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Semi-automatic drawing of metabolic
networks

Peter Droste’, Wolfgang Wiechert' and Katharina Noh'

Abstract

In the living cell, biochemical reactions catalyzed by enzymes are the drivers for metabolic processes like
growth, energy production, and replication. Metabolic networks are the representation of these processes
describing the complex interactions of biochemical compounds. The large amount of manifold data concern-
ing metabolic networks continually arising from current research activities in biotechnology leads to the great
challenge of information visualization. Visualizing information in networks first of all requires appropriate
network diagrams. In the context of metabolic networks, historical conventions regarding the network layout
have been established. These layouts are not realizable by prevailing algorithms for automatic graph drawing.
Hence, manual graph drawing is the predominating way to set up metabolic network diagrams. This is very
time-consuming without software support, especially considering large networks with more than 500 nodes.
We present a semi-automatic approach to drawing networks which relies on manual editing supported by two
concepts of the interactive and automatic arrangement of nodes and edges. The first concept, called the layout
pattern, uses an arbitrarily shaped skeleton as a backbone for the arrangement of nodes and edges. The
second concept allows us to wrap a set of repeating drawing steps onto a so-called motif stamp, which can be
appended to other parts of a diagram during the drawing process. Finally, a case study demonstrates that
both semi-automatic drawing techniques diminish the time to be devoted for the manual network drawing
process.

Keywords
biochemical networks, semi-automatic network layout, information visualization, graph drawing, metabolic
pathways

Introduction Prominent pathways are, for instance, the glycolysis

Information visualization has attained increasing
importance in the field of systems biology and meta-
bolic engineering where a wide variety of large-scale
data arises continually from  high-throughput
experimental studies and computer simulations.
Intracellular biochemical processes are usually consid-
ered networks whose nodes represent the actors of the
complex interlaced biological system (e.g. metabolite
pools, enzymes, genes) and the edges represent relations
between these actors (e.g. conversion, activation, inhi-
bition, degradation, synthesis).'> Networks describing
the metabolic activities of a cell are called metabolic
networks. They consist of enzymatic reactions trans-
forming biochemical compounds into each other.
These reactions compose a complex network of inter-
dependencies and regulatory mechanisms.® In meta-
bolic networks, reactions can be classified by the
so-called metabolic pathways being series of reactions
that share a certain functional role in the metabolism.

for breakdown of glucose and other sugars and the
citric acid cycle producing high-energy reduction
equivalents.

Visualization is a key to achieving an overall view of
data corresponding to the components of a network. By
this, deeper insights into complex interrelations
between these network components can be achieved.
A convenient, network-integrated visualization tech-
nique is to map scalar data to visual properties of net-
work nodes and edges.®”’ In this way, a direct
visual link is established between data and the
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biochemical network. It is important to visualize entire
metabolic networks in a single drawing in order to iden-
tify interconnections on metabolic processes.

Layout conventions

There are several different types of biochemical net-
works from the genome, transcriptome, or proteome
layer displaying different aspects of intracellular pro-
cesses.® Each of these layers has its own, very specific
peculiarities. The network type we focus on is the met-
abolic layer. In the context of metabolic networks, we
are concerned with historically established conventions
for network layout. Biologists have these ‘familiar’ lay-
outs in mind when they draw networks inspired by pop-
ular biochemical text books.>® These text books share
de facto layout conventions that are commonly
accepted but cannot be put into a list of fixed rules.
However, there exist informal conventions.

The layout conventions concern the arrangement and
shape of metabolic pathways in a diagram. For example,
one significant motif, usually acting as landmark in com-
prehensive biochemical network drawings, is the circular
arrangement of the so-called citric acid cycle (cf. Figure
2(d)). Even for organisms where the path is not closed
(e.g. Gluconobacter oxydans), it is arranged in a sickle-
shaped arc. Another example for a circularly arranged
pathway is the so-called urea cycle. In contrast, the
glycolysis (glyconeogenesis) pathway is usually
arranged linearly from top to bottom (bottom to top)
or from left to right (right to left). The pentose phos-
phate pathway and the anaplerotic section are usually
arranged to the left or right to the glycolysis. The glyox-
ylate bypass is located inside of the citric acid cycle. The
amino acid synthesis pathways are usually drawn to
both sides of the glycolysis and citric acid cycle in a
more or less linear scheme. These conventions are
informal and, by this, imply certain flexibility. The
most important problem for the computation of these
layout conventions is the actual composition of the
pathways is organism-specific and varies between dif-
ferent biological systems. Despite the fact that meta-
bolic networks are widely utilized, there is still no
common standard that unifies the identifiers of metab-
olite pools and reactions.

When simulated and experimental data have to be
visualized in a network context, the established layout
conventions should be obeyed in order to increase the
acceptance and readability. Following established
layout conventions facilitates rapid orientation. The
human observer can concentrate on the essential quan-
titative or structural information related to the net-
work. This makes discussion of, for instance,
measurement values visualized in a metabolic network
diagram much more efficient.

Automatic versus manual approaches

As an illustrative example, Figure 1 shows a
small network of a microbial central metabolism.
In Figure 1(a), the network was manually drawn
according to the standard text book Ilayout.
Figure 1(b—d) display the same network but are
designed by means of three different automatic layout
algorithms. Life scientists and biologists are immedi-
ately able to identify all the essential metabolic path-
ways shown in Figure 1(a). It is quite obvious, however,
that the automatic computed diagrams are hard to read
because even the prominent paths and cycles cannot be
recognized in the automatically computed arrangement
(Figure 1(b—d). These diagrams are inadequate for
information visualization where orientation and fast
identifiability are indispensable prerequisite as it is the
case for metabolic networks.

As stated by Suderman and Hallett, most tools in
the context of biochemical network visualization sup-
port a fully automatic network drawing mode.'® Here,
the usual approaches of automatic graph drawing, as
for instance hierarchical'' or force-directed'*'® meth-
ods, are adapted and improved according to the
requirements of the biochemical application field by,
for example, clustering or grid-based'* !¢ approaches.
However, Saraiya et al. wrote that the utility and
impact of those approaches for visualization of meta-
bolic networks is yet unclear.'” Even these adapted
automatic solutions rarely lead to well-accepted net-
work layouts.

This contribution does not argue against automatic
graph drawing in general. Certainly, these techniques
are successfully applied in other types of biochemical
networks, for instance, protein-protein interaction net-
works.'® In such application fields, the arrangement of
nodes and edges in the diagram has no effect on the
identifiability of single components because there are
no standardized layout rules. Hence, an automatic
layout of network components does not affect the
gain of insight from the visualization.

Automatic graph drawing is well suited if no
commonly accepted layout conventions exist, or,
graphs are generated for getting a qualitative impres-
sion by means of connection-centric approaches.
Furthermore, automatic network layout is undoubt-
edly valuable where the size of the networks exceeds
several ten thousands of nodes even in the context of
metabolic networks.'”° Gehlenborg et al. state that
although the available automated layout methods may
be useful, they usually lead to low-quality layouts
compared to manually drawn networks and often
require manual editing in addition.?! Human interven-
tion is necessary in order to adapt the automatically
computed layout to the requirements of the scientific
application field.> Here, we focus on smaller
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Figure 1. Layout of the central metabolic pathways: (a) manually drawn according to well-established layout conven-
tions; (b) to (d) automatic computed graph layouts with several algorithms provided by the graph editor yEd (http://

www.yworks.com).

networks ranging from one hundred up to two thou-
sand nodes.

Circular arrangements

Prevailing automatic graph layout algorithms are not
able to arrange cycles as they are commonly drawn in
metabolic networks. From a graph theoretical point of
view, metabolic networks usually contain sev-
eral potentially nested cycles as depicted in Figure
2(a—d). Here, a section of Figure 1(a) is shown with
four exemplary graph cycles highlighted in the network.
Not all graph cycles, however, are actually drawn as
circles in a network diagram by convention. In the
example from the central metabolism, only the citric
acid cycle (cf. Figure 2(d)) is arranged in a circle as it
was initiated by the pioneers of molecular biology.
Obviously, graph analysis algorithms are not able to

identify the one network path conventionally drawn
as circle.

A frequently applied automatic layout scheme is the
arrangement of all network nodes on a circumference
interconnected by straight line edges* as shown in
Figure 2(e)). However, a circular arrangement of
cyclic network paths as part of a hierarchical network
layout is rare and to our knowledge has not yet been
applied successfully.

Layout requirements of metabolic networks

We argue that the design process of metabolic network
diagrams is governed by conserving recognition value,
which means rapid orientation in the diagram and
immediate identifiability of ‘familiar’ network sections.
Recognition value is very important in order to gener-
ate network-integrated data visualizations giving fast
impressions of the embedded information.
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Figure 2. Circular arrangement of paths within nested metabolic networks: (a) to (d) examples for cyclic paths in one
subnetwork of (e) circular network layout automatically generated by yEd.

Another closely related aspect in drawing metabolic
networks is aesthetics. Here, aesthetics does not only
and not necessarily include a minimized number of
edge crossings and bends, symmetry, and maximal
angles between edges leaving a node.”* According to
Saraiya et al., the applicability of existing concepts on
network aesthetics in the context of metabolic networks
is not clear.!” We propagate a more general concept of
the term aesthetics including the shape of edges and
proportions of nodes. Figure 1(a)) shows differently
formed edge shapes leading to an aesthetically pleasing
diagram. Here, edges between circular-arranged nodes
are shaped as arcs. Other edges have linear or curved
characteristics adapted to the arrangement of nodes. A
third aspect that becomes increasingly important for
larger networks is efficiency. Drawing networks is
very time-consuming. Saving time by supporting the
human activities is a desirable goal for drawing soft-
ware for metabolic networks, e.g. by automating repet-
itive actions.

These three requirements — recognition value, effi-
ciency, and aesthetics — must be supported by a net-
work drawing tool. We argue that it is nearly
impossible to perform all these requirements for meta-
bolic networks with automatic layout algorithms.
Clearly, the automatic placement of network elements
is time-efficient, but the designed network diagrams do
neither satisfy common aesthetics nor have any recog-
nition value (see Figure 1). In the context of metabolic
networks, we demonstrate that manual graph drawing

supported by a small set of automatisms leads to the
widely accepted network layouts whereas the time
effort for the drawing process is diminished.

Contribution

We present a novel semi-automatic graph drawing
approach that satisfies the special requirements of
metabolic networks. This approach consists of the
so-called layout pattern, which is described in Section
‘Layout pattern: shaping the coarse network struc-
ture,” and the motif stamps (see Section ‘Motif
stamps: cloning small reaction patterns’). Section
‘Work Flow’ introduces a work flow for applying the
design and layout techniques. In order to give an
impression of the strength of our contribution
Section ‘Case study’ discusses a case study in ‘real
life’. First of all, Section 2 gives a short introduction
to the terminology of metabolic networks on which
this work is based.

Metabolic networks

Metabolic networks are commonly represented as
directed hypergraphs’~> where metabolites are symbol-
ized by nodes and the connecting edges correspond to
the enzymatic conversions (reactions). Here, every edge
may have several sources and destinations (i.e. sub-
strates and products of a reaction step). However,
such directed hyperedges can also be represented in a
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bipartite graph structure by introducing individual
nodes for reactions.'>??> Our approach relies on the
latter convention (cf. Figure 3).

Graph definition

The above-described network concept leads to a direc-
ted graph G=(V, E) describing a metabolic network
with set of nodes V=MUR and MNR=( containing
metabolite nodes M and reaction nodes R connected
by edges EC{MXR,RXM}. A directed edge ec E
between a start node v; and a destination node v,, vy,
v, € V is denoted by e=(v; v,) A set of all edges con-
nected to a node v; € V' is denoted by E(v) C E and the
connectivity of v by |E(v)|. The set E can be subdivided
into disjoint types of edges used in metabolic net-
works. The set of ‘flux edges’ f'€ F representing flux
relations between metabolites and reactions and the
set of ‘effector edges’ x € X indicating regulatory
effects between metabolites and reactions® are
given by:

F={(vi,w)vieM,vmeRVvER neM} (1)

X:{(Vl,V2)|V1 eEM, VQER} (2)

Metabolic pathways

Classification of reaction sequences into metabolic
pathways provides important meta-information

about the network structure. It can help to compute
network layouts because these pathways are usually
drawn as a linear or circular node sequence. A meta-
bolic pathway PCR is a set of enzymatic reactions
defining a special functional module of the network.
Let P, and P, be two pathways, then P;NP,=0
Like metabolites and reactions, pathways are
also labeled with a unique identifier. The periph-
ery II, = (E,,M,) of a reaction r is given by its
connected edges E,= E(r) and the connected metabo-
lites M, = {m € M|3e € E(m)NE,} (distance 1). The
peripheries of all reactions of a pathway P lead to

the ‘pathway subgraph’ which we denote
G, = (PUM, E) with:
M= U M, and (3)
repP
E= UPE, with ENX =10 4)
re

Note that effector edges are excluded from the set of
pathway edges.

Duplicated nodes

A distinguishing feature of metabolic networks is the
existence of a few nodes that show a high degree of
connectivity. This especially applies to certain metabo-
lites like ATP or NADH, which participate in many
enzymatic reactions over the entire network.

Figure 3. Bipartite graph representation of a metabolic network example. Reactions are displayed by diamonds,
metabolites by rounded rectangles. The edges with a triangular arrowhead indicate a flux relation. The edges with a circle
end marker indicate a regulatory effect. The metabolites NADP and NADPH are represented by two duplicated nodes in

each case.
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Displaying a metabolic network with only one repre-
sentative of each of those highly connected nodes
would lead to a chaotic diagram with a myriad of
edge crossings. Avoiding these edge crossings
leads again to uncommon network layouts. In order
to reduce edge crossings without affecting readability,
we introduce the possibility of duplicatable metabolite
nodes. By this, a metabolite can appear several
times in a network diagram; or in other words,
several metabolite nodes can represent one single
metabolite m = {m,|m € M,n € N}. In this way, the
connectivity of the visual representation is strongly
reducible.

Creating network diagrams

As mentioned above, this work introduces novel
automatisms that support and accelerate the process
of manual graph drawing. These techniques are imple-
mented in the network drawing tool ‘Omix.” Omix is a
software solution for customizable information visual-
ization in the context of metabolic networks. With
Omix, metabolic network diagrams can be created
and data from experimental studies or simulation can
be visualized in these diagrams as published
elsewhere.®°

Figure 4 shows the main window of Omix consisting
of a drawing area in the center where diagrams are
drawn, several toolbars giving access to functionalities
of the software and two sidebars showing diverse infor-
mation about the network and its components in struc-
tured manner.

Basically, there are two alternatives for setting up
network diagrams in Omix:

a. A network diagram can be manually drawn bottom
up, i.e. every node is drawn individually and every
edge is inserted one by one.

b. A network diagram can be generated by importing
a network from third party file formats or from
databases. Here, usually the network components’
layout information is not available. Hence, the
nodes and edges must be arranged in the diagram.

Both options are quite time-consuming without any
software assistance even for networks with a moderate
number of nodes. The following sections introduce
techniques realized in Omix in order to speed up the
drawing process.

Layout pattern: shaping the coarse
network structure

The drawing area of the diagram editor can be pre-
structured with a so-called layout pattern. A layout
pattern is a skeleton on which series of nodes and
edges can be arranged (see Figure 5). In the process
of arranging nodes on the drawing area, the layout
pattern supports the user in finding the correct node
sequences in a heterogeneously connected graph. To a
certain extent, the layout pattern is a meta-
component of the diagram imprinting an overall struc-
ture to the network. In the following, this novel
method of semi-automatic network layout is

% e Edt nsert View Extras Window 2

< Label P._ [10.00; 0,001

y__[ooo
Label R...[0.00
< Position _|(-225.44; 1467
[225.45
v 126223
~ Bounds__[(60.00; 40.00]

Figure 4. Main window of the network drawing tool Omix among others consisting of a drawing area (center]) and a

component list sidebar (left).
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introduced in more detail. The usage of the layout
pattern for node and edge arrangement is illustrated
and the particular challenges arising from the combi-
nation of interaction and automation are stressed.

The layout pattern is an arbitrarily complex figure
consisting of several spline segments, the so-called pat-
tern sections, which can be versatilely assembled. Figure
5(a)) shows a pattern figure for the central metabolism
which was already illustrated in Figure 1. Every pattern
section is an arbitrarily shapeable spline between two
branch points as illustrated in Figure 5(b). On a pattern
section, a sequence of nodes and edges is arranged
according to the geometry of the path curve (see
Figure 5(c)). When the shape of a pattern section is
subsequently changed, the position of all its nodes
and the shape of all the edges are immediately adapted
to the new shape of the pattern. A node on a pattern
section can have two neighbors; a node on a branch
point can have as many neighbors as pattern sections
are connected to the point.

Pattern sections can be added to the drawing area.
Here, user guidance is oriented to the curve handling of
common graphics software tools. Curvature can be
edited with Bézier control points, smoothness can be
enforced, and curve sections can be joined or split. In
this way, the favored diagram layout can be prepared.

Network editing and layout pattern editing work in
two different layers. When the pattern is edited, it

becomes a top-level item, whereas all components of
the network diagram are inaccessible and semi-
transparently displayed in the background (cf. Figure
5(b)). Vice versa, the layout pattern is semi-
transparent in the background in network editing
mode (Figure 5(c)). When the diagram is used for visu-
alization, printout etc., the layout pattern is invisible.

Using the layout pattern

This subsection gives an impression of the work flow of
using the layout pattern. As mentioned above, nodes
and edges can be placed on the layout pattern. This is
exemplified in the image series in Figure 6, where a
chaotic network is being arranged by a user-defined
pattern section (see Figure 6(a)). Using the layout pat-
tern is done by positioning nodes either on top of a
pattern section or a branch point. In Figure 6(b), a
reaction node has been moved onto a circular pattern
section. When a node vy € V' is added to the layout pat-
tern in this way, the layout pattern searches for paths in
the network that interconnect the added node v, to its
neighboring nodes vy . v, n>1. The path search
requires human interaction because there can be
many paths between two nodes in a network. The chal-
lenges and requirements of this path search are dis-
cussed below.

o
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Figure 5. Layout pattern consisting of several pattern sections connected by branch points (a). Pattern sections formed
as sequence of Bézier curves (b). Arrangement of nodes and edges on a pattern section (c).
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(@

Figure 6. Using the layout pattern to design a sequence of nodes and edges: (a) initial situation, (b) starting the layout
step by moving a node on top of the pattern, (c] finished layout step after interactive search of matched node sequence.

Since the pattern section in the example shown in
Figure 6 is a circle, a cyclic path must be specified by
the user to be arranged on the pattern. This path starts
and ends with the reaction node recently added to the
layout pattern. After selecting the preferred path, its
node sequence is added to the pattern by arranging
the nodes equidistantly while reshaping the edges
according to the form of the underlying pattern section
(cf. Figure 6(c)).

Subsequently, further pattern paths can be inserted
for the placement of the other node sequences in
the network. Thus, the layout pattern can be used to
successively arrange metabolic pathways in the
diagram.

Challenges and requirements

Human interaction is required to decide which net-
work path is to be arranged between two nodes v,
v, in the network positioned on the layout pattern.
The user has to select the preferred path out of all

possible network paths. A prior path search on the
graph is necessary in order to compute all possibilities.
Here, the following conditions have to be taken into
account:

1. The directed metabolic network has to be regarded
as an undirected graph because the pattern sections
are non-directional. This convention enables the
user to arrange sequences of opposed edges on the
layout pattern.

2. A node may not occur twice in a network path
except for it is a start as well as an end node on a
circular pattern section.

3. Only those nodes that are not already posi-
tioned on a pattern section may occur in a network
path.

The number of network paths between two nodes is
O(n!), with n=|V| in the worst case of a complete
graph. Considering a maximal number k of edges
connected to a node, the complexity is diminished to
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O(n*) which nevertheless leads to two non-trivial
problems:

1. Calculation of all possible paths with standard
search algorithms like depth or breadth search
leads to computation times, which are unacceptable
for human interaction even for small networks.

2. Selecting the preferred path from an exhaustive list
of all possible ones typically requires distinguishing
between a huge number of candidates. This is nearly
impossible even for experienced users.

Due to both of these reasons, fully automatic net-
work analysis is unsuitable in our context. Constraining
the analysis, for example, by a limited depth search
certainly reduces the computation time. However, a
limited depth search leads to an incomplete set of
result paths. Due to these runtime and completeness
problems, we developed a novel concept of network
path search to assist the user in selecting the preferred
path in an economic and interactive way.

Semi-automatic path search

In order to deal with the mentioned runtime and com-
pleteness problem, the node path search of the layout
pattern is implemented in a semi-automatic manner.
Here, the core idea is a user-performed manual depth
search which is software-supported by a previewing and
preselecting search algorithm.

Human-interactive path search

The human interaction interface is a tree view (see
Figure 7) representing the graph in the form of a tree
whose root element is the node v, currently moved
above the layout pattern. All nodes connected to the
node v, are child elements of the node’s tree element.
The direction and type of an edge between two nodes is
displayed by an arrow symbol preceding the node name
as shown in Figure 7.

Initially, only the root element and its first nesting
level elements are visible. The user has to traverse the
tree by expanding its elements until the target node v,

Select path from 'tcat' to 'tcat’ that should be added to pattern.

B
- w ACO

E- w tcad
& COA

# \ tcad

B- & tca8

~ S-acetyldihydrolipoyllysine

= & Enzyme N&-(dihydrolipoyl)lysine
B w tca8

=~ COA

“w tcad

N SCA

B~ HOH
- & tcal1
~ FUM
B & LMR
E- N tcal2
v OAA
N [cal4

i B R tca13
N NAI

~ H+

= NAD

B- ® tcaz

“ cis-Aconitate
B & CIT

- wtca13
N OAA

E] Pathwar: 'Citrate cycle (TCA cycle) - Escherichia coli K-12 DH10B' B

~ S-succinyldihydrolipoyllysine

& enzyme Né6-(dihydrolipoyl)lysine:NAD+ oxidoreductase

[~ |

Configure '| OK | Cancel

Figure 7. Dialog window of the interactive node path search. In the scenario shown, the user is asked to select a cyclic
node path containing the node “tcal.” The internal search algorithm has already determined several valid node paths.
These paths are expanded and highlighted in the tree. The arrow symbols indicate the direction of the interconnecting

edges.
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occurs as a leaf element in the tree. A leaf element con-
taining v, represents a valid path which can be added to
the layout pattern. For a fast perception, the target leaf
elements are highlighted in green as pictured in Figure
7. By selecting a leaf element, the corresponding node
path is designated for automatic arrangement on the
layout pattern.

Software-assisted preselection and
exclusion of network paths. When the tree is ini-
tialized and, likewise, every time the user expands a new
tree element a search algorithm traverses the graph.
Triggered by expanding a tree element, the algorithm
is initialized with the currently expanded element. Thus,
the software always pre-caches the network topology
several nesting levels in advance of the user’s manual
search activity. Here, a depth-limited search algorithm
is applied with an initial recursion limit ¢ =15, whereas
the limit is decreased in each recursion step depending
on the connectivity |E(v;)| of the currently traversed
node v;:

pext = deyrrent — |E(V1)| with v, eV (5)

In particular, in the presence of highly connected
nodes, the context-dependent adjustment of recursion
depth avoids the impairment of the human—computer
interaction.

The software search is conductive to the simplifica-
tion and acceleration of the user search. A valid net-
work path ends with the target node v,. If v, is found
during the search procedure, the complete branch path
leading to the node is automatically expanded. The user
can inspect and optionally select the complete path
immediately.

When a node occurs twice in a network path, it is
invalid. If the depth search algorithm detects an inva-
lid path, the corresponding branch is eliminated from
the tree. If an eliminated branch was the only child
element of its parent, the parent element is also elim-
inated. This continues until a parent element has at
least one child element left. If the depth search does
not lead to an assertion about the validity of a path,
the corresponding tree element remains unexpanded in
the tree and may be expanded manually by the user on
demand.

Eliminating elements representing invalid paths pre-
vents the user from traversing dead branches and from
selecting paths that contain loops. If no path exists
between two nodes in the network, the software
search will successively traverse the complete graph
and eliminate all elements in the tree view. In this
case, no further nodes and edges are arranged on the
layout pattern.

In case of short network paths between the nodes v,
and v, the software search can find the preferred path
immediately during the initial traversing and offer it
for user selection. Furthermore, the user can succes-
sively trigger the complete analysis of the network
leading to the elimination of all invalid paths in the
tree view.

Pathway-oriented layout. As mentioned in
Section ‘Metabolic pathways,” metabolic pathways
lead to a biologically motivated breakdown of the
main graph G into smaller subgraphs G,. These path-
way subgraphs consist usually, but not exclusively, of
linear or circular node sequences surrounded by short
branches.

If both nodes vy and v, added to the layout pattern
are part of the same pathway subgraph G,, the interac-
tive node path search is optionally performed on G, in
addition to the search on the complete graph G. This,
additionally, accelerates the interactive path search
process.

Motif stamps: cloning small reaction
patterns

Whereas the layout pattern concept helps to roughly
arrange network diagrams, the second innovative
technique of the semi-automatic graph layout is con-
cerned with a more detailed view: the so-called motif
stamps are intended to speed up the drawing of similar
and multiply occurring compositions in a network
diagram.

The concept of motif stamps aims at simplifying sim-
ilar actions during the drawing process of a metabolic
network. A motif, in this sense, is a template periphery
II, (see Section ‘Metabolic pathways,’) surrounding a
pseudo-reaction, which can be appended (‘stamped’) to
other reactions in the network diagram. If a motif is
appended to a reaction, all metabolites and edges are
inserted according to the motif. The term ‘motif stamp’
is derived from similar concepts in pixel-oriented gra-
phics software tools.

The concept of motif stamps is motivated by the
observation that certain metabolic reactions are simi-
larly composed and connected metabolites and edges
are frequently arranged in a similar manner. Figure 8
shows a subsection of a large network diagram. The
cofactors ATP and ADP are involved in many reac-
tions all over the network as highlighted in the figure.
Many other similar cofactor pairs are frequently
involved all over a metabolic network like NADP
and NADPH, FAD, and FADH. Other frequently
occurring reaction partners are for example H-O,
CO,, and ions. It is a well-established practice to dis-
play these highly connected metabolites by one node
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duplication per occurrence with similar edge shapes
(cf. Figure 3). This leads to many similar actions the
user has to perform during the drawing process, which
includes duplicating and arranging nodes, inserting
edges, adapting to the shape and visual properties of
edges and so on.

Figure 9 shows a schematic diagram of the motif
stamp concept. Metabolites and edges are arranged
around a pseudo-reaction composing a motif stamp
as shown in Figure 9(a). The pseudo-reaction is not
part of the drawing but template for any reaction, the
motif is later appended to. By appending the motif to a
reaction (Figure 9(b)), the metabolites and edges are
arranged around the reaction node as defined in the
motif stamp (see Figure 9(c)).

Creating motif stamps

The motif can be designed according to individual aes-
thetic aspects. A motif stamp defines the connected
metabolites of a reaction, their position relative to the

Figure 9. Schematic diagram of the use of motif stamps in
a drawing process.

I

-

=

Figure 8. Multiple-occurring reaction partners ATP, ADP, and H.
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reaction node and the shape of the connecting edges.
Furthermore, visual properties like color, bounds, or
text font of the nodes and edges are also inherent in a
motif stamp.

Motif stamps can basically be created in two ways:

1. The motif can be drawn step by step. Here, metab-
olites and edges are created and connected to the
pseudo-reaction node. Any number of nodes can
be inserted, but there should be at least one edge
between every node and the pseudo-reaction.

2. The composition of a motif can be captured from
the periphery of an existing reaction in the network
diagram. After selecting a reaction as a template for
a new motif, the user has to specify which connected
metabolites should be part of the motif stamp and
which are dispensable components.

After naming the motif stamp, the definition process
is finished. In this way, multiple motif stamps can be
defined containing certain constellations and graphical
appearances of reaction partners.

Appending motifs to reactions

Motifs can be appended in three steps: selecting a pre-
ferred motif stamp, selecting a reaction for appending
the motif, and finally adjust the motif’s orientation.
A motif stamp can be rotated, scaled, and inverted in
order to adjust it to the environment of the reaction it is

appended to. These transformations are illustrated in
Figure 10 showing the semi-transparent silhouette of
the appended motif around a target reaction node.
The user can define the angle for the placement of the
motif (Figure 10(a)). Figure 10(b)) shows a scaled ver-
sion of the motif stamp. In Figure 10(c), the motif is
mirrored and aligned with the reaction’s connections.
After confirming the alignment angle, the motif is
finally appended to the selected reaction node (Figure
10(d).

In order to aid aesthetics, the software optionally
helps to align the motif stamp in a smooth manner
with respect to the already existing periphery of the
reaction. Therefore, an axis is computed for the
appended reaction node. The axis is the average of
the tangents of all edges at the docking position of a
reaction. Likewise, motif stamps have an axis which is
indicated by a hairline (see Figure 10(a—c)). During the
motif rotation by the mouse, the user can choose to
automatically align the motif’s axis to the axis of the
reaction node (cf. Figure 10(c)).

When a motif is appended to a reaction, three dif-
ferent cases can occur and have to be taken into
account (cf. Figure 11):

a. The target reaction is not yet connected to a metab-
olite M defined in the motif stamp — In this case, the
metabolite M is inserted and connected according
to the motif stamp.

b. The target reaction is connected to the metabolite
M and the metabolite node has further

Figure 10. Operations to append a motif stamp to a reaction: (a) rotation, (b) scaling, (c) automatic “snapping” to a

smooth arrangement, (d) final result.
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Figure 11. The motif stamp defines the connection
between a metabolite M and a reaction including curve
shape, node size, and other visual properties. When a motif
stamp (dashed box] is to be appended to a reaction, three
cases arise differing in whether and how M is already
connected to the appended reaction: (a) not connected, (b)
connected among other connections, (c] solely connected.

connections — Here, a further duplicate of the
metabolite M is inserted. The connecting edge is
switched to the new copy and arranged as defined
in the motif stamp. If the metabolite node does not
yet have any layout information (see Section
‘From layout-less nodes to network diagrams’),
the node and its edge is automatically inserted
into the network diagram.

c. The target reaction is already connected to the
metabolite M, which has no further connections —
only the arrangement of the node and edge has to
be adapted to. This also holds if the node has no
layout information.

These three cases apply on every single metabolite
connection defined in a motif stamp.

The motif stamp concept allows multiple motifs to
be successively appended to a reaction node. Hence, a
more complex constitution can be assembled from sev-
eral motif stamps. The reaction periphery composed in
this way can furthermore be a template for a new,
larger motif stamp.

Summarizing, it has become clear that motif stamps
can be used to initialize new connections as well as to
arrange existing connections between one or more
metabolites and a set of reactions in the diagram. The
usage of motif stamps can accelerate the drawing pro-
cess considerably because metabolites do not have to be
cloned manually and edges do not have to be drawn
and reshaped every time a certain repeating configura-
tion is needed.

Work flow

This section describes a work flow of drawing a bio-
chemical network diagram and, hereby, shows in which
way the techniques of semi-automatic layout intro-
duced above accelerate the drawing process. In this
example, a metabolic network is given in the form of
a model description file (e.g. in the Systems Biology
Markup Language — SBML?’) without layout informa-
tion which is to be drawn with the network drawing
software Omix.

After importing the network, all reactions and
metabolites appear in the component view from
where they are added to the diagram by drag-and-drop
(cf. Section ‘From layout-less nodes to network dia-
grams’). An important precondition for the semi-auto-
matic network drawing solutions as presented here is
knowledge of the semantics of the network topology on
the user side.

Metabolic pathways

Before the network diagram is drawn, it is recom-
mended that reactions should be grouped into meta-
bolic pathways (cf. Section 2.2). The SBML format,
for instance, does not directly support this kind of
information; hence, it is not available after model
import by default.

The user can add pathways to the network model
and assign reactions to each of them. This optional
task leads to the decomposition of the complex graph
into smaller, less complex subgraphs.

From layout-less nodes to network
diagrams
The main window contains a sidebar listing all compo-

nents of the network (cf. Figure 4). When a network is
imported without any layout information provided,
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node positions and edge shapes are initially not avail-
able. These nodes and edges are not instantly visible in
the diagram. Instead, the corresponding node entries in
the component sidebar are labeled as to be non-
positioned. The nodes represented in this way can be
added to the diagram by drag-and-drop. Only nodes
can be inserted in this way. Initially invisible edges
are inserted automatically as soon as the source and
destination nodes are added.

Using the layout pattern

The arrangement of nodes and edges in the diagram can
now be performed by applying the layout pattern con-
cept. It is recommended to start with one of the central
parts in the network. This is a common practice in
drawing metabolic networks. Here, the citric acid
cycle (TCA) is chosen as a prominent example.

The next step is to draw a circular pattern section in
the pattern editor (cf. Figure 5(a)), which will later
carry the nodes of the TCA. After dragging a metabo-
lite or reaction node from the component view and
dropping it onto the circular pattern section, the user
is asked to select the network path representing the
TCA in the network. This can be performed fast
because the semi-automatic path search uses the
above-mentioned classification into pathways as struc-
tural information about the network and, hence, offers
the correct network path immediately.

After arranging the first pathway, the pattern can be
enlarged by further sections in order to later arrange
directly connected pathways. In this way, a structural
backbone of the network diagram is drawn step by step.

Using motif stamps

After creating the structural backbone of the diagram
motif stamps are used to arrange cofactors and con-
necting edges in the environment of reactions already
inserted. For this purpose, several motif stamps can be
drawn or imported from other network files. As an
example, the metabolite CO, may be product of several
dozen reactions of the imported network. When the
CO; node is inserted in the diagram, all edges appear
automatically, connecting the new node to the reactions
in which CO, is involved. This results in many edge
crossings.

Hence, a new motif stamp is created to duplicate
the CO, node. A metabolite node CO, is inserted into
the motif stamp and connected to the pseudo-reaction.
The connecting edge can be reshaped as preferred.
After creation, the motif stamp can be appended to
all reactions of the network, particularly to all reac-
tions that are already connected to CO, (cf. Section
‘Appending motifs to reactions’.2). Every CO,

connection is visually designed according to the
arrangement in the motif stamp. The isomorphic
design of similar parts of the network leads to an aes-
thetically pleasing diagram. In this way, all cofactors
and other secondary reactants can be inserted in the
network diagram.

Completing the drawing process

Finally, all remaining network components that have
not yet been inserted by the layout pattern or a motif
stamp are inserted manually by drag-and-drop. After
finishing the arrangement of all imported network com-
ponents, the visual style of the network can be adapted
to individual preferences and requirements.

Visualization

The resulting designed metabolic network diagram
can subsequently be used for a wide variety of visual-
ization purposes. For this, Omix is equipped with
extensive data visualization features. In order to be
adaptable to any requirements and preferences of
the user, Omix is programmable by a scripting lan-
guage called Omix Visualization Language
(OVL).%*® OVL allows fast and simple access to
visual properties of nodes and edges such as color,
font, shape, and line width just to mention a few. In
this way, visualization becomes highly customizable
because the user can implement interactive compo-
nents, data input operations, and mapping of data to
visual properties of all network components. The fea-
tures and possibilities of the OVL scripting language
are discussed in.®?°

Case study

As stated in the Introduction, the visualization of met-
abolic networks requires the conservation of recognition
value, which includes the arrangement of network parts
according to established Ilayout conventions.
Furthermore, aesthetics plays an important role.
These two criteria cannot be fulfilled by automatic
graph drawing and require an active human steering.
On the other hand, efficiency becomes an important
criterion when the time needed for manually drawing
a network graph is the crucial bottleneck. Both semi-
automatic layout techniques introduced in this contri-
bution aim at accelerating the manual drawing process
by simplifying and automating human drawing steps.
In order to investigate the effectiveness of the layout
pattern and motif stamps for network drawing, we per-
formed a case study consisting of two phases. In the
first phase, a layout-less network has to be drawn with
Omix, ecither with or without the assistance of the
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semi-automatic techniques. In a second phase, the
resulting diagrams were rated by a jury.

Sixteen researchers with biology or biotechnology
background from our and four collaborating scientific
groups participated in phase one. One half of the par-
ticipants was encouraged to use the semi-automatic
layout techniques (group 1) whereas the other half
was banned from using them (group 2). The network
to be drawn was medium-sized (44 metabolites and
reactions composed in five metabolic pathways, cf.
Figure 12). The network topology did not contain
duplicated metabolites, but a number of highly con-
nected cofactor metabolites. The latter ones are usu-
ally represented by duplicated nodes. A sample
solution was not made available. In order to introduce
the drawing capabilities of the tool and using the
layout pattern as well as the motif stamps, we pro-
vided video lessons. After a short training phase, the
network was to be drawn and the time effort for the
drawing exercise was measured. It was up to the par-
ticipants to choose a personal trade-off between draw-
ing fast and drawing a ‘nice’ diagram. After finishing,
group 1 was asked to assess the ease-of-use of both
semi-automatic layout techniques and their benefit for
solving the exercise.

In the second phase, the drawing results were exam-
ined by 10 experienced life scientists. In addition to the
manual drawings, a set of diagrams have been created

by applying automatic graph layout algorithms on the
given network. Every jury member received 20 ran-
domly selected drawings from the set of automatically,
full-manually, and semi-automatically drawn diagrams.
Each drawing was rated with respect to its recognition
value and aesthetics.

The results of the surveys are shown in Tables 1 and
2. Figure 12 shows one example diagram from the auto-
matically generated (Figure 12(a)), the manually drawn
(Figure 12(b)), and the software-assisted drawn net-
works (Figure 12(c)) in each case. The manual drawing
process has taken about 2 h in average per participant.
Compared to automatic graph drawing, this time span
appears to be very long. However, related to the costs
of drawing such a diagram in a classical way, that is by
applying a common graphics software tool, 2 h are
acceptable. In average, the semi-automatic layout
methods accelerated the drawing process for about
half an hour that roughly is 20% of the average dura-
tion (see Table 1).

The expert group valued the recognition value as
well as the aesthetics of the automatic computed dia-
grams very low. The recognition value of both, full and
partly manually drawn networks, were comparably
rated in the upper third. That is not surprising because
the central pathways of all diagrams were arranged
according traditional conventions (cf. Figure 1(a)).
The aesthetics of the semi-automatic drawings is

(@) » (b)

Figure 12. Selected results of the network drawing case study: (a) automatically (spring embedded layout], (b) manually,

and (c] semi-automatically drawn network.
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Table 1. Time effort in average per participant and ratings of the diagrams drawn with different approaches®

Time effort Recognition value Aesthetics
Automatic drawing < min 1.6 1.7
Manual drawing 2:07 h 7.6 5.8
Semi-automatic Drawing 1:40 h 7.7 6.7
®The ratings were given from a scale between 1 and 10 (1=very low, 10 =very high).

Table 2. Benefit of the two semi-automatic layout meth-
ods (1 =not useful, 10 =very useful) and ease-of-use
(1 =very difficult, 10 =very easy)

Benefit Ease of use
Layout pattern 6.1 6.9
Motif stamps 7.0 6.4

slightly higher valued than the manual drawings. Here,
it was noticeable that the nodes and edges of the TCA
pathway in nearly all semi-automatic drawings were
shaped to a perfect circle in contrast to the manual
arrangements (cf. Figure 12(b and ¢)). This noticeably
improves the aesthetic impression as well as the recog-
nition value of a diagram.

As shown in Table 2, both semi-automatic layout
techniques have been accepted by the users. The benefit
for solving the exercise as well as the ease of use were
assessed in the upper third.

The case study demonstrates that the semi-automatic
layout techniques lower the time effort to manually
layout a diagram according established layout stan-
dards while they simultaneously improve personal aes-
thetics. From further, informal discussions with the
participants, we found out that the layout techniques
were considered valuable for the arrangement of famil-
iar pathways but that the most time-consuming issue
was to understand unfamiliar parts of the network
before being able to arrange them. This significantly
caused the rather high time effort of about 2 h for
drawing the network. In a scenario where the drawing
process intimately lies in the research objective of the
user, the layout techniques may be more beneficial. This
scenario, however, was not intended by this case study
and remains as an interesting future evaluation task.

The case study hardly represents an exhaustive eval-
uation since 16 participants cannot be regarded as a
representative user pool. Another limitation is that
only a single network has been tested. Nevertheless,
the case study demonstrates or at least indicates the
value of the presented semi-automatic layout
approaches.

Discussion
Conclusion

This contribution presents a novel approach to semi-
automatic graph drawing. In the application field of
metabolic networks, special features have been estab-
lished that require specific handling. Here, graph draw-
ing is affected by historically evolved layout
conventions. This greatly restricts the suitability of
automatic graph drawing because recognition value is
lacking in automatically arranged metabolic network
drawings.

The present work introduces two concepts of soft-
ware-supported manual graph drawing:

1. Layout pattern — a customarily shaped skeleton that
arranges series of nodes and edges. This concept
helps to design a layout-less network according to
established conventions in a semi-automatic manner.

2. Motif stamps — wrapping a number of drawing steps
that can therefore repeatedly be applied in the dia-
gram. The concept of motif stamps aims to simplify
similar actions occurring on multiple occasions in a
network-drawing process.

The way the layout pattern and motif stamps can be
employed in a network layout process is demonstrated
in an exemplary network drawing work flow. The inno-
vative approaches are finally rated in a user case study.
The case study demonstrates that both techniques
improve the drawing efficiency by accelerating the
manual processes. Simultaneously, the resulting dia-
grams preserve recognition value and are, in contrast
to automatically generated diagrams, aesthetically very
pleasing.

Outlook

The presented semi-automatic layout concepts serve as
a basic technology for the creation of comprehensive
network diagrams. Because the approach itself is capa-
ble of visualizing all kind of networks, it would be inter-
esting to transfer and adapt the semi-automatic layout
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techniques to other application domains such as eco-
nomical or social or networks.

Further work will concentrate on information visu-
alization in the context of biochemical networks. In
systems biology, simulation and experimental studies
continuously produce a wide variety of data which
includes but is not limited to substance concentrations,
thermodynamic potentials, metabolite fluxes, reaction
mechanisms, rate constants, regulatory relationships,
and strengths. Due to constantly improving high-
throughput techniques, we increasingly face the chal-
lenge of visualizing manifold and extensive data
within large biochemical network diagrams. Large-
scale exploration of time series data, and the detection
and interpretation of novel properties and of system-
level patterns within biochemical networks, are current
issues as well as strongly compartmentalized metabolic
networks. Here, a network-integrated visualization of
multi-omics data sets in two and three dimensions is
one of our future challenges. Furthermore, interopera-
bility of the drawing and visualization tool Omix with
databases, simulators, analysis tools, and other appli-
cations are of great importance.
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