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1 Introduction

Biochemical reactions in organisms form large and complex networks. Exam-
ples are given by the Biochemical Pathways atlas [17] and the well known
Boehringer Biochemical Pathways poster [16], see Fig. 1. Biochemists are
familiar with visual representations of reactions and reaction networks. Au-
tomatic visualizations help in understanding the complex relations between
the components of the networks and in extracting information from the data.
They are very useful for building sophisticated research tools.

A pathway diagram is a visual representation of a reaction network. Path-
way diagrams, as in the poster [16], in textbooks on biochemistry, e. g., [22],
and in information systems such as KEGG [10] are drawn manually. These
diagrams represent the knowledge at the time of their generation. Notice that
the drawings in textbooks and information systems are created once. They
are used very often and they are usually hardcopies. This type of pathway
visualization is called static visualization [2].

Although static visualization is often used for reaction networks, it has
some severe drawbacks. First, static pathway diagrams cannot be updated
with a reasonable amount of work. For example, Michal [18] reported that his
team spent about one year for the design of the third edition of the Biochem-
ical Pathways poster. However, the poster represents only a small fraction
of the current knowledge about biochemical reactions and a manual update
would be both time consuming and costly. On the other hand, static visual-
izations are often overloaded with information. A mass of information is given
by different text colors and by the style and color of arrows as illustrated in
Fig. 1. Such visualizations are hard to read, in particular for beginners, and
it is difficult to find specific information such as all pathways between two
substances. Furthermore, there is no way to specify the amount of detail of
each reaction to be displayed. For example, the user cannot choose between
the use of enzyme names or enzyme classification numbers [9] in the pathway
diagram. Finally, static visualization is restricted to only one level of rep-
resentation providing either an overview or detailed information. However,
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Fig. 1. A cutting of the Boehringer Biochemical Pathways poster [16] showing the
complexity of the network

there is more knowledge than this aspect and different views are needed. In
the extreme, one needs an overview diagram with a detailed view of some
parts such as an overview diagram of all catabolic pathways with the citrate
cycle (TCA cycle) in a detailed view. Using static visualization the user is
not able to interactively change the depth of information in the diagram,
and cannot browse through pathways from abstract overview diagrams to
detailed views.

Formally, a biochemical pathway is a directed hyper-graph consisting of
vertices and hyper-edges. Let p(V') denote the power set of V. A directed
hyper-graph G = (V, E) consists of a finite set V' = V(G) of vertices and a
finite set E C p(V) x p(V) of directed hyper-edges. Compared with edges
in directed graphs defined in subsection 2.2 of the Technical Foundations
Chapter, hyper-edges may connect more than two vertices. The vertices rep-
resent the substances, co-substances, and enzymes within a pathway. A sub-
stance can be a reactant or product; a co-substance can be a co-reactant
or a co-product. A compound is the generic term for all elements of a reac-
tion: substances, co-substances, and enzymes. Each reaction is represented
by a directed hyper-edge, which connects all compounds of the reaction, see
Fig. 2(a). More common is the modeling of such relations by directed bipar-
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Fig. 2. The diagram (a) shows a biochemical reaction. The connections between
enzymes and other compounds are usually displayed by placing an enzyme close to
the corresponding hyper-edge. Image (b) shows the representation of this reaction
as directed bipartite graph

tite graphs, a modeling also used in Petri-net representations of pathways
[8,21]. Here the reactions themselves are vertices and edges are binary re-
lations connecting compounds of reactions with reaction vertices. Without
loss of generality, reactions can be represented by directed bipartite graphs,
see Fig. 2(b). This notation has the advantage that graph algorithms and
standard graph drawing techniques can be used.

Our focus is on dynamic visualization in general and on pathway visual-
ization in particular. Dynamic visualization is the generation of a diagram
on demand at the time the drawing is needed. The placement of objects,
e. g., substances or enzymes, and the routing of their connections is a typical
graph drawing problem. However, the known graph drawing algorithms are
inadequate for visualizing biochemical reaction networks according to the
established conventions of biology and chemistry, see Fig. 3 for examples.
Even combinations of standard graph drawing algorithms [1,13] are insuf-
ficient. Some solutions focus only on the placement of the main reactants
and products [1], others place co-substances and enzymes in an unusual way
like in PFBP [20]. Up to now, the best results have been obtained by using
labeling techniques, where the enzymes and co-substances are considered as
edge labels and placed separately [13,15]. Nevertheless, these algorithms can
produce crossings between co-substances and edges. They also tend to clus-
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Fig. 3. Two visualizations of the same biochemical pathway (a) using a layered
layout technique [23], and (b) using a force directed layout technique [5] (see also
subsections 4.2 and 4.5 of the Technical Foundations Chapter). These drawings
differ very much from typical drawings in biochemical textbooks

ter all co-reactants into one vertex and all co-products into another vertex.
This is unacceptable for some reactions, especially for more complex reac-
tion mechanisms as shown in Fig. 4. Furthermore, these drawings of reaction
networks often contain many unnecessary edge crossings [13] which reduces
their readability.

Interactive navigation through biochemical pathways is a particular ad-
vantage of electronic information systems over textbooks and posters. The
concept of a hierarchy of reactions is a crucial feature when browsing through
reaction networks on different levels of detail. Reactions should be separable
into sub-reactions and combinable to pathways. Thus sub-reactions, reac-
tions, and pathways should also be considered as reactions. In some systems
this hierarchical organization is realized by linked web pages. The informa-
tion in KEGG [10] is structured by web-links from pathway classes, e.g.,
carbohydrate metabolism or lipid metabolism, to single pathway diagrams.
UM-BBD [3] provides a click-able overview picture and a list of pathways
organized by functional groups. But it is also necessary to represent this hi-
erarchy in the database. EcoCyc and MetaCyc [14] represent a hierarchy of
reactions by linking pathway objects to objects representing the reactions.

Existing visualization techniques do not meet the conventions of biochem-
istry; they are far from the typical drawings in textbooks. Moreover, existing
databases do not include all relevant information such as the hierarchy of
reactions and layout constraints for specific pathways. These constraints are
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Fig. 4. The order of co-reactants and co-products is crucial for the understanding
of the reaction mechanism and should be clearly visualized

necessary to distinguish pathways like the citrate cycle from arbitrary cycles
in the network. Therefore, a new graph drawing algorithm and an adapted
database schema are necessary.

The structure of this chapter is as follows. We start with a short overview
of the BioPath system in Sect. 2. Section 3 deals with our visualization
method. In subsection 3.1 we discuss requirements for the visualization of
biochemical pathways. We then present a graph drawing algorithm which
fulfils these requirements in subsection 3.2. Section 4 describes implemen-
tation aspects of the BioPath system, especially the application server in
subsection 4.2 and the query engine in subsection 4.3. In Sect. 5 we show
examples of the system.

2 Applications

The Electronic Biochemical Pathways Project [12] — a joint work of research
groups at the universities of Erlangen, Mannheim, Passau and Spektrum
Akademischer Verlag — provides convenient electronic access to the grow-
ing information of biochemical reactions at a high level of detail. An online
exploration tool — BioPath [4] — demonstrates the quality of the data, the flex-
ibility of the database schema, and the automatic visualization of pathways.
It offers easy access to the information and progressive navigation through
pathways. The database contains information about compounds and reac-
tions, especially a hierarchy of reactions. A new graph drawing algorithm
for the automatic visualization of pathways visualizes reaction networks ac-
cording to the conventions of biochemistry. This algorithm and the BioPath
system can be very useful for the analysis of biochemical pathways. BioPath
explores all the advantages of an electronic version of the poster [16] over the
printed one.

However, the field of applications for our algorithm is not limited to bio-
chemical reactions. It can be employed wherever a Sugiyama style layout
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as introduced in subsection 4.2 of the Technical Foundations Chapter is de-
sired. Its comprehensive set of features described in Sect. 3 is of great value
whenever a layout has to meet complex boundary conditions.

3 Algorithms

How shall we draw a biochemical pathway? What are the requirements for
a good visualization algorithm? What criteria must be met? These are the
crucial questions for the design of a solution that meets the needs of the
users. It extends Knuth’s question “How shall we draw a tree” to “How shall
we draw a biochemical pathway”. Knuth proposed to draw trees by layers
and top-down, and this has become the common style in Computer Science.
Drawing biochemical pathways is much harder, since they are directed hyper-
graphs. After a thorough analysis and intensive discussions with many experts
we propose the following.

3.1 Visualization Requirements

(a) (b)

Fig.5. Two drawings of an open cycle (degradation of fatty acids). For simplicity
only the substances are shown. In (a) the typical visualization of this pathway as
a spiral. In (b) the same pathway is shown in a more compact visualization that
also emphasizes the corresponding reaction steps and substances
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Compounds. The visualization of compounds of a reaction is user-specific.
According to existing drawings in the literature, substances should be given
by their name or their structural formula or both, co-substances should be
displayed using their name or an abbreviation, and enzymes should be rep-
resented by their name or their classification number. In BioPath the con-
ventions of the poster [16] are used. It displays the names and the structural
formulas for substances and the names or abbreviations (e.g., ATP, NADP)
for co-substances and enzymes.

The data for the compounds is retrieved from the database. It is trans-
formed into vertices of the graph using varying vertex sizes. The size of the
vertex provides the space needed to display the information of the object such
as the name or the structural formula. As a consequence, the visualization
algorithm must support different vertex sizes.

Reactions. A reaction is visualized by a reaction arrow from the reactants
to the products. Enzymes and co-substances are placed on different sides
beside this arrow. For co-substances their temporal order, which depends on
the reaction mechanism, is important. Therefore they are placed according
to this order. Overview diagrams often disregard enzymes and co-substances.
Thus the visualization algorithm has to deal with reactions with and without
enzymes and co-substances.

Reaction networks. As the temporal order of reactions in the network is
crucial, the main direction of reactions should be clearly visible. In BioPath
the main direction is from top to bottom. This is better than from left to
right since it yields more compact representations and a better placement of
objects with long textual information.

There is an exception from the top to bottom direction, which is used for
the visualization of specific pathways such as the citrate cycle or the fatty acid
synthesis. The structure of these cyclic reaction chains should be emphasized.
These pathways are characterized by the continuous repetition of a reaction
sequence in which the product of the sequence re-enters in the next loop as
a reactant. There are two mechanisms. First, the reactant and the product
of the reaction sequence are identical from loop to loop (e.g., citrate cycle).
This is called a closed cycle. Second, the reactant of the reaction sequence
varies slightly from the product (e. g., fatty acid cycle). This is called an open
cycle.

Repetitions in cyclic structures must be clearly visible. In textbooks they
are displayed as circles (closed cycles) or as spirals (open cycles). In a spiral
equal reaction steps and corresponding substances are placed side by side
to emphasis the cyclic structure. This drawing style has some drawbacks. It
needs much space and it is difficult for a user to trace the reaction sequence,
particularly in the outer part of the spiral; see Fig. 5(a). Furthermore, if only
a part of the diagram can be shown on a restricted viewing area such as a
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computer screen, extensive scrolling in all directions is necessary. Figure 5(b)
shows the same pathway in a more compact visualization. The spiral has
been unraveled and related reactions and substances have been aligned hori-
zontally. This new drawing style avoids the above-mentioned disadvantages.

Sequences of reaction networks. Browsing through pathways can often
be very useful for the study of reaction networks. One example is to start with
an overview diagram and to refine a specific part of this diagram. Another
mechanism of browsing is to add reactions to an existing reaction network
interactively. In this case a sequence of pathway diagrams is generated. When
a user knows a diagram of this sequence the next diagram is easier to under-
stand if small changes between the successive reaction networks imply only
small changes of the corresponding pathway diagrams. The drawing of the
unchanged part of the network should be preserved, but this is not always
possible. For example, there may not be enough space for the insertion of
a new reaction. In this case the relative positions of the old objects should
be preserved. In graph drawing this technique is called preserving the mental
map [19].

3.2 The Graph Drawing Algorithm

We model reaction networks as directed bipartite graphs G = (V4 U Vo, E),
where substances, co-substances, enzymes, and reactions are represented as
vertices v € V = V7 U V5 and their connections are represented as directed
edges e € E; see Fig. 2(b). The vertices of this bipartite graph are labeled by
the name of the compounds, their role in the reaction (enzyme, substance, or
co-substance), their involvement in open or closed cycles, and their rank. The
labels are used for the generation of the image of the reaction or reaction net-
work and are translated into associated text, colors, and layout constraints. A
layout constraint describes a left-to-right or top-to-bottom relationship and
means for example that an enzyme should appear to the left of the reaction
arrow.

The visualization algorithm is based on the graph drawing algorithm by
Sugiyama et al. [23] for the computation of layered layouts of directed acyclic
graphs; see subsection 4.2 of the Technical Foundations Chapter. The main
extensions of the algorithm are:

Clustering. Clustering means the grouping of disjoint subgraphs into new
vertices. Each grouped subgraph can be drawn with its own layout algorithm.
The size of the corresponding new vertex is determined by the space of the
drawn subgraph. In this context the routing of edges from vertices of the
subgraph to vertices outside the subgraph is a difficult problem.
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(a) (b)

Fig. 6. Layering mechanisms: (a) the typical global layering; (b) the local layer-
ing. The local layering mechanism considers the vertex sizes correctly and leads to
compact placements

Vertex sizes. The Sugiyama algorithm has only a coarse view of the size
of vertices. It uses a global layering mechanism by placing all vertices in
horizontal layers depending on their topological order. The distance between
two layers is defined by the highest vertex of the above layer. Our algorithm is
adapted to varying vertex sizes and is extended to a local layering mechanism
where all vertices are placed in layers depending only on the placement of all
predecessors; see Fig. 6.

Layout constraints. Layout constraints are additional application-specific
requirements on the placement of objects. The layout algorithm considers
the following types of layout constraints: top-bottom constraints to place one
vertex below another one; left-right constraints for the horizontal order of
two vertices; horizontal constraints to force the same layer for two vertices;
and vertical constraints to force the same x-coordinate for two vertices. Lay-
out constraints are used to draw open and closed cycles according to the
specified requirements, and to preserve the mental map in related drawings.
Algorithm 1 shows the main steps of the layout algorithm.

It is known that optimization problems connected to some steps are NP-
hard [6]; see subsection 4.2 of the Technical Foundations Chapter. Therefore
we use heuristics for these steps. The time critical part of the complete algo-
rithm is step 3 to step 7. Let G be a connected graph, n be the number of
vertices and m be the number of edges of GG. For the steps 3, 6 and 7 different
heuristics with complexities from linear time to O(n*) (for step 6) can be
chosen, where a higher running time usually gives better results. However,
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Algorithm 1: Main steps of the layout algorithm

Input : A directed graph (representing a reaction network) with vertex
sizes, vertex types (substance, co-substance, enzyme, reaction)
and an indication of open and closed cycles

Output: The drawing of the graph

1 Compute local layouts for co-substances and enzymes of each reaction and
cluster these vertices into large vertices, see Fig. 7. These large vertices are
called reaction vertices

2 Insert layout constraints and temporary vertices for open and closed cycles
as shown in Fig. 8

3 Reverse some edges to remove all cycles from the graph under the restriction
of the top-bottom constraints
foreach reversed edge do

if possible (no new cycles occur by the following operations) then

turn the local layout of the adjacent reaction vertex by 180 degree
(this reaction goes now from bottom to top) and change the direction
of all edges adjacent to this reaction vertex.

else
insert a vertex on each edge adjacent to the corresponding reaction
vertex to allow additional bends for these edges.

end
end

4 Assign vertices to horizontal layers under the restriction of horizontal con-
straints. All edges should be directed from top to bottom. For each vertex
the distance to its predecessors should be minimized. This step computes
the y-coordinates of vertices

5 Compute a proper layering by inserting temporary vertices for long spanning
edges and long spanning vertices, see Fig. 9

6 Permute the order of vertices within each layer to reduce the number of
edge crossings in the layered graph such that the left-right and the vertical
constraints are fulfilled

7 Compute x-coordinates for the vertices without changing the pre-computed
order in the layers and under consideration of the vertical constraints

8 De-cluster reaction vertices, compute an edge routing by using the tempo-
rary vertices as additional base points for edges

9 (Additional) Insert constraints for preserving the mental map in the next
drawing

most important are steps 4 and 5, because during these steps up to n-m tem-
porary vertices and edges will be inserted in the graph. This influences the
running time of the subsequent steps of the algorithm. The layout algorithm
has been tested with more than 200 graphs. These graphs represent reaction
networks with up to 50 reactions (or correspondingly up to 300 vertices). Us-
ing a standard PC we were able to layout these graphs within a few seconds
using the heuristics with the higher complexities.
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Fig. 7. Clustering of co-substances and enzymes of each reaction into a large vertex
(reaction vertex). The positions of the co-substances and enzymes are computed
separately. Enzymes are placed to the left of the reaction arrow, co-substances to
the right according to their order. This determines the size of the reaction vertex.
In the subsequent steps of the layout algorithm the reaction vertex is used instead
of the clustered vertices. The order of the co-substances and their current role
(co-reactant or co-product) are retrieved from the database

4 Implementation

4.1 Overview

BioPath is a classical 3-tier web application. See Fig. 10 for an architecture
overview.

Client Tier. Users access the BioPath service using a web browser like Net-
scape Navigator or Microsoft Internet Explorer. They enter their queries into
HTML forms. The browser passes the query data to the BioPath application
server by sending a HTTP request. When the application server has finished
query processing, the browser displays the returned query results. Clicking
on pathway images or on internal links triggers another HTTP request.

Application Tier. The main part of BioPath is the application server. It
accepts queries, retrieves the corresponding data from the database, computes
the result and delivers it to the client tier.

Data Storage Tier. The data of BioPath is stored in a relational database
management system (currently IBM DB2) using an object oriented schema
[11].



12 F. J. Brandenburg, M. Forster, A. Pick, M. Raitner, and F. Schreiber

1 (A o, S g 1Y

P T
trr]“ Lfte {ya 13 (o im
e ezt

=t i—ta e bt

an Lo Lo -coueTa & v coami Lo CTE A
24 24
A
t ;-.I- 13 :F;-h
- 2
7 al
=" Los
g o---o._“.l—
o "-"’i:n— b
24 24
™ ™, "
(fde (fu ke 13 el
ﬂi—l‘h —os e o
£
f’ L} ?“’ o .3
f/"‘— - ‘:/|—'.. ﬁl---l" .
3 Il‘|-lI YRR T |.ké&|&:|“9| I‘HMW' + numnmu:m
24 24
@ = o -
| b €ty l.:e.lﬂ 13
ith L
[aa il 2!
et S e
oYL oo TERE
|
24
L/ L |
'
(a) (b)

Fig. 8. Image (a) shows the visualization of a part of an open cycle (two loops of
the pathway). The diagram (b) shows the layout constraints to receive this layout:
1 - Horizontal constraints between corresponding substances in different loops of
the pathway. 2 - Top-bottom constraints between consecutive vertices of each loop
of the pathway (the vertex at the end of the arrow should be placed below the
vertex at the begin of the arrow). 3 - Left-right constraints between vertices in
the same layer in neighboring loops. 4 - Vertical constraints between consecutive
vertices of each loop to force a vertical placement of vertices. For technical reasons
some additional vertices are necessary. For closed cycles similar constraints are used

4.2 The Application Server

The heart of the BioPath system is the application server. It consists of
several components, some of which are implemented in Java, some in C++ for
execution speed. The communication between the Java and C++ components
is done via the Java Native Interface (JNI). The application server has been
developed mainly on Linux and Windows in an operating system independent
manner, and therefore should be easily portable to any platform for which
Java and a recent C++ compiler are available. It contains the following parts.
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(a) (b)

Fig. 9. Image (a) shows the assignment of vertices to horizontal layers. Long span-
ning edges are edges that cross at least one layer, long spanning vertices belong to
at least two layers. In image (b) these edges and vertices are replaced by chains of
temporary vertices

Web Browser C’ﬁgﬁ
Application Server v
| Web Interface | Application
| Query Engine | Tier
| Graphlet | | Database Interface |
BioPath s,of;agtz
Database Tier
(1BM DB2)

Fig. 10. The BioPath system architecture.

Web Interface. The web interface is responsible for the communication
with the client tier. It receives the query in terms of a HTTP request with
associated parameters. It parses the request and triggers the corresponding
functionality of the query engine which processes the query and returns the
result as a graph. The web interface uses the layout and graphics engine to
transform the graph into a picture and delivers it to the client as a GIF or
PNG image with a corresponding image map and a HTML page. The web
interface is implemented in Java based on the Java Servlet Technology.

Query Engine. The query engine executes the user queries. It extracts the
required information from the database and builds a pathway, represented
as a graph with attributed vertices and edges. A description is given in sub-
section 4.3. The query engine is implemented in C++ using the “Graph
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Template Library” (GTL), a C++ library providing a data structure for
graphs.

Database Interface. The communication between the query engine and
the database is done via the database interface. This encapsulation simplifies
adapting BioPath to other data sources. The database interface is written in
C++.

Layout Engine. The graphs generated by the query engine do not have
a geometric representation. For the display an image of the graph must be
computed. As a prerequisite, coordinates for the vertices and edges must be
calculated. This is done by the layout engine. It uses the graph drawing algo-
rithm described in Sect. 3 to compute a layout of the biochemical network.
The layout engine is implemented in C++ using Graphlet [7].

Graphics Engine. The graphics engine generates images and image maps
from the attributed graphs computed by the layout engine. It is implemented
in Java using the Java interface of GTL and Graphlet.

4.3 Query engine

The query engine processes the queries from the web interface, issues database
queries, transforms the result and returns the answer to the web interface.
The BioPath database features an elaborate schema designed by Kanne [11].
It consists of about 115 entities and 70 relations. We concentrate only on the
part relevant to the query process.

The biochemical reactions are the main components of the database sche-
ma. Each reaction has a set of attributes including the participants, i.e.,
the substances involved in the reaction. These are classified into enzymes,
reactants and products. Reactants and products are further classified into
primary and non-primary. Primary reactants and products are used to com-
pose pathways. Non-primary participants have a rank which specifies their
relative order in the reaction and is used by the layout engine. The graph
representation of the data is described in Sect. 3.

There are several types of queries. A search query on substances is a
standard query for information on a substance, which is passed on directly
to the database. The answer is a text or a structural formula as it is stored
in the database.

A query on reactions and reaction nets shall return an image. Then the
task of the query engine is building a reaction graph. A search-reaction query
first collects all participants of the reaction from the database. For each par-
ticipant the query engine creates a vertex and a vertex for the reaction itself,
and labels the vertices with the name of the substance, the role and the rank.
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Then it adds directed edges between the reaction vertex and the participant
vertices. These are directed from the reactant vertices to the reaction vertex
and from there to the product vertices. Reactions may be bi-directional, but
their internal representation is always one-directional. To show bi-directional
edges in the final drawing arrows on both ends of the edge are used.

The search of a reaction net from a source substance to a target substance
is finding a sequence of reactions of a predefined maximal length. In BioPath
two reactions are combined, if a primary product of the first is a primary
reactant of the second. This is the common notion of connectivity in such
graphs. BioPath uses a recursive query to build all sequences starting from the
source substance up to a predefined length. It then selects those reaching the
target substance. In more detail, this query returns a collection of reactions,
which are transformed into labeled graphs as described above. Vertices of
primary participants are identified, if they represent the same substance.
The so obtained directed graph is returned to the web interface.

5 Examples

BioPath is an online system for the retrieval of information on substances
and biochemical pathways. It offers several ways to explore biochemical data
and displays the data in the common style as text or graphics.

5.1 Start Page

The start page is shown in Fig. 11 and presents general information about
the BioPath project and the partners, a short introduction, a user guide and
a starting point for the exploration of the biochemical data.

The user guide introduces into BioPath and explains how to find infor-
mation about substances, enzymes, pathways, and reactions. It illustrates
the visualization of reactions and pathways and displays the main features of
BioPath.

5.2 Overview Diagram

The overview diagram in Fig. 12 has been derived from the overview diagram
of the Biochemical Pathways atlas [17]. It shows a selection of important
biochemical pathways. All colored substances and reactions in the diagram
can be clicked to receive more information. This is the only manually made
reaction diagram in BioPath to ensure similarity to the overview diagram of
the atlas.

5.3 Search Substances

Substances can be searched by their name or a part of it, see Fig. 13. The re-
sult shows biochemical data such as structural and empirical formula, weight,
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Fig. 11. Start page of BioPath

enzyme classification number and charge. Additionally all reactions in which
the substance participates as a reactant, a product or an enzyme are listed.
Fig. 14 is an example for Chlorophyll.

5.4 Search Pathways and Reactions

As shown in Fig. 15, pathways can be searched by their name or a part of it.
BioPath computes a graphical representation containing information like par-
ticipating enzymes and substances of the reaction or pathway and also shows
all pathways the reaction belongs to. As in the overview diagram, displayed
substances and reactions can be clicked to receive detailed information.

5.5 Search reaction net

The most advanced feature of BioPath is the search for a reaction net between
two substances. The query panel is shown in Fig. 16. BioPath searches all
sequences of reactions between two substances up to a given length. Figure 17
shows the result of the query “Search the reaction net between Maltose and D-
Gluconate up to length 10”. The search can be restricted to a single pathway
and in depth. The later is also used to speed-up the search time and database
queries. The depth counts the number of intermediate substances.

The usability of BioPath is limited by the given data on substances, re-
actions, and reaction nets, which is only an excerpt of the information on
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Fig. 15. Searching for the biosynthesis of the Side Chain of Chlorophyll a

the poster or in the atlas or in commercial databases. However, this does not
restrict our general approach.

6 Software

BioPath is accessible via http://biopath.fmi.uni-passau.de.
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