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Systems Biology
Historical perspective driven by data and concepts
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Systems Biology in practice 
(from discrete data to almost quantitative ones)

1.Composition of biological 
systems


2.Analysis of the biological 
system structure


3.Simulating the dynamics of 
the biological system


4.Control of the biological 
system

[Gao & Feng, PloS One, 2016]



«Systems Ecology»
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IBM model 
Deterministic modeling 
Relationship between 
abundance & diversity

Metagenomic, 
Metranscriptomic 

Extraction of emerging properties from complex 
ecological systems

new abundant 
observations  

Complex 
ecosystems



A metagenomic case study: crushing numbers

biology techniques22 set the stage for systematic, quan-
titative global ocean virome surveys. These new capa-
bilities advanced our knowledge of ocean viral genomes 
from 39 publicly available isolate genomes before Tara 
Oceans to metaG- derived sequence information for 
nearly 200,000 predominantly double- stranded DNA 
virus populations in the most recent global ocean virome 
(version 2; GOV2) data set23–25.

This incrementally increasing (FIG.  3a) data set 
set the stage for new approaches to the taxonomy of 
double- stranded DNA viruses that infect bacteria and 
archaea. Population genomic analyses and ecological 
phenotyping suggest, at least for culturable phage–
host model systems, that these hundreds of thousands 
of virus populations across the global ocean represent 

a taxonomic rank of ‘species’. For one, this conclusion 
is based on the notion that gene flow is higher within 
than between the populations of cyanophages that were 
deeply sampled from coastal Pacific Ocean seawater and 
from evolutionary selection analyses that suggest that 
most of the populations are under differential selection 
pressures24. Among ‘heterotrophic phages’, however, the 
populations had measurably differing niches as inferred 
from host- range differences26. Furthermore, at least for 
viral populations that were assembled from short- read 
metaG data, the population- delineating benchmark of 
95% average nucleotide identity differentiated more than 
99% of the virus populations in the GOV2 data set24. 
Undoubtedly, there are microdiverse populations that 
cannot be assembled completely from such data sets, 

194 196
201 205 206

209

210 155

158

031
032

034

036 037

038
039

040
041

042043
044

045

046

047

048

049
050051

052
053054

055

056

057
059

061
060

064
065066

067

068

069
070

071

072

074
075

076
077

078
079

080

081
082

083
084 085

086087
088089

090

094

095
096

097

099
111

100

101
102

105
106
107
108

140
141

142
143

144
146

145

147

148

149
150

151

152 153

002
004

003

005 006

007
008

009

010
011

012

013

014 015

016

017
019 018

020

021

022
023 024

025
026

027 028

030
029

001

138137

136

134

135133
132

131

130

129
128

127

126

125

123

124

122

113 118
119114

115
116
117

121
120

112

139 104
103
109110

098

092

091 093

073

063
062

058

033

163
168

175 173

180

188 189

193

Tara Oceans (2009–2013)
r 140,000 km sailed
r >35,000 plankton samples collected
r 210 sampling stations
r >60 terabases of DNA and RNA sequenced
r ~7 million images captured
r 120 crew members and scientists on-board
r 52 stopovers in 37 countries
r 35,000 schoolchildren on board at stopovers
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Fig. 1 | Tara Oceans sampled the global ocean ecosystem. a | The map shows the cruise track of Tara as she sailed the 
world from September 2009 to December 2013 and the location of 210 stations, which were chosen to cross and to 
sample as many biogeographic provinces and environmental features as possible (sea surface temperature shown as a 
colour gradient). Overall, more than 35,000 samples of seawater and plankton were collected and archived in partner 
laboratories. The samples are cross- referenced with the physicochemical data associated with each sample and sampling 
site (Supplementary Table 1). b | The 36- m aluminium- hulled schooner Tara hosted 15 crew members and scientists during 
the legs of her open- ocean sampling mission. c | In addition to the installation of a ‘dry laboratory’, mainly for imaging 
instruments, an on- board, ergonomic ‘wet- laboratory’ for plankton ecosystem sampling, from viruses to animals, was built 
on the rear deck of Tara.

Heterotrophic
Capable of incorporating 
organic carbon into biomass.
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Extraction of omics

• Extraction of all genes (i.e., 
functions)


• Extraction of markers 
genes (i.e., diversity)
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Graph: a discrete abstraction for omics
Building Co-occurrence networks
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adapted from Faust & Jeroen, 2012, Nature Microbiology Reviews
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Co-occurrence graph of TARA oceans

effects could lie at the basis of this observation,
which contrasts with other free-living autotrophs
represented in the network (cyanobacteria and
prymnesiophytes), which display primarily pos-
itive associations (Fig. 2A).
Cross-kingdom associations between Bacteria

and Archaea were limited to 24 mutual exclu-
sions.Within Archaea, Thermoplasmatales (Marine
Group II) co-occur with several phytoplankton

clades. Links between Bacteria and protists re-
covered five out of eight recently discovered in-
teractions from protist single-cell sequencing
(50). Associations between Diatoms and Flavo-
bacteria agreed with their described symbioses
(51). We also observed co-ocurrence of uncul-
tured dinoflagellates with members of Rhodo-
bacterales (Ruegeria), which is in agreement with
a symbiosis between Ruegeria sp. TM1040 and

Pfiesteria piscicida around the ability of Ruegeria
to metabolize dinoflaggelate-produced dimethyl-
sulfoniopropionate (52).

Global versus local associations

We further investigated whether our network
was driven by global trends or is defined by
local signals. To this aim, we divided our set of
samples into seven main regions—Mediterranean

1262073-4 22 MAY 2015 • VOL 348 ISSUE 6237 sciencemag.org SCIENCE

Fig. 3.Top-down interactions in plankton. (A) Three different dinoflagellate specimens
from Tara samples display an advanced infectious stage by syndiniales parasites. The
cross-section of the cell shows the typical folded structure of the parasitoid chain, which
fills the entire host cell. Each nucleus (blue) of the coiled ribbon corresponds to a future free-living parasite. DNA is stained with Hoechst (dark blue), membranes
are stained with DiOC6 (green), and specimen surface is light blue. Scale bar, 5 mm. (B) Subnetwork of metanodes that encapsulate barcodes affiliated to
parasites or PFTs. The PFTs mapped onto the network are: phytoplankton DMS producers, mixed phytoplankton, phytoplankton silicifiers, pico-eukaryotic
heterotrophs, proto-zooplankton and meso-zooplankton. Edge width reflects the number of edges in the taxon graph between the corresponding metanodes.
Over-represented links (multiple-test corrected P < 0.05) are colored in green if they represent copresences and in red if they represent exclusions; gray means
non-overrepresented combinations. When both copresences and exclusions were significant, the edge is shown as copresence. (C) Parasite connections within
micro- and zooplankton groups. (D) Number of hosts per phage. (Inset) Phage associations to bacterial (target) phyla. (E) Putative Bacteroidetes viruses detected
with co-occurence and detection in a single-cell genome (SAG). On the left are viral sequences from a Flavobacterium SAG (top) and Tara Oceans virome
(bottom), displaying an average of 89% nucleotide identity. On the right is the correspondence between the ribosomal genes detected in the same SAG (top) and
the 16S sequence associated to the Tara Oceans contig based on co-occurence (79% nucleotide identity). For clarity, a subset of contig ARTD0100013 only (from
10,000 to 16,000 nucleotides) is displayed. This sequence was also reverse-complemented. PurM, phosphoribosylaminoimidazole synthetase; DNA Pol. A, DNA
polymerase A.

TARA OCEANS 

Lima Mendes et al., 2015, Science



Global Ocean Graph shows a biogeography 
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Figures 
 
 

 
 
 Fig. 1. Abiotic factors shape the pole-to-pole cross-domain plankton 
interactome structure. (A) The Tara Oceans circumnavigation (2009-2013) 
included a comprehensive metabarcoding and metagenomics sampling along with 
physico-chemical parameters measurements covering a wide pole-to-pole latitudinal 
gradient of temperature. The global ocean plankton interactome (GPI) covers the 
three domains of life including Eukaryotes, Bacteria and Archaea and is highly 
structured along the latitudinal gradient of temperature from the equator to the 
poles. It counts 20,810 nodes (and 86,026 edges) colored according to their 
optimum niche temperature. (B) The plankton interactome topology is significantly 
associated to diversity, temperature, salinity, light (PAR), nutrient concentrations 
and pH (Spearman correlations FDR < 0.01, empty boxes correspond to non-
significant correlations). (C) The polar interactome displays stronger associations 
(Mean edge weight) and clustering coefficients (transitivity) compared to other 
biomes (Dunn’s test, FDR < 0.05) despite its overall lower diversity. 
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Fig. 3. Predicting ecological vulnerabilities via network-based simulations. (A) 
Environmental change simulations are performed through tolerance range 
perturbations, that is progressively removing nodes of the GPI ranked by their 
environmental niche width (from smaller to larger), to predict ecological 
vulnerabilities of GPI communities. Significant vulnerabilities to environmental 
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Integrating the graph topology with 
quantitative measurements?

Nutrients 


Oxygen


Light


Temperature


pH


NPP


Carbon export

Identification of subgraphs associated with these feature



Building a community 
associated to carbon export

• 51 genes are associated to C. 
export (using omics as predictors)


• Graph as a good abstraction but:


✓Not just a discrete formal object


✓It is not a network or a model
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P = 4 × 10−10, Extended Data Fig. 2k). Moreover, Prochlorococcus cell 
counts did not correlate with carbon export (r = −0.13, P = 0.27, 
Extended Data Fig. 2j) whereas the Synechococcus to Prochlorococcus cell 
count ratio correlated positively and significantly (r = 0.54, P = 4 × 10−7,  
Extended Data Fig. 2l), suggesting the relevance of Synechococcus, rather 
than Prochlorococcus, to carbon export. Notably, Pseudoalteromonas, 
Idiomarina, Vibrio and Arcobacter (of which several species are known 
to be associated with eukaryotes35) have also been observed in live and 
poisoned sediment traps34 and display very high VIP scores in the sub-
network associated with carbon export. Additional genera reported as 
being enriched in poisoned traps (also known as being associated with 
eukaryotes) include Enterovibrio and Campylobacter, and are present 
as well in the carbon export associated subnetwork.

Interestingly, the viral subnetwork (involving 277 populations) 
most related to carbon export at 150 m (r = 0.93, P = 2 × 10−15, 
Extended Data Fig. 2c) contained particularly high VIP scores for two 
Synechococcus phages (Fig. 2c and Supplementary Table 4), which rep-
resented a 16-fold enrichment (Fisher’s exact test P = 6.4 × 10−9). Its 
structure also correlated with carbon export (r = 0.88, P = 6 × 10−93, 
Extended Data Fig. 2f) and could predict up to 89% of the variabil-
ity of carbon export (LOOCV, R2 = 0.89) (Extended Data Fig. 2i). 
The significance of these convergent results is reinforced by the fact 
that sequences from these data sets are derived from organisms col-
lected on distinct filters with different mesh sizes (see Methods), and 
further implicates the importance of top-down processes in carbon  
export.

With the aim of integrating eukaryotic, prokaryotic, and viral com-
munities in the euphotic zone with carbon export at 150 m, we synthe-
sized their respective subnetworks using a single global co-occurrence 
network established previously10. The resulting network focused on 
key lineages and their predicted co-occurrences (Fig. 3). Lineages with 
high VIP values (such as Synechococcus) are revealed as hubs of the 
co-occurrence network10, illustrating the potentially strategic key roles 
within the integrated network of lineages under-appreciated by conven-
tional methods to study carbon export. Associations between the hub 
lineages are mostly mutually exclusive, which may explain the relatively 

weak correlation of some of these lineages with carbon export when 
using standard correlation analyses, as shown in Fig. 1b.

Gene functions associated with carbon export
Given the potential importance of prokaryotic processes influencing 
the biological carbon pump22, we used the same analytical approaches 
to examine the prokaryotic genomic functions associated with carbon 
export at 150 m in the annotated Ocean Microbial Reference Gene 
Catalogue from Tara Oceans23. We built a global co-occurrence net-
work for functions (that is, orthologous groups of genes (OGs)) from 
the euphotic zone and identified two subnetworks of functions that 
are significantly associated with carbon export (light and dark green 
subnetworks; FNET1 and FNET2, respectively, see Extended Data  
Fig. 3a–c).

The majority of functions in FNET1 and FNET2 correlate well with 
carbon export (FNET1: mean r = 0.45, s.d. = 0.09 and FNET2: mean 
r = 0.34, s.d. = 0.10). Interestingly, FNET2 functions (n = 220) encode 
mostly (83%) core functions (that is, functions observed in all euphotic 
samples, see Methods) while the majority of FNET1 functions (n = 441) 
are non-core (85%) (see Supplementary Tables 5 and 6), highlighting 
both essential and adaptive ecological functions associated with car-
bon export. Top VIP scoring functions in the FNET1 subnetwork are 
membrane proteins such as ABC-type sugar transporters (Extended 
Data Fig. 3c). This subnetwork also contains many functions specific 
to the Synechococcus accessory photosynthetic apparatus (for exam-
ple, relating to phycobilisomes, phycocyanin and phycoerythrin; see 
Supplementary Table 5), which is consistent with the major role of 
this genus for carbon export inferred from the prokaryotic subnetwork 
(Fig. 2b). In addition, functions related to carbohydrates, inorganic ion 
transport and metabolism, as well as transcription, are also well repre-
sented (Fig. 4), suggesting overall a subnetwork of functions dedicated 
to photosynthesis and growth.

The FNET2 subnetwork contains several functions encoded by genes 
taxonomically assigned to Candidatus pelagibacter and Prochlorococcus, 
known as occupying similar oceanic regions as Synechococcus,  
but overall most of its relative abundance (74%) is taxonomically 
unclassified (Extended Data Fig. 3e). Top VIP scoring functions in 
FNET2 are also membrane proteins and ABC-type sugar transport-
ers, as well as functions involved in carbohydrate breakdown such as a 
chitinase (Extended Data Fig. 3c). These features highlight the potential 
roles of bacteria in the formation and degradation of marine aggre-
gates36. Notably, 77% and 58%, of OGs with a VIP score >1 in FNET1 
and FNET2, respectively, are functionally uncharacterized37,38 (Fig. 4), 
pointing to the strong need for future molecular work to explore these 
functions (see Supplementary Tables 5 and 6).

Collodaria

Vibrio
Eukaryotes
Prokaryotes
Viruses

Co-presence

Mutual exclusion

Pseudoalteromonas

Cobetia

Synechoccoccus
Idiomarina

Dinophyceae
(Noctiluca scintillans)

Dinophyceae 
(Gonyaulax sp. clade 4)

Metazoa (Oithona sp.)

Figure 3 | Integrated plankton community network built from 
eukaryotic, prokaryotic and viral subnetworks related to carbon export 
at 150 m. Major lineages were selected within the three subnetworks 
(VIP > 1) (Supplementary Tables 2, 3 and 4). Co-occurrences between all 
lineages of interest were extracted, if present, from a previously established 
global co-occurrence network (see Methods). Only lineages discussed 
within the study are pinpointed. The resulting graph is composed of 329 
nodes, 467 edges, with a diameter of 7, and average weighted degree of 4.6.

Function unknown
General function prediction only
Carbohydrate transport and metabolism
Transcription
Inorganic ion transport and metabolism
Replication, recombination and repair
Signal transduction mechanisms
Energy production and conversion

0.0 0.2 0.4 0.6 0.8 1.0

54 OGs VIP > 1

123 OGs VIP > 1

Post-translational modi!cation, protein turnover
Cell wall/membrane/envelope biogenesis
Lipid transport and metabolism
Translation, ribosomal structure and biogenesis
Co-enzyme transport and metabolism
Secondary metabolites biosynthesis, transport
Cell motility
Nucleotide transport and metabolism

77% unknown or general function

58% unknown or general function

FNET1

FNET2

Figure 4 | Key bacterial functional categories associated with carbon 
export at 150 m at global scale. A bacterial functional network was 
built based on orthologous group/gene (OG) relative abundances using 
the WGCNA methodology (see Methods) and correlated to classical 
oceanographic parameters. Two functional subnetworks (FNET1 (n = 220) 
and FNET2 (n = 441), respectively, Extended Data Fig. 3a) are significantly 
associated with carbon export (FNET1: r = 0.42, P = 4 × 10−9 and FNET2: 
r = 0.54, P = 7 × 10−6, see Extended Data Fig. 3b). Higher functional 
categories are depicted for functions with a VIP score >1 (PLS regression, 
LOOCV, FNET1 R2 = 0.41 and FNET2 R2 = 0.48, see Extended Data  
Fig. 3d) in both subnetworks.

© 2016 Macmillan Publishers Limited. All rights reserved

[Guidi et al., Nature 2016]



A short semantic point
Graph VS. Network

• Graph: discrete abstraction that 
considers (colored) vertices 
connected by (un)directed 
(weighted) edges


• Network: abstraction of an 
automaton that considers states 
connected by flows


• Model: automaton that considers 
variables that evolve under 
(un)deterministic constraints
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Dedicated biogeochemical modelings
a mechanistic network description

Valino & Huber, Frontiers Env. Science 2018
Aumont & Bopp, 2006



Adding biological complexity 
for global modeling

Follows MJ, Dutkiewicz S (2011). Modeling diverse communities of marine microbes. Ann Rev Mar Sci 3: 427–451.

https://darwinproject.mit.edu/



What genomic tells us



Hypothesis: Metabolic network of the Super-
Organism to access the marine biogeochemistry

frameworks are the ones most commonly used to
model microbial metabolism and are most likely to
make a significant contribution to the study of the
human microbiome. Specifically, both these frame-
works proved extremely powerful in offering novel
insights into microbial behavior and in successfully
predicting various aspects of microbial function.
Moreover, these frameworks do not require
hard-to-obtain kinetic parameters, which are clearly
not available for recently characterized microbiome
species.

Topology-based models
The underlying premise of any topology-based ana-
lysis of complex biological networks is that the struc-
ture and topology of a system are major determinants
of the system’s capacity and function [22]. Analyzing
the topology of a biological system may therefore
provide valuable insights into its behavior and help
to explain observed phenotypes. In the context of
metabolism, a large body of work has focused on
analyzing the topology of simple network-based
models that describe the metabolic process in a
given species. The construction of such models
often relies on an automated homology-based com-
putational inference of the set of enzymatic genes in

a given genome and the derived set of biochemical
reactions that an organism can potentially catalyze.
This process relies heavily on cross-species metabolic
databases such as KEGG [23] or MetaCyc [24]. The
set of reactions can then be represented, for example,
as a simple directed graph where nodes denote
metabolites and edges connect substrates to products
(Figure 1A). Alternative representations, including an
enzyme-based graph, a bipartite graph or a hyper-
graph, are similarly useful and are commonly used
[25]. The topology of the reconstructed network is
then examined, and topological features that correl-
ate with metabolic phenotypes are identified.

These models are clearly extreme simplifications
of an organism’s metabolism, taking into account
only the presence or absence of various metabolic
reactions and ignoring many properties of the meta-
bolic process such as reaction stoichiometry or rate.
Yet, probing the topology of such models has proved
successful in gaining insights into the metabolic cap-
acity of an organism and into a plethora of other
phenotypic attributes [26–30]. The most significant
advantage of these models, however, is the relative
ease with which they can be reconstructed and the
scale on which they can be obtained [31], facilitating
large-scale and cross-species analysis.

Figure 1: In silico models of the human microbiome. (A) Single-species metabolic models represent the set of
chemical reactions that take place within the boundaries of a single cell. Here, a simple connectivity-based model
is illustrated where nodes represent metabolites and edges connect substrates to products. (B) Multiple
single-species models can be integrated into an ecosystem community model. Using various computational frame-
works (such as reverse ecology), the type andmagnitude of the interactions within the community can be predicted,
inferring, for example, whether pairs of species directly compete for nutrients and hence hinder the growth of
one another (illustrated as circle-headed arrows) or cooperate via cross-feeding (illustrated as pointed arrows).
(C) Alternatively, supra-organism models can be reconstructed, ignoring boundaries between species altogether
and modeling community-level metabolism. In many cases, such models are a necessity since genomic information
is not available for all the species in the community. Supra-organism models can then be reconstructed directly
from shotgun metagenomic data.
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LETTER Superorganisms or loose collections of species? A unifying
theory of community patterns along environmental gradients

Kevin Liautaud,1*

Egbert H. van Nes,2

Matthieu Barbier,1

Marten Scheffer,2 and

Michel Loreau,1

Abstract
The question whether communities should be viewed as superorganisms or loose collections of
individual species has been the subject of a long-standing debate in ecology. Each view implies dif-
ferent spatiotemporal community patterns. Along spatial environmental gradients, the organismic
view predicts that species turnover is discontinuous, with sharp boundaries between communities,
while the individualistic view predicts gradual changes in species composition. Using a spatially
explicit multispecies competition model, we show that organismic and individualistic forms of
community organisation are two limiting cases along a continuum of outcomes. A high variance
of competition strength leads to the emergence of organism-like communities due to the presence
of alternative stable states, while weak and uniform interactions induce gradual changes in species
composition. Dispersal can play a confounding role in these patterns. Our work highlights the
critical importance of considering species interactions to understand and predict the responses of
species and communities to environmental changes.

Keywords
Alternative stable states, community organisation, competition theory, critical transitions, environ-
mental gradient, Lotka–Volterra model.

Ecology Letters (2019) 22: 1243–1252

INTRODUCTION

A question that has long puzzled ecologists is the degree to
which ecological communities should be regarded as inte-
grated entities rather than loose collections of species or
individuals. Clements (1916, 1936) and Gleason (1926) were
the first to debate over this question, the former considering
plant communities as complex superorganisms, whereas
Gleason considered them as mere statistical collections of
individuals.
This centennial debate lasts to this day, in no small part

because the superorganism concept faces major definition
issues (Wilson & Sober 1989). Recent theoretical advances
however, have provided a context in which this question can
be addressed meaningfully: we can identify ecological dynam-
ics that share enough important features with the concept of
superorganism to support the use of this metaphor. A central
ingredient is the existence of positive feedbacks in complex
communities, whether there is direct facilitation between spe-
cies or not. Positive feedbacks create integration: species bene-
fit from each other, and appear or disappear together. As a
consequence, we expect to see distinctive associations rather
than arbitrary collections of species. In addition, these dynam-
ics can show directionality in space (structuration and spread)
and time (succession). Bunin (2018) showed that all these
properties can occur together in widely used models of ecolog-
ical assembly dynamics, and therefore, that ecological commu-
nities can in principle exist in a recognizably organismic state.

We propose that the dichotomy between organismic and
individualistic communities may now be reframed within a
unified theoretical framework, with clearly identified ecologi-
cal consequences. We choose to focus here on spatial patterns
that can distinguish between Clementsian and Gleasonian
communities, but a similar analysis applies to temporal pat-
terns. In space, these two views of nature lead to very differ-
ent predictions regarding species distributions and community
patterns along environmental gradients. If the environment
changes gradually, an individualistic community organisation
predicts the gradual replacement of species by new species as
the environment changes (Gleason 1926). In contrast, an
organismic community organisation implies the presence of
discrete communities separated by sharp boundaries (Cle-
ments 1916). Small changes in environmental conditions can
thus be responsible for major shifts from one community to
another. While the Clementsian organismic view of communi-
ties was widely accepted during the first part of the twentieth
century (see Whittaker 1962 for an historical review), the indi-
vidualistic view became dominant after the influential work of
Whittaker (1951, 1956, 1967), who showed gradual changes in
plant species composition and abundance along spatial envi-
ronmental gradients.
Numerous empirical studies have studied species abun-

dances and distributions along spatial environmental gradi-
ents, with widely divergent conclusions. For instance,
Lieberman et al. (1996) and Vazquez & Givnish (1998)
failed to find discrete plant communities along altitudinal
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Abstract
The human microbiome is a complex biological system with numerous interacting components across multiple
organizational levels. The assembly, ecology and dynamics of the microbiome and its contribution to the develop-
ment, physiology and nutrition of the host are clearly affected not only by the set of genes or species in the micro-
biome but also by the way these genes are linked across numerous pathways and by the interactions between the
various species. To date, however, most studies of the human microbiome have focused on characterizing the
composition of the microbiome and on comparative analyses, whereas significantly less effort has been directed at
elucidating, characterizing and modeling these interactions and on studying the microbiome as a complex, intercon-
nected and cohesive system. Here, specifically, I highlight the pressing need for the development of predictive
system-level models and for a system-level understanding of the microbiome, and discuss potential computational
frameworks for metagenomic-based modeling of the microbiome at the cellular, ecological and supra-organismal
level. I review some preliminary attempts at constructing such models and examine the challenges and hurdles
that such modeling efforts face. I also discuss possible future applications and research avenues that such metage-
nomic systems biology and predictive system-level models may facilitate.

Keywords: systems biology; metabolic models; human microbiome; metagenomics; reverse ecology; ecosystomics

INTRODUCTION
Biological systems are inherently complex, whether
they are molecular mechanisms in a living cell, neur-
onal circuits in the brain or populations of organisms
in an ecosystem. This complexity is mostly encapsu-
lated not in the components that constitute the
system but rather in the intricate and often highly
nonuniform way these numerous components are
linked to one another and interact to produce an
emergent phenotype. The human microbiome is
no different and in many ways embodies a canonical
example of a multilevel and hierarchical complex
system.

Research of the microbiome in recent years has
focused mainly on determining its composition and

on examining the variation in composition across a
wide range of states. To this end, next-generation
sequencing and metagenomics have been used to
map both the set of species and the set of genes in
numerous microbiome samples. These studies can be
generally classified into three main categories. First,
much effort has been invested in characterizing
normal compositional variation and in better defin-
ing the scope of the normal microbiome. Tremen-
dous variation has been observed across time [1–3],
across body sites [2–4] and across hosts [5]. Second,
multiple studies have examined the response of
the microbiome to extreme disruption and its resili-
ence to abrupt population changes by surveying
compositional shifts that follow various types of
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ABSTRACT

Genome-scale metabolic models are instrumen-
tal in uncovering operating principles of cellular
metabolism, for model-guided re-engineering, and
unraveling cross-feeding in microbial communities.
Yet, the application of genome-scale models, espe-
cially to microbial communities, is lagging behind the
availability of sequenced genomes. This is largely
due to the time-consuming steps of manual cura-
tion required to obtain good quality models. Here,
we present an automated tool, CarveMe, for recon-
struction of species and community level metabolic
models. We introduce the concept of a universal
model, which is manually curated and simulation
ready. Starting with this universal model and an-
notated genome sequences, CarveMe uses a top-
down approach to build single-species and commu-
nity models in a fast and scalable manner. We show
that CarveMe models perform closely to manually
curated models in reproducing experimental pheno-
types (substrate utilization and gene essentiality).
Additionally, we build a collection of 74 models for
human gut bacteria and test their ability to reproduce
growth on a set of experimentally defined media. Fi-
nally, we create a database of 5587 bacterial models
and demonstrate its potential for fast generation of
microbial community models. Overall, CarveMe pro-
vides an open-source and user-friendly tool towards
broadening the use of metabolic modeling in study-
ing microbial species and communities.

INTRODUCTION

Linking the metabolic phenotype of an organism to envi-
ronmental and genetic perturbations is central to several
basic and applied research questions. To this end, genome-

scale metabolic models provide a mechanistic basis allowing
to predict the effects of, e.g. gene knockouts, or nutritional
changes (1,2). Indeed, such models are currently used in a
wide range of applications, including rational strain design
for industrial biochemical production (3,4), drug discovery
for pathogenic microbes (5), and the study of diseases with
associated metabolic traits (6–9).

An emerging application of genome-scale models is the
study of cross-feeding and nutrient competition in micro-
bial communities (10–15). However, a vast majority of rele-
vant microbial communities, such as those residing in the
human microbiota (16), ocean (17) or soil (18), still re-
main inaccessible for metabolic modeling due to the un-
availability of the corresponding species-level models. Thus,
applications of metabolic modeling lag behind the oppor-
tunities presented by the increasing number of genomics
and metagenomics datasets (19). A major bottleneck is the
so-called genome-scale reconstruction process, which often
requires laborious and time-consuming curation, without
which the model quality remains low. This becomes an even
more stringent bottleneck considering that microbial com-
munities can contain hundreds of different species.

Several metabolic reconstruction tools are currently
available, each offering different degrees of trade-off be-
tween automation and human intervention (20–25) (see
Supplementary Table S1 for a detailed comparison). These
tools follow a bottom-up reconstruction approach consist-
ing of the following main steps: (i) annotate genes with
metabolic functions; (ii) retrieve the respective biochemical
reactions from a reaction database, such as KEGG (26); (iii)
assemble a draft metabolic network; (iv) manually curate
the draft model. The last step includes several tasks, such as
adding missing reactions required to generate biomass pre-
cursors (gap-!lling), correcting elemental balance and di-
rectionality of reactions, detecting futile cycles, and remov-
ing blocked reactions and dead-end metabolites (see (27) for
a detailed protocol). If these problems are not resolved, the
model can generate unrealistic phenotype predictions, such
as incorrect biomass yields, excessive ATP generation, false
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Figure 1. Comparison between bottom-up and top-down genome-scale metabolic model reconstruction: (A) in the traditional (bottom-up) approach, a
draft model is automatically generated from the genome of a given organism (by homology/orthology prediction against annotated genes), followed by
extensive manual curation; (B) in the top-down approach, a universal model is automatically generated and manually curated. This model is then used as a
template for organism-speci!c model generation (carving), a process that identi!es (by homology/orthology predictions) which reactions are present in the
given organism. This process does not require manual intervention and can be easily parallelizable to automatically generate a large number of models. Op-
tionally, this can be also applied to the generation of microbial community models by merging single-species models; (C) during bottom-up reconstruction,
new reactions are iteratively added to the network for gap-!lling purposes. This process is context dependent, i.e. it requires specifying the environmental
conditions (growth medium) and the expected phenotype (usually biomass formation); (D) top-down reconstruction is a context-independent process that
infers gapless pathways from genetic evidence alone by assigning con!dence scores to all the reactions in a universal model.

gene essentiality, or incorrect nutritional requirements. The
manual curation step is time-consuming and includes repet-
itive tasks that must be performed for every new reconstruc-
tion.

In this work, we present CarveMe, a new reconstruction
tool that shifts this paradigm by implementing a top-down
reconstruction approach (Figure 1). We begin by recon-
structing a universal metabolic model, which is manually
curated for the common problems mentioned above. No-
tably, this universal model is simulation-ready: it includes
import/export reactions, a universal biomass equation, and
contains no blocked or unbalanced reactions. Subsequently,
for every new reconstruction, the universal model is con-
verted to an organism-speci!c model using a process called
’carving’ (see Materials and Methods section for details).
In essence, this process removes reactions and metabolites
not predicted to be present in the given organism, while
preserving all the manual curation and relevant structural
properties of the original model. The lack of manual in-
tervention makes this process automatable and the recon-
struction of multiple species can be easily parallelized (Fig-
ure 1B). Unlike traditional (bottom-up) gap-!lling, which
iteratively adds reactions to enable growth on different me-

dia (Figure 1C), the top-down approach is able to infer the
uptake/secretion capabilities of an organism from genetic
evidence alone (Figure 1D), making it especially suitable
for organisms that cannot be cultivated under well-de!ned
media. Finally, CarveMe automates the creation of micro-
bial community models by merging selected sets of single-
species models into community-scale networks.

MATERIALS AND METHODS

Universal model building

CarveMe provides a Python script to build an universal
draft model of metabolism by downloading all reactions
and metabolites in the BiGG database (28) into a single
SBML !le (BiGG version 1.3 was used during this work).
All associated metadata are stored as SBML annotations.
The same script assists with automated curation tasks to
build a !nal universal model (as described next).

Universal bacterial model

The draft model built from the entire BiGG database was
manually curated to generate a fully-functional universal
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forcing network connectivity (i.e. gapless pathways):

max sT(y f + yr )

s.t.

S · v = 0

v > −Myr + εy f

v < −εyr + My f

vi > 0 ∀i ∈ {forward irreversible}
vi < 0 ∀i ∈ {backward irreversible}

yr + y f ≤ 1

yr , y f ∈ {0, 1}n

vgrowth > vmin
growth

where s is the reaction scores vector (determined in the
previous step), v is the !ux vector, yf and yr are binary
vectors indicating the presence of !ux in the forward or
backward reaction, S is the stoichiometric matrix, ε is
the minimum !ux carried by an active reaction (default:
0.001 mmol/gDW/h), M is a maximum !ux bound (de-
fault: 100 mmol/gDW/h), and vmin

growth is the minimum
growth rate (default: 0.1 h–1).

After solving the MILP problem, all inactive reactions
are removed from the model, including all consequently or-
phaned genes and metabolites. The "nal model is then ex-
ported as an SBML "le. The user can select between the
latest (FBC2) or the legacy (COBRA) version.

Ensemble generation

CarveMe allows the generation of ensemble models. This
is performed by randomizing the weighting factors of reac-
tions without genetic evidence, and solving the MILP prob-
lem multiple times to generate alternative models. The size
of the ensemble (number of models) is selected by the user,
and the "nal ensemble is exported as a single SBML "le.

For the purpose of phenotype array simulation and gene
essentiality prediction, a voting threshold (T) is used to
determine a positive outcome (i.e. a substrate is growth-
supporting or a gene is considered essential, if the percent-
age of models that agree with such phenotype is larger than
T). Simulation results with multiple thresholds (10%, 50%,
90%) are reported in this work.

Experimental constraints

Experimental data can be provided as additional input dur-
ing reconstruction in a tabular format. These can be used
to indicate the presence, absence, or preferred direction of a
given set of reactions (including intracellular reactions and
metabolite exchange reactions). According to the level of
con"dence, these can be provided as ’hard’ or ’soft’ con-
straints.

Soft constraints are speci"ed as a mapping from reactions
to one of three possible values that modify the MILP objec-
tive, giving a different weight to the binary variables associ-

ated with the respective reactions: 1) forward direction pre-
ferred; –1) backward direction preferred; 0) reaction should
not occur.

Hard constraints are simply a list of !ux bounds (vmin
i <

vi < vmax
i ). They can be used to force or block the utilization

of any given reaction (please note that they can also make
the MILP problem infeasible so they should be used with
care).

Gap-!lling

The user can (optionally) provide a list of media where the
organism is expected to grow. If the model does not repro-
duce growth on these media after reconstruction, CarveMe
will perform additional gap-"lling to enable the expected
phenotypes. The implementation is similar to bottom-up
gap-"lling methods, except that the reactions scores pre-
viously calculated are used as weighting factors. This in-
creases the probability that a pathway with some level of
genetic evidence is selected over an alternative pathway with
lower evidence. The problem is formulated as follows:

min
∑

i∈R

(
1

1 + si

)
yi

s.t.

S · v = 0

lb < v < ub

yi lbi < vi < yi ubi ∀i ∈ R

yi ∈ {0, 1} ∀i ∈ R

vgrowth > vmin
growth

where R is the set of reactions in the universe not present in
the model, si is the annotation score of reaction i (0 for reac-
tions without score), lb and ub are the lower and upper !ux
bound vectors, and vmin

growth is the same as previously de"ned.

Microbial community models

CarveMe provides a script to merge a selected set of single-
species models into a microbial community model. The re-
sult is an SBML model where each species is assigned to
its own compartment and the extracellular environment is
shared between all species. Several options are provided,
such as the creation of a common community biomass reac-
tion, creation of isolated extracellular compartments con-
nected by an external metabolite pool, and the initializa-
tion of the community environment with a selected growth
medium. The model can be readily used for !ux balance
analysis (just like a single-species model) to explore the
solution space of the community phenotype, and also for
the application of community-speci"c simulation methods
(10,11).

Simulation of phenotype arrays

Simulation of phenotype arrays was performed by con-
straining the respective models to M9 minimal medium
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Analyzing each water mass metabolic behavior  
(from network to model)

Metabolic pathways are essential chemical processes that
catalyse complex reactions indispensable for develop-
ment and life. Recent research has shown that many

types of cancers take control of specific metabolic processes1. In
particular, cancer pathogenesis has recently been closely asso-
ciated to serine, glycine and one-carbon metabolism2. Preclinical
analyses have shown that by adopting a specific diet that limits
the amount of serine and glycine, tumour growth was severely
inhibited.

Understanding how metabolic networks are controlled is a
challenging question though. Metabolic control analysis was
originally developed to evaluate how metabolic fluxes depend on
kinetic parameters of enzymatic reactions or metabolite con-
centrations. The level of control is quantified by calculating
control or elasticity coefficients3,4. However, these approaches are
not easily applicable to large systems since they rely on a kinetic
model of the metabolic pathways. More recently, an approach
was developed that uses flux couplings between metabolic reac-
tions5. Flux couplings identify constrained relations between
fluxes of different reactions, which arise from the network
topology and mass conservation6. Five types of couplings were
identified, namely directional, partial, full, anti and inhibitive
couplings. The networks were analysed using a minimum dom-
inating set (MDS) approach to identify potential driver nodes
reactions5. The MDS approach was proposed by Nacher and
Akutsu7 and has been used to analyse many biological systems
and identify proteins associated to cancer8–12. However, the flux
coupling approach uses a discrete definition of coupling between
reactions and does not take into account the full range of possible
flux distributions that the metabolic system is able to support. For
example, two reactions are defined as anti-coupled if when one of
them is inactive then the other carries a non-zero flux (in a non-
zero steady state), but this definition does not take into account
the relation between both fluxes in situations where both reac-
tions are active.

Here, we argue that in order to investigate the distributed
control of metabolic flux in large-scale metabolic networks, a

different approach is needed. Coupling should be measured by a
continuous value characterising the relations between reaction
fluxes over all feasible steady states, instead of a set of binary
values that represent particular subsets of steady states. In order
to distinguish this continuous measure from previously used
definitions of coupling, we hereon use the term correlation. Such
a measure already exists: as demonstrated by Poolman et al.13, it
can be obtained from the angles between the vectors forming an
orthonormal basis of the null-space (or kernel) of the stoichio-
metric matrix defining the metabolic network. The cosine of this
angle precisely represents Pearson’s correlation coefficient
between the fluxes carried by a pair of reactions over all possible
steady states of the system, and was therefore named reaction
correlation coefficient. Hence, the reaction correlation coefficient
ϕij of a pair of reactions i and j is a continuous value comprised
between –1 and 1, where ϕij= 0 indicates that the fluxes of both
reactions are completely independent, ϕij= 1 indicates that they
are perfectly correlated and ϕij=−1 indicates that they are per-
fectly anti-correlated.

In this work, we compiled metabolic networks corresponding
to four healthy and cancer tissues, namely breast, lung, kidney
and urothelial cancer. This data allows us to analyse the
transition from healthy to cancer states from the metabolic flux
perspective (Fig. 1). We first assembled a metabolic flux corre-
lation network obtained from biochemical metabolic pathways in
healthy and cancer tissues. Indeed, the above-mentioned flux
correlation coefficient can be interpreted as a failure probability,
which suggests that a probabilistic model can be suitable to
address flux control. For example, a positive correlation inter-
action with value 1 could be understood as an interaction with
failure probability of zero. Similarly, an absence of correlation
with value zero would suggest a failure probability of 1. These
concepts pave the way to the applicability of a probabilistic
control theory for complex metabolic networks. Here, we used a
Probabilistic Minimum Dominating Set (PMDS) model that can
identify a minimum set of nodes that act as driver nodes and
control the entire network in a context of probabilistic
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Fig. 1 Method for the application of probabilistic control theory to metabolic flux analysis. The stoichiometric matrix of the metabolic network is
constructed and used to compute the orthonormal kernel matrix. The reaction correlation coefficient ϕij is the cosine of the angle between the reaction
rows in the kernel and represents the strength of control between both reactions. The failure probability ρij is defined as 1−|ϕij|, which is used to determine
the probabilistic minimum dominating set. We require that each node (reaction) is covered by multiple nodes in PMDS so that the probability that at least
one edge (incoming flux) is active is greater than the threshold Θ
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Metabolic pathways are essential chemical processes that
catalyse complex reactions indispensable for develop-
ment and life. Recent research has shown that many

types of cancers take control of specific metabolic processes1. In
particular, cancer pathogenesis has recently been closely asso-
ciated to serine, glycine and one-carbon metabolism2. Preclinical
analyses have shown that by adopting a specific diet that limits
the amount of serine and glycine, tumour growth was severely
inhibited.

Understanding how metabolic networks are controlled is a
challenging question though. Metabolic control analysis was
originally developed to evaluate how metabolic fluxes depend on
kinetic parameters of enzymatic reactions or metabolite con-
centrations. The level of control is quantified by calculating
control or elasticity coefficients3,4. However, these approaches are
not easily applicable to large systems since they rely on a kinetic
model of the metabolic pathways. More recently, an approach
was developed that uses flux couplings between metabolic reac-
tions5. Flux couplings identify constrained relations between
fluxes of different reactions, which arise from the network
topology and mass conservation6. Five types of couplings were
identified, namely directional, partial, full, anti and inhibitive
couplings. The networks were analysed using a minimum dom-
inating set (MDS) approach to identify potential driver nodes
reactions5. The MDS approach was proposed by Nacher and
Akutsu7 and has been used to analyse many biological systems
and identify proteins associated to cancer8–12. However, the flux
coupling approach uses a discrete definition of coupling between
reactions and does not take into account the full range of possible
flux distributions that the metabolic system is able to support. For
example, two reactions are defined as anti-coupled if when one of
them is inactive then the other carries a non-zero flux (in a non-
zero steady state), but this definition does not take into account
the relation between both fluxes in situations where both reac-
tions are active.

Here, we argue that in order to investigate the distributed
control of metabolic flux in large-scale metabolic networks, a

different approach is needed. Coupling should be measured by a
continuous value characterising the relations between reaction
fluxes over all feasible steady states, instead of a set of binary
values that represent particular subsets of steady states. In order
to distinguish this continuous measure from previously used
definitions of coupling, we hereon use the term correlation. Such
a measure already exists: as demonstrated by Poolman et al.13, it
can be obtained from the angles between the vectors forming an
orthonormal basis of the null-space (or kernel) of the stoichio-
metric matrix defining the metabolic network. The cosine of this
angle precisely represents Pearson’s correlation coefficient
between the fluxes carried by a pair of reactions over all possible
steady states of the system, and was therefore named reaction
correlation coefficient. Hence, the reaction correlation coefficient
ϕij of a pair of reactions i and j is a continuous value comprised
between –1 and 1, where ϕij= 0 indicates that the fluxes of both
reactions are completely independent, ϕij= 1 indicates that they
are perfectly correlated and ϕij=−1 indicates that they are per-
fectly anti-correlated.

In this work, we compiled metabolic networks corresponding
to four healthy and cancer tissues, namely breast, lung, kidney
and urothelial cancer. This data allows us to analyse the
transition from healthy to cancer states from the metabolic flux
perspective (Fig. 1). We first assembled a metabolic flux corre-
lation network obtained from biochemical metabolic pathways in
healthy and cancer tissues. Indeed, the above-mentioned flux
correlation coefficient can be interpreted as a failure probability,
which suggests that a probabilistic model can be suitable to
address flux control. For example, a positive correlation inter-
action with value 1 could be understood as an interaction with
failure probability of zero. Similarly, an absence of correlation
with value zero would suggest a failure probability of 1. These
concepts pave the way to the applicability of a probabilistic
control theory for complex metabolic networks. Here, we used a
Probabilistic Minimum Dominating Set (PMDS) model that can
identify a minimum set of nodes that act as driver nodes and
control the entire network in a context of probabilistic
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Fig. 1 Method for the application of probabilistic control theory to metabolic flux analysis. The stoichiometric matrix of the metabolic network is
constructed and used to compute the orthonormal kernel matrix. The reaction correlation coefficient ϕij is the cosine of the angle between the reaction
rows in the kernel and represents the strength of control between both reactions. The failure probability ρij is defined as 1−|ϕij|, which is used to determine
the probabilistic minimum dominating set. We require that each node (reaction) is covered by multiple nodes in PMDS so that the probability that at least
one edge (incoming flux) is active is greater than the threshold Θ
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~3 600 reactions per Tara Ocean samples (1,5 times a Human organ) 
~ 6,8 millions of flux correlations per Tara Océan samples 

All feasible metabolic  
solutions

Metabolic pathways are essential chemical processes that
catalyse complex reactions indispensable for develop-
ment and life. Recent research has shown that many

types of cancers take control of specific metabolic processes1. In
particular, cancer pathogenesis has recently been closely asso-
ciated to serine, glycine and one-carbon metabolism2. Preclinical
analyses have shown that by adopting a specific diet that limits
the amount of serine and glycine, tumour growth was severely
inhibited.

Understanding how metabolic networks are controlled is a
challenging question though. Metabolic control analysis was
originally developed to evaluate how metabolic fluxes depend on
kinetic parameters of enzymatic reactions or metabolite con-
centrations. The level of control is quantified by calculating
control or elasticity coefficients3,4. However, these approaches are
not easily applicable to large systems since they rely on a kinetic
model of the metabolic pathways. More recently, an approach
was developed that uses flux couplings between metabolic reac-
tions5. Flux couplings identify constrained relations between
fluxes of different reactions, which arise from the network
topology and mass conservation6. Five types of couplings were
identified, namely directional, partial, full, anti and inhibitive
couplings. The networks were analysed using a minimum dom-
inating set (MDS) approach to identify potential driver nodes
reactions5. The MDS approach was proposed by Nacher and
Akutsu7 and has been used to analyse many biological systems
and identify proteins associated to cancer8–12. However, the flux
coupling approach uses a discrete definition of coupling between
reactions and does not take into account the full range of possible
flux distributions that the metabolic system is able to support. For
example, two reactions are defined as anti-coupled if when one of
them is inactive then the other carries a non-zero flux (in a non-
zero steady state), but this definition does not take into account
the relation between both fluxes in situations where both reac-
tions are active.

Here, we argue that in order to investigate the distributed
control of metabolic flux in large-scale metabolic networks, a

different approach is needed. Coupling should be measured by a
continuous value characterising the relations between reaction
fluxes over all feasible steady states, instead of a set of binary
values that represent particular subsets of steady states. In order
to distinguish this continuous measure from previously used
definitions of coupling, we hereon use the term correlation. Such
a measure already exists: as demonstrated by Poolman et al.13, it
can be obtained from the angles between the vectors forming an
orthonormal basis of the null-space (or kernel) of the stoichio-
metric matrix defining the metabolic network. The cosine of this
angle precisely represents Pearson’s correlation coefficient
between the fluxes carried by a pair of reactions over all possible
steady states of the system, and was therefore named reaction
correlation coefficient. Hence, the reaction correlation coefficient
ϕij of a pair of reactions i and j is a continuous value comprised
between –1 and 1, where ϕij= 0 indicates that the fluxes of both
reactions are completely independent, ϕij= 1 indicates that they
are perfectly correlated and ϕij=−1 indicates that they are per-
fectly anti-correlated.

In this work, we compiled metabolic networks corresponding
to four healthy and cancer tissues, namely breast, lung, kidney
and urothelial cancer. This data allows us to analyse the
transition from healthy to cancer states from the metabolic flux
perspective (Fig. 1). We first assembled a metabolic flux corre-
lation network obtained from biochemical metabolic pathways in
healthy and cancer tissues. Indeed, the above-mentioned flux
correlation coefficient can be interpreted as a failure probability,
which suggests that a probabilistic model can be suitable to
address flux control. For example, a positive correlation inter-
action with value 1 could be understood as an interaction with
failure probability of zero. Similarly, an absence of correlation
with value zero would suggest a failure probability of 1. These
concepts pave the way to the applicability of a probabilistic
control theory for complex metabolic networks. Here, we used a
Probabilistic Minimum Dominating Set (PMDS) model that can
identify a minimum set of nodes that act as driver nodes and
control the entire network in a context of probabilistic
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Fig. 1 Method for the application of probabilistic control theory to metabolic flux analysis. The stoichiometric matrix of the metabolic network is
constructed and used to compute the orthonormal kernel matrix. The reaction correlation coefficient ϕij is the cosine of the angle between the reaction
rows in the kernel and represents the strength of control between both reactions. The failure probability ρij is defined as 1−|ϕij|, which is used to determine
the probabilistic minimum dominating set. We require that each node (reaction) is covered by multiple nodes in PMDS so that the probability that at least
one edge (incoming flux) is active is greater than the threshold Θ
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Dependencies between fluxes 
in given metabolic network

Metabolic pathways are essential chemical processes that
catalyse complex reactions indispensable for develop-
ment and life. Recent research has shown that many

types of cancers take control of specific metabolic processes1. In
particular, cancer pathogenesis has recently been closely asso-
ciated to serine, glycine and one-carbon metabolism2. Preclinical
analyses have shown that by adopting a specific diet that limits
the amount of serine and glycine, tumour growth was severely
inhibited.

Understanding how metabolic networks are controlled is a
challenging question though. Metabolic control analysis was
originally developed to evaluate how metabolic fluxes depend on
kinetic parameters of enzymatic reactions or metabolite con-
centrations. The level of control is quantified by calculating
control or elasticity coefficients3,4. However, these approaches are
not easily applicable to large systems since they rely on a kinetic
model of the metabolic pathways. More recently, an approach
was developed that uses flux couplings between metabolic reac-
tions5. Flux couplings identify constrained relations between
fluxes of different reactions, which arise from the network
topology and mass conservation6. Five types of couplings were
identified, namely directional, partial, full, anti and inhibitive
couplings. The networks were analysed using a minimum dom-
inating set (MDS) approach to identify potential driver nodes
reactions5. The MDS approach was proposed by Nacher and
Akutsu7 and has been used to analyse many biological systems
and identify proteins associated to cancer8–12. However, the flux
coupling approach uses a discrete definition of coupling between
reactions and does not take into account the full range of possible
flux distributions that the metabolic system is able to support. For
example, two reactions are defined as anti-coupled if when one of
them is inactive then the other carries a non-zero flux (in a non-
zero steady state), but this definition does not take into account
the relation between both fluxes in situations where both reac-
tions are active.

Here, we argue that in order to investigate the distributed
control of metabolic flux in large-scale metabolic networks, a

different approach is needed. Coupling should be measured by a
continuous value characterising the relations between reaction
fluxes over all feasible steady states, instead of a set of binary
values that represent particular subsets of steady states. In order
to distinguish this continuous measure from previously used
definitions of coupling, we hereon use the term correlation. Such
a measure already exists: as demonstrated by Poolman et al.13, it
can be obtained from the angles between the vectors forming an
orthonormal basis of the null-space (or kernel) of the stoichio-
metric matrix defining the metabolic network. The cosine of this
angle precisely represents Pearson’s correlation coefficient
between the fluxes carried by a pair of reactions over all possible
steady states of the system, and was therefore named reaction
correlation coefficient. Hence, the reaction correlation coefficient
ϕij of a pair of reactions i and j is a continuous value comprised
between –1 and 1, where ϕij= 0 indicates that the fluxes of both
reactions are completely independent, ϕij= 1 indicates that they
are perfectly correlated and ϕij=−1 indicates that they are per-
fectly anti-correlated.

In this work, we compiled metabolic networks corresponding
to four healthy and cancer tissues, namely breast, lung, kidney
and urothelial cancer. This data allows us to analyse the
transition from healthy to cancer states from the metabolic flux
perspective (Fig. 1). We first assembled a metabolic flux corre-
lation network obtained from biochemical metabolic pathways in
healthy and cancer tissues. Indeed, the above-mentioned flux
correlation coefficient can be interpreted as a failure probability,
which suggests that a probabilistic model can be suitable to
address flux control. For example, a positive correlation inter-
action with value 1 could be understood as an interaction with
failure probability of zero. Similarly, an absence of correlation
with value zero would suggest a failure probability of 1. These
concepts pave the way to the applicability of a probabilistic
control theory for complex metabolic networks. Here, we used a
Probabilistic Minimum Dominating Set (PMDS) model that can
identify a minimum set of nodes that act as driver nodes and
control the entire network in a context of probabilistic
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Fig. 1 Method for the application of probabilistic control theory to metabolic flux analysis. The stoichiometric matrix of the metabolic network is
constructed and used to compute the orthonormal kernel matrix. The reaction correlation coefficient ϕij is the cosine of the angle between the reaction
rows in the kernel and represents the strength of control between both reactions. The failure probability ρij is defined as 1−|ϕij|, which is used to determine
the probabilistic minimum dominating set. We require that each node (reaction) is covered by multiple nodes in PMDS so that the probability that at least
one edge (incoming flux) is active is greater than the threshold Θ
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« Simplexification » of  the 
Biological Carbon Pump

BCP is described by 

•carbon export

•net primary production (NPP)

•remineralization


The Global Ocean is enclosed in a convex hull that 
emphasizes extreme stations
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Aims of Constraints-based modeling 
applied on Ocean omics data

• From big data to a proper abstraction


• Inference of biogeochemistry of the ocean from omics (revisiting the 
microbial loop)


• Mechanistic and meta-genome-scale modeling


Perspectives:


• Proper mining of the key metabolic reactions


• Identify organisms responsible for biogeochemical keystone reactions (rare 
or abundant? role of diversity in biogeochemistry)


• Adding mesoscale data & time!!!!!!
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