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I-From (microbial) systems biology to systems ecology

Many inferactions are mediated by
metabolism
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1. Metabolic networks
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Connecting genomes to functions

Genome

1genome - 1,000 to 5,000 reactions

Transcripfome

Abstraction of genomic information
IN genome-scale metabolic

Proteome networks (GSMNSs)
'//?Zvr%ﬂ Functional repertoire of the cell
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3
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I-l\/le’rabolic: networks
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I-Represen’ra’rions of metabolic networks
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I-Tu’rorial content

itlab.inria.fr/cfrioux/ebame

1. Metabolic network exploration:

a. Visualisation of metabolic networks
b. Exploration of the exchange format: SBML

on oW

o


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

2. Reconstruction of metabolic networks

lreeia—



-
Input data

- minimal input: a genome or a proteome
- areference 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 EQgNOG mapper [Cantalapiedra et al 2021]
Prokka [Seeman 2014]

Bakta [Schwengers 2021]

1. MAG completeness
(Eisenhofer et al 2023)
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Metabolic network inference: bottom-up procedure

1. Automatic inference from sequences: non-guided

~

— ®

— /V.

U ‘ Ga PSEQ [Zimmermann et al 2021]
O

/)/v' Pathway Tools [karpetal 2018]...
' .

§

: : : | Metabolic objective
2. Semi-manual / automatic curation: guided * eg biomass}growth
‘—‘/». f /
¢ o X

jouS
Automated in gapseq [zimmermann et al 2021] Canbe fOSU.d uality GSMNS...

MGHGCO [Prigent et al 2017], neCeSSer for
BiolSO [cruzetal 20217...

X
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-
Alternative: top-down reconstruction

A Classic reconstruction workflow B CarveMe reconstruction workflow
reaction - ............... -
database ~ : ~
H v L=

©
N\ iy

database
manual curation manual curation

annotated draft final universal universal
genome model model draft model model

C Bottom-up reconstruction D Top-down reconstruction
annotated
-@ -@ -@ m&ﬁ
. [
' o >0

| St
[ i o,

. [ J
bjective: h reaction organism
Gap-fill SRISEthE (oW, Carving specific models
[ ]

medium: @ ® scores

7 oo < f o—>e
- H@ » g | @/ microbie.al (cptohal)
I / S I community @ @ p

o models

Metabolic models ready for constraint-based simulation %

[figure from Machado et al 2018]



r
Arise in non-optimal use-cases

Non-model organisms
* Limited experimentations
* Unknown biomass composition

Cheaper sequencing (metabolic objective)

(Meta)genomics

Large-scale community modelling

* Impossible manual curation
«  Uncertainty on/missing functions
*  Scalability of optimisations-based simulation

- The choice of the mathematical/computational
model for simulation must account for the data and the
question to be answered

lrn

ea—
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-
Resources for (draft) reconstruction

Functional annotation Collections of reconstructions

- eggNOG mapper [Cantalapiedraetal 2021] - KEGG [Kanehisa et al 2021]

- Prokka [Seeman 2014] - BioCyc [Karp et al 2019]

- Bakta [Schwengers 2021] - Bigg [King et al 2016]

Tools scalable to microbial communities - 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]

- Pathway Tools [Karp et al 2019]
- Carveme [Machado et al 2018]
- gapseq [Zimmermann et al 2021]

- AutoKEGGRec [Karlsen et al 2018]

&’tu'a/— 20



.
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

b

zea—



I-Tu’rorial content

itlab.inria.fr/cfrioux/ebame

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
a.

b.

a.

b.


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

3. Discrete metabolic models

lreeia—



“We were promised Al...”

Yes, but old-fashioned Al' Buckle up to enter the fascinating

world of machine .. reasoning

lreeia—
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FMetabolic modelling
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Picture from Orth et al, Nat. Biot. 2010



FMetabolic modelling
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I-Boolean abstraction of metabolic producibility

Network expansion esenhsh et al 2004]
- Scope of seeds
\ gtoso ~ ) = Discrefe modelling

extracellular

scope(G,S) = U M;,

l
where My = S and
M; ., = M; U products({r € R|reactants(r) € M;})

\ gtoso Qualitative simulafion of metabolic producibility ignoring
extracellular stoichiometric coefficients and w/o objective function

[Kruse et al 2008] [Handorf et al 2005] lrezia—~ 30



FA flexible implementation system

* Answer Set Programming (ASP) broblem
* Logic paradigm |Modeling Solution
: : — Y
« Knowledge representation & reasoning Logic |
o _ _ _ _ program Tlnterpret/ng
e Optimisation + combination to linear prog. "\ Stable
Grounder —» Solver [—*
models
reaction(“r1”).
reactant(“A”, “rl1”).
product(“B”, “ri1”).
reaction(“r2”). A
reactant(“B”, “r2”).
reactant(“C”, “r2”). C . .
product (“D”, “r2”). Machine reasoning

:- seed(M).
:- product(M,R); reaction(R); scope(N) : reactant(N,R).



Applications of the Boolean abstraction of producibility
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Applications of the Boolean abstraction of producibility

MeneTools
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I-Tu’rorial content

itlab.inria.fr/cfrioux/ebame

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

o


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

4. Mining metabolic models of microbial
communities

Scale, screen, simplify

lreeia—
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I-l\/le’rabolic: networks, models, and communities

Tgenome

1,000 to 5,000 reactions

Functional repertoire of the cell,
Can be obtained for all community members
through aufomatic inference

zea—
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I-Me’rabolic: networks, models, and communities

Tgenome

\E -
F G

1 metabolic network
1,000 to 5,000 reactions

Functional repertoire of the cell,
Can be obtained for all community members
through automatic inference




I-Me’rabolic: networks, models, and communities

Tgenome

1 metabolic network
1,000 to 5,000 reactions

Functional repertoire of the cell,
Can be obtained for all community members
through automatic inference
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Populatfions have their individual metabolic potential
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I-Me’rabolic: networks, models, and communities

Tgenome

1 metabolic network
1,000 to 5,000 reactions

Functional repertoire of the cell,
Can be obtained for all community members
through automatic inference

.\I

A

©
/

Populatfions have their individual metabolic potential
Metabolic potential expands through cross feeding in
communifies, unlocking new metfabolic pathways

rd

lrezia—~
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I-l\/Ie’rageZMe’rabo:
A pipeline for metabolic screening of communities

Automatic GSMN reconstruction Individual metabolic capabllities
o
Microbiota ®= Q
/\ /\
- MAGs
- Reference genomes
Pathway Tools @ .$ 2‘ .,\
Added value of synergistic interactions Collective metabolic capabilities

.| e
B R
@< @<

Minimal community selection

o Systematic screening of metabolic
Github * ™ @ i{fm .ﬁ‘ -~ N potential a_nd mt_Jtuali_stic potential
Aureme/Metage2Metabo in a microbiota
elcour*, Frioux* et al. eLife ﬁﬁ? — @<
. [lKarp e;tFal. Bioin:orL'lal;:iic:s gggg} Nk ¢ .\;Q &'Z . L8

[Frioux et al. Bioinformatics 2018]



I-Me’rageZMe‘rabo: application to an example

B e N (e 2 e 2
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QP@ ﬁﬁ Qee
ooy © © g X
_ N &) Y,
P @\ oo ) (0o
| . -
) J :
0 0| | ¢ 8 @9
OO
N )L PARCEECN

A community of 6 species, in an environment (yellow),
with compounds of inferest (green)

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

I-Me’rageZMe’rabo: application to an example
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Individual metabolic potential of each symbionft
(orange nodes)
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I-Me’rageZMe’rabo: application to an example

¢
_ ©)
. ™

N /

Synergistic inferactions increase the pofential for the
community (blue nodes)...

Symbiont

bact
bact?
bact3
bact4
bacts

bacto

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

Individual Scope
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[Belcour*, Frioux* et al. eLife 2020]

I-I\/Ie’rageZMe’rabo: application to an example

K : o - \ f Metaorganism \
N ‘—’_‘ | A B
NI lﬁ 3 Io
— ©
| Y

N /

Synergistic inferactions increase the pofential for the
community (blue nodes)...

... similarly o the way a meta-organism of the
community would behave

52




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

I-Me’rageZMe’rabo: application to an example

bact1 — bacth - bact? bacﬂ — bacth - bact3

4 equivalent solutions,
bact? - bactd - bact3 4 to 5 metabolic interactions

Selecting a minimal community producing the Possibility fo enumerate all solufions or to get the
compounds of inferest players occurring in minimal communifies

53




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

I-I\/Ie’rageZMe’rabo: application to an example

KEY SPECIES *

. Actinobacteria

Lipids

Minimal communities:

- bact1 - bact2 - bact5 @ . Alternative symbionts
- bact1 - bact? - bact6

- bact1 - bact3 - bact5b @ 6,

- bact1 - bact3 - bact6 @:ssential symbiont

O Bacteroidetes

. Firmicutes

. Fusobacteria

. Proteobacteria

compression

bactl A
(bact2 V bact3) A ~
(bact5 V bact6)

Association graph Power graph

Highlighting symbionfs with equivalent roles Reveals inferesting patfterns on real dafa
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I-Tu’rorial content

itlab.inria.fr/cfrioux/ebame

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

5. Tutorial

https:// gitlab inria fr/cfrioux/ebame

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

I-Tu’rorial content

itlab.inria.fr/cfrioux/ebame

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
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