the regular flow mechanism. In time, total biomass

increases, and k → 0 as h → 0, and the flow velocities will decrease.

Both the regular and bioclogging flow mechanisms for hydrodynamics will

be used and compared in the subsequent simulations to investigate the effects of the

flow field on our biofilm and quorum sensing system.
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2.2.4 Computational aspects

The numerical solution of the biofilm model follows the approach that was

developed and discussed in Eberl and Demaret (2007) and Eberl et al. (2009). The

computational domain was discretised on a uniform rectangular grid of size 2000 x

200. We solve our system numerically using a semi-implicit finite difference-based

finite volume scheme, formulated for the concentrations in the centers of the grid

cells. The time-step size is variable; in each time step four sparse, banded diagonal

linear algebraic systems are solved with the stabilized biconjugate gradient method

(one system for each of AHL, C, M0, and M1).

The code was prepared for parallel execution on multi-core/multi-processor

platforms as described in Muhammad and Eberl (2009). Simulations were carried

out on a SGI ALTIX450 with 32 dual core itanium processors; in most simulations

12 cores were used per compute job.

2.3 Results

2.3.1 Simulation Experiment Design

In simulation experiments, we measure the effects of environmental condi-

tions (nutrient concentrations and channel hydrodynamics) on the onset of quorum

sensing induction in the biofilm system, and how production of autoinducer molecules

in one colony affects induction in neighbouring colonies. One measurement of these

effects is the “switching time”, which we define as the time when the AHL concen-

tration first reaches the threshold value for induction somewhere in the domain. We
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also investigate the spatial distribution of up- and down-regulated cells in the flow

channel, and biomass growth under these various environmental conditions.

A typical computer simulation of biofilm growth in a long, narrow channel

with aspect ratio ǫ = H/L = 0.1 and slow flow (Re=10−3) is shown in Figure 2.1. The

bottom surface, or substratum, is initially inoculated with twenty randomly chosen

small colonies of down-regulated cells with density 0.2 < M0 < 0.4. The growth

period begins with biomass in the inocculated colonies growing, but not expanding.

As the total biomass (M0 +M1) locally approaches 1.0, the maximum cell density, the

colonies expand. The individual colonies initially grow at the same rate, but in later

timesteps the downstream colonies will experience slower growth due to substrate

depletion by the upstream colonies, which are first to receive and utilize the incoming

nutrients. In time, some neighbouring colonies begin to merge. The shading of the

biofilm colonies in Figure 2.1 represents the fraction of down-regulated cells in the

biofilm ( M0

M0+M1

), where red colonies are completely down-regulated, and blue colonies

are fully up-regulated.

Isolines of AHL concentration are equidistantly distributed between 0 and

the maximum AHL value (reported in each subfigure); the maximum AHL concen-

tration changes in time as it accumulates in the system. Initially (Figure 2.1 (a),(b)),

AHL concentrations increase in the main flow direction. The colonies produce AHL

molecules, which diffuse into the liquid region, and are then transported downstream

by convection and diffusion. In later time steps (Figure 2.1 (c),(d)), the maximum

AHL concentration is found in the middle of the channel. This is due to both the

accumulation of AHL that has been transported via convection from the upstream
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(a) t = 7.0, Maximum AHL = 0.13. All colonies are down-regulated.

(b) t = 8.0, Maximum AHL = 0.37. All colonies are still down-regulated.

(c) t = 9.0, Maximum AHL = 1.6. Some colonies have up-regulated.

(d) t = 9.5, Maximum AHL = 4.9. The entire biofilm is up-regulated.

Figure 2.1: Development of a biofilm in a flow channel using the bioclogging flow
mechanism. Flow is from left to right; food is supplied from the upstream (left)
boundary. AHL molecules produced by large, upstream colonies are transported
through the channel and contribute to up-regulation downstream, facilitating inter-
colony communication. Biofilm colonies are coloured to indicate the fraction of the
cells that are downregulated ( M0

M0+M1

); from completely down-regulated (red) to fully

up-regulated (blue). AHL is coloured by isolines from zero (black) to maximum AHL
(white). In (a) and (b), the biofilm grows, but it is still down-regulated. Some
downstream and mid-channel colonies become induced in (c), and shortly afterwards,
the entire biofilm is up-regulated (d).
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region, and the increased AHL produced by up-regulated colonies in the mid-channel.

In regards to the biofilm composition, we observe that the down-regulated

biofilm grows in time (Figure 2.1 (a),(b)). The smaller, downstream colonies begin

to upregulate, or “switch” before the larger upstream colonies in Figure 2.1 (c). The

switch occurs rapidly, and has passed in Figure 2.1 (d), where upregulation is present

in nearly the entire biofilm. The observation that the smaller, downstream colonies are

first to undergo the switch to up-regulation demonstrates the effects of mass transfer.

AHL molecules produced by the large, upstream colonies are transported downstream,

and once there, contribute to upregulation. Thus, inter-colony communication has

been facilitated by convective transport. In the convection dominated system of

Vaughan et al. (2009), we also observe important inter-colony interactions resulting

from convective processes.

The concentration of the bulk substrate, the carbon nutrient C, decreases in

the flow direction (left to right) due to consumption by biomass (carbon concentration

isolines are not shown). As the biofilm grows, the demand for carbon increases. The

minimum carbon concentration in the domain is tracked to determine when and where

carbon limitations occur. The minimum carbon concentration values are found in

the proximity of the furthest downstream colonies, as these colonies have to consume

only what remains after consumption by the upstream colonies closest to the nutrient

source at the inflow boundary. After t=5.0, the minimum concentration is 90.2% of

the bulk concentration on inflow. Figure 2.2(a) displays the rapid drop in minimum

C concentration; after t=7.3 the minimum C concentration has declined to 10.2%.

However, C is not limited overall (for example, upon inflow), so the biofilm may
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continue to grow locally at almost the maximal rate.

To analyze effects averaged across the computational domain, we will use

the parameter ω to represent the fraction of the domain occupied by the biofilm

(occupancy):

ω(t) :=
1

LH

∫
Ω2(t)

dxdy

which is a simple measure of biofilm size. The total down-regulated and up-regulated

biomass in the system are the volume fractions M0total and M1total:

M0total(t) :=

∫
Ω

M0(t, x, y) dxdy,

M1total(t) :=

∫
Ω

M1(t, x, y) dxdy

M0total and M1total are measures of biofilm composition. Finally, the total AHL in the

system is given by:

AHLtotal(t) :=

∫
Ω

AHL(t, x, y) dxdy.

The occupancy plot in Figure 2.2(b) for our simulation in Figure 2.1 is flat in

the beginning timesteps (0 < t < 1), representing the initial phase of bacteria cell pop-

ulation growth, prior to biofilm expansion. After t = 1, bacteria population growth

and biofilm expansion is maximal in time, until nutrient demand begins to exceed

the inflow of bulk substrate. Growth continues, but at a lower rate. Figure 2.2(c)
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Figure 2.2: For the typical simulation in Figure 2.1, (a) the minimum carbon substrate
concentration in the channel, (b) the fraction of the domain occupied by biofilm
(occupancy), (c) biofilm composition (the total M0,M1 biomass), (d) average AHL in
the domain, and (e) average flow velocity for the bioclogging mechanism.
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is a biofilm composition plot, showing the total down-regulated and up-regulated

biomass in the system. We initially see only growth of down-regulated biomass, un-

til the switch to upregulation occurs, after which the biofilm composition becomes

dominated by up-regulated biomass. This switch corresponds to the rapid increase

in average AHL concentration, shown in Figure 2.2(d). A non-dimensional AHL con-

centration of 1.0 is required for upregulation, after which AHL concentrations rapidly

increase, due to positive feedback in the quorum sensing system.

The bioclogging flow mechanism was implemented in this example. The

decrease in flow velocity in time due to biomass accumulation in the channel can be

seen in Figure 2.2(e). This plot shows how the average flow velocity, which we have

specified in terms of Re, is scaled in time by the bioclogging function k(h) - by the

end of the simulation, the flow velocity has decreased by several orders of magnitude.

The effects of bioclogging and regular flow on biofilm growth and quorum sensing will

be discussed in Sections 2.3.2 and 2.3.3.

Three simulation experiments were conducted to investigate the influence of

environmental conditions and biofilm kinetics on autoinducer induction in the growing

biofilm. In these three experiments, we varied (i) the flow velocity, specified in terms

of the dimensionless Reynolds number (Re) (ii) nutrient availability Cbulk, and (iii)

up-regulation rate κ5.

2.3.2 Influence of hydrodynamics

The Reynolds number Re was varied over several orders of magnitude, be-

tween 10−5 ≤ Re ≤ 10−1. The bulk substrate concentration on inflow was kept
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constant throughout the experiment, at an abundant Cbulk value. The corresponding

effective Reynolds number Re∗ for thin-film flows is obtained as Re∗ = ǫRe (Eberl

and Sudarsan, 2008), where ǫ is the channel aspect ratio ǫ = H/L = 0.1. The effective

Reynolds numbers for our simulation experiments are then: 10−6 ≤ Re∗ ≤ 10−2. To

estimate the relative contributions of convective and diffusive mass transport, we will

calculate the dimensionless effective Peclet number:

Pe∗ =
convection

diffusion
= Re∗Sc,

where Sc is the Schmitt number (Sc = ν/D), the ratio of the fluid momentum dif-

fusivity and substrate mass diffusivity (Eberl and Sudarsan, 2008). For carbon and

AHL in water, ν ≈ 0.0864 m2d−1, DC ≈ 10−4 m2d−1, and DAHL ≈ 7.76−5 m2d−1,

yielding Sc ≈ 103 for both dissolved substrates, with Sc slightly larger for AHL. The

effective Peclet numbers for our simulations are then Pe∗ = 10.0, 0.1, and 0.001 for

Re∗ = 10−2, 10−4, and 10−6 respectively. So, our system is convection dominated for

Re=10−1, mildly diffusion dominated for Re=10−3, and clearly diffusion dominated

for Re=10−5. Flow has two primary roles in our model: one is the contribution to

biomass growth through nutrient delivery, and the second is the contribution to AHL

mass transfer. These roles have a counteracting effect on quorum sensing induction:

an increase in growth will lead to increased AHL production, implying earlier upregu-

lation, though this is not guaranteed to occur when there is a simultaneous increase in

AHL washout from the downstream boundary. Because of these counteracting roles,

we do not know a priori the net effect flow will have on our system.
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(a) Regular flow.
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(b) Bioclogging flow.

Figure 2.3: The fraction of the domain occupied by biofilm (occupancy) for the flow
velocity experiments, using the (a) regular and (b) bioclogging flow mechanisms.
Higher flow velocities result in greater occupancies and a longer period of maximum
growth. Numerical values of the final occupancy for these regimes are given in Table
2.2.

The occupancy curves for the flow velocity experiments are plotted using a

logarithmic scale in Figure 2.3, using the regular (2.3a) and bioclogging (2.3b) flow

mechanisms. For an initial time period, the growth curves fall on the same line,

indicating that the biofilm is growing at the maximum rate. When growth becomes

limited, the curves will deviate from the line of maximum growth. We find that growth

becomes limited earlier for the smaller Re, Re=10−5 and 10−3, than for Re= 10−1,

and that higher flow velocities result in greater occupancies. This trend is present for

both flow mechanisms; the occupancy values for the regimes are given in Table 2.2.

The differences in the total (M0 +M1) and upregulated (M1) occupancies are listed in

Table 2.2, for the various flow rates at t = 9.7, the approximate end of the simulation.

Some simulation experiments were longer in duration than others due to the imposed

stopping criteria, for example, attainment of the maximum specified biofilm height.

Interestingly, despite the fact that the biofilms are smaller for the slower flows, the
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proportion of up-regulated biomass is greater for Re=10−3 and 10−5 than for Re=10−1.

When the flow velocity decreases, less AHL is removed via convective transport,

allowing a greater proportion of bacteria to become up-regulated.

In each case, the regular flow mechanism allowed for greater biomass growth

(measured by the total occupancy) than the bioclogging mechanism, although the dif-

ference between the final occupancies of the regular and bioclogging flow simulations

decreases as Re decreases. Greater biomass growth with regular flow is due to the

fact that the regular flow mechanism delivers nutrients at a fixed rate throughout the

simulation experiment, whereas the delivery rate decreases in time with bioclogging

flow. Figure 2.4 is a plot of the regular and bioclogging flow velocities in time. The

differences between the two mechanisms emerge at approximately t = 5 in each sim-

ulation. We note that the drop in flow velocities for the bioclogging case occurs at a

late stage of biofilm growth, in fact, past the period of maximal growth. The differ-

ence in velocity at the end of the simulation is approximately two orders of magnitude

in each case. However, the differences in total occupancy are smaller for lower initial

velocities - the biofilm was 20% larger with initial Re=10−1, 20% larger with initial

Re=10−3, and 0.2% larger with Re=10−5.

To study the effects of flow on quorum sensing behaviour in our biofilm

system, we measured the maximum AHL concentration in the channel in time for

various flow velocities, using both flow mechanisms. The maximum AHL concentra-

tions in time are plotted in Figure 2.5, in which we observe the rapid increase in

concentrations corresponding to induction, representative of the positive feedback in

a quorum sensing system. The AHL concentration values at t = 9.7 are given in Table
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Table 2.2: A comparison of the total occupancy (M0+M1), proportion of up-regulated
biomass (M1/(M0+M1)), and maximum AHL concentrations in the channel, for both
flow mechanisms, at t = 9.7. The regular flow mechanism allowed for greater biomass
growth for all Re.

Re Mechanism Total occupancy Proportion of
upregulated
biomass

Maximum AHL

10−1 Regular 0.4737 0.001451 0.1519
Bioclogging 0.3950 0.1067 1.401

10−3 Regular 0.2493 0.1350 1.183
Bioclogging 0.2062 0.9686 6.264

10−5 Regular 0.1876 0.9647 5.896
Bioclogging 0.1872 0.9650 5.911
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Figure 2.4: A comparison of the regular and bioclogging flow velocities in time.

2.2. For higher flow velocities, in particular Re= 10−1 (both flows) and Re= 10−3

(regular flow), convective AHL washout is increased, and so less AHL accumulates

in the domain. As convective transport decreases in time in the bioclogging case,

more AHL remains in the system, more cells are up-regulated (see Table 2.2), and so

the maximum AHL for bioclogging is ultimately greater than for regular flow. The

influence of flow on the maximum AHL increases with increasing velocity - for the

regular flow case, the maximum AHL is five times greater for Re= 10−5 than for

Re= 10−3, and ten times greater for Re= 10−3 than for Re= 10−1. In the bioclogging
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(b) Bioclogging flow.

Figure 2.5: The maximum AHL concentration in the channel in time for different
Re using the two flow mechanisms, regular (a) and bioclogging (b). For lower flow
velocities, and for the bioclogging case, convective transport of AHL is decreased, and
so more AHL may accumulate in the channel.

case, there are less significant differences between the maximum AHL values for the

different Re tested. In fact, the largest maximum AHL value for the bioclogging case

was observed for Re= 10−3. At the lowest flow velocities tested in the bioclogging

case (approximately Re= 10−5 and = 10−7 at t=9.7), the convective forces are nearly

negligible. Because convective removal is so similar for Re= 10−3 and Re= 10−5 with

bioclogging, the maximum AHL in the channel is greatest when Re= 10−3, as the

biofilm is larger in this case. The trends in the relation between maximum AHL con-

centration and flow velocity are consistent with the up-regulated biomass occupancy.

To determine the temporal effects of flow on quorum sensing behaviour in

our biofilm system, we measured the switching time in each simulation - the time

at which AHL concentrations first reach the threshold concentration for induction

at some point within the biofilm domain. Figure 2.6 shows the switching time for

simulations using 10−5 ≤ Re ≤ 10−1, and both flow mechanisms. Note that for the
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Figure 2.6: Switching time: to study the induction of quorum sensing under vari-
ous hydrodynamic conditions, the time at which AHL concentrations first reach the
threshold concentration in the domain is measured. The switching time does not
exhibit significant variation for the different Re, using either flow mechanism.

convection dominated regime Re= 10−1, using the regular flow mechanism, switching

does not occur in the simulation time. These results coincide with Janakiraman et

al. 2009, in that flow rate can be set so high that AHL is washed out of the channel

to the point that it cannot accumulate to the induction threshold concentration, even

though biomass growth is greatest for the high flow velocities. However, each of the

remaining simulations undergo initial switching at approximately t = 9.0, indicating

that there is not a clear influence of the flow velocity on the switching time of the

biofilm for either flow mechanism.

We now consider the spatial impacts of flow on quorum sensing induction. In

Figure 2.1(c), we observe that flow induced convective AHL transport has a great local

impact on induction - large upstream colonies experience a delay in induction, or no

induction at all. In contrast, smaller downstream colonies experience an accelerated

induction due to a supply of AHL from upstream (i.e., intercolony communication

in our patchy biofilm community). In all experiments conducted where induction
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occurs, upregulation is initiated at the base of the biofilm (corresponding to y = 1

in our domain of 2000x200 grid cells), and the faster growing upstream colonies are

upregulated last. However, the spatial distribution of upregulated biomass varies with

flow. The x- and y- co-ordinates of the regions of the biofilm and surrounding liquid

where AHL concentrations first reach the threshold for induction, or equivalently,

the spatial distribution of upregulated biomass at the switching time, are recorded

in Table 2.3. The times given in Table 2.3 correspond to the switching times plotted

in Figure 2.6. For the lower flow velocities, initial induction occurs further upstream

than for the higher flow velocities. At low flow velocities, the removal of AHL by

convection is to some extent balanced by the AHL produced by local colonies, allowing

for the effect of initial switching to be reached further upstream. For Re= 10−1, the

largest colony is located in the entrance region, and it is the last colony to participate

in this initial switching period. In the case of the slowest flow, Re=10−5, the large

upstream colony clearly experiences much faster growth than the other microcolonies,

and in turn, produces more AHL. Low flow velocities imply that most nutrients are

utilized upstream, and there is less AHL removal by convection, therefore we see

initial switching closer to the channel entry. In the fastest flow case, convective

forces clearly dominate, and the downstream colonies are the first to upregulate. A

visualisation of the biofilm and surrounding liquid with AHL concentrations higher

than the threshold, just shortly after the switching time, is shown in Figure 2.7.

The x-coordinates of initial induction, listed in Table 2.3, are depicted in Figure 2.7

as vertical lines (recall that induction is initiated at the base of the biofilm). The

bioclogging mechanism is used for this comparison, which illustrates the upstream
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extent to which initial induction may occur for the varying flow velocities. In the

Re= 10−5 bioclogging simulation, initial induction occurs simultaneously at grid cells

1 ≤ y ≤ 4, at and a few grid cells directly above the base of the biofilm. For Re= 10−1

and Re= 10−3, induction occurs further upstream in the bioclogging case than for

regular flow (in fact, induction does not occur for Re= 10−1, regular flow). This is

again the result of decreased AHL removal by convection. Initial induction occurs

at almost precisely the same location for Re= 10−5 in the regular and bioclogging

cases. This similarity is again due to the fact that at these very low flow velocities,

Re= 10−5 (regular flow), and Re= 10−6 (approximate velocity for bioclogging at

t=8.5), the convective forces are nearly negligible.

Table 2.3: The co-ordinates of the domain (2000 x 200 grid cells) where AHL con-
centrations first reach the threshold for induction for the flow velocity experiments.

Re Mechanism x co-ordinates y co-ordinates Time
10−1 Regular - - -

Bioclogging 1363-1366 1 9.647
10−3 Regular 1344-1349 1 9.585

Bioclogging 1305-1309 1 8.759
10−5 Regular 1283-1300 1-4 8.531

Bioclogging 1284-1299 1-3 8.525

Figure 2.8 depicts the spatial differences between simulations of (8a) a

convection-dominated system (Re= 10−1) and (8b,c) diffusion-dominated systems

(Re= 10−3, 10−5) for t = 9.0, for the regular flow mechanism. t = 9.0 is the ap-

proximate switching time for all flow regimes with the current Cbulk value, but here

induction is not observed for the convection-dominated case. The maximum AHL con-

centration is shown in each subfigure. Though the biofilm is much larger in 2.8(a),
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(a) Re= 10−1, t=9.7. (b) Re= 10−3, t=9.0.

(c) Re= 10−5, t=9.0.

Figure 2.7: The spatial distribution of upregulated biomass just shortly after the
respective switching times for three different Re: Re= 10−1 (a), Re= 10−3 (b), and
Re= 10−5 (c). Shown are the areas of the biofilm (red) and surrounding bulk liquid
(black) where AHL concentrations first reach the threshold level for quorum sensing
induction. The green band corresponds to the x-coordinates of the initial induction
values listed in Table 2.3. For lower flow velocities, initial induction occurs further
upstream than for the higher flow velocities, demonstrating the balance between dif-
fusive and convective transport of dissolved substrate at low flow velocities.

the forces of convection (seen by the AHL isolines) wash out AHL, and it cannot

accumulate to the threshold. In Figure 2.8(b,c), the highest fraction of upregulated

cells is found in the medium-sized colonies in the centre of the domain, demonstrat-

ing the balance between AHL production by local colonies and AHL received from

the upstream region by convective transport. These results contrast those produced

by systems that are highly convection dominated (e.g., Vaughan et al., 2009), in

which the highest AHL colonies are only found at the outflow boundary of the do-

main. In Figure 8, note the size of the upstream colonies relative to the downstream

colonies for Re=10−1 and Re=10−3, 10−5. The colonies are approximately equal in

size for Re=10−1, the convection case. The upstream colonies near the nutrient source

are much larger than the downstream colonies for Re=10−3 and 10−5, the diffusion

dominated cases. As a result, biomass growth and AHL production are increased up-
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(a) Re = 10−1, Maximum AHL = 0.12

(b) Re = 10−3, Maximum AHL = 1.66

(c) Re = 10−5, Maximum AHL = 2.24

Figure 2.8: Differences between simulations of a convection-dominated system (a) and
diffusion-dominated systems (b) and (c) at time t=9.0. In (b) and (c), the highest
fraction of upregulated cells is found in the medium-sized colonies in the centre of the
domain, demonstrating the balance between AHL production by local colonies and
AHL received from the upstream region by convective transport.

stream. Along with the decreased convective AHL removal, this contributes to where

the highest AHL concentrations are found.

From these experiments on the effects of flow velocity on biofilm growth

and quorum sensing behaviour, we conclude that the flow velocity alone cannot be

used to predict the induction time for the biofilm. However, hydrodynamics did

have significant spatial impacts: for high flow velocities, convective transport of AHL

was the dominant process, leading to increased biofilm growth but also increased

AHL washout downstream. For low flow velocities, convective and diffusive AHL

transport were balanced, allowing initial induction to occur further upstream, and

for a greater accumulation of upregulated biomass and AHL in the mid-channel. The

results produced using the regular and bioclogging mechansims were qualitatively

similar. However, when the bioclogging mechanism was used, convective AHL removal
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from the system was decreased, which led to a higher retention of AHL in the system,

and greater proportions of up-regulated biomass. Overall, bioclogging flow had a

greater impact on quorum sensing than on growth - quorum sensing activity was

increased, even though the biofilm was slightly smaller.

2.3.3 Nutrient availability

In a second experiment, the bulk substrate concentration Cbulk was varied

over one order of magnitude, with a flow velocity of Re= 10−3. Because our model is

non-dimensionalised with respect to the bulk concentration value, this was achieved

by varying the half saturation constant κ2 in the range 1/100≤ κ2 ≤1/25. The non-

dimensional maximum substrate consumption rate parameter, κ1, also varies with

Cbulk, in the range 158 ≤ κ1 ≤ 635. In each simulation, Re=10−3. Figure 2.9

shows the occupancy for various nutrient supplies on inflow, using both the regular

and the bioclogging flow mechanisms. For higher bulk substrate concentrations, a

greater amount of biomass is produced, and substrate limitations are observed later

in time. This direct relation between nutrient supply and growth holds for both flow

mechanisms. Table 2.4 compares the differences in the occupancy and maximum

AHL concentrations between the two flow mechanisms for these nutrient conditions,

at t = 12.39, which is the length of the shortest simulation (Cbulk = 100). In each

case, the regular flow mechanism allowed for greater biomass growth. This is an effect

of flow on biomass growth - the regular flow mechanism delivers nutrients at a fixed

rate throughout the simulation experiment, whereas with bioclogging, flow velocity

decreases in time, and so nutrient supply to the biofilm decreases in time as well.
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(a) Regular flow mechanism.
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(b) Bioclogging flow mechanism.

Figure 2.9: The occupancy in time for various nutrient supplies on inflow (Cbulk) using
the regular (a) and bioclogging (b) flow mechanisms, with Re=10−3.

However, the proportion of up-regulated biomass is higher for the bioclogging case,

which we also observed in the hydrodynamic experiments. Similarly, although total

occupancy is less when the bioclogging flow mechanism is used, lower flow velocities

in the channel implies higher AHL concentrations, and therefore a greater proportion

of biomass in the biofilm colonies may upregulate.

Table 2.4: A comparison of the occupancy, proportion of upregulated biomass
M1/(M0 + M1), and maximum AHL using both flow mechanisms, at t = 12.39.
The regular flow mechanism allowed for greater biomass growth under all nutrient
conditions.

Cbulk Mechanism Total Occupancy Proportion of
upregulated
biomass

Maximum AHL

100 Regular 0.1809 0.7549 3.072
Bioclogging 0.1146 0.9864 7.235

50 Regular 0.09638 0.01676 0.2865
Bioclogging 0.06626 0.1431 0.7090

25 Regular 0.04961 0.002477 0.1274
Bioclogging 0.03769 0.006707 0.1799

Figure 2.10 shows the maximum AHL concentration in the channel in time
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for the various bulk substrate concentrations, using both flow mechanisms. For higher

bulk substrate concentrations, increased AHL concentrations are found, and induction

occurs at an earlier time. When growth is not limited by nutrient supply, the biofilm

colonies grow rapidly. AHL production is increased, and so the threshold for induction

is consequently obtained earlier. There is a difference in AHL concentrations between

the two flow mechanisms - higher maximum AHL values and earlier induction times

are obtained for the bioclogging case. Because flow is decreasing in time for the

bioclogging case, less AHL is washed out of the channel by convective transport in

the liquid phase. So from Figures 2.9 and 2.10, we see that for all nutrient conditions,

flow will contribute to biofilm growth but impede quorum sensing induction. Note

that for Cbulk = 50, at the end of the simulation (t = 15.0), AHL does not reach the

threshold for induction with regular flow, but it does surpass the threshold for the

bioclogging flow case (maximum AHL concentrations at t=15.0 are 0.5076 and 4.462

respectively) - indicating that for some range of bulk substrate concentrations, the

flow regime chosen could lead us to draw different conclusions about quorum sensing

behaviour in our biofilm system.

Figure 2.11 further demonstrates the distinct relationship between bulk sub-

strate concentration and the switching time (the time at which AHL concentrations

first reach the threshold at some point in the domain); here it is also clear that switch-

ing occurs earlier for the bioclogging flow. Switching does not occur for Cbulk = 50

(regular flow) or Cbulk = 25 (either flow), as in these cases the nutrients are severely

limited, and the biofilm remains so small that insufficient AHL is produced for accu-

mulation to the threshold level.
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(a) Regular flow mechanism.
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(b) Bioclogging flow mechanism.

Figure 2.10: The maximum AHL concentration in the channel in time for various
nutrient supplies on inflow (Cbulk) using the two flow mechanisms. Higher maximum
AHL values are obtained with the bioclogging flow mechanism; in this case flow
decreases in time, so less AHL is washed out by convective transport.
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Figure 2.11: Switching time: to study the induction of quorum sensing under various
nutrient conditions (bulk substrate C concentration on inflow, Cbulk), the time at
which AHL concentrations first reach the threshold concentration in the domain is
measured. Higher Cbulk values directly lead to earlier switching times.
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(a) Cbulk=100, Maximum AHL=4.7. All colonies have up-regulated.

(b) Cbulk=25, Maximum AHL=0.19. All colonies remain down-regulated.

Figure 2.12: Differences between simulations of a high-nutrient supply system (a) and
a low-nutrient supply system (b) at time t=15.0, Re = 10−3, using the bioclogging
flow mechanism.

In Figure 2.12, the biofilm has been plotted at t=9.0, Re= 10−3, with the

bioclogging flow mechanism for the case of a high substrate supply (Cbulk=100) and

a low substrate supply (Cbulk=25). A different initial inoculation was used than that

for the biofilm in Section 3a, in which colonies were inoculated on both the top and

bottom boundaries. The upstream and downstream colonies are able to grow larger

when substrate availability is increased. In Figure 2.12(a), sufficient nutrient supply

results in upregulation in the biofilm after a period of time. In contrast, the biofilm in

Figure 2.12(b) is unable to grow large enough and produce enough AHL to upregulate

anywhere in the domain under the severly limited nutrient supply.

Figure 2.13 illustrates the state of the biofilms at Cbulk = 100 and Cbulk =

50, for Re = 10−3 (bioclogging), at their switching times, t = 10.0 and t = 13.0

respectively, to analyze the spatial induction patterns. Just as we observed in the

hydrodynamics experiments, the medium-sized colonies in the mid-channel are first

to upregulate. This again is the result of the balance between local AHL production

and AHL received from upstream colonies via convective transport for the chosen
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(a) Cbulk=100, t=10.0 Maximum AHL=1.5.

(b) Cbulk=50, t=13.0 Maximum AHL=1.2.

Figure 2.13: The spatial distribution of biomass at the respective switching times
for (a) Cbulk = 100 and (b) Cbulk = 50, Re = 10−3, using the bioclogging flow
mechanism. Initial induction occurs in the mid-channel, and the upstream colonies
are last to upregulate.

flow regime.

From these experiments on bulk substrate concentrations, we conclude that a

clear temporal relation exists: increased nutrient supply resulted in increased biofilm

growth and earlier quorum sensing induction times. Induction occurs first in the

mid-channel, and upstream colonies are last to upregulate. Also, it is possible to

limit nutrients to the point where the biofilm does not grow large enough for quorum

sensing to occur in the experimental timescale. The bioclogging flow mechanism led

to earlier switching times and increased AHL concentrations in the domain.

2.3.4 Influence of quorum sensing regulation rate κ5

Among the experimentally determined quorum sensing parameters, the quo-

rum sensing up-regulation rate (κ5) had the most uncertainty. We varied κ5 between

1.0 and 5.0 (results not shown), and confirmed our intuitive expectations - a higher

quorum sensing up-regulation rate led to earlier switching times.
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2.4 Ecological Implications

Flow in the liquid surrounding the biofilm clearly influences autoinduction,

which is in accordance with the results of Kirisits et al. (2007). Our results indicate

that flow has an impact on both the spatial and temporal induction patterns. The

flow velocity, in the range we have chosen, has a significant local impact - the exact

area where upregulation is initiated depended on the specific values of flow velocity.

The other important factor analyzed in our experiments was the dissolved growth lim-

iting nutrient. Interestingly, the combination of increased flow velocity and nutrients

resulted in an increased colony growth upstream, but also resulted in an accelerated

induction downstream. So under the chosen conditions, smaller downstream colonies

were earlier upregulated than the larger upstream colonies. This result is in conflict

with the idea of quorum sensing in the strict sense, in which cell density is monitored

by bacteria to determine whether density is sufficient for induction. In the idea of

diffusion sensing, individual cells measure the autoinducer concentration produced

by themselves, to detect mass transfer limitations, that is, the amount of their AHL

produced and lost due to both diffusion and convection (Redfield, 2002). However,

we have groups of cells producing AHL, and there are clearly interactions between

the colonies. Our results are therefore best interpreted using the efficiency sensing

concept - colonies sense a combination of spatial distribution, cell density, and mass

transfer limitations (Hense et al., 2007). In summary, the nutrient supply and the

presence of flow play a role in determining when cells switch from a single cell to a

more collective behaviour. The combination of nutrients and flow (via direct impact
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on AHL transfer and indirect impact on AHL production) controls the intracolonial

induction and intercolonial interactions. In constrast to plankton or biofilms in the

absence of flow, biofilms under flow conditions act highly heterogeneously and inter-

actively. There is additional value for cells to participate in collective behaviour, i.e.,

benefits to living in a biofilm, and the environmental conditions influence when these

benefits are recognized and the collective behaviour emerges.

The question arises whether the influence of flow disturbs the autoinducer

regulation of behaviour, or if flow is an integral part of the regulation - ultimately, can

flow be used to interrupt bacterial behaviour? Autoinducers are thought to generate

collective, cooperate behaviour, for example, in the release of effectors such as exoen-

zymes and antibiotica (Hense et al., 2007). With the presence of flow, downstream

cells lose their effectors, but obtain them from upstream cells. In contrast, large

upstream colonies enforce cooperative behaviour by promoting induction of down-

stream cells, but themselves do not necessarily participate in the induced cooperative

behaviour, depending on the flow velocity, nutrient conditions, and growth stage.

This seems to contravene the reliability of the autoinducer signalling process. In

the absence of flow, enforcement of cooperation is attained by the positive feedback

mechanism of autoinducer signalling. Within the colonies, enforcement can stabilize

cooperativity - so under flow conditions, high enforcement (positive feedback) will

ensure cooperation within the colony. With flow, this enforcement is of only limited

utility beyond the boundaries of each colony. However, the number of non-cooperative

cells or entire colonies is limited and decreases over time, and thus may not be very

relevant for the ecological function of the sensing mechanism. Furthermore, most
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cells may obtain a major fraction of sensed autoinducers from their neighbouring

cells within the colony, where flow likely does not relevantly disturb cooperation.

Significantly higher flow velocities may restrict induction to be caused by

autoinducers produced within the colony itself, but high flow velocities can also di-

minish nutrient limitations for downstream cells, consequently promoting growth and

induction. Thus, although flow does alter the autoinducer regulation system, the

goal of manipulating bacteria through quorum sensing control would be best reached

through utilization of flow to affect nutrient supply. Note that in our model, nutrients

affected biofilm growth. Nutrient limitations have also been known to affect the quo-

rum sensing system, particularly autoinducer production. If nutrient-dependent AHL

production were taken into account, this process would add an additional complexity

to our model.

It should also be mentioned that microcolony, or “patchy” structures, are

representative of the first stage of biofilm development (Parsek and Greenberg, 2005,

Demuth and Lamont, 2006). According to experimental and theoretical considera-

tions, microcolonies are the structures where quorum sensing primarily occurs, so the

investigation of quorum sensing using this structure is realistic. However, in time,

microcolonies grow and may eventually merge. In such a homogeneous thick biofilm,

flow would less disturb inter-colony communications, resulting in a more homogeneous

response by the biofilm as a whole.
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2.5 Conclusion

The model of biofilm growth and quorum sensing that was presented here

is the first mathematical model for two-dimensional patchy biofilm colonies with flow

and nutrient-dependent growth included. Our two-dimensional flow model allows

for the study of how AHL produced in one colony can have a non-local effect on

neighbouring colonies, which is a consequence of the fact that AHL produced by the

bacteria is transported by convection and diffusion in the aqueous phase. Nutrient-

dependent biomass growth, a realistic process, was included to enhance our under-

standing of quorum sensing systems under flow conditions. Two flow mechanisms

were tested, regular flow, and bioclogging, in which flow velocities decreased with

biomass accumulation in the channel. We focused on slow flowing systems in narrow

conduits, mimicking in particular the situation in pore spaces in soils and fractured

media. Moreover, while faster flow conditions would imply a quick washout of AHL

molecules, the flow range chosen here is in the range where the effects of AHL produc-

tion and convective transport intricately interact. Environmental conditions such as

substrate availability and mass transfer clearly show an effect on local autoinduction.

The key findings from the numerical simulations are:

• the observation of inter-colony communication: production of AHL from up-

stream colonies caused induction of downstream colonies. The exact location

where initial induction occurred depended on the combined effect of nutrients

and flow conditions.

• mass transfer processes influence quorum sensing: induction does not occur
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first for the largest colonies. Our induction patterns exemplify the efficiency

sensing concept, in which colonies sense a combination of spatial distribution,

cell density, and mass transfer limitations.

• increased bulk substrate concentration directly resulted in increased biofilm

growth and earlier induction times

• increased flow velocities resulted in greater biofilm growth, but not in induction

time variation

• hydrodynamics had significant spatial impacts. For high flow velocities, convec-

tive transport of AHL was dominant over diffusion, leading to increased biofilm

growth but also increased AHL washout downstream. For low flow velocities,

convective and diffusive AHL transport were balanced, allowing initial induction

to occur further upstream, and a greater accumulation of upregulated biomass

and AHL in the mid-channel.

• the regular and bioclogging flow mechanisms produced results that were qual-

itatively very similar. Within each simulation, however, there were differences

in the biofilm occupancy, proportion of upregulated biomass, and total AHL

between the two flow mechanisms. Bioclogging flow led to increased quorum

sensing activity in the biofilm, that is, more upregulated cells and higher con-

centrations of AHL, even though the biofilms were smaller with this mecha-

nism. Overall, bioclogging flow had a greater impact on quorum sensing than

on biofilm growth.
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• both the flow velocity and the mechanism driving the flow impact quorum

sensing. In future simulations, the flow mechanism should be chosen to best

represent the simulated biofilm environment. Our simulated environment is a

narrow conduit, such as a soil pore, and so bioclogging flow is the more realistic

representation.

Our model is particularly suited for describing biofilm development, which

is when many processes regulated by quorum sensing are known to occur. The model

presented here, or extensions of it, will allow us to investigate how the control of

environmental conditions can be used to control biofilm processes, in particular those

which are governed by quorum sensing.



56

Bibliography

[1] Anguige, K., King, J.R., and Ward J.P. (2006). A multi-phase mathematical

model of quorum sensing in a maturing Pseudomonas aeruginosa biofilm, Math-

ematical Biosciences. 203(2):240-276.

[2] Anguige K., King, J.R., and Ward., J.P. (2005). Modelling antibiotic and anti-

quorum sensing treatment of a spatially structured Pseudomonas aeruginosa pop-

ulation, Journal of Mathematical Biology. 51:557-594.

[3] Anguige, K., King, J.R., Ward, J.P., and Williams, P. (2004). Mathematical

modelling of therapies targetted at bacterial quorum sensing, Mathematical Bio-

sciences. 192:39-83.

[4] Costerton, J.W., Lewandowski, Z., Caldwell, D.E., Korber, D.R., and Lappin-

Scott, H.M. (1995). Microbial Biofilms, Annual Review of Microbiology. 49:711-

745.

[5] Chopp, D. L., Kirisits, M. J., Parsek, M. R., and Moran B. (2003). The depen-

dence of quorum sensing on the depth of a growing biofilm, Bulletin of Mathe-

matical Biology. 65(6):1053-1079.

[6] Chopp, D. L., Kirisits, M. J., Parsek, M. R., and Moran B. (2002). A mathe-



57

matical model of quorum sensing in a growing P. aeruginosa biofilm. Journal of

Industrial Microbiology and Biotechnology. 29(6):339-346.

[7] Clement, T.P., Hooker, B.S., and Skeen, R.S. (1996). Macroscopic models for

predicting changes in saturated porous media properties caused by microbial

growth, Ground Water 34(5):934-942.

[8] Demuth, D.R. and Lamont, R.J. (2006). Bacterial cell-to-cell communication,

Cambridge University Press, Cambridge, UK.

[9] Demaret, L., and Efendiev, M.A. (2008). On the structure of attractors for a

class of degenerate reaction-diffusion systems, Adv. Math. Sci. Appls. 18(1).

[10] Demaret, L., Eberl, H.J., Efendiev, M.A., and Lasser, R. (2008). Analysis and

simulation of a meso-scale model of diffusive resistance of bacterial biofilms to

penetration of antibiotics, Adv. Math. Sci. Appls.. 18:269-304.

[11] Dockery, J.D., and Keener, J.P. (2001). A mathematical model for quorum sens-

ing in P. Aeruginosa, Bulletin of Mathematical Biology. 63(1): 95-116.

[12] Dockery, J., and Klapper, I. (2001). Finger formation in biofilm layers, SIAM

Journal on Applied Mathematics. 62(3):853-869.

[13] Dulla, G. and Lindow, S.E. (2008). Quorum size of Pseudomonas syringae is small

and dictated by water availability on the leaf surface, Proceeding of the National

Academy of Sciences of the United States of America. 105 (8):3082-3087.

[14] Eberl H.J., Demaret L., Efendiev M.A., and Maloszewski P. (2009). An extension



58

of biobarrier formation and bio-clogging models that accounts for spatial spread-

ing of bacteria in a saturated porous medium, Electronic Journal of Differential

Equations. CS 17:51-69.

[15] Eberl H.J., Picioreanu C., Heijnen J.J., van Loosdrecht M.C.M. (2000). A three-

dimensional numerical study on the correlation of spatial structure, hydrody-

namic conditions, and mass transfer and conversion in biofilm, Chemical Engi-

neering Science. 55(24):6209-6222.

[16] Eberl, H.J., Parker, D.F., van Loosdrecht, M.C.M (2001). A new deterministic

spatio-temporal continuum model for biofilm development, Journal of Theoreti-

cal Medicine. 3(3):161-175.

[17] Eberl H.J., Demaret L (2007). A finite difference scheme for a degenerated dif-

fusion equation arising in microbial ecology, Electronic Journal of Differential

Equations, Conference 15:77-95.

[18] Eberl H.J. and Sudarsan R. (2008). Exposure of biofilms to slow flow fields:

the convective contribution to growth and disinfection, Journal of Theoretical

Biology. 253(4):788-807.

[19] Eberl H.J., Khassehkhan H., Demaret L., A mixed-culture model of a probiotic

biofilm control system, Computational and Mathematical Methods in Medicine,

in press.

[20] Efendiev, M.A., Zelik, S., and Eberl, H.J. (2009). Existence and longtime behav-



59

ior of a biofilm model, Communications on Pure and Applied Analysis. 8(2):509-

531.

[21] Fuqua, W.C., Winans, S.C. and Greenberg, E.P. (1994). Quorum sensing in bac-

teria: the LuxR-LuxI family of cell density-responsive transcriptional regulators,

Journal of Bacteriology. 176(2):269-275.

[22] Fuqua, C., and Greenberg, E.P. (2002). Listening on bacteria: Acyl-homoserine

lactone signalling, Nature Reviews Molecular Cell Biology. 3:685-695.

[23] Hense B.A., Kuttler C., Müller J., Rothballer M., Hartmann A., Kreft J.U.

(2007). Does efficiency sensing unify diffusion and quorum sensing?, Nature Re-

views Microbiology. 5: 230-239.

[24] Hobbie, R.K., and Roth, B.J. Intermediate physics for medicine and biology.

New York: Springer (2007).

[25] Janakiraman, V., Englert, D., Jayaraman, A., and Baskaran, H. (2009). Modeling

growth and quorum sensing in biofilms grown in microfluidic chamber, Annals

of Biomedical Engineering. 37(6):1206-1216.

[26] Kapellos, G.E., Alexiou, T.S., Payatakes, A.C. (2007). Hierarchical simulator of

biofilm growth and dynamics in granular porous materials, Advances in Water

Resources. 30:1648-1667.

[27] Khassehkhan, H., Efendiev, M.A., and Eberl, H.J. (2009a). A degenerate

diffusion-reaction model of an amensalistic probiotic biofilm control system: Ex-



60

istence and simulation of solutions, Discrete and Continuous Dynamical Systems

- Series B. 12(2):371-388.

[28] Khassehkhan, H., Hillen, T., and Eberl, H.J. (2009b). A nonlinear master equa-

tion for a degenerate diffusion model of biofilm growth, Lecture Notes in Com-

puter Science 5544:735-744.

[29] Kierek-Pearson, K., and Karatan, E. (2005). Biofilm development in bacteria,

Advances in Applied Microbiology. 57:79-111.

[30] Kirisits, M.J., Margolis, J.J., Purevdorj-Gage, B.L., Vaughan, B., Chopp, D.L.,

Stoodley, P., and Parsek, M.R. (2007). Influence of the hydrodynamic environ-

ment on quorum sensing in Pseudomonas aeruginosa biofilms, Journal of Bacte-

riology. 189(22):8357-8360.

[31] Kowlaczyk, R., Gamba, A., and Preziosi, L. (2004). On the stability of homoge-

neous solutions to some aggregation models, Discrete and Continuous Dynamical

Systems - Series B. 4(1):203-220.

[32] Ladyzenskaja, O.A., Solonnikov, V.A., and Ural’ceva, N.N. (1988). Linear and

quasi-linear equations of parabolic type, American Mathematical Society.

[33] Lazdunski, A.M., Ventre, I., and Sturgis, J.N. (2004). Regulatory circuits and

communication in gram-negative bacteria, Nature Reviews Microbiology. 2:581-

592.

[34] Lewandowski, Z., and Beyenal, H. Fundamentals of Biofilm Research. Boca Ra-

ton:CRC Press (2007).



61

[35] Muhammad N., and Eberl H.J. OpenMP parallelization of a Mickens time-

integration scheme for a mixed-culture biofilm model and its performance on

multi-core and multi-processor computers, submitted.

[36] Müller J., Kuttler C., Hense B.A., Rothballer M., and Hartmann A. (2006).

Cell-cell communication by quorum sensing and dimension-reduction, Journal of

Mathematical Biology. 53:672-702.

[37] Picioreanu, C., van Loosdrecht, M.C.M., and Heijnen, J.J. (1998). A new com-

bined differential-discrete cellular automaton approach for biofilm modeling: Ap-

plication for growth in gel beads, Biotechnology and Bioengineering. 57(6):718-

731.

[38] Purevdorj, B., Costerton, and J.W., Stoodley, P. (2002). Influence of hydrody-

namics and cell signaling on the structure and behavior of Pseudomonas aerugi-

nosa biofilm, Applied and Environmental Microbiology. 68(9):4457-4464.

[39] Redfield R.J. (2002). Is quorum sensing a side effect of diffusion sensing?, Trends

in Microbiology. 10(8):365-370.

[40] Shompole, S., Henon, K.T., Liou, L.E., Dziewanowska, K., Bohach, G.A., and

Bayles, K.W. (2003). Biphasic intracellular expression of Staphylococcus aureus

virulence factors and evidence for Agr-mediated diffusion sensing, Molecular Mi-

crobiology. 49(4):919-927.

[41] Shrout, J.D., Chopp, D.L., Just, C.L, Hentzer, M., Givskov, M., and Parsek, M.R

(2006). The impact of quorum sensing and swarming motility on Pseudomonas



62

aeruginosa biofilm formation is nutritionally conditional, Molecular Microbiology.

62(5):1264-1277.

[42] Smith, B.G., Vaughan, B.L., and Chopp, D.L. (2007). The extended finite ele-

ment method for boundary layer problems in biofilm growth, Communications

in Applied Mathematics and Computational Science. 2:37-56.

[43] Stewart, P.S. (2003). Diffusion in biofilms, Journal of Bacteriology. 185(5)1485-

1491.

[44] Thullner M., Schroth M.H., Zeyer J., and Kinzelbach W. (2004). Modeling of

a microbial growth experiment with bioclogging in a two-dimensional saturated

porous media flow field, Journal of Contaminant Hydrology. 70:37-62.

[45] Thullner, M., Mauclaire, L., Schroth, M.H., Kinzelbach, W., and Zeyer, J.

(2002a). Interaction between water flow and spatial distribution of microbial

growth in a two-dimensional flow field in saturated porous media, Journal of

Contaminant Hydrology. 58:169-189.

[46] Wanner, O., Eberl, H.J., Morgenroth, E., Noguera, D.R., Picioreanu, C.,

Rittmann, B.E., and van Loosdrecht, M.C.M. Mathematical Modeling of

Biofilms, IWA Publishing, London (2006).

[47] Vaughan, B.L., Smith, B.G., and Chopp, D.L. (2009). The influence of fluid flow

on modeling quorum sensing in bacterial biofilms, in press.

[48] Wanner, O., and Gujer, W. (1986). A multispecies biofilm model, Biotechnology

and Bioengineering. 28(3):314-328.



63

[49] Ward, J. “Mathematical modelling of quorum sensing control in biofilms” in

The Control of Biofilm Infections by Signal Manipulation. Ed. Balaban, Naomi.

Springer (2008).

[50] Ward, J.P, King J.R. , Koerber A. J., Williams P., Croft J. M., and Sockett R.

E. (2001). Mathematical modelling of quorum sensing in bacteria, IMA Journal

of Mathematics Applied in Medicine and Biology. 18(3):263-292.

[51] Ward, J.P., King, J.R., Koerber, A.J., Croft, J.M., Sockett, R.E., and Williams,

P. (2003). Early development and quorum sensing in bacterial biofilms, Journal

of Mathematical Biology. 47:23-55.

[52] Ward, J.P., King, J.R., Koerber, A.J., Croft, J.M., Sockett R.E., and Williams,

P. (2004). Cell signalling repression in bacterial quorum sensing, Mathematical

Biosciences. 192:39-83.

[53] Whitehead, N.A., Barnard, A.M.L., Slater, H., Simpson, N.J.L. and Salmond,

G.P.C. (2001). Quorum-sensing in gram-negative bacteria, FEMS Microbiology

Reviews. 25:365-404.

[54] Wood, B.D., and Whitaker, S. (1999). Cellular growth in biofilms, Biotechnology

and Bioengineering. 64(6):656-670.

[55] Wrzosek, D. (2008). Chemotaxis models with a threshold cell density, Banach

Center Publ. 81:553-666.



64

Chapter 3

A mathematical model of quorum sensing

regulated EPS production in biofilm communities

M.R. Frederick1,∗, C. Kuttler2, B.A. Hense3, H.J. Eberl1,4

1Department of Mathematics and Statistics, University of Guelph

2Center of Mathematical Sciences, Technical University of Munich

3Institute of Biomathematics and Biometry, HelmholtzCenter Munich

4Biophysics Interdepartmental Group, University of Guelph

∗corresponding author: mfrederi@uoguelph.ca

Abstract

We mathematically model quorum sensing and EPS production in a growing biofilm

under various environmental conditions, to study how a developing biofilm impacts

quorum sensing, and how the biofilm structure is affected by quorum sensing-regulated

EPS production. We investigate circumstances when using quorum-sensing regulated

EPS production is a beneficial strategy for biofilm cells. We find that biofilms that

use quorum-sensing regulated EPS production do not attain higher cell populations

than non-quorum sensing biofilms, but occupy a greater volume in their environment.
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The associated benefits are thick, protective EPS layers, and ability to outcompete

other colonies by clogging a space-limited environment.

Keywords: biofilm; EPS; mathematical model; quorum sensing

Classification: MSC2000:92D25

3.1 Introduction

3.1.1 Biofilms, quorum sensing, and EPS

Biofilms are microbial communities encased in a layer of extracellular poly-

meric substances (EPS), adhered to biotic or abiotic surfaces. Biofilms are extremely

successful, and are able to flourish in any aqueous environment with adequate nu-

trients available. Bacteria preferentially reside in biofilms, rather than in isolation

as planktonic cells. In a biofilm, bacteria are protected by the EPS matrix from

external stresses, and carry out a wide range of reactions which are relevant in

many disciplines, such as environmental engineering, food processing, and medicine

(Lewandowski, 2007). Quorum sensing is a cell-cell communication mechanism used

by several bacterial taxa to coordinate gene expression and behaviour in groups, based

on population densities (Fuqua et al., 1994). Bacteria cells constantly produce and

release low amounts of signalling molecules, called autoinducers (e.g., acyl-homoserine

lactones (AHL) in Gram- negative bacteria). When a critical environmental autoin-

ducer concentration is reached, the bacteria are rapidly induced and undergo changes

in gene expression. In most bacterial autoinducer systems, the autoinducer synthase

gene is upregulated, initiating positive feedback, and the bacteria subsequently pro-
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duce AHL molecules at an increased rate. As a number of traits in bacterial biofilms

relevant for human and plant health are regulated via autoinducers (Demuth and

Lamont, 2006, Whitehead et al, 2001), a comprehensive understanding of quorum

sensing systems is highly desirable. We will consider Gram-negative bacteria with

their typical autoinducer system, which involves acyl-homoserine lactones (AHLs) as

the signalling molecule.

EPS refers to organic molecules such as polysaccharides, proteins, and lipids,

which form the outermost surface layer of biofilms. Bacteria cells produce EPS, which

plays an important role in maintaining the structural integrity of the biofilm (Win-

gender et al.,1999). The EPS matrix provides several functional purposes for the

biofilm, such as protecting bacteria from environmental threats, providing mechan-

ical stability, and degrading macromolecules to be used by the cells (Flemming et

al.,2007). EPS is thought to indirectly store nutrients, which could later be converted

to an available form and used as an energy source during low nutrient conditions

(Sutherland, 1999, Wolfaardt et al., 1999); this has been investigated in theoretical

studies (Laspidou & Rittmann, 2002), and shown experimentally (Wang et al.,2007).

3.1.2 Modelling of biofilms and quorum sensing

Initial mathematical models of quorum sensing describe the phenomena in

suspended bacteria cultures (Ward et al., 2001, Dockery and Keener, 2001, Müller

et al., 2006). These models focus on predicting the rapid switch in proportions of

down- and upregulated sub-populations of bacteria in a batch culture, which is the

characteristic positive-feedback feature of quorum sensing systems. Ward et al. (2003)



67

and Chopp et al. (2002, 2003) extended the work of early models to study quorum

sensing in a growing biofilm, identifying key physical kinetics parameters required for

induction. More recent models include the effects of hydrodynamics (Janakiraman et

al. 2009, Vaughan et al. 2009, Frederick et al. 2010), as well as modelling growth in

two dimensions (Frederick et al. 2010).

A variety of applications motivate development of specific quorum sensing

and biofilm models. For example, Chopp et al (2002, 2003) determine the critical

depth the biofilm must grow to, as a function of pH, in order for induction to occur.

The models of Anguige et al. (2004, 2005, 2006) detail biochemical pathways in quo-

rum sensing systems, also describing anti-quorum sensing treatments for applications

in the medical field. Frederick et al. (2010) investigate the role of convective and

diffusive transport of signal molecules in inter-colony communication within biofilm

communities.

These models share a common element: autoinducer molecules (e.g., AHL)

are produced by downregulated bacteria, and AHL production is greatly enhanced

when the characteristic switch (change from low to high quorum sensing activity)

rapidly occurs throughout the biofilm.

Much research has been conducted to understand when biofilms partake in

quorum sensing activity, for example, determining population thresholds (Dockery

and Keener, 2001, Ward et al 2001), critical biofilm depth (Chopp et al. 2002, 2003),

and the influence of the hydrodynamic and nutritional environment (Kirisits et al.

2007, Frederick et al. 2010, Janakiraman et al. 2009). There have, however, been

few studies that look at the reverse effect - the effect of quorum sensing induction
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on biofilms. Once biofilm cells are upregulated, AHL is produced at an increased

rate, but the question of whether the biofilm behaves differently, grows differently, or

undergoes some other functional change, remains unanswered.

We expand on the works of Anguige et al. (2004, 2005, 2006), which model

the effects of anti-quorum sensing therapies on bacteria growth and biofilm develop-

ment. Ward (2008) analyzes the effectiveness of the modelled anti-quorum sensing

therapies by comparing growth rates of the biofilms, and states that quorum sensing

activity may be detected by EPS production and associated enhanced biofilm growth.

Ward (2008) assumes that EPS is regulated by quorum sensing, based on the findings

of Davies et al. (1998), and allows for significantly enhanced EPS production by

upregulated cells. With our model, we will study in detail how the process of quorum

sensing-regulated EPS production impacts biofilm growth and development in a two-

dimensional patchy biofilm community under various environmental conditions. Our

objective is to understand the relationship between quorum sensing, biofilm growth,

and EPS production, and investigate the benefits a biofilm receives by using quorum

sensing-regulated EPS production.

To validate the claim that quorum sensing controls EPS production, and to

what degree, we turn to the experimental literature. In many studies, quorum sensing

has been found to impact the quality of EPS. For example, Sakuragi and Kolter

(2007) showed differences in biofilm appearance with and without expression of the

pelA gene, which is essential for the production of the EPS matrix; wild-type biofilms

are wrinkled, but mutants are flat. In a later study, Friedman and Kolter (2004)

research the quorum sensing-regulated expression of the pelA enzyme, and show that
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Pel-genes are required for EPS production. In fact, Pel mutants have no EPS. Shrout

et al. (2006) found many factors which affect the quality of the EPS matrix to

be regulated by quorum sensing in the early development stage, such as channel

production within the biofilm, swarming activity, and lipid production. In contrast,

cases have been found in which quorum sensing down-regulates structural integrity

via changes to the EPS (Edwards et al., 2009). Also, many studies have shown the

connection between quorum sensing and mucosity (Morohoshi et al.,2007, Marketon

et al., 2003, von Bodman et al.,2005). Quorum sensing regulates components of EPS

(e.g., EPS II, polysaccharides) which contribute to the mucosity, thus impacting the

biofilm matrix. These studies support the idea that the amount of EPS production

per cell is influenced by quorum sensing, but do not show to what degree.

There are some examples of bacteria species, mostly plant pathogens, in

which a quantitative increase of EPS production by quorum sensing regulation has

been demonstrated. In a study by Quinones, Dulla, and Lindow (2005), quorum

sensing was found to regulate alginate production in P. syringae. Alginate is an

important component of EPS, and without quorum sensing, alginate levels were 70%

lower. However, the impact on biofilm thickness is not described, so conclusions

cannot be drawn regarding whether overall EPS is significantly reduced by the drop

in alginate levels.

Koutsoudis et al. (2006) conclude that the amount of EPS production per

cell in a Pantoea stewartii biofilm is increased by quorum sensing, though the degree

of production is not given. Similarly, Gao et al. (2009) claim that quorum sensing

upregulated EPS production in the plant pathogen Erwinia amylovora, but do not
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provide quantitative data. However, images are shown, from which the upregulated

EPS may be estimated as a factor five to ten increase. This is supported by the

experiments of Beck von Bodman et al. (1998), in which an approximately ten-fold

increase of EPS production in a Pantoea stewartii biofilm upon QS induction was

discovered. The ten-fold increased production factor is orders of magnitudes different

than the value used in the Ward (2008) model.

Though many studies have established connections between quorum sensing

activity and qualitative changes in EPS or other structural components, there are

very few quantitative studies which investigate the amount of EPS produced through

quorum sensing regulation. We choose to use the direct values for change in EPS

production as reported in Beck von Bodman (1998) as an estimate for the difference

in downregulated and upregulated cell production rates in our system.

3.1.3 Aim of study

In previous research, we developed a two-dimensional model of quorum sens-

ing in patchy biofilm communities to study how the hydrodynamic environment and

nutrient conditions contribute to biofilm growth, spatiotemporal quorum sensing in-

duction patterns, and flow-facilitated intercolony communication (Frederick et al.

2010).

In this paper, we will extend this model to include a response from the

biofilm once quorum sensing has been induced. The upregulated cells not only pro-

duce AHL at increased rates, but produce EPS at an increased rate as well. We wish

to investigate two main research questions with our model:
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1. How does quorum sensing-regulated EPS production impact the growing biofilm?

What does the biofilm look like over time - how are cells and EPS distributed?

2. When does quorum sensing-regulated EPS production provide an advantage to

the biofilm? Specifically, which biofilms succeed when the nutrient conditions

and EPS consumption process are altered?

Answers to these questions will be sought through numerical experiments

which simulate the growth of biofilms in microfluidic chambers.

3.2 Mathematical Model and Simulation Design

3.2.1 Model

We present a mathematical model for quorum sensing in a growing biofilm

community in a narrow conduit which consists of several colonies. The dependent

variables of our model are the downregulated bacteria (M0), upregulated (quorum

sensing induced) bacteria (M1), non-quorum sensing bacteria (M2), EPS (EPS),

AHL (AHL), and growth limiting carbon nutrient (C). Bacteria (M0, M1, M2), and

EPS are expressed as the fraction of the volume they locally occupy at each point

in the domain (volume fraction). AHL and C are dissolved, and are expressed as

concentrations. The total amount of EPS is accounted for; we do not distinguish

between EPS produced by M0, M1, or M2.

The processes incorporated into our model are:

• production of new particulate substances (bacteria and EPS, referred to as
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biomass), controlled by nutrient availability

• nutrient consumption by bacterial biomass

• spatial spreading of the biofilm only for high local biomass volume fractions

(i.e., for M0 + M1 + M2 + EPS ≈ 1)

• conversion of downregulated biomass into upregulated biomass as a consequence

of AHL concentration inducing a change in gene expression, and a constant rate

of back-conversion

• natural cell death

• abiotic AHL decay

• differential AHL and EPS production rates of downregulated and upregulated

cells

• diffusive transport of carbon substrate and AHL in the biofilm, and both con-

vective and diffusive transport in the surrounding aqueous phase of the biofilm

• when carbon becomes limited, EPS may be used as a food source

This model is a major extension of our earlier studies (Frederick et al., 2010),

differing in several ways. Previously, EPS was assumed to be implicitly included

with the bacteria cells. We have introduced EPS in a separate equation, and now

EPS contributes explicitly to total biomass M0 + M1 + M2 + EPS. Our previous

study modelled only downregulated and upregulated cells (M0, M1). We have now

introduced a new bacteria species (M2), which behaves in the same manner as the



73

downregulated cell M0 (with respect to parameters for growth, consumption, and

EPS production). However, M2 cells do not carry the quorum sensing gene, and

therefore are considered non-quorum sensing biofilm cells. Other assumptions made

in our model include:

• upregulated cells produce ten times as much EPS as downregulated cells

• upregulated cells M1 will consume twice as much as M0

• growth rates for all bacteria cells are equivalent

• non-quorum sensing cells (M2) have the same reaction kinetics as downregulated

cells (M0); specifically, consumption and EPS production rates are equivalent.

The mathematical model for biofilm growth, quorum sensing, and EPS pro-

duction is:

∂tM0 = ∇(DM(M)∇M0) +
κ3CM0

κ2 + C
− κ4M0 − κ5AHLnM0 + κ5τ

nM1

∂tM1 = ∇(DM(M)∇M1) +
κ3CM1

κ2 + C
− κ4M1 + κ5AHLnM0 − κ5τ

nM1

∂tM2 = ∇(DM(M)∇M2) +
κ3CM2

κ2 + C
− κ4M2

∂tC = ∇(DC(M)∇C) −∇(wC) −
κ10CM0

κ2 + C
−

κ11CM1

κ2 + C
−

κ12CM2

κ2 + C
+

δκ6EPS

κ6 + C

∂tAHL = ∇(DAHL(M)∇AHL)) −∇(wAHL) − σAHL + αM0 + (α + β)M1

∂tEPS = ∇(DM(M)∇EPS) +
γ0CM0

κ2 + C
+

γ1CM1

κ2 + C
+

γ2CM2

κ2 + C
−

δκ6EPS

κ6 + C

The total volume fraction occupied by the biofilm is M , where M = M0 +

M1 + M2 + EPS. The two-dimensional computational domain Ω consists of a liquid
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phase with no biomass, Ω1(t) = (x, y) ∈ Ω : M(t, x, y) = 0, and the solid biofilm

phase, Ω2(t) = (x, y) ∈ Ω : M(t, x, y) > 0. These regions change as the biofilm grows.

The diffusion coefficient for biomass (DM(M)) is density dependent, and is

formulated as DM(M) = dM
Ma

(1−M)b (Eberl et al.,2001). Exponents a > 1 and b > 1

ensure biofilm expansion when M approaches 1 (implying all available space is filled

by biomass), and little or no expansion provided M is small. This choice of diffusion

coefficient ensures a separation of the biofilm and its surrounding aqueous phase, and

that the maximum cell density will not be exceeded. The diffusion coefficients for C

and AHL are lower in the biofilm than in the surrounding aqueous phase (Stewart,

2003). We let DC(M) = DC(0) + M(DC(1) − DC(0)), DAHL(M) = DAHL(0) +

M(DAHL(1) − DAHL(0)), where DC(0) and DAHL(0) are the diffusion coefficients in

water, and DC(1) and DAHL(1) are the diffusion coefficients in a fully compressed

biofilm.

In the reaction terms, κ3 is the maximum specific growth rate of bacterial

biomass. The maximum specific substrate consumption rates are denoted by κ0,1,2 =

κ3Mmax/Y0,1,2, where Mmax is the maximum cell density, and Y0,1,2 are the yield

coefficients. Bacterial growth is described by Monod kinetics, where κ2 is the half-

saturation constant. κ4 is the cell lysis rate. The parameter κ5 is the quorum sensing

regulation rate - the rate at which downregulated bacteria become upregulated, and

vice versa. The AHL production rate of downregulated bacteria is α, and the increased

production rate of upregulated bacteria is α+β. AHL degrades abiotically at rate σ.

τ is the threshold AHL concentration locally required for quorum sensing induction

to occur. We use n (n > 1) to describe the degree of polymerisation in the synthesis
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of AHL, equivalent to the Hill coefficient describing cooperative binding reactions in

the Hill equation, acting as a switch function (Müller et al., 2006).

EPS serves as an additional source of carbon when carbon concentrations

are low; this process is represented by an inhibition Monod term, in which EPS is

transformed into carbon at rate δ, with Monod constant κ6. The EPS production

rates are γ0, γ1, and γ2 for M0, M1, and M2 respectively. The EPS production rates

incorporate maximum cell density, EPS density (EPSmax), and EPS yield YEPS for

these reactions: γ0,1,2 = Mmax ∗ Y0,1,2(EPS) ∗ κ3. Reaction kinetics and parameter

values used in our model to describe EPS production by non-induced bacteria cells

and conversion of EPS to carbon substrate were developed by Horn et al. (2001) in

a model of biofilm growth and EPS production. In simulations excluding the EPS

consumption process, we let δ = 0.

The convective contribution to transport of C and AHL in the aqueous

phase is controlled by the flow velocity vector w = (u, v), where u and v are the flow

velocities in the x- and y- directions. The flow in the aqueous phase is described by

the incompressible Navier-Stokes equations. As an alternative to solving the complete

flow equations numerically, we use the thin-film approximation as proposed in Eberl

and Sudarsan (2008):

0 = −
1

ρ

∂p

∂x
+ ν

∂2u

∂y2
, 0 =

∂p

∂y
, 0 =

∂u

∂x
+

∂v

∂y

where p is the hydrodynamic pressure field; constants ρ and ν are the density and

kinematic viscosity of water. This approximation is valid in the liquid region of long,
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narrow conduits for slow flow regimes, and can be solved analytically, which allows for

fast computation. In order to drive the flow in the channel, we specify the volumetric

flow rate in terms of the non-dimensional Reynolds number Re for the empty flow

channel, given by:

Re =
HU

ν

where the characteristic height scale H is the channel height, and U is the maximum

flow velocity of the unperturbed Poisseuille flow. The flow rate q is then:

q =
2

3
νRe,

where ν is the kinematic viscosity of the bulk liquid.

The model is non-dimensionalized with the choices: x̃ = x
L
, t̃ = tκ3, where

L is the flow channel length, and 1
κ3

is the characteristic time scale for M0. The

new dimensionless concentration variables are: C̃ = C
Cbulk

, A = AHL
τ

, where Cbulk is

the bulk substrate concentration (the amount of substrate C supplied at the inflow
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boundary). The new reaction parameters are:

κ̃10 =
Mmax

Y0Cbulk

; κ̃11 =
Mmax

Y1Cbulk

; κ̃12 =
Mmax

Y2Cbulk

;

κ̃2 =
κ2

Cbulk
; κ̃3 = 1; κ̃4 =

κ4

κ3
; κ̃5 =

κ5τ
n

κ3
; κ̃6 =

κ6

Cbulk
;

δ̃ =
δ

κ3
;

˜̂
δ =

δEPSmax

κ3Cbulk
; γ̃0 =

Y0EPSκ3Mmax

κ3EPSmax
; γ̃1 =

Y1EPSκ3Mmax

κ3EPSmax
; γ̃2 =

Y2EPSκ3Mmax

κ3EPSmax

σ̃ =
σ

κ3

; α̃ =
αMmax

κ3τ
; β̃ =

βMmax

κ3τ

The diffusion coefficients become:

D̃C =
DC

L2κ3
; D̃AHL =

DAHL

L2κ3
; D̃M =

DM

L2κ3

The non-dimensionalized equations are then:

∂t̃M0 = ∇̃(D̃M(M)∇̃M0)) +
κ̃3C̃M0

κ̃2 + C̃
− κ̃4M0 − κ̃5Ã

nM0 + κ5M1

∂t̃M1 = ∇̃(D̃M(M)∇̃M1)) +
κ̃3C̃M1

κ̃2 + C̃
− κ̃4M1 + κ̃5Ã

nM0 − κ5M1

∂t̃M2 = ∇̃(D̃M(M)∇̃M2)) +
κ̃3C̃M2

κ̃2 + C̃
− κ̃4M2

∂t̃C̃ = ∇̃(D̃C(M)∇̃C̃)) − ∇̃(wC̃) −
κ̃10C̃M0

κ̃2 + C̃
−

κ̃11C̃M1

κ̃2 + C̃
−

κ̃12C̃M2

κ̃2 + C̃
+

˜̂
δ3κ̃6Ẽ

κ̃6 + C̃

∂tÃ = ∇̃(D̃Ã(M)∇̃Ã)) − ∇̃(wÃ) − σ̃Ã + α̃M0 + β̃M1

∂t̃Ẽ = ∇̃(D̃M(M)∇̃Ẽ) +
γ̃0C̃M0

κ̃2 + C̃
+

γ̃1C̃M1

κ̃2 + C̃
+

γ̃2C̃M2

κ̃2 + C̃
−

δ̂κ̃6Ẽ

κ̃6 + C̃
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The parameters used in our simulations and their non-dimensional values

are listed in Table 3.1. The biofilm parameters κ1-κ4 were chosen from the range

of standard values in biofilm modelling literature (Wanner et al., 2006, Horn et al.,

2001), the diffusion coefficient values (dM , a, b) were selected from Eberl and Sudarsan

(2008), and the quorum sensing parameters κ5, α, β, τ, γ and n were derived from ex-

periments on the kinetics of suspended P. putida IsoF cultures and the AHL molecule

3-oxo-C10-HSL (Fekete et al.,2009).

Our biofilm model is on a mesoscopic scale, and so the computational domain

is considered a small portion, or open subdomain, existing within a larger reactor.

The boundary conditions we choose describe both the reactor type and the operating

conditions in which the experiment is conducted, and connect the computational

domain to the outside physical environment. Establishing boundary conditions for

the mesoscopic scale is a difficult issue in biofilm modelling, and so we must make

some assumptions. Our computational domain is representative of a microfluidics

chamber which receives fluid at the left (inflow) boundary from a large, well mixed

reactor. The inflow boundary acts as a hydrophilic membrane, allowing a specified

amount of carbon and AHL into the channel, but preventing biomass from leaving.

The outflow boundary permits carbon and AHL to be washed out with the fluid flow.

Specifically, the following boundary conditions are imposed on our domain

Ω=[0,L]x[0,H ]:

• For M0, M1, M2, and EPS, no flux conditions everywhere (n is the direction of

the outward normal):
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Table 3.1: Model parameters used in our simulations and their non-dimensional values
in the high and low nutrient cases. References: H=Horn et al. (2001), M=measured
experimentally in Fekete et al. (2009), W= Wanner et al. (2006)

Param Description Source Value
(high
nutrient)

Value (low
nutrient)

κ10 Rate of C consump-
tion by M0

W 462 1846

κ11 Rate of C consump-
tion by M1

W 923 3692

κ12 Rate of C consump-
tion by M2

W 462 1846

κ2 Monod half sat. const. W 0.02 0.08
κ3 Max specific growth

rate of bacteria
H 1.0 1.0

κ4 Lysis rate W 0.2083 0.2083
κ5 QS up-regulation rate M 2.5 2.5
κ6 Monod half sat. const. H 0.005 0.08
δ EPS conversion to C

rate (C equation)
H 0.28 0.28

δ̂ EPS conversion to C
rate (EPS equation)

H 5.6 22.4

σ Abiotic degradation
rate of AHL

M 0.1109 0.1109

α Constitutive produc-
tion rate of AHL

M 65.7 65.7

β Induced production
rate of AHL

M 657 657

n Degree of polymerisa-
tion

M 2.5 2.5

γ0 M0 EPS production
rate

H 0.84 0.84

γ1 M1 EPS production
rate

H 8.4 8.4

γ2 M2 EPS production
rate

H 0.84 0.84

∂nM0 = 0, ∂nM1 = 0, ∂nM2 = 0, ∂nEPS = 0 on ∂Ω

• For C and AHL, no diffusive flux conditions everywhere except for on inflow,

where we specify the bulk concentration:
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C = 1, A = 0 for x = 0, ∂nC = 0, ∂nA = 0 everywhere else.

In summary, no biomass leaves or enters the flow channel. Carbon is supplied

into the channel from the upstream boundary. No AHL enters the flow channel

upstream, however, AHL and carbon in the dissolved liquid phase Ω1 may exit the

system via convective transport.

3.2.2 Simulation setup and computation

We will use our model to investigate how quorum sensing impacts a growing

biofilm, and when quorum sensing-regulated EPS production provides a benefit to the

biofilm. Three different types of biofilms will be studied: quorum sensing (M0, M1

cells only), non-quorum sensing (M2 cells only), and mixed (M0, M1, M2 cells). Three

nutrient conditions, are tested: high, low, and feast-famine (high during feast periods,

and no nutrients supplied during famine times: 4 ≤ t ≤ 6, 8 ≤ t ≤ 10, 14 ≤ t ≤ 16).

The parameter values used for the high and low cases are given in Table 3.1. Simu-

lations are performed with and without the biological process of EPS consumption;

the parameters δ and δ̂ are set equal to zero when EPS consumption is excluded.

The majority of our simulations use a setup representative of a microfluidic chamber,

sometimes used in biofilm experiments (e.g., Janakiraman et al., 2009), in which a

surface is inoculated with several biofilm colonies, and nutrients are supplied at the

inflow boundary of the channel. We will also simulate biofilms growing on a nutrient-

rich substratum, in which nutrients are supplied via the bottom surface of the channel

(the boundary condition C = 1 is imposed on y = 0, with ∂nC = 0 elsewhere). A
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summary of the simulation experiments is given in Table 3.2. Our simulations will

give us qualitative information about quorum sensing and biofilm systems. Numeri-

cal results, including time, are described using non-dimensional measures, and should

not be deemed as quantitative conclusions.

Table 3.2: Summary of the simulation experiments. Three types of biofilms are stud-
ied: quorum sensing (M0, M1), non-quorum sensing (M2), and mixed (M0, M1, M2).
Three different nutrient scenarios are used, high (H), low (L), and feast-famine (FF),
with the nutrient source located at either the left inflow boundary or the bottom
boundary. These biofilms are tested with and without the EPS consumption process.
In total, 24 simulations were conducted.

Biofilm Type Nutrient Source Nutrient Case EPS consumption
M0, M1 Inflow H,L,FF yes, no

Bottom H yes, no
M2 Inflow H,L,FF yes, no

Bottom H yes, no
M0, M1, M2 Inflow H,L,FF yes, no

Bottom H yes, no

The numerical solution of the biofilm model follows the approach that was

developed and discussed in Eberl and Demaret (2007) and Eberl et al. (2009). The

computational domain was discretised on a uniform rectangular grid of size 2000 x

200. We solve our system numerically using a semi-implicit finite difference-based

finite volume scheme, formulated for the concentrations in the centers of the grid

cells. The time-step size is variable; in each time step six sparse, banded diagonal

linear algebraic systems are solved with the stabilized biconjugate gradient method

(one system for each of M0, M1, M2, C, AHL, and EPS).

The code was prepared for parallel execution on multi-core/multi-processor

platforms as described in Muhammad and Eberl (2009). Simulations were carried
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out on a SGI ALTIX450 with 32 dual core itanium processors; in most simulations

12 cores were used per compute job.

3.2.3 Analysis

To interpret the results of computer simulations of our model, we will provide

two-dimensional visualisations of the simulations, and use the following quantitative

measures. The volume fraction of the domain occupied by the biofilm (cells and EPS),

or the occupancy, is a simple measure of biofilm size. The occupancy is an average

across the computational domain, and is given by:

occupancy(t) :=
1

LH

∫
Ω2(t)

dxdy.

The total downregulated cell biomass in the system is the volume fraction M0total:

M0total(t) :=

∫
Ω

M0(t, x, y) dxdy.

The total upregulated (M1) and non-quorum sensing cell (M2) biomass are computed

similarly. The total cell biomass is therefore:

M(t) = M0total + M1total + M2total,
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and the total EPS in the system is given by:

EPStotal(t) :=

∫
Ω

EPS(t, x, y) dxdy.

Consumption of the carbon substrate by each of the cell species is measured as well,

for example,

M0con(t) =

∫
Ω

κ10C(t, x, y)M0(t, x, y)

κ2 + C(t, x, y)
dxdy

where M0 has the consumption rate κ10 = κ3Mmax/Y0. Consumption by M1 and M2

are calculated accordingly. The occupancy and total cell and EPS biomass measures

will be used to compare the growth and composition of the biofilm over time.

The amount of AHL in the system, averaged across the computational do-

main, is given by:

AHLaverage(t) :=
1

LH

∫
Ω2(t)

AHL dxdy.

AHL is dissolved, and is found in both the liquid and solid regions of the

domain.
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3.3 Results

3.3.1 Example simulation of a QS biofilm under high nutrient conditions

To simulate biofilm growth in a long, narrow channel, we begin by inocu-

lating the bottom surface of the channel with twenty downregulated biofilm micro-

colonies with densities ranging from 0.2 < M0 < 0.4, placed randomly along the

channel. No M2 cells are present in the channel, so a quorum sensing biofilm will de-

velop. The flow velocity is Re = 10−4 for all simulations. A high supply of substrate

enters the channel from the left (inflow) boundary, and the process of EPS consump-

tion is excluded. Note that initially, biomass consists of cells only; EPS production

begins immediately upon the start of the simulation.

The growth period begins with biomass in the inoculated colonies grow-

ing and spatially spreading when the total biomass (M0 + M1 + EPS) locally ap-

proaches the maximum density, 1.0. In time, some neighbouring colonies begin to

merge. Figure 3.1(a) depicts the biofilm at t = 8.0, before induction occurs. The

colour scale in Figure 3.1 represents the fraction of downregulated cells in the biofilm

(M0/(M0 + M1)); red colonies are completely downregulated, and blue colonies are

fully upregulated. In Figure 3.1(a), the colonies consist almost entirely of M0 cells.

Isolines of AHL concentration are distributed between 0 and the maximum

AHL value at the given time. AHL accumulates over time in the channel as the

colonies grow and produce AHL. The maximum concentration changes over time,

and so the AHL isoline colour scale is given in each subfigure of Figure 3.1 along

with the maximum AHL value. Molecules produced by the colonies diffuse into the
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(a) t=8.0. M0, M1 cells and AHL isolines, before quorum sensing induction occurs. Max AHL=0.61.

(b) t=10.0. M0, M1 cells and AHL isolines, downstream colonies have upregulated. Max AHL=3.40.

(c) t=10.5. M0, M1 cells and AHL isolines, after induction has occurred. Max AHL=4.65.

(d) Colour scale. Fraction of M0 cells.

Figure 3.1: Example simulation of a quorum sensing biofilm in the case of high nutri-
ent conditions, and no EPS consumption. The colour scale in the subfigures represents
the fraction of downregulated cells in the biofilm (M0/(M0 + M1)). The change in
colour depicts induction occurring throughout the biofilm. AHL concentration lines
are shown in black and white, distributed bewteen zero and the maximum AHL value
at each time. A non-dimensional value of AHL=1.0 is required for upregulation.
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(a) t=8.0. EPS and carbon isolines, before induction.

(b) t=10.5. EPS and carbon isolines. after induction.

(c) Colour scales. Fraction of M0 cells; carbon concentra-
tions.

Figure 3.2: Example simulation of a QS biofilm in the case of high nutrient conditions,
and no EPS consumption. The colour scale in the subfigures represents the fraction of
cells biomass in the biofilm ((M0+M1)/(M0+M1+EPS)), showing mass composition
of the biofilm (the proportions of cellular and EPS biomass).

liquid region, and are then transported downstream by convection and diffusion, and

so AHL concentrations increase in the main flow direction.

A non-dimensional AHL concentration of 1.0 is required for local upreg-

ulation. As the average AHL concentration approaches 1.0, the switch to quorum

sensing is occuring. After the switch, AHL concentrations rapidly increase due to

positive feedback in the quorum sensing system — upregulated cells produce AHL at

ten times the downregulated rate, leading to large increases in AHL concentrations,

and further upregulation of cells throughout the domain.

The upstream colonies in Figures 3.1(b,c) are larger than the mid-channel

and downstream colonies, because they are situated near the nutrient source, and so

they are first to receive and utilize the incoming nutrients. Although the downstream
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colonies are the smallest, they begin to upregulate first, indicated by the colour change

in Figure 3.1(b). The effect of mass transfer — AHL molecules produced by the large,

upstream colonies are transported downstream, contributing to upregulation there —

is an observation of inter-colony communication. In our previous studies of the impact

of a growing biofilm on quorum sensing in a hydrodynamic environment (Frederick

et al., 2010), similar spatial induction patterns were found. Convective and diffusive

transport of AHL facilitate the inter-colony communication; downstream colonies are

first to upregulate, followed by the upstream colonies.

The biofilm at t = 10.5 (Figure 3.1(c)) is fully upregulated, with the ex-

ception of the portion of the large, merged colonies closest to the inflow boundary,

which still contains approximately 40-50% M0 cells. After induction, EPS production

increases by a factor of ten. The biofilm grows and expands rapidly, until the flow

channel becomes clogged with biomass (a maximum predetermined biofilm height is

obtained), stopping the simulation. In our earlier study, the simulations also ended

shortly after induction was obtained. Now, because of the rapid growth phase fol-

lowing quorum-sensing induced EPS production, the observation period for a fully

induced biofilm before channel clogging occurs will be even more brief.

In Figure 3.2, the biofilm is shown again at t = 8.0 and 10.5, with the

colour scale representing the proportion of cellular and EPS biomass (the fraction

(M0 + M1)/(M0 + M1 + EPS)). The concentration isolines of the carbon nutrient

C are shown, where the concentrations are normalized with respect to the value

of the incoming carbon concentration (the non-dimensional parameter Cbulk, where

Cbulk = 1). Carbon concentrations decrease in the flow direction, due to consumption
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by biomass. At t = 10.0 (Figure 3.2(b)), mid-channel and downstream colonies

experience severe substrate limitations. By t = 10.5 (Figure 3.2(b)), only the most

upstream part of the large, merged colony does not experience limitations. In Figure

3.2(b), the biofilm has just undergone induction, and the biomass composition by

mass is approximately 75-85% cells, and the remainder is EPS. Following induction,

EPS production rates are upregulated, resulting in a change in biofilm composition to

55-75% cells, 25-45% EPS. The portion of the large, merged, upstream colony with the

highest fraction of upregulated cells experienced the greatest increase in volume - in

order for colonies to have increased growth due to upregulated EPS production rates,

upregulated cells and adequate nutrients are required. So although the downstream

colonies are first to upregulate, these colonies lack the nutrients needed to expand.

The upregulated bacteria cells in the downstream region are genetically programmed

to produce EPS at induced rates, but require sufficient carbon substrate to carry out

this reaction.

In Figure 3.3, the spatially averaged measures introduced in Section 3.2.3

are plotted, describing biofilm growth, composition, and consumption in time. In

Figure 3.3(a), the biofilm occupancy in time is plotted on a logarithmic scale, and

shows that cellular and EPS biomass growth is maximal. A decrease in the slope

of the occupancy curve indicates continued growth, but at a lower rate. This is

generally observed in later timesteps, when the nutrient demand begins to exceed the

inflow of bulk substrate. Figure 3.3(b) shows the total M0, M1, and EPS biomass

constituting the biofilm in time. Initially, only downregulated cells grow, until the

switch to upregulation occurs around t = 9.0. Subsequently, M0 cells are upregulated,
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Figure 3.3: Spatially averaged results for the example simulation of a quorum sensing
biofilm with high nutrient supply, excluding EPS consumption.
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and the total M0 biomass in the biofilm declines as M1 cell representation increases.

M1 produces EPS at the induced rate, so EPS biomass increases after the switch as

well. The effects of quorum sensing on carbon consumption are seen in Figure 3.3(c),

which shows consumption by the M0 and M1 cells in time. Initially, M0 cells are the

primary consumers of carbon, until induction occurs, after which we see the rise in

consumption by the M1 cells.

Figures 3.3(d) and (e) demonstrate the composition of the biofilm as it grows

in time. Figure 3.3(d) shows the fraction of downregulated bacteria, of all bacteria in

the microcolonies (M0/(M0 +M1)). Initially, only M0 cells are present in the biofilm,

until induction occurs, and cells switch to the upregulated state. Upon completion

of the simulation at t = 10.5, the biofilm has not fully upregulated, and M0 cells

comprise approximately 35% of the bacterial biomass; we know from Figure 3.1(c)

that these downregulated cells remain in the large, merged upstream colony.

Figure 3.3(e) shows the fraction of bacterial biomass of all biomass in the

biofilm ((M0 + M1)/(M0 + M1 + M2)). The proportion of bacteria to EPS within the

biofilm changes in time. The simulation experiment began with an inoculation of M0

cells only, and so the fraction of bacteria cells initially declines due to production of

EPS. By t = 2.0, the biofilm is composed of approximately 85% cells, and 15% EPS.

The decline in proportion of bacteria after t = 9.0 corresponds to upregulation, when

M1 bacteria produce EPS at the increased rate.

This example simulation of a quorum sensing biofilm under high nutrient

conditions provides insight into the connection between quorum sensing, growth, and

EPS production in a biofilm. Biofilm colonies grow and merge over time, and quorum
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sensing is induced first in downstream colonies, and soon after, upstream colonies

are induced. Upregulated colonies situated in nutrient-rich areas produce EPS at the

induced rate, grow rapidly, and consume high levels of nutrients. These colonies are

composed of almost equivalent amounts of cellular and EPS biomass, versus upreg-

ulated colonies in nutrient-deprived locations, which are smaller in size and contain

a greater proportion of cellular biomass. In the next sections, we will investigate the

responses of biofilms to quorum sensing under various nutrient conditions, the process

of EPS consumption, and simulation environments.

3.3.2 Simulations without EPS consumption process

Quorum sensing and non-quorum sensing biofilms

In this section, results of the simulations excluding the process of EPS con-

sumption are presented. We begin by describing a quorum sensing (QS) biofilm

(M0, M1 cells), under high, low, and feast-famine nutrient conditions. Simulations

finish once a maximum biofilm height is reached (80% of the channel height). The

nutrient supply directly influences growth rates, and so the simulations finish earliest

for the high nutrient case, followed by the low nutrient case, and finally the feast-

famine case. In Figure 3.4, the QS biofilms at the end of the simulations are plotted

to show the size and composition of the microcolonies. Isolines of AHL are shown

in black and white; note that the maximum AHL concentration is different in each

subfigure. The colour scale represents the proportion of downregulated cells, of all

bacteria cells (M0/(M0 + M1)).
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In the high nutrient case (Fig.3.4a), AHL concentrations are the greatest

(maximum: 4.65). A large, merged colony is present at the upstream boundary,

and the downstream colonies are smaller in size. The most upstream portion of the

large, merged, colony is not fully upregulated, approximately 40-50% of the cells

are M0. The biofilm in the low nutrient case (Fig.3.4b) contains a large, merged

colony in the upstream region as well, though smaller than that which grew in the

high nutrient case. The upstream colony is first to receive and utilize any incoming

nutrients, leaving very little, if any, carbon for the downstream colonies to grow and

expand. In the low nutrient case, the maximum AHL concentration at the end of

the simulation is well below the induction threshold of 1.0, and so the biofilm is

comprised of downregulated cells only. Consequently, QS-induced EPS production

cannot occur. Although AHL is produced by the large, merged, upstream colony,

AHL is transported out of the channel by convection and diffusion, and so AHL does

not accumulate to the threshold level. The biofilm in the feast-famine conditions

(Fig.3.4c) appears quite similar to the QS biofilm with respect to colony sizes and

composition under high nutrient conditions, though the imposed starvation periods

delayed growth of this biofilm. AHL concentrations are slightly lower than those in

the high nutrient case, but have passed the induction threshold.

Figure 3.5 shows the spatially averaged results for these three biofilm simu-

lations, and numerical values for the occupancy, total bacteria, and total consumption

are given in Table 3.3. The occupancy over time of the three QS biofilm simulations

is shown in Fig. 3.5a; note that occupancy is inclusive of both cells and EPS. The

final occupancy is greatest for the high nutrient case, followed by feast-famine, and
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(a) High nutrient case, t=10.5. The biofilm is almost entirely upregulated.

(b) Low nutrient case, t=13.0. The biofilm did not upregulate.

(c) Feast-famine nutrient case, t=18.0. The biofilm is almost entirely upregulated.

(d) Colour scale. Fraction of M0 cells.

Figure 3.4: Size and extent of upregulation for QS biofilms under the three nutrient
scenarios, at the end of each simulation. EPS consumption was excluded. The same
initial inoculation of microcolonies was used. Isolines of AHL are shown in black
and white, note that the maximum AHL concentration differs in each subfigure.
The colour represents the fraction of downregulated (M0 cells) in the biofilm. The
biofilm colonies in the low nutrient case (b) are quite small, except for the furthest
upstream colony. The biofilm in the feast-famine case (b) attains induction and a
size comparable to the high nutrient case (a), but at a much later time.
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lastly the low nutrient case. In the low nutrient case, deviation from the line of max-

imal growth occurs at an early stage of development (t < 5.0). The famine periods

(4.0 ≤ t ≤ 6.0, 8.0 ≤ t ≤ 10.0, 14.0 ≤ t ≤ 16.0) are apparent. The occupancy remains

constant during the famine periods, indicating that the biofilm is neither growing nor

shrinking. A lag period is present between the return of the “feast” nutrient supply

(t = 6.0, 10.0, 16.0), and subsequent rise in occupancy, indicative of the time required

for maximum cell and EPS density to increase to the point of colony expansion. The

total cell biomass (Fig.3.5c) in time further demonstrates the direct relationship be-

tween nutrient supply and cell growth. In famine periods, all populations decline, and

grow exponentially when the food supply returns. Consumption of the carbon nutri-

ent in time is shown in Fig.3.5e. The sharp rise in carbon consumption in the high

nutrient and feast-famine cases corresponds to QS induction, because upregulated

cells consume nutrients at twice the rate of downregulated cells. The composition of

the biofilm over time is shown in Fig.3.5g. After the initial time period in which EPS

production begins, the three QS biofilms are composed of approximately 85% cells,

15% EPS. The proportion of EPS rapidly increases when induction occurs (t = 9.0 for

the high nutrient case, t = 16.0 for the feast-famine case). Induction does not occur

under low nutrient conditions, and so the proportion of cells remains approximately

85% throughout the entire simulation. Declines in the proportion of cellular biomass

in the feast-famine condition correspond to loss of bacteria cells in the famine time

periods.

The same initial inoculation was used to grow a non-quorum sensing (non-

QS) biofilm (M2 cells only) under the three nutrient conditions. The spatially aver-
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(c) Total cell biomass. QS biofilm.
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Figure 3.5: Spatially averaged results for QS and non-QS biofilms under various nu-
trient conditions, EPS consumption excluded. Qualitative trends in occupancy, cell
biomass growth, and consumption are similar for QS and non-QS biofilms. Occu-
pancy is higher for QS biofilms, but total cell biomass is higher for non-QS biofilms.
Increased C consumption by upregulated cells is seen in (e), and the increase in
proportion of EPS biomass in the biofilm is seen in (g).
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Table 3.3: Simulation experiment results for QS (M0, M1) and non-QS (M2) biofilms.
These biofilms were tested under three different nutrient scenarios, with and without
the EPS consumption process. The reported values were taken at t = 10.57 for the
high nutrient case, t = 12.86 for low nutrient, and t = 17.52 for feast-famine (FF).

Biofilm Type Nutrient
Case

EPS Con. Occupancy Total
Cell
Biomass

Total Con.

M0, M1 High yes 0.2005 1748 8.15E+04
Low yes 0.0794 1450 5.84E+04
FF yes 0.1769 1367 3.96E+04

M2 High yes 0.1466 1936 1.46E+04
Low yes 0.0794 1452 7.53E+04
FF yes 0.1194 1589 0.740E+04

M0, M1 High no 0.2940 1733 12.6E+04
Low no 0.1575 1414 12.6E+04
FF no 0.3059 1348 9.51E+04

M2 High no 0.2003 1931 1.85E+04
Low no 0.1564 1415 16.2E+04
FF no 0.1899 1581 1.20E+04

aged results for occupancy, cell biomass, consumption, and composition are shown

in Figure 3.5, alongside the plots for the QS biofilms, and the numerical values are

summarized in Table 3.3. The non-QS biofilms display similar patterns for biomass

growth as the QS biofilm: under high nutrient conditions, occupancy and cell biomass

are greatest. However, because M2 cells do no change behaviour with upregulation,

consumption and composition of biomass do not vary in later timesteps.

The differences between simulations of QS and non-QS biofilms are apparent

by the values recorded in the summary table (Table 3.3). QS biofilms which upregu-

lated (high nutrient and feast-famine cases) had higher occupancies than the non-QS

biofilms. In contrast, the non-QS biofilms had higher bacteria cell counts (see the

“Total Bacteria” column in Table 3.3). So, the greater QS biofilm occupancies are
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not due to additional bacteria cells, but are due to the presence of EPS produced at

the induced rates. Although QS biofilms have fewer bacteria cells, the total nutrient

consumption over the entire simulation period is greater than the consumption by QS

biofilms. In summary, QS biofilms occupy more volume in the channel and consume

a greater amount of nutrients than non-QS biofilms, but non-QS biofilm have higher

cell populations.

Mixed biofilms

The following results pertain to the set of simulations of mixed biofilms under

the high nutrient case. Mixed biofilms contain both QS cells (M0, M1) and non-QS

cells (M2) in the channel. To set up the simulation, the substratum was inoculated

with twenty randomly placed colonies - ten downregulated QS (M0) colonies, and ten

non-QS (M2) colonies. An example of growth of a mixed biofilm over time is shown

in Figure 3.6. Isolines of AHL are shown in black and white; again, note that the

maximum AHL concentration differs in each subfigure, and a non-dimensional AHL

concentration of 1.0 is required for upregulation. Figure 3.6a shows the biofilm at

t = 6.0, an early development stage. The colour represents the fraction of quorum

sensing (M0, M1) cells in the biofilm, relative to all cells ((M0+M1)/(M0+M1+M2)).

The quorum sensing colonies are red, the non-quorum sensing colonies are blue. Some

colonies, which were placed close to each other in the random inoculation, have merged

by this time, these are yellow-green in colour. The microcolonies are approximately

equal in size, as carbon supply is sufficient for maximal growth at this time. AHL

concentrations are very low. QS induction has not yet occurred, and C is not limited,
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so EPS is produced at equivalent rates by all the QS and non-QS colonies. At t = 9.0

(Fig.3.6b), merging of QS and non-QS colonies is prevelant in the mid-channel, though

colonies at the upstream and downstream extent of the biofilm remain exclusively

QS or non-QS. AHL concentrations are still considerably lower than the induction

threshold, indicating cells in the QS and merged colonies are M0, not yet upregulated

to M1.

Merging of colonies continues until t = 10.5 (Fig.3.6c), shortly before the

simulation completes due to maximum channel height being obtained. AHL concen-

trations have not accumulated to the threshold concentration, and so QS induction

did not occur for this mixed biofilm simulation. This implies that the mixed biofilm

is growing as a non-QS biofilm (in regards to EPS production, cell growth, and con-

sumption). Note that in this example, the colony closest to the inflow boundary is a

QS colony, and several of the furthest downstream colonies, where nutrient deficiencies

are highest, are non-QS colonies.

Because the resulting QS and non-QS cell numbers may be impacted by the

stochastic distribution of cells in the initial inoculation, in particular whether a QS or

non-QS colony is located closest to the upstream boundary, this mixed biofilm exper-

iment was repeated using different initial distributions, for a total of ten simulations.

The total QS and non-QS biomass averaged over all ten simulations is shown in Figure

3.7a, and the QS and non-QS cellular biomass for each of the individual simulations

is shown in Figures 3.7b,c. The average of the final biomass in each individual simu-

lation is recorded in Table 3.4, in which the results are separated into mixed biofilms

that induced and biofilms that did not induce. Of these ten simulations, induction
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(a) t=6.0, an early development stage.

(b) t=9.0, QS and non-QS colonies are growing and merging.

(c) t=10.5, late development stage.

(d) Colour scale. Fraction of M0, M1 (QS) cells.

Figure 3.6: Simulation of the growth of a mixed biofilm under high nutrient con-
ditions, without the process of EPS consumption. The biofilm is shown at three
different time steps throughout the simulation, with contour lines showing the AHL
concentration gradient. Colonies are coloured to represent the fraction of cells which
are QS (M0, M1) or non-QS (M2): ((M0 + M1)/(M0 + M1 + M2)). In this example,
the QS colonies do not upregulate.
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Table 3.4: Cell biomass (“Total M0, M1” and “Total M2) and consumption (“Total
Con.”) in the 20 mixed biofilm simulations. These biofilms were tested under the
high nutrient case, with and without the EPS consumption process. The total cell
biomass and EPS consumption values are taken as the average of the values at the
end of each individual simulation. The values reported are separated into the biofilms
that did and did not reach induction; the number of corresponding simulations are
given in brackets.

Biofilm EPS
Con.

Induced Total
M0, M1

Total
M2

Total Con.
(QS)

Total Con.
(Non-QS)

M0, M1, M2 no yes (1) 920 2080 1.75E+04 2.14E+04
M0, M1, M2 no no (9) 1124 1339 4.84E+04 3.97E+04
M0, M1, M2 yes yes (3) 1453 809 5.94E+04 1.25E+04
M0, M1, M2 yes no (7) 1120 1407 2.55E+04 3.11E+04

only occurred once. In the simulation in which the biofilm induced, QS cells outnum-

bered the non-QS cells. Interestingly, the furthest upstream colony in the induced

simulation was a non-QS colony, while QS colonies were situated in the mid-channel

and downstream. Though colonies in these regions tend to be small, adequate AHL

was produced and accumulated for upregulation to occur. In this one case, total

consumption by QS cells is nearly five times the amount of carbon consumed by non-

QS cells, as upregulated QS cells have twice the nutrient demand. The simulation

which reached induction is noticeable in the consumption plot (Fig.3.7e) by the line

which has a sharp increase in slope near the end of the simulation, corresponding to

increased consumption by induced cells. In Fig.3.7b, the QS cell population declined

in one simulation in the second half of the simulation, in contrast to the non-QS cell

population in Fig.3.7c, which do not suffer declines in time.
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Figure 3.7: Consumption and biomass of QS and non-QS colonies in mixed biofilms.
High nutrient case, EPS consumption excluded. Figures (a) and (d) show the average
biomass and consumption, and standard deviation, for the ten simulations; total cell
biomass (b,c) and consumption (e,f) for each individual simulation are shown as well.
On average, non-QS (M2) cells outnumber the QS (M0, M1) cells, and consume a
greater amount of nutrients. Of the ten simulations, quorum sensing induction only
occurred once.
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3.3.3 Simulations with EPS consumption process

An additional complexity was considered in our biofilm simulations to ac-

count for the utilization of EPS by bacteria cells as a secondary source of the carbon

nutrient, when limitations occur. The experiments of Section 3.3.2 were repeated, but

with consideration of this biological process. In the early stages of biofilm develop-

ment (t ≤ 5.0), the results are expected to be quite similar, as carbon limitations are

generally present only in the second half of the simulation. Spatial gradients of EPS

and carbon distribution may potentially lead to different trends in biofilm growth and

total cell biomass.

Quorum sensing and non-QS biofilms

In this set of simulations, QS biofilms were grown separately in the channel,

again using the same initial distribution of colonies as Section 3.3.2, under high, low,

and feast-famine nutrient conditions. “Biofilm composition” refers to the percentage

by mass of cells and EPS comprising the biofilm. Figure 3.8 shows the biofilm com-

position by cellular biomass over time for each of these simulations. The high and

feast-famine nutrient conditions for the QS biofilm demonstrate how biofilm com-

position changes in time with QS-induced EPS production and EPS consumption

included. In all simulations, the proportion of cells in the biofilm lowers from 100%

to 85-90%, representing the initial stages of EPS production by bacteria cells. When

nutrient deficiencies begin to occur, around t = 7.0 for the high and low nutrient

cases, and during the famine periods (4.0 ≤ t ≤ 6.0, 8.0 ≤ t ≤ 10.0, 12.0 ≤ t ≤ 14.0),
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(b) Non-QS biofilm.

Figure 3.8: The fraction of QS and non-QS biofilms that is cellular biomass, under
various nutrient conditions, for the EPS consumption case. The biofilm is composed
of both cellular and EPS biomass.

the EPS biomass is depleted by the cells which require additional available nutrients,

and the proportion of cells in the biofilm rises. During famine periods, EPS is com-

pletely depleted, until the feast periods restart, and the cells have adequate nutrients

to grow and produce EPS again. After induction occurs (Fig.3.8a), at approximately

t = 9.0 for the high nutrient case, t = 14.0 for the feast famine case, the fraction of

cell biomass in the biofilm begins to decline, with EPS being produced at upregulated

rates.

The numerical values for occupancy, total bacteria, and total consumption at

the end of these six biofilm simulations are listed in Table 3.3. The trends are similar

to the simulations in Section 3.3.2 for the biofilms in which EPS is not consumed.

The greatest occupancy, of all simulations, in fact, is found for the QS biofilm under

feast-famine conditions, followed by the high nutrient condition, and finally for low

nutrient supply. The occupancy is lower for the biofilms which use EPS as a nutrient

source. Occupancy includes EPS, and so when EPS is lost through consumption,

lower occupancies result.
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The non-QS biofilm is again found to have a higher total bacteria cell count

and lower total carbon consumption than for induced QS biofilms, as was also found

for biofilms which did not consume EPS. Upregulated cells have a high nutrient

demand due to the requirement for induced EPS production, and if nutrient supply

is insufficient, non-QS biofilm cells will reach higher populations than QS cells.

Mixed biofilms

Ten additional simulations of mixed biofilms (M0, M1, M2) under the high

nutrient condition were performed, with the EPS consumption process included. Fig-

ure 3.9 shows the development of one mixed biofilm at t = 6.0 (an early development

stage) and t = 13.0 (the end of the simulation). In Fig.3.9a,b, the colour scale rep-

resents the fraction of QS cells, of all cells in the biofilm. At t = 6.0, the individual

QS and non-QS colonies are apparent, note that the furthest upstream colony is

a QS colony. AHL concentrations are well below the threshold for induction. By

t = 13.0, the switch to QS has occurred, resulting in increased growth and expansion

of QS colonies from high EPS production rates. The large, merged upstream colony

is mixed, but dominated by QS cells: M0, M1 > 75%, M2 < 25%.

The fraction of cells and EPS in the biofilm at these times are plotted in

Figure 3.9d,e, with the nutrient concentrations. The nutrient levels are sufficient

at t = 6.0 (Fig.3.9d), and the composition of the biofilm is uniformly 85% cells,

15% EPS. Nutrient supply is plentiful, and induction has not occurred, so the M0

and M2 cells in the biofilm are producing equivalent amounts of EPS. At t = 13.0,

the biofilm composition is quite different. Carbon is severely limited in the mid-
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(a) t=6.0, early development stage.

(b) t=13.0, after induction of QS colonies. QS colonies produce EPS at the induced rate, grow, and
expand.

(c) Colour scale. Fraction of M0, M1 cells.

(d) t=6.0, early development stage.

(e) t=13.0, after QS induction. QS colonies are larger and contain more EPS than the non-QS colonies.

(f) Colour scale. Fraction of cells.

Figure 3.9: An example of a mixed biofilm under high nutrient conditions, EPS
consumption case, before and after induction. Subfigures (a,b) show the distribution
of QS and non-QS cells, (d,e) show the composition of the biofilm by EPS and cellular
biomass.
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channel and downstream. Although the downstream cells have upregulated, they lack

the nutrients required for production of EPS at the induced rate, and the nutrient

deficiencies have caused bacteria cells to consume any available EPS. As a result,

the biofilm is composed only of cells in these nutrient deficient regions. The upmost

upstream portion of the large, merged colony consists of both cells and EPS. In this

area, upregulated cells have access to the nutrients required to produce EPS at the

induced rate, and do not need to consume the local EPS for additional nutrients.

The EPS consumption process allows for more pronounced spatial differ-

ences in biofilm composition to be seen, in comparison to simulations which exclude

EPS consumption. In regions of high nutrient availability, the biofilm comprises bac-

teria cells and EPS - high levels of EPS, if bacteria cells are upregulated - and where

nutrients are lacking, the biofilm is composed entirely of cells, with no protective layer

of EPS. In this example, QS cells outnumbered non-QS cells in the mixed biofilm at

the end of the simulation, and induction occurred. Of the ten repetitions of this

experiment, induction occurred three times, which is more frequent than the one case

of induction obtained in the simulations excluding EPS consumption. The average

QS and non-QS biomass for these simulations is given in Table 3.4, separated into the

biofilms which did and did not attain induction. When induction was obtained, 80%

more QS biomass was present than non-QS biomass, and consumption was almost

five times as high. In contrast, in cases where induction was not obtained, the biofilm

contained 26% more non-QS cells than QS cells, similar to what was observed in the

mixed biofilms excluding the EPS consumption process. Of the three simulations

which induced, two contained QS colonies at the upstream boundary, and one con-
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tained a non-QS colony. Of the seven simulations which did not induce, four had QS

colonies at the upstream boundary, and three had non-QS colonies. This indicates

that placement of a QS colony closest to the nutrient source does not necessarily

imply whether induction will occur or not. In the ten mixed simulations, the QS cell

populations do not decline, but in two simulations, non-QS cell populations decrease

near the end of the experiment. In fact, induction of QS colonies was obtained in

the two simulations in which declines of non-QS cell populations were observed, im-

plying that rises in QS populations could have a detrimental effect on non-QS cell

populations.

3.3.4 Bottom-feeding biofilms

Three additional simulations were conducted to study biofilm development

in an environment where the source of incoming nutrients is the bottom boundary

of the channel. This experimental setup is representative of biofilms which grow

naturally on a nutrient-rich substratum, such as plant root nodules, rather than

relying on nutrients to be flushed into a channel, as our flow chamber setup in the

previous sections modelled. We expect microcolony growth to be uniform, as colonies

receive equivalent amounts of nutrients regardless of their location along the channel.

Flow is included in the simulations, which could impact nutrient distributions, i.e. if

excess carbon present is transported through the channel via convection and diffusion.

This setup may provide insight into the development of QS, non-QS, and mixed

biofilms under ideal growth conditions.

Figure 3.10 shows the growth of QS and non-QS biofilms, without the EPS
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(a) t=5.5. QS biofilm, early development stage, before induction.

(b) t=5.5. Non-QS biofilm, early development stage.

(c) t=9.0. QS biofilm,late development stage (end of simulation), after induction.

(d) t=9.0. Non-QS biofilm, middle stage of development. Cells in the highest point of colonies experi-
ence slight nutrient deficiencies.

(e) t=11.0. Non-QS biofilm, late development stage (end of simulation). Cells in higher parts of the
biofilm colonies experience some nutrient deficiencies.

(f) Colour scale. Fraction of cells (M/M + EPS).

Figure 3.10: Bottom-feeding biofilms: QS and non-QS biofilms grown with nutrient
supplied from the channel bottom. Biofilm colony growth is uniform when food
is supplied from the bottom boundary, and AHL concentration gradients are not
present. The QS biofilm (a,c) grows quicker than the non-QS biofilm (b,d,e), due to
QS-induced EPS production.
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consumption process, at an early stage of development (t = 5.5, Figs.3.10a,b), and late

stage of development (t = 9.0, Figs.3.10d,e). The simulations finish when the biofilm

grows to a maximum height in the channel. The QS biofilm reaches the maximum

height around t = 9.0, and the non-QS biofilm reaches the maximum height later

(t = 11.0). The colour scale represents the fraction of cells in the biofilm, showing

composition of cellular and EPS biomass. Carbon concentration isolines are shown

for the later development stages.

In Figs.3.10a,b, both the QS and non-QS biofilms are quite small. No carbon

limitations are present, and the AHL concentration in Fig.3.10b is approximately

0.30 throughout the entire channel; AHL concentration gradients are not present.

The biofilms are composed of 85% bacteria cells, 15% EPS. By t = 9.0, induction

has occurred for the QS biofilm (Fig. 3.10c). AHL concentrations are very high,

AHL=26.0, again with no spatial concentration gradient in the channel. Slight carbon

deficiencies are experienced by the top of the colonies, which are located furthest from

the nutrient source. The large, merged upstream colonies, typical of flow chamber

simulations, are absent when nutrients are supplied from the channel bottom. As

anticipated, colony development is uniform throughout the channel. Because the

upregulated cells in the biofilm of Fig. 3.10c are producing EPS at the induced rate,

the composition of this biofilm is 50% cells, 50% EPS. The non-QS biofilm at t = 9.0

(Fig.3.10d), is much smaller than the induced QS biofilm, as EPS is produced at the

downregulated rate. The proportion of cells remains at 85%.

The QS biofilm simulation completes when the maximum height is obtained,

around t = 9.0. The non-QS biofilm continues to grow until it too obtains the
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maximum height in the channel (t = 11.0, Fig.3.10e). The biofilm colonies have

merged into one large colony in the centre of the domain, and remain composed of

85% cellular biomass, 15% EPS biomass.

Figure 3.11 shows the growth of a mixed biofilm on a nutrient-rich channel

bottom, at t = 7.0, before QS induction, and t = 9.0, shortly before completion

of the simulation. Figs.3.11a,b show the proportion of QS and non-QS cells in the

biofilm. At t = 7.0 (Fig.3.11a), the AHL concentration in the channel is 0.60, so the

QS cells are downregulated. Only three QS and non-QS colonies have merged at this

point. The composition of the biofilm (Fig.3.11d) is uniformly 85%. By t = 9.0, QS

induction has occurred, and AHL concentration is 19.0 throughout the channel. The

largest merged colonies consist of either 50% QS cells, 50% non-QS cells, or QS cells

exclusively (e.g., the large, merged QS colony at the downstream boundary).

The proportion of cells and EPS differs depending on whether M1 or M2 cells

are present (Fig.3.11e). The biofilm contains greater amounts of EPS (up to 50%)

where upregulated QS cells are found, and remain between 75-85% where the non-QS

cell colonies are growing. The total cell biomass for all the simulations is given in

Table 3.5. The simulations were conducted with and without the EPS consumption

process; only those without EPS consumption are recorded in the table. Because

nutrient limitations were not generally observed with this simulation setup, with the

exception of the highest portions of the biofilm colonies in the late development stages,

the influence of the EPS consumption process was minimal.

The total cell biomass at the end of each simulation is given; the simulation

times differ based on the induction time of QS and mixed biofilms; after induction
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(a) t=7.0. Mixed biofilm, before QS induction.

(b) t=9.0. Mixed biofilm, after QS induction, at the end of the simulation. QS and merged, mixed
colonies experience increased growth and expansion.

(c) Colour scale. Fraction of M0, M1 cells.

(d) t=7.0. Mixed biofilm, before QS induction.

(e) t=9.0. Mixed biofilm, after QS induction, at the end of the simulation. Greater proportions of EPS
are found in the proximity of upregulated QS cells.

(f) Colour scale. Fraction of cells (M/M + EPS).

Figure 3.11: Bottom-feeding biofilms: mixed biofilms grown with food supply on the
bottom of the channel, before and after induction. Figures (a) and (b) show the
fraction of QS and non-QS cells, and Figures (d) and (e) show the fraction of cellular
and EPS biomfass in the biofilm composition. QS and non-QS cell populations are
equivalent upon completion of the simulation, despite the fact that QS colonies occupy
more space.
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Table 3.5: Cell populations at the end of simulation of QS, non-QS, and mixed
biofilms grown on a nutrient-rich substratum, without the EPS consumption process.
The occupancy and total biomass values at the end of each respective simulation
are reported. The non-QS biofilm takes longer to grow to the maximum channel
height, but contains considerably more bacterial biomass than the QS biofilm, which
underwent enhanced EPS production. In the mixed biofilm, QS and non-QS cell
populations are equivalent.

Biofilm Time Occupancy Total
M0, M1

Biomass

Total M2

Biomass
Total EPS
biomass

M0, M1 8.73 0.4356 1033 1503
M2 10.88 0.4668 5208 931

M0, M1, M2 9.23 0.3701 753 754 1162
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Figure 3.12: Bottom feeding biofilm: spatially averaged results of QS, non-QS, and
mixed biofilms grown on a nutrient-rich substratum, without the EPS consumption
process.

those biofilms quickly reach the maximum height. At the end of the simulation, the

non-QS biofilms contain five times as many bacteria cells as the QS biofilms. The QS

biofilms consist of 61% more EPS biomass than the non-QS biofilms. Because QS

biofilms increase their EPS production rates upon induction, their growth is enhanced,

but cell populations do not reach the levels of non-QS biofilms. In the mixed biofilm,

M1 and M2 cell populations are equivalent at the end of the simulation, even though

the QS colonies were observed to occupy more space than non-QS colonies (Fig.3.11).
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Figure 3.12a shows the occupancy for these three simulations. The non-

QS biofilm grows exponentially throughout the entire simulation, as nutrient supply

is sufficient. The exponential growth rate increases when QS induction begins and

initializes enhanced EPS production in the QS and mixed biofilms. The total biomass,

inclusive of cells and EPS, is shown in Fig.3.12b. The growth rate increases first for

the QS biofilm, as all cells upregulate around t = 6.0. Induction is obtained around

t = 8.0 for the mixed biofilm, which is second to undergo an increased rate of biomass

growth. Though growth is the slowest for the non-QS biofilm, when it completes

growing at t = 10.88, it contains the greatest levels of cellular biomass.

The changes in biofilm composition averaged across the domain are shown in

Fig.3.12c. The non-QS biofilm maintains a constant ratio of bacteria cells and EPS.

The fraction of cells declines in the QS and mixed biofilms when induction occurs.

3.4 Discussion

The first question that motivated our study was: how does QS-regulated EPS

production impact the growing biofilm? In particular, what does the biofilm look like

over time, with respect to distribution and composition of cells and EPS? The simula-

tions that help us answer this question are: QS biofilms under high and feast-famine

nutrient conditions (Sections 3.3.2,3.3.3), mixed biofilms in which induction occurrred

(Sections 3.3.2,3.3.3), bottom-feeding QS and mixed biofilms (Section 3.3.4).

We found that colony growth was so greatly enhanced following QS induc-

tion, due to upregulated EPS production rates, that upregulated biofilms rapidly fill
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the channel with biomass. When bacteria cells upregulate in a region of the domain

where nutrient supply is abundant, upregulated cells have access to the nutrients re-

quired for EPS production at the maximum rate (ten times the downregulated rate).

If cells are upregulated, but located in a region of nutrient scarcity, upregulated EPS

production reactions cannot occur, and so colonies do not undergo enhanced expan-

sion. This was frequently observed in the simulations - a large, upregulated upstream

colony has full access to available nutrients, grows and fills the channel, and the

upregulated downstream colonies remain small. When food is supplied from the bot-

tom boundary, biofilm colony growth is homogeneous, and we do not observe spatial

variations in colony size or gradients in AHL concentrations. Before QS induction,

biofilm composition is generally 85% cellular biomass, 15% EPS. After induction, the

composition changes to approximately 50% cells, 50% EPS. This composition differs

greatly if the EPS consumption process is modelled. In places of nutrient deficien-

cies, EPS may be completely consumed by the bacteria cells, to the extent that the

biofilm consists only of cells (generally in the mid- to downstream region), and only

the portion of the biofilm closest to the inflow boundary contains a protective layer

of EPS.

We were also interested in investigating, when does QS-regulated EPS pro-

duction provide a benefit to the biofilm? Several factors are considered in determining

whether one biofilm was more successful than another - occupancy, total cell biomass,

and consumption. QS biofilms have higher occupancies than non-QS biofilms; simi-

larly, QS colonies in a mixed biofilm occupy a greater amount of space than non-QS

colonies once induction has occurred. The high occupancies are a result of increased
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levels of EPS. In situations when high EPS is beneficial to a biofilm, for example, pro-

tection of bacteria cells from environmental hazards, such as detachment, antibiotics,

or grazers, the use of QS-regulated EPS production is considered a beneficial strat-

egy. The non-QS cells which have merged with upregulated QS colonies (in mixed

simulations) therefore experience benefits from the thick EPS layer as well.

However, in nearly all simulations, non-QS cells outnumbered the QS cells.

This occurred in strictly QS and non-QS biofilms, mixed biofilms when food was

supplied from either the inflow or bottom boundaries, with and without the EPS

consumption process. These findings show that QS-regulated EPS production does

not provide a benefit to the biofilm in regards to achieving a high cell population,

which is one potential objective of the bacteria cells residing in a biofilm. Upregulated

bacteria cells have a high nutrient demand, and if this demand is not met, growth of

upregulated cells cannot occur. Another cause of low upregulated cell populations in

QS biofilm is the high production rate of EPS in upregulated colonies - the expanding

upregulated colonies have high proportions of EPS, and quickly clog the channel. In

contrast, non-QS biofilm colonies take much longer to grow to the point that the

channel is clogged, but the biofilm is composed primarily of cells.

In the mixed biofilm simulations in which nutrients were supplied from the

inflow boundary, induction occurred in only four of the twenty simulations. The intro-

duction of non-QS cells into a domain with QS bacteria may therefore be considered

a strategy for the prevention of quorum sensing. Three of the four mixed simulations

in which induction was obtained occurred when EPS consumption was permitted. In

two of these cases, non-QS cell populations declined as QS cell populations grew. Re-
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source requirements are considerably higher for QS cells. If adequate nutrient supply

can be secured, either by locating a colony near the nutrient source or utilizing EPS

as a secondary food source, then it is possible for QS cell populations to be greater

than non-QS cell populations. In a mixed environment, clogging of the channel by

QS-induced colonies may prevent non-QS colonies from receiving nutrients, causing

their populations to suffer declines. When EPS may be consumed, non-QS cells could

benefit from the additional nutrients produced by upregulated QS colonies.

We found that overall, QS-regulated EPS production rarely provides a ben-

efit to a biofilm with the objective of achieving a high cell population. However,

maximizing offspring generation is not necessarily the best strategy under all con-

ditions. QS-regulated EPS production would be beneficial if the objective of the

bacteria cells in the biofilm is to clog the channel as quickly as possible. An upregu-

lated biofilm colony located near the nutrient source (i.e., the inflow boundary) may

use QS to increase its volume, clog the channel, and secure its supply of nutrients

while starving downstream colonies. This is a competitive advantage for a colony,

whether it is located in a QS biofilm (indicating intra-species competition),or in a

mixed biofilm (inter-species competition). In any space-limited environment, includ-

ing environments in which nutrients are supplied on the bottom boundary, channel

clogging may be considered a beneficial strategy for bacteria cells to use. In the study

by Koutsoudis (2006), it was shown that biofilms developing in plants stems used QS

to clog the xylem (plant vessel used for water and nutrient transportation), securing

nutrients for themselves. Channel clogging occurs earlier for QS-induced bacteria.

Non-QS biofilms do reach the point of channel clogging, but at a later time, and with
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a higher cell population - implying that the nutrients must be divided amongst more

individuals. Individual colonies in patchy biofilm communities have an antagonistic

interaction (some colonies benefit at the expense of others) through utilization of an

exploitative competition strategy - the upstream colonies reduce nutrient resources

in the environment, depleting the resource required by the downstream colonies. If

cells wish to out-compete another cell population in a biofilm, of their own species

or a different species, QS-controlled EPS production can provide an advantage. The

drawback is that nutrient supply must be abundant, as upregulated cells have a high

nutrient demand. Also, QS colonies competing intraspecifically within their envi-

ronment take a risk that their signal molecules will be transported via diffusion and

convection, upregulate colonies located further downstream, and induce downstream

bacteria into the state of high growth and consumption.

The tabulated results showed that on a population level, QS biofilms suffered

lower cell populations. However, the spatial distributions in the 2D visualisations that

were qualitatively analyzed further demonstrated that for individual colonies, clog-

ging the channel with biomass may be a beneficial strategy. Individual cells within

microcolonies are genetically related, and have the ultimate objective of maintaining

their own genes and reproducing in the future. To optimize survival of their genes in

the colonies, and ensure survival of their offspring, bacteria cells would be interested

in surpressing other colonies. In the event of a structural reorganization or detach-

ment/reattachment, the upstream colony has an advantage, in that their genetically

similar offspring will continue to succeed.

QS-regulated EPS production may also provide a benefit to the biofilm if the
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objective of the bacteria is to maximize EPS because of its protective properties, for

example, mechanical stability and protection from grazers (Flemming et al., 2007).

However, the high nutrient demand of upregulated bacteria cells comes at the price

of cell populations. The question arises of why EPS production would be associated

with quorum sensing, that is, why would cells wait until upregulation to produce

EPS at higher rates, versus always producing EPS at enhanced levels? A minimum

thickness of an EPS layer is required for effective protection of cells from a hazard,

such as antibiotics. If a cell population is small, much energy would be expended to

produce a layer of EPS which may not provide adequate protection. Coupling EPS

production with quorum sensing ensures that a sufficient colony size is obtained such

that the cost to produce EPS is returned by the benefits of a protective layer.

3.5 Conclusions and further work

In this study, we developed a mathematical model of quorum sensing in

biofilms which incorporated an effect of quorum sensing on biofilm growth: upreg-

ulated cells produce EPS at an increased rate. Through simulations, we investi-

gated quorum sensing, non-quorum sensing, and mixed biofilms under various nutri-

ent regimes and the biological process of EPS consumption. Our results indicated

that upregulated biofilm colonies rapidly filled their space-limited environment with

biomass, and upregulated biofilms consist of relatively equal proportions of cellular

and EPS biomass. When EPS is consumed, however, extreme nutrient deficiencies re-

sult in biofilms comprised purely of cells, with little to no EPS present. In comparing
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quorum sensing to non-quorum sensing biofilms, or individual colonies in mixed en-

vironments, it was found that non-quorum sensing biofilms generally obtained higher

cell populations, and upregulated quorum sensing biofilms obtained greater occupan-

cies. In mixed simulations, non-quorum sensing colonies frequently prevented quorum

sensing induction. A biofilm will benefit from using quorum sensing-induced EPS pro-

duction if bacteria cells have the objective of acquiring a thick, protective layer of

EPS, or if they wish to clog their environment with biomass as a means of securing

nutrient supply and outcompeting other colonies in the channel, of their own or a

different species.

We found that quorum sensing-upregulated biofilms consumed a greater

amount of nutrients than non-quroum sensing biofilms, despite the higher cell popu-

lations of non-quorum sensing biofilms. This observation may be practical for wastew-

ater and environmental engineering applications, in which biofilms are used to purify

water or remove contaminants by consuming substrate. A small population of upreg-

ulated bacteria may be more effective than a larger population of non-quorum sensing

bacteria for the removal of substrate.

Limitations of our model and simulation setup include the narrow simulation

space. We chose to model biofilm growth in narrow channels, and because upregulated

biofilm colonies expand rapidly, the observation period of a quorum-sensing induced

biofilm is brief. Other experimental setups that allow for long-term biofilm develop-

ment could be of interest; our model is intended to describe only the initial stages

of biofilm growth in a reactor system representative of space-restricted environments

with fluid flow, such as soil pores.
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We were successful in using our model to observe connections between

biofilm growth, quorum sensing, and EPS production. Our study could be extended

to test biofilms that use quorum-sensing induced EPS production under the scenarios

which we speculated biofilms would benefit from high levels of EPS, for example,

when grazers or antibiotics are present. Future work in biofilm and quorum sens-

ing modelling is required to continue to investigate how biofilms respond to quorum

sensing induction.
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Chapter 4

Conclusion and Future Work

The objective of this study was to understand how biofilm growth impacts

quorum sensing, and also how quorum sensing may influence biofilm growth. The first

paper detailed the development of the convection-diffusion-reaction model describ-

ing biofilm growth, signal molecule production, and induction of bacteria cells, in a

hydrodynamic environment. Numerical simulations demonstrated relations between

nutrient availability and induction times, as well as the phenomenon of inter-colony

communication. In the second study, production of EPS was explicitly modelled.

Upregulated cells increase their rate of EPS production, leading to increased biofilm

colony growth under ideal nutrient conditions. Though biofilms that employ a quo-

rum sensing-regulated EPS production strategy will have lower cell populations, their

thick layer of EPS will provide protection from potential environmental hazards, and

the competitive ability to secure nutrient resources for themselves and restrict nutri-

ents from being available to neighbouring colonies. This research may be improved

by revisiting the assumptions made for the described reactor setup and the associ-

ated boundary conditions for the model. Currently, the model is intended to describe

biofilm growth within a long, narrow channel. In a space-limited environment, the

observation period for a quorum sensing-induced biofilm is brief; changing the reactor
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setup may allow for the study of biofilm development on a longer time scale. Because

this model includes the two-way relationship between biofilm growth and quorum

sensing, this model may be used to further investigate the problem of biofilm control

through manipulation of environmental conditions that govern quorum sensing. In

the second study, it was suggested that biofilms that use quorum sensing-regulated

EPS production would have an advantage in the presence of grazing predators or

antibiotics over non-quorum sensing biofilms which produce EPS at a standard rate;

this speculation may be validated in future work.


