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Abstract: Influx of the nitrogenous compounds from differantrces are responsible for the high nitrate levels
in the drinking water, which is a serious problemitleads to serious health hazards, therefordical
denitrification is considered as a good alternatorenitrate removal from drinking and industriahste water.
Biofilms reactors are involved for treatment ofraie, which are efficient as well as cheap as décétion
involves anoxic condition. In this studwollinella succinogenes and Paracoccus denitrificans are chosen as
organism’s having growth rate of 13.92 dnd 11.52 d respectively. Simulation was carried out for riéra
limiting condition and formate limiting conditioiit, was observed thaMolinella dominated biofilm in nitrate
limiting condition suffocating?aracoccus in course, whereas in case of formate limitingattbon, Paracoccus
following altruistic strategy thrives in biofilm dnWolinella as a cheater strain survives benefiting from
Paracoccus denitrificans.
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I ntroduction

Nitrogen is a vital component of all living beingstreme concentration of certain nitrogen speities
some sections of the environment can lead to soiietaenvironmental problems. Nitrate is releasetd i
wastewaters of chemical, fertilizer, gun powderusides, which if untreated find its way into emviment
contaminating ground water, revers and sea. Consompf excessive amount of nitrate can lead toover
health hazards like methamoglobinemia, gastroimi@stancer, goiter, birth malfunctions etc., tMig1O has
setup approved limit of nitrate and nitrite in diimg water to be 50ppm and 3ppm respectively [Nyate has
a high redox potential, making it a bettelaeceptor in anaerobic conditions for certain batevhich makes
its removal from wastewater simpler by biologicahdrification. Biological denitrification is a digmilatory
process in oxygen limiting environment, where méras reduced to di-nitrogen in four steps invodyin
intermediates like nitrite, nitric oxide and nitsaxide [9].

Biofilms are clumps of microbes attached to a salbstn and held together by extracellular polymeric
substance which acts as an adhesive and defensivix fi8]. Biofilm development proceeds via fornaatiof
(i) monolayer, (ii) micro-colonies, (iii) mature diilm and (iv)dispersal where some sessile cellirret to
planktonic life style. Mature biofilm form complestructural design involving highly organized andllwe
differentiated cells, which is also figurativelyllea city of microbes [7]. The major component ofhiofilm
matrix is water up to 97%, the precise structurarof biofilm is perhaps a distinctive feature oviemnment in
which it grows [6]. Spatial structure is quantificm of biofilm structure for better understandiagd
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describing biofilm systems. It is important for teet understanding and describing biofilm systensis |
important for better understanding, elucidation arttapolation of influence a biofilm may have gstem [2].
Spatial structure of biofilm is very important fdhe denitrification process, as it affects the aller
transformation rates, stability of operation, fldrelctional resistance, biofilm detachment and ibioecology

3].

Traditionally, population level models were usednodel biofilms. The use of individual-based
modelling (IbM) started with development of BacSnaimework, which was inspired mainly as a moreiséal
approach that quantitatively includes physiologyirafividual cells [11-13]. Biofilm environment holsome
interesting challenges for individual-based modkkg, space limitation in the environment leadsstmving
and another fascinating feature of individual-baseatlel is cells held together by extracellular podyic
substance (EPS) produced and excreted by cellsIfidiyidual/agent based modelling involves theividual
or agents to be modelled explicitly. In Individdmsed modelling, individuals are discrete and unigutities
which vary in more than one way such as locus, @athposition and metabolism [5]. IbM have also been
employed to simulate biofilm using agents to regnésiot specific cells but relatively cluster aihgar type.
IbMs have provided several mechanistic explanatiophenomenon as biofilm fingering [4]. IbM haveal
been implemented to define and improve severallinigEactor uses and biofilm control tactics ceateon the
dissolution of extracellular polymeric substancerirdl].

Materials and M ethods

Model explanation

When a quantitative model for function and struetisr built, it is beneficial to build the model®ifin
sub models, each of which defines one of the nunsemngoing developments in biofilm, comprising (i)
biomass progression and deterioration, (ii) diviseamd spreading of biomass, (iii) transportatiorsuibstrate
and reactions, (iv) detachment of biomass, antibnass attachment. Attachment of the cells totsatosn is
an important process as it governs the colonizgtiattern of cells on substratum and likely colotiaza of
bacteria from liquid phase to numerous locations.

In present study, iDynoMICS framework is used faydalling the emergent structure of the biofilm.
This framework and its components are describedktail by Lardon et al. [5] and the output filesngeated
are XML files which are analyzed in R statisticaligonment. Algorithm is explained by pseudo codoty.

Established preliminary condition for biomass

Established preliminary condition for solutes inkoeompartment and biofilm microenvironment
Do
Biomass dynamics
1. Growth and deterioration
2. Division
3. Spreading
4. Disengagement
Solute dynamics
5. Mass balance in bulk compartment
6. Mass balance in biofilm
Time period, t #At >t
While t < g

Model parameters

Kinetics involved in this model are Monod kineticsimple inhibition and first order kinetics. The
stoichiometric and kinetic parameters used in thizdel are depicted in table 1 and table 2 respagtiv
whereas the other parameters used in simulatidogoifiles are depicted in table 3.
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Table 1; Values for stoichiometric coefficients

Symbol | Definition Value Unit Reference
Ypa | Yield of Paracoccus on acetate 0.3 gy 15
Ywi | Yield of Wolindlla on formate 0.076 gy 15
Ypt | Yield of Paracoccus on formate 0.065 gy 15

Ywno: | Yield of Wolinglla on nitrate 0.313 gy 15
Yenos | Yield of Paracoccus on nitrate 0.182 gib 15
Yenoz | Yield of Paracoccus on nitrite 0.228 g.‘é 15

Table 2: Values for kinetic parameters

Symbol | Definition Value Unit Reference

Knoz | Nitrate half-rate saturation coefficient 1 gg.m 1, 23
Kac Acetate half-rate saturation coefficient 4 ﬁ.m 19, 23
Kro Half-rate saturation coefficient for formate 4 @.m assumed
Knoz | Half-rate saturation coefficient for nitrite 1 g‘?m 19
Hmw | Maximum specific growth rate aWolinella 13.92 d 17
Mmp | Maximum specific growth rate éfaracoccus 11.52 d 18
Nno3 Reduction factor under anoxic condition 0.2 - 16
Nnoz Reduction factor under anoxic condition 0.2 - 16
Reeca | Decay rate 0.08 d 20

Protocol file. Protocol for the simulation experiments were wntia XML. It involves defining simulator,
input, worlds, reaction, solver, agent grid andcgge sections. Simulator mark-up defines few global
simulation parameters for the run. Input sectiowoives defining the initial conditions for the gtaof
simulation by specification of bulk and agent caiodis file to read in, parameters of input secimaepicted
in table 3. World section defines the environmemiusation will model and it has two mark-ups congiidn
and bulk. Reaction section defines all the reastiowolved in simulation and defines which typebadmass
carries out the reaction. Reactions in the protfites are defined using stoichiometric and kingtirameters,
which are framed in a matrix depicted in table dlv&r mark-up is involved in calculation of differtefeatures
of the simulation. Agent grid manages all the algents in the given domain. Species subdivisidhadinal
portion of protocol file, is used to define the Gjps involved in the simulation, each species aefito be one
of numerous classes and given different name asddrae defining parameters.

Table 3: Parameters used in simulation

Symboal Definition Value Unit Reference
Dac Diffusion coefficient of acetate 1.045x10 me d* 22
Dr, Diffusion coefficient of formate 1.218xT0 me d? -
Dnos Diffusion coefficient of nitrate 1.468xT0 me d? -
Dnoz Diffusion coefficient of nitrite 1.468x10 m d* -

D> Diffusion coefficient of nitrogen 1.624xT0 me d? -
PB Biomass density 200 gL 21
P Inert density 200 gt 21
pc Capsule density 33 gL 21

Result & Discussion

In order to investigate the effect of various renti on the spatial structure of biofilm &faracoccus
denitrificans and Wolinella succinogenes in a denitrifying condition, a computer based siatioh model was
chosen and a series of simulations were carriedooste the effect of various limiting substratettom growth
and spreading of biofilm. In this study, acetatd &ormate were chosen as carbon source and eledtroor
during denitrification process, whereas nitrate aitdte as electron acceptor. Nitrite formed i ghrocess of
denitrification byWolinella succinogenes, which is not an efficient denitrifier when comparedParacoccus
denitrificans,which reduces the nitrate to di-nitrogen withoutwanulating substantial amount of intermediates.
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Figure 1: 3D simulation for emergent structure in a nitri@t@ting condition. Simulated image has|3
species GreenWolinella), Cyan (Formate utilizingParacoccus) and White (Acetate utilizing
Paracoccus). Image a, b, c, d are at time interval of 0,4a2d 168h respectively.

Nitrate limiting condition

This case describes a nitrate limiting conditiomvimich simulation was carried out. In this 10mMnitfate was
initially present in the system whereas 100mM ofrfate and acetate was fed. In case of nitratedtroit, it
was observed that thablinella succinogenes have clearly dominated the biofilm, as seen inrggd (d — f),
images are of various time interval 24 h , 72 h 468h respectivelyWolinella succinogenes have a higher
growth rate when compared Raracoccus denitrificans, therefore it dominates the biofilm by producing ERS
faster rate than that &aracoccus and pushing the cells to a higher nutrient zorcedepleting the nutrients for
Paracoccus leading to dominance of biofilm. Due to nitrateiliation, nitrogenous oxide production is less
thereforeWolinella dominates and thrives in this condition.

Table 4: Matrix of stoichiometry and kinetic parameters

Process Sac Seo Swos Svo2 Sz Xp | Xw | X, | Rate
Paracoccus '1/YP,AC ‘1/Yp'|:0 '1/YP,N03 ‘1/Yp'N02 1/YP'NO"§|' 1 R
1/Ypno:
Decay -2 2 R
Wolinedlla '1/YW’|:0 '1/YW,NOE 1/YW,NOE 1 Ry
Decay -1 1 R

Note: negative sign in the matrix means consumgdiwh positive means production of the metabolite
or biomass.

Snos Knoz Sfo
Rw = Um ernoasnoS + knoakKnoZ + SnozSfo+Kfo

Sno3 Sac Sno2 Sfao ¥
Rp = P Alnoalnoze 3 + kno3Sac + KacKno2 + Sno25fo + Kfe™

Ra = RdecaQ(W or RdecaQ(P

Foramte limiting condition

This case describes a formate limiting condition \WWlinellaand Paracoccus, formate is the carbon source
which is utilized byWolinella succinogenes, whereadParacoccus denitrificans utilizes both formate as well as
acetate present in the environment. In this cooitihe nitrate is present in abundance, figura 2 €) are the
simulated images for this condition. We can sethinimages figure 2 (a), which is a 24 h simulatiesult,
clearly shows the dominance \blinellasuccinogenes, where as in figure 2 (b — ¢), which are 72 h &&di
simulated images for this condition, it is cleaslgen that the dominance B&racoccus denitrificans have
increased over time, this is due to the denitrdfieg when Wolinella succinogenes reduces nitrate, it
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accumulates nitrite and several other nitrogenoudeointermediates which are inhibitory for Wolinella
succinogenesis inhibited at 3mM nitrite concentration [15].

o

Figure 2: 2D simulation for the spatial structure of defiitation in varying condition (a — f). Simulate
images have three speciédplinella(green), Paracoccus acetate utilizing (white) and Formate utilizing
Paracoccus (cyan). Images a — c, are of formate limited cbodiand d — f, are of nitrate limiting condition.

Our model have delivered an insight into the spatiacture emergence and evolutionary behavior of
the organisms in a microbial biofilm community. Tresent work focused on the evolutionary behadiming
nutrient limitation conditions in a biofilm microeimonment. Figure 1 (a — d) clearly show the biosnas
spreading of\Wolinella over time dominatingParacoccus in the biofilm, when nitrate is limited in the
microenvironment and this is becau¥églinela succinogenesis a cheater strain which grows faster utilizing
nutrients at higher rate and depleting it for thewgh of Paracoccus denitrificans, under nitrate limited
condition Wolinella grows producing EPS and pushing its cells in highetrient zones and suffocating
Paracoccus, this condition can't prevail for long and leadiofilm collapse.

Paracoccus denitrificans follows altruistic behavior, it has low growth rdiat high yield which is good
for biofilm growth and survival. In high nitrate mdition, Wolinella succinogenes dominates initially but due to
inefficient nitrate reduction, it accumulates nérivhich is inhibitory for it can lead to its inliiion in a biofilm,
but due to presence Bhracoccus denitrificans which is a very good denitrifier, reduces the tetaccumulated
by Wolinella succinogenes making environment better for thriving @olinella. For a better biofilm, altruistic
behavior is important and it is evident from thisdal that a mixed biofilm is better than a singledes
biofilm as they cooperate for the survival but t@®perative behavior of all biofilm forming orgamis may
not be cooperative after all.

Nomenclature

Rr Rate of reaction folParacoccus

Ry Rate of death of cell$aracoccus andWolinella)

Rw Rate of reaction fonolinella

Xw Wolinella biomass concentration

Xp Paracoccus biomass concentration

X;  Inert biomass concentratioRgracoccus andWolinella)
S, Concentration of acetate

S, Concentration of formate

Swoz Concentration of nitrate
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Svo? Concentration of nitrite
S\2 Concentration of nitrogen.
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