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Environment

From (microbial) systems biology to systems ecology
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From (microbial) systems biology to systems ecology

Environment
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From (microbial) systems biology to systems ecology

Most interactions are 
mediated by metabolism 

Environment
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Integrating the biological data flood into models

(Meta)genomics
Metataxonomics

“Who” is there?
What can they do?
What do they actually do?
What molecules are present?

“Omics” dataEcosystems Models
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In silico simulations
Digital twins?

Metatranscriptomics
Metabolomics…

Model generation

Model refinement
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Outline

1. Metabolic networks

2. Reconstruction of 
metabolic networks

3. A discrete model of 
metabolism

4. Mining metabolic models of 
large communities

5. Tutorial – hands on© S. Labarthe
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1. Metabolic networks
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Metabolic modelling
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> protein_1
ATGGAATCGCATAGCA…
> protein_2
AATGCCTGATCGAATA…

Functional 
annotation

Function
Carbohydrate degradation

Lipid synthesis
Vitamin biosynthesis
Antibiotic resistance

… … 

Sequencing

Assembly…

1000-5000 
reactions

A + 2B à 2C + D  

Metabolic network 
reconstruction

& curation

± other omics data

protein name EC-number GO KEGG …

protein_1 pfkA 2.7.1.11 - K00850 …

protein_2 eno 4.2.1.11 - K01689 …

… … … … … …
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Metabolic modelling
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Connecting genomes to functions
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Transcriptome

Proteome

R1 R2A D

C

B

transcription

translation

Enzyme 1
Enzyme 2

2

3

1 genome à 1,000 to 5,000 reactions

Functional repertoire of the cell

Abstraction of genomic information 
in genome-scale metabolic 

networks (GSMNs)



Metabolic modelling
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1000-5000 
reactions

A + 2B à 2C + D  

Metabolic network 
reconstruction

& curation

± other omics data

16



Metabolic modelling

Environmental 
conditions

± metabolic 
objective

Pi
ct

ur
e 

fr
om

 O
rt

h 
et

 a
l, 

N
at

. B
io

t. 
20

10

Flux analysis (FBA, 
FVA…)

Constraint-based 
modelling
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For each species
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Formate transport via diffusion
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symport reversible 
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D lactate transport via proton 
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ATP synthase (four protons for 
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H2O H2O
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Phosphoenolpyruvate synthase
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(ubiquinol-8: 2 protons) 
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L-GlutamateATP maintenance requirement
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(ubiquinone-8 & 3 protons) 
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(irreversible) 
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Acetaldehyde

O2 exchange
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NAD(P) transhydrogenase

Phosphoenolpyruvate carboxylase

Fructose-bisphosphatase
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carboxykinase 

Alcohol dehydrogenase (ethanol)

Oxaloacetate

Biomass Objective Function with 
GAM 

Succinyl-CoA

Nicotinamide adenine 
dinucleotide - reduced 

Nicotinamide adenine 
dinucleotide 

Pyruvate kinase
Coenzyme A

D-lactate dehydrogenase

Acetate reversible transport via 
proton symport 

Phosphofructokinase

Acetyl-CoA

Pyruvate

Phosphoenolpyruvate

Acetate kinase

Pyruvate formate lyaseD-lactate exchange Phosphoglycerate mutase O2 O2

D-glucose transport via PEP:Pyr 
PTS 

Glyceraldehyde-3-phosphate 
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Pyruvate dehydrogenase

Fructose transport via PEP:Pyr 
PTS (f6p generating) 

D-Fructose 6-phosphate
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(acetylating) 

D-Glucose 6-phosphate

3-Phospho-D-glyceroyl 
phosphate 
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(ADP-forming) Citrate synthaseADP C10H12N5O10P2
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Phosphotransacetylase
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D-Xylulose 5-phosphate
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NAD transhydrogenase
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Glucose 6-phosphate 
dehydrogenase 
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reduced 

H +

> protein_1
ATGGAATCGCATAGCA…
> protein_2
AATGCCTGATCGAATA…

Functional 
annotation

Function
Carbohydrate degradation

Lipid synthesis
Vitamin biosynthesis
Antibiotic resistance

… … 

Sequencing

Assembly…

1000-5000 
reactions

A + 2B à 2C + D  

Metabolic network 
reconstruction

& curation

± other omics data

protein name EC-number GO KEGG …

protein_1 pfkA 2.7.1.11 - K00850 …

protein_2 eno 4.2.1.11 - K01689 …

… … … … … …
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Metabolic modelling

Flux analysis (FBA, 
FVA…)

Constraint-based 
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L-Malate exchange

L-Malate

2-OxoglutarateMalate synthase

Malate dehydrogenase
Malic enzyme (NADP)

Nicotinamide adenine 
dinucleotide phosphate 

L-Malate 6-Phospho-D-gluconate
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Lipid synthesis
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… … … … … …
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Representations of metabolic networks
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Representations of metabolic networks

Hypergraph
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Representations of metabolic networks

Bipartite graphHypergraph
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Representations of metabolic networks

Stoichiometric matrixBipartite graphHypergraph

! + # → %
C ↔ D

) + 2+ → , + -
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Tutorial content
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1. Metabolic network exploration:
a. Visualisation of metabolic networks
b. Exploration of the exchange format: SBML

2. Metabolic network reconstruction
a. Structural annotation with Prodigal
b. Reconstruction with gapseq
c. Reconstruction from Kegg knowledge base
d. Exploration of metabolic networks reconstructed with Pathway Tools

3. Metabolic network modelling of a unique species
a. Using toy data
b. Using real data

4. Metabolic network modelling of a community
a. Using toy data
b. Using real data

https://gitlab.inria.fr/cfrioux/ebame 

https://gitlab.inria.fr/cfrioux/ebame


2. Reconstruction of metabolic 
networks

24
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Input data

- minimal input: a genome or a proteome

 - a reference genome

 - a Metagenomic-Assembled Genome (MAG)

- Genomes must be structurally annotated

 e.g. with Prodigal [Hyatt et al 2010] for prokaryotes

- Some tools require also a functional annotation

 e.g.with EggNOG mapper [Cantalapiedra et al 2021] or Prokka [Seeman 2014]

⚠ MAG completeness 
(Eisenhofer et al 2023)



Metabolic network inference: bottom-up procedure
1. Automatic inference from sequences: non-guided

✗
Gapseq [Zimmermann et al 2021]

Pathway Tools [Karp et al 2018]…

2



Metabolic network inference: bottom-up procedure
1. Automatic inference from sequences: non-guided

2. Semi-manual / automatic curation: guided

✓
Automated in gapseq [Zimmermann et al 2021]

Meneco [Prigent et al 2017], 
BioISO [Cruz et al 2021]…

Can be fastid
ious but 

often necessa
ry for high-

quality GSMNs… 
2

✗
Gapseq [Zimmermann et al 2021]

Pathway Tools [Karp et al 2018]…

Metabolic objective
e.g. biomass / growth
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Alternative: top-down reconstruction
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Metabolic models ready for constraint-based simulation



A rise in non-optimal use-cases

Large-scale community modelling
• Impossible manual curation
• Uncertainty on/missing functions
• Scalability of optimisations-based simulation

Non-model organisms
• Limited experimentations
• Unknown biomass composition 

(metabolic objective)Cheaper sequencing
(Meta)genomics

à The choice of the mathematical/computational 
model for simulation must account for the data and the 

question to be answered
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Resources for (draft) reconstruction

Tools scalable to microbial communities

- Pathway Tools [Karp et al 2019]

- Carveme [Machado et al 2018]

- gapseq [Zimmermann et al 2021]

- AutoKEGGRec [Karlsen et al 2018] 

Collections of reconstructions

- KEGG [Kanehisa et al 2021]

- BioCyc [Karp et al 2019]

- Bigg [King et al 2016]

- Biomodels [Malik-Sheriff et al 2019]

- Virtual metabolic human [Noronha et al 2018]

- AGORA 2 [Heinken et al 2023]

- EMBL GEMs [Machado et al 2018]

Functional annotation

- eggNOG mapper [Cantalapiedra et al 2021]

- Prokka [Seeman 2014]
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A network, then what?

Exploration

- reactions, metabolic pathways, association of genes to reactions

- visualisation (usually complicated)

Modelling

- predicting the behaviour of the microbe/community in given conditions

- finding members of interest within the community

- screen the metabolic potential



Tutorial content
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1. Metabolic network exploration:
a. Visualisation of metabolic networks
b. Exploration of the exchange format: SBML

2. Metabolic network reconstruction
a. Structural annotation with Prodigal
b. Reconstruction with gapseq
c. Reconstruction from Kegg knowledge base
d. Exploration of metabolic networks reconstructed with Pathway Tools

3. Metabolic network modelling of a unique species
a. Using toy data
b. Using real data

4. Metabolic network modelling of a community
a. Using toy data
b. Using real data

https://gitlab.inria.fr/cfrioux/ebame 

https://gitlab.inria.fr/cfrioux/ebame


3. A discrete model of metabolism

33



Boolean abstraction of metabolic producibility

Network expansion [Ebenhöh et al 2004]

à Scope of seeds
à Discrete modelling

!"#$% &, ( = *
!
+! ,

where +" = ( and
+!#$ = +! ∪ $4#56"7! 4 ∈ 9 4%:"7:;7! 4 ⊆ +!

[Kruse et al 2008] [Handorf et al 2005]34

Qualitative simulation of metabolic producibility ignoring 
stoichiometric coefficients and w/o objective function



Boolean abstraction of metabolic producibility

Network expansion [Ebenhöh et al 2004]

à Scope of seeds
à Discrete modelling

!"#$% &, ( = *
!
+! ,

where +" = ( and
+!#$ = +! ∪ $4#56"7! 4 ∈ 9 4%:"7:;7! 4 ⊆ +!

[Kruse et al 2008] [Handorf et al 2005]

A

B

EC
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D

F

r1

r2

r3

2

A

B

cytosol

extracellular

35

Qualitative simulation of metabolic producibility ignoring 
stoichiometric coefficients and w/o objective function



A flexible implementation system

Problem

Logic 
program

Grounder Solver
Stable
models

Solution

Interpreting

Modeling

[Gebser et al 2012] 

• Answer Set Programming 
• Logic paradigm
• Knowledge representation & reasoning
• Optimisation



A flexible implementation system

Problem

Logic 
program

Grounder Solver
Stable
models

Solution

Interpreting

Modeling

reaction(“r1”).
reactant(“A”, “r1”).
product(“B”, “r1”).
%
reaction(“r2”).
reactant(“B”, “r2”).
reactant(“C”, “r2”).
product(“D”, “r2”).
%
seed(“A”).
seed(“C”).
%
scope(M) :- seed(M).
scope(M) :- product(M,R); reaction(R); scope(N) : reactant(N,R).

[Gebser et al 2012] 

A r1

r2 D

B

C

• Answer Set Programming 
• Logic paradigm
• Knowledge representation & reasoning
• Optimisation



Applications of the Boolean abstraction of producibility

Scope calculation

Prigent et al 2017,  Aite et al 2017, 
Frioux et al 2018, Frioux et al 2019
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Applications of the Boolean abstraction of producibility

Scope calculation Activated reactions

Pathway detection

Producibility checking

Prigent et al 2017,  Aite et al 2017, 
Frioux et al 2018, Frioux et al 2019



Applications of the Boolean abstraction of producibility

Scope calculation Activated reactions

Pathway detection

Producibility checking

Gap-filling

± 
hybrid 
(FBA)

Prigent et al 2017,  Aite et al 2017, 
Frioux et al 2018, Frioux et al 2019



Applications of the Boolean abstraction of producibility

Scope calculation Activated reactions

Pathway detection

Producibility checking

Gap-filling Community analysis

± 
hybrid 
(FBA)

Prigent et al 2017,  Aite et al 2017, 
Frioux et al 2018, Frioux et al 2019



4. Mining metabolic models of large 
communities

Scale, Screen, Simplify

44



Genome

R1 R2A D

C

B

Enzyme 1 Enzyme 2

2

3

1 genome à 1,000 to 5,000 reactions

Functional repertoire of the cell

Genome-scale metabolic network (GSMN)

A C F

environment

Metabolic networks and communities
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1 genome à 1,000 to 5,000 reactions

Functional repertoire of the cell

Genome-scale metabolic network (GSMN)

Genome

R1 R2A D

C

B

Enzyme 1 Enzyme 2

2

3

1. Reconstruct GSMNs for 
all genomes 

R3 R4

D

G

F

E

R1

R2

A

D

C

B

A C F

environment

Metabolic networks and communities
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Genome

R1 R2A D

C

B

Enzyme 1 Enzyme 2

2

3

1. Reconstruct GSMNs for 
all genomes 

2. Assess putative 
complementarity 
between them

1 genome à 1,000 to 5,000 reactions

Functional repertoire of the cell

Genome-scale metabolic network (GSMN)

R3 R4
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A
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environment

?

Metabolic networks and communities

47



Genome

R1 R2A D

C

B

Enzyme 1 Enzyme 2

2

3

1. Reconstruct GSMNs for 
all genomes 

2. Assess putative 
complementarity 
between them

3. Identify key species 
associated to a function

1 genome à 1,000 to 5,000 reactions

Functional repertoire of the cell

Genome-scale metabolic network (GSMN)

R3 R4

D

G

F

E

R1

R2

A

D

C

B

A C F

environment

?

Metabolic networks and communities
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Metage2Metabo

A pipeline for metabolic screening of communities

Microbiota
- MAGs
- Reference genomes

Systematic screening of metabolic 
potential and mutualistic potential

 in a microbiota

[Belcour*, Frioux* et al. eLife 2020]
[Karp et al. Bioinformatics 2002]

[Frioux et al. Bioinformatics 2018]

Github
Aureme/Metage2Metabo
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Metage2Metabo

A pipeline for metabolic screening of communities
Automatic GSMN reconstruction

Microbiota
- MAGs
- Reference genomes

Systematic screening of metabolic 
potential and mutualistic potential

 in a microbiota

[Belcour*, Frioux* et al. eLife 2020]
[Karp et al. Bioinformatics 2002]

[Frioux et al. Bioinformatics 2018]

Github
Aureme/Metage2Metabo
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Metage2Metabo

A pipeline for metabolic screening of communities
Automatic GSMN reconstruction Individual metabolic capabilities

Microbiota
- MAGs
- Reference genomes

Systematic screening of metabolic 
potential and mutualistic potential

 in a microbiota

[Belcour*, Frioux* et al. eLife 2020]
[Karp et al. Bioinformatics 2002]

[Frioux et al. Bioinformatics 2018]

Github
Aureme/Metage2Metabo
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Metage2Metabo

A pipeline for metabolic screening of communities
Automatic GSMN reconstruction Individual metabolic capabilities

Collective metabolic capabilities

Microbiota
- MAGs
- Reference genomes

Systematic screening of metabolic 
potential and mutualistic potential

 in a microbiota

[Belcour*, Frioux* et al. eLife 2020]
[Karp et al. Bioinformatics 2002]

[Frioux et al. Bioinformatics 2018]

Github
Aureme/Metage2Metabo
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Metage2Metabo

A pipeline for metabolic screening of communities
Automatic GSMN reconstruction Individual metabolic capabilities

Collective metabolic capabilitiesAdded value of cross feeding

Microbiota
- MAGs
- Reference genomes

Systematic screening of metabolic 
potential and mutualistic potential

 in a microbiota

[Belcour*, Frioux* et al. eLife 2020]
[Karp et al. Bioinformatics 2002]

[Frioux et al. Bioinformatics 2018]

Github
Aureme/Metage2Metabo
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Metage2Metabo

A pipeline for metabolic screening of communities
Automatic GSMN reconstruction Individual metabolic capabilities

Collective metabolic capabilitiesAdded value of cross feeding

Minimal community selection

Microbiota
- MAGs
- Reference genomes

Systematic screening of metabolic 
potential and mutualistic potential

 in a microbiota

[Belcour*, Frioux* et al. eLife 2020]
[Karp et al. Bioinformatics 2002]

[Frioux et al. Bioinformatics 2018]

Github
Aureme/Metage2Metabo
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l Minimal community selection: 
 combinatorial problem solving

l However… 1 solution (= 1 minimal community) among 
millions? Huge combinatorics

l Key species = species found in at least one of the 
predicted minimal communities (MC)

> Essential symbionts : species predicted in every MC
> Alternative symbionts : species predicted is some but 

not all MC

Metage2Metabo

Key species

The concept of key species addresses the combinatorial challenge brought by 
functional redundancy in microbiomes

[Belcour*, Frioux et al. eLife 2020]
[Frioux et al. Bioinformatics 2018]

55

Initial community

+ nutrients
+ metabolic objective

Minimal community 



l Minimal community selection: 
 combinatorial problem solving

l However… 1 solution (= 1 minimal community) among 
millions? Huge combinatorics

l Key species = species found in at least one of the 
predicted minimal communities (MC)

> Essential symbionts : species predicted in every MC
> Alternative symbionts : species predicted is some but 

not all MC

Metage2Metabo

Key species

The concept of key species addresses the combinatorial challenge brought by 
functional redundancy in microbiomes

[Belcour*, Frioux et al. eLife 2020]
[Frioux et al. Bioinformatics 2018]
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Minimal community 1 Minimal community 2

Minimal community 3 Minimal community 4

Initial community

+ nutrients
+ metabolic objective

All minimal communities 
satisfying the 

metabolic objective



l Minimal community selection: 
 combinatorial problem solving

l However… 1 solution (= 1 minimal community) among 
millions? Huge combinatorics

l Key species = species found in at least one of the 
predicted minimal communities (MC)

> Essential symbionts : species predicted in every MC
> Alternative symbionts : species predicted is some but 

not all MC

Metage2Metabo

Key species

The concept of key species addresses the combinatorial challenge brought by 
functional redundancy in microbiomes

[Belcour*, Frioux et al. eLife 2020]
[Frioux et al. Bioinformatics 2018]
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Minimal community 1 Minimal community 2

Minimal community 3 Minimal community 4

Initial community

+ nutrients
+ metabolic objective

Alternative symbionts Essential symbiont

Key species

M2M 
community reduction
mincom

All minimal communities 
satisfying the 

metabolic objective

Summary of community 
composition



[Belcour*, Frioux et al. eLife 2020]
[Frioux et al. Bioinformatics 2018]
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Metage2Metabo

From key species to association analyses

58

Association graph

Minimal community 1 Minimal community 2

Minimal community 3 Minimal community 4

Initial community

+ nutrients
+ metabolic objective

Alternative symbionts Essential symbiont

Key species

M2M 
community reduction
mincom

All minimal communities 
satisfying the 

metabolic objective



[Belcour*, Frioux et al. eLife 2020]
[Frioux et al. Bioinformatics 2018]
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Metage2Metabo

From key species to association analyses

59

Association graph

Minimal community 1 Minimal community 2

Minimal community 3 Minimal community 4

Initial community

+ nutrients
+ metabolic objective

Alternative symbionts Essential symbiont
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Power graph compression
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From key species to association analyses
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Metage2Metabo

Key species by groups of metabolic end-products
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5. Tutorial
https://gitlab.inria.fr/cfrioux/ebame 
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https://gitlab.inria.fr/cfrioux/ebame


Tutorial content
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1. Metabolic network exploration:
a. Visualisation of metabolic networks
b. Exploration of the exchange format: SBML

2. Metabolic network reconstruction
a. Structural annotation with Prodigal
b. Reconstruction with gapseq
c. Reconstruction from Kegg knowledge base
d. Exploration of metabolic networks reconstructed with Pathway Tools

3. Metabolic network modelling of a unique species
a. Using toy data
b. Using real data

4. Metabolic network modelling of a community
a. Using toy data
b. Using real data

https://gitlab.inria.fr/cfrioux/ebame 

https://gitlab.inria.fr/cfrioux/ebame
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