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An era of microbiomes

Identification of microbial interactions from metagenomic data is key to better 
understand complex ecosystems

[Layeghifard et al 2017]

[Pasolli et al 2019]
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Metagenomics meets metabolism

l From « who is there? » to « what might they do? »

l Inferring functions in metagenomes

l Genome-centric approaches enable metabolic inference

Combine genome reconstruction and 
metabolic modelling 

to unravel the functional repertoire and 
community organisation
of uncultivated species 
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Metabolic networks and communities
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Metabolic networks and communities
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associated to a function
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Metabolic modelling
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Network expansion [Ebenhöh et al 2004]

- Scope of seeds
- Qualitative
- Implementation in Answer Set programming
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Robustness to incomplete data, similarity to prediction from qualitative 
simulations à suitability to a metagenomic context

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



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

Problem

Logic 
program

Grounder Solver
Stable
models

Solution

Interpreting

Modeling

[Gebser et al 2012] 
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Answer Set Programming
Problem

Logic 
program

Grounder Solver
Stable
models

Solution

Interpreting

Modeling

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

[Gebser et al 2012] 
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• Logic paradigm
• Knowledge representation & reasoning
• Optimisation



Metage2Metabo

A pipeline for metabolic screening of communities
Automatic GSMN reconstruction

Microbiota
- MAGs
- Reference genomes

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

[Frioux et al. Bioinformatics 2018]
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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]
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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]

l Minimal community selection: 
combinatorial problem solving

+ nutrients 
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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)

> Key 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]

+ nutrients 
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Metage2Metabo

Application to 1,520 reference genomes of 
cultivable species of the human gut microbiota

156 metabolites that cannot be
produced by individual species

Classification into categories:  lipids (28), 
carbohydrate derivatives (58)…

Key species computation for 
categories of metabolites

+ minimal communities enumeration

Analysis and visualisation
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Metage2Metabo

Key species by groups of metabolic end-products

Enumeration of all minimal communities 

How do bacteria associate within them? 
Any patterns? 
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Metage2Metabo

Key species by groups of metabolic end-products
Actinobacteria

Bacteroidetes

Firmicutes

Proteobacteria

Fusobacteria

CoA derivatives
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58,520 minimal communities associated to the 
producibility of the 28 lipids can be visualised as a 

compressed association graph.
à Species with equivalent roles in the communities
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Metage2Metabo

Same “reading pattern” for all groups

10

Essential symbionts (ES) shared between several groups of targets
à species with unique functions among the 1,520?
4/5 ES for carbohydrates are studied as probiotics



Metage2Metabo

MAGs vs reference genomes
Metagenome-assembled genomes (MAGs)

> Possibly incomplete
> Possibly contaminated

Experimental setup

l 913 cow rumen MAGs [Stewart et al 2018]

l Random degradation

> Removal of 2% genes in all MAGs
> Removal of 5% genes in 80% of MAGs
> Removal of 5% genes in all MAGs
> Removal of 10% genes in 70% of MAGS

l Reconstruct & compare GSMNs, apply M2M screening and community selection
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Metage2Metabo

It’s ok to use MAGs
GMSN characteristics are similar for reference 

genomes and MAGs
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Metage2Metabo

It’s ok to use MAGs
Modelling predictions are stable despite 

MAG degradation
GSMN characteristics are similar for reference 

genomes and MAGs
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Summary

A flexible and scalable pipeline

Metage2Metabo

> Global analysis of metabolism in microbiomes: redundancy - complementarity

> Key species screening: complexity reduction

> Robust modelling framework that supports data uncompleteness

Use cases:

> Comparison of metabolic repertoire in genome collections

> Comparison of cohort samples through their MAGs composition
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