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Metabolism - basic building blocks
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A core of metabolic reactions ??
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A core of metabolic reactions ??
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A core of metabolic reactions ??
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How to do it?

By comparing several metabolic networks of
bacteria with different lifestyles

By comparing the reaction and compound content
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Dataset
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Data acquisition & methods

MicroCyc/MicroScope1:
I genomic data and metabolic network reconstructions
I to avoid as much as possible introducing biases related

to different annotation techniques

HAMAP classification2:
I guide the grouping of the organisms

1Vallenet et al. 2009 Database (Oxford).
2Lima et al. 2009 Nucleic Acids Res.
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How to do it?

Comparison of several metabolic networks of
bacteria with different lifestyles

By comparing the reaction and compound content
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Metabolic network
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Data acquisition & methods

MetExplore: network modelling and filtering1
I Small molecule metabolism filtering

Cytoscape: visualisation of the networks2

Analyses were performed using R3:
I ade4 package for statistics4

I Igraph package for graph manipulation5

1Cottret et al. 2010 Nucleic Acids Res.
2Shannon et al. 2003 Genome Res.

3http://cran.r-project.org/
4Dray & Dufour et al. 2007 Journal of Statistical Software

5Csardi et al. 2006 InterJournal Complex Systems
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Metabolic core

Metabolic core: a conserved
set of elements in these
bacteria

It was obtained by computing
the intersection of the sets of
reactions (resp. compounds)
for each species
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Environment: inputs to the network

Identification of potential
inputs to the networks using
the Borenstein method1

I metabolites each bacterium
potentially acquires from its
environment

1Borenstein et al. 2008 Proc Natl Acad Sci U S A
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Environment: inputs to the network

Identification of potential inputs to the networks
using the Borenstein method1

I metabolites each bacterium potentially
acquires from its environment

I directed compound graph
I cofactors and current compounds

filtered
I based on the detection of the strongly

connected components (SCC) in the
compound graph

I a version of the Borenstein method
using the Igraph package in R

format than the graphic one which makes the use
of other bioinformatics tools difficult. Table 2 pres-
ents a non-exhaustive list of databases containing
information about the metabolism of eukaryotic
parasites.

Data exchange

One aim of metabolic reconstruction is to allow the
application of several computational methods on a
metabolic network. But these methods are often im-
plemented in various softwares. To facilitate the use
of these softwares on the same metabolic network,
standard exchange formats have been developed. It is
thus relevant for databases to export networks in at
least one of these formats. For metabolic networks
mainly two formats are available: Biopax and SBML,
both are based on the XML format (Extensible
Markup Language). Both formats and their specifi-
city have been described by Strömbäck and Lambrix
(2005). BioPax format is more complete since it is
able to handle hierarchical links between objects and
all the information, from genes to metabolites, can be

stored in a single file. Nevertheless, it seems that its
complexitymakes it rarely used inmetabolic network
tools. The SBML format (Systems Biology Markup
Language) is much simpler. It is essentially made of a
list of reactions with a list of all the substrates and
products (Finney and Hucka, 2003). Information on
metabolite concentrations and kinetic properties can
be added to allow the numerical simulation of the
network. SBML is now used by a large number of
systems biology software.

The previously mentioned databases do not pro-
vide a description of the whole network in these
formats. The BIGG web server (http://bigg.ucsd.
edu/) gives access to around 40 highly curated meta-
bolic reconstructions directly available in SBML
format. But BIGG contains only a metabolic recon-
struction for one eukaryotic parasite (Leishmania
major). Recently, our group developed the web ser-
ver MetExplore (http://metexplore.toulouse.inra.fr)
that contains about 50 metabolic networks built
from genomic annotations and available in SBML
format. Of them, about 10 come from eukaryotic
parasites (Table 2). SBML format also allows graph

Fig. 2. Metabolic graph models. Given a textual description of the five reactions of the network, five metabolic graph

models can be built. In this figure and all the following ones, the round nodes correspond to the metabolites and the
square nodes to the reactions. In the compound graph (a), nodes are compounds and two compounds are connected if
they are input and output of a reaction. In the reaction graph (b) nodes are reactions and two reactions are connected if

the product of one is the substrate of the other. In the enzyme graph (c), nodes are enzymes and they are connected if at
least one reaction catalysed by the first enzyme has a product which is the substrate of at least one reaction catalysed by
the other enzyme. In the bipartite graph (d) there are two kinds of nodes, reactions and metabolites ; a compound is

connected to a reaction if it is a substrate or a product of this reaction. In the hypergraph model (e) substrates of a
reaction are connected to products of a reaction through a hyperedge.

Ludovic Cottret and Fabien Jourdan 6

1Borenstein et al. 2008 Proc Natl Acad Sci U S A
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Data overview: number of genes
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Data overview: number of genes

HODCD
203 genes

RALEH
7279 genes

Intracellular: 203 - 1580 genes Extracellular: 1836 -  7223

Cell Associated: 553 - 5886

Free-living: 2353 - 7279

The intracellular life is paired with an extreme reduction
of the genome and of the metabolism
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Ratio metabolic genes over the total
number of genes
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Ratio metabolic genes over the total
number of genes
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the genomes of the
mutualistic endosymbionts
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Number of compounds and reactions
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Core metabolism - extracellular bacteria
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Core metabolism - extracellular bacteria

94 reactions:
I most of them (88%)

are classified in
biosynthetic processes
according to BioCyc
metabolic processes

I they participate in
glycolysis, nucleotide
and amino acid
biosynthesis and
degradation pathways,
and peptidoglycan
biosynthesis
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Core metabolism - compounds
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Compounds Classification
pyruvate Acids
L-alanine Amino Acids
L-cysteine Amino Acids
L-glutamate Amino Acids
L-glutamine Amino Acids
L-serine Amino Acids
D-ribose-5-phosphate Carbohydrates
coenzyme A Cofactors
diphosphate Ions
phosphate Ions
H+ (PROTON) Ions
AMP Nucleosides
ADP Nucleosides
ATP Nucleosides
formate Unclassified
H2O (WATER) Unclassified
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Core metabolism - reactions
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I There is not a single
enzymatic reaction common
to all 58 bacteria

I No metabolic core is
preserved among the
endosymbionts

I The reduction of the
metabolism affects different
parts of the network among
the endosymbionts
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EC number sets

The analysis of partial EC number sets, e.g. 2.5.1.-,
may allow some flexibility, possibly increasing the
size of the common sets.
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EC number sets
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EC number Classification
2 Transferases
2.3 Acyltransferases
2.3.1 Transferring groups

other than aminoacyl groups
2.5 Transferring alkyl or aryl groups,

other than methyl groups
2.5.1 Transferring alkyl or aryl groups,

other than methyl groups
(only subclass identified to date)

3 Hydrolases
3.5 Acting on carbon-nitrogen bonds,

other than peptide bonds
3.5.1 In linear amides
4 Lyases
4.2 Carbon-oxygen lyases
4.2.1 Hydro-lyases
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EC number sets - simulation
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EC number sets - simulation
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MIV 55 99 8

Simulation 69 ± 4.7 119 ± 8.5 22 ± 5.0
Estimated p − value ≤ 0.001 ≤ 0.001 ≤ 0.001
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Environment - inputs in the network
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Is the absence of a
metabolic core in the
obligate intracellular
bacteria linked to the
differences in their
environment?
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Environment - inputs in the network
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The absence of common
potential inputs to the
bacteria

It indicates that the diversity
of the environment alone
does not explain the loss of a
metabolic core
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Conclusions

Comparison of the small molecule metabolism of 58
bacteria representing a wide range of lifestyles

No enzymatic reaction common to all of them

It is essentially due to intracellular symbionts
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Conclusions

Extracellular symbionts:
I a core restricted to 94 reactions
I this core is however non connected

I it involves mainly biosynthetic reactions (88%)
I Vieira et al. 20111 found that the core-metabolism of

Escherichia coli is enriched in biosynthetic pathways

I they have similar needs in terms of the building blocks of
their cells

I each one of them has to adapt to a distinct environment

1Vieira et al. 2011 J Bacteriol.
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Conclusions

Obligate intracellular symbionts:
I the host provides an interface between the external and

the internal environments
I most degradation pathways have disappeared and have

been outsourced to the host
I synthetic routes have not all disappeared but they have

been selected for, depending on the nature of the
symbiosis

The fact that there is no reaction common to all
symbionts implies that virtually any reaction can be
outsourced to the host
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