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Abstract

A mathematical model for dispersal phenomenon in multispecies biofisadban a continuum approach and mass conservation
principles is presented. The formation of dispersed cells is modeledrsidesing a mass balance for the bulk liquid and the
biofilm. Diffusion of these cells within the biofilm and in the bulk liquid is descrilbisthg a diffusion-reaction equation. Diffusion
supposes a random character of mobility. Notably, biofilm growth is mdd®aJea hyperbolic partial differential equation while
the diffusion process of dispersed cells by a parabolic partial diffi’leaguation. The two are mutually connected but governed
by different equations that are coupled by two growth rate terms. Thiodegical processes are discussed. The first is related
to experimental observations on starvation induced dispersal [1]s@¢wnd considers diffusion of a non-lethal antibiofilm agent
which induces dispersal of free cells. The third example considersrdsiinduced by a self-produced biocide agent.

Keywords: Multispecies biofilms, Biofilm motility, Biofilm dispersal, Nonlinear hyperbolidgrarabolic partial differential
equations, Numerical simulations, Free boundary problems.

1. Introduction

Biofilms are microbial aggregates organized as microcekand encased in a matrix of highly hydrated esopoly-
saccharide substances (EPS). These microbial aggregatdsecattached to a living or inert surface (substratum)
or constitute suspended cell aggregates defined as floatfiims (e.g. flocs or granules), which are not attached
to a surface but which share the characteristics of a biofultispecies biofilm can form stable microconsortia,
develop physiochemical gradients, and undergo horizagyg@aé transfer and complex cell-cell communication [2].
This structure might even be considered as an immobilizegrea system in which the milieu and the enzyme
activities are constantly changing and evolving to an axiprately steady state. This steady state can then be rhdical
altered by applying physical forces such as high shear,aoexiernal or internal reactions that cause the detachment
and loss of regions of the biofilm [3]. Further, they are hegeneous: several studies show that microbial biofilms
are highly hydrated open structures containing a highifsaaif exopolymers and large void space and channels [4].

The organization of these complex surface-associated cmities enables their microorganisms to develop coor-
dinated and efficient survival strategies. Although theltésy survival ability is useful from the microbial stanuipt,
the persistence capacity of biofilm can be detrimental. Bigfimay cause chronic infection, parasitism phenomena
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in animals and plants, biodeterioration of historical tagyé objects, and engineering and industrial systems. As a
result, biofilm related problems present significant s@@onomic costs [5].

In the last two decades, there have been many experimentat@eb that have clarified the structure, function and
genetic expression of biofilms. These experiments haveledestriking commonalities between different species
[6]. One such commonality is the biofilm "life cycle” [7] whicdescribes the development of biofilm system. The
formation of a biofilm is a complex and dynamic process forrhgdseveral steps: surface adhesion of bacteria,
formation of an attached monolayer and cell proliferationicfocolonies), development of a mature biofilm, and
dispersal as schematically depicted in fig. 1. In contrapassive dispersal, resulting from sloughing of cell clisste
and erosion from the biofilm, the production of specific dispécells at the final stage of the biofilm life cycle is an
active and highly regulated response [8]. Stress as a m@Shidtbitat decay (e.g. resource depletion, cell compaetitio
for space) is the most cited explanation for the evolutiothefdispersal phase in a biofilm [7]. We note as an aside
that a consequence of these observations is that new retmiofiftn strategies have been proposed: the idea is not
to kill the microrganisms but to induce them to disperse sEpproach offers an elegant way of biocide-free biofilm
removal [9].

In complement to recent and extensive experimental agtsitmplex mathematical models and numerical simu-
lations have been proposed to investigate developmenttstes, and ecological interactions of biofilms [10, 11, 12
While there is a substantial amount of literature availalbleletachment models for biofilms, little attention has been
directed towards motility and dispersal in biofilms. Onlyeavfpapers propose models which include mechanisms for
biofilm dispersal: a cellular automaton model for nutriemtifed dispersal was presented in [10, 12, 13, 14, 15] and
an individual based model for detachment induced by EPSbosen was introduced in [16]. A partial differential
equation based model for cells dispersal was presented]nyhere the authors modeled the dynamics of quorum
sensing induced bacterial cell dispersal in growing bidfilQualitative analysis of this model has been recently pre-
sented in [18]. Here, a mathematical model able to descigpetsal phenomenon as a response to diverse external
stress cues, is presented. As examples, the cues trigdbeéminenomenon such as substrate starvation, presence of
toxic substances or an auto-produced biocide agent haveifidaded in the model. Moreover, the model describes
the biofilm dynamics under these stress situations througgwaand original pathway for biofilm evolution. To this
end, a previous motility model is further developed in ortedescribe the diffusion of planktonic cells originating
from dispersal and to highlight the impact they can exertheneicological functionality of biofilms.

The approach is based on a continuum model in one space dondi$, 20, 21, 22, 23] with the intention
of predicting biofilm growth, spatial distribution of mids@l species, substrate trends, attachment and detachment
and in particular biofilm dispersal and the motility of theuéing dispersed cells. The model is based on empirical
observations revealing that the biofilm is not a completeipénetrable structure, but rather can be considered as
an environment where bacteria can move partially freelyesehfree bacteria can be responsible for a number of
phenomena (e.g. invasion, horizontal gene transfer (H@i$persal) relevant to biofilm colony development. Many
experimental studies have been devoted to elucidatioreahin mechanisms which underly dispersal. In particular,
the main causes have been proposed to be related to lackrefmsitor presence of inhibiting substances. In [1],
the authors showed that the beginning of the dispersal ptwineides with the formation of necrosis zones, where
the active biomass, constituted by active cells, is hydmdyleading to the formation of dispersed cells which releas
in the biofilm and then into the bulk liquid. The release ofpéised cells causes the formation of voids resulting
in an increase of biofilm porosity. Mathematically, the degience of dispersal on substrate dynamics can be taken
into account and in particular the phenotypic change frossiteto planktonic can be modeled by considering the
inactive biomass as an intermediate particulate componéfiten dispersal occurs the active biofilm biomass has
been modeled to stop its normal metabolic activities andcéwid an inactive status. The resulting inactive biomass
has been modeled to evolve to inert material or to dispersksl d-ormation of voids has been incorporated in the
model by considering a direct dependence of biofilm poramityhe release of free cells. Motility of dispersed cells
has been modeled by considering a mass balance for the Quikl iand the biofilm. Diffusion of dispersed cells
within biofilm and in the bulk liquid has been described byngsa diffusion-reaction equation, supposing a random
character of mobility. The model demonstrates the podsiltiiiat the resulting dispersed bacteria can colonize a new
area characterized by favorable environmental conditions

Notably, growth is modeled by a hyperbolic partial diffeiehequation and diffusion of dispersed cells by a
parabolic partial differential equation. The two are millfuaonnected but governed by different equations that
are coupled by introducing two growth rate terms. The firgtoiduced in this work, arises from inactive biomass
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Figure 1. Biofilm life cycle.l) Motile cells colonize a clean surface. Il) Development oftte single-species microcolonies and EPS production.
1) Biofilm colonization of invading microbial species. Loss of biomass (cell clusters) due to mechanical detachmentoss of biomass
(motile cells) due to dispersal.

concentrations in the hyperbolic equations governing Ioioflevelopment. This term is connected with parabolic
equations governing diffusion processes for dissolvedtsates and reproduces the dispersal process. The second
takes into account colonization processes [24]. Overalbbtain a hyperbolic free boundary value problem with
non-linearities for the biomass distribution and a semedir system of second-order boundary value problems for
the substrates and the dispersed cells in the biofilm. Natenith boundary conditions on the microbial families are
prescribed. This important feature provides generalithéomodel and can be useful in simulating real situations.

As will be elucidated in Section 2, dispersal can strongfgcifthe evolution of biofilm in several cases. The
aim of the proposed model is to analyze these biologicahtdns not accessible to existing models. In particular,
the model is applied to three illustrative cases. The fireaised on the experimental observations of Schleheck et
al. [1] and traces the dynamics ofRseudomonas aeruginogBA) biofilm which experiences dispersal induced
by nutrient starvation. The second involves the presen@eradn-lethal antibiofilm agent (i.e. does not affect cell
viability but does induce a dispersal response) which fietes with active PA biomass and induces dispersal. The
third concerns mathematical modeling of auto-inducedatisgd due to the self-production of a biocide. Numerical
simulations provide results in reasonable agreement Wwétekperiences and confirm the capability of the model to
predict biomass distribution, substrate concentratiends over biofilm depth, release of dispersed cells and their
further diffusion within the biofilm to the bulk liquid.

The paper is organized as follows. Section 2 introduce®bichl details concerning dispersal mechanisms. In
Section 3 we present the developed model describing themdiabphase and its effects on biofilm evolution. In
Section 4 some qualitative properties of solutions are gatpwnainly to show consistency of the model. Section 5
describes three experimental cases to which the new modppiged and presents the numerical results. Finally, in
Section 6 we present conclusions.
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2. Experimental observations

Depletion of resources and competition for space are ysc@atisidered as the main factors affecting the evolution
of the dispersal phase in biofilms. Several theories argippa@ted by experimental results [25, 26], that many cells
in biofilms appear to be in stationary phase. In stationagsplihe cells are able to change their status from sessile to
motile when adverse conditions occur. Dispersal plays adeyin biofilm development.

It was observed that when biofilm populations are subjectggidwth limiting conditions and/or adverse environ-
mental conditions, aggregates may disperse and a sigrificamber of single cells are released (seeding dispersal)
[1]. Dispersal is not only a phase of the biofilm life cyclet biso can be an active regulated response when adverse
conditions arise. During the last two decades there have b®my studies investigating environmental cues that
trigger dispersal from biofilm. These cues fundamentalfiect the variation in habitat or environmental stresses,
including reduced availability of nutrients (carbon oragen source), oxygen depletion, change in temperatugh, hi
or low level of micro nutrients (e.g. heavy metals), and pnee of inhibiting agents. Active dispersal from biofilm
can be preceded by the formation of necrotic zones withimthture biofilm structure [7]. For some well-studied
biofilm systems, it has been possible to determine that eathdwithin biofilm plays a crucial role in regulating
dispersal. Indeed, in Gram negative motile species, digparvolves the death and lysis of a subpopulation of cells
located in the center of the colony with the simultaneousas of highly motile cells (e.g. dispersed cells). The dead
cells provide nutrients for the dispersing ones. Furttherrelease of dispersed cells results in formation of vands a
a consequent increase in porosity. Residual biomass shslivsyaand sparse texture, and appears to lack viable cells
[1].

Decreases in nutrient concentration have been correlatadfilm dispersal [27]. For example, work of Schleheck
et al. [1] shows the evolution of dispersalin response tt lsatbon source (glucose) depletion and oxygen depletion
for a pseudomonas aeruginosa PAQ2A) biofilm. More precisely, experimental results showttivaen starvation
occurs, dispersal rapidly ensues and a significant numbdispérsed cells are released. In the work of Gjermansen
et al. [28], the molecular mechanism triggered by carbonrcdepletion for @seudomonas Putidaiofilm is
described. They show that nutrient starvation results edaction in levels of the adhesin LapA, a major component
of biofilm matrix.

Dispersal can also be induced by oxygen starvation (hypoxi@anoxia), an environmental stress that is often
experienced by biofilm cells. In many biofilm systems, oxygepresents the least available substrate due to its
relatively poor water solubility. It has also been demaatsid that nitric oxide (NO) can play a role in the regulation
of dispersal in biofilm. External addition of nontoxic contmtions of NO in the nanomolar range was found to
induce dispersal in PA biofilm. Other studies have identifi&d as an important factor in the regulation of biofilm
dispersal and survival iS8taphylococcus aurewnd various single and multispecies biofilm [29]. In parftculow
concentrations of NO were shown to induce a transition froendessile mode of growth to the motile planktonic
phenotype [30].

3. Mathematical model

3.1. Model assumptions

In this section, we develop a mathematical model capableacking the dynamics of a mature multispecies
biofilm experiencing a dispersal phase, with particulagraton to modeling of planktonic cells’ release from biofilm
matrix and subsequent mobility within the biofilm and in thékbliquid. The biofilm is assumed to grow in one
space direction, denoteg] perpendicular to the substratum locatedz at 0. Naturally occurring biofilms consist
of microbial communities of different species, coopemtihrough commensal interactions or competing for space
and common resources. Thus we introdaagifferent particulate components some or all of which cdeddactive
microbial species (total numbét < n), or other quantities like phenotypic variants (i.e., im&microbial species),
extracellular material, inert biomass, free water, etacheexpressed in terms of concentratidhs- p; fi(z t) or, as-
sumingp; constant, equivalently in terms of volume fractioing, t) with 3.1, fi = 1. In particular, according to [21]
pi Is assumed constant in time and in space but with differemstemts in each biofilm component. The active mi-
crobial species consunmedissolved components, named substrates and expresseaisdeconcentrationS;(z t),
j=1..m S=(Sy,..,Sn). Substrates are transported by Fickian diffusion frombthi& liquid to the biofilm [21],
where they take part in microbial metabolism. Over the a@wifsa biofilm life cycle, active microbial species might
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Figure 2. Conceptual representation of the mathematical mdtielbiofilm growth process is modeled by a system of hypecipaiitial differential
equations. Substrates and dispersed cells are modeled tsysians of parabolic partial differential equations.

experience variation in their habitat or environmentalliqyancluding variation in availability of nutrients (ckon
or nitrogen source), oxygen depletion, change in tempexahigh or low level of micro nutrients (e.g. heavy metals),
and the presence of inhibiting agents (e.g. (cis)-2-ddceauid, transbromoageliferin (TAGE)cis-bromoageliferin
(CAGE), Oroidin derivates, etc.). Under these conditi@mne of the active microbial cells constituting the biofilm
are assumed to switch their phenotypic state from sessifgatiktonic giving rise to the so called dispersal phe-
nomenon which results in the release of dispersed celleiageous phase, here modeled through Fickian diffusion.
The diffusion of dispersed cells from biofilm to bulk liquit@vice versa, has been modelled by using a diffusion-
reaction equation, following the approach introduced #][Z his implicates that the volume of dispersed bacteria is
zero instantly. This assumption is based on the approxamaliat the volume occupied by the single planktonic cells
is negligible compared to the volume associated to the diioéitm components. Spread through diffusion supposes
random mobility. Different characterizations of bactenevement are possible by considering a diffusion constant
dependent on biofilm composition or by using chemotactiedilven mobility. In addition, the release of dispersed
cells has two effects: the first is an increase in biofilm pityadue to the loss of cell biomass, the second is an in-
crease in undispersed, inert material due to the loss ofeviadils from the biofilm matrix. The increase of porosity
balances the loss of volume due to the release of viablew#hsut affecting the biofilm thickness, with the respect
of the conservation of volume. The concentration of dispersells is defined by the variablgg(z t), i = 1,..,N.
Furthermore, detachment represents the only biofilm logs tindeed, the framework presented in this work does not
allow the biofilm to contract (reduce in thickness) due t@disal as the conversion of inactive bacteria into disperse
cells is counterbalanced by the increase in biofilm pordifsac

Altogether, the model is formulated as a system of partf&dintial equations which can be grouped as follows.

3.2. Equations for biofilms
The dynamics of particulate components are governed bydhatens
ofi 0

Z+ 5D =Ru@Lhg S, i=1..n 0<z< LD, t>0, 1)
5
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where
Rwi = rmi(zt,f,9) + reai(z t, 4, S). (2)
Summing egs. (1) onand requiringy}, fi = 1 yields

‘9“ ZRM,(Ltfsz) 0<z<L(t), t>0. 3)

The hyperbolic equations (1) describe the evolution, incepand time, of microbial species in the biofilm as a
convective flux regulated by the bioconversion of organtesstates and by the phenomena of dispersal and invasion
through the ternRy;. More precisely:ru;(zt,f,S) is the specific growth rate of a microbial speciedue to the
bioconversion of substrates, ang,i(z t, ¥, S) denotes the specific growth rate due to the conversion aéhatcells
from planktonic to sessile status, which characterizesrbasion/colonizing phaenomena. This last term was first
introduced by the authors in [24]. Note that equations (&)esed to describe the dynamics of active microbial species
as well as all particulate components which constitute tb&lim, including inert biomass, EPS and voids. Note that
inert material is surrogated as a fictitious microbial speevhose growth derives from the decay and inactivation of
active biomass. EPS production is related to biomass mietabf81], while formation of voids depends on dispersal
phenomena. Eq. (1) is written in general form, though of seufor some components (i.e., inactive biomasses,
inert, EPS, voids), the term,; can be zero. Indeed, sorption phenomena, for example passipestration of dead
cells or inert particles, transported by the flow field andter entrapped into the biofilm matrix are not described by
Fcol,i (Za t, ‘/” S)-

The following initial conditions are considered for Eqs) &hd (3)

fi(z0)=¢i(2,i=1,..,n0<z< Lo, (4)

where the functiong;(2),i = 1, ..., n, represent the initial volume fractions of microbial sscand condition(0,t) =
0 is a no flux condition between substratum and biofilm.

3.3. Equations for motility of dispersed cells

Consider a control volume{—2z)A, with Arepresenting biofilm area parallel to the substratum, andtgeyw;(z t)
the flux of planktonic species acro8&). The mass balance for species in planktonic statd, ..., N, is

o Z> Z2 22
A& f wl dz: A[WI (Zla t) - Wi (22» t)] - Af rCOLI,[/i dZ+ Af rdispwidz
At

4} Z

2 0y fzz oW sz “
—— dz=- — dz- F coly: dz+f I'dispy; A2 (5)
L ot 5 9z . coly . ispy

wherer gispy, represents the production rate of dispersed cells duepeidial andcy, ; denotes the planktonic species
loss term due to attachment. Note that the tesigp,,, introduced here depends on both the concentration of biadro
species and of substrates within the biofilm and is intendedddel the phenotypic change from sessile to planktonic.
Equation (5) holds for any control volume, - z)A, therefore the integral functions are equal and the integirabe
dropped, leading to the following differential equation

awl (WI) =Ry, Ryj = ldispui (Z 1, X, S) = reowi(Z 4, ¥, S). (6)

According to Fick’s first Iaw, the flux of colonizing speciewithin the biofilm is proportional to the diffusivitid;
and may be expressed as

0
W = ~Dyy; . (7)
Substituting eq. (7) into equation (6) leads to
3% 0 alpl
6t_az(D ) Rizty.X,9),i=1..,n 0<z<L(t), t>0, (8)

6
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whereDy; denotes the diffusivity coefficient of planktonic speciest,i(z t, ¥, X, S) is the species conversion
rate into the planktonic state and describes the consumfaaonization phenomena) and/or the excretion (dispersa
phenomena) of free cells.

Initial-boundary conditions for for Egs. (8) are prescdlzes

iz 0) = Yio(2).i = 1,..,N,0 < z< L(0), (9)

i
0z
The functions)ip(2) denote the initial concentrations of planktonic specighiwthe biofilm. Condition (10)follows
from no flux conditions at the substratum. The second canditi (10} assigns planktonic species values on the
moving boundary z=L(t). The functiong'(t) represent the concentrations of planktonic species irbtitie liquid
(assumed uniform in space). They can be prescribed or defisen mass balance equations within the bulk liquid.
A special form of such mass balance will be introduced iniSed.

0.) =0, yi(L(t),t) =y (t).i=1,....Nt>0. (10)

3.4. Equations for substrates

Substrate profiles are governed by the equations
IS TG dS;
s a_z( Sig;

standard reaction-diffusion equations governing sutestransport from bulk liquid into the biofilmrs;(zt, X, S)

is the conversion rate of substrgtand describes consumption (substrate uptake from midrbi@ienass occurring

during the metabolism process) and/or production (caii&ispl Ds ; denotes the diffusivity coefficient of substrgte
Initial conditions for substrates are

): rsj(zt.X.9), j=1..m 0<z<L(t), t>0, (11)

Sj(z0)=Sj(2,. 0<z< Lo, j=1,..m (12)

and boundary conditions are
0S; . .
E(O’t) =0, Sj(L®).t)=Sj(t), t>0, j=1,...m (13)

Conditions (13) are no flux conditions at the substratum. On the free bourmary (t), the functionsS}*(t) are the
concentrations of the substrates in the bulk liquid, whaimmilarly to dispersed cells, can be assigned or required to
satisfy a mass balance equation in the bulk liquid. A spdorah of such mass balance will be introduced in Section
5.

3.5. Free boundary
Consider the global mass balance orL[@)] and denote by;o,;(t) andpioq;(L(t)) respectively the attachment and
detachment terms.
5 (O®
at Jo
Summing on and using (3) and the second equation of (4) yields

L(t)
pifidz=picai — pioy; +f piRv;dz i=1,...,n,t>0. (14)
0

Lt) = u(L().t) + 7a(t) - oa(LO). t> 0.0a(t) = Y. a0 = D o (15)
i=1 i=1

Eqg. (15) governs the evolution of the biofilm free boundarheveL(t) denotes biofilm thicknessr,(t) is the at-
tachment biomass flux from bulk liquid to biofilm, ang{(L(t)) is the detachment biomass flux from biofilm to bulk
liquid. The initial condition for equation (15) is the iratibiofilm thicknesd.(0) = L.

7
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3.6. Complete model

The free boundary value problem is now completely descrifyethe following set of differential equations: the
hyperbolic egs. (1) for the biofilm volume fractions, the Amear parabolic egs. (8) for dispersed cells concentra-
tions, the semi-linear parabolic egs. (11) for substrateentrations and the two ordinary eqgs. for the velocity ef th
microbial mass (3) and the free boundary evolution (15).

The complete model takes the following form:

2+ Z(uf) =Rwizt.y. 1,9, 0<z< L(D), t>0, (16)
fi(z0)=¢i(2), i=1,..,n, 0<z< Ly,
M=y Ruiztf,9), 0<z< L(t), t>0, 17)
u(0,t) =0, t > 0,
L(t) = u(L (). 1) + a(t) = Ta(L (D). t> 0, 18)
L(0) = Lo,
A - 2 (Dwi%) =R, (zty.X.9), i=1.,N0<z<L(t), t>0
Yi(z0)=0, 0<z< Lo, 22(0.1) = 0, yi(L(1). 1) = v (1), (19)
i=1..N, t>0,
& - 2(Dsj %) =rsj(zt.X.S), j=1..m0<z<L(t), t>0,
Si(2.0) = Sjo(2), 0<z< Lo, 21(0,1) = 0, Sj(L(t), 1) = SHOB (20)

j=1..,.m t>0.

The hyperbolic equations are used to model the active mrepecies (active biomasses) dynamics as well as other
components constituting a mature biofilm (e.g. inert mateEPS). Other components are introduced in the form
of the inactive microbial species or inactive biomasses [after can be considered as intermediate states between
active and inert biomasses (fig.3) and are preparatory pedial (see Section 2). During the dispersal phase, imactiv
biomass becomes inert with the simultaneous release cdisg cells reproducing the necrotic zones experimentally
observed in [1] (see 2).

We specify indices in system (16)-(20) as follows. Desigrthe active microbial species by the indexes
1, .., N; the inactive microbial species by the indexesN + 1, .., 2N; inert materials by the indeix= 2N + 1; EPS by
the indexi = 2N + 2 and the liquid content by the indéx 2N + 3.

For the specific studies presented here, the kinetic teg(g, t, X, S) for the active microbial species can be
expressed as follows:

rmi = (1 — Kepsi)ui — Kaj — i) fi, 1=1,..,N, (21)

The term (1- Kgpsi)ui represents the specific growth rate of the active biomasgaltre uptake of substrateg;
is the net biomass growth rate of active microbial spetiés= 1,...,N. Kgpsi denotes the fraction of consumed
substrates which is converted in EPS [32]; is a decay constant and reproduces the natural death ofbiatoells
[23]. w1 is the specific inactivation rate and models the formatioima€tive from active biomass.

The inactive biomass is composed by the cells that expezian@adverse habitat. These cells do not have active
metabolic function (e.g. uptake of the substrates, pradodf by-products) and thus do not interact with substrates
The kinetic term modeling the formation of inactive biomassxpressed by

M = M fi—N — k|27i fi, i=N+ 1, ceey ZN, (22)

where the first term on the right side { fi_n) denotes the inactivation rate, as in eq. (21), and the seooa models
the degradation of inactive biomass. The degraded inabior@ass will give rise to the formation of inert material
and active dispersed cells. The release of free cells wiltrd@ne the pore fraction increasé,; represents the
constant decay rate of the inactive microbial components.

Inert biomass results from both the natural decay of theeattiomass and the degradation of inactive biomass.
According to experimental results, the residual biomass gispersal shows a slimy and sparse texture and appears
to lack viable cells [33] and thus can be considered as id¢riherefore the reaction term is expressed by

8
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Figure 3. Biofilm pathways. During dispersal, the activefibliobiomass stops its normal metabolic activities and swit¢bean inactive status.

The resulting inactive biomass evolves to inert or to disgerells. The formation of voids is modeled by considering ealidependence of
biofilm porosity on the release of free cells.
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rM2N+1—de fi + Z a1iki2;fi, (23)

i=N+1

Wherezi’\z'1 kq; fi is the production rate of inert material due to natural dexactive biomasses. The telﬁszN+1 a1ikig;fi
models the formation of inert from inactive biomasses and< 1) expresses the fraction of inactive biomass which
becomes inert.

The formation rate of EPS resulting from the microbial metasm is

N
'M2N+2 = Z Kepsiui fi. (24)
i=1
Dispersal influences the biofilm porosity. As mentioned,ré#gdual biomass after dispersal shows a thin texture
with higher porosity. The pore volume fractids, 3 is assumed to be constituted by two parts having differagire:
the firstfon,z1 represents the innate porosity of the biofilm while the sdamre fay.32 derives from dispersal. Innate
biofilm porosity is modeled by following the approach firstroduced by Wanner and Reichert [22] who considered
a reaction term foifan,31 such that the production of particulate mass does not d&ininate biofilm porosity. In
the present study, the same result is obtained by introdubimfollowing reaction terms fon.31 and fan.z2 in €q.
(161

f IN+2
IN+3.1
rMoN+s” = ———— Z I'wi + Z aziki2ifi], (25)
- fonsaa A
2N
Fmones” = Z azikio;fi, (26)
i=N+1

wherery on.3™ represents the production rate figg .32 due to the dispersal phenomena ang= 1— a;; expresses
the fraction of inactive biomass which becomes pores. Tleeadvexpression foffay.3 can be obtained by summing
equation (16)for fon.31 and fanes2. The derived reaction term takes the form

2N+2

MMoN+3 = Z Mvi + Z aziKi2; fi Z a2iki2; fi, (27)

i=N+1 i=N+1

wheref, = fan.31, fOr brevity, represents the innate pore volume fractioitivicoincides withf,y.3(z 0), that is, the
porosity of the biofilm before dispersal occurs.

Planktonic species present in the bulk liquid and diffusimg the biofilm may strongly affect biofilm dynamics.
Indeed, the free cells might switch their status from plankt to sessile and vice versa. Planktonic cells can diffuse
into the biofilm where they can find a favorable environmentfi@ir growth (the invasion phenomenon [24]). This
phenomenon actively contributes to biofilm growth througtiermr.q; in equation (16), that models the growth of
the active biomasisdue to the invasion phenomenon, and can assume differens fdepending on the problem to be
modeled. A specific form will be provided in Section 5.

The two terms gispyi andreqy,i in equation (19) model the production rate of dispersed cells from biofilmiryr
dispersal and the loss of dispersed cells due to invasigectsely. They are expressed by

Fdispri = @2iKi2; fiens Teolyi = —Veoli/ Yeoli, I =1, ..., N, (28)
whereYcqi represents the yield of conversion from planktonic to $essatus.
The net conversion rates for substrates in equation @®)expressed ag; = Zi'\ilpi fi/Yi,j=1,..,m withY;

denoting the conversion yield.

10
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3.7. Model parameters

Parameters are listed in Tables (1,3,5). In particular frarameters play a key role. The first ohegctivation
constant K, is related to the formation of the inactive biomass whepelisal occurs. According to [1], the phe-
nomenon is quite fast (e.g. a few hours) and for this reasoselexted &|; value of the same order of magnitude
of the maximum growth rate of microbial species. Based orstiiee reasoning the value of tlecay constant for
inactive biomass K has been chosen of the same order of magnitudigasrhe assumption; + az; = 1 follows
from a mass balance on inactive biomass and reflects theieadgvidence (see section 1) that during dispersal part
of the inactive biomass is released as dispersed cells Widleemaining part can be considered to be inert [1]. The
loss of mass due to the release of free cells in the surrogragivironment determines an increase in biofilm porosity.

4. Qualitative properties of solutions

In this section, some properties of the solutions to the freendary value problem are presented in order to
emphasize model consistency and prediction capability.

Proposition 4.1Let X; be a specific microbial species, whose dynamics are govdmyneduation (1), rewritten
here in terms oKX for convenience PV
a_tl + B_z(ux) = piRy(zt, ¥, X,9),

Rvi = rmi(z t,f,9) + reoi(z t,4,S),0 < z< L(t), t> 0. (29)

Suppose that
(pi (Z) = 09 rM’i|Xi:0 = 0’ rCO|,i|¢i:0 = 0 (30)

Then equation (29) admits the unique solutignr= 0.

Proof. The result is obtained from standard arguments.

The hypotheses (38) are usually satisfied for active microbial species (botlsit=and planktonic) as shown in
equation (21). The expression fiag; Will be provided in Section 5 (Equation 43). In addition, edhat hypothesis
(30)%; could be substituted bstoiils-0 = 0, as the presence of planktonic bacteria alone does nondagethe col-
onization of a new species, indicating that merely the siamglous presence of substrates and colonizing planktonic
species can lead to the growth of sessile bacteria.

Let us focus on the corresponding inactive microbial sgedénoted by index-N. Note that under the assumption
Mvicnx=x.n=0 = 0 and consideringi,n(2) = O, the equation for the inactive microbial species admiéstthique
solution X;,n = 0. This result also implies absence of dispersal for spdcias will be highlighted in the next
property.

Proposition 4.2Let y; be the solution of the following initial-boundary value ptem

i 0 i
% s (DM,i%) = Tdispri(Z 6, X, S) = Feo,i (21,4, S),

¥i(z,0)=0, 0<z< L(0), %(O,t) =0, ¢i(Lt),t)=0,0<z< L(t), t>0, (31)
wherei is the same index considered in equation (29). Suppose that

Fdispy,ilx+N=0 = 0, Tcoiilyi=0 = 0. (32)

Then the problem (31) admits the unique solutjgr= 0.

Proof. The result is obtained from standard arguments.

If a species is not present in the bulk liquid and in the bioffeither as sessile or planktonic), then it cannot
diffuse into the biofilm or further disperse in the bulk liguiTherefore, in absence of planktonic bacteria, the term
rdisps,i @and so the presence of inactive microbial speXieg is essential for the dispersal and further colonization of
species. Note that according to (32)the presence of inactive microbial specigsy does not influence the species

11
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in planktonic stateyj with j # i as there is a direct correspondence between the activebiatepeciesX; and the
related planktonic statusg.

Proposition 4.3Consider the initial-value problem (18) and suppose that

n
oat) = 0, og(L®) =0, ) Ruils-o = 0. (33)
i=1
Then, equation (18 admits the unique solution = L.

Proof. The assumption (33)with the initial condition 0, t) = O for equation (3), implies that(l.(t),t) = 0 and
the result is proved.

In absence of mass flux between biofilm and bulk liquid and tsates within the biofilm, the microbial activity
stops and the biofilm thickness remains constant. Note tyyatthesis (33) is satisfied for mature biofilms since
the attachment biofilm flux has relevance only in the initiadvgth phase of biofilm. Howeverrg(L(t)) is usually
different from zero. In such case, in absence of substrbiefim thickness decreases with time.

5. Applications and numerical solutions

We apply the model to three illustrative cases. The first st@sed on the observations of Shleheck et al. [1] who
identified nutrient starvation as the main cause of disp@rsaPseudomonas Aeruginosa (FAipfilm. The second
shows the dependence of biofilm dispersal on the presencemfiditing agent as reported in [9]. The third describes
dispersal induced by a self-produced biocide Rebiofilm. For all model applications, numerical solutionsthe
free boundary problem stated in Section® 3 3.5 have been obtained by using the method of characteristigs,
[34, 35]. Accuracy was checked by comparison to the comstpdl , fi(z t) = 1. Simulations were performed using
original software developed for this work.

5.1. Application 1: Pseudomonas aeruginosa dispersal igbarvation

The first numerical application has been based on the expetahevidence of Schleheck et al. [1]. In their work,
the authors performed batch tests on PA biofilms growing @cqs of polyester fleece which were continuously
moving in an aerated chemostat inoculated with cultivatdi®mass and fed with a known initial concentration
of glucose. They observed that in presence of a significamterttration of glucose, planktonic growth was not
detectable within the bulk liquid, while upon glucose liatibn (starvation), the PA-attached biofilms dispersed int
single cells, resulting in an increase in optical densityeimendent of cellular growth. In addition, it was reported
that the biofilm biomass remaining on surface supports éelilincreased amounts of eDNA (the release of genomic
DNA, known as extracellular DNA (eDNA) is symptomatic of lcéeath and lysis phenomena) and dead cells, and
appeared to lack viable cells, indicative of dispersal &xen

The experiment reported in [1] has been qualitatively rdpoed here isilico. A schematic representation of the
simulated system is reported in fig (4). The biofilm react@tem used for the experimental tests is characterized by
a elevated surface/volume ratio so@ hiofilm model lends itself well to describe the problem. Thed®l considers
the growth and decay of five different components, includiAgactive biomas¥X; = p; f1, inactive biomass resulting
from the inactivation of PA biomass, = p,f,, inert materialXs = p3f3, EPSX4 = p4f4 and voidsXs = psfs. Two
substrates, glucos®; and oxygersS, are included. As outlined before (Section 3.6), the in&chiiomass, the inert
material and the EPS are modeled as fictitious microbialiepec

Biofilm growth is governed by equations (1), rewritten heredonvenience,

ofi 0

S+ 5 U =Ry @Y X.9), 0<z< L(t).t>0,i=1.23.45 (34)

where
RM’i = rM,i (Za t3 X’ S) + rCOLi (Zs ts 'P, S) (35)

The biomass growth rateg;; are expressed for PA active biomass fractfpas

12
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Figure 4. Schematic representation of the simulated systpantesl in the Application 1. The biofilm grows on the surfactsuspended carriers,
which continuously move thanks to the aeration system. Tretaes operated in batch conditions. The biofilm is modeled ase-dimensional,
continuous, homogeneous system growing in a direction pelipalar to the substratum.
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Mvi = (1= Keps)ui(S) — ka — wi1(9)) fa, (36)
for PA inactive biomass fractiofp as

vz = M11(S) f1 — a1Kiaf2 — a2Kiafa = p1(S) f1 — a1Kiafo — g (37)
for inert fractionf; as
Ims = Kafr + 1Kz fz, (38)
for EPS fractionf; as
I'|\/|!4 = KEPS#I(S) f1, (39)
and for pore fractiorfs as
f 4
s = ﬁ(z Ivi + Ta) + Fg. (40)
* =1

The parameterk,, Keps, a1, az, f. = f50(2) have been defined in Section (3.6), while their values assluior
numerical simulations are reported in Tables 1 and 2.

According to [36], double Tessier kinetics have been foumtié more appropriate than commonly double Monod
kinetics in modelling PA biofilm dynamics. The net biomassvgih ratesu; and the inactivation rate of the active
microbial specieg,; are given by

H1= ,Umax(:L - e_sl/KSl> (1 - e_SZ/KSZ) ) (41)
=K ! (42)
M1 = K1 1+5,/11)

following [36], whereumax Ks1, K, are the maximum growth rate, the glucose affinity constadttae oxygen
affinity constant for PA biofilm, respectivelK; is the inactivation constant arg is the inhibition constant for the
inactivation process (Table 1).

The planktonic species loss ratg, 1, due to the invasion phenomena [24] is given by

lcoll = Kcol,l kwllp—il- " (l - efsl/Ksl> (1 - eﬁSZ/KSQ) s (43)

whereKcq1 is the maximum colonization rate of planktonic species,lekj; is the kinetic constant for planktonic
bacteria (Table 1).
The following initial conditions will be considered for egtions (34)

fi(Z, O) = fi,o(Z),O <z<Llg i=12345. (44)

The functionsfio(2), i = 1,...,5, represent the initial volume fractions of biofilm comporeeand their values are
reported in Table 2. Diffusion of species in planktonic stat is governed by the equation

oy 0 o1
5 52 (DM,iE) = Tdispua (Z 6 X, §) = Teoly, (Z 4,4, S).

O<z<L(t), t>0, (45)

The planktonic species loss rate and the planktonic sppobekiction rate are

Feolt  Keolr  ¥1 S, /K _S,/K
r = = : 1-e>*)(1-¢e 2/Ks s 46
coly Ycol,l Ycol,l kw,i + wl ( )( ) ( )

14



D’Acunto et al./ 00 (2018) 1-33 15

Fdispy, = @2Ki2X2, 47)
whereY 1 the yield of sessile bacteria on planktonic state (Tablérhg following initial-boundary conditions will
be considered for equation (45):

Y1(z0)=0, 0<z< Lo, (48)

a"”l(o =0, ya(L(t)t) = i) O<t<T, (49)

wherey (t) satisfies equation (55). The diffusion of substrates isgued by the equations
0S; 9S; 9 JS;
ot oz\ oz

whereDs; denotes the diffusivity coefficient and j(z t, X, S) the net conversion rate of substrgteThey are ex-
pressed by

)—rSJ(LtXS) =12 (50)

ls1= —ﬂl(S) Xj_, (51)
Y1

rsz = 189, (52
2

for the glucoses; and for the Oxygers,. Y; andY; are the yields of PA on glucose and oxygen, respectively. The
values assumed for the previous parameters are reportetbiestl and 2. The following initial-boundary conditions
will be considered for equations (50)

S|(z0)=Sj(2. 0<z< Lo, j=1.2, (53)

Z00=0 S,LO.D=Si0). SLOH=Sa. O<t=T. &9

whereS](t) satisfies equation (56) ar&b_ denotes the constant oxygen level within the bulk liquidpadvalue is
reported in Table 2.
The evolution in time of glucos8; and dispersed cells concentratipnin the bulk liquid are set by

Fi0) = Dy AL, (55)
§i(0) = Dss S (LOLD, (56)

whereV andA are the volume of the chemostat and the total biofilm surfaea @espectively [37]. Equations 55 and
56 are subject to initial conditions

$,(0) =S, (57)

¥;(0) = Y. (58)

The functionsSjo(2) represent the initial values of substrates within the biofiThe functionsyio(2) = 0, represent
the initial values of the planktonic species. The functiSasy, represent the initial concentrations of glucose and
planktonic bacteria in the bulk liquid, respectively (TaR). Lo denotes the initial biofilm thickness (Table 2).

The free boundary evolution is governed by equation (15) wiitial conditionL(0) = Lo; the velocityo,(L(t))
is fixed equal to zero, while-4(L(t)) is assumed to be a known functionlgfin particular
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Table 1. Kinetic parameters used for model simulations of Asaiton 1.

Parameter Definition Unit Value References

Hmax Maximum growth rate of PAO1 h-t 0.29 [36]

Keps EPS formation by PAO1 Oeps/Obiomass 0.03 This study

Ks Glucose affinity constant for PAO1 mgl? 26.9 [36]

Ks, Oxygen affinity constant for PAO1 mgl?! 1.18 [36]

Y Yield of PAO1 on glucose Obiomass Osubstrate 0.628 [36]

Y, Yield of PAO1 on oxygen Obiomasy Usubstrate 0.635 [36]

Kqg Microbial decay constant of PAO1 h-t 0.00021 This study

Ki1 Inactivation constant ht 4.17 This study

K2 Decay constant for inactive biomass h-t 2.5 This study

a1 Fractionation constant for inactive biomass to inert - 0.8 This study

a; Fractionation constant for inactive biomass to voids - 0.2 This study

I Inhibition constant for the inactivation process mgl? 0.0005 This study

Keol1 Maximum colonization rate of planktonic species ht 8.3.10° [24]

Ky1 Kinetic constant for planktonic bacteria mgl? 41-10° [24]

Yeol1 Yield of planktonic Oplanktonic/ Gbio film 0.015 This study

e biofilm density gnts 65000 This study

A Biomass shear constant md-? 150 This study

Ds1 Diffusion coefficient of Glucose mfd-t 0.000073 This study

Ds» Diffusion coefficient of Oxygen med-? 0.000175 [21]

Dwua Diffusion coefficient of planktonic species mPd—! 0.000045 This study

A Reactor surface area dn? 54 This study

\% Reactor volume dm? 15 This study
aa(L() = L), (59)

whereA is a shear constant whose value is reported in Table 1. Inpheralix 8, the model equations in matrix form
are shown.

The model outputs are reported in figure 5. Numerical sinariatdemonstrate model capability of predicting
particulate components distribution, substrate and dssgkecells concentration profiles over biofilm depth, biofilm
thickness, glucose and planktonic species concentratitimei bulk liquid over time. The initial biofilm composition
has been defined in Table 2. In particular, the biofilm is seetmitially constituted only by PA active biomass (90%)
and EPS (10%) with an initial thickness of3énm; the oxygen concentration in the bulk liquid has beerdfixe7
mg/l, consistent with continuously aerated systems. The@atrations at = 0 of glucose and dispersed cells in bulk
liquid are 1.35 mg/l and 0, respectively. Note that the mofi$ initially characterized by an innate porosity which
is expected to increase over time due to dispersal. Welingiasing a 300 um thick biofilm grown with no nutrient
limitation and then allow the model to explore how starvatiothe interior of the biofilm might influence dispersal.

Figure 5(A1) shows the biofilm distribution and substratefifes after 6 hours. The biofilm composition is close
to the initial one, whereas the glucose concentration inrther part of the biofilm has already reached zero. Under
these conditions, bacteria living in the biofilm experiencérient starvation, which in turn induces the formation of
an inactive biomass, the precursor of dispersal. Even ifvisible in the figures (fig. 5(Al)), the overall inactive
biomass fraction has already increased from zero5@% of the total biofilm, mostly located in the inner part of th
biofilm where bacterial metabolism is most subject to advgrewing conditions.

After 18 hours, glucose concentration in the biofilm is piadly equal to zero everywhere (fig. 5(B2)). The
concentration of oxygen remains the same as the value inulkeliquid throughout the biofilm, confirming the
inactivity of the PA biomass. The volume fraction of activierhass is reduced mostly in the inner part, where
it is possible to find an increased fraction of inert and iivacbiomass (fig. 5(A2)). Dispersal has been initiated
by nutrient starvation: it results in the release of dispérsells, which diffuse through the biofilm and out to the
bulk liquid. Indeed, compared to earlier times, the dispérsells concentration is noticeably different from zero
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Table 2. Initial-boundary conditions for model Applicatidn

Parameter Symbol Unit  Value
Initial glucose concentration S mg ! 1.35
Oxygen concentration &t = L(t) Sa mgl~! 7
Initial planktonic species concentration U1 mg 0
Time Simulation T h 54
Initial Biofilm thickness Lo mm 0.3
Initial Volume Fraction of PAO1 fr0(2) - 0.85
Initial Volume Fraction of Inactive biomass f,4(2) - 0.0
Initial Volume Fraction of Inert f20(2) - 0.0
Initial Volume Fraction of Pores f40(2) - 0.05
Initial Volume Fraction of EPS fs0(2) - 0.1
Initial Glucose distribution Si0(2 mg™ 0.0
Initial Oxygen distribution S20(2 mg?t 0.0
Initial v, distribution V102  mg™ 0.0

throughout the biofilm and higher in the deepest layers ofttlegobial mass where dispersal started (fig. 5(A2)).

Inert material originates from both the natural decay oivadbiomass and the disintegration of inactive material:
its concentration remains higher in the inner part of théilbip where the dispersal phenomenon was initiated and
continuously affects biofilm dynamics. Inactive biomasgwis from the inactivation of PA biomass with a rate that
is a function of the glucose concentration within the biofikss expected, its concentration is higher in the innermost
layers of the biofilm but remains lower than the inert conian, to which it converts at a constant rate. The rest of
the inactive biomass disperses leading to the formatiomiofswvhich contributes to increased biofilm porosity.

In Figure 5(A3) it can be seen that dispersal, which wasdtgt in the inner part of the biofilm, has now affected
the whole microbial mass. The concentration of active nhiiospecies has further decreased in the outmost layers
while inert and inactive biomass further increase in theeinpart. Biofilm porosity is found to increase throughout
the biofilm, confirming the loss of biomass due to the reledstispersed cells (fig. 5(A3)). The concentration of
the latter is higher than in earlier simulation times. Ndeatiénces in glucose and oxygen profiles can be seen (fig.
5(B3)).

Computations consist of 54h of simulation time. Convergettca steady state configuration occurs after ap-
proximately 42 hours, at which time the biofilm is constitute only inert material, EPS and voids. This is due to
the fact that all the active biomass has converted in in@aaive to nutrient starvation; inactive biomass in turn has
been dispersed which has led to loss of free dispersed ceitsthe microbial mass with accompanying formation
of inert material and increase in biofilm porosity (fig. 5(A4According to mass balance, biofilm porosity reaches
a constant value in depth depending on initial constant basriractions. The concentration of oxygen remains at
7mg/I throughout the biofilm while glucose has been totally corsditny the system (figs 5(B4)). Time course data
from 42 to 54 hours are not shown.

In Figure 6, we show cells and glucose concentrations in thie Imuid over time. Glucose concentration de-
creases with time as it is continuously consumed by theabtiymass growing in the batch system, approaching zero
at 15 hours. As soon as the glucose is depleted both in thénbiafid in the bulk liquid, dispersal starts and cells
are released into the bulk liquid, with concentration apptong stationary value of approximatelypfg/l. Profiles
obtained by numerical simulations show the same trendseoétperimental results reported in [1] (see figure 5A in
[1]).

Note in addition, also as reported in [1], by analyzing thafibh structure after dispersal, the remaining biomass
exhibited increased eDNA and dead cells, and appeared koviable cells, all indicative of dispersal events This
implies that Surface-attached biofilm growth predominatitls favorable environmental conditions (presence of glu-
cose), while the biofilms disperses into the planktonic phaken not favourable environmental condition occurs
(glucose starvation). The biofilm configuration after dispéis comparable with simulation results. Indeed, as re-
ported in Figure 5A4, the biofilm is constituted by inert matkand EPS and without the presence of active biomass.
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Figure 5. Effect of Starvation-induced dispersal of a PAfilioon bacterial volume fractionsgy; profile (dotted-starred red line) and substrate
concentration profiles in a batch system after 6 (A1,B1),ABB2), 24 (A3,B3), 42 (A4,B4) hours. Simulation resultseefo Application 1.
Note that glucose concentration reaches too low values Wisii#e over the biofilm after 6 hours of simulation time.
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Figure 6. Dispersed cells and glucose profiles in the bulkidigpver 50 hours time simulation. (red ling) =, dispersed cells profile. (blue line)
Glucose profile. Simulation results refer to Application 1.
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Figure 7. Biofilm volume fractions after 54 hours (A) and 60@iw(B) in a multispecies biofilm growing in a batch system axgkeeencing
nutrient starvation. Simulation results are obtained bygigie Wanner-Gujer biofilm model and assuming the same initthbaundary conditions
of Application 1.

If we consider a lower initial biofilm thickness gt (results not shown) the glucose goes to zero in more time
respect to the case of initial biofilm of 306 (Figure 5). A substantial biofilm growth (from 50 to 76 m) ocgin
the first days of the simulation until the complete depletibglucose.

To highlight model capability of reproducing dispersal pbmenon we reproduce the same biological case pre-
sented in sec.(5.1) with a model that does not account fditrhidispersal. To this aim, we consider the Wanner based
model presented in this study withisp = 1 = 0. After approximately 54 hours, the active biomass stops/igy
and slowly converts to inert material. The simulations shéat though glucose substrate is completed depleted,
nevertheless biofilm structure is characterized by sigaitipresence of active biomass (fig.7,(A)). This is because
the decay rate is low and not suitable to model a phenomerainah reported in experimental evidence [1], takes
place in few hours. We then run the simulation for more timé as expected the active biomass volume fraction
decreases and becomes zero according to the reactiorckindtwever, the biofilm assumes a different steady-state
configuration compared to the dispersal model (fig.5,(AH)deed the pore volume fraction is smaller in comparison
to the proposed model and as expected the biofilm is mainlgtitated by inert material (fig.7,(B)). Due to the long
time needed to reach a biofilm constituted only by inert niategrosion results in a significant reduction in biofilm
thickness.

5.2. Application 2: Modeling dispersal induced by a norirédtantibiofilm agent
In this example, the model is applied to the case of PA biofispersal triggered by the presence of an antibiofilm
agent that, as a biocide-free strategy, does not exert keffieats on active microbial cells but rather it interfereish
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their propensity to follow a sessile lifestyle, inducingrimost of the cases the release of planktonic cells from the
microbial mass, i.e., dispersal [9]. Thus, in this examtiie, PA biofilm is assumed to grow in a system constantly
fed with glucose and continuously aerated, and, when tHdrbiceaches a stationary statetat t;, an antibiofilm
agent is supplied to the system. Reaction of antibiofilm agath active biomass results in formation of the inactive
biomass, which precedes the dispersal phenomenon. Thebsafitm componentsfi,i = 1,...,5, as in the previous
application case are considered (Table 2). However gluSesad oxygers, are now provided continuously to the
system. An antibiofilm agerstis supposed to reach the surface of the biofilmh=at; and then begins to diffuse into
the biofilm. Biofilm dynamics are governed by equations (@4)}. Equation (42) for the inactivation rate is replaced
by:

%
NIl—Kll(K9+0), (60)
whereK;; still represents the inactivation constant for active wlal species; andK, denotes the half saturation
constant of specie§;, on 6. The fate of dispersed cells within the biofilm and in the blidluid is modeled by
equations (45)-(49), (55), (58). Glucose and oxygen dynarare governed by equations (50)-@#4) Condition
(54), is replaced byS;(L(t),t) = S1., whereS, is the time-independent glucose concentration in the bglikd.
The values assumed &8 andS;, in numerical simulations are provided in Table 3. Diffusamd consumption of
0 are modeled as

00 0 06
(05 ezt x.0) (61)
whereD, andr, are the diffusion coefficient (Table 3) and the conversida odi6. The latter is expressed by
- _Hn
r9 - Yg Xls (62)

whereY, denotes the conversion yield (Table 3). We set initial-lang conditions for equation (61) to be

0(z,0) = 6o(2), 0< z< Lo, (63)

0,0<t<ty,

Z—Z(O, t) =0, O(L(t),t) =6.(), 0<t<T, o.(t) = {
where the functiomy(2) is the initial distribution ofg within the biofilm att = to andé,(t) is the antibiofilm agent
concentration in the bulk liquid. Note in equation (64) thia¢ concentration of on the free boundary is a step
function defined by, = 0O for fort < t;, and fort > t;, 6. is equal to the constant value reported in table 4. The
free boundary evolution is governed by equations (15)&®) initial conditionL(0) = Lo. The values ot,, t; and
A used in numerical simulations are reported in Tables 3 afat 4|l the other parameters the values are reported in
Tables 1 and 2.

The diffusion-reaction of planktonic state is governed by the equation

oy 0 o
F - (9_2 (DMJE) = rdisp¢1(2, t,X,S) O<z< L(t), t> O, (65)
with species production rate
Fdispy, = @2Ki2X2, (66)

The following initial-boundary conditions will be considel for equation (65):

Y1(z0)=0, 0<z< Ly, (67)

o

E(O, t) =0, ya(L({),t) =yt O<t<T, (68)
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Table 3. Kinetic parameters used for model simulations of Asayiton 2.

Parameter  Definition Unit Value References
\7 like-yield constant of PA o@ Obiomasd Osubstrate 10 This study
Ky like half saturation constant of PA @h mgl? 4.17 This study
Dy Diffusion coefficient of9 méd-t 0.00015  This study
A Biomass shear constant mmit? 50 This study

Table 4. Initial-boundary conditions for model Applicatian

Parameter Symbol Unit  Value
Glucose concentration at= L(t) Su mg ! 5
Oxygen concentration &t = L(t) Sa mgl ! 7

6 concentration at = L(t) 6. mgl~* 5
Time Simulation T h 336
Initial Biofilm thickness Lo mm 0.3
Time of inhibitor injection ty h 24
Initial @ distribution 6o(2) mg~ 0.0

wherey (1) is the constant concentration in the bulk liquid.

In the appendix 9, the model equations in matrix form are showhe results of numerical simulations for
Application 2 are reported in Figures 8. In Figure 8(Al) tipatgal distribution of particulate components and the
substrate profiles within biofilm after 24h of simulation &nare shown. The biofilm has reached a steady-state
composition: the active biomass represents the most ahtindenponent due to the high availability of nutrients; the
remaining part of the biofilm is constituted by EPS (secomghést volume fraction), inert material, which forms from
the natural decay of active bacteria, and voids filled wighill (Fig. 8(A1)). Glucose and oxygen are characterized by
stationary and fully penetrated profiles. At this point, atit@iofilm agent is supplied to the system, where it diffuses
into and reacts with the active biomass.

Figures 8(A2)-(B2) show biofilm composition and substratafifes after 42 hours of simulation time. The active
biomass volume fraction is reduced mostly in the outer liofithere inert and inactive biomass are increased (fig.
8(A2)). This is mostly due to the fact that dispersal is aiid in the outer areas where the concentratio isf
higher. The direct dependence of the inactivation rate erctimcentration of the antibiofilm agent is consistent with
this distribution of active and inactive biomass. Simyfamert material shows a higher concentration near thasarf
of the biofilm and represents, after the active biomass, th&t mbundant component as it is both produced through
natural decay and dispersal. The presence of dispersedieglionstrates that dispersal has already occurred and part
of the inactive biomass has been loss in planktonic form.ld%® of biomass contributes to increase biofilm porosity
(fig. 8(A2)). Both oxygen and glucose present a fully periettgrofile (fig. 8(B2)). The antibiofilm age#tis
characterized, in contrast, by a penetration limited pgafile to its reaction with the active biomass.

In figure 8(A3) itis possible to observe a significant redurciin active biomass in the external part of the biofilm
where its concentration approaches zero. Inert materfaeisent throughout the biofilm and predominates near the
surface. Inactive biomass is significantly reduced evegrevfilue to its continuous release in the form of planktonic
cells and to its transformation into inert material. The@ase in pore volume fraction throughout the biofilm confirms
the loss of biomass due to the release of dispersed cellSB(fi)). Due to inactivation induced by the antibiofilm
agent, glucose concentration increases as it is only coegumthe inner layers where the biomass is still active and
has not reacted with the antibiofilm agent. Note that anfilbicagent is still transport limited. Oxygen concentration
presents the same trend as the glucose concentration amatécterized by a fully-penetrated profile (fig. 8(B3)).

Glucose and oxygen concentrations are increased throug®mbiofilm when compared to previous simulation
times. This is due to inactivation of cell metabolisms as aseguence of the presence of sub-critical antibiofilm
agent. However, the oxygen and glucose concentrationsrvitie biofilm are still lower than the value assumed in
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to Application 2.

22



D’Acunto et al./ 00 (2018) 1-33 23

the bulk liquid as they are consumed by the remaining fraaticactive biomass at the bottom of the biofilm.

After 336 hours of simulation time, the biofilm reaches adyeeonfiguration constituted only by inert material,
EPS and voids. This particulate distribution resemblesstaonary configuration obtained in the previous simula-
tion set, demonstrating that both nutrient starvation dedpresence of a non-lethal antibiofilm agent result in the
temporary "death” of the biofilm and its dispersal througé telease of planktonic cells. As seen in figure 8(A4), all
the active biomass has been converted into inert matetél tainsiting the intermediate inactive state, which imtu
is subject to dispersal. This leads to the loss of free ptam&tcells from the microbial mass with consequent increase
in biofilm porosity (fig. 8(A4)). For all the dissolved compamnts, the concentration in each point of the biofilm is
equal to the value assumed in the bulk liquid. These conptafites confirms the absence of microbial metabolism
within the biofilm (fig. 8(B4)). As expected, inert materiajpresents the most abundant component throughout the
biofilm.

5.3. Application 3: Modeling dispersal induced by a selbgrced biocide agent

In this example, the model is applied to PA biofilm disperggbered by the formation of a self-produced biocide
agent. The biofilm is constituted by PA bacteria which oxédarganic matter under aerobic regimes. In the inner
part of the biofilm, bacterial respiration can induce tharfation of an anoxic zone. Under anoxic conditions PA
bacteria can switch their metabolism and, in presence @itaifNO3), can perform denitrification [29, 30]. During
denitrification, nitrate is reduced to nitrittél ;) first, and then nitric oxideNO). NO is ultimately reduced to
nitrogen gad\, (via N,O). Experimental results [29, 30] have shown that temporecymulation of NO can occur in
the transition zone between the aerobic and anoxic regiothénauce dispersal. Here we consider a biofilm of depth
60um fed with a constant concentration of 100¢/L of organic matter (glucose, expressed as COD equivalehein t
simulation), Tng/L oxygen and 2tg/L nitrate. NO; diffuses into the biofilm and in the inner part (anoxic zorg) i
reduced taNO; and further toNO. The accumulation of NO induces inactivation leading sghsetly to dispersal.
Biofilm components considered in this applicatidni(= 1, ..., 4) are: PA active biomass; = p; f;, inactive biomass
resulting from the inactivation of PA biomasé = p,fp, inert materialXs = p3fs, and voidsXy = p4fs. Five
substrates, glucos®, oxygenS,, nitrateSg, nitrite S4 and nitric oxideSs, are tracked.

Biofilm growth is governed by equations (34)-(35), whereltf@mass growth rates,; are expressed as

Mva = Wa(S) — ko — 111(9) fa, (69)
Mz = 1S f1 — 1Kz f2 — a2Ki2f2 = 1(S) f1 — 1K f2 — g (70)
Mws = Kafi + a1Kizfo, (71)
(4
"ma = 1——f*(; Fvi +Fd) + T (72)

for PA active biomasd;, PA inactive biomass,, inert f3 and pores fractioris, respectively.

The parameterk,, a1, az, f. = f50(2) have been defined in Section (3.6), while their values assufior numerical
simulations are reported in Tables 1 and 2.

The net biomass growth rate and the inactivation rate ; of the active microbial species are given by

M1 =M11+M12 + H13 + H14 (73)
with:
S S,
= 74
HM11 = Mmax1 Ksl + S, KSZ +S, ( )
S S Ki
H12 = Bitmax1 ! > 0 (75)

K51 + Sj_ Ks3 + S3 Kin + Sz’
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S Sy Kin
Ksl +S; KS4 + S Kip + 82’
S1 Ss Kin
Ksl + Sl K55 + 55 Kin + 82’

Sn
=Ky
M1 'lKEo+52

41,3 = Boptmax1

H14 = Batimax1

24

(76)

(77)

(78)

whereumayi, Ksj, are the maximum growth rates, and the substrate affinitgteots for PA biofilm, respectively
[38]. Ki, represents the oxygen inhibition constant widlg is the inactivation constant ari€l o denotes the half

saturation constant of speciéson NO. The values assumed for numerical simulations are reportéables3.

The diffusion-reaction of planktonic state is governed by the equation

oy 0 ( o

ot oz
with species production rate

Fdispys = @2Ki2Xa,
The following initial-boundary conditions will be considel for equation (79):

Y1(z0)=0, 0<z< Lo,

o
0z
wherey, is the constant concentration in the bulk liquid (Table 6).

O, t) =0, ya(L(t), )=y O<t<T,

DMJE) = ldispu, (21, X,9). 0 < z < L(t), t >0,

(79)

(80)

(81)

(82)

Glucose, oxygen, nitrate and nitrite dynamics are govelmeeéquations (50) where the net conversion rates

rsj(zt,X,S) for substrateg = 1, ..,5 are

S
rop = _/11( )Xl,

Y1

1
sz = (1 - ?l)/ll,l(s)xl,
1 1
rsa = (1 - 71) mﬂl,z(s)xl,

1) 1 1) 1
= (1- 2 ) (X 4 [1- =)
fo4 ( Y1)1.14#1’2(S) 1+( \(1)0.58”1*3

1 1 1 1
rss = — (1 - —) —n13(9 X + (1 - 71) —114(9Xq,

Yy ) 0.58 114

The following initial-boundary conditions will be considl for equations (50):

Sj(z0)=Sj0(@. 0<z< Lo, j=1,...5.

0S;
0z

0,t) =0, Sj(L(),)=Sj, j=1,..,5 0<t<T,
I J

(83)

(84)

(85)

(86)

(87)

(88)

(89)

whereS;_ denotes the substrate levels within the bulk liquid, whaseeris reported in Table 6. The free boundary
evolution is governed by equations (15),(59) with initiahditionL(0) = Lo. The values ofg andA used in numerical
simulations are reported in Tables 5 and 6, for all the otheameters the values are reported in Tables 1 and 2.
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Table 5. Kinetic parameters used for model simulations of Asagitbn 3.

Parameter  Definition Unit Value References
Hmax1 Maximum growth rate of PAO1 h? 0.29 [36]
Ks; COD affinity constant for PAO1 mgl? 26.9 [36]
Ks, Oxygen affinity constant for PAO1 mgl? 1.18 [36]
Kss Nitrate affinity constant for PAOL mgl? 1.18 This study
Ksy Nitrite affinity constant for PAO1 mgl? 1.18 This study
Kss NO affinity constant for PAO1 mgl? 1.18 This study
Yl yleld of PA gbiomasggsubstrate 10 This StUdy
Kno like half saturation constant of PA d¥O mgNQL 0.95 This study
B Reduction factor for denitrificatioNO; — NO, - 0.5 This study
B1 Reduction factor for denitrificatioN O, — NO - 0.7 This study
B Reduction factor for denitrificatioNO — N - 0.9 This study
D, Diffusion coefficient ofCOD ntd! 0.000253  This study
D, Diffusion coefficient of Glucose méd-?t 0.000375 This study
Ds Diffusion coefficient of Nitrate mPd! 0.000375  This study
D4 Diffusion coefficient of Nitrite mPdt 0.000375  This study
Ds Diffusion coefficient of NO méd-?t 0.000675 This study
Kin Oxygen inhibition constant mgfi? 0.001; This study
A Biomass shear constant mmir! 50 This study
n Exponent in the inhibition function - 20 This study
Table 6. Initial-Boundary conditions for model Applicati8n

Parameter Symbol Unit  Value

COD concentration dt = L(t) Su mg/L 1000

Oxygen concentration &t = L(t) Sa mg/L 7

Nitrate concentration dt = L(t) SaL mg/L 400

Nitrite concentration at. = L(t) Sa mg/L 0

NO concentration at = L(t) Ss. mg/L 0

Y concentration at = L(t) UL mg/L 0

Time Simulation T h 552

Initial Biofilm thickness Lo um 60

Initial COD distribution Si0 mg/L 0

Initial Oxygen distribution S0 mg/L 0

Initial Nitrate distribution Sso mg/L 0

Initial Nitrite distribution ST mg/L 0

Initial NO distribution Sso mg/L 0

25

25



D’Acunto et al./ 00 (2018) 1-33 26

o 15 ] (B1) ,
=] . .
= 600 1
2 Glucose o et |
s 1 S A0 b ‘ NO
E m 2 400 .............. ,<*‘*“ ............ N03 .......
z 2 2 . ey I
g Eo0s 200 AL 10,
= * ¥
Mo * - |
> 0 01 & et
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Space [mm] Space [mm]
g 15 (A2) \ , (B2) .
& : | 600 [ ot
S Inactive ] Glucose
-
<
£
= g 4
H w
B
> Thd sl
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Space [mm] Space [mm]
s (A3) . , (B3)
2 i i | S T
2 ‘ ‘ 1
= -\ Inactiv, :
E % . \_] :
L.g Eo5| Activel .l
A % 1 ***-***
) 0*"“*‘ : i M
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08

Space [mm] Space [mm]

Figure 9. Effect of dispersal phenomenon induced by a selfiyred biocide (NO) on bacterial volume fractiops,profile (dotted-starred red
line) and substrate concentration profiles in a batch syafesn6 (A1,B1), 24 (A2,B2), 552 (A3,B3) hourblO concentration is multiplied by 100
and Glucose is divided by 10). Simulation results refer to lAgagion 3.

In the appendix 10, the model equations in matrix form arevsho

The dynamics of the described biofilm system are reportedyurdi (9) in terms of bacterial volume fractions
and substrate profiles. Figure (9A1) shows biofilm compamsitifter 6 hours simulation time: the biofilm is mostly
constituted by active cells which perform both organic carloxidation and denitrification according to substrate
distributions. In the central part of the biofilm, close te tinansition zone, the active biomass start to convert to
inactive due to the accumulation &fO (fig9(B1)). Oxygen is consumed in the outmost part of the iofnd
the concentration drops to zero in the middle. Glucose iplgghin excess and hence fully penetrates. Nitrate
concentration trend show a typical parabolic profile [39,\8Bich reaches zero near the bottom of the biofilm.

After 24 hours simulation time the phenomenon of interesbbees evident: inactive biomass volume fraction
increases and as is more apparent after 552 hours. Voidshartdriaction increase too (Figs 9(A3)). Continuing,
inactive biomass fraction is predominant in the middle pé&tiofilm (9(A3)).

6. Conclusion

We have presented a mathematical model for mobility of fiés én biofilms induced by dispersal. Dispersal
plays a crucial role in the survival of microbial speciestasduces biofilm relocation on new surfaces upon unfavor-
able environmental conditions. In other cases biofilm dsgleepresents the means of spread of pathogenic bacteria
in human hosts. The study presents a theoretical modelznglinteraction between environmental cues triggering
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In the framework of continuous models, this study presdnteur knowledge, a first theoretical approach ana-
lyzing interaction between environmental cues triggethgcells release , including nutrient starvation, presasic
toxic agent and self- produced biocide, and the dispersai@imenon in multispecies biofilm. In particular the model
considers the release of dispersal cells without neglgttie mechanical detachment due to the shear forces effect, i
order to evaluate and predict the loss of biomass resultorg the two inherently different mechanisms.

The model is characterized by the tracing both the dynanficsaobial species growing in a sessile lifestyle and
the motility of corresponding dispersed free cells origjiimgfrom the inactivation of the biomass and further reéehs
into the bulk liquid. Those cells are modeled by introducangew variabley, as firstly introduced in [24], in order to
explicitly consider the different nature of sessile angbdised cells. The release of dispersing cells is consetpent
the environmental cues which are in turn explicitly model&€te formation of voids due to the release of dispersed
cells has been explicitly taken into account by modelindilnoporosity as a state variable and introducing a reaction
term which relates to the production of dispersed cells.

The complete model is a free boundary value problem for @sysif nonlinear hyperbolic and parabolic partial
differential equations. Qualitative properties of saas showed the consistency of the model. Three illustrative
biological cases for a PA biofilm have been studied by usingerical simulations developed by the method of
characteristics. The model applications differ on the mmrental cues that have been considered to trigger dadpers
from biofilm: nutrient starvation in the first case, a noriridtbiofilm agent and a self-produced biocide in the second
and third case respectively. The numerical results are ineige agreement with experimental evidence and can
particularly explain the hollowing of biofilm structure vahi is commonly observed when dispersal occurs. The
model is able to predict dispersal occurrence in differenations of the biofilm. Indeed, in the first case, dispersal
is shown to be initiated in the inner part of the biofilm witretimert concentration and biofilm porosity increasing
over time. The second application is related to the relebdispersed cells from the outermost layers of the biofilm
where the highest concentration of the inhibiting agentloafound. In the third case, the self-produced biocide is
produced and temporary accumulates in the central paredfitfilm where it induces dispersal. Although the model
applications are related to PA biofilms, the developed fraamk is general and could be applied to other biofilm
systems as it captures many of the characteristics geyetadkerved in biofilm dispersal.

For all the numerical studies performed in this work, thepdisal process has been considered as a continuous
phenomenon as it is induced by continuous environmenta. deeture work might be related to simulation studies
where the dispersal cues are considered instantaneouslditioa, a sensitivity analysis of the model parameters
newly introduced in this work could be addressed in a futemribution. Based on the results achieved in [37, 40],
existence and uniqueness of solutions to the mathematichlgm can be proved by using the method of character-
istics. Other relevant questions should be investigated, ¢he generalization to problems regarding more complex
biological cases and stability problems [41, 42].
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Components 1 2 3 4 5 6 7 8
Process Sq Sy X1 X2 X3 Xa G U1 Process rate
1 | Growth of X; 'Y_ll -Y—12 (1 - Kgps) Keps M1 X1
2 | Inactivation of X; -1 1 1 Xa
3 | Decay ofX; -1 +1 KaX1
4 | Dispersal —(1+a2) | m a2 a K1,2X2
5 | Colonization +1 -y Feoll
col.l >
Q o) < 2 = n @ 5
o ) D z 2] 5
% = E oD g
o 3,
> a
@
72
Table 7. Petersen matrix of the model Application 1.
Table 8. Kinetic rate expressions for model Application 1.
Process Rate Expression
1. Growth ofX, f11Xe = pmax(1 — eSK) (1 - e S2/K%) X,
. _ 1
2. Inactivation Ole ,Ll|1X1 =K1 (m) X1
3. Decay ofX; KgX1
4. Dispersal Ki2Xz
i ati _ v _ &S1/K _ aS2/K
5. Colonization Foo1 = Kool1 kg (1 g St Sl)(1 g S SZ)
8. Appendix A
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Components 1 2 3 4 5 6 7 8 9
Process Sq Sy S3 X1 X2 X3 Xa X5 1] Process rate
1 | Growth of X; -Y—ll -Y—12 (1 - Kgps) Keps n1 Xy
2 | Inactivation of X1 —Y—ly -1 1 m1X1
3 | Decay ofX; -1 +1 KaX1
4 | Dispersal —(e1+ap) | a1 a | a2 KizX2
2 21 3 2 5 2| B | S| =&
5| 5| & =5 5 A o | 3| 2
2 @ @ o < @ Y
o e =3 Ry o S
>
8 > 2 &
o) @]
=1 ol
o
Table 9. Petersen matrix of the model Application 2.
Table 10. Kinetic rate expressions for model Application 2.
Process Rate Expression
1. Growth ofX, p1Xe = pmax(1— €5k ) (1 - e S2/K%2) Xy
. . _ 83
2. Inactivation ofX, Xy = K|1(m)xl
3. Decay ofX; KaXy
4. Dispersal Kio X5
9. Appendix B
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| Components | 1 2 3 4 5 6 7 8 9 | 10| 11|
| Process 'S S, S3 S, S, Xy X2 | X [ Xa | Xs [ ¥ | Processrate |

Aerobic '711 (1- 711 (1-Keps) Keps 111 X1
growth of X; X . . . .
GTONV\{tth tOf Xu| -y Q-G | ~A-9)*(zm) (1-Keps) Keps H12Xo
on Nitrate
GrONV\"ttht of Xg -711 (1- Tll) *(5s) -(1- Tll) (1) | (1-Keps) Keps H13X3
on Nitrite
Growth of X3 | -¢- (1- %) * (g55) (1 - Keps) Keps H14Xa
on Nitric Ox-
ide
Inactivation -1 1 11Xy
of X
Decay ofX; -1 +1 Kg X1
Dispersal —(a1 + a2) a1 s az Kiz Xo

Q Q £ Z Z 3 2 2| ©|<d| 5

8 S 2 5 & 3 2 =2 8| F

@ ] @ o @© <

gl 3 2 3 9

& b @

Table 11. Petersen matrix of the model Application 3.
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Table 12. Kinetic rate expressions for model Application 3.

Process Rate Expression

1. Aerobic growth ofX; H11X1 = Hmaxi s s —— KSZS+52 X

2. Growth ofX; on Nitrate 112X1 = Britmaxt KSS+Sl Ksziss K:';‘SZ X1
3. Growth ofX; on Nitrite H13X1 = Bofmaxi g +s; +51 ngs " KmKL”SZX
4. Growth ofX; on Nitric Oxide 14X = Bafimaxi p—se- RS, TS K55i55 K:TSZ

5. Inactivation ofX; X = Kig (ﬁ) X1

6. Decay ofX; KaX1

7. Dispersal Ki2 X2
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