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Introduction

What is a model?

= Abstraction of reality

= Simplification somehow

= Represent main features of reality

Reality
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Introduction

What is a model?
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Introduction

What is an Individual-Based Model?

Stochastic,
Dynamic
and
Heuristic

Micro-level
to macro-
level

Explore ‘ Behaviour-
connections rules

Change and
adapt
characteristics
over the time



Introduction

Microbial IBMs

v" BACSIM (Kreft et al., 1998)

v" INDISIM (Ginovart et al., 2002)

v' MIO

V' MIC

R (

RO

Masse et al., 2007)

DIMS (Verhulst et al., 2011)

v ... Among others



Introduction

INDISIM: our core model

INDISIM-
INDISIM- | -2eFhase :
atraiel INDISIM
Denitrification rats 2008 COMP

Araujo et al.,
2017 (to be Prats et al.
submitted) 2010

INDISIM-SOM

INDISI
Plate-NL INDISIM: G’”%Vgg;f al.
Font & Ginovart . . ’
2016 INDividual s e
Dlscrete

Paracoccus
Araujo et al.

Ginovart et al. 20023, (Malaria)

Ferrer 2010

INDISIM-
YEAST
Ginovart &

Banitz et al. INDISIM- afiadas 2008,
2015 Saccha inovart et al.
Portell et al. 2011a, b

2014




Computational framework

= NETLOGO
= Open
= Widespread
= |[BM
= Friendly use
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Introduction

Denitrification
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Introduction

Denitrification - What is it?
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Introduction

General Objective

To develop an IBM to study the denitrification
process driven by denitrifying bacteria, using
thermodynamic principles to write microbial
metabolic reactions as the centre of the

iIndividual sub-model.
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MbT-Tool: An open-access tool based
on Thermodynamic Electron
Equivalents Model to obtain microbial-
metabolic reactions to be used In
biotechnological process



MbT-Tool: Metabolism based on Thermodynamics

Objectives

lo develop an open access and open source
computational tool to systematize the writing
o microbial metabolic reactions based on the
thermodynamic principles to be used as the
starting point of modelling projects dealing
with biotechnological process carried out by

microbes.
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What do we need?

Thermodynamics Reactor design

BIOLOGICAL
SCIENCES

BIOCHEMISTRY

Stoichiometry Pathways

MbT-Tool: Metabolism based on Thermodynamics
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Thermodynamic approaches

Monod,
1949

Bauchp and
Elsden,
1960

Rittmann &
McCarty,
2001

MbT-Tool: Metabolism based on Thermodynamics

Mayberry et
al., 1967
o S
( Roels, 1981 J
\ -_ = -
- =N MacQuarrie
f WNcCarty, § o a1 1990
\ 1975
-_ = '
Linton and
Stephenson,
Minkevich 1978
and Eroshin,
1973

Battley,
1987

Bedient and
Rifai, 1992

Frind et al.,
1990

Borden
et al.,, 1986

Widdowson
et al., 1988

o = =
McCarty,
~ 2007

a -

VanBriesen &
Rittmann,
2000

Heijnen &
van Dijken,
1992

J
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MbT-Tool: Metabolism based on Thermodynamics

Thermodynamic approach

Electron-donor Biomass
Electron-acceptor CnHaObNc
-------- >,
Gibbs energy Energy Gibbs energy
release ; coupling uptake
............ (
Reduced-acceptor N-sources



MbT-Tool: Metabolism based on Thermodynamics

Thermodynamic approach (mccarty, 2007)

C-sources
AGd
C,H,OpN, Electron donor (Rd)
.~ reduction half-reaction ™.
Microbial
fs fe
AG
v E N a
Cell synthesis (Rc) Electron acceptor (Ra)
half-reaction reduction half-reaction
Af
N-sources i
------J—-----".” \“*/‘ \\‘.-“-‘S ----J—----I
| Synthesis reaction (Rs)I ; ' 1Energy reaction (Re)l
| ___Rs=Re_Rd_ ] . A0, 1 _Re=Ra:Rd _]
\\ ‘;\..-l £ AG e A:;_; /_,.
oy, v

A R = feRe + fsRs 4~

Y

N
Balanced Biochemical Equation (R) and Yc/c, Yc/m, Yg/m
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TEEM: Definitions mccary, 2007

% in— AGpc

: ) AG. (AG enAGd) 3. Ep fo

O = — — = e—

3 TEEM 1 eAG, e(AG, — AG,) fo

<

S poo_ 1 ope_ A popo
e 1+A 1+ A

S

s TEEM 2

I (AGfa—AGa) N (AGin—AGfa) + AGpc

= AL AGS cie gMm gn € .. "¢
E eAGe  £(AG,—AGy—24G,) B
-

= 20



Energy-Transfer-Efficiency (€)

= Electrons distribution  If AG;. < 1, then n = —1, and

= (Catabolism AG 0.5
= Anabolism £ = il -
AGr[l - (yd)/(nyC/(‘)] - A(’ic
o £=0.37 If AG,. > 1, then n = +1, and
e Standard deviation error of 0.5
159, B ( AGy: + AG;c )
McCarty, 2007 AG[1 = (va)/ (vi¥csc)]

MbT-Tool: Metabolism based on Thermodynamics
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MbT-Tool: Metabolism based on Thermodynamics

Thermodynamic approach (mccarty, 2007)

AG C-sources
d
C,H,0pN, Electron donor (Rd)
,»"’/ “ reduction half-reaction .
Microbial // W
/ fs fe )
3\ AG
vy J E 9 a
Cell synthesis (Rc) Electron acceptor (Ra)
half-reaction reduction half-reaction
Af
N-sources ,
----j------ = .,.r"'.w””“‘... M ----x-----
1o I 4/ ~ e

ISynthesis reaction (Rs)-"'I \ :Energy reaction (Re) :
Rs=Rc-Rd | | AGg '] Re=Ra-Rd |

R £ AG ] /
\ : e r ./"
\AGS “ \ 3 ; » y F }l.l S {/.__v..- AGe .:..-l‘,:/

N

T2 R = feRe + fsRs 4T

l//'"""‘”\- |
-_— I N N S S S S S

v
Balanced Biochemical Equation (R) and Yc/c, Yc/m, Yg/m
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Software development

Q'g‘ *A'ou*ﬁr

‘Aj ’lf @ o

MbT-Tool: Metabolism based on Thermodynamics
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Software development

Open
" Access

open source

©

creative
commons

MbT-Tool: Metabolism based on Thermodynamics
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MbT-Tool: Metabolism based on Thermodynamics

MbT-Tool:
Metabolism-based on Thermodynamics

ece Netlogo — MBT-400l VD (JUsery/Padoio/Dro

LR r o N R
thecutar iotoc
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MbT-Tool: Metabolism based on Thermodynamics

MbT-Tool:
Metabolism-based on Thermodynamics

««= Organi Reactions «««
Acetate

Alanine

Benzoate

Citrate

Ethanol

Formate

Glucose

Clutamate

Glycerol

Clycine

Lactate

Methane

Methanol

Palmitate

Propionate

Pyruvate

Succinate

NTA - Acid nitrdotriacetic
~== In0rganic Reactions ---
NH4 + -> NO3-

NH4+ <> NO2-

NH4+ -> N2

Fels -> Fels

H2 -> H+

NOZ2- <> NO3-

1 NO-> NO3-
N2O <> NO3-
d NO + N20 -> NO3-
N2 <> NO3-
NO -> NO2-

N20 <> NO
N2 -> N20
H2S 4 HS- <> (804)2-
H2S + HS- -> (S03)2-
(SO3)2~ «> (S04)2-

S -> (504)2-
(S203)2~ -> (S04)2-
H20 -> 02

NH4 +
NO3-
NO2-
N2

4

I .~

|

l N2 <> NO2- '

CSH7O2N - Casein, aerobic
CTHI204N - Acetate, Ammomia N source aerobic
COH1SOSN - Acetate, Nitrate N source aerobic
COH1605N - Acetate, Nitrite N source aerobic
C4.9H9.402.9N - Acetate, Methanogenic
C4.7H7.702.IN - Octanoate, Methanogenic
C4.9H903N ~ Clycine, Methooooaxis
C5HB.803.2N - Leucine, M
C4.1HE.802.2N - Nutrent
C5.1H8,502.5N - Clucose,
CS5.3M9.102.5N - Stahech,
CSHBO2N - Bacteria, aceta
CSHB.3300.81N - Bacteria TEEM 1

C4HBO2N - Bacteria, Unde
C4.17H7.4201.38N - Aero TEEM 2
\ = y

C4.54H7.9101.95N ~ Kieb:

C4.17H7.2101,.79N - Kiedy

C4.16MB801.25N -~ Escherichia col, undefined
C3.85H6.6901.78N - Escherichia cob, glucose
CE6.3IM10.2103 53N - Saccharomyces cerevisiae, glucose
C4H7,.201.93N - Paracoccus denatrificans, succinate
CSHI902 5N - Agrobacterium tumefaciens, suconate

C4.17HBO1,75N - Bacteria, Undefned
CindHaXO(bINIC) ~ Bacteria, Generic

R R 5



MbT-Tool

(rd) Electron donor --> NTA - Acid nitrilotriacetic :
+ 0.0556 NH4+ + 0.3333 HCO3~ + 1.1111 H¢ + 1 e~ ==> + 0.0556 (CH6HGO06N)3~ + 9.6667 H20
[ AG = 68.889 K)/e~-eq )

(ra) Electron acceptor =--> NO3- -> N2 :
+ 0.2 NO3~- + 1.2 H+ + 1 e~ ==> + 0.1 N2 + 0.6 H20 [ AG = =72.2 Kl/e~eq )

(rc) Biomass half reaction : CSH702N - Casein, aerobic , N-Source : NH4+
0.2 C02 + 0.05 HCO3~ + 0.95 NH4+ + 1 H+ + 1 e~ ==> 0.05 C'S'H'7'0'2'N"'1 + 0.45 H20
[ AG = 18.799 Kl)/e-eq )

fEnergy reaction : :
I+ 0.0556 (C6HG606N)3~ + 0.0667 H20 + 0.2 NO3~ + 0.0889 H+ --> + 0.0556 NH4+ + 0.3333 |
:HC03- + 0.1 N2 :
-----------------------------------------------------------I
ISynthesis reaction : |
I+ 0.08556 (CO6HG606N)3~ + 0.2 C02 + 0.2167 H20 --> 0.05 C'S'H'7'0'2'N'1 + 0.1111 H+ + |
10.8056 NH4+ + ©.2833 HCO3~ I

I Balanced equation using TEEM_1 : :
[ fe=0.5) [ fs =0.5) [ e = 0.33 ) l
|+ 0.0556 (C6H606N)3~ + 0.1008 C02 + 0.1423 H20 + 0.0992 NO3~ -=-> 0.0252 :
:C'S'H'7'O'2'N'1 + 0.0119 H+ + 0.0304 NH4+ + 9.3081 HCO3~ + 9.0496 N2 I
___________________________________________________________ [

[VIETE'B?Z&TEEYBF'E """""""" 1
1 Yo/m = 51.311 [ grams_cells/mol_donor ] 1
1Yc/m = 2.268 [ mol_C_cells/mol_donor ) :
I
-

l}c/c = 9.378 [ mol_C_cell/mol_C_donor )

MbT-Tool: Metabolism based on Thermodynamics
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INDISIM-Paracoccus: An individual-
based and thermodynamic model to deal
with Paracoccus denitrificans in a
bioreactor



INDISIM-Paracoccus: An IBM with thermodymanics inside

N

Objective

To use microbial metabolic reactions in the design,
implementation and  parameterization of the
thermodynamic behaviour-rules embedded in the
metabolic sub-model of an [IBM for denitrifying
bacteria In the framework of INDISIM, implementing
the model in an open-access programming platform to
achieve a simulator that facilitates exploring the effects

of denitrifying bacterial metabolic sub-model.

31



INDISIM-Paracoccus: An IBM with thermodymanics inside

Modelling cycle®

Parameterization

\

Adequa

Calioration | Model Analysis

Comunicate
the model

Formulate
the question

N

Assemble
hypotheses

Model Development

*(Xavier Portell, 2014) PhD Thesis presentation. Individual-based observations and individual-based simulations to

study Saccharomyces cerevisiae cultures.

cy Use Choose model
assessmgnt\*Lthe model Itrrr]\glargggll /structure
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INDISIM-Paracoccus:

Formulate
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INDISIM-Paracoccus: An IBM with thermodymanics inside

INDISIM-Paracoccus submodels

Stirring

Environmental |
Conditions

Input/Output

INDISIM-

Paracoccus Uptake

Cellular

/ Maintenance
Individual
\ Mass

Synthesis

e e —
Assemble Reproduction
hypotheses




INDISIM-Paracoccus: An IBM with thermodymanics inside

Cellular maintenance P, denitrificans

Rd

Succinate

(CH0) + 350, 2CO;+ 2 HCO; + H:0

3

0O,

F
(CeH40:)* + 7 NOy —» 2 CO,+ 2 HCO;3 + 7 NO; + H,0 NO; i

- 4

(CaHO) + 14NO, + 14 H - 14 NO + 2 CO,+ 2 HCO4 + 2 H,0 NO,
(CiHO) + 14 NO - 7N,O+ 2 CO,+ 2 HCOy + H,0 NO
(CiH 04> + 7 N2O - 7 No+ 2 CO,+ 2 HCO, + H:0 N.O

A\ssemble

hypotheses

(Araujo et al., 2015) Thermodynamic Behavior-Rules for a Bacterial Individual-Based Model to Study

the Denitrification Process (MathMod - February 2015 - IFAC,2015- V.8 - pp: 743-748)
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INDISIM-Paracoccus: An IBM with thermodymanics inside

Microbial Metabolic Reactions P, denitrificans

IE

- B

Microbial metabolic reactions (R)

R1
R2

(CHO.)* + 0.60 NH, + 1.04 O,
— 0.81 C3H5 404 45Ny 5 + 0.19 CO, + 1.40 HCO4 + 0.34 H,0

(C:H:O:)* + 0.08 NH." + 0.52 NOy + 1.05H" + 0.18 H,0
~» 0.80 C3He cO4 4sNp 75+ 0.20 CO; + 1,40 HCOy

0.84

0.90

(C4HO.)" + 0.30 NH," + 4.55 NO,'
— 0.40 C4Hs ;O 4sNors+ 4.55 NO; + 1.10 CO,+ 1.70 HCO4 + 0.67 H,0

0.41

R3
R4

(CiH:0,)* + 0.58 NH, + 455 NOy + 455 H'
5 0.77 C3Hs .04 45Ny 75 + 4.55 NO + 0.26 CO, + 1.42 HCO4 + 2.64 H,0

0.84

R5

(CeHO,)* + 0.58 NH,' + 455 NO
5 0.77 CaHs 404 4sNo 75+ 2.28 N,O + 0.26 CO, + 1.42 HCO, + 0.36 H,0

| Y
_—————J'Ei—‘

0.56

R6

(C4H:04)" + 0.58 NH" + 2.28 N;,O
5 0.77 CaHs cO4 4sNo 75+ 2.28 N2+ 0.26 CO, + 1.42 HCO4 + 0.36 H,0

0.53

A\ssemble

hypotheses

(Araujo et al., 2015) Thermodynamic Behavior-Rules for a Bacterial Individual-Based Model to
Study the Denitrification Process (MathMod - February 2015 - IFAC,2015- V.8 - pp: 743-748)
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INDISIM-Paracoccus: An IBM with thermodymanics inside

Experimental conditions

Choose model
}structure

Batch culture

v Aerobic
v 24 hours

Continuous
v" Anoxic
v From 24
v Dilution

(Felgate et al., 2012) The impact of copper, nitrate and carbon status on the emission of nitrous oxide by two species

~ C-Source

| 2-
(C4Hq04) N

Electron donor

+
NH},

—

N - Source

INDISIM-Paracoccus: an Individual-Based

__and Thermodynamic model for a denitrifying bacterium

« [NO-
& _3 /
ire medium

| £] L=

of bacteria with biochemically distinct denitrification pathways.
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INDISIM-Paracoccus: An IBM with thermodymanics inside

[E& Experimental data

University of East Anglia _ _ Biomass

Aerobic Batch |
conditions culture
e-donor sufficient /

e-acceptor limited Biomass

NEIE

e-donor limited / Nitrate
e-acceptor sufficient

Anaerobic Continuous o
conditions culture Nitrite

Nitrous oxide

Choose model _
structure Nitrogen gas

(Felgate et al., 2012) The impact of copper, nitrate and carbon status on the emission of nitrous oxide by two species
of bacteria with biochemically distinct denitrification pathways.
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INDISIM-Paracoccus: An IBM with thermodymanic@daside

raaneeiain], - [Vlodlel parameters

| ' Uptake-rate — u
Cwu:i :;?dmm Awly- (Oharen MOlaam 1)

Nuvient | concenilion I Testing vakues
| Ol] ( ) - Dab " Low Medium  High
u & | o O W ¢
Succinate 50 028 | 0065 013 052

= )

Ammonium L& og e —— 03
Oxygen &36 @ e e 0.54
Nitrate-a
awonc 5:?9; ; 0034 0088 027

X ’
ansorooie) | & 0019 0119 119
Nirhe | gss-00112 | 079 00062 0062 062

Nitric Oxide = 100 | 00000062 000062 082
Nitrous 0.003 -

v sl 050 00031 0031 031
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Parameterization -

INDISIM-Paracoccus: An IBM with thermodymanic@daside

Model parameters

Other bacterial parameters
Parameter Testing Calibrated value Reference
1 Gras ot al. (2011)
Cellular maintenance and van
(9C10e9C e 1Y) o 0.0020~0.0040 Verseveld et al.
(1983)
Derved from
' 0.50 (15% coefficient :
Mass split B £ (Ginovart et &,
of variation) 2002a)
Small bacterium size (um) 04-06 05
Holt et al, (1994)
Big bacterium size (um) 08-10
’hm] Copip
Minimum b e s etal, 2011)
m @ﬂ@)gﬂ@n P@b fMicientof | and (Ginovart et
variation) 8l 2002s)

|
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civain| [Mlodel Pre-calibration

INDISIM-Paracoccus: An IBM with thermodymanics inside

D &heaitigize

14 1 6 1
12 - ' Chemostat 1
5 &'
~ X * Chemostat 2
E ' = “\ i
08 i : ~+1min
83 : 7 min
go'e § e 10 min
2 :
04 -
02 ¥ :
(VR —— —— an 0 e -;——W
0 20 40 &0 0 10 120 0 0 40 80 80 100 120
Time (M} Time (1)
0.300 00120
0250 00100
iozoo 100000
;0!” : gom
0.400 - " éoouo
0080 | _ 00020
oY Lme TSN, S X S S 0.0000 -
0 20 &0 80 80 100 120 0 20 40 o0 &0 100 120
Tme [h) Teme [N



INDISIM-Paracoccus: An IBM with thermodymanic@daside

raaneeiain], - [Vlodlel parameters
r -
Uptake-rate — u,
Cwuc:i :;?dm Aw (MOhcarqn MOngss M)
Nutrient concentration a{h') fixed Tm vakies
[mM) Felgate et | according to
Succinate 5~-20 028 0.065 0.13 052
Ammonium 10 084 e —-\\‘3%31
Oxygen 0.236 0.79 e (\tﬁ 0.54
Nitrate-a D
oy | s | om [ e
X y
(anaerodic) 0.019 0.119 1.19
Nitrite 0.0255 - 0.0112 0.79 0.0062 0.062 0.62
Nitric Oxide S 1.00 0.0000062 000082 0862
Nitrous 0.003 -
Oxide 0.000028 050 0.0031 0.031 0.31
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INDISIM-Paracoccus: An IBM with thermodymanics inside

Sensitivity Analysis — Aerobic phase

07 4 ¢ 35 - "
Aerobic © '
086 1 phase 5’1 Anaerobic phase A N 1 : w—— B
05 1 : @ po— '
04 : izo<
503 ). 15 1 o_SEC..
Eo2 ' : B T §1o e
01 2 S — 5 a
0 0 —_—
0 2 4 6 80 100 120 100 120
Time [h]
12 '~m;.} 6 1 :
o ¥ phase 1) Anaerobic phase G o b4 D
E ne ? ¢ g‘ u——%\——-———
- 08 : - % Aerobic ‘ Anaerobsc phase
g ? LA § o a1
04 1 ' “‘\__?i G 2 1 -
02{% /i - 1]
0 “-—-li% g - - . - 0 ; A ——— 3
0 20 40 60 80 100 120 0 2" 40 6 80 100 120
L Time () Tirne fh)
Caiaion | - Both experiments — Uptake-rates
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INDISIM-Paracoccus: An IBM with thermodymanics inside

L

Calibration

.,-T-‘\‘ s
\b‘\.: -y 5..
“© 6 80 10 120
Time [h)
0.16
, C
imz 4 g
]
., 008 1.
8 !
Z : { !
004 ¢ ;‘%
! » ‘,v_'; al : N

60 80 100 120
Time [h)

0 20 40

e--donor limited / e--

Sensitivity Analysis — Anoxic phase

“ h
28 B
g 21 Ht'ﬂ?. . .
— - J ‘l.“
' ."Y"".\-. »
8 2 B \ V. e I '
"
74 .
i I \\'___ =
0 20 40 60 80 100 120
Time [h)
2.0 1 o D
1.5 1
9 I '
g :
2 . a X .
05 $&~ . i -
00 v v e .

0 20 40 &0 80 100 120
Time [h)

acceptor sufficient



INDISIM-Paracoccus: An IBM with thermodymanics inside

L

Calibration

12
fiow
o 08 1
w 06 1

go‘J
021 %

Sensitivity Analysis — Anoxic phase

0 20
027 1
S 018
é -
o
2 009 4 3
G
000 +—v
0 20

40 &0 50 100 120
Time [h]

6
5 S B
e | Teall
‘2“4 adll QEERES -
— \
&3 '.
22 |
l
! l‘-;
0 gecboniibe ——- D
0 20 &0 &0 80 100 120
Time [h]
0.008 -

Koy Y
— -

——

80 100

120
Time [h]

e-donor sufficient / e-acceptor limited
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INDISIM-Paracoccus: An IBM with thermodymanics inside

o8,

Objective

To use the simulator obtained to test
hypotheses and diverse metabolic strategies
for the individual behaviour of Paracoccus
denitrificans in relation to the use of substrates
growing in aerobic and anaerobic conditions in
a bioreactor, testing the adequacy of the
simulation outputs  with experimental

published data
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Two hypotheses to test

The bacterium prioritizes the use of those nitrogen oxides with a higher
degree of oxidation over others

-—

2!

The bacterium goes first for the more spontaneous reactions.

Adequacy
assessment
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How did we evaluate our model?

Factors: Specific Uptake-rate (each nutrient - 6)

= Aerobic phase: Succinate and NO3 ",
= Anaerobic phase: Succinate, NOs,, NO,", NO and N,0O

Levels: 3
Replicate: 3

Response: Score

= 7/ time evolutions (2 aerobic and 5 anaerobic phases)

= 2 Hypotheses

Adequacy
assessment
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Rating the parameters combination

Experimental outputs

2

3
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6

Sum

Combinations
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y1

Sum
11 |0.5x1 + 0.5y1
12
> g 13
= 21
£ 22 -
€ [ 23
3 31
32
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| Biomass h]
0 0520

S

w

|

S

os )

oOw

= 0.0119 0.119 1.19

Nitrate-x uptake [mol NO3- / mol Biomass h]
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raaneeiain], - [Vlodlel parameters
T
initial :nm- (MObuargnt' MOlnges™ )
Nutrient concentration | a(h") fixed Testing vakies
Caltratnd
| ';5.'!‘,‘;';‘“ e [ Tow — Wedum Figh | Values
1 (L) M) (H)
Succinate 520 0.28 0.065 013 052 | o052
Ammonium 10 084 ——— - oNn 0
Oxygen 0.236 0.79 — —— 0.54 054
Nitrate-a
e pisas . 0034 0068 027 | 027
Nitrate-x 216065
Roicoimert B 0019 0119 119 | 0119
Nitrite | 0.0255 - 0.0112 0.79 00062 0062 062 | "oes
Nitric Oxide aEna 1.00 0.0000082 000082 082 | 082
Nitrous 0.003 -
i oo 0.50 00031 0031 031 | 031
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HIGCGHLIGHTS

e An [BM 10 study denitrification that
uses thermodynamics for the cellular
activity.

e The simulator facilitates interaction
between modelers and experts in
dendtrification.

¢ The thermodynamic properties em-
bedded Into Individual cells for
modeling.

CRAPHICAL ABSTRACT

The individual-based model approach with the thermodynamics embedded as an intracellular model
defines the behavior-rule of the individual cell for maintenance and biomass generation 1o study the
denitrification products dynamics, especidlly the greenhouse gas N;O, carried out by denitrifying bac-
terium Paracocous dendtrificans.

e Comunicate
= S the model

http://dx.doi.org/10.1016/}.jthi.2016.05.017 s
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INDISIM-Denitrification: the update of INDISIM-Paracoccus

Objective

According to the results previously obtained, to
improve the model design, modifying the
individual rules required In the individual-based
modelling context and to generalize the model to
tackle other denitrifying bacteria using a wider set
of published experimental data, performing the
sensitivity analysis for some models’ parameters in
order to learn how the system works, and complete

the modelling cycle.
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INDISIM-Denitrification submodels

Stirring

Environmental |
conditions

Input/Output

INDISIM- Uptake

Denitrification

Cellular
maintenance

Individual \ Mass synthesis

WERS
degradation

Reproduction

INDISIM-Denitrification: the update of INDISIM-Paracoccus
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More ideas to extend the model

To include all thermodynamics calculations into the

implementation of the model

To change the microbial biomass

= Any denitrifying bacteria

To test the model with two denitrifying bacteria with two

experimental conditions and two bioreactor protocols
= Paracoccus denitrificans

=  Achromobacter xylosoxidans
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INDISIM-Denitrification: the update of INDISIM-Paracoccus

Metabolic pathways A. xylosoxidans

— 0.24 C4H;O, N+ 450 N+ 1.05 CO, + 1.76 HCO, + 0.52 H;0O

i Microbial metabolic reactions (R) 3

R1 (CH.O) + 0.50 NH, + 0.89 0, 0.76
— 0.50 CsH0, <N + 0.013 CO5+ 1.50 HCO4 + 0.006 H,0 '

o (C4HO.)* + 0.77 NOs + 1.54 H' + 0.52 H,0 0.65
~» 0.37 CsHgO2 N+ 0.51 CO;+ 1.63 HCO; + 0,40 NH: -

a3 (CaHO:)* + 0.24 NH," + 4.49 NOy 0.44
— 0.24 CsHy0, N + 4.49 NO; + 1.05 CO, + 1.76 HCO4 + 0.52 H;0 :

R4 (CH.O.)* + 0.45 NH, + 4,54 NO; + 454 H' 0.84
— 0.45 CsHy0, N + 4.54 NO + 0.20 CO, + 1.55 HCO, + 2.37 H.0 ;

RE (CH:0.:) + 0.50 NH," + 3.53 NO 0.66
—» 0.50 CaHsO,:N + 1.77 N2O + 0.006 CO;+ 1.50 HCO; + 0.006 H,0 '

2- .
a8 (CeH{O.) + 0.24 NH," + 4.50 N,O G
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® individual mass degradation

o , :

=

% | Bactera | CYiotoxic Microblal metabolic reaction (Rg)

% 9

% e NO CsHs4O1.eNo7s + “/4NO

- 8 - 9,C0; + ¥ HCOy + /s N0 + Y NH," + 4o H,0
:l§

Q.

= 3 NO C3Hs.4O1.45No 75+ “Ig N;O

Q Q —» */4CO; + Y/ HCO3™ + “lg Ny + /s NH," + /4o H;0

g.

3 g NO CsHs0 5N + 21NO —> 4CO; + HCOy + 273N;0 + NH,' + 2 H,0
S

&f : N.O CsHyOz N + 2'13N;0 <> 4CO, + HCOy + 2'/;N;+ NH," + 2 H,0
=

)

5 (Araujo et al., 2016) Mass degradation to reduce cytotoxic products as an individual behavior-rule embedded in a
Z microbial model for the study of the denitrification process (EioMicroWorld2015 — Proceedings book)
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Future perspectives
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= The model can be adapted to more complex systems, c.¢.
wastewater treatments, soil management, and composting
processes, among others.

= INDISIM-Denitrification could be Incorporated into
INDISIM-SOM, extending this soil model to complement
the soll nitrogen cycle to deal with a mixed microbial
community.

= There are some experimental works, which make
reference to the role played by some elements in the
denitrification process such is copper and/or iron,
because they are a co-factor In activating some
denitrifying enzymes. Study of this relation through the
modeling process will be of great interest. Using a model
such as INDISIM-Denitrification could be the next step to
progress in knowledge of denitrification.

Future Perspectives
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= We believe that the use of an approach in the field of non-
equilibrium thermodynamics to describe the microbial
metabolism has shown successful results and this
methodology could be extended to other modelling
frameworks.

= The use of MbT-tool outputs could be assumed as a
starting point to design the metabolic sub models in other
INDISIM  branches to improve the design and
parametrization of the model.

= Virtual experiments can be developed with some specific
environmental characteristics where the bacteria execute
a metabolic pathway using some value of energy-
transfer-efficiency while in another environmental
condition it executes the same pathway using a different €
value.

Future Perspectives
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Conclusions



Conclusions

= An open access and open source tool has been developed
to write microbial metabolic reactions based on
Thermodynamic Electron Equivalents Model.

= The individual-based model named INDISIM-Paracoccus
has been developed, including metabolic reactions as the
basis of the individual behaviour-rules for the cellular
maintenance and biomass synthesis sub-model, to deal
with Paracoccus denitrificans growing In a bioreactor
working as a batch and/or continuous culture. It has been
verified that the corresponding simulator implemented in

NetLogo platform works in accordance with its conceptual
design.

= To improve the first simulator INDISIM-Paracoccus, a new
individual-based model named INDISIM-Denitrification
has been produced, which includes the new individual
rule to reduce cytotoxic products, nitric oxide and/or
nitrous oxide, through the degradation of individual mass.
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