
VU Research Portal

Of systems and cancer

Boele, J.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Boele, J. (2014). Of systems and cancer. [PhD-Thesis - Research and graduation internal, Vrije Universiteit
Amsterdam]. Gildeprint.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/6804bec2-9f17-480f-b050-cd5063c55d6e


Chapter 5

An interactive graphical map of
metabolism

In collaboration with Timo R. Maarleveld, Remco C. Jongkind, Frank J. Bruggeman, and Bas Teusink. Adapted

from: Plant Physiology (2014), 164: 1111–1121. Copyright American Society of Plant Biologists.



5. An interactive graphical map of metabolism

Introduction

High-throughput experimental technologies have seen spectacular advances
in recent years, and as a result, previously unimaginable amounts of biological
data are now available. This “omics data explosion” includes transcriptomics
(sequencing), metabolomics, and fluxomics data [288–291], and the analysis
and integration of these data types can reveal important information about
the system-level functioning of organisms [292]. Computational modeling of
cellular behavior is a tried-and-tested method for the interpretation of “big
data”, and with genome-scale models now a reality, they are currently a staple
of systems biology (Chapter 1).

The extensive body of existing biochemical knowledge of metabolism,
combined with the relative ease with which relevant experiments can be
performed and the central role of metabolism to the functioning of the cell,
make genome-scale reconstructions of metabolism an obvious starting point
for the interpretation of genome-scale data sets. Based on the contents of
an organism’s genome, these reconstructions list the metabolic reactions it
can perform [124, 275]. However, even though many metabolic enzymes are
well-characterized, for most reactions we still lack knowledge of the enzyme
kinetics that are involved. To bypass this issue, genome-scale reconstructions
are solely based on the reaction stoichiometry, and they are therefore generally
referred to as genome-scale stoichiometric models (GSSMs).

To leverage the biological information that is included in GSSMs and pre-
dict physiological properties, various stoichiometric network analysis tools
are available [293, 294]. For instance, Flux Balance Analysis (FBA) and Flux
Variability Analysis (FVA) can be used to predict the internal flux distribution
and its variability while optimizing for cellular growth yield [138, 139, 295], a
typical objective in the study of micro-organisms or cancer cells. Alternatively,
tools like OptKnock [140] can be used to predict which gene knockout strate-
gies would result in increased production of metabolites of interest, such as
biofuels.

Unfortunately, the results of analyses performed on GSSMs come in the
form of lists of (reaction) identifiers and (flux) values, which often have
thousands of entries. The sheer size of these lists makes their interpreta-
tion a tedious and human-unfriendly process, yet to be of any biological
value, interpretation of e.g. FBA results in terms of biological functions, mod-
ules, and pathways is essential. To achieve this, adequate visualization is
paramount, and attempts to visualize genome-scale data have indeed been
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made. These approaches can be classified into supervised (human-driven)
and non-supervised (fully automatic) ones. The latter approach, fully auto-
mated mapping of genome-scale models, results in graphs (in the mathemat-
ical sense) that are even more difficult to interpret than the raw data one set
out to visualize on them, so we will not discuss them in detail here.

Human-driven visualization methods, on the other hand, are considerably
more popular, as hand-drawn maps are markedly easier to interpret. Tools
like KEGG [281], Cytoscape [296], CellDesigner [280], and the COBRA Tool-
box [277] each offer their own particular take on modeling and visualization.
However, since none of them was originally designed for visualizing genome-
scale models or genome-scale data, they are of limited use for this purpose.
This becomes particularly clear when one attempts to share, extend, or adapt
an existing map. Commonly, users who attempt this quickly find themselves
fazed by the need for special software, by incompatible identifiers, or simply
by not being able to access an editable version of the desired image. Even
iPath [297], which was designed with genome-scale applications in mind,
suffers from these problems, and thus far, usability issues have prevented
the wide-spread communal use of visualization aids, as well as their use in
combination with computational results. However, the increased availability
of high-throughput data makes the lack of adequate graphical interpretation
tools more dearly felt than ever.

We address this issue by presenting the first comprehensive genome-scale
data visualization tool that is both extensible and open-source: A graphical
map of metabolism that can display any type of data that is associated with
reaction identifiers, gene identifiers, or metabolite identifiers. The map is
fully integrated with FAME, the web-based Flux Analysis and Modeling En-
vironment [298], but it can also be downloaded and used to display results
from other analysis tools. To enable advanced visualization options, we also
provide a stand-alone Python console application named VoNDA, which can
be used to take advantage of the functionality of (other) existing constraint-
based modeling software. For instance, using VoNDA in combination with
PySCeS-CBM [147] or COBRApy [299] allows for a fully Python-based mod-
eling experience.

As a demonstration of how the generic map can be instantiated to suit
a specific genome-scale model, we also present a graphical map that is spe-
cific to Synechocystis PCC 6803 (hereafter simply Synechocystis) [300–303]. This
cyanobacterium can directly convert carbon dioxide (CO2) into carbon com-
pounds, which makes it of great interest for the development of production
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techniques for third-generation biofuels [304–306].

At http://f-a-m-e.org/genericmapdemo/, the generic map is pre-loaded into
FAME, along with a model of Escherichia coli to demonstrate the map’s use in
analysis and visualization in an interactive manner. Similarly, the Synechocys-
tis map and model are made available at http://f-a-m-e.org/synechocystis/.
VoNDa can be downloaded from http://vonda.sf.net/.

Results and Discussion

An overview of the generic metabolic map

Which reactions should one draw on a “generic” metabolic map? Drawing
all imaginable reactions would be very labor-intensive process that would,
ironically, render the map cluttered and useless. Selecting reactions by hand is
a reliable method to include biologically relevant pathways, but it introduces
a bias towards familiar or favorite organisms. Therefore, we selected about
50% of the reactions on our map by hand, and performed a computational
analysis on all genome-scale models in the MetaNetX database [307] to select
the other reactions based on their prevalence in existing models (see Materials
and Methods).

The resulting generic metabolic map that we present here contains 1605
reactions (excluding exchange and transport reactions). The metabolites and
reactions on it are represented internally in the MetaNetX namespace [307].
MetaNetX is designed to be very comprehensive and comes with cross-referencing
tables that aid the integration of the map with models from a variety of sources
(see Table 5.1 for an example). Users who favor an alternative naming scheme
can either convert their model to MetaNetX format (a tool for this is provided
on http://metanetx.org/), or the map to their model’s format. The latter process
is automated in FAME, to maximize the map’s immediate utility and minimize
the conversion effort on the user’s part.

The map can be used to visualize reaction-based results, such as those of a
FBA or FVA, by color-coding reactions based on their flux or variability value
(Figure 5.1).

Each reaction group also includes three small boxes that can be used to
display information about the genes that are associated with that reaction (see
Materials and Methods). These rectangles are normally hidden from view, but
can be shown when gene expression information is available.
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Namespace “Enolase” “ATP”
BiGG [282] R_ENO M_ATP
BioPath [308] RXN01306 Adenosine-5-prime-triphosphate
Brenda [96] BR3384 BG1395
KEGG [281] R00658 C00002
MetaCyc [309] 2PGADEHYDRAT-RXN ATP
MetaNetX [307] MNXR1898 MNXM3
SEED [310] rxn00459 cpd00002
UniPathway [311] UCR00658/UER00187 UPC00002

Table 5.1: Example showing the identifiers of a reaction (2-phosphoglycerate to phosphoenylpyru-
vate (PEP), catalyzed by the metabolic enzyme enolase, Figure 5.3) and a metabolite (ATP) in
various namespaces.

Figure 5.1: A summary image showing the map’s flux analysis visualization features. To prevent
the figure from becoming illegible, this example covers only <10% of the entire generic metabolic
map. This image shows FBA results of the iAF1260 model of E. coli being visualized by color-
coding the reaction lines. Exchange reactions in this model have been automatically added to the
map by FAME, and sorted by absolute flux magnitude (partially shown in inlay on left hand side
of figure).
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5. An interactive graphical map of metabolism

Using the generic metabolic map to visualize arbitrary organisms

Although the map can be downloaded separately and adapted to the user’s
needs, we have also integrated it in FAME, which can directly load it and
tailor it to the user’s model. The link between a model and the generic map
is achieved by ensuring that the identifiers of the reactions, metabolites, and
genes in the underlying model match those on the map.

FAME offers several tools that help make sure the model and map are
optimally linked. In addition to converting the map to the namespace the
model is composed in, it can hide reactions that are not in the model, and it
can automatically draw reactions that are defined in the model, but that are not
yet on the generic map. The user can then drag these into place to customize
the map to their specific needs, and use this customized map instead of the
generic one. When used in conjunction with a model that uses the MetaNetX
namespace, the map can also be directly loaded in VoNDa to execute more
complex visualization queries from the command line.

It follows from the above that the generic map we present here should be
seen as a starting point, both for individual visualization needs as well as for
a comprehensive generic visualization solution for the community. While we
provide various tools that help tailor the map to the user’s needs based on
the contents of the model, and this is likely to be sufficient for incidental use,
workflows that rely heavily on graphical interpretation will require that the
map be customized to a greater extent. In most cases, this means expanding the
map with additional reactions. As each reaction needs to be manually added in
the desired location, this is necessarily a rather labor-intensive process, but we
have attempted to minimize the time investment that is required to customize
the map.

Besides using an open source image format, we do this by using the
MetaNetX namespace, whose identifiers can be easily migrated to cognate
identifiers in alternative nomenclature systems (e.g. [282, 312–314]). FAME
can migrate the map’s identifiers to a variety of namespaces to provide a start-
ing point for expansion of the map. Additions to the map can be drawn by
hand or in whichever other way the user deems most effective or most pretty,
as long as each new element is associated with the correct identifier. We pro-
vide an online SVG-editor in FAME, which allows for easy manipulation of
the metabolic map, including any results superimposed on it.

While the quality of any customized map will be strongly dependent on
the knowledge and skill of whoever modified it, as well as the quality of the
model it represents, the present work presents the community with a solid ba-
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sis from which to start the process of gaining biological insight through graph-
ical representations of large data sets. The base files for the map are hosted
on GitHub (https://joostboele.github.io/Metabolic-Map/), which encourages
users to share their modifications for others to (re)use (e.g. by further adapting
them and sharing the result) [315].

Positioning the map in the spectrum of visualization approaches

Obviously, the challenge our map addresses is not a novel one, and con-
sequently, alternative solutions have been proposed. Broadly, these can be
categorized into solutions that use the existing metabolic map from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) [316], those that build upon the
simulation framework offered by the COBRA Toolbox [277] or directly on Mat-
lab, and all other solutions. While each approach has its merits, we decided
against plugging into an existing framework, since existing solutions either
impose too many restrictions on form and functionality (as in the case of KEGG
or WikiPathways), or because of limited support for (open-source) graphical
applications (as in the case of the COBRA Toolbox, which instead focuses on
simulation). Also, importantly, many otherwise adequate visualization tools
have no analysis functionality; instead, they rely on the user supplying data
from an external source.

In Tables 5.2 and 5.3, we provide general and technical overviews of the
various extant visualization solutions, and briefly describe their approach to
the visualization of FBA-type results. It should be noted that the capabilities
of the various tools vary with their aims and intended use, and that Tables 5.2
and 5.3 solely assess their usefulness for genome-scale metabolic applications,
and not their general usefulness or quality. For instance, CellDesigner [317]
is very commonly used for a broad range of visualization tasks, but finds
application mostly in the realm of small to medium sized signaling models.

As our visualization solution was developed specifically for genome-scale
applications, it should come as no surprise that the combination of FAME and
VoNDa covers the foreseeable user requirements in this area. Thus, regard-
less of any modifications that may be required to tailor the map we present
here to a specific purpose, this first generic, comprehensive, extensible, and
human- and computer-friendly map of metabolism will surely be helpful in
the interpretation of systems biology results. By offering this resource not
only as a flat file, but also as an integrated part of an interactive online analysis
environment, we expect it to be of even greater use to the community.
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Tool name Ref. Short description

KEGG-based
KEGG [316] The well-known KEGG metabolic map has been made available in SVG format.

Very comprehensive mapping effort. Detailed information is hidden for rea-
sons of perspicuity, which makes detailed interpretation of run results difficult.
KEGG cannot perform analyses, but it can superimpose data on maps.

CytoScape [318] Cytoscape is a widely used open-source visualization platform. It cannot per-
form analyses on metabolic networks, but has an intuitive editor for network
images and can visualize a variety of data. Uses fixed layout elements. The
KEGG map of metabolism is available in Cytoscape format.

Pathway Projector [126] Pathway Projector is a web-based pathway browser that can be used to view,
edit and visualize data on the KEGG pathway maps. It is based on the Google
Maps API, and does not itself perform analyses. Images can be exported in
XML or Biopax format.

iPath 2.0 [297] iPath is web-based and can visualize KEGG maps of metabolic and regulatory
networks. It can export images in various formats, including SVG, but it cannot
change the basic layout of elements or perform analyses.

COBRA/Matlab-based
COBRA Toolbox 2.0 [277] Well-known Matlab-based modeling suite. Requires the use of the Simpheny

image definition format and uses a fixed layout scheme. Can superimpose
data on image, but visualization capabilities and options to gain a deeper
understanding in the data or the model are limited.

Paint4Net [319] Plug-in for the COBRA Toolbox which adds detailed information about run
results to visualization capabilities. Can be used to make new maps, but this is
based on unsupervised graph algorithms.

(Cy)FluxViz [320] Plug-in for the COBRA Toolbox (CyFluxViz) and Cytoscape (FluxViz) designed
to specifically facilitate the visualization of flux distributions. Relies on the host
program for analysis features (COBRA Toolbox only) and requires a map to be
supplied by the user.

RAVEN Toolbox [321] While primarily presented as an aid in the metabolic reconstruction process,
the RAVEN Toolbox also has visualization functionality. For this, it requires
pre-drawn maps in the CellDesigner format.

FAME (current) [298] Web-based, open-source. Can analyze models and visualize results on SVG
maps, or visualize arbitrary data. Features an image editor, and can hide unused
features of the image or automatically expand it with additional reactions. Is
indifferent to the layout of maps as long as elements have the right IDs.

VoNDa [322] Stand-alone supplement to the above. Has visualization features similar to
FAME, but offers additional control over the parameters of visualization and
can include or exclude reactions based on the pathway they are in, their flux
value, or the metabolites that participate in them.

Other
WikiPathways [323] This community-driven project centers around pathways (unsurprisingly), and

currently includes over 1700 species-specific pathway maps. The project’s
strength lies in the extensive annotation of all elements on all maps, which
ensures that information can be reused in the future. The task of combining
the various maps into single genome-scale visualization aids has yet to be
undertaken.

CellDesigner [317] CellDesigner is a graphically oriented stand-alone modeling tool that can be
used for both simulation and visualization. Its feature set is impressive, and
mostly geared towards kinetic models. Consequently, it has mainly seen (pub-
lished) use in the study of regulatory networks.

Table 5.2: Overview of extant visualization aids for biological systems.
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Tool name Ref. Accessibility Functionality Automatic drawing

OS WB SA ED Analysis Overlay CLI Leave out Add

KEGG-based
KEGG [316] • •

CytoScape [318] • • • • ◦

Pathway Projector [126] • • • •

iPath 2.0 [297] • •

COBRA/Matlab-based
COBRA Toolbox 2.0 [277] ◦ • • • •

Paint4Net [319] • • ◦ •

(Cy)FluxViz [320] • • ◦

RAVEN Toolbox [321] ◦ • • • •

FAME (current) [298] • • • • • ◦ • •

VoNDa [322] • • ◦ • •

Other
Wikipathways [323] • • •

CellDesigner [317] • • • • ◦

Table 5.3: Comparison of of the technical capabilities of visualization tools. Only tools that can
visualize data are shown here. The tools are grouped depending on their “base” drawing; such
drawings include the KEGG map of metabolism, the COBRA Toolbox drawing philosophy, and
the map we present here. SBGN and SBML Layout are not shown here, as they are graphical
frameworks but not tools. Interestingly, various popular visualization tools cannot perform
analyses and rely on the user supplying data instead. OS: Tool and image formats are open
source (•); if non-open-source dependencies exist ◦ is displayed instead. WB: Web-based. SA:
Stand-alone. ED: Ability to edit the structure of the graphical map. Analysis: FBA, FVA, etc. can
be executed from within tool. Overlay: Results of analysis or external data sets can be visualized
on map. CLI: Command line interface for advanced analyses (◦ is displayed for CLIs that can be
accessed through additional software). Leave out: Unused reactions can be hidden from map.
Add: Reactions that are not drawn can be automatically or manually drawn (•) or manually
added as necessary (◦).

Materials and Methods

Selection of reactions for the generic graphical map

Previously, we developed a graphical map of Synechocystis metabolism, which in-
cluded 902 reactions (including exchange and transport reactions) [322]. We started by
selecting core metabolic reactions from this set, and converting them from the BiGG
namespace to MetaNetX (see Table 5.1 for an example of such conversions). As Syne-
chocystis is a rather specialized organism, it lacks many reactions that are common in
other parts of the tree of life, but rather than just hand-picking these, we applied a
computer-guided selection procedure to avoid introducing a bias in the map’s content.

To do this, we assessed the prevalence of each reaction by determining in which
fraction of the models in the MetaNetX database it occurs. The MetaNetX database
contains models from a variety of sources; some of these are built and curated by hand
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(e.g. the models from the BiGG database), whereas others were generated computation-
ally, and are barely curated (e.g. the models from The SEED). We took this into account
when assessing a reaction’s “prevalence in existing models”, by not only determining
the prevalence of each reaction in all models, but also by restricting our scope to cu-
rated models in the database. The results of these analyses were highly comparable,
presumably because the information the automatically constructed models are based
on is generally provided by the available manually curated models.

By sorting the list of reactions in order of descending prevalence, we could de-
termine how much of each model we could visualize if we would create a map with
the first n reactions. By varying the value of n, and the models whose coverage we
assess (all models, or only curated models), we then determined that approximately
2000 reactions would be an optimal number for our map, as adding reactions beyond
that number is no longer effective towards generating a “generic” map (Figure 5.2).
However, additional reactions can still be added to tailor the map specifically to a
certain (group of) organism(s).

We manually pruned the list of suggested reactions for consistency and biological
sense, and combined with the reactions we carried over from Synechocystis (many of
which were among the selected ~2000 reactions), the first draft of our generic map
contains 1605 reactions. This number is lower than the 2000 quoted above, because
exchange and transport reactions are not included in the generic map by default.
Instead, we included an option in FAME to automatically draw these reactions based
on the model the map is used with.
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Figure 5.2: After ~2000 reactions, adding more reactions to the generic map results in diminishing
returns on the map’s coverage. In determining how many reactions to include in the generic
map, we selected approximately half of the reactions manually, and the other half based on their
prevalence across the models in the MetaNetX database. This plot shows that adding more than
~2000 reactions to the map would have a relatively low return on investment for a generic map,
although it may still be a good idea when one is interested in a specific organism.
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Construction of the graphical metabolic map in SVG

The map is represented in the Scalable Vector Graphics (SVG) format to maximize
its potential for reuse by the community as well as its accessibility by both humans
and computers. Each reaction is represented by a group node whose id attribute is the
same as the reaction’s identifier in the MetaNetX namespace. This way, the entire group
can be hidden or removed if the reaction is not in the model that is being visualized.
Each reaction’s group includes the metabolites participating in the reaction, a path that
connects these metabolites, rectangles that can be used to visualize e.g. gene expression
data, and a hidden text node with the string ReactionValue followed by the reaction
ID (Figure 5.3B). Because each reaction’s group contains all metabolites participating
in it (with the exception of some abundant co-factors), removing a reaction from the
middle of a pathway does not affect adjacent reactions that use the same metabolites: If
the metabolite also participates in an adjoining reaction, that reaction will have a copy
of the metabolite in its group as well.

Using the SVG format allowed us to make the map interactive and dynamic. Specif-
ically, it includes hyperlinks that can direct the user towards sources of additional
information (e.g. KEGG) or, when FAME is used to generate simulation results and
display them on the map, to details about the run that generated the displayed results.
If we had utilized one of the budding visualization standards like the Systems Biology
Graphical Notation (SBGN) [324] or SBML layout [325], including similar functionality
would require the user to install additional third-party software simply to view the
image, which would be undesirable. The SVG format, on the other hand, is open
source, and it is commonly used and widely supported on the web.

Importantly, popular image manipulation software (such as InkScape or Adobe Il-
lustrator) can import SVG files, which ensures that the map can be used as base material
for publication-grade figures. As SVG is also computer-friendly, it is conducive to the
automation of tasks like the extraction of subnetworks from maps, or the development
of a new metabolic map for a specific organism using the generic map as a blueprint.

The map’s features and their relation to biology

The map includes multiple instances of common metabolites, such as ATP, ADP,
NAD(P)(H), and other co-factors. These metabolites are included on the map in vari-
ous locations, which greatly reduces the clutter that would arise if only one instance of
each were drawn (graph based visualization solutions tend to do this). Other helpful
features are hidden when they are not in use, but deserve a brief explanation here; an
overview of these features is given in Figure 5.3.

For instance, space has been reserved on the map to display flux values for reactions
and the direction in which the reaction takes place (Figure 5.3B). Furthermore, when
displaying run results generated in FAME, metabolite names link to a page with a list
of fluxes that produce and consume the respective metabolite. Finally, when display-
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ing run results, the lines that represent reactions can be color-coded to represent the
magnitude of the flux through them (or the variability of this flux, in the case of FVA
results), and an explanatory color bar is displayed at the top of the image (Figure 5.3C).

ReactionValueMNXR1898

0.45

MNXR1898 expr: -3

Hidden text to be replaced
by reaction value

Hidden rectangles
can display expression data

Reaction arrow can be colored, 
arrowheads denote reversibility or flux direction

Tooltips reveal plotted expression values
Unused rectangles remain hidden

A

B

C

Figure 5.3: Overview of the “hidden” features on the map. The example reaction is catalyzed by
enolase, a highly conserved enzyme that was also used as an example in Table 5.1. (A) When
viewing the map without visualizing data, only the reaction’s main reactants are shown, as well
as the reaction’s reversibility. (B) Exposing the hidden features reveals a text string that serves as
a placeholder for flux data (“ReactionValue” plus the ID of the reaction) as well as three rectangles
that can be used to display gene expression data. (C) Example of all of these features in use
simultaneously. Hovering the mouse pointer over a rectangle reveals a tooltip with the plotted
expression value. When viewing FBA results, clicking a metabolite opens a page that shows
which reactions consume and produce the metabolite.

Integration of the map with FAME

To demonstrate the functionality of the map as well as facilitate its use, we have added
a customized section to FAME, the Flux Analysis and Modeling Environment [298].
Visiting http://f-a-m-e.org/genericmapdemo causes the generic map to be loaded, along
with the iAN1260 E. coli model from the BiGG database [282]. After converting the
map to the BiGG namespace, which is a one click operation, the user is able to view,
edit, and run the model, and have analysis results visualized on the map we present
in this article. Though the ability to visualize results on user-supplied (custom) maps
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was already present in FAME, the URL described above pre-loads the model and map
and eliminates the need for loading several files separately.

When the map is loaded, FAME displays a new input box for gene expression data,
allowing for visualization of these data on the map for interpretation in conjunction
with flux analysis results. In addition, we have expanded FAME with an in-browser
image editor. Because this image editor runs on the client machine as a JavaScript
applet, its effectivity at editing the map is dependent on this machine’s specifications.
However, users can always download an editor-friendly version of the map for offline
editing.
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