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Syllabus (approximate)

Date Lecture Exercise

11.09 Introduction to Systems Biology, FBA, Objective functions, Growth 
trade off  (FBA1)

Q/A - Environment Setup

18.09 Phenotypic phase plane, alternative flux distributions (FBA2)
Practical (Software; Simulation exercises) + dFBA

Q/A - Excercises

25.09 Data integration of Stoichiometric models; Practical exercises Q/A - Excercises

02.10 Thermodynamics flux balance analysis, and GCM (TFA2) Q/A - Excercises

09.10 Enzyme kinetics/Large-scale modelling + Kinetic modeling of cancer 
metabolism

Q/A 

16.10 Signal transduction systems – Network reconstruction Q/A 

30.10 Signal transduction systems - Dynamics Q/A

06.11 ME-models Q/A

13.11 Microbial communities Q/A

20.11 Other topics (Whole-cell and whole-body models) Q/A 

27.11 Work on projects Q/A 

04.12 Final Presentations

11.12 Final Presentations

18.12



Brief course description

The course introduces and develops the key concepts from systems biology and 

systems engineering in the context of complex biological networks. 

The lectures elaborate on techniques and methods to model and analyze complex 

biological problems.

(Focus  on  Metabolism – and some signaling!)

Examples and projects apply the model-based and systems engineering 

integration and analysis of big data from biological systems.



TOPICS
• Mathematical and computational analysis of 

metabolic reaction networks

• Analysis of metabolomics and bioenergetics data 
in the context metabolic networks

• Mathematical and computational analysis of 
protein expression

• Methods and technologies for the analysis of 
signaling networks

• Computational models of microbial communities

• Interpretation and analysis of single cell data

• Mathematical modeling of 
spatial effects in biological systems 



METHODS

o Metabolic Flux balance analysis (FBA)

(Linear programming)

o Thermodynamics based flux balance analysis (TFA) of

metabolic networks

(Mixed-integer linear programing).

o Kinetic models

(Ordinary differential equations)

o Metabolic control analysis

(Local and global sensitivity analysis)

o Stochastic simulation algorithm (SSA) and

Particle based simulation methods

(Stochastic simulation)

o Parameter estimation for biological systems 

(System identification methods)



RECOMMENDATIONS

The building of working groups will make it possible for 

people with partial knowledge in these fields to 

contribute depending on their formation.

COURSES

SV courses:

• Dynamical systems in biology BIO-341 

• Numerical analysis MATH-251

ChemE courses:

• Dynamics and kinetics CH-310 

• Biochemical engineering ChE-311

• Bioreactor modelling and simulation ChE-320 

• Numerical methods ChE-312



RECOMMENDATIONS

The building of working groups will make it possible for 

people with partial knowledge in these fields to 

contribute depending on their formation.

COURSES

SV courses:

• Dynamical systems in biology BIO-341

• Numerical analysis MATH-251

ChemE courses:

• Dynamics and kinetics CH-310 

• Biochemical engineering ChE-311

• Bioreactor modelling and simulation ChE-320 

• Numerical methods ChE-312

Important concepts to start the course

• For the computational exercises,

MATLAB® and PYTHON will be the platforms of choice.

• An introductory session on the platforms and

software used is part of the course.



Learning Outcomes

By the end of the course, the student must be able to:

• Formulate mass balances of reaction networks

• Solve mass balance equations using linear programing solvers

• Construct kinetic models of biological reactions

• Create and analyze stochastic models of biological reactions

• Analyze papers on modeling and analysis of biological networks

• Assess / Evaluate alternative methods for the study of biological networks

Transversal skills

• Plan and carry out activities in a way which makes optimal use of available time and other resources.

• Access and evaluate appropriate sources of information.

• Summarize an article or a technical report.

• Demonstrate the capacity for critical thinking

• Negotiate effectively within the group.



Literature
• Foundations of System Biology, Edited by Hiraoki Kitano. MIT 

Press 2001 (classic reading)

• Systems Biology, a textbook, Edda Klipp

• Fundamentals of Systems Biology: From Synthetic Circuits 
to Whole‐Cell Models, by Markus Covert

• Systems Biology : Constraint-Based Reconstruction and 
Analysis

• Systems Biology: Simulation of Dynamic Network States

• An Introduction to Systems Biology: Design Principles of 

Biological Circuits, by Uri Alon. Chapman and Hall/CRC 

2006

• Computational Modeling of Genetic and Biochemical 

Networks, by James M. Bower and Hamid Bolouri. 

Bradford 2004

• Receptors: Models for Binding, Trafficking, and Signaling

by Douglas A. Lauffenburger, Jennifer Linderman 

• Cellular Signal Processing: An Introduction to the 

Molecular Mechanisms of Signal Transduction 

• Computational Modeling of Signaling Networks



Grading

• Project based evaluation:

• Analyze and reproduce the results of a paper (A paper will be assigned to 

each group)

• TAs will be available to solve the questions during exercise sessions

• One grade per group 

• Final presentation 100%



Groups and Project presentations
• Groups:

• 2-3 People

• Send one e-mail per group to david.liaskos@epfl.ch

with the full names of all group members until the 27th Sep

• If you are not part of a group by that time, we will assign you to a group

• Project presentation:

• After forming a group, a paper will be assigned to you

• Goal: Replicate the key results from the article

• Propose extensions to the work presented



Introduction into Systems Biology

Principles and Applications of Systems Biology

Vassily Hatzimanikatis
September 2025



Systems Biology

Understanding biology on a systems level: 



Systems Biology - Why?



Complex Systems

Imagine a system consists of N agents that make individual decisions and 
interact with each other. 

If the behavior of the system cannot be deduced from the behavior of the 
individual agents but can only deduced from all the participating agents and 
their interactions this system is complex. 

Let A,B,C and D be departments in a company that perform a special task and 
interact with each other. 

The overall performance of this company 
will not be determined by how fast the 
individual departments perform their task
with a given input resources but how these 
departments interchange resources and 
information. 



The cell a complex system

Similar departments exist in the cell:



The cell a complex system



The cell a complex system

Protein synthesis 

Transcription

Signaling

Metabolism

External stimuli

Supply building blocks

Translation regulation

Transcription regulations

Genes

mRNA supply

Enzyme supply

Protein supply

Supply AA’s

Nutrient uptake

Secretion

Structural building blocks



Complex subsystems

Protein synthesis 

Transcription

Signaling

Metabolism

External stimuli

Supply building blocks

Translation regulation

Transcription regulations

Genes

mRNA supply

Enzyme supply

Protein supply

Supply AA’s

Nutrient uptake

Secretion

Structural building blocks
These “departments” themselves have then a 
complex substructure. Consisting of many 
interacting components to from their behaviour



Complexity in time



Integration of data and systems

Karr, J. R. et al (2013): Cell, 150(2), 389–401



AT A CGAGTT AC



AT A CGAGTT AC



AT A CGAGTT AC

The whole system is different from the individual parts 
and includes emergent properties



AT A CGAGTT AC

A mathematical model can represent the parts 
and interactions in the system



Systems Biology of Metabolism 

Metabolism
Catabolism

Cell

Cellular	building	blocks
small	molecules,	amino	acids,	…	

Macromolecules

Wastes

Heat	&	Energy

Anabolism

Nutrients

Ensemble of biochemical reactions that occur in living 
organisms in order to maintain life



Metabolism 

Metabolism
Catabolism

Cell

Cellular	building	blocks
small	molecules,	amino	acids,	…	

Macromolecules

Wastes

Heat	&	Energy

Anabolism

Nutrients

Understanding metabolism 

How do we integrate the data to understand cell as 
a system?

What would you need to measure if you wanted to 
discover the causes of disease? 

What are the mechanisms of drugs? 

How are the metabolic pathways different in micro-organisms? 

Design new therapies? 

re-engineer organisms for new purposes? Cell factories? 

How metabolism is re-programmed in critical condition? Starvation? 

What can we currently measure? 

What does omics data mean individually? 

Genomics: what may happen in cell
Transcriptomics: what can happen in cell
Proteomics: What should happen in cell
Metabolomics: What is happening in cell

Why pathogens have large metabolic 
versatility and flexibility?



Metabolism 

SUBSTRATES

PRODUCTS
GROWTH
BIOMASS

Metabolism
Catabolism

Cell

Cellular	building	blocks
small	molecules,	amino	acids,	…	

Macromolecules

Wastes

Heat	&	Energy

Anabolism

Nutrients

Manipulating Metabolism 

Understanding metabolism 



System components

transcriptomics

fluxomics

metabolomics

genomics

proteomics

(Biochemical pathways, ex. glycolysis) 

~5800 enzymatic reactions

Image: https://biochemianzunited.wordpress.com/

Biochemistry
toolbox

proteins that accelerate the 
rate of biochemical reaction



System components

transcriptomics

fluxomics

metabolomics

genomics

proteomics

(Biochemical pathways, ex. glycolysis) 

~5800 enzymatic reactions

Image: https://biochemianzunited.wordpress.com/

Biochemistry
toolbox

Genome 
sequencing

proteins that accelerate the 
rate of biochemical reaction



From sequenced genome to enzymatic functions

Sequence	quality	and	trimming/filtering
(FastQC,	Trimmomatic)

Genome	assembly
(SPAdes)

Contigs re-ordering	and	trimming
(Artemis,	Blast,	Mauve)

Assembly	Validation
(Read	coverage,	GC-skew/content)

Annotation
(RAST,	subsystem	approach)

Metabolic	functions



System components

transcriptomics

fluxomics

metabolomics

genomics

proteomics

(Biochemical pathways, ex. glycolysis) 

Genome Scale Metabolic Modeling
 organism-specific models
 start from sequenced genome
 correlate genome with 

molecular physiology
 model-based integration and 

analysis of large- and multi-scale 
omics data

~5800 enzymatic reactions



Enzyme Classification

Enzyme Commission number (EC number) 

Back in 1955, in the International Congress of Biochemistry in Brussels, the enzyme 
nomenclature scheme was developed and named: Enzyme Commission (EC) number

EC numbers do not specify enzymes (protein sequences) but enzyme-catalyzed 
reactions (functions). 

If different enzymes (for instance from different organisms) catalyze the same 
reaction, they receive the same EC number.

http://www.sbcs.qmul.ac.uk/iubmb/enzyme/



EC number (i.j.k.l)

EC 1 : Oxidoreductases To catalyze oxidation/reduction reactions 

EC 2 :Transferases Transfer of a functional group from one substance to 

another 

EC 3: Hydrolases Formation of two products from a substrate by hydrolysis 

EC 4: Lyases Non-hydrolytic addition or removal of groups from 

substrates 

EC 5: Isomerases Intramolecule rearrangement 

EC 6: Ligases Join together two molecules by synthesis of new C-O, C-

S, C-N or C-C bonds 

– i. general type of 

chemistry



EC 1 : Oxidoreductases To catalyze oxidation/reduction reactions 

EC 2 :Transferases Transfer of a functional group from one substance to 

another 

EC 3: Hydrolases Formation of two products from a substrate by hydrolysis 

EC 4: Lyases Non-hydrolytic addition or removal of groups from 

substrates 

EC 5: Isomerases Intramolecule rearrangement 

EC 6: Ligases Join together two molecules by synthesis of new C-O, C-

S, C-N or C-C bonds 

– i. general type of 
chemistry 

– j.  functional group being 
acted upon

1.1 act on the CH-OH group of donors 

1.2 act on the aldehyde or oxo group of donors

1.3 act on the CH-CH group of donors 

1.4 act on the CH-NH2 group of donors 

1.5 act on CH-NH group of donors

1.6 act on NADH or NADPH

1.7 act on other nitrogenous compounds as donors

1.8 act on a sulfur group of donors

1.9 act on a heme group of donors

1.10 act on diphenols and related substances as donors

1.11 act on peroxide as an acceptor

1.12 act on hydrogen as donors

1.13 act on single donors with incorporation of molular oxygen 

1.14 act on paired donors with incorporation of molular oxygen

1.15 act on superoxide radicals as acceptors

1.16 oxidize metal ions

1.17 act on CH or CH2 groups

1.18 act on iron-sulfur proteins as donors

1.19 act on reduced flavodoxin as a donor

1.20 act on phosphorus or arsenic in donors

1.21 act on X-H and Y-H to form an X-Y bond

1.97 includes other oxidoreductases

EC number (i.j.k.l)



EC 1 : Oxidoreductases To catalyze oxidation/reduction reactions 
– i. general type of 

chemistry 

– j. functional group being 
acted upon

– k. cofactors the enzyme 
uses or specific 
information on the 
chemistry of the enzyme 
action

1.1.1 With NAD or NADP as acceptor

1.1.2 With a cytochrome as acceptor

1.1.3 With oxygen as acceptor

1.1.4 With a disulfide as acceptor

1.1.5 With a quinone or similar compound as acceptor

1.1.9 With a copper protein as acceptor

1.1.98 With other, known, acceptors

1.1.99 With other acceptors

1.1 act on the CH-OH group of donors 

EC number (i.j.k.l)



– i. general type of 
chemistry 

– j. functional group being 
acted upon

– k. cofactors the enzyme 
uses or specific 
information on the 
chemistry of the enzyme 
action

– l. specific substrates 
participating in the 
reaction

EC 1 : Oxidoreductases To catalyze oxidation/reduction reactions 

1.1.1 With NAD or NADP as acceptor

1.1 act on the CH-OH group of donors 

1.1.1.1: alcohol dehydrogenase

1.1.1.2: alcohol dehydrogenase (NADP+)

1.1.1.3: homoserine dehydrogenase

1.1.1.4: (R,R)-butanediol dehydrogenase

1.1.1.5: Transferred to * 1.1.1.303 and * 1.1.1.304

1.1.1.6: glycerol dehydrogenase

1.1.1.7: propanediol-phosphate dehydrogenase

1.1.1.8: glycerol-3-phosphate dehydrogenase (NAD+)

1.1.1.9: D-xylulose reductase

1.1.1.10: L-xylulose reductase

1.1.1.11: D-arabinitol 4-dehydrogenase

1.1.1.12: L-arabinitol 4-dehydrogenase

1.1.1.13: L-arabinitol 2-dehydrogenase

1.1.1.14: L-iditol 2-dehydrogenase

1.1.1.15: D-iditol 2-dehydrogenase

1.1.1.16: galactitol 2-dehydrogenase

1.1.1.17: mannitol-1-phosphate 5-dehydrogenase

1.1.1.18: inositol 2-dehydrogenase

EC number (i.j.k.l)



Genome Scale Metabolic Models

Sequenced and Annotated Genome 

Functional Annotation

Metabolic Reactions -> Glycolysis pathway

• Computers can keep this information "in mind" and analyze it in various ways.
• How to digitalize this information and show the interactions between metabolites and reactions?
• Interaction Matrices summarize any kind of interaction between elements of a system.

.

.

.
1000s of reactions for a single species

 Systems Analysis of Metabolism
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Tkt2
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PFK
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E4P F6P

KG
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Mez
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Genome Scale Model Reconstruction

Agren et al., 2013, The RAVEN Toolbox and Its Use for Generating a Genome-scale Metabolic Model for Penicillium chrysogenum. PLoS Comput Biol

Inputs

Draft Metabolic Model



Genome Scale Model Reconstruction

Image adopted from Agren et al., 2013, PLoS Comput Biol 9(3): e1002980 

Automated 

Reconstruction

Draft Model
Mathematical 

Representation

Data Needed End Product



http://vega.sanger.ac.uk/index.html

http://pathema.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi

http://cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=gene

H. pylori: http://genolist.
pasteur.fr/PyloriGene/

http://ecocyc.org/

http://www.yeastgenome.org/

http://genomesonline.org/index2.htm

Genome Databases

Organism-specific databases

Genome Online Databases



Genome Scale Model Reconstruction

Image adopted from Agren et al., 2013, PLoS Comput Biol 9(3): e1002980 

Automated 

Reconstruction

Draft Model
Mathematical 

Representation

Data Needed End Product

Curated 
Reconstruction

Curated Model

• Biochemical evidenced
• Spontaneous reactions
• Known metabolic functions



• Enzyme databases:

• KEGG: 

http://www.genome.jp/kegg/

• BRENDA: 

http://www.brenda-enzymes.info/

• Both databases are great resources for biochemical reactions, but there 
information are organism-unspecific!

• Transport database:

• Transport DB: 

http://www.membranetransport.org/

• Transport Classification Database

http://www.tcdb.org/

Biochemical databases



Genome Scale Model Reconstruction

Image adopted from Agren et al., 2013, PLoS Comput Biol 9(3): e1002980 

Automated 

Reconstruction

Draft Model
Mathematical 

Representation

Data Needed End Product

Curated 
Reconstruction

Curated Model

Reconstruction 
Improvement

Improving based on 
comparative 
genomics using similar species

• Biochemical evidenced
• Spontaneous reactions
• Known metabolic functions

• Update common reactions
• Add uncommon reactions



Genome Scale Model Reconstruction

Image adopted from Agren et al., 2013, PLoS Comput Biol 9(3): e1002980 

Automated 

Reconstruction

Draft Model
Mathematical 

Representation

Data Needed End Product

Curated 
Reconstruction

Curated Model

Reconstruction 
Improvement

Improving based on 
comparative 
genomics using similar species

• Biochemical evidenced
• Spontaneous reactions
• Known metabolic functions

• Update common reactions
• Add uncommon reactions

Reconstruction 
Improvement

• Subcellular localization
• Biomass composition
• Gap filling revisiting of literature and databases



Knowledge Gaps in metabolic networks

P

MEDIUM

Metabolites that 
cannot be produced

Blocked reactions 

Network gaps

False negatives

Systematic Gap-filling using:

 Other annotation platforms

 Close organism

 KEGG database

 ATLAS of Biochemistry



Genome Scale Model Reconstruction

Image adopted from Agren et al., 2013, PLoS Comput Biol 9(3): e1002980 

Automated 

Reconstruction

Draft Model
Mathematical 

Representation

Data Needed End Product

Curated 
Reconstruction

Curated Model

Reconstruction 
Improvement

Improving based on 
comparative 
genomics using similar species

• Biochemical evidenced
• Spontaneous reactions
• Known metabolic functions

• Update common reactions
• Add uncommon reactions

Reconstruction 
Improvement

Iterative Model 

validation

• Subcellular localization
• Biomass composition
• Gap filling revisiting of literature and databases

• Experimental data
Fluxomics, metabolomics, 
proteomics, transcriptomics

• Knockout studies



Genome Scale Metabolic Models
Genome Scale Models are driven from sequenced genome
• They started with the reconstruction of metabolic network of microbes

• Now they exist for several mice strains and human

Red blood cell
• 39 Reactions

Human 
Mitochondria
•218 Reactions

H. sapiens
• 10600 Reactions
• 2248 Genes

Mammalian cells

S. aureus
• 640 Reactions
• 619 Genes

S. typhimurium
• 2545 Reactions
• 1271 Genes

H. pylori
• 558 Reactions
• 341 Genes

H. influenzae
• 472 Reactions
• 376 Genes

Pathogens

M. tuberculosis
• 939 Reactions
• 661 Genes

M. barkeri
• 619 Reactions
• 692 Genes

S. cerevisiae
• 1402 Reactions
• 910 Genes

E. coli
• 2712 Reactions
• 1516 Genes

Industrially relevant
organisms

G. sulfurreducens
• 608 Reactions 
• 588 Genes

B. subtilis
• 1020 Reactions
• 844 Genes



Interaction Matrices
Represents the relationship between all the elements (constituent) of a system. 

Example 1: social networks

A B

IAA

Example 2: gene Regulatory Network

A B IAA

A 1 1 0

B 0 0 1

IAA -1 0 0

Anna

Jack Jane

Ellen Anna Ellen Jack Jane

Anna 0 0 1 1

Ellen 0 0 0 1

Jack 1 0 0 1

Jane 1 1 1 0



Stoichiometric Matrix
Represents the relationship between all the metabolites in 

all the reactions in a metabolic network

M
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o

lit
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Closing Remarks

Genome-scale metabolic model is a platform that 
agrees with experimentally observed data
allows testing hypotheses and answer metabolically 
relevant questions
allows generating new hypothesis for experimental 
validation



RECONSTRUCTION OF

METABOLIC NETWORKS

&

FLUX BALANCE ANALYSIS

Principles and Applications of Systems Biology

September 2025
Vassily Hatzimanikatis



• GENERAL CONCEPTS OF MASS BALANCES  IN

METABOLIC NETWORKS

• METABOLIC NETWORK RECONSTRUCTION:

• GENERAL WORKFLOW

• BASIC CONCEPTS

• INTRODUCTION TO FLUX BALANCE ANALYSIS

• LINEAR PROGRAMMING &

OPTIMIZATION IN METABOLIC NETWORKS

• WHAT IS THE OPTIMAL GROWTH OF BACTERIUM?

LECTURE  OBJECTIVES



Genome Scale Model Reconstruction

Agren et al., 2013, The RAVEN Toolbox and Its Use for Generating a Genome-scale Metabolic Model for Penicillium chrysogenum. PLoS Comput Biol

Inputs

Draft Metabolic Model



Stoichiometric Matrix
Represents the relationship between all the metabolites in 

all the reactions in a metabolic network
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Mass Balances

Metabolic Reactions
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R5 :

R1 R2 R3 R4 R5

Substrate -1 0 0 0 0

A 1 -1 -1 0 0

B 0 1 0 -1 0

C 0 0 1 0 -1

Product 1 0 0 0 1 0

Product 2 0 0 0 0 1
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o
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S matrix

How much substrates (dsusbstrtae/dt) for how much products (dP1/dt)? 



Fluxes

v5

v1

v2

v4

v3

A

B C

Substrate

Product 1 Product 2

How much substrates (dsusbstrtae/dt) for how much products (dP1/dt)? 

Flux values ?

Uptake rate

Production rate

Intercellular
fluxes? 
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Metabolic	Reactions
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®R1 :

R2 :

R3 :

R4 :

R5 :

R1 R2 R3 R4 R5

Substrate -1 0 0 0 0

A 1 -1 -1 0 0

B 0 1 0 -1 0

C 0 0 1 0 -1

Product	1 0 0 0 1 0

Product	2 0 0 0 0 1

Reactions

M
e
ta
b
o
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s

S matrix

Why calculating the intercellular fluxes?
How to calculate the intercellular fluxes?



Metabolic Fluxes Analysis

quantitatively analyze metabolic pathways (calculating/estimating all the missing fluxes).

 Simulation of the effect of environmental or genetic changes 

 Identification of important/critical/bottleneck reactions or pathways

 Understanding/controlling the pathway branching points

Mass balances

equations

[ ]
321 vvv

dt

Ad
--=

[ ]
42 vv

dt

Bd
-=

[ ]
53 vv

dt

Cd
-=

v5

v1

v2

v4

v3

A

B C

Substrate

Product 1 Product 2

Uptake rate

Production rate

Intercellular
fluxes
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(Quasi-)Steady state assumption 

Under the steady state assumption:

[ ] [ ] [ ]
0===

dt

Cd

dt

Bd

dt

Ad

[ ]
321 vvv

dt

Ad
--=

[ ]
42 vv

dt

Bd
-=

[ ]
53 vv

dt

Cd
-=

0321 =-- vvv

042 =-vv

053 =- vv

321 vvv 

• Metabolism does not change with respect to time

– All intermediates do not accumulate

– The sum of influxes equals the sum of effluxes

v1
v2

v3

A



R1 R2 R3 R4 R5

Substrate -1 0 0 0 0

A 1 -1 -1 0 0

B 0 1 0 -1 0

C 0 0 1 0 -1

Product 1 0 0 0 1 0

Product 2 0 0 0 0 1

Reactions
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BAv
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= 0 0=Sv

0321 =-- vvv

042 =-vv

053 =- vv

matrix multiplication

The mass balance equations can be described as follows:
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0===

dt

Cd

dt

Bd

dt

Ad

[ ]
42 vv

dt

Bd
-=

[ ]
53 vv

dt
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(Quasi-)Steady state assumption 



MDH

Eno

X5P

GLC ex

G6P

F6P

G3P

PEP

R5P

Ru5P

PEP

PYR

PYR

MAL

OAA

ACoA

PTS

DHAP

PGI

G6PDH

RPIRPE

Tkt1

Tkt2

Tal

PFK

TPI

PyK

PDH

CS

Ppc

G3P S7P

E4P F6P

KG

KGDH

Mez

MDH

Eno

X5P

GLC ex

G6P

F6P

G3P

PEP

R5P

Ru5P

PEP

PYR

PYR

MAL

OAA

ACoA

PTS

DHAP

PGI

G6PDH

RPIRPE

Tkt1

Tkt2

Tal

PFK

TPI

PyK

PDH

CS

Ppc

G3P S7P

E4P F6P

KG

KGDH

Mez

0

111

111

11

11

11

11

11

111

111

1111

1111

111111

11

1111

111

2

1

6























































































































































Mez

Ppc

MDH

KGDH

CS

PDH

TK

Tal

TK

RPI

RPE

PDHG

Pyk

Eno

TPI

PFK

PGI

PTS

v

v

v

v

v

v

v

v

v

v

v

v

v

v

v

v

v

v



G6P

F6P

DHAP

G3P

PEP

PYR

Ru5P

R5P

X5P

S7P

E4P

ACoA

KG

MAL

OAA

Measurable flux

Central carbon metabolism of E. coli

.

.

.
18 mass balance equations

0
]6[

2 =++-= TKTalPFKPGI vvvv
dt

PFd

“Fluxes in many biological networks cannot be uniquely determined”



Underdetermined Systems
“there are fewer equations than unknowns”

space of hundreds of  

feasible solutions
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Constraint-based Modeling

Achieving a certain objective
in a system 
that is shaped by the defined constraints.

There are many different ways from Lausanne to Zurich, but they will all 

result in reaching Zurich (objective) and if I say 

I should definitely pass through Fribourg & Bern (defined constraints ) 

some results will be eliminated.



Undetermined Systems
“there are fewer equations than unknowns”

space of hundreds of  

feasible solutions
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Thermodynamics

Trascriptomics

Fluxomics
Metabolomics



Flux Balance Analysis
from math to growth



Back to metabolic models ….

Inequality constraints:

Which substrates are available?

Which of them are less abundant? 

What can be secreted?

Equality constrains: 

Stoichiometry: 
0=Sv



Constraints of metabolism

Inequality constraints:

Uptakes: 

Secretions: 

−10 ≤ 𝑣𝐸𝑋_𝑔𝑙𝑢_𝑒 ≤ 0

−20 ≤ 𝑣𝐸𝑋_𝑂2_𝑒 ≤ 0

Internal fluxes: 

0 ≤ 𝑣𝐸𝑋_𝑙𝑎𝑐_𝑒 ≤ 1000

0 ≤ 𝑣𝐸𝑋_𝑎𝑐_𝑒 ≤ 1000

EX_glu_e EX_02_e

Extracellular

0 ≤ 𝑣𝐸𝑋_𝑒𝑡ℎ_𝑒 ≤ 1000

EX_lac_e

EX_ac_e

EX_eth_e

Intracellular

10 ≤ 𝑣𝑃𝑌𝐾 ≤ 20

Stoichiometry: 
0=Sv

Equality constrains: 



Stoichiometry: 
0=Sv

Uptakes: 

Secretions: 

−10 ≤ 𝑣𝐸𝑋_𝑔𝑙𝑢_𝑒 ≤ 0

−20 ≤ 𝑣𝐸𝑋_𝑂2_𝑒 ≤ 0

Internal fluxes: 

0 ≤ 𝑣𝐸𝑋_𝑙𝑎𝑐_𝑒 ≤ 1000

0 ≤ 𝑣𝐸𝑋_𝑎𝑐_𝑒 ≤ 1000

EX_glu_e EX_02_e

Extracellular

0 ≤ 𝑣𝐸𝑋_𝑒𝑡ℎ_𝑒 ≤ 1000

EX_lac_e

EX_ac_e

EX_eth_e

Intracellular

10 ≤ 𝑣𝑃𝑌𝐾 ≤ 20

If available from data…. 

Equality constrains: 

Inequality constraints:

Constraints of metabolism



Does metabolism have an “Objective” ?

Stoichiometry: 

0=Sv

Uptakes: 

Secretions: 

−10 ≤ 𝑣𝐸𝑋_𝑔𝑙𝑢_𝑒 ≤ 0

−20 ≤ 𝑣𝐸𝑋_𝑂2_𝑒 ≤ 0

0 ≤ 𝑣𝐸𝑋_𝑙𝑎𝑐_𝑒 ≤ 1000

0 ≤ 𝑣𝐸𝑋_𝑎𝑐_𝑒 ≤ 1000

Extracellular
0 ≤ 𝑣𝐸𝑋_𝑒𝑡ℎ_𝑒 ≤ 1000

Intracellular

What is the objective function? 



Stoichiometry: 

0=Sv

Uptakes: 

Secretions: 

−10 ≤ 𝑣𝐸𝑋_𝑔𝑙𝑢_𝑒 ≤ 0

−20 ≤ 𝑣𝐸𝑋_𝑂2_𝑒 ≤ 0

0 ≤ 𝑣𝐸𝑋_𝑙𝑎𝑐_𝑒 ≤ 1000

0 ≤ 𝑣𝐸𝑋_𝑎𝑐_𝑒 ≤ 1000

Extracellular
0 ≤ 𝑣𝐸𝑋_𝑒𝑡ℎ_𝑒 ≤ 1000

Intracellular

What is the objective function? 

Evolutionary objective: Utilize minimal necessary resources for maximum “growth”

Does metabolism have an “Objective” ?



What is growth? 

Does metabolism have an “Objective” ?



What is growth? 

… doubling time 

… specific growth rate, yield

… maximum theoretical growth rate given 
a maximum theoretical uptake rate

Phase diagram … slope of log growth 

Does metabolism have an “Objective” ?



How to define growth in the model?

Is maximization of growth
an objective of the cell?
(Darwin…)



Biomass composition



































The biomass reactions

Hexose phosphates

Pyruvate

CO2

Metabolic 
products

Precursor metabolites

Building blocks

Macromolecules O2 H2O

NADH NADH

NADH

NADH
NADPH
ATP

NADPH
ATP

Polymerization

Biosynthesis

TCA cycle

Glycolysis/PP pathway

Fermentative
metabolism

Respiration

ANABOLISM CATABOLISM

Sugar



The biomass reactions

Hexose phosphates

Pyruvate

CO2

Metabolic 
products

Precursor metabolites

Building blocks

O2 H2O

NADH NADH

NADH

NADH
NADPH
ATP

NADPH
ATP

Biosynthesis

TCA cycle

Glycolysis/PP pathway

Fermentative
metabolism

Respiration

ANABOLISM CATABOLISM

Sugar

“Biomass”

ATP



The biomass reactions

1g Biomass

DNA 6.7 %

RNA 5.9 %

Protein 48.0 % 

Lipids 14.1 %

Carbohydrates a.o. 25.3 %

AMP 38.7

UMP 38.7

GMP 11.3

CMP 11.3

Biomass building blocks

Macromolecules

Data for toxoplasma :Thomas Forth PhD thesis, Sept 2012   

etc.



The biomass reactions

• Organism-specific 
models

• Start from 
sequenced 
genome

• Correlate genome 
with molecular 
physiology

Nutrient
s

Growth

DNA RNA Proteins Lipids Cofactors

M
et

ab
o

lic
 n

e
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rk



Defining the growth problem

Equality constrains:

0=Sv

Inequality constrains: 

−10 ≤ 𝑣𝐸𝑋_𝑔𝑙𝑢_𝑒 ≤ 0

−20 ≤ 𝑣𝐸𝑋_𝑂2_𝑒 ≤ 0

0 ≤ 𝑣𝐸𝑋_𝑙𝑎𝑐_𝑒 ≤ 1000

0 ≤ 𝑣𝐸𝑋_𝑎𝑐_𝑒 ≤ 1000

Extracellular
0 ≤ 𝑣𝐸𝑋_𝑒𝑡ℎ_𝑒 ≤ 1000

Intracellular

Objective function: 

max(biomass reaction): 



1. Forming the Solution Space

internal reactions

inputs & outputs

2. Objective Function

Linear programing

Originally from economics to optimize
production processes subject to
linear constraints.



How Does LP work: 2D example

𝑣1 = 10

𝑣1 − 𝑣2 − 𝑣3 = 0

𝑣𝑏,1 + 2𝑣𝑏,2 = 𝑣𝑏𝑖𝑜Biomass function:

N

P1

P2

𝑣1

𝑣2

𝑣3

𝑣𝑏,1

𝑣𝑏,2

Boundary conditions:

Mass balances:

𝑣2 − 𝑣𝑏,1 = 0

𝑣3 − 𝑣𝑏,2 = 0

Biomass building block b1 and b2



How Does LP work: 2D example

𝑣1 = 10

𝑣1 − 𝑣2 − 𝑣3 = 0

𝑣𝑏,1 + 2𝑣𝑏,2 = 𝑣𝑏𝑖𝑜Biomass function:

N

P1

P2

𝑣1

𝑣2

𝑣3

𝑣𝑏,1

𝑣𝑏,2

Boundary conditions:

Mass balances:

𝑣2 − 𝑣𝑏,1 = 0

𝑣3 − 𝑣𝑏,2 = 0

10 − 𝑣𝑏,1 − 𝑣𝑏,2 = 0



How Does LP work: 2D example

Equality constraints: 

10

10

𝑣𝑏,1 = 10 − 𝑣𝑏,2

𝑣𝑏,1

𝑣𝑏,2



How Does LP work: 2D example

Equality constraints: 

10

10

𝑣𝑏,1 = 10 − 𝑣𝑏,2

Inequality constraints: 

0 ≤ 𝑣𝑏,2 ≤ 7

0 ≤ 𝑣𝑏,1 ≤ 5

𝑣𝑏,1

𝑣𝑏,2

7

5



How Does LP work: 2D example

Equality constraints: 

10

10

𝑣𝑏,1 = 10 − 𝑣𝑏,2

Inequality constraints: 

0 ≤ 𝑣𝑏,2 ≤ 7

0 ≤ 𝑣𝑏,1 ≤ 5

𝑣𝑏,1

𝑣𝑏,2

7

5

𝑣𝑏,1 + 2𝑣𝑏,2 = 𝑣𝑏𝑖𝑜

Objective function:



How Does LP work: 2D example

Equality constraints: 

10

10

𝑣𝑏,1 = 10 − 𝑣𝑏,2

Inequality constraints: 

0 ≤ 𝑣𝑏,2 ≤ 7

0 ≤ 𝑣𝑏,1 ≤ 5

𝑣𝑏,1

𝑣𝑏,2

7

5

Objective function:

Increasing 𝑣𝑏𝑖𝑜

𝑣𝑏,1 + 2𝑣𝑏,2 = 𝑣𝑏𝑖𝑜



How Does LP work: 2D example

Equality constraints: 

10

10

𝑣𝑏,1 = 10 − 𝑣𝑏,2

Inequality constraints: 

0 ≤ 𝑣𝑏,2 ≤ 7

0 ≤ 𝑣𝑏,1 ≤ 5

𝑣𝑏,1

𝑣𝑏,2

7

5

Objective function:

Increasing 𝑣𝑏𝑖𝑜

𝑣𝑏,1 + 2𝑣𝑏,2 = 𝑣𝑏𝑖𝑜



Types of Feasible Solutions found by LP



Equivalent Optimal Solutions

Equivalent optimal solutions occur frequently in genome-scale networks.
Since, Genome-scale networks are typically able to achieve the same overall functional
network state in many different ways.

Types of Feasible Solutions found by LP



Flux Balance Analysis

For a given growth condition (e.g. known input nutrients), considering:

- metabolic system operates in a quasi-steady state.

- certain constraints on system (flux limitations, stoichiometric and reversibility constraints ).

- an “objective” that is expected to be maximized (e.g. biomass production).

Flux balance analysis (FBA) applies defined constraints
on an objective function

and find the optimum solutions (flux profiles)

FBA predicts reaction fluxes and essential enzymes 
under a given growth condition

Table from: Edwards, J. S., Palsson, B. O., How will bioinformatics influence metabolic engineering? Biotechnol Bioeng 1998



Other biological objectives



Phenotypic phase planes

Uptake rate of A (−𝒃𝑨)

1. Find optimal solution for a fixed 
uptake flux of two substrates (𝑏𝐴 and 𝑏𝐵)

−𝑥 ≤ 𝑏𝐴≤ −𝑥
−𝑦 ≤ 𝑏𝐵≤ −𝑦

U
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𝑍(𝑥, 𝑦)



Phenotypic phase planes

Uptake rate of A (−𝒃𝑨)

1. Find optimal solution for a fixed 
uptake flux of two substrates (𝑏𝐴 and 𝑏𝐵)

−𝑥 ≤ 𝑏𝐴≤ −𝑥
−𝑦 ≤ 𝑏𝐵≤ −𝑦

2. Calculate 𝑍 while varying 𝑥 and 𝑦

U
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B

 (
−
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𝑩
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Phenotypic phase planes



Phenotypic phase planes

Uptake rate of A (−𝒃𝑨)
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𝑍 = const.  

Isoclines of the objective  

𝑍 undefined, infeasible solution



Phenotypic phase planes

Uptake rate of A (−𝒃𝑨)
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𝑍 = const.  

Isoclines of the objective  

𝑍 undefined, infeasible solution



Flux Variability Analysis



Flux Variability Analysis

1) Perform an FBA with a given objective e.g: 

𝑆 Ԧ𝑣 = 0 with 𝑣𝑗,𝑙𝑏 ≤ 𝑣𝑗 ≤ 𝑣𝑗,𝑢𝑏

𝑏𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝑏𝑖𝑜𝑚𝑎𝑠𝑠)
An optimal solution

𝑣2

𝑣1

𝑣3



Flux Variability Analysis

1) Perform an FBA with a given objective e.g: 

𝑆 Ԧ𝑣 = 0 with 𝑣𝑗,𝑙𝑏 ≤ 𝑣𝑗 ≤ 𝑣𝑗,𝑢𝑏

𝑏𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝑏𝑖𝑜𝑚𝑎𝑠𝑠)

2) Constraint the objective e.g:
𝑏𝑚𝑎𝑥 ≤ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

An optimal solution

𝑣2

𝑣1

𝑣3



Flux Variability Analysis

1) Perform an FBA with a given objective e.g: 

𝑆 Ԧ𝑣 = 0 with 𝑣𝑗,𝑙𝑏 ≤ 𝑣𝑗 ≤ 𝑣𝑗,𝑢𝑏

𝑏𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝑏𝑖𝑜𝑚𝑎𝑠𝑠)

2) Constraint the objective e.g:
𝑏𝑚𝑎𝑥 ≤ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

3) Find minimum and maximum of every flux
given the constraint of the optimal objective: 

for 𝑣𝑖 in Ԧ𝑣:

𝑆 Ԧ𝑣 = 0 with:
𝑣𝑗,𝑙𝑏 ≤ 𝑣𝑗 ≤ 𝑣𝑗,𝑢𝑏 and

𝑣𝑚𝑎𝑥 ≤ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑣𝑖,𝑚𝑖𝑛 = 𝑚𝑖𝑛(𝑣𝑖)

𝑣𝑖,𝑚𝑎𝑥 = 𝑚𝑎𝑥 𝑣𝑖
end

𝑣2

𝑣1

𝑣3

𝑚𝑖𝑛(𝑣2)

𝑣2,𝑚𝑖𝑛



Flux Variability Analysis

1) Perform an FBA with a given objective e.g: 

𝑆 Ԧ𝑣 = 0 with 𝑣𝑗,𝑙𝑏 ≤ 𝑣𝑗 ≤ 𝑣𝑗,𝑢𝑏

𝑏𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝑏𝑖𝑜𝑚𝑎𝑠𝑠)

2) Constraint the objective e.g:
𝑏𝑚𝑎𝑥 ≤ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

3) Find minimum and maximum of every flux
given the constraint of the optimal objective: 

for 𝑣𝑖 in Ԧ𝑣:

𝑆 Ԧ𝑣 = 0 with:
𝑣𝑗,𝑙𝑏 ≤ 𝑣𝑗 ≤ 𝑣𝑗,𝑢𝑏 and

𝑣𝑚𝑎𝑥 ≤ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑣𝑖,𝑚𝑖𝑛 = 𝑚𝑖𝑛(𝑣𝑖)

𝑣𝑖,𝑚𝑎𝑥 = 𝑚𝑎𝑥 𝑣𝑖
end

𝑣2

𝑣1

𝑣3

𝑚𝑖𝑛(𝑣2)

𝑚𝑎𝑥(𝑣2)

𝑣2,𝑚𝑖𝑛 𝑣2,𝑚𝑎𝑥



Phenotypic phase planes

Line of optimality:
Maximal biomass yield with respect to a 
carbon source  (no oxygen limitation!)

Line of optimality

Line of optimality

Line of 
optimality



Alternative  flux  profiles

Two alternate solutions for maximum aerobic growth on succinate.
a) Reaction ME1 is used to convert L-malate to pyruvate

b)The reaction PYK is used to perform this function.

The two alternative reactions are highlighted in red.
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Alternative  flux  profiles

A

𝑣0 = 3
mmol

𝑔𝐷𝑊 ℎ

Flux Variability

Reaction Min Flux Max Flux

1.5 1.5

0 1.5

0 1.5

Growth 1.5 1.5

𝒗𝟏

Where do they come from? 

BB1

BB2

P

𝒗𝟐

𝒗𝟑

𝒗𝟎
Growth



Gene Essentiality



From genes to function

gene

protein

reaction

isozymespromiscuous



From genes to function



What makes a gene essential  ?

- Biomass precursors required for growth,…

Essential for growth?

NO!

Essential for growth?

YES!

Knockout Studies -> Gene Essentiality 

Lewis, N. E., Nagarajan, H., Palsson, B. O., Constraining the metabolic genotype-phenotype relationship using a phylogeny of in silico methods. Nature reviews. Microbiology 2012
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Example
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Example

A B

C

D1 2

3

5

4

6

7

The Cell

By product

BiomassNutrient

• Localization: gene 3 is localized in the cytosol

• Function: gene 3 encodes for enzyme 3 that catalyzes 

reaction from B to C

• Lethal effect ?: No the presence of gene 5 enables the 

production of molecule D that is required for growth
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A B

C

D1 2

3

5

4

6

7

The Cell

By product

BiomassNutrient

Example

• Localization: genes 3 & 5 are localized in the cytosol

• Function: both encode for enzymes/pathways that enable 

production of D

• Lethal effect: The knockout of genes 3 & 5 impedes the 

production of molecule D that is required for growth

Synthetic lethals


