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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, 
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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)

250

200

150

100

50

0
43 106 145 243 370

36

38

40

42

44

46

48

N
P

Chlorophyll a

O2

Epipelagic

a   Resource generation

3WCPVKVCVKXG�RTQȮNGU

Diversity patterns

Latitude Depth ��XKTCN�\QPGU

/
GV
CV
TC
PU
ET
KR
VQ
O
G�
XC
TK
CV
KQ
P

6GORGTCVWTG

8KTWUGU

8KTWUGU

/QUV
QTICPKUOU

Bacteria 
and
archaea

Biogeographic patterns

'PXKTQPOGPVCN�RCTCOGVGTU

+

5GSWGPEGU�QH�IGPGU
CPF�XKTCN�RQRWNCVKQPU

South
Pole

Equator North
Pole

Epipelagic

/GUQRGNCIKE

Arctic

6GORGTCVWTG

%QOOWPKV[
turnover
FQOKPCVGU

)GPG�GZRTGUUKQP
EJCPIGU�FQOKPCVG

#NN�FGRVJU

Antarctic
#NN�FGRVJU

Temperate and tropical
Epipelagic
/GUQRGNCIKE
Bathypelagic

������O

����QT����O

5CORNG
collection

5GTKCN�ȮNVTCVKQP

8KTWUGU

Filtrate

Bacteria and
archaea

DNA extraction

Sequencing

#UUGODN[�CPF
gene prediction

8KTWUGUBacteria
and archaea

DNA or RNA
UGSWGPEKPI�FCVC

De novo-
generated
FCVCDCUGU

De novo-
generated
FCVCDCUGU

MetaG
S1–Sn

MetaT
S1–Sn

8
KT
CN
�R
QR
WN
CV
KQ
PU
�
³
��

³)

5CORNGU

)
GPG�UGSWGPEGU�
³��

6)

1
67
U�
�I
GP
GU
�Q
T�X
KT
WU
GU

5CORNGU�51–Sn

b   Data analysis

/GUQRGNCIKE

www.nature.com/nrmicro

R E V I E W S

Sunagawa et al., 2020, 
Nature Microbiology 

Review



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

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10616-z

2 NATURE COMMUNICATIONS | ��������(2019)�10:2725� | https://doi.org/10.1038/s41467-019-10616-z | www.nature.com/naturecommunications



3OAR100

UPP3MT_2

ETHAt6

PROtex

LGTHL

SADT

EX_o16a4colipa_C_e_boundary

PETNT161pp

PAPA180

EX_5dglcn_C_e_boundary

EX_colipa_e

SADT2

EX_anhgm_C_e_boundary

EX_mbdg_C_e_boundary

HACD4

ICDHyr

EX_murein5px3p_e

EX_5drib_C_c_boundary

EX_cys__D_e

CTBTabc

IPMD

O2tpp

EX_alltn_C_e_boundary

SUCCt2b

COt

BZDIOLDH

PTA2

EX_4abut_e

3OAR180

HACD1i

ASPCT

EX_ctbt_C_e_boundary

PPNDH

CSNt2

DHDPS

PLIPA2A160pp

EX_g3ps_e

ACNAMtex

MDH

EX_val__L_C_e_boundary

EX_salchs4_e

AGMtex

HSDx

ETOHtex

EX_dms_e

PASYN_EC

GLCNt2rpp

MME

ALDD19xr

MLTGY4pp

APENTAMAH

CYSTAi

CYTBMQOR2pp

EX_glcn__D_e

CHOLS_ex

ACTD2

CYSTL_1

TDSKN

12PPDStex

OOR3r

3HOXPACt2pp

3OAS181

EX_ser__D_e

ACOAD5f

LYSMO

DHPPDA2

FOAMtex

PAPA161pp

ECOAH9ir

HPACt2r

GADktpp

EX_drib_C_e_boundary

ANHGMtex

GPDDA3pp

S4FE4SR CLBtpp

FERULCOAS

RMI

PSD140

G6PBDH

GLS2e

MMSDHir

GLYBtex

LPLIPAL1G161pp

3HAACOAT60

EX_confrl_e

PYRDOX

2AGPA120tipp

DOXRBCNtex

ILEtex

CHDCCH

S4FE4ST

A5PISO

DAPDA

NACHY

ALR2

ACACT7r

DPHAPC120

ACOAD1f

XYLOS1

GALCTNt2pp

GPDDA5pp

MALTTRabc

EX_ethso3_C_e_boundary

OARGDC MTOLDOX

EX_ura_e

EX_val__L_e

ADSL2r

ACOAD4_1

ADEt2rpp

EX_ppa_C_e_boundary

GLBRAN2

IDOND2

LIPAMPL

FASm220

HKNTDH

DAPE

UACGAMtex

PSERtex

LEUt2r

3OAR140

PFK_3

PHOtpp

EX_frmd_C_e_boundary

MLDEP2pp

AMPtex

LPLIPAL1A141pp

SHCHF2

LIPOS

EX_k_e

TRPTA

PLIPA2G120pp

THRA2i

3PEPTtex

G3PSabcpp

EX_pnto__R_e

TTRCYCtpp

G1PACT

G6PDH2r

PTRCORNt7

THRt4

EX_nac_e

EX_glycogen1500_C_e_boundary

LIPATPT

EX_sulfac_C_e_boundary

EX_chol_e

3NTD2pp

QUINtex

ACACt2pp

MLTG1

BZ12DOX

CYTBCYTC EX_glucan1500_C_e_boundary

KARA1i

DAGK141

PGPP160pp

AMANAPEr

PE180abcpp

PHACOAOR

EX_csn_e

FUTS

ORPT

23CAMPtex

P_Xylt1

NTPP10

RFAMPtpp

S2FE2SR

FE3t

FESD1s

GLUR

NACODA

MALt2r

23PDE7pp

NO3t7pp

SALCHS4FEtonex

ECOAH3

URATEt_1

DAGK161

ISETACabcpp

ALDD4

SERt2r

OGCOAAT

U23GAAT

EX_aso3_C_e_boundary

FBA3

ADK2

MDDCP2pp

CITt7

CCP

EX_trp__L_C_e_boundary

AP4AS

NTPP11

FALGTHLs

EX_acac_e

EX_g3pc_e

EX_xyl3_C_e_boundary

GLYCLTt4pp

UACGAMDH

EX_feenter_C_e_boundary

FMNRy

CHLt2

GALMAN4abc

FE3Ri

MANA1

EX_thm_C_e_boundary

ALAALAD

EX_dms_C_e_boundary

G1SAT

EX_tmao_e

DASYN140

3OAR80

EX_skm_e

INOSR

EX_hom__L_C_e_boundary

ARBt2r

EX_no3_e

PNTOtex

HPPK

MLTG6

EX_nac_C_e_boundary

SERD_D

GLCRtex

3NUCLE4

FRUtex

MOAT3C

GALMAN600b_e

EX_34dhpac_C_e_boundary

EX_hom__L_e

SHCHF

FACOAL40t2pp

BTS_1

EX_diact_C_e_boundary

sink_lipopb_c

CYTDt2pp

DM1PE

PLIPA1G161pp

G3PStex

HGNTOR

SKMt2

MDDCP1ex

MACCOAT

FOMETRi

H2tex

AADDGT

METAT

ACOAD5_1

CYStpp

HISt2r

LCYSTabc

CLPNH120pp

UAG2E

EX_alaala_C_e_boundary

DGUNC

EX_rmn_C_e_boundary

DHNAS

EX_pac_e

GLCURt2rpp

HACD7i

UAPGR

DMStex

PEAMNO

CITtex

ETHAt

EX_urate_C_e_boundary

O16AT

MANAO

EX_glyc_e

GLYtex

NMNP

HOMt2pp

NFMLDF

CYNTt2

PGL

EX_mobd_e

LYSRC

H2Otpp

EX_isetac_C_e_boundary

GF6PTA

EX_mmet_C_e_boundary

DMATT

DHDPRy

EX_dad_2_e

TREtex

ROO

PLIPA2A181pp

TAURtex

1PPDCRc

TARTRDtpp

FCI

DHQS

PDIMAS

AGM3PApp

ICHORS

MEOHtex

O16RHAT

PABB

AHCi

DDPA

VNDH

LPLIPAL1E120pp

EX_glucan4_e

EX_galct__D_C_e_boundary

OCBT_1

CMtpp

DADK

MPTG

EX_eths_e

LEUTAi

AKP1

PTOLDOX

EX_ctbt_e

EX_mg2_C_e_boundary

DHPACCOAHIT

EX_cell4_e

EX_bz_C_e_boundary

TDSK

St

GLUABUTt7pp

EX_g3pg_e

3HAD60
ACNML

PE140abcpp

PEPt6pp

CLPNH180pp

EX_pullulan1200_e

GALCTD_1

EX_colipa_C_e_boundary

CAt4

FCOAH2

ENTERES2

PPK2r

SALCHS2H

GALUi

EX_3gmp_C_e_boundary

UAMAGS

DPHAPC80

G6PI

SUCOAACTr

MUCCY_kt

EX_dgsn_e

CBPAH

EX_cu2_C_e_boundary

EX_no_C_e_boundary

PACCOAL3

ALDD20x

EX_chtbs_C_e_boundary

EX_5dglcn_e

ORNTAC

FDMO3_1

MSO3abc

BMOCOS

EX_cyan_C_e_boundary

EX_dgsn_C_e_boundary

PLIPA2A120pp

MCITL2

GALCTt2rpp

EX_ins_e

ICHORT

EX_for_C_e_boundary

EX_phe__L_C_e_boundary

PRAIi

LPLIPAL2A161

URAt2pp

ACGK

HEPT5N

EX_cytd_e

COBALTt5

DHFOR2

EX_udcpdp_e

PGP180abcpp

2AGPG160tipp

EX_galctr__D_e

FMNRx

IPPS

PSERT

MALt5

EX_succ_e

EX_cl_e

LCTSt

EX_dtmp_e

TALA

SHCHD2_1

MPTS

EX_xylan12_e

3HAACOAT80

PRAGSr

DINStex

G6PDA

EX_3hoxpac_e

EX_etha_e

XYLI2i

EX_udcpp_C_e_boundaryCITt7pp

NACtex

LACD

AST

GLYALDt

EX_duri_C_e_boundary

NO2t2r

GAPD

PXMO

FDMO_1

INDOLEtex

ACLDC

PHEtex

EX_abt__L_e

ASR

OPAH
ECAP2pp

EX_feoxam_un_e

PGPP120pp

EX_nh4_e

EX_actn__R_e

DDGLK

EX_tyr__L_C_e_boundary

ZN2t4

EX_3ump_e

HACD7

UPLA4FNT

EX_asp__L_C_e_boundary

UAGAAT

CRNt7pp

EX_malthp_e

DACTt3

XMO

PSD_EC

EX_g3pe_e

PROGLYabcpp

EX_feoxam_e

TMDPP

EX_3pg_C_e_boundary

PACt3

ASPtex

PGSA140

PHEt2rpp

SUCOAS

LPADSS

GALMAN6abc

ADNt2

SGSAD

OCOAT3r

HEPT1N

PYRZAM

RAFFtex

ORNTAC_1

OXOADLR

PLIPA2E180pp

PGPP180pp

S7PI

UDPGALPpp

U23GAATN

HOPNTAL2

ADNtex

DPCOAK

THMDtex

TDPDRRr

GUDBUTNAH

EX_ala__D_C_e_boundary

EX_so3_C_e_boundary

LALGP

EX_salchs4fe_C_e_boundary

D_LACt2

MICITDr

THFAT

LA4NTGM2pp

PPCCYTC1pp

EX_xylb_C_e_boundary

LMNe

CMPtex

G6PI3

PNTK

TYRPtex

CBIAT_DELETE

FEENTERtex

EX_h2s_C_e_boundary

QUIN2tex

FTCD

LIPOt2pp

MCOATA

EX_h2_e

CYSabcpp

PRMICI

CRNDt2rpp

EX_3hpppn_e

MNtex

EX_rbt_e

ACACT4r

DPHAPC121

ALLTAMH

BZt

DAMPtex

FACOAL40It2pp

GTHPe_1

ASPTA

METSR_S1

EX_rnam_e

DCTPD

CAT23DOX

SERtex

PYK2

EX_tyrp_C_e_boundary

FRDO

URItex

PLIPA1G181pp

EX_acmana_C_e_boundary

GMHEPPA

GCALDD

EX_ac_e

H2St1pp

EX_cmp_C_e_boundary

NTD5pp

PPDK

2AGPEAT161

DARBt2rpp

GUI1

EX_aso3_e

ASO4rt2rpp

MDDEP4pp

3OAR40

LALDO

EX_chols_e

GPDDA2pp

UGMDDS

PPM

PGP141abcpp

ECHH_0

EX_cell500_e

NACtpp

3MBZDH

PYROX

TAURabcpp

DAPAL

EX_diact_e

EX_34dhbz_C_e_boundary

GUAt2r

BCOALIG

PDIMAT

COBALT2tex

DURItex

CLPNS140pp

EX_hxa_e

GND

DHNCOAT

DDGALK

NTP11

NO3tex

BZtex

GALCTND

DHEDAA

ECAP3pp

I4FE4SR

GALCTt2r

EX_pser__L_C_e_boundary

K2L4A3ODAex

SALCHS4abcpp

MOTS3

CYO1b2pp_syn

2DHGLCNkt_tpp

NO3t2

CLt3_2pp

MTHFD

EX_oxa_e

N2Otpp

EX_mal__L_e

EX_mn2_C_e_boundary

GLNtex

FDMO4

ECOAH5_2

LacR

BG_CELLB

NTRIR3pp

EX_nmn_C_e_boundary

BUTAFDOR

EX_kdo2lipid4b_C_e_boundary

MOADSUx

GLCptspp

UDPDPS

SDPDS

EX_cell4_C_e_boundary

EX_hco3_e

PLIPA1G120pp

ACACt2

DAGK120

MOTS2

N2tex

SDPTAi

URACPAH

4MCAT23DOX

SO3tex

EX_dopa_e

EX_fe2_e

RBFK
RHACOAR120

NDPK1

EX_his__L_e

EX_galctn__D_e

3OAS100

LCARR

CHOLSabc

LMN2abc

PE160abcpp

THMDt2pp

SUCFUMtpp

PHEMEtiex

GLCMAN4abc

ECOAH8

CBLAT_DELETE

FEOXAMUtpp

NTD11pp

GRTT

PMEVK

GALURt2r

PSP_L

PGP161abcpp

EX_aso4_C_e_boundary

EX_confrl_C_e_boundary

DHPTDCs

DPHAPC60

2AGPA180tipp

PHEPS

CHTBStex

EX_melib_e

EX_orn_C_e_boundary

ALAt2r

TRSARr

DINSt2

ADCL

4PEPTtex

ACOLIPAabctex

EX_uaagmda_e

EX_mmet_e

PYDAMK

FEOXAMUtex

PLIPA2G161pp

DHBD

TTDCEAtexi

EX_cys__L_e

MSO3abcpp

ADSS

ECOAH1_2

HMSH

PSSA160

FE3DHBZStonex

PTRCtex

ATPHs

GLCMAN600a_e

EX_p_xyl_e

EX_n2o_e

GUAtex

DHAD3

IDOND

EX_3httdca_e

PPTHpp

GLGC

EX_4abut_C_e_boundary

DH4MCHCDH

PSP_Lpp

EX_acser_C_e_boundary

HCINNMtex

EX_h2o_e

GSNt2

GLUTRS

sink_4hba_c

CLPNH181pp

PGPP_EC

ARAI

3HPAOX

GLNabc

ALLTN

G3PEtex

EX_34dhbz_e

CLPNS160pp

ILEDHr

ACSERtex

PACt1

TYRtex

BCOALIG2

ACACT3r

DMSOR1e

DADNt2

GALURtex

APRAUR

NI2tex

PHENOLt2pp

2AGPG181tipp

DGSNtex

2AGPE160tipp

EX_lipa_cold_C_e_boundary

OMPDC

UHBZ1t_pp

EX_4hphac_e

EX_lipa_e

5DGLCNtex

EX_n2o_C_e_boundary

TMDS

HPYRI

3OAR141

GLYCt

COLIPAabctex

DB4PS

PPPNDO

I2FE2ST

EX_idon__L_e

EX_acolipa_e

3OAS161

EX_xtsn_e

EX_pnto__R_C_e_boundary

12PPDt

3OAR181

LPLIPAL1A161pp

MTAN

2AGPA161tipp

EX_uacgam_e

HACD8

L_LACtex

MOSDC

GSPMDA

IORb

EDTXS2

2AGPE120tipp

ACt4pp

CYANSTpp

3OAS121

EX_no2_C_e_boundary

EX_g3pe_C_e_boundary

BZSCD

CATDOX

EX_nmn_e

PLIPA2G160pp

EX_spmd_C_e_boundary

EX_enter_e

GLCNtex

CBIAT

GBBTNtex

AGM4PApp

CYTDtex

BCR6pp

GBBTNabc

METSabc

3NUCLE1

EX_cgly_e

ARABDI

GLCtex

EX_istnt_C_e_boundary

GLYCAt2rpp

FLDO

CTBTabcpp

LDGUNPD

EX_istnt_e

LPLIPAL1E141pp

OCOAT2r

FE3DCITtonex

42A12BOOXpp

EX_csn_C_e_boundary

DXPRIi

PE181abcpp

EX_acmana_e

NMNAT

LPLIPAL1A181pp

SHSL1_1

FDMO4_1

EX_zn2_C_e_boundary

CMHMI

DHAK

4HTHRtex

RBPC

RBFSa

CHORM

CYANtex

AGPR

EX_malt_C_e_boundary

EX_hexs_C_e_boundary

INSt2

EX_xan_C_e_boundary

GLCOASYNT

EX_murein5p5p5p_C_e_boundary

IOR2b

D_LACt2pp

HMSH2

LPD5

PLIPA2

4HBCOAH

EX_h2o_C_e_boundary

Kt1

KARA1

FALDtpp

FAO4

EX_chols_C_e_boundary

PPM2

TDPADGAT

CBMD

EX_dimp_C_e_boundary

AGMHE

FASm260

FUSAtpp

PGI

PYDXK

CSPMDDC

3MCAT23DOX

EX_actn__R_C_e_boundary

TYRt2r

GLCS1

ALCD1

UREAt

ILEt2rpp

EX_n2_C_e_boundary

ATPPRT

PYK5

UGLYCH

HACOADr

MMTSAO

METSR_S2

EX_phe__L_e

HG2t3pp

sink_2ohph_c

HIBD

EX_cit_e

MMETtex

AASAD3

CLPNH160pp

GHBDHx

ACOADH2

GLUABUTt7

AKGMAL

EX_gln__L_C_e_boundary

DCMPDA

EX_glcn_C_e_boundary

DHPPDA

SALADC2

SKMt2pp

2AGPE161tipp

ALAtex

HMPSCD

DTMPK

MPTGex

GLYCLTtex

MOTS1

SPP

BZSS

EX_melib_C_e_boundary

EX_tsul_e

EX_lac__D_C_e_boundary

GLUFORT

EX_ad_C_e_boundary

COLIPAabcpp

OCTAtex

CYTDH

INDOLEt2rpp

3AMPt6

EX_gthox_e

2AGPE181tipp

EX_isetac_e

TCYNTtex

PAPA140

GLYCAtex

SADH

EX_tcynt_e

EX_gly_C_e_boundary

EX_etoh_C_e_boundary

AMPMS2

ALDD31_1

THDPS

LPLIPAL1A140pp

GLCTR4

CRNabc

IBTtex

ACONT

EX_gm1lipb_e

ALCD4

EX_lipb_e

DDCAtexi

DAGK160

INStex

UDPGDC

DASYN_EC

GM2LIPAabctex

EX_p_xyl_C_e_boundary

EX_asp__L_e

PIt2r

XANtex

S2FE2SS2
G2PP

XYLOS3

EX_sula_e

MDRPD

EX_ptrc_C_e_boundary

2AGPA140tipp

NOtex

GLCRD

HEPT2

EX_o2_C_e_boundary

EX_adn_e

EX_ethso3_e

UPLA4FNF

2DHGLCK

MOTH1

ANPRT

12DGR161tipp

BMOGDS1

EX_hmfurn_C_c_boundary

EX_arg__L_C_e_boundary

GLYCLTt2r

GLYTA

SHCHCS2

AKGt2r

EX_LalaDgluMdap_C_e_boundary

SERt4

EX_pppn_e

MCTP1Aex

PLIPA1E161pp

PROt4

ASO4t4pp

EX_pac_C_e_boundary

CYO1bpp_syn

EX_hexs_e

DHORTS

GDBTALDH

PLIPA1A140pp

FRULYStex

PSD161

G3PD2_1

GMHEPAT

FDMO1

MACACI

SALCHS4FER2

EX_thr__L_C_e_boundary

3PGt6pp

EX_indole_e

HMSD

DHFS

HACD5i

EX_pyr_e

GCCc

DHACOAH

LDH_D

EX_g3pc_C_e_boundary

UAGAATN

COALCDH

HACD2

LYSDC

EX_ser__L_e

NMNR

EX_leu__L_C_e_boundary

PPCDC

KDOPP

ENLIPAabctex

DLYSPYRAT

EX_manglyc_e

GLS3e

EX_so4_C_e_boundary

ALLTNt2r

EX_dopa_C_e_boundary

VOR1b

SERt2rpp

EX_zn2_e

EX_LalaDgluMdap_e

AADSACYCL

AP4AH

CPK1

EX_pyr_C_e_boundary

12DGR181tipp

GK2

OXDHCOAT

ARGSS

DMSOR1pp

EX_sheme_C_c_boundary

EX_gln__L_e

EX_pep_e

EX_dcyt_e

EX_glcman6_e

T2DECAI

4HOXPACt2pp

Cut1

CUabcpp

EX_galctr__D_C_e_boundary

HPPPNt2rpp

EX_thr__L_e

AMPTASEPG

TTDCAtexi

LEUtex

SCYSSL

EX_glcr_e

GTPHs

ARGSL

EX_cytd_C_e_boundary

PAPA141

CYPHYC

EX_arg__L_e

EX_gm2lipa_e

GLYCL_2

ACPpds

THMabcpp

EX_eca4colipa_e

DURIt2

TKT2

KAT7

PLIPA2A140pp

LPLIPA1

TKT1

MCSNAH

URIt2pp

FASm240

I2FE2SR

EX_acolipa_C_e_boundary

ALR4x

EX_2ohph_C_c_boundary

EDTXS4

LPLIPAL1A160pp

2AGPG161tipp

3_4DHBZt2

PRDX

GLCTR4N

EX_glu__L_e

SUCBZL

EX_ser__L_C_e_boundary

EX_murein5p5p5p_e

NADH16pp

CYOO_HP

ALLTNtex

FCOAHA

TARTt2_3pp

HISt2rpp

EX_chtbs_e

FUMt2r

ALCD3ir

NTD2pp

EX_feenter_e

UHGADA

DCAtex

EX_rib__D_e

EX_glyclt_C_e_boundary

EX_thm_e

3HPPtex

RHACOAR80

EX_ala__L_e

POAACR

VALtex

MALTTRtexi

ENTERH

MALtex

VPAMTr

FASm280

3PGtex

BUTSO3abcpp

EX_3pg_e

PCMEH2pp

GM1LIPAabctex

GGTAe2

FE3DHBZSabcpp

DRIBabc

EX_tartr__D_C_e_boundary
LCYSTtex

AATA

EX_ile__L_C_e_boundary

SHCHF_2

EX_gua_e

EX_gm1lipa_e

EX_glyc3p_e

EX_so3_e

INSTt2

GLSe

ACSERtpp

EX_12ppd__S_C_e_boundary

TRPt2r

GTPCII

MOHMT

3HAD40

NO2t3

USHD

EX_taur_e

EX_urate_e

EX_Larab_C_e_boundary

CPPPGOAN2

EX_metox_e HACD4i

ACACT8r

CDPMEK

UDPGtex

SHCHD3

EX_tyr__L_e

EX_cu_C_e_boundary

PULLe

GPDDA1pp

VACOAI

PLIPA1G141pp

ASPT

G3PCtex

TARTRDtex

PAPA181pp

O16A4Lpp

MEOHtrpp

THRtex

HIStex

EX_tcynt_C_e_boundary

EX_rnam_C_e_boundary

PGSA160

EX_taur_C_e_boundary

MCITD

EX_malthp_C_e_boundary

HIBDkt

O16AP2pp

UDPGD

PGM_1

SPTc

EX_acald_C_e_boundary

HEPT3

PLIPA1A160pp

LAAF

PGPP161pp

EX_xtsn_C_e_boundary

PTRCORNt7pp

ALATA_D

CLIPAabctex

PREPHACPH

TREHe

TMAOtex

EX_2pg_C_e_boundary

PYRt2rpp

PPBNGS

DARBt3ipp

GALT1

2AGPG180tipp

HGt

EX_g3ps_C_e_boundary

RMNt

UDCPDP

FEDCabc

PSSA120

IPPMIa

TYRt2rpp

PHTHS

EX_fe2_C_e_boundary

3OAS140

DKMD2K

EX_cobalt2_e

GLYt2r

DHQTi

EX_rbt_C_e_boundary

PLIPA2G140pp

O16GLCT1

3CMPt6

HXAtex

FACOAL80t2pp

NDPK6

GLCRt2r

EX_cgly_C_e_boundary

URIDK2r

EX_etoh_e

EX_met__L_e

EX_malttr_C_e_boundary

EX_ade_C_e_boundary

CD2tex

EX_12ppd__S_e

ABTt_1

EX_no2_e

METSRabc

LPLIPAL2A140

PRATPP

PGP120abcpp

EX_fruur_C_e_boundary

MANGLYCtex

URAtex

CLPNS120pp

EX_gm1lipb_C_e_boundary

GLYCL

EX_glyclt_e

FRULYSDG

ADMDC

LSERDHr

DGSNt2pp

3HPPtpp

EX_urea_e

OCDCAt2

GLYCLTt2rpp

MLDEP1pp

ARABRr

EX_but_e

CLPNS161pp

HPYRRx

LIPACabcpp

LCTStex

CYStex

ASO3t4pp

SALCHS4tex

EX_4hbald_C_e_boundary

EX_kdo2lipid4_C_e_boundary

METGL

HEPT4

PSSA180

EX_tmao_C_e_boundary

TARTRt7

EX_fum_C_e_boundary

4MBZDH

EX_enlipa_e

CITt_kt

GGPTRCS

EX_LalaDgluMdapDala_C_e_boundary

FRULYSt2pp

PGSA_EC

EX_acald_e

EX_ptrc_e

EX_amylose300_C_e_boundary

NICRNS

BMOGDS2

EX_fruur_e

EX_tet_e

3MMD

PGLCNDH

3OAS120

NADDP

TARTD

5DOAN

MTRK

G2PPpp

GALCTtex

CYTOM

OXPTNDH

ISTNTabc

EX_dmso_C_e_boundary

EX_4hbz_e

CHLtex

ANHMK

ARGtex

EX_trp__L_e

SHK3Dr

DNMPPA

GLCTR2

LADGMDH

DAPtex

ACNAMt2

FALDH2

PGSA161

EX_metox__R_C_e_boundary

PLIPA1G140pp

PLIPA2G181pp

NTD12pp

MOAT

PLIPA1

MPTG2ex

HCO3tex

UDPG4E

CYTK1

EX_pro__L_e

RMNtpp

KAT6

OCDCEAtexi

6HNACMO

CRO4t3

REPHACCOAI

ALCD2y

GLCRD_1

HEPT1

FUMAC

CLtex

H2Ot

HMSH3

EX_uacgam_C_e_boundary

CONFRLtpp

EX_lipoate_C_e_boundary

MALTpts

P5CD

DRIBtex

HYDFDN2r

EX_gm2lipa_C_e_boundary

TARTDC

LPLIPAL1G181pp

FE2tex

DXPS

EX_progly_e

ACACtex

GALMAN600a_e

ICDHx

FRD7

EX_succ_C_e_boundary

RBCh

TMDK1

GM1LIPAabcpp

ILEt2r

ADNCYC

OIVD3

EX_fe3dcit_C_e_boundary

FCLPA
PLIPA1E141pp

ADPDA

EX_s_e

GLYALDtex

CRNtex

BUTSabc

CBFCpp

3HAACOAT100

EX_meoh_e

COALDDH

EX_gthox_C_e_boundary

EX_ppa_e

RAFHpp

EX_idon__L_C_e_boundary

XYLe

EX_inost_C_e_boundary

ALCD19y

EX_glu__L_C_e_boundary

3AMPtex

EX_glucan6_C_e_boundary

UAAGDS

PLIPA1G160pp

ALCD4y

KAT1

UDPGALM

ADtr

PLIPA1G180pp

EX_uri_e

N2trpp

2AGPG140tipp

ASADi

EX_mn2_e

EX_meoh_C_e_boundary

PRPPS

EX_3hpp_C_e_boundary

EX_gthrd_e

LPLIPAL1E160pp

GLCMAN6abc

IGPS

HOMtex

FRUURt2rpp

CRO4tex

ICYSDS

EX_glc__D_C_e_boundary

GALCTNt2r

TSULabc

ATHRDHr

THZPSN

FRUpts2pp

HEPK1

PSCVT

SUCDi

DPPS

3MBt4pp

LPLIPAL1E181pp

PSD181

ARGAGMt7pp

LIPA3ODAex

H2St

EX_k_C_e_boundary

EX_udpg_C_e_boundary

NP1

RMPA

EX_gua_C_e_boundary

GTPCII2

EX_3hoxpac_C_e_boundary

PLIPA2E141pp

SKMtex

ASPt2r

EX_galman600_C_e_boundary

CA2tex

CPPPGO

HKM1PP

EX_din_C_e_boundary

TDPDRR

FUM

DAGK140

DHPR

2AGPA181tipp

BZSCT

EX_ttdcea_C_e_boundary

GHMT2r

MPL

RBK_L1

FRUURtex

TRPAS2

HHDDI

MLTGY1pp

XYL2e

PSSA161

METSOXR2

SUCBZT2

FOLR2

PYRt2

3NUCLE2

3NUCLE3

EX_glyb_C_e_boundary

EX_pppn_C_e_boundary

NMNPtpp

DHAD1

GLUPRT

ACNPLYS

CGLYtex

EX_skm_C_e_boundary

4OD

CPMPS

O2tex

NTD5

PE141abcpp

EX_ca2_e

MMM2

GART

LPLIPAL2A141

ECA4OALpp

APSR

EX_octa_e

3HAD161

INOSTt4pp

TMN

UGLT

LPLIPAL1E180pp

GLCTR1

EX_manglyc_C_e_boundary

EX_lac__L_C_e_boundary

FEOXAMR2

EX_udpgal_e

TDPAGTA

CLBtex

MOCOS

EX_ile__L_e

FUSAtex

PNTOt4

ASPTA6

PGPP140pp

NOVBCNtpp

CBFC2pp

PPPNtex

PYNP1

3OADPCOAT

EX_4hthr_C_e_boundary

MSAR

EX_for_e

ARGORNt7

GNKr

ADEtex

DALAtex

LA4NTpp

RHAT1

MOAT2

NDH1_2p

Zn2tex

PGK_1

PGAMT

ULA4Ntppi

4HTHRK

EX_tartr__D_e

EX_co2_C_e_boundary

CHOLSH

EDD

GPDDA1

EX_adn_C_e_boundary

EX_bmocogdp_C_c_boundary

EX_ddca_e

PLIPA2E140pp

3OAR121

EX_ala__L_C_e_boundary

PLIPA2E181pp

EX_glyald_e

UPP3MT

MNt2

DAGK180

EX_cys__D_C_e_boundary

GLCMAN600b_e

PSD180

sink_5drib_c

XYLBabc

RFAMPtex

EX_galct__D_e

F6PA

DHDPRx_r

UAMAS

EX_mso3_C_e_boundary

2AGPEAT180

NO3t7

ACACT6r_1

EX_enlipa_C_e_boundary

EX_ddca_C_e_boundary

PGPP181pp

3HOPCD

EX_murein4px4p_e

CYSDtex

PE120abcpp

DLYSOXGAT

OHPBAT

EX_3mb_e

RBP4E

GALMAN6

Growth

DCYTt2

EX_s_C_e_boundary

OMCDC

EX_ura_C_e_boundary

ECOAH5

VALt2rpp

LCTStpp

RDXR

EX_tma_e

EX_gsn_e

GLCRAL

DASYN161

EX_o16a4colipa_e

SALCHS1H

AOXHEXCYCL

ACGAMK

NIabc

PLIPA1E181pp

THZPSN3

INDPYRD

EX_tet_C_e_boundary

ACNAMt2pp

MINCYCtpp

FACOAL60t2pp

DHPPD

ORNt

NTD6pp

ACtex

FE3DHBZR

ACPS1

3HAD121

GALt2

EX_drib_e

EX_duri_e

EX_udcpp_e

DATPHs

DHPM1

EX_udcpdp_C_e_boundary

CDAPPA_HP

GALS3

HACD3

EX_3hpppn_C_e_boundary

EX_gm1lipa_C_e_boundary

EX_feoxam_un_C_e_boundary

HCYSMT

GLCMAN4

PSD160

SPMS

XANt2pp

HCO3E

GMHEPK

4OT

XYLI2

3HAD141

NO2t2rpp

PLIPA2A180pp

CHORS

PSII

HPPPNDO

3OAS60

PNTOt4pp

DPHAPC140

PHEMEabcpp

OCDCAtexi

MCTP2Aex

3OAS180

MMSAD1_1

OXFOtex

EX_kdo2lipid4b_e

XTSNtex

OCTDPS

EX_photon_e

ICITt_kt

THPAT

MALTtexi

EX_glcr_C_e_boundary

4HTHRS

EX_dimp_e

EX_ocdca_C_e_boundary

TAURabc

CODH2r

3hoxpactex

LPCOXc

EX_galctn__D_C_e_boundary

UDPKAAT

HXANt2pp

EX_glc__D_e

O2t

EX_glyc3p_C_e_boundary

UPPDC1

EX_glcn__D_C_e_boundary

PLIPA2E160pp

CUtex

METOX1s

DAPDC

LPLIPAL1A120pp

HISTP

3OAR60

HEXt2rpp

HPAtex

HACD5

EDA

ACACT1r

MOTH3

CYSTS_2

EX_h2_C_e_boundary

UREAtex

EX_xylan12_C_e_boundary

EX_ade_e

EX_glcman600_e

DURIt2pp

DHNPA_1

AGMPTRCtpp

EX_no3_C_e_boundary

GLXCBL

4HTHRtrpp

URIt2

NDPK3

SEPHCHCS

FRUpts

23DAPPAt2pp

EX_34dhpac_e

UM4PL

BC10_new

TARTRtex

EX_uri_C_e_boundary

EX_murein4px4p_C_e_boundary

HKNDDH

MOAT2N

MI1PS

UDCPDPex

CRESt2ipp

EX_indole_C_e_boundary

PNP

URCN

BETALDHx

GLCNt2ir

DSERt2

EX_mobd_C_e_boundary

GLS

NH4t

ACOAD20

KAT3

ECOAH12

EX_pro__L_C_e_boundary

O16A4COLIPAabctex

EX_Lcyst_e

PLIPA2E120pp

CITCIa

CLPNH161pp

3OAR161

ARBtex

EX_tyrp_e

EX_23cgmp_C_e_boundary

EX_gthrd_C_e_boundary

PHYCBOXL

PPAtex

DOPAtex

PHENOLtex

EX_pullulan1200_C_e_boundary

FEOXAMabcpp

PICH

PLIPA1A141pp

AMPTASECG

XYLI1

PFK_ppi

Ktex

HEXSabc

PGP140abcpp

2AGPA141tipp

APATi

XYL3abc

PAPA161

SHSL3

UDPGPpp

GALMAN600c_e

PYDXPP

4MBZALDH

sink_hmfurn_c

EX_3amp_C_e_boundary

EX_LalaDgluMdapDala_e

ASPt2pp

PHAPC141

EX_h2o2_C_e_boundary

AHCYSNS

SUCFUMt

HACD9

HMGL

AICART

CLPNS180pp

PLIPA1A120pp

EX_hco3_C_e_boundary

AMANK

3HAACOAT120

3MBtex

G1PPpp

VALt2r

GLCNt2r

BZALDH

SULFACabcpp

HSDy

G5SADs

FOAMtrpp

GLUDxi

EX_frmd_e

GLYt4pp

MNLDHr

34HPPOR

EX_cell500_C_e_boundary

MLDCP3App

HACD6i

MAL6PG

EX_4hba_C_c_boundary

NO2tex

SDPTA

EX_acac_C_e_boundary

FBA2

PSD141

EX_din_e

EX_fum_e

UPPN

SGDS

PLIPA2A161pp

GLCOAS

OP4ENH

TMAOR1e

APTA1i

EX_urea_C_e_boundary

HEPK2

ALAALAr

GCCa

ACOAD3f

4HBALDtex

FUCtpp

HOPNTAL

GTHRDtex

EX_akg_e

PEPtex

LIPOtex

OIVD2

EX_dca_e

TYRPpp

IMPtex

MPTAT

HYDFDN

3OAS141

PHTHDLS

GLYALDtpp

ADAPAT

FUMtex

CYTBO3_4pp

PREPTHS

PROGLYtex

G1PTT

PPAt4pp

ACALDtex

NODOy

CSPMDDH

ADNt2pp

EX_3httdca_C_e_boundary

EX_glycogen1500_e

LPLIPAL1G141pp

HPPPNt2r

CU1Opp

EX_agm_e

EX_frulys_e

Rbtt2

EX_aso4_e

EDTXS1N

EX_imp_C_e_boundary

ALAR

EX_amylose300_e

EX_lipopb_C_c_boundary

EX_hdca_C_e_boundary

PLIPA1A161pp

IPPMIb

IDONt2rpp

PHAPC121

TRPtex

TRE6PS

ACMAMUT

EX_3hpp_e

23DAPPAtex

ABFA

PPPNt2rpp

2AGPE180tipp

BUTt2r

LA4NTGM1pp

EX_mal__L_C_e_boundary

EX_co2_e

EX_acnam_e

DRPA

4HBZtex

EX_4hba_e

FUTH

H2Otu_syn

FEENTERabcpp

OXACOAL

IDONtex

ACHBS

2AGPE140tipp

EX_oxa_C_e_boundary

3OAR160

PItex

EX_pi_C_e_boundary

H2CO3_NAt_syn

ICITtex

EX_acnam_C_e_boundary

DNTPPA

3PEPTabcpp

EX_hxa_C_e_boundary

MOATN

EX_lipa_cold_e

EX_pep_C_e_boundary

MPTSS

PDE4

PAPPT3

DGSNt2

FCLK

EX_no_e

CYTDt2

HMBS

DPR

K2L4Aabcpp

2AGPEAT181

PLIPA2G141pp

ACCOAC

EX_ppt_C_e_boundary

OXFOt4pp

MPTG2

FORt

INS2D

FDMO6_1

EX_pdima_C_e_boundary

INSCR

EX_nh4_C_e_boundary

ETHSO3abcpp

MG2tex

O16GALFT

USHDN

XTSNt2

OPTCCL

FLNDPR2r

GGGABAH

EX_lys__L_e

EX_udpgal_C_e_boundary

SUCR

PCADYOX

TREabc

FRULYSK

EX_anhgm_e

MCTP1Bex
I2FE2SS2

MOBDabcpp

PLIPA2G180pp

ARGt5r

ABUTtex

METSR_R2

EX_fru_e

2AGPGAT181

CHTBSptspp

FDMO2

FDMO6

EX_ttdcea_e

GTHOr

H2O2tex

DHNCOAS

G3PIabcpp

O2tu

EX_fe3_e

MOTH2

METSR_R1

PAPA120

EX_bz_e

HISDr

GALMAN4

EX_h2s_e

NDPK7

EX_h_e

DMSOtex

EX_progly_C_e_boundary

EX_4hbald_e

OCBT

PLIPA1A181pp

TARTRt7pp

ETHSabc

EX_etha_C_e_boundary

TMAOR2e

EX_glyc_C_e_boundary

NH4t4pp

CHLt2pp

FORtppi

GSPMDS

sink_sheme_c

HACD1_2

PSD120

EX_cu2_e

2AGPEAT120

EX_tsul_C_e_boundary

ACS2

HEPT2N

SFGTHi

MTRI

PHOtex

ACACT5r_1

PGPP160

2AGPG120tipp

UDCPDPpp

GLUTRR

NAtex

FCLT

UACGAMOAT

DHCINDO

MEPCT

EX_mg2_e EX_metox__R_e

NADK

LPLIPAL2A181

EX_salchs4fe_e

ALCD3

EX_dca_C_e_boundary

EX_co_C_e_boundary

QULNS

GLCTR3

CTBTt2rpp

EX_his__L_C_e_boundary

AIRC3

ICH

EX_araban__L_C_e_boundary

EX_Larab_e

NTD7pp

PPAKr

MOBDtex

MNLDH2

PSSA_EC

GALT

AKGt2rpp

AKGtex

GAPDi_nadp

EDTXS2N

PTAr

FMNAT

D_LACtex

NH4tpp

DHXFUTC

EX_akg_C_e_boundary

EX_ac_C_e_boundary

AKGDa

HBZOPT

SERt4pp

BUTSO3tex

XYLK

COBALT2tpp

GLYCOe

ACONTa

EX_xan_e

sink_hemeO_c

EX_4hthr_e

L_LACt2rpp

CITMS

FESD2s

EX_4hba_C_e_boundary

PE161abcpp

EX_malt_e

3OAS80

EX_3amp_e

HG2tex

PACCOAL

RBFSb

EX_ser__D_C_e_boundary

LPLIPAL2A160

CBLAT

NFORGLUAH

GK1

BZDH

PHEt2r

DHORDi

CYNTAH

ASO3tex

MINCYCtex

CO2t

DHBZS2H

EX_abt__L_C_e_boundary

OROTtex

FESR

PDHbr

PANTS

TREHpp

FRUK

GALURt2rpp

MOTS4

SULFACtex

DIMPtex

EX_fuc__L_C_e_boundary

NDPK2

ASO4tex

RIBtex

NTPP7

EX_lac__D_e

EDTXS3

DRIBtpp

sink_bmocogdp_c

EX_n2_e

GLCURS1

TRPS2

NNDPR

RBTDG

HEMEOS

KAT2

PCMEH3pp

OP4ENH2

METtex

EX_feoxam_C_e_boundary

EX_murein5px3p_C_e_boundary

PHAPC60

PGP181abcpp

DEXTRINt2

EX_ttdca_C_e_boundary

ETHAtex

AKGDb

EX_photon_C_e_boundary

CLPNH140pp

PGLYCP

THMabc

PRASCSi

EX_glcn_e

CRNDabcpp

H2Stex

UM4PCP

ASR2

ADSL1r

NDPK10

EX_cyan_e

L_LACt2r

EX_malttr_e

EX_pi_e

3HAACOAT140

CSNtex

N2Otex

CMtex

HACD6

EX_2pg_e

DSERDHr

3OAS160

AGMDA

GLUDy

GGPTRCO

EX_agm_C_e_boundary

MAN6PI

ARBt2rpp

GLS2

EX_alltn_e

ACTNabc1

EX_glyald_C_e_boundary

SOTA

THMDt2

DURAD

BTS3r

EX_butso3_C_e_boundary

TSULabcpp

EX_tma_C_e_boundary

PGCD

3UMPt6

NMNtex

DURADx

GLYCt1

MLTGY3pp

APTNAT

2PGtex

EX_rib__D_C_e_boundary

EX_lipb_C_e_boundary

GLCRt2rpp

AIRC2

NTD4pp

EX_murein5p5p_C_e_boundary

GLUCAN2abc

INDOLEt2r

I4FE4ST

AGDC

EX_mso3_e

CYSTGL_1

TMPPP

EX_pdima_e

EX_ocdca_e

FALDtex

THMtex

PPTtex

DASYN_HP

EX_cu_e

GDPMNH

MOTH4

ACTNabc

HACD1

PIt2rpp

EX_pheme_C_e_boundary

ECOAH1

ASAD

NADFADOR

LDH_L

PYRtex

ACACT2r

ALDD1

PLIPA1E140pp

EX_orot_e

INSt2pp

FDMO

GAL1PPpp

EX_buts_C_e_boundary

ADEt2

GHBDHy

CDGUNPD

EX_mbdg_e

HCINNMt2r

DAGK_EC

MCITS

SO3abcpp

HPPPNtex

EX_4hphac_C_e_boundary

SALCHS4FEabcpp

3OAR120

GTMLT

NH4tex

SUCBZS

FOLD3

MCTP2App

EX_buts_e

UACMAMO

S2FE2ST

PDXPP

OHEDH

OXOAEL

BZt1pp

TSULtex

G3PGtex

DPMVD

PERD

MCA

RIBabcpp

EX_sulfac_e

MTHFD2i

CYSDDS

RMK

SCYSSL_1

SHKK

EX_met__L_C_e_boundary

FEOXAMR1

EX_gal_C_e_boundary

POR_2

SUCCt2r

OPHBDC

FBP

PMDPHT 2AGPE141tipp

VALDHr

2AGPEAT140

FLDR2

EX_fru_C_e_boundary

GTHS

EX_icit_C_e_boundary

MGt5

EX_ca2_C_e_boundary

EX_dtmp_C_e_boundary

ACKr

UAGCVT

HCYSMT2

NOtpp

34dhpactex

MALTTRabcpp

FAS200

HEPT5

MDDCP5pp

PLIPA1E180pp

TYRL

DADNtex

OROTt2_2pp

EDTXS1

EX_Lcyst_C_e_boundary

EX_enter_C_e_boundary

HYPOE

HOCCD

EX_glcman600_C_e_boundary

EX_cmp_e

EX_acser_e

O16AP3pp

MLTGY2pp

PAPA_EC

PHEPC

EX_hdca_e

PDE1

GARFT

EX_leu__L_e

3HBCOAHL

RHCCE

O16AUNDtpp

K2L4Aabctex

EX_icit_e

3UMPtex

PGPP141pp

KAT4

EX_3ump_C_e_boundary

EX_o2_e

PAPA160

NNAM

NTPP9

ISETACtex

LPLIPAL1E140pp

MUCLI

EX_glyc__R_C_e_boundary

EX_but_C_e_boundary

EX_octa_C_e_boundary

CYSTA

ACALDt

HYXNtex

NTPP4

EX_gly_e

BG_MBDG

EX_cl_C_e_boundary

HISTD

GLUCYS

PHETA1

PSSA141

OXGDC2

GGLUCT2

SO4tex

4PEPTabcpp

EX_glcman6_C_e_boundary

H2tpp

PHAPC80

EX_dextrin_C_e_boundary

ACt2r

ALAt4pp

E4PD

ULA4NFT

RHACOAR100

CAt6pp

SHCHD2

O16AP1pp

ECAP1pp

EX_3gmp_e

FEENTERtonex

EX_ala__D_e

EX_dmso_e

NO3R2

XTSNt2rpp

FEOXAMtonex

CD2t4

ARGORNt7pp

LPLIPAL2A120

CDPPT160

LCYSTabcpp

GLDBRAN2

GALCTRt2

EX_glucan1500_e

PHAPC140

ALAD_syn

ACONTb

PLIPA1E160pp

AMYLe

M_XYLtpp

LPLIPAL1G120pp

ALAGLUE

EX_hemeO_C_c_boundary

EX_h2o2_e

5DGLCNt2rpp

RAFGH

CU2tex

ADKd

OPHHX

PPPNt2r

ETHSO3tex

3HAD181

DHFR

GLCMAN6

SO4t2pp

EX_xyl3_e

NNATr

CO2tpp

EGLUCe

3GMPt6

GUACYC

LMN2

MSO3tex

ADK3

LPADSSN

MDDCP2ex

ALCD19

EX_4hbz_C_e_boundary

MANPGH

MYCTR

PLCD

NMNS

EX_glucan4_C_e_boundary

GLYBt2pp

NOVBCNtex

DDPGALA

EX_spmd_e

SUCBZT1

PGMT_B

PLIPA2A141pp

GGGABADr

RHACOAR60

HOPNTAL3

EX_glucan6_e

FDMO2_1

SCYSDS

MNNH

EX_pheme_e

GLCURtex

UPP3S

VNTDM

TRE6PP

HACD3i
GLYCtpp

EX_3cmp_e

NDPK4

TMAOR1pp

METSOXR1

LPLIPAL1G160pp

EX_co_e

EX_23camp_e

3AMACHYD

TDPGDH

EX_metox_C_e_boundary

HMGCOASi

LPLIPAL2A180

PRUK

EX_butso3_e

G3PCabcpp

PGP160abcpp

FE3DCITabcpp

MECDPS

PGK

CLPNS181pp

EX_dcyt_C_e_boundary

GALtex

2AGPA160tipp

ACALDtpp

PGM

ALDD6

EX_orot_C_e_boundary

XYLOS2

EX_lipoate_e

GM2LIPAabcpp

EX_kdo2lipid4_e

GLCP

PHAPC120

EX_lipa_C_e_boundary

ACACT6r

PLIPA1A180pp

DHBZS3H

GALCTNtex
PDHa

TETtex

EX_glyb_e

EX_chol_C_e_boundary

MALEI

EX_araban__L_e

LPLIPAL1G140pp

EX_3mb_C_e_boundary

4H2KPILY

KARA2

EX_thymd_C_e_boundary

PMANM

EX_fuc__L_e

HETZK

CLPNS141pp

ARUH

EX_gal_e

HMGCOARi

GLCURt2r

EX_cit_C_e_boundary

GLUt2r

FUCt

TTRCYCtex

GLYCtex

GCCb

CADVtpp

METabcpp

LPLIPAL1A180pp

EX_rmn_e

MOBDabc

EX_fe3dcit_e

OCHCCH

DPHAPC141

PSSA140

MUCCYCI

PHETHPTOX

EX_ttdca_e

CITCIb

OIVD1r

EX_gsn_C_e_boundary

POR

EX_inost_e

EX_eca4colipa_C_e_boundary

EX_orn_e

EX_xylb_e

FUCtex

EX_fe3_C_e_boundary

HPYRRy

PYDXNK

LACZpp

MTHFR5

PSSA181

IMPC

GTPCI

EX_frulys_C_e_boundary

INSTtex

MTHFR

EX_salchs4_C_e_boundary

BUTtex

MMETt2pp

CLPNH141pp

EX_ppt_e

UAG2EMA

EX_ins_C_e_boundary

ECA4COLIPAabctex

EX_3cmp_C_e_boundary

EX_23dappa_C_e_boundary

PTPATi

EX_dextrin_e

METOX2s

GTHRDHpp

FORtex

ETOHtrpp

LPLIPA2

UDPGALtex

EX_g3pg_C_e_boundary

GM1LIPA3ODAex

ACP1_FMN

2HH24DDH

EX_lys__L_C_e_boundary

LPLIPAL1G180pp

EX_udpg_e

ACM6PH

CO2tex

DHPDO

RHACOAR140

EX_15dap_e

LPLIPAL1E161pp

GLCRAL_1

EX_galman600_e

CSNt2pp

2AGPEAT141

MYCTR2

DOXRBCNtpp

DC6PH

PACCOAE

HOXPRx

KDOPS

ALLTAHr

EX_3hcinnm_e

CONFRLtex

TRPt2rpp

EX_cobalt2_C_e_boundary

IDONt2r

PROt2r

12PPDStpp

HACD8i

EX_so4_eGLYBt2r

PGAMTi

UREAtpp

EX_15dap_C_e_boundary

XANt2

HCINNMt2rpp

EX_alaala_e

AMID4

UAGPT3

4HBAtex

EX_cys__L_C_e_boundary

EX_glyc__R_e

FASC200ACP

ALLTNt2rpp

O16GLCT2

PLIPA1E120pp

EX_thymd_e

XYLANabc

HACD2i

2PGt6pp

RMNtex

RPE

GLUFT

ECAtpp

EX_sula_C_e_boundary

PHAPC100

2AGPG141tipp

SHCHCS3

EX_lac__L_e

CYPHYS

DH3MCHCDH

ACGAMT

OXCOAHDH

MALTptspp

UHGADAN

3_4DHBZ1t_pp

PLIPA2E161pp

QMO2

DPHAPC100

CYSDabcpp

ATPSu

MALTabcpp

CHOLD

EX_h_C_e_boundary

-1

1

//-0.9 0.9

correlatio	 
al�e �etaoli��

Everything else (90.96%A

Sulfur metabolism (1.08%A

Nitrogen metabolism (2.91%A

Carbon metabolism (5.05%A

3OAR100

UPP3MT_2

ETHAt6

PROtex

LGTHL

SADT

EX_o16a4colipa_C_e_boundary

PETNT161pp

PAPA180

EX_5dglcn_C_e_boundary

EX_colipa_e

SADT2

EX_anhgm_C_e_boundary

EX_mbdg_C_e_boundary

HACD4

ICDHyr

EX_murein5px3p_e

EX_5drib_C_c_boundary

EX_cys__D_e

CTBTabc

IPMD

O2tpp

EX_alltn_C_e_boundary

SUCCt2b

COt

BZDIOLDH

PTA2

EX_4abut_e

3OAR180

HACD1i

ASPCT

EX_ctbt_C_e_boundary

PPNDH

CSNt2

DHDPS

PLIPA2A160pp

EX_g3ps_e

ACNAMtex

MDH

EX_val__L_C_e_boundary

EX_salchs4_e

AGMtex

HSDx

ETOHtex

EX_dms_e

PASYN_EC

GLCNt2rpp

MME

ALDD19xr

MLTGY4pp

APENTAMAH

CYSTAi

CYTBMQOR2pp

EX_glcn__D_e

CHOLS_ex

ACTD2

CYSTL_1

TDSKN

12PPDStex

OOR3r

3HOXPACt2pp

3OAS181

EX_ser__D_e

ACOAD5f

LYSMO

DHPPDA2

FOAMtex

PAPA161pp

ECOAH9ir

HPACt2r

GADktpp

EX_drib_C_e_boundary

ANHGMtex

GPDDA3pp

S4FE4SR CLBtpp

FERULCOAS

RMI

PSD140

G6PBDH

GLS2e

MMSDHir

GLYBtex

LPLIPAL1G161pp

3HAACOAT60

EX_confrl_e

PYRDOX

2AGPA120tipp

DOXRBCNtex

ILEtex

CHDCCH

S4FE4ST

A5PISO

DAPDA

NACHY

ALR2

ACACT7r

DPHAPC120

ACOAD1f

XYLOS1

GALCTNt2pp

GPDDA5pp

MALTTRabc

EX_ethso3_C_e_boundary

OARGDC MTOLDOX

EX_ura_e

EX_val__L_e

ADSL2r

ACOAD4_1

ADEt2rpp

EX_ppa_C_e_boundary

GLBRAN2

IDOND2

LIPAMPL

FASm220

HKNTDH

DAPE

UACGAMtex

PSERtex

LEUt2r

3OAR140

PFK_3

PHOtpp

EX_frmd_C_e_boundary

MLDEP2pp

AMPtex

LPLIPAL1A141pp

SHCHF2

LIPOS

EX_k_e

TRPTA

PLIPA2G120pp

THRA2i

3PEPTtex

G3PSabcpp

EX_pnto__R_e

TTRCYCtpp

G1PACT

G6PDH2r

PTRCORNt7

THRt4

EX_nac_e

EX_glycogen1500_C_e_boundary

LIPATPT

EX_sulfac_C_e_boundary

EX_chol_e

3NTD2pp

QUINtex

ACACt2pp

MLTG1

BZ12DOX

CYTBCYTC EX_glucan1500_C_e_boundary

KARA1i

DAGK141

PGPP160pp

AMANAPEr

PE180abcpp

PHACOAOR

EX_csn_e

FUTS

ORPT

23CAMPtex

P_Xylt1

NTPP10

RFAMPtpp

S2FE2SR

FE3t

FESD1s

GLUR

NACODA

MALt2r

23PDE7pp

NO3t7pp

SALCHS4FEtonex

ECOAH3

URATEt_1

DAGK161

ISETACabcpp

ALDD4

SERt2r

OGCOAAT

U23GAAT

EX_aso3_C_e_boundary

FBA3

ADK2

MDDCP2pp

CITt7

CCP

EX_trp__L_C_e_boundary

AP4AS

NTPP11

FALGTHLs

EX_acac_e

EX_g3pc_e

EX_xyl3_C_e_boundary

GLYCLTt4pp

UACGAMDH

EX_feenter_C_e_boundary

FMNRy

CHLt2

GALMAN4abc

FE3Ri

MANA1

EX_thm_C_e_boundary

ALAALAD

EX_dms_C_e_boundary

G1SAT

EX_tmao_e

DASYN140

3OAR80

EX_skm_e

INOSR

EX_hom__L_C_e_boundary

ARBt2r

EX_no3_e

PNTOtex

HPPK

MLTG6

EX_nac_C_e_boundary

SERD_D

GLCRtex

3NUCLE4

FRUtex

MOAT3C

GALMAN600b_e

EX_34dhpac_C_e_boundary

EX_hom__L_e

SHCHF

FACOAL40t2pp

BTS_1

EX_diact_C_e_boundary

sink_lipopb_c

CYTDt2pp

DM1PE

PLIPA1G161pp

G3PStex

HGNTOR

SKMt2

MDDCP1ex

MACCOAT

FOMETRi

H2tex

AADDGT

METAT

ACOAD5_1

CYStpp

HISt2r

LCYSTabc

CLPNH120pp

UAG2E

EX_alaala_C_e_boundary

DGUNC

EX_rmn_C_e_boundary

DHNAS

EX_pac_e

GLCURt2rpp

HACD7i

UAPGR

DMStex

PEAMNO

CITtex

ETHAt

EX_urate_C_e_boundary

O16AT

MANAO

EX_glyc_e

GLYtex

NMNP

HOMt2pp

NFMLDF

CYNTt2

PGL

EX_mobd_e

LYSRC

H2Otpp

EX_isetac_C_e_boundary

GF6PTA

EX_mmet_C_e_boundary

DMATT

DHDPRy

EX_dad_2_e

TREtex

ROO

PLIPA2A181pp

TAURtex

1PPDCRc

TARTRDtpp

FCI

DHQS

PDIMAS

AGM3PApp

ICHORS

MEOHtex

O16RHAT

PABB

AHCi

DDPA

VNDH

LPLIPAL1E120pp

EX_glucan4_e

EX_galct__D_C_e_boundary

OCBT_1

CMtpp

DADK

MPTG

EX_eths_e

LEUTAi

AKP1

PTOLDOX

EX_ctbt_e

EX_mg2_C_e_boundary

DHPACCOAHIT

EX_cell4_e

EX_bz_C_e_boundary

TDSK

St

GLUABUTt7pp

EX_g3pg_e

3HAD60
ACNML

PE140abcpp

PEPt6pp

CLPNH180pp

EX_pullulan1200_e

GALCTD_1

EX_colipa_C_e_boundary

CAt4

FCOAH2

ENTERES2

PPK2r

SALCHS2H

GALUi

EX_3gmp_C_e_boundary

UAMAGS

DPHAPC80

G6PI

SUCOAACTr

MUCCY_kt

EX_dgsn_e

CBPAH

EX_cu2_C_e_boundary

EX_no_C_e_boundary

PACCOAL3

ALDD20x

EX_chtbs_C_e_boundary

EX_5dglcn_e

ORNTAC

FDMO3_1

MSO3abc

BMOCOS

EX_cyan_C_e_boundary

EX_dgsn_C_e_boundary

PLIPA2A120pp

MCITL2

GALCTt2rpp

EX_ins_e

ICHORT

EX_for_C_e_boundary

EX_phe__L_C_e_boundary

PRAIi

LPLIPAL2A161

URAt2pp

ACGK

HEPT5N

EX_cytd_e

COBALTt5

DHFOR2

EX_udcpdp_e

PGP180abcpp

2AGPG160tipp

EX_galctr__D_e

FMNRx

IPPS

PSERT

MALt5

EX_succ_e

EX_cl_e

LCTSt

EX_dtmp_e

TALA

SHCHD2_1

MPTS

EX_xylan12_e

3HAACOAT80

PRAGSr

DINStex

G6PDA

EX_3hoxpac_e

EX_etha_e

XYLI2i

EX_udcpp_C_e_boundaryCITt7pp

NACtex

LACD

AST

GLYALDt

EX_duri_C_e_boundary

NO2t2r

GAPD

PXMO

FDMO_1

INDOLEtex

ACLDC

PHEtex

EX_abt__L_e

ASR

OPAH
ECAP2pp

EX_feoxam_un_e

PGPP120pp

EX_nh4_e

EX_actn__R_e

DDGLK

EX_tyr__L_C_e_boundary

ZN2t4

EX_3ump_e

HACD7

UPLA4FNT

EX_asp__L_C_e_boundary

UAGAAT

CRNt7pp

EX_malthp_e

DACTt3

XMO

PSD_EC

EX_g3pe_e

PROGLYabcpp

EX_feoxam_e

TMDPP

EX_3pg_C_e_boundary

PACt3

ASPtex

PGSA140

PHEt2rpp

SUCOAS

LPADSS

GALMAN6abc

ADNt2

SGSAD

OCOAT3r

HEPT1N

PYRZAM

RAFFtex

ORNTAC_1

OXOADLR

PLIPA2E180pp

PGPP180pp

S7PI

UDPGALPpp

U23GAATN

HOPNTAL2

ADNtex

DPCOAK

THMDtex

TDPDRRr

GUDBUTNAH

EX_ala__D_C_e_boundary

EX_so3_C_e_boundary

LALGP

EX_salchs4fe_C_e_boundary

D_LACt2

MICITDr

THFAT

LA4NTGM2pp

PPCCYTC1pp

EX_xylb_C_e_boundary

LMNe

CMPtex

G6PI3

PNTK

TYRPtex

CBIAT_DELETE

FEENTERtex

EX_h2s_C_e_boundary

QUIN2tex

FTCD

LIPOt2pp

MCOATA

EX_h2_e

CYSabcpp

PRMICI

CRNDt2rpp

EX_3hpppn_e

MNtex

EX_rbt_e

ACACT4r

DPHAPC121

ALLTAMH

BZt

DAMPtex

FACOAL40It2pp

GTHPe_1

ASPTA

METSR_S1

EX_rnam_e

DCTPD

CAT23DOX

SERtex

PYK2

EX_tyrp_C_e_boundary

FRDO

URItex

PLIPA1G181pp

EX_acmana_C_e_boundary

GMHEPPA

GCALDD

EX_ac_e

H2St1pp

EX_cmp_C_e_boundary

NTD5pp

PPDK

2AGPEAT161

DARBt2rpp

GUI1

EX_aso3_e

ASO4rt2rpp

MDDEP4pp

3OAR40

LALDO

EX_chols_e

GPDDA2pp

UGMDDS

PPM

PGP141abcpp

ECHH_0

EX_cell500_e

NACtpp

3MBZDH

PYROX

TAURabcpp

DAPAL

EX_diact_e

EX_34dhbz_C_e_boundary

GUAt2r

BCOALIG

PDIMAT

COBALT2tex

DURItex

CLPNS140pp

EX_hxa_e

GND

DHNCOAT

DDGALK

NTP11

NO3tex

BZtex

GALCTND

DHEDAA

ECAP3pp

I4FE4SR

GALCTt2r

EX_pser__L_C_e_boundary

K2L4A3ODAex

SALCHS4abcpp

MOTS3

CYO1b2pp_syn

2DHGLCNkt_tpp

NO3t2

CLt3_2pp

MTHFD

EX_oxa_e

N2Otpp

EX_mal__L_e

EX_mn2_C_e_boundary

GLNtex

FDMO4

ECOAH5_2

LacR

BG_CELLB

NTRIR3pp

EX_nmn_C_e_boundary

BUTAFDOR

EX_kdo2lipid4b_C_e_boundary

MOADSUx

GLCptspp

UDPDPS

SDPDS

EX_cell4_C_e_boundary

EX_hco3_e

PLIPA1G120pp

ACACt2

DAGK120

MOTS2

N2tex

SDPTAi

URACPAH

4MCAT23DOX

SO3tex

EX_dopa_e

EX_fe2_e

RBFK
RHACOAR120

NDPK1

EX_his__L_e

EX_galctn__D_e

3OAS100

LCARR

CHOLSabc

LMN2abc

PE160abcpp

THMDt2pp

SUCFUMtpp

PHEMEtiex

GLCMAN4abc

ECOAH8

CBLAT_DELETE

FEOXAMUtpp

NTD11pp

GRTT

PMEVK

GALURt2r

PSP_L

PGP161abcpp

EX_aso4_C_e_boundary

EX_confrl_C_e_boundary

DHPTDCs

DPHAPC60

2AGPA180tipp

PHEPS

CHTBStex

EX_melib_e

EX_orn_C_e_boundary

ALAt2r

TRSARr

DINSt2

ADCL

4PEPTtex

ACOLIPAabctex

EX_uaagmda_e

EX_mmet_e

PYDAMK

FEOXAMUtex

PLIPA2G161pp

DHBD

TTDCEAtexi

EX_cys__L_e

MSO3abcpp

ADSS

ECOAH1_2

HMSH

PSSA160

FE3DHBZStonex

PTRCtex

ATPHs

GLCMAN600a_e

EX_p_xyl_e

EX_n2o_e

GUAtex

DHAD3

IDOND

EX_3httdca_e

PPTHpp

GLGC

EX_4abut_C_e_boundary

DH4MCHCDH

PSP_Lpp

EX_acser_C_e_boundary

HCINNMtex

EX_h2o_e

GSNt2

GLUTRS

sink_4hba_c

CLPNH181pp

PGPP_EC

ARAI

3HPAOX

GLNabc

ALLTN

G3PEtex

EX_34dhbz_e

CLPNS160pp

ILEDHr

ACSERtex

PACt1

TYRtex

BCOALIG2

ACACT3r

DMSOR1e

DADNt2

GALURtex

APRAUR

NI2tex

PHENOLt2pp

2AGPG181tipp

DGSNtex

2AGPE160tipp

EX_lipa_cold_C_e_boundary

OMPDC

UHBZ1t_pp

EX_4hphac_e

EX_lipa_e

5DGLCNtex

EX_n2o_C_e_boundary

TMDS

HPYRI

3OAR141

GLYCt

COLIPAabctex

DB4PS

PPPNDO

I2FE2ST

EX_idon__L_e

EX_acolipa_e

3OAS161

EX_xtsn_e

EX_pnto__R_C_e_boundary

12PPDt

3OAR181

LPLIPAL1A161pp

MTAN

2AGPA161tipp

EX_uacgam_e

HACD8

L_LACtex

MOSDC

GSPMDA

IORb

EDTXS2

2AGPE120tipp

ACt4pp

CYANSTpp

3OAS121

EX_no2_C_e_boundary

EX_g3pe_C_e_boundary

BZSCD

CATDOX

EX_nmn_e

PLIPA2G160pp

EX_spmd_C_e_boundary

EX_enter_e

GLCNtex

CBIAT

GBBTNtex

AGM4PApp

CYTDtex

BCR6pp

GBBTNabc

METSabc

3NUCLE1

EX_cgly_e

ARABDI

GLCtex

EX_istnt_C_e_boundary

GLYCAt2rpp

FLDO

CTBTabcpp

LDGUNPD

EX_istnt_e

LPLIPAL1E141pp

OCOAT2r

FE3DCITtonex

42A12BOOXpp

EX_csn_C_e_boundary

DXPRIi

PE181abcpp

EX_acmana_e

NMNAT

LPLIPAL1A181pp

SHSL1_1

FDMO4_1

EX_zn2_C_e_boundary

CMHMI

DHAK

4HTHRtex

RBPC

RBFSa

CHORM

CYANtex

AGPR

EX_malt_C_e_boundary

EX_hexs_C_e_boundary

INSt2

EX_xan_C_e_boundary

GLCOASYNT

EX_murein5p5p5p_C_e_boundary

IOR2b

D_LACt2pp

HMSH2

LPD5

PLIPA2

4HBCOAH

EX_h2o_C_e_boundary

Kt1

KARA1

FALDtpp

FAO4

EX_chols_C_e_boundary

PPM2

TDPADGAT

CBMD

EX_dimp_C_e_boundary

AGMHE

FASm260

FUSAtpp

PGI

PYDXK

CSPMDDC

3MCAT23DOX

EX_actn__R_C_e_boundary

TYRt2r

GLCS1

ALCD1

UREAt

ILEt2rpp

EX_n2_C_e_boundary

ATPPRT

PYK5

UGLYCH

HACOADr

MMTSAO

METSR_S2

EX_phe__L_e

HG2t3pp

sink_2ohph_c

HIBD

EX_cit_e

MMETtex

AASAD3

CLPNH160pp

GHBDHx

ACOADH2

GLUABUTt7

AKGMAL

EX_gln__L_C_e_boundary

DCMPDA

EX_glcn_C_e_boundary

DHPPDA

SALADC2

SKMt2pp

2AGPE161tipp

ALAtex

HMPSCD

DTMPK

MPTGex

GLYCLTtex

MOTS1

SPP

BZSS

EX_melib_C_e_boundary

EX_tsul_e

EX_lac__D_C_e_boundary

GLUFORT

EX_ad_C_e_boundary

COLIPAabcpp

OCTAtex

CYTDH

INDOLEt2rpp

3AMPt6

EX_gthox_e

2AGPE181tipp

EX_isetac_e

TCYNTtex

PAPA140

GLYCAtex

SADH

EX_tcynt_e

EX_gly_C_e_boundary

EX_etoh_C_e_boundary

AMPMS2

ALDD31_1

THDPS

LPLIPAL1A140pp

GLCTR4

CRNabc

IBTtex

ACONT

EX_gm1lipb_e

ALCD4

EX_lipb_e

DDCAtexi

DAGK160

INStex

UDPGDC

DASYN_EC

GM2LIPAabctex

EX_p_xyl_C_e_boundary

EX_asp__L_e

PIt2r

XANtex

S2FE2SS2
G2PP

XYLOS3

EX_sula_e

MDRPD

EX_ptrc_C_e_boundary

2AGPA140tipp

NOtex

GLCRD

HEPT2

EX_o2_C_e_boundary

EX_adn_e

EX_ethso3_e

UPLA4FNF

2DHGLCK

MOTH1

ANPRT

12DGR161tipp

BMOGDS1

EX_hmfurn_C_c_boundary

EX_arg__L_C_e_boundary

GLYCLTt2r

GLYTA

SHCHCS2

AKGt2r

EX_LalaDgluMdap_C_e_boundary

SERt4

EX_pppn_e

MCTP1Aex

PLIPA1E161pp

PROt4

ASO4t4pp

EX_pac_C_e_boundary

CYO1bpp_syn

EX_hexs_e

DHORTS

GDBTALDH

PLIPA1A140pp

FRULYStex

PSD161

G3PD2_1

GMHEPAT

FDMO1

MACACI

SALCHS4FER2

EX_thr__L_C_e_boundary

3PGt6pp

EX_indole_e

HMSD

DHFS

HACD5i

EX_pyr_e

GCCc

DHACOAH

LDH_D

EX_g3pc_C_e_boundary

UAGAATN

COALCDH

HACD2

LYSDC

EX_ser__L_e

NMNR

EX_leu__L_C_e_boundary

PPCDC

KDOPP

ENLIPAabctex

DLYSPYRAT

EX_manglyc_e

GLS3e

EX_so4_C_e_boundary

ALLTNt2r

EX_dopa_C_e_boundary

VOR1b

SERt2rpp

EX_zn2_e

EX_LalaDgluMdap_e

AADSACYCL

AP4AH

CPK1

EX_pyr_C_e_boundary

12DGR181tipp

GK2

OXDHCOAT

ARGSS

DMSOR1pp

EX_sheme_C_c_boundary

EX_gln__L_e

EX_pep_e

EX_dcyt_e

EX_glcman6_e

T2DECAI

4HOXPACt2pp

Cut1

CUabcpp

EX_galctr__D_C_e_boundary

HPPPNt2rpp

EX_thr__L_e

AMPTASEPG

TTDCAtexi

LEUtex

SCYSSL

EX_glcr_e

GTPHs

ARGSL

EX_cytd_C_e_boundary

PAPA141

CYPHYC

EX_arg__L_e

EX_gm2lipa_e

GLYCL_2

ACPpds

THMabcpp

EX_eca4colipa_e

DURIt2

TKT2

KAT7

PLIPA2A140pp

LPLIPA1

TKT1

MCSNAH

URIt2pp

FASm240

I2FE2SR

EX_acolipa_C_e_boundary

ALR4x

EX_2ohph_C_c_boundary

EDTXS4

LPLIPAL1A160pp

2AGPG161tipp

3_4DHBZt2

PRDX

GLCTR4N

EX_glu__L_e

SUCBZL

EX_ser__L_C_e_boundary

EX_murein5p5p5p_e

NADH16pp

CYOO_HP

ALLTNtex

FCOAHA

TARTt2_3pp

HISt2rpp

EX_chtbs_e

FUMt2r

ALCD3ir

NTD2pp

EX_feenter_e

UHGADA

DCAtex

EX_rib__D_e

EX_glyclt_C_e_boundary

EX_thm_e

3HPPtex

RHACOAR80

EX_ala__L_e

POAACR

VALtex

MALTTRtexi

ENTERH

MALtex

VPAMTr

FASm280

3PGtex

BUTSO3abcpp

EX_3pg_e

PCMEH2pp

GM1LIPAabctex

GGTAe2

FE3DHBZSabcpp

DRIBabc

EX_tartr__D_C_e_boundary
LCYSTtex

AATA

EX_ile__L_C_e_boundary

SHCHF_2

EX_gua_e

EX_gm1lipa_e

EX_glyc3p_e

EX_so3_e

INSTt2

GLSe

ACSERtpp

EX_12ppd__S_C_e_boundary

TRPt2r

GTPCII

MOHMT

3HAD40

NO2t3

USHD

EX_taur_e

EX_urate_e

EX_Larab_C_e_boundary

CPPPGOAN2

EX_metox_e HACD4i

ACACT8r

CDPMEK

UDPGtex

SHCHD3

EX_tyr__L_e

EX_cu_C_e_boundary

PULLe

GPDDA1pp

VACOAI

PLIPA1G141pp

ASPT

G3PCtex

TARTRDtex

PAPA181pp

O16A4Lpp

MEOHtrpp

THRtex

HIStex

EX_tcynt_C_e_boundary

EX_rnam_C_e_boundary

PGSA160

EX_taur_C_e_boundary

MCITD

EX_malthp_C_e_boundary

HIBDkt

O16AP2pp

UDPGD

PGM_1

SPTc

EX_acald_C_e_boundary

HEPT3

PLIPA1A160pp

LAAF

PGPP161pp

EX_xtsn_C_e_boundary

PTRCORNt7pp

ALATA_D

CLIPAabctex

PREPHACPH

TREHe

TMAOtex

EX_2pg_C_e_boundary

PYRt2rpp

PPBNGS

DARBt3ipp

GALT1

2AGPG180tipp

HGt

EX_g3ps_C_e_boundary

RMNt

UDCPDP

FEDCabc

PSSA120

IPPMIa

TYRt2rpp

PHTHS

EX_fe2_C_e_boundary

3OAS140

DKMD2K

EX_cobalt2_e

GLYt2r

DHQTi

EX_rbt_C_e_boundary

PLIPA2G140pp

O16GLCT1

3CMPt6

HXAtex

FACOAL80t2pp

NDPK6

GLCRt2r

EX_cgly_C_e_boundary

URIDK2r

EX_etoh_e

EX_met__L_e

EX_malttr_C_e_boundary

EX_ade_C_e_boundary

CD2tex

EX_12ppd__S_e

ABTt_1

EX_no2_e

METSRabc

LPLIPAL2A140

PRATPP

PGP120abcpp

EX_fruur_C_e_boundary

MANGLYCtex

URAtex

CLPNS120pp

EX_gm1lipb_C_e_boundary

GLYCL

EX_glyclt_e

FRULYSDG

ADMDC

LSERDHr

DGSNt2pp

3HPPtpp

EX_urea_e

OCDCAt2

GLYCLTt2rpp

MLDEP1pp

ARABRr

EX_but_e

CLPNS161pp

HPYRRx

LIPACabcpp

LCTStex

CYStex

ASO3t4pp

SALCHS4tex

EX_4hbald_C_e_boundary

EX_kdo2lipid4_C_e_boundary

METGL

HEPT4

PSSA180

EX_tmao_C_e_boundary

TARTRt7

EX_fum_C_e_boundary

4MBZDH

EX_enlipa_e

CITt_kt

GGPTRCS

EX_LalaDgluMdapDala_C_e_boundary

FRULYSt2pp

PGSA_EC

EX_acald_e

EX_ptrc_e

EX_amylose300_C_e_boundary

NICRNS

BMOGDS2

EX_fruur_e

EX_tet_e

3MMD

PGLCNDH

3OAS120

NADDP

TARTD

5DOAN

MTRK

G2PPpp

GALCTtex

CYTOM

OXPTNDH

ISTNTabc

EX_dmso_C_e_boundary

EX_4hbz_e

CHLtex

ANHMK

ARGtex

EX_trp__L_e

SHK3Dr

DNMPPA

GLCTR2

LADGMDH

DAPtex

ACNAMt2

FALDH2

PGSA161

EX_metox__R_C_e_boundary

PLIPA1G140pp

PLIPA2G181pp

NTD12pp

MOAT

PLIPA1

MPTG2ex

HCO3tex

UDPG4E

CYTK1

EX_pro__L_e

RMNtpp

KAT6

OCDCEAtexi

6HNACMO

CRO4t3

REPHACCOAI

ALCD2y

GLCRD_1

HEPT1

FUMAC

CLtex

H2Ot

HMSH3

EX_uacgam_C_e_boundary

CONFRLtpp

EX_lipoate_C_e_boundary

MALTpts

P5CD

DRIBtex

HYDFDN2r

EX_gm2lipa_C_e_boundary

TARTDC

LPLIPAL1G181pp

FE2tex

DXPS

EX_progly_e

ACACtex

GALMAN600a_e

ICDHx

FRD7

EX_succ_C_e_boundary

RBCh

TMDK1

GM1LIPAabcpp

ILEt2r

ADNCYC

OIVD3

EX_fe3dcit_C_e_boundary

FCLPA
PLIPA1E141pp

ADPDA

EX_s_e

GLYALDtex

CRNtex

BUTSabc

CBFCpp

3HAACOAT100

EX_meoh_e

COALDDH

EX_gthox_C_e_boundary

EX_ppa_e

RAFHpp

EX_idon__L_C_e_boundary

XYLe

EX_inost_C_e_boundary

ALCD19y

EX_glu__L_C_e_boundary

3AMPtex

EX_glucan6_C_e_boundary

UAAGDS

PLIPA1G160pp

ALCD4y

KAT1

UDPGALM

ADtr

PLIPA1G180pp

EX_uri_e

N2trpp

2AGPG140tipp

ASADi

EX_mn2_e

EX_meoh_C_e_boundary

PRPPS

EX_3hpp_C_e_boundary

EX_gthrd_e

LPLIPAL1E160pp

GLCMAN6abc

IGPS

HOMtex

FRUURt2rpp

CRO4tex

ICYSDS

EX_glc__D_C_e_boundary

GALCTNt2r

TSULabc

ATHRDHr

THZPSN

FRUpts2pp

HEPK1

PSCVT

SUCDi

DPPS

3MBt4pp

LPLIPAL1E181pp

PSD181

ARGAGMt7pp

LIPA3ODAex

H2St

EX_k_C_e_boundary

EX_udpg_C_e_boundary

NP1

RMPA

EX_gua_C_e_boundary

GTPCII2

EX_3hoxpac_C_e_boundary

PLIPA2E141pp

SKMtex

ASPt2r

EX_galman600_C_e_boundary

CA2tex

CPPPGO

HKM1PP

EX_din_C_e_boundary

TDPDRR

FUM

DAGK140

DHPR

2AGPA181tipp

BZSCT

EX_ttdcea_C_e_boundary

GHMT2r

MPL

RBK_L1

FRUURtex

TRPAS2

HHDDI

MLTGY1pp

XYL2e

PSSA161

METSOXR2

SUCBZT2

FOLR2

PYRt2

3NUCLE2

3NUCLE3

EX_glyb_C_e_boundary

EX_pppn_C_e_boundary

NMNPtpp

DHAD1

GLUPRT

ACNPLYS

CGLYtex

EX_skm_C_e_boundary

4OD

CPMPS

O2tex

NTD5

PE141abcpp

EX_ca2_e

MMM2

GART

LPLIPAL2A141

ECA4OALpp

APSR

EX_octa_e

3HAD161

INOSTt4pp

TMN

UGLT

LPLIPAL1E180pp

GLCTR1

EX_manglyc_C_e_boundary

EX_lac__L_C_e_boundary

FEOXAMR2

EX_udpgal_e

TDPAGTA

CLBtex

MOCOS

EX_ile__L_e

FUSAtex

PNTOt4

ASPTA6

PGPP140pp

NOVBCNtpp

CBFC2pp

PPPNtex

PYNP1

3OADPCOAT

EX_4hthr_C_e_boundary

MSAR

EX_for_e

ARGORNt7

GNKr

ADEtex

DALAtex

LA4NTpp

RHAT1

MOAT2

NDH1_2p

Zn2tex

PGK_1

PGAMT

ULA4Ntppi

4HTHRK

EX_tartr__D_e

EX_co2_C_e_boundary

CHOLSH

EDD

GPDDA1

EX_adn_C_e_boundary

EX_bmocogdp_C_c_boundary

EX_ddca_e

PLIPA2E140pp

3OAR121

EX_ala__L_C_e_boundary

PLIPA2E181pp

EX_glyald_e

UPP3MT

MNt2

DAGK180

EX_cys__D_C_e_boundary

GLCMAN600b_e

PSD180

sink_5drib_c

XYLBabc

RFAMPtex

EX_galct__D_e

F6PA

DHDPRx_r

UAMAS

EX_mso3_C_e_boundary

2AGPEAT180

NO3t7

ACACT6r_1

EX_enlipa_C_e_boundary

EX_ddca_C_e_boundary

PGPP181pp

3HOPCD

EX_murein4px4p_e

CYSDtex

PE120abcpp

DLYSOXGAT

OHPBAT

EX_3mb_e

RBP4E

GALMAN6

Growth

DCYTt2

EX_s_C_e_boundary

OMCDC

EX_ura_C_e_boundary

ECOAH5

VALt2rpp

LCTStpp

RDXR

EX_tma_e

EX_gsn_e

GLCRAL

DASYN161

EX_o16a4colipa_e

SALCHS1H

AOXHEXCYCL

ACGAMK

NIabc

PLIPA1E181pp

THZPSN3

INDPYRD

EX_tet_C_e_boundary

ACNAMt2pp

MINCYCtpp

FACOAL60t2pp

DHPPD

ORNt

NTD6pp

ACtex

FE3DHBZR

ACPS1

3HAD121

GALt2

EX_drib_e

EX_duri_e

EX_udcpp_e

DATPHs

DHPM1

EX_udcpdp_C_e_boundary

CDAPPA_HP

GALS3

HACD3

EX_3hpppn_C_e_boundary

EX_gm1lipa_C_e_boundary

EX_feoxam_un_C_e_boundary

HCYSMT

GLCMAN4

PSD160

SPMS

XANt2pp

HCO3E

GMHEPK

4OT

XYLI2

3HAD141

NO2t2rpp

PLIPA2A180pp

CHORS

PSII

HPPPNDO

3OAS60

PNTOt4pp

DPHAPC140

PHEMEabcpp

OCDCAtexi

MCTP2Aex

3OAS180

MMSAD1_1

OXFOtex

EX_kdo2lipid4b_e

XTSNtex

OCTDPS

EX_photon_e

ICITt_kt

THPAT

MALTtexi

EX_glcr_C_e_boundary

4HTHRS

EX_dimp_e

EX_ocdca_C_e_boundary

TAURabc

CODH2r

3hoxpactex

LPCOXc

EX_galctn__D_C_e_boundary

UDPKAAT

HXANt2pp

EX_glc__D_e

O2t

EX_glyc3p_C_e_boundary

UPPDC1

EX_glcn__D_C_e_boundary

PLIPA2E160pp

CUtex

METOX1s

DAPDC

LPLIPAL1A120pp

HISTP

3OAR60

HEXt2rpp

HPAtex

HACD5

EDA

ACACT1r

MOTH3

CYSTS_2

EX_h2_C_e_boundary

UREAtex

EX_xylan12_C_e_boundary

EX_ade_e

EX_glcman600_e

DURIt2pp

DHNPA_1

AGMPTRCtpp

EX_no3_C_e_boundary

GLXCBL

4HTHRtrpp

URIt2

NDPK3

SEPHCHCS

FRUpts

23DAPPAt2pp

EX_34dhpac_e

UM4PL

BC10_new

TARTRtex

EX_uri_C_e_boundary

EX_murein4px4p_C_e_boundary

HKNDDH

MOAT2N

MI1PS

UDCPDPex

CRESt2ipp

EX_indole_C_e_boundary

PNP

URCN

BETALDHx

GLCNt2ir

DSERt2

EX_mobd_C_e_boundary

GLS

NH4t

ACOAD20

KAT3

ECOAH12

EX_pro__L_C_e_boundary

O16A4COLIPAabctex

EX_Lcyst_e

PLIPA2E120pp

CITCIa

CLPNH161pp

3OAR161

ARBtex

EX_tyrp_e

EX_23cgmp_C_e_boundary

EX_gthrd_C_e_boundary

PHYCBOXL

PPAtex

DOPAtex

PHENOLtex

EX_pullulan1200_C_e_boundary

FEOXAMabcpp

PICH

PLIPA1A141pp

AMPTASECG

XYLI1

PFK_ppi

Ktex

HEXSabc

PGP140abcpp

2AGPA141tipp

APATi

XYL3abc

PAPA161

SHSL3

UDPGPpp

GALMAN600c_e

PYDXPP

4MBZALDH

sink_hmfurn_c

EX_3amp_C_e_boundary

EX_LalaDgluMdapDala_e

ASPt2pp

PHAPC141

EX_h2o2_C_e_boundary

AHCYSNS

SUCFUMt

HACD9

HMGL

AICART

CLPNS180pp

PLIPA1A120pp

EX_hco3_C_e_boundary

AMANK

3HAACOAT120

3MBtex

G1PPpp

VALt2r

GLCNt2r

BZALDH

SULFACabcpp

HSDy

G5SADs

FOAMtrpp

GLUDxi

EX_frmd_e

GLYt4pp

MNLDHr

34HPPOR

EX_cell500_C_e_boundary

MLDCP3App

HACD6i

MAL6PG

EX_4hba_C_c_boundary

NO2tex

SDPTA

EX_acac_C_e_boundary

FBA2

PSD141

EX_din_e

EX_fum_e

UPPN

SGDS

PLIPA2A161pp

GLCOAS

OP4ENH

TMAOR1e

APTA1i

EX_urea_C_e_boundary

HEPK2

ALAALAr

GCCa

ACOAD3f

4HBALDtex

FUCtpp

HOPNTAL

GTHRDtex

EX_akg_e

PEPtex

LIPOtex

OIVD2

EX_dca_e

TYRPpp

IMPtex

MPTAT

HYDFDN

3OAS141

PHTHDLS

GLYALDtpp

ADAPAT

FUMtex

CYTBO3_4pp

PREPTHS

PROGLYtex

G1PTT

PPAt4pp

ACALDtex

NODOy

CSPMDDH

ADNt2pp

EX_3httdca_C_e_boundary

EX_glycogen1500_e

LPLIPAL1G141pp

HPPPNt2r

CU1Opp

EX_agm_e

EX_frulys_e

Rbtt2

EX_aso4_e

EDTXS1N

EX_imp_C_e_boundary

ALAR

EX_amylose300_e

EX_lipopb_C_c_boundary

EX_hdca_C_e_boundary

PLIPA1A161pp

IPPMIb

IDONt2rpp

PHAPC121

TRPtex

TRE6PS

ACMAMUT

EX_3hpp_e

23DAPPAtex

ABFA

PPPNt2rpp

2AGPE180tipp

BUTt2r

LA4NTGM1pp

EX_mal__L_C_e_boundary

EX_co2_e

EX_acnam_e

DRPA

4HBZtex

EX_4hba_e

FUTH

H2Otu_syn

FEENTERabcpp

OXACOAL

IDONtex

ACHBS

2AGPE140tipp

EX_oxa_C_e_boundary

3OAR160

PItex

EX_pi_C_e_boundary

H2CO3_NAt_syn

ICITtex

EX_acnam_C_e_boundary

DNTPPA

3PEPTabcpp

EX_hxa_C_e_boundary

MOATN

EX_lipa_cold_e

EX_pep_C_e_boundary

MPTSS

PDE4

PAPPT3

DGSNt2

FCLK

EX_no_e

CYTDt2

HMBS

DPR

K2L4Aabcpp

2AGPEAT181

PLIPA2G141pp

ACCOAC

EX_ppt_C_e_boundary

OXFOt4pp

MPTG2

FORt

INS2D

FDMO6_1

EX_pdima_C_e_boundary

INSCR

EX_nh4_C_e_boundary

ETHSO3abcpp

MG2tex

O16GALFT

USHDN

XTSNt2

OPTCCL

FLNDPR2r

GGGABAH

EX_lys__L_e

EX_udpgal_C_e_boundary

SUCR

PCADYOX

TREabc

FRULYSK

EX_anhgm_e

MCTP1Bex
I2FE2SS2

MOBDabcpp

PLIPA2G180pp

ARGt5r

ABUTtex

METSR_R2

EX_fru_e

2AGPGAT181

CHTBSptspp

FDMO2

FDMO6

EX_ttdcea_e

GTHOr

H2O2tex

DHNCOAS

G3PIabcpp

O2tu

EX_fe3_e

MOTH2

METSR_R1

PAPA120

EX_bz_e

HISDr

GALMAN4

EX_h2s_e

NDPK7

EX_h_e

DMSOtex

EX_progly_C_e_boundary

EX_4hbald_e

OCBT

PLIPA1A181pp

TARTRt7pp

ETHSabc

EX_etha_C_e_boundary

TMAOR2e

EX_glyc_C_e_boundary

NH4t4pp

CHLt2pp

FORtppi

GSPMDS

sink_sheme_c

HACD1_2

PSD120

EX_cu2_e

2AGPEAT120

EX_tsul_C_e_boundary

ACS2

HEPT2N

SFGTHi

MTRI

PHOtex

ACACT5r_1

PGPP160

2AGPG120tipp

UDCPDPpp

GLUTRR

NAtex

FCLT

UACGAMOAT

DHCINDO

MEPCT

EX_mg2_e EX_metox__R_e

NADK

LPLIPAL2A181

EX_salchs4fe_e

ALCD3

EX_dca_C_e_boundary

EX_co_C_e_boundary

QULNS

GLCTR3

CTBTt2rpp

EX_his__L_C_e_boundary

AIRC3

ICH

EX_araban__L_C_e_boundary

EX_Larab_e

NTD7pp

PPAKr

MOBDtex

MNLDH2

PSSA_EC

GALT

AKGt2rpp

AKGtex

GAPDi_nadp

EDTXS2N

PTAr

FMNAT

D_LACtex

NH4tpp

DHXFUTC

EX_akg_C_e_boundary

EX_ac_C_e_boundary

AKGDa

HBZOPT

SERt4pp

BUTSO3tex

XYLK

COBALT2tpp

GLYCOe

ACONTa

EX_xan_e

sink_hemeO_c

EX_4hthr_e

L_LACt2rpp

CITMS

FESD2s

EX_4hba_C_e_boundary

PE161abcpp

EX_malt_e

3OAS80

EX_3amp_e

HG2tex

PACCOAL

RBFSb

EX_ser__D_C_e_boundary

LPLIPAL2A160

CBLAT

NFORGLUAH

GK1

BZDH

PHEt2r

DHORDi

CYNTAH

ASO3tex

MINCYCtex

CO2t

DHBZS2H

EX_abt__L_C_e_boundary

OROTtex

FESR

PDHbr

PANTS

TREHpp

FRUK

GALURt2rpp

MOTS4

SULFACtex

DIMPtex

EX_fuc__L_C_e_boundary

NDPK2

ASO4tex

RIBtex

NTPP7

EX_lac__D_e

EDTXS3

DRIBtpp

sink_bmocogdp_c

EX_n2_e

GLCURS1

TRPS2

NNDPR

RBTDG

HEMEOS

KAT2

PCMEH3pp

OP4ENH2

METtex

EX_feoxam_C_e_boundary

EX_murein5px3p_C_e_boundary

PHAPC60

PGP181abcpp

DEXTRINt2

EX_ttdca_C_e_boundary

ETHAtex

AKGDb

EX_photon_C_e_boundary

CLPNH140pp

PGLYCP

THMabc

PRASCSi

EX_glcn_e

CRNDabcpp

H2Stex

UM4PCP

ASR2

ADSL1r

NDPK10

EX_cyan_e

L_LACt2r

EX_malttr_e

EX_pi_e

3HAACOAT140

CSNtex

N2Otex

CMtex

HACD6

EX_2pg_e

DSERDHr

3OAS160

AGMDA

GLUDy

GGPTRCO

EX_agm_C_e_boundary

MAN6PI

ARBt2rpp

GLS2

EX_alltn_e

ACTNabc1

EX_glyald_C_e_boundary

SOTA

THMDt2

DURAD

BTS3r

EX_butso3_C_e_boundary

TSULabcpp

EX_tma_C_e_boundary

PGCD

3UMPt6

NMNtex

DURADx

GLYCt1

MLTGY3pp

APTNAT

2PGtex

EX_rib__D_C_e_boundary

EX_lipb_C_e_boundary

GLCRt2rpp

AIRC2

NTD4pp

EX_murein5p5p_C_e_boundary

GLUCAN2abc

INDOLEt2r

I4FE4ST

AGDC

EX_mso3_e

CYSTGL_1

TMPPP

EX_pdima_e

EX_ocdca_e

FALDtex

THMtex

PPTtex

DASYN_HP

EX_cu_e

GDPMNH

MOTH4

ACTNabc

HACD1

PIt2rpp

EX_pheme_C_e_boundary

ECOAH1

ASAD

NADFADOR

LDH_L

PYRtex

ACACT2r

ALDD1

PLIPA1E140pp

EX_orot_e

INSt2pp

FDMO

GAL1PPpp

EX_buts_C_e_boundary

ADEt2

GHBDHy

CDGUNPD

EX_mbdg_e

HCINNMt2r

DAGK_EC

MCITS

SO3abcpp

HPPPNtex

EX_4hphac_C_e_boundary

SALCHS4FEabcpp

3OAR120

GTMLT

NH4tex

SUCBZS

FOLD3

MCTP2App

EX_buts_e

UACMAMO

S2FE2ST

PDXPP

OHEDH

OXOAEL

BZt1pp

TSULtex

G3PGtex

DPMVD

PERD

MCA

RIBabcpp

EX_sulfac_e

MTHFD2i

CYSDDS

RMK

SCYSSL_1

SHKK

EX_met__L_C_e_boundary

FEOXAMR1

EX_gal_C_e_boundary

POR_2

SUCCt2r

OPHBDC

FBP

PMDPHT 2AGPE141tipp

VALDHr

2AGPEAT140

FLDR2

EX_fru_C_e_boundary

GTHS

EX_icit_C_e_boundary

MGt5

EX_ca2_C_e_boundary

EX_dtmp_C_e_boundary

ACKr

UAGCVT

HCYSMT2

NOtpp

34dhpactex

MALTTRabcpp

FAS200

HEPT5

MDDCP5pp

PLIPA1E180pp

TYRL

DADNtex

OROTt2_2pp

EDTXS1

EX_Lcyst_C_e_boundary

EX_enter_C_e_boundary

HYPOE

HOCCD

EX_glcman600_C_e_boundary

EX_cmp_e

EX_acser_e

O16AP3pp

MLTGY2pp

PAPA_EC

PHEPC

EX_hdca_e

PDE1

GARFT

EX_leu__L_e

3HBCOAHL

RHCCE

O16AUNDtpp

K2L4Aabctex

EX_icit_e

3UMPtex

PGPP141pp

KAT4

EX_3ump_C_e_boundary

EX_o2_e

PAPA160

NNAM

NTPP9

ISETACtex

LPLIPAL1E140pp

MUCLI

EX_glyc__R_C_e_boundary

EX_but_C_e_boundary

EX_octa_C_e_boundary

CYSTA

ACALDt

HYXNtex

NTPP4

EX_gly_e

BG_MBDG

EX_cl_C_e_boundary

HISTD

GLUCYS

PHETA1

PSSA141

OXGDC2

GGLUCT2

SO4tex

4PEPTabcpp

EX_glcman6_C_e_boundary

H2tpp

PHAPC80

EX_dextrin_C_e_boundary

ACt2r

ALAt4pp

E4PD

ULA4NFT

RHACOAR100

CAt6pp

SHCHD2

O16AP1pp

ECAP1pp

EX_3gmp_e

FEENTERtonex

EX_ala__D_e

EX_dmso_e

NO3R2

XTSNt2rpp

FEOXAMtonex

CD2t4

ARGORNt7pp

LPLIPAL2A120

CDPPT160

LCYSTabcpp

GLDBRAN2

GALCTRt2

EX_glucan1500_e

PHAPC140

ALAD_syn

ACONTb

PLIPA1E160pp

AMYLe

M_XYLtpp

LPLIPAL1G120pp

ALAGLUE

EX_hemeO_C_c_boundary

EX_h2o2_e

5DGLCNt2rpp

RAFGH

CU2tex

ADKd

OPHHX

PPPNt2r

ETHSO3tex

3HAD181

DHFR

GLCMAN6

SO4t2pp

EX_xyl3_e

NNATr

CO2tpp

EGLUCe

3GMPt6

GUACYC

LMN2

MSO3tex

ADK3

LPADSSN

MDDCP2ex

ALCD19

EX_4hbz_C_e_boundary

MANPGH

MYCTR

PLCD

NMNS

EX_glucan4_C_e_boundary

GLYBt2pp

NOVBCNtex

DDPGALA

EX_spmd_e

SUCBZT1

PGMT_B

PLIPA2A141pp

GGGABADr

RHACOAR60

HOPNTAL3

EX_glucan6_e

FDMO2_1

SCYSDS

MNNH

EX_pheme_e

GLCURtex

UPP3S

VNTDM

TRE6PP

HACD3i
GLYCtpp

EX_3cmp_e

NDPK4

TMAOR1pp

METSOXR1

LPLIPAL1G160pp

EX_co_e

EX_23camp_e

3AMACHYD

TDPGDH

EX_metox_C_e_boundary

HMGCOASi

LPLIPAL2A180

PRUK

EX_butso3_e

G3PCabcpp

PGP160abcpp

FE3DCITabcpp

MECDPS

PGK

CLPNS181pp

EX_dcyt_C_e_boundary

GALtex

2AGPA160tipp

ACALDtpp

PGM

ALDD6

EX_orot_C_e_boundary

XYLOS2

EX_lipoate_e

GM2LIPAabcpp

EX_kdo2lipid4_e

GLCP

PHAPC120

EX_lipa_C_e_boundary

ACACT6r

PLIPA1A180pp

DHBZS3H

GALCTNtex
PDHa

TETtex

EX_glyb_e

EX_chol_C_e_boundary

MALEI

EX_araban__L_e

LPLIPAL1G140pp

EX_3mb_C_e_boundary

4H2KPILY

KARA2

EX_thymd_C_e_boundary

PMANM

EX_fuc__L_e

HETZK

CLPNS141pp

ARUH

EX_gal_e

HMGCOARi

GLCURt2r

EX_cit_C_e_boundary

GLUt2r

FUCt

TTRCYCtex

GLYCtex

GCCb

CADVtpp

METabcpp

LPLIPAL1A180pp

EX_rmn_e

MOBDabc

EX_fe3dcit_e

OCHCCH

DPHAPC141

PSSA140

MUCCYCI

PHETHPTOX

EX_ttdca_e

CITCIb

OIVD1r

EX_gsn_C_e_boundary

POR

EX_inost_e

EX_eca4colipa_C_e_boundary

EX_orn_e

EX_xylb_e

FUCtex

EX_fe3_C_e_boundary

HPYRRy

PYDXNK

LACZpp

MTHFR5

PSSA181

IMPC

GTPCI

EX_frulys_C_e_boundary

INSTtex

MTHFR

EX_salchs4_C_e_boundary

BUTtex

MMETt2pp

CLPNH141pp

EX_ppt_e

UAG2EMA

EX_ins_C_e_boundary

ECA4COLIPAabctex

EX_3cmp_C_e_boundary

EX_23dappa_C_e_boundary

PTPATi

EX_dextrin_e

METOX2s

GTHRDHpp

FORtex

ETOHtrpp

LPLIPA2

UDPGALtex

EX_g3pg_C_e_boundary

GM1LIPA3ODAex

ACP1_FMN

2HH24DDH

EX_lys__L_C_e_boundary

LPLIPAL1G180pp

EX_udpg_e

ACM6PH

CO2tex

DHPDO

RHACOAR140

EX_15dap_e

LPLIPAL1E161pp

GLCRAL_1

EX_galman600_e

CSNt2pp

2AGPEAT141

MYCTR2

DOXRBCNtpp

DC6PH

PACCOAE

HOXPRx

KDOPS

ALLTAHr

EX_3hcinnm_e

CONFRLtex

TRPt2rpp

EX_cobalt2_C_e_boundary

IDONt2r

PROt2r

12PPDStpp

HACD8i

EX_so4_eGLYBt2r

PGAMTi

UREAtpp

EX_15dap_C_e_boundary

XANt2

HCINNMt2rpp

EX_alaala_e

AMID4

UAGPT3

4HBAtex

EX_cys__L_C_e_boundary

EX_glyc__R_e

FASC200ACP

ALLTNt2rpp

O16GLCT2

PLIPA1E120pp

EX_thymd_e

XYLANabc

HACD2i

2PGt6pp

RMNtex

RPE

GLUFT

ECAtpp

EX_sula_C_e_boundary

PHAPC100

2AGPG141tipp

SHCHCS3

EX_lac__L_e

CYPHYS

DH3MCHCDH

ACGAMT

OXCOAHDH

MALTptspp

UHGADAN

3_4DHBZ1t_pp

PLIPA2E161pp

QMO2

DPHAPC100

CYSDabcpp

ATPSu

MALTabcpp

CHOLD

EX_h_C_e_boundary

-1

1

//-0.9 0.9

correlatio	 
al�e �etaoli��

Everything else (90.96%A

Sulfur metabolism (1.08%A

Nitrogen metabolism (2.91%A

Carbon metabolism (5.05%A



Highest NPP water mass
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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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