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Higher plants, as autotrophic organisms, are effective sources of molecules. They hold great promise for metabolic engineering, but the
behavior of plant metabolism at the network level is still incompletely described. Although structural models (stoichiometry matrices)
and pathway databases are extremely useful, they cannot describe the complexity of the metabolic context, and new tools are required to
visually represent integrated biocurated knowledge for use by both humans and computers. Here, we describe ChloroKB, a Web
application (http://chlorokb.fr/) for visual exploration and analysis of the Arabidopsis (Arabidopsis thaliana) metabolic network in the
chloroplast and related cellular pathways. The network was manually reconstructed through extensive biocuration to provide
transparent traceability of experimental data. Proteins and metabolites were placed in their biological context (spatial distribution
within cells, connectivity in the network, participation in supramolecular complexes, and regulatory interactions) using CellDesigner
software. The network contains 1,147 reviewed proteins (559 localized exclusively in plastids, 68 in at least one additional compartment,
and 520 outside the plastid), 122 proteins awaiting biochemical/genetic characterization, and 228 proteins for which genes have not yet
been identified. The visual presentation is intuitive and browsing is fluid, providing instant access to the graphical representation of
integrated processes and to a wealth of refined qualitative and quantitative data. ChloroKB will be a significant support for structural and
quantitative kinetic modeling, for biological reasoning, when comparing novel data with established knowledge, for computer analyses,
and for educational purposes. ChloroKB will be enhanced by continuous updates following contributions from plant researchers.

Higher plant metabolism is exceedingly complex due
to the significantly different metabolic capacities dis-
played by various tissues and to the presence of the
plastidial compartment, which can differentiate into
different types (Jarvis and Lépez-Juez, 2013) and in-
teract with extraplastidial pathways (Rolland et al.,
2012; Sweetlove and Fernie, 2013). This compartment
is specific to photosynthetic eukaryotes and reflects
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plants” evolutionary history. Another aspect of this
history is the existence of branched and parallel
metabolic pathways with many different protein
isoforms (more than 10 in extreme cases), multiple
spatial localizations, specific expression patterns, and
generally varied kinetic or regulatory properties. This
complexity often hinders our understanding of
higher plant metabolism at the system level and is a
hurdle to molecular engineering (Farré et al., 2015).
Detailed kinetic models that simulate and predict
the dynamic responses of metabolic networks are
needed, which, to provide confident predictions,
must be built from vast amounts of data collated from
various sources. These data must first be assembled
by performing a systematic inventory of the meta-
bolic pathways related to a particular genome (i.e.
genome-scale metabolic reconstructions; Seaveretal.,
2012). Unfortunately, current databases specific for
plant metabolic pathways remain limited when it
comes to capturing all the essential details required
for metabolic reconstructions and modeling (Seaver
etal., 2012; Stobbe et al., 2014). Another major issue is
that no current metabolic database refers to a precise
metabolic state or to a given tissue; they all represent
a global metabolic network where all possible re-
actions are combined, even though they may not
take place in all tissues or every cell type (Stobbe
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et al., 2014). Finally, biological networks are often only
partially described, and clear information is required on
how these databases deal with incomplete knowledge,
uncertainties, and conflicts (Stobbe et al., 2014).

Despite these limitations, attempts have been made to
collate the information contained in these databases, for
example by producing genome-scale structural models of
Arabidopsis (Arabidopsis thaliana) in the form of stoi-
chiometry matrices (Poolman et al., 2009; de Oliveira
Dal’Molin et al., 2010; Mintz-Oron et al., 2012) from the
annotations in the AraCyc database (Mueller et al., 2003)
and KEGG (Kanehisa et al., 2016). Although these ma-
trices provide a comprehensive model of a metabolic
system, they fail to cover all the biological details (Dauga,
2015). Indeed, experimental evidence, along with tools for
hypothesis generation and modeling, are needed to ex-
tend our knowledge about given tissues/states of a bio-
logical system. As part of this requirement, when seeking
to exploit the vast amount of heterogenous data available
in databases and the literature, biocuration (Howe et al.,
2008; Burge et al., 2012; Dauga, 2015), which consists of
coherently collecting, organizing, and structuring data
from published articles, databases, and expert knowledge
to make biological information accessible to both humans
and computers, has become an essential aspect of the
initial steps of modern biological discovery and biomed-
ical research.

In this article, we have built on our experience in
dynamic modeling (Curien et al., 2009, 2014) to pre-
sent ChloroKB (the Arabidopsis Chloroplast Knowl-
edge Base), a network-oriented reconstruction of the
metabolism of Arabidopsis that takes spatial distri-
bution within the cell into account. ChloroKB focuses
on the following main points: (1) levels of biological
information and how molecular actors are rep-
resented in their biological context; (2) extensive
biocuration with explicit tracking of sources of ex-
perimental data (transparency); and (3) interactive
and intuitive visual browsing. ChloroKB (http://
chlorokb.fr) is a Web-based application combining
the advantages of a visual graphical representation of
a manually reconstructed metabolism with the fea-
tures of a curated knowledge base. In its current form,
ChloroKB represents 1,147 proteins in 125 inter-
connected metabolic maps.

RESULTS AND DISCUSSION
ChloroKB: Design Principles, Content, and Functionalities

A Multilevel Representation of the Arabidopsis Metabolic
Network

Various levels of graphical representation were con-
sidered during the development of ChloroKB to ac-
count for the different layers of organization within
cells with the aim of allowing end users to visually
explore networks at different scales. The first level,
displayed from the home page, corresponds to a
graphical and interactive representation of the overall
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reconstructed network organized by category of meta-
bolic compounds and biochemical processes. Protein
degradation and the metabolic processes related to the
following compounds are represented: carbon precur-
sors, amino acids, vitamins/cofactors, nucleosides and
nucleotides, hormones, and pigments. The intercon-
nections between the different pathways also are rep-
resented (Fig. 1). At this level, a comprehensive view of
the network showing the numerous and complex de-
pendencies between the different metabolic pathways
making it up (in terms of inflow and outflow) is pro-
vided. This view allows users to track the origin and
fate of a given compound by mousing over a pathway
of interest (represented by a purple hexagonal box) to
highlight the incoming/outgoing arrows (in red) and,
thus, immediately view all the biochemically connected
pathways. Mousing over arrows (or small squares) re-
veals the pathways they link in red. Each purple hex-
agonal icon can be clicked to display the metabolic map
it represents; these maps correspond to the second level
of knowledge representation.

The second level is a graphical representation of a
metabolic process, or map, which provides a detailed
biochemical view and indicates the subcellular com-
partment where the reaction occurs. Although centered
on plastidial processes, the reconstruction was ex-
tended to extrachloroplastic processes, since many
metabolic pathways have multiple connections and
share molecular components. In some cases (e.g. vita-
min B3 synthesis; Fig. 2), metabolism is multi-
compartmentalized, while in others, different isoforms
are distributed over several compartments. An extreme
example of this multilocalization is the two isopentenyl
diphosphate isomerases in the methylerythritol and
mevalonate pathways (localized in four distinct
compartments; Supplemental Fig. S3). By including
cytosolic, mitochondrial, peroxisomal, and secretory
pathways, ChloroKB offers a comprehensive view of
metabolic processes at the level of the cell as a whole.

Network and map reconstruction boundaries were
determined based on (1) metabolite input and output, (2)
a tradeoff between integration and readability, and (3) a
reconstruction rule stating that all protein isoforms should
be represented on a single map. According to this last rule,
whether protein isoforms (isoenzymes) are coded by a
single gene that undergoes alternative transcription (e.g.
glutathione reductase 2) or whether they are produced
by different genes (e.g. Asp kinase 1-Asp kinase 3), they
are all represented on a single map. We tried to optimize
integration (e.g. representing amino acid synthesis and
degradation on the same page), but in some cases, com-
promises had to be found and some processes had to be
fragmented. Connections between maps are represented
explicitly by purple hexagonal boxes, except for the most
common metabolites, ATP, ADP, AMP, NAD(P), NAD
(P)+, inorganic pyrophosphate, and inorganic phosphate.

In addition to this pathway-oriented representation,
hub maps also were constructed. Hub maps are cen-
tered on metabolites synthesized and converted
by several different reactions (more than three in
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Figure 1. Reconstructed network visible on the ChloroKB home page. The network includes N and S assimilation, synthesis of
carbon precursors, amino acids, nucleotides, vitamins, cofactors, pigments, some lipids, hormones, glucosinolates, and plastidial
protein degradation apparatus along with their major connections. Each purple icon represents a metabolic map that can be

accessed by clicking on the icon.

ChloroKB). This level of vision provides information on
all the inputs and outputs related to a central metabolite
and could help with metabolic engineering approaches.
The current version of ChloroKB contains 14 hub maps
centered on the following metabolites: 3-phospho-p-
glycerate, acetate, acetyl-CoA, chorismate, pyruvate,
phosphoenolpyruvate, glyceraldehyde 3-phosphate,
dihydroxyacetone phosphate and erythrose 4-phosphate
(GAP DHAP E4P HUB), fumarate, Glc-1-P and Glc-6-P
(G1P and G6P HUB), L-Asp, phosphoribosyl pyro-
phosphate (PRPP HUB), and ribose 5-phosphate and
ribulose 5-phosphate. The hub representation used in
ChloroKB provides a convenient way to represent
regulatory controls. Indeed, enzymes using hub me-
tabolites are frequently the targets of specific regulatory
interactions (allosteric or not) or regulatory modifica-
tions (oxidation, reduction, and phosphorylation);
some examples of this type of regulation are presented
below (see Chorismate HUB). We expect that these hub
maps and descriptions of short-term regulatory pro-
cesses will be especially useful to modelers, as inter-
mediate metabolic steps, which generally do not play
any regulatory roles, can be ignored in order to focus on
important branching points.

Isoforms were explicitly considered in every process;
therefore, the reconstruction can be considered almost
complete at the cellular level for most biochemical

924

pathways, such as amino acid synthesis; nucleotide syn-
thesis, conversion, and degradation; and pigment and
vitamin synthesis. Some reconstructed processes are
unique to ChloroKB: (1) the protein degradation and
protein quality control pathways in the chloroplast (six
maps); (2) the contextualization of sulfate and nitrate as-
similation in the cell; (3) thiosulfate metabolism; (4) nu-
cleotide and deoxynucleotide metabolism at the cellular
level, including interconversions and degradation; (5)
photorespiration and how it relates to amino acid me-
tabolism; (6) Fe-S cluster assembly; (7) jasmonate and
ketol metabolism; (8) the pipecolate synthesis and deg-
radation pathways, which were recently (partially) char-
acterized; and (9) carotenoid synthesis and degradation
with subplastidial localization of the proteins.

Through these maps and the links between them,
ChloroKB offers users the possibility to navigate through
a network starting from a global view and gradually
zooming into a very detailed representation of molecular
processes and their regulation in a few clicks.

Key Features of ChloroKB and Network Overview

In its current version, ChloroKB includes 125 maps
(111 reviewed and 14 unreviewed; see “Biocuration of
ChloroKB: Principles and Reviewing Process”) with
subcellular compartments, 1,147 reviewed proteins,

Plant Physiol. Vol. 174, 2017
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Figure 2. How ChloroKB represents a multicompartmentalized process (vitamin B3 NAD synthesis). The chloroplast is repre-
sented surrounded by its double membrane, or envelope (in yellow), the peroxisome is in cyan, and the mitochondrion is in red.

Cytosolic proteins and metabolites are represented in white.

228 unknown proteins (i.e. proteins assumed to be
present but for which genes have yet to be identified),
724 molecular complexes, 1,700 simple molecules,
17 ions, and 81 chemical inhibitors. A total of 2,141
PubMed references and 91 additional references (not
available through PubMed) were included for reviewed
proteins, complexes, and metabolites. Quantitative
data are available for 311 metabolites along with in-
formation relating to the experimental conditions used
to determine this information.

The reconstructed network provides general infor-
mation on how metabolic pathways are organized in
Arabidopsis. A numerical representation of subcellular
localizations including multiple targeting is illustrated
(Fig. 3; Supplemental Tables S1 and S2). Thus, a total of
559 proteins are targeted exclusively to the plastid (of
which 85 are present in the envelope and 54 in the
thylakoid). An additional 68 proteins (6% of the total)
are targeted to the plastid and one or more other com-
partments. Dual targeting to the plastid and mito-
chondrion represents 50% of these cases, whereas dual
targeting to the cytosol (13%) or peroxisome (6%) is less
frequent. Cases of multiple targeting are scarce (e.g. five
cases of targeting to the plastid, mitochondrion, and
cytosol and a single case of targeting to four different
compartments).

In addition to plastidial proteins, the reconstruction
in ChloroKB contains 278 purely cytosolic proteins,
88 proteins that are localized exclusively in the mito-
chondrion, and 27 proteins localized in the peroxisome.
Other locations and additional cases of dual targeting
between these compartments are shown in Figure 3.

Plant Physiol. Vol. 174, 2017

Plastid metabolism is highly connected to extrap-
lastidial metabolism (substrate/product relationships,
pathways, or steps catalyzed in parallel in different
compartments), and overall, 54% of the proteins in-
volved in the metabolism of the different metabolites
represented in ChloroKB (Fig. 1) are localized in the
plastid compartment. The correspondence between
the subcellular (and subplastidial) location and the
protein’s gene identifier is provided in Supplemental
Table S2.

Although an impressive number of biochemical and
genetic analyses have been published since 2000, when
the Arabidopsis genome sequence was published
(Arabidopsis Genome Initiative, 2000), the reconstruc-
tion shows that 122 proteins (i.e. 10% of the proteins
with a reviewed status) still require biochemical char-
acterization and that subcellular localization remains
unknown for 83 proteins. In addition, the coding gene
has yet to be identified for 228 proteins.

Querying and Browsing ChloroKB

A search engine has been developed to query
ChloroKB using name, keywords, locus identifier, or
accession number (Fig. 4). Exact and partial text-
matching capabilities have been implemented (Fig.
4A). Search results (maps [Fig. 4B] and molecules [Fig.
4C]) are ranked based on a scoring system that attri-
butes a weight to preselected fields. A higher final score
indicates that the query occurs more frequently in the
result. To facilitate navigation and access to biological
data, the same information can be retrieved in several
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Figure 3. Overview of the subcellular distribution of proteins represented in the reconstructed network. Proteins with multiple
localizations were counted only once and are represented with additional color boxes indicating alternative subcellular local-

ization. This counting does not refer to a specific cell type;

hence, we use the term plastid rather than chloroplast. For more

detailed counting, see Supplemental Table S1, and for gene/localization correspondence, see Supplemental Table S2.

different ways. For example, querying a protein name
in the search field will return all the maps where the
protein is represented (Fig. 4B). This information also
appears in the protein description page, where all the
maps on which the protein is represented are listed (Fig.
4E); the same principle was applied to metabolites. The
fate of a metabolite of interest also can be tracked using
ChloroKB, and additional fates of molecules (un-
mapped in the current version of ChloroKB) are indi-
cated. This is a major advantage over other pathway
databases and avoids the need to perform a refined
analysis of the reactions involving the metabolite and
time-consuming identification of their subcellular lo-
calization by literature mining (e.g. compare chorismate
synthesis, the Calvin cycle, the oxidative pentose phos-
phate pathway, or carotenoid synthesis in ChloroKB
and in other pathway databases).

Browsing was made graphically fluid and interactive
by applying the SVG format to pathways (see “Materials
and Methods”). Clicking on a molecule of interest (Fig. 4,
D-F) or clicking inside complexes displaying a red dot
(Fig. 4G) opens a description page for that molecule or
complex (Fig. 4E for a protein, Fig. 4F for a metabolite,
and Fig. 4G for a complex), where related information
such as localization, reaction, 3D structures, links to
other maps, quantitative data, cross-references, bibliog-
raphy, and comments can be found.
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Biocuration of ChloroKB: Principles and Reviewing Process

A particular effort was devoted to ensuring the
quality and reliability of the information presented in
ChloroKB through biocuration. This step in develop-
ment of the application involved analysis, interpreta-
tion, and integration of biological information from
published work, and users can have high confidence in
the information provided. All maps, proteins (includ-
ing their subcellular locations; see below), and metab-
olites were biocurated, and cross-references to other
resources and comments were added during this pro-
cess (e.g. to highlight conflicting results or confusing
protein nomenclature).

Maps included in ChloroKB were labeled with a status
(reviewed or unreviewed) to indicate whether they have
been revised by at least one independent expert (not in-
volved in the map-building stage); an unreviewed status
indicates that the map is currently undergoing revision.

At the protein level, a reviewed status indicates that
the data associated with a given protein were verified
for consistency and enriched through literature mining
or relevant information obtained from another plant
model, by adding details on reactions (e.g. catalysis,
transport, or regulation), and including additional ex-
perimental evidence. Many reactions that are not cur-
rently available in pathway databases were included in

Plant Physiol. Vol. 174, 2017
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were automatically collected from public resources
(e.g. UniProt); otherwise, this means that the review is
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The information related to subcellular and sub-
plastidial localization received its own qualification.
Thus, in ChloroKB, a protein’s subcellular localization
was defined in one of three ways: (1) proteins for which
the subcellular location was experimentally demon-
strated (by mass spectrometry-based proteomics, GFP
fusion analysis, western blot, immunogold labeling,
activity measurement, etc.) were attributed a curated
localization indicating the appropriate subcellular
compartment (one or more); (2) proteins that have not
been experimentally localized were labeled with an
unknown localization; and (3) unreviewed proteins
were labeled pending in this field. Because some sub-
cellular localizations could be ambiguous or because
information may be incomplete, a localization evidence
comment also was included to justify the curated status
of the localization. To facilitate alternative uses of this
information, such as flux-balance analysis, subcellular
localization also was indicated in the reaction field (see
AT3G24170, http:/ / chlorokb.fr/protein/ AT3G24170).

Transport processes (uniport, cotransport, counter-
transport, and broad specific transport) can be complex.
In ChloroKB, dedicated maps were built to describe
some transport processes (Supplemental Fig. S4).
Nominal cellular compartments (localization) were
specified in the reaction fields on the description pages
for each transporter included in the knowledge base.

Dealing with Incomplete and Partial Knowledge

Biochemical networks necessarily contain some
uncharacterized elements, and genome-scale metabolic
reconstruction must be able to deal with incompleteness
and manage uncertainties and/or unknown molecules
(Fig. 5). As mentioned below (see “Data Representation
and Graphical Annotation in ChloroKB”), this was dealt
with in ChloroKB by defining a color code for reactions
and catalysis. Examples are shown in Figure 5A, which
illustrates 5-enolpyruvylshikimate-3-phosphate synthase
activity (the target of glyphosate). This enzymatic ac-
tivity is encoded by two genes in Arabidopsis, but only
one has been characterized so far. In another example
(Fig. 5B), the localization of the enzymes performing
UMP dephosphorylation to produce uridine has not yet
been documented. Indeed, several protein candidates
(5'-nucleotidases) could catalyze this reaction. One 5'-
nucleotidase was detected in the stroma (orange symbol
in Fig. 5B), but its substrate specificity cannot be pre-
dicted from its sequence; therefore, no symbol for catal-
ysis connects the protein to the reaction. The presence of
this protein in the stroma simply indicates that it is a
candidate for catalysis of the dephosphorylation reaction.
Another candidate enzyme for this reaction is SurE-like
phosphatase/nucleotidase 1 (Fig. 5B); in addition to
catalyzing an undefined reaction, its subcellular locali-
zation is currently unknown, although it does possess an
N-terminal extension that could be a plastid-targeting
sequence. The red color of this enzyme indicates that
its localization has not been experimentally determined
(it also could be targeted to another compartment).
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Figure 5. How incomplete knowledge, prediction, and hypotheses are
indicated in ChloroKB. The codes used to represent reactions or cata-
lytic processes differ depending on whether they are supported by ex-
perimental data or represent hypothetical reactions (or transports) or
predictions based on sequence similarity. Unknown subcellular local-
izations also can be distinguished from experimentally established lo-
calizations. See legends in the figure.

If the gene coding for a protein has not been identi-
fied but the existence of a catalytic or transport step is
strongly supported by indirect experimental evidence
or by logical reasoning, then the reaction/transport
arrow symbol is represented in black on ChloroKB
maps. An example of this situation is illustrated by ri-
boflavin, which is synthesized exclusively within the
chloroplast, and indirect evidence strongly suggests
export to the cytosol (Sandoval et al., 2008; Fig. 5C).
Another example is argininosuccinate lyase; this en-
zyme has never been characterized in Arabidopsis, but
since L-Arg is synthesized in the chloroplast and a sin-
gle gene has been identified, we chose to represent this
reaction in black.

This encoding scheme allows users to distinguish
between objectively verifiable knowledge and predic-
tions (i.e. automatically inferred information) and
suggestions due to extrapolation. Explanations for the
color coding applied to different elements can be found
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in the associated text-based information (e.g. the com-
ments section in the description page contains the fol-
lowing statement: “Awaiting biochemical/genetic
characterization”).

Dealing with Conflicting Annotations

The traceability of protein localization predictions
and the full description of available experimental evi-
dence are novel aspects in ChloroKB. When a conflict
occurred with an annotation (e.g. subcellular location,
function, or name), curation mainly involved careful
inspection of the literature and tracing of the source
(Bernard et al., 2014).

If a conflicting subcellular localization arose, data
from alternative literature sources were sought to
determine the protein localization. An example is
dihydroorotase, which is thought to be located in the
chloroplast stroma. The localization evidence field
indicates the following: “Presence of a transit pep-
tide; GFP fusion indicates a cytosolic localization
(PMID:22474184); however, immunological evidence in
Pisum sativum (PMID:16669783) and biochemical evi-
dence in Arabidopsis (PMID:16664505) indicated a
plastidial localization, and in proteomics experiments,
this protein was detected in the stroma (AT_CHLORO
Database). This protein is therefore assumed to be
chloroplastic.”

In all cases where confusion might arise, an expla-
nation has been provided in the comment field of the
protein description. All references cited on description
pages correspond to data for the unique gene identifier
(even if the names used by authors in their publications
differ from those used in ChloroKB). Alternative pro-
tein names found in the literature were listed in the
synonyms field in the protein description. In some
cases, sequence analyses (BLAST search) had to be
performed to verify the correspondence between the
protein/gene considered in an article and the AGI
identifier reported in the protein description.

When experimental data from different studies pro-
duced conflicting conclusions, this also was indicated in
the comment field.

Using ChloroKB to Investigate the Metabolic Network
of Arabidopsis

By combining data from independent sources in their
original biological context, novel hints can be gleaned to
help investigate a biochemical pathway. In this section,
we will use the example of chorismate metabolism to
demonstrate how ChloroKB can be applied practically
to query the Arabidopsis metabolic network.

A search for chorismate in ChloroKB returns 13 maps
(chorismate HUB, chorismate and isochorismate syn-
thesis, chorismate mutases, Calvin cycle, etc.) in which
the term chorismate appears either in the name of the
map or as one of the components represented on the
map. Results related to molecule descriptions (proteins
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and metabolites) for the query chorismate also are
displayed. The chorismate and isochorismate biosyn-
thesis map (Fig. 6) shows the catalytic steps in the
conversion of phosphoenolpyruvate and erythrose
4-phosphate (purple hexagons at the top of the figure)
to chorismate and the different uses to which cho-
rismate is put by the cell (purple hexagons at the bottom
of the figure). The connections with lignin precursor
synthesis in the cytosol are indicated in pale gray (zoom
displayed in Fig. 6). These connections are hypothetical
and poorly experimentally documented in Arabi-
dopsis; this uncertainty is graphically represented by
the display of unknown proteins (boxes surrounded by
dotted lines) and gray lines for reaction arrows and
catalysis symbols. Much better characterized are the
fates of chorismate and isochorismate. The chorismate
and isochorismate biosynthesis maps (Fig. 6) indicate
six different fates: they are precursors for the synthesis
of a stress hormone (salicylate), a cofactor (phylloqui-
none), a vitamin (folate), and three amino acids (L-Trp,
L-Tyr, and -Phe). Each of these downstream pathways
can be accessed by clicking on the relevant purple
hexagonal icons. Alternatively, further details on cho-
rismate (a hub metabolite) can be obtained by clicking
on the See chorismate HUB icon (Fig. 7A). This hub map
(Fig. 7B) shows all the enzymes competing for cho-
rismate and offers a comprehensive view of what is
currently known about short-term (allosteric) controls
affecting these enzymes. For instance, both anthranilate
synthase a-subunits bind L-Trp (an inhibitor); clicking
on the red dot provides access to text-based information
and a reference. More details are available for cho-
rismate mutases (using the See chorismate mutases
icon). The 3D structures of these enzymes and their
biochemical and regulatory properties are known;
therefore, a molecular model can be proposed (for de-
tails, see Fig. 7C).

CONCLUSION

ChloroKB is a unique, extensively biocurated, and
fully referenced visual interface, presenting a compre-
hensive view of chloroplast metabolism connected to
whole-cell metabolism. Thanks to CellDesigner standard
representations combined with the additional codes
specifically developed for ChloroKB to represent bio-
chemical complexity, as well as extensive biocuration,
ChloroKB provides a complete overview of the current
state of knowledge of complex molecular processes in
their cellular context. Navigation between images and
text-based information facilitates exploration of the
knowledge accumulated over many years of research.

ChloroKB can be used for many different purposes:
for hypothesis-driven analyses, to understand complex
interconnected biochemical processes, and to identify
missing information that requires additional biochem-
ical characterization (Fig. 5). By allowing visualization
of the network structure and facilitating access to rele-
vant data, ChloroKB will be invaluable for efficient
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dynamic modeling. ChloroKB also might be useful in
elucidating evolutionary issues. ChloroKB also pro-
vides information that can be useful when writing and
reviewing articles, as it provides instant access to a
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wide range of up-to-date information on chloroplast
components and their interactions. In addition to its use
for teaching purposes, this visualization tool also will
be a great help to nonexperts or young scientists who
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lack the years of experience and the knowledge ac-
quired by senior scientists. As ChloroKB is based on
the use of the freely accessible, easy-to-use software
CellDesigner, the extent of the network can be im-
proved continuously through community contribu-
tions; interested users and modelers are invited to use
the icon Feedback and contribution to ChloroKB from
the home page. In addition, a template file (XML
format) containing all the graphical codes (as illus-
trated in Supplemental Fig. S2) is available upon
request.

In the future, other metabolic or molecular processes
will be added to ChloroKB, which will ultimately pro-
vide a complete representation of the molecular net-
work in Arabidopsis chloroplasts and beyond. This
work will facilitate the construction of equivalent
models in crop plants or algae, using the maps as
templates. In the long run, we hope that it will be
possible to combine this metabolic network with a re-
construction of the gene network controlling metabo-
lism, along the lines of the reconstructed genetic
network controlling Arabidopsis flower development
(Bouché et al., 2016).

MATERIALS AND METHODS

Data Representation and Graphical Annotation
in ChloroKB

The biochemical context, Arabidopsis (Arabidopsis thaliana) chloroplast and
other subcellular compartments, was reproduced using the CellDesigner for-
malism (Funahashi et al., 2008). Proteins, complexes, metabolites, ions, chem-
ical inhibitors (called drugs in CellDesigner), their subcellular/subplastidial
localization, and their various conversions (transport, catalysis, cleavage, reg-
ulation, posttranslational modifications, and assembly processes) were repre-
sented. CellDesigner supports graphical notation and listing of the symbols
based on the Systems Biology Graphical Notation (Le Novére et al., 2009). This
graphical notation was further extended to distinguish established knowledge
from predictions and hypotheses (i.e. whether subcellular-subplastidial locali-
zation has been experimentally confirmed, whether protein function has been
demonstrated, and whether a protein has been detected in the reference tissue).
Results of biochemical, immunological, and/or proteomics-based studies were
considered experimental evidence.

Graphically, proteins that were experimentally detected in leaf (the reference
tissue in ChloroKB) are represented as a thick-bordered box, whereas proteins for
which no experimental evidence for presence in leaf has yet been published are
represented with a thin border. Each graphical box (protein) also was assigned a
color referring to its curated subplastidial localization (orange = stroma, yellow =
envelope, green = thylakoid, and purple = plastoglobule) or localization else-
where in the cell (white = cytosol, pink = mitochondrion, and peach = endo-
plasmic reticulum/Golgi/vacuole). Proteins of unknown intraplastidial
localization but which have been reported to be targeted to the plastid (e.g. GFP
experiments and in vitro import assays) are indicated in pale green. Proteins for
which localization is uncertain (i.e. for which no experimental evidence is
available) are indicated in red. Graphical symbols representing metabolites
follow the same color code, although only two colors (pale green and purple for
the lumen) were retained for the chloroplast. Finally, noncovalent activation/
inhibition of the protein in protein-metabolite complexes is systematically in-
dicated, with a plus sign (for activators) or a minus sign (for inhibitors) appended
to the metabolite in the protein-metabolite complexes (see description of cho-
rismate metabolism, Fig. 4C). Covalent modifications by phosphorylation, Cys
oxidation, and protein cleavage also are represented thanks to the graphical
notation available in CellDesigner. The notion of unknown proteins (proteins
for which a biological activity has been suggested or reported but for which the
corresponding protein-coding gene has yet to be identified) also is represented
on the maps.
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Published data were biocurated extensively to distinguish between hypo-
thetical and predicted reactions versus experimentally established protein ac-
tivity. Conclusions of this curation are represented as follows. The arrow
representing a reaction was colored black for experimentally demonstrated
reactions (regardless of the catalytic protein); reactions that are strongly sup-
ported by indirect evidence also were indicated by black arrows. Hypothetical
reactions were indicated by gray arrows, allowing users to readily distinguish
between established knowledge and hypotheses. Predicted protein activity,
based on a protein sequence similarity criterion but for which the protein/gene
has not been experimentally characterized (e.g. biochemically, by functional
complementation, by characterization of insertion lines, or by analysis of
overexpression constructs), were connected to the reaction symbol by a gray
catalysis symbol. Based on this representation, a rapid glance at a metabolic map
can distinguish between experimentally characterized proteins and proteins
awaiting characterization. Detailed legends can be displayed at any time by
clicking in the top right region of any ChloroKB page (Supplemental Figs. S1
and S2).

Text-Based Information

The visual representation of the network components is associated with
curated text-based information. This information can be accessed by clicking on
the symbol representing a protein or metabolite in any metabolic map. A de-
scription page is available for all molecule types (proteins, unknown proteins,
metabolites, ions, chemical inhibitors, and complexes). These pages list curated
information (name, localization, function, reaction[s] catalyzed, and molecule[s]
transported), hyperlinks to selected databases (see next paragraph), and
PubMed references. Only bibliographic references reporting biochemical in-
formation (e.g. substrate specificity and kinetic data), experimental evidence for
localization (e.g. antibody based, GFP fusion, activity measurements, and
proteomics), or genetic data (i.e. insertion mutant phenotypic analyses) are
included in ChloroKB; large-scale studies were voluntarily omitted. Semi-
quantitative data for plastidial proteins (i.e. spectral counting from the
AT_CHLORO database; Ferro et al.,, 2010) and absolute quantification for
metabolites also are reported in these description pages when available. For
metabolites, literature references, original published units, tissues or subcellular
compartments, experimental conditions, and comments are provided (see the
ATP description page). Description pages also were produced for some protein-
protein or protein-metabolite complexes; these are indicated by red dots. For
regulatory proteins, the description page was used to briefly explain the
properties of the complex.

In some cases, the proteins have not been characterized in Arabidopsis and
much of what we know, such as kinetic properties or localization, is available
only from orthologs expressed in other model plant systems (e.g. pea [Pisum
sativum], spinach [Spinacia oleracea], and tobacco [Nicotiana tabacum]). This in-
formation is scattered throughout the literature but has been gathered together
in ChloroKB to guide model building and to facilitate the characterization of
Arabidopsis proteins. The organism from which evidence was obtained is listed
as the plant species alongside the references cited in the description pages (see
the Rubisco map). A similar approach was applied to quantitative data pro-
vided for metabolites when the information was unavailable for Arabidopsis
but was available from other model species.

Cross-Referencing of Other Databases

Cross-references to related molecular biology databases is provided in
description pages in ChloroKB. For proteins, these include TAIR (Huala etal.,
2001; Berardini et al., 2015), UniProt (UniProt Consortium, 2015), KEGG
(Kanehisa et al., 2016), ENZYME (Bairoch 2000), and two more specialized
databases, AT_CHLORO (Ferro et al., 2010) for semiquantitative information
on the relative abundance of chloroplast proteins and MASCP Gator (Joshi
et al.,, 2011). MASCP Gator centralizes proteomics data from different Ara-
bidopsis tissues and, thus, makes it possible to explore protein expression in
different organs in addition to the mesophyllic leaf tissues used as a reference
for ChloroKB. A link to SABIO-RK (Wittig et al., 2012) is provided for bio-
chemical reaction kinetics (even though it only documents a very small
number of Arabidopsis proteins) and to The Protein Databank (Berman et al.,
2000) for protein 3D structures. For metabolites, links to ChEBI (Hastings
etal., 2013), MetaCyc (Caspi et al., 2014), and PubChem (Kim et al., 2016) are
provided. PubChem links are used for direct visualization of metabolites in
ChloroKB. Links to MetaCyc reaction identifiers are provided for an atomic-
scale representation of reactions.
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Ifthe 3D structure of the Arabidopsis protein is unavailable but itis known for
thehomologous enzyme from another plant model, the Protein Data Bank codeis
included in the comment field.

Cross-references to specialized metabolic pathway databases also were in-
cluded directly on maps in the following three cases: the Aralip database (http:/ /
aralip.plantbiology.msu.edu/pathways/pathways; Beisson et al., 2003) in the
malonyl-CoA synthesis and monogalactosyldiacylglycerol, digalactosyldia-
cylglycerol, and sulfoquinovosyldiacylglycerol synthesis maps; the oxylipin
profiling database (http://www.oxylipins.uni-goettingen.de/) in the jasmo-
nate and ketol maps; and AtIPD (http:/ /www.atipd.ethz.ch/; Vranova et al.,
2011) in the geranylgeranyl diphosphate map.

Software Architecture, Data Model, and Visualization

These structured heterogenous biological data canbe exported as XML files
for further computer manipulation (e.g. embedded into graphical format; see
below). In terms of architecture, the ChloroKB application was built using a
model view controller architecture. This architecture is based on the Grails
framework (https:/ / grails.org), a ready-to-use development environment for
Web applications. The model view controller design split the software into
three interconnected parts making it possible to use: (1) the view to display
the Web layer; (2) the model to store the information from the database; and
(3) the controller to manipulate the data. Data were organized and stored
using MongoDB (https://www.mongodb.com), an open-source document-
oriented database. This solution was selected because it provides high-
performance data persistence, which increases data availability and
automatic scalability. Data were stored in the form of documents, which
are themselves gathered into collections. The data model currently
consists of three main collections: (1) map, a collection of CellDesigner
maps; (2) record, a collection containing descriptive data related to all
molecules (proteins, metabolites, complexes, etc.); and (3) crossref_URL, a
collection of all URLs linking ChloroKB information to other public resources.
A detailed description of the ChloroKB data model can be found in
Supplemental Data S1. For interactive and animated map visualization, we
chose the scalable vector graphics (SVG) format, an XML-based vector image
format for two-dimensional graphics. The SVG images and their behavior are
defined in XML text files; therefore, they can be searched, indexed, scripted,
and compressed. In association with javascript, this technological choice also
allows extensive browsing options (zoom in/out, embedded hyperlinks,
scrolling, mouse over, etc.).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Graphical code and explanations.
Supplemental Figure S2. Contextualized graphical code.
Supplemental Figure S3. Spatial organization represented in ChloroKB.
Supplemental Figure S4. Transport reactions in ChloroKB.

Supplemental Table S1. Curated subcellular and suborganellar localiza-
tion in ChloroKB.

Supplemental Table S2. Gene identifiers and corresponding curated sub-
cellular localizations in ChloroKB.

Supplemental Table S3. Gene identifiers, protein names, and short names
in ChloroKB.

Supplemental Data S1. ChloroKB data model.
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