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Context

Full experimental 
data set of two 

denitrifying bacteria
Felgate et al., 2012

Research fellow

Research group 
BIOCOM-SC and the 
core model INDISIM
Ginovart et al., 2002

Financial support

Ph.D. 
Thesis

In
tr

od
u
ct

io
n

2



What is a model?

§ Abstraction of reality

§ Simplification somehow

§ Represent main features of reality

§ Representation of a phenomenon

§ Description of complex processes

§ Controllable environment

§ Science lab

§ A tool for predicting something

Model
Reality
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What is an Individual-Based Model?

IBM

Stochastic, 
Dynamic 

and 
Heuristic

Individuals 
as discrete 

entities

Behaviour-
rules

Change and 
adapt 

characteristics 
over the time

Explore 
connections

Micro-level 
to macro-

level
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Microbial IBMs
ü BACSIM (Kreft et al., 1998)

ü INDISIM (Ginovart et al., 2002)

ü MIOR (Masse et al., 2007)

ü MICRODIMS (Verhulst et al., 2011)

ü ….. Among others
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INDISIM: 
INDividual
DIscrete

SIMulations
Ginovart et al. 2002a, 

b, c

INDISIM-
LagPhase
Prats 2008

INDISIM-
COMP

Prats et al. 
2010

INDISIM-SOM
Ginovart et al. 

2005, 

Gras et al. 
2010, 2011

INDISIM-RBC 
(Malaria)

Ferrer 2010

INDISIM-
YEAST

Ginovart & 
Cañadas 2008, 

Ginovart et al. 
2011a, b

INDISIM-
Saccha

Portell et al. 
2014

INDISIM-
SOM-NL

Banitz et al. 
2015

INDISIM-
Paracoccus
Araujo et al. 

2016

INDISIM-
Plate-NL

Font & Ginovart
2016

INDISIM-
Denitrification

Araujo et al., 
2017 (to be 
submitted)

INDISIM: our core model
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Computational framework

§ NETLOGO
§ Open
§ Widespread
§ IBM
§ Friendly use
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Denitrification
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Denitrification – What is it?
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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

individual sub-model.

General Objective
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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



To develop an open access and open source

computational tool to systematize the writing

of 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.

1

Objectives
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What do we need?

Pathways

Reactor designThermodynamics

Stoichiometry
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Thermodynamic approaches

Monod, 
1949

Bauchp and 
Elsden, 
1960

Mayberry et 
al., 1967

Minkevich
and Eroshin, 

1973

McCarty, 
1975

Linton and 
Stephenson, 

1978

Roels, 1981

Battley, 
1987

Widdowson
et al., 1988

Borden 
et al., 1986

MacQuarrie
et al., 1990 Frind et al., 

1990

Bedient and 
Rifai, 1992

Heijnen & 
van Dijken, 

1992

Rittmann & 
McCarty, 

2001

VanBriesen & 
Rittmann,

2000

McCarty, 
2007
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Thermodynamic approach
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∆Gd

∆Ga

∆Gs ∆Ge

CnHaObNc

Thermodynamic approach (McCarty, 2007)
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TEEM: Definitions (McCarty, 2007)

TEEM 1

TEEM 2

fs
o =

1
1+ A

  ;   fe
o =

A
1+ A

  ;   fs
o  + fe

o  = 1
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Energy-Transfer-Efficiency (�)

§ Electrons distribution
§ Catabolism 

§ Anabolism

� � = 0.37

� Standard deviation error of 
15%

McCarty, 2007
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∆Gd

∆Ga

∆Gs ∆Ge

CnHaObNc

Thermodynamic approach (McCarty, 2007)
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Software development
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Flow 
Diagram
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Software development
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MbT-Tool: 
Metabolism-based on Thermodynamics

26



MbT-Tool: 
Metabolism-based on Thermodynamics
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MbT-Tool
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http://dx.doi.org/10.1016/j.csbj.2016.08.001  

This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). 
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INDISIM-Paracoccus: An individual-
based and thermodynamic model to deal 

with Paracoccus denitrificans in a 
bioreactor
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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



Modelling cycle*

32*(Xavier Portell, 2014) PhD Thesis presentation. Individual-based observations and individual-based simulations to 
study Saccharomyces cerevisiae cultures. 





INDISIM-
Paracoccus

Environmental
Conditions

Stirring

Input/Output

Individual

Uptake

Cellular 
Maintenance

Mass 
Synthesis

Reproduction

INDISIM-Paracoccus submodels

34



Cellular maintenance P. denitrificans

(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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Microbial Metabolic Reactions P. denitrificans

(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) 36



Flow 
Diagram
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Experimental conditions

(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.

Batch culture:

ü Aerobic phase

ü 24 hours

Continuous culture:
ü Anoxic phase
ü From 24 to 120 hours
ü Dilution rate (d = 0.05 h-1)
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e-donor sufficient / 
e-acceptor limited

Aerobic 
conditions

Batch
culture

Biomass

Nitrate

Anaerobic
conditions

Continuous 
culture

Biomass

Nitrate

Nitrite

Nitrous oxide

Nitrogen gas

e-donor limited / 
e-acceptor sufficient

Experimental data

(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. 39



NetLogo implementation
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Model parameters
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Model parameters



Model Pre-calibration
Domain sizeStep time
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Model parameters
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Sensitivity Analysis – Aerobic phase

45Both experiments – Uptake-rates



Sensitivity Analysis – Anoxic phase

e--donor limited / e--acceptor sufficient 46



Sensitivity Analysis – Anoxic phase

e--donor sufficient / e--acceptor limited 47



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

3

Objective
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Two hypotheses to test

Metab NO3
- NO2

- NO N2O N2

Gibbs NO3
- N2O NO NO2

- N2

Denitrification process

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

The bacterium goes first for the more spontaneous reactions.

49



§ Factors: Specific Uptake-rate (each nutrient - 6)
§ Aerobic phase: Succinate and NO3

-
(a)

§ Anaerobic phase: Succinate, NO3
-
(x) , NO2

- , NO and N2O

§ Levels: 3

§ Replicate: 3

§ Response: Score 
§ 7 time evolutions (2 aerobic and 5 anaerobic phases)

§ 2 Hypotheses

How did we evaluate our model?

50



Rating the parameters combination

e-donor sufficient / 

e-acceptor limited

e-donor limited / 

e-acceptor sufficient
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Metabolic Hyp…. Gibbs Hyp
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e--donor limited / e--acceptor sufficient

GRI = Geometric Reliability Index Simulations reasonably close to experimental observations shows GRI factor 1 to

3. (Jachner et al., 2007) and (Leggett and Williams, 1981).
53



e--donor sufficient / e--acceptor limited

GRI = Geometric Reliability Index Simulations reasonably close to experimental observations shows GRI factor 1 to

3. (Jachner et al., 2007) and (Leggett and Williams, 1981).
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Model parameters
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http://dx.doi.org/10.1016/j.jtbi.2016.05.017 56



INDISIM-Denitrification: 
an individual-based model 

for study the 
denitrification process



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.

4

Objective
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INDISIM-Denitrification submodels

INDISIM-
Denitrification

Environmental
conditions

Stirring

Input/Output

Individual

Uptake

Cellular 
maintenance

Mass synthesis

Mass 
degradation

Reproduction
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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

61



Flow 
Diagram
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NetLogo implementation
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Metabolic pathways A. xylosoxidans
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Microbial Metabolic Reactions for 
individual mass degradation

(Araujo et al., 2016) Mass degradation to reduce cytotoxic products as an individual behavior-rule embedded in a
microbial model for the study of the denitrification process (BioMicroWorld2015 – Proceedings book) 65



P. denitrificans: e--donor limited / e--acceptor sufficient

GRI = Geometric Reliability Index Simulations reasonably close to experimental observations shows GRI factor 1 to 3.

(Jachner et al., 2007) and (Leggett and Williams, 1981).
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P. denitrificans: e--donor sufficient / e--acceptor limited

GRI = Geometric Reliability Index Simulations reasonably close to experimental observations shows GRI factor 1 to 3.

(Jachner et al., 2007) and (Leggett and Williams, 1981).
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A. xylosoxidans: e--donor limited / e--acceptor sufficient

GRI = Geometric Reliability Index Simulations reasonably close to experimental observations shows GRI factor 1 to 3.

(Jachner et al., 2007) and (Leggett and Williams, 1981).
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A. xylosoxidans: e--donor sufficient / e--acceptor limited

GRI = Geometric Reliability Index Simulations reasonably close to experimental observations shows GRI factor 1 to 3.

(Jachner et al., 2007) and (Leggett and Williams, 1981).
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The Individual Microbe: Single-cell 
Analysis and Agent-based Modeling

March, 18th 2016
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Future perspectives



§ The model can be adapted to more complex systems, e.g.
wastewater treatments, soil management, and composting
processes, among others.

§ INDISIM-Denitrification could be incorporated into
INDISIM-SOM, extending this soil model to complement
the soil 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.
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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 ε
value.
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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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Thank you 

@pabolo19                      February 17th, 2017        paaraujo@uce.edu.ec


