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Abstract
Background: Recent advances with high-throughput methods in life-science research have
increased the need for automatized data analysis and visual exploration techniques. Sophisticated
bioinformatics tools are essential to deduct biologically meaningful interpretations from the large
amount of experimental data, and help to understand biological processes.
Results: We present VANTED, a tool for the visualization and analysis of networks with related
experimental data. Data from large-scale biochemical experiments is uploaded into the software
via a Microsoft Excel-based form. Then it can be mapped on a network that is either drawn with
the tool itself, downloaded from the KEGG Pathway database, or imported using standard network
exchange formats. Transcript, enzyme, and metabolite data can be presented in the context of their
underlying networks, e. g. metabolic pathways or classification hierarchies. Visualization and
navigation methods support the visual exploration of the data-enriched networks. Statistical
methods allow analysis and comparison of multiple data sets such as different developmental stages
or genetically different lines. Correlation networks can be automatically generated from the data
and substances can be clustered according to similar behavior over time. As examples, metabolite
profiling and enzyme activity data sets have been visualized in different metabolic maps, correlation
networks have been generated and similar time patterns detected. Some relationships between
different metabolites were discovered which are in close accordance with the literature.
Conclusion: VANTED greatly helps researchers in the analysis and interpretation of biochemical
data, and thus is a useful tool for modern biological research. VANTED as a Java Web Start
Application including a user guide and example data sets is available free of charge at http://
vanted.ipk-gatersleben.de.

Background
In the last few years the methodology of biochemical
research has undergone tremendous changes. Various
massively-parallel techniques have been developed, generating ever-increasing amounts of experimental data,

from which a top-down view of the biochemistry of an
organism is made possible. These methods include
metabolite profiling [1,2], transcript profiling [3,4], and
automatized enzyme assays [5]. The interpretation of the
data is usually limited by analysis and visualization proce-
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dures. The central task of data visualization is to bring
large amounts of data into a form that shows the data with
reasonable precision, while at the same time being readable and understandable. Often the data generated by the
methods described above is presented in complex tables
that do not include additional biological information
such as the network structure of underlying biological
processes.
Several tools have been developed to represent, visualize,
and analyze biological networks and data. Initially there
were databases such as KEGG [6] that store information
about the structure of metabolic networks. Secondly, tools
for the visualization of biological networks were developed [7-9]. The third generation consists of tools to visualize experimental data in the network context [10-13].
Most of these data visualization tools follow a similar procedure: as a source for the networks they either rely on a
built-in pathway collection or they make use of publicly
available pathway databases. In some of the tools it is possible to edit and layout the networks. Then, imported
experimental data is mapped onto the network, in most
cases by applying a false color code to the nodes or edges
of the network according to observed changes between
two experiments. This kind of colored map is also called a
heatmap. The mapping of experimental data is often
restricted to expression data, the mapping of metabolite
data is rarely also supported. Some of the tools additionally allow statistical analysis of the data. Examples of such
data visualization tools are Cytoscape [10], MapMan [11],
KaPPA-View [12], PathwayExplorer [13], and probably
most prominently the Omics Viewer included in MetaCyc-related databases [14] such as AraCyc [15]. A detailed
description of these tools is given in the Discussion section. However, with the exception of PathwayExplorer
[13], none of these tools support the direct comparison of
more than two data sets with each other, for example data
from different transgenic lines or time series. Furthermore, several data visualization tools rely on static maps,
which means the data is mapped onto pictures which cannot be modified by the user or dynamically changed
depending on database entries.
To address the restrictions in existing systems we developed VANTED, a tool for the visualization and analysis of
networks with related experimental data. It is the
extended stand-alone successor of the prototypic data
exploration module of the DBE-information system [16].
VANTED is designed to help scientists with the interpretation of large-scale biochemical data sets. It allows the
import of any type of biochemical data (e. g. transcript,
protein, metabolite) from different growth conditions
and time-points, network loading and editing, and the
mapping of the data on the corresponding dynamic networks (i. e., pathways). The system offers a variety of new
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functionalities for visual exploration, statistical calculations (t-test, outlier identification, correlation analysis),
data clustering with self-organizing maps, and more.
VANTED is a Java Web Start application and thus platform-independent. It is available free of charge.
The remainder of the paper is structured as follows. First
the VANTED system is described in the Implementation
section. Then we will discuss the main features of VANTED, which was used to visualize recently published midscale biochemical data sets. Finally new biological
insights are discussed and the system is compared to existing tools.

Implementation
VANTED is based on the extensible graph library and editor Gravisto [17]. Gravisto is a system which follows the
Model-View-Controller (MVC) paradigm. It is designed to
be extensible via a plugin mechanism. VANTED is implemented in Java and is therefore platform-independent.
The application uses the Java Web Start technology for
easy installation and automatic updates. As an alternative
a Windows setup file is provided for situations where the
application needs to be used on computers with no internet connection.
The system is extensible with Java scripts (using BeanShell
[18]) and Ruby scripts (using JRuby [19]). This enables
the user to dynamically extend VANTED with new algorithms for analysis, graph layout, data exchange, and
other functionalities. Example scripts as well as documentation for this functionality are available from the VANTED website.
In the following subsections we briefly explain the methods used in VANTED. More detailed descriptions can be
found in the user's guide available from the VANTED website.
Visualization
The basic graph visualization routines for displaying and
layouting graphs in VANTED are based on the underlying
Gravisto implementation [17]. With additional view plugins and by using the JFreeChart library [20] the display of
experimental data in the graph view is made possible.
Statistical tests
The Student's t-test and the Welch-Satterthwaite t-test are
implemented by using the Jakarta Mathematics Library
[21]. The nonparametric U -test (Wilcoxon, Mann-Whitney test) is implemented according to [22]. The David
quick-test for normal distribution and the Grubbs' test for
outliers are performed as detailed in [23].
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Figure 1 of a typical session in VANTED
Work-flow
Work-flow of a typical session in VANTED. The pipeline for the visualization and analysis of biochemical data in the context of their underlying networks with VANTED. See Results section (Summary of VANTED's Features) for a detailed description.
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Figure
Data
input
2 form
Data input form. The VANTED template may be saved and modified with all applications that support the Microsoft Excel
file format, e.g. MS-Office Excel, Open Office and Gnumeric. Information about the experiment, a description of the genotypes
or sample conditions, and finally the data values including replicate number, sample time, measuring tool, and unit may be filled
in. The template is then imported into VANTED for data visualization and analysis.

Correlation analysis
For the calculation of Pearson's product-moment or
Spearman's rank correlation coefficient a list of value pairs
needs to be extracted from the data set. A value pair
between two substances to be correlated is created if three
annotations correspond: (1) the plant/genotype name,
(2) the time value (if present), (3) the replicate number.
The result of these lookup and filter operations are two
lists of values (for the Spearman correlation coefficient
these values are exchanged by rank values). The significance of a particular correlation factor is checked with an
approximation to the Student distribution [22].
Self-organizing maps for the clustering of time series data
For the self-organizing map (SOM) algorithm first a training phase is performed in which clusters of common
input patterns in the data are identified. Secondly, a
lookup phase assigns each input vector to the best fitting
cluster. The principle of the SOM-algorithm is described
in [24]. In the following the data preparation as well as the
processing of the algorithm results are outlined.

The training phase as well as the lookup-phase make use
of normalized input vectors, which are created from an
ordered set of average sample values. The ordering is
determined by the superset of covered time points for all
measured substances. During the lookup phase target
clusters are determined by the minimum distance
between the input vectors and the model vectors which
are part of the SOM. Further layout-, filter-, and coloringoperations on the clustered graph nodes are then possible.

Results
Summary of VANTED's features
The work-flow of a typical session in VANTED is shown in
Figure 1. Experimental data can be loaded into the system
via a Microsoft Excel-based input form (Figure 2). This
step can be repeated if additional data sets should be
included for comparison. Depending on whether the
KEGG database [6] contains a pathway that is suitable for
the data mapping, (a) this pathway can be imported
directly, (b) a network given in a standard network file
format such as GML [25] or SBML [26] can be imported,
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Figure 3 data mapped on plant central metabolism
Metabolite
Metabolite data mapped on plant central metabolism. The metabolic network of the potato tuber was user-generated
in VANTED. Metabolite profiling data of wildtype potato (Solanum tuberosum) tubers, and tubers expressing a yeast invertase
either in an inducible or constitutive manner [33] was mapped onto the network. Each node represents a metabolite, connected by solid and dashed lines that represent single and lumped enzyme reactions, respectively. Data are means +/- standard
error of the mean (SEM) of six independent plants. Values significantly different from the wildtype control as determined by an
unpaired t-test (p < 005) were automatically marked with an asterisk. The bars in each diagram from left to right represent the
values for the wildtype control (red), six inducible invertase lines, and one constitutive invertase line (light pink). The picture
was created in VANTED and saved as a PNG file.
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Figure 4of enzyme and metabolite data on KEGG pathways
Mapping
Mapping of enzyme and metabolite data on KEGG pathways. The pathway 500 (Starch and sucrose metabolism) was
downloaded from the KEGG Pathway database [6]. Enzymes present in the model plant Arabidopsis thaliana as predicted from
sequence information are shown in green. Selected enzyme activities and metabolite concentrations from wildtype potato
tubers, and tubers expressing a yeast invertase either in an inducible or constitutive manner [33] were mapped on the pathway
(which for better visualization was slightly modified using the built-in graph editor of VANTED). See legend of Figure 3 for
details on the diagrams. The number of matches between the data set and all KEGG pathways is shown in the first number
next to the pathway entry. The second number shows the number of enzymes in a pathway, the last the total number of nodes
in the pathway (enzymes, metabolites, and links to other pathways).

or (c) a network can be created via a built-in graph editor
and each node can be assigned to a metabolite, transcript
or enzyme. The previously imported biochemical data can
then be automatically mapped onto the nodes of the generated or imported network. The mapping creates a diagram for each node of the network for which experimental
data is available. See Figure 3 for a user-created network
and Figure 4 for a network imported from KEGG, both
containing mapped data. If desired, the correlation
between different substances can be calculated and visualized, either in the form of different node background
colors if one substance should be correlated to the others,
or in the form of new color-coded edges if all substances

should be correlated against each other. The correlation
can be either studied together with the network structure,
or the original network can be removed as shown in Figure 5. Also, the substances can be clustered according to
similar behavior over time using a self-organizing map
(SOM) algorithm. To determine whether an observed difference of the sample mean is significant in comparison to
the control data, different t-tests can be performed. If
desired, automatic graph layout algorithms can be applied
for better visualization of the network topology. Furthermore, changes can be made to the elements of the network with respect to diagram type, size, color, title,
legend, and other characteristics. Finally, the resulting
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Figure 5 graph and scatter plot generated from metabolite data
Correlation
Correlation graph and scatter plot generated from metabolite data. Selected metabolite data (amino acids, sugars
and sugar derivates) from potato tubers expressing a yeast invertase in an inducible manner [33] were mapped onto nodes
before a correlation analysis was performed. See legend of Figure 3 for details on the diagrams. Positive and negative correlations are visualized by blue and red edges, respectively. The intensity of the edge depends on the value of Pearson's productmoment correlation coefficient. A combination of circular and force-directed layout was performed for better visualization. On
the side-panel, a scatter plot is shown for the four metabolites that are marked with the small red squares in the network.
Samples are color coded depending on the plant line. In the status bar, information is displayed concerning the correlation edge
that is marked with yellow squares in the network (between D-Fructose 6-phosphate and D-Glucose 6-phosphate).

image can be stored as a GML file [25] if it should be
edited later, or as a JPEG or PNG file for use in presentations or publications.
The graphical user interface of VANTED can be seen in Figures 4 and 5. The main display window is surrounded at
the top by the main menu and a toolbar, at the left side by
the buttons for graph editing, at the right side by a side
panel allowing further activities for data analysis, and at
the bottom by a status bar. In the following sections, we
discuss the features and typical work-flow of VANTED in
detail and then apply VANTED to two experimental data
sets.

Main functions of VANTED in detail
Data mapping and visualization
The data input of measurement values into VANTED is
supported by an Excel input form (Figure 2). In addition
to information about the general setup of an experiment,
the form supports data from different -omics areas for different time points and for different genotypes or environmental conditions. This way the template acts as a single
source for the input of multi-dimensional measurement
data, which simplifies data handling.

VANTED allows the mapping of measurement data from
different experiments onto arbitrary networks, which can
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Figure
Time
series
6 data clustered by self-organizing maps
Time series data clustered by self-organizing maps. Wildtype barley (Hordeum vulgare) caryopses were harvested every
second day over a growth period of about 20 days post anthesis and analyzed for the dynamical changes of several central
metabolites. The data set was mapped onto a network that was previously created in VANTED. Each node represents a
metabolite, connected by solid and dashed lines that represent single and lumped enzyme reactions, respectively. Data are
means of two independent plants, the standard error of the mean (SEM) is shown as a polygon around the line. A self-organizing map algorithm was performed to cluster the metabolites into three groups by similar behavior over time, which is visualized by the background color.
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be edited with the built-in graph editing functions. In
addition to general graph editor functions such as node/
edge selection, modification or deletion, an algorithm for
the removal of node overlaps [27], and layout algorithms
such as circular, tree-shaped and force-directed are available. As alternatives to network creation, networks may be
loaded with the built-in importer from the KEGG Pathway
database [6], or from the standard file formats GML [25],
SBML [26], and Pajek .net [28].
The data mapping procedure will be done automatically if
the substance name in the input form is equal to a target
node label. The mapping procedure also considers any
synonym or identifier defined in the KEGG Ligand database [29] or in the SIB (Swiss Institute of Bioinformatics)
Enzyme nomenclature database [30]. If no automatic
mapping is possible a user-defined mapping may be performed, in which a data subset for a measured substance
needs to be assigned manually to a node. Additionally
VANTED allows automatic creation of new nodes for all
measurement data subsets which do not map onto the
given network. The mapping of data onto (optionally
organism specific) KEGG pathways is facilitated by a function which counts the number of possible automatic mappings of the measured substances onto the list of KEGG
pathways (Figure 4).
The visualization of experimental data within the networks is done by including line or bar charts in the network nodes. Experimental data of different genotypes or
plants may be shown within a single diagram inside each
substance node, or shown in separate diagrams. The drawing style of the diagrams may be modified with a number
of parameters such as series colors, the display of range or
category labels, and line widths. As the system supports
replicate measurement values in the data input form, the
standard deviation (SD) or the standard error of the mean
(SEM) may be shown as an error bar in both kinds of diagrams. For the line chart a polygon around the line may
also be used to illustrate the variability of the data.
Computational data analysis
VANTED offers a variety of statistical functionalities for
data analysis. At first, outliers in the data set may be identified and removed with the help of Grubb's test [23]. To
compare experimental data from different plants or genotypes, a t-test can be used to determine whether the means
of these data sets differ significantly or not. Depending on
the assumption of equality of variances, Student's
unpaired t-test or the Welch-Satterthwaite t-test can be carried out. Both t-tests assume the data to be normally distributed, that is, to follow a Gaussian distribution. This
may be checked within VANTED with the David quick-test
[23]. In the case that the data is not normally distributed
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a nonparametric rank-sum test (U -test) should be performed instead of a t-test.
Relationships or common patterns in the data can be
found by plotting the measurement values for a defined
set of substances inside a scatter plot matrix (Figure 5,
right side). This matrix displays the measurement values
for all combinations of the selected substance nodes. The
Pearson correlation coefficient is visualized with a colorcoded diagram frame (Figure 5, right side). In case of a significant correlation, the border width of the diagram is
increased. Alternatively, Spearman's rank order correlation coefficient may be used, which is more robust against
outliers. For the interactive analysis a reference node is
selected and the correlation with all remaining nodes is
visualized by different node colors. Significant correlations are again highlighted by an increased border width.
A gamma correction may be used to emphasize strong correlations.
To create a correlation network from a number of selected
substance nodes, the correlation between all possible
pairs of nodes can be calculated, and a new edge is created
between two nodes if this correlation is significant (Figure
5, left side). Different edge colors are used to visualize
positive and negative correlations. A built-in forcedirected graph layout algorithm may now be used to visually group significantly correlated graph nodes.
In addition to the statistical functions a neuronal network
algorithm (a self-organizing map, SOM) is included in the
system. The SOM is a powerful method for visualization
and classification tasks. It has been used for speech recognition, robotics, process control [24], and to cluster gene
expression data [31]. In VANTED the SOM is used as a
tool for the extraction of common measurement patterns
over time. At first a training phase of the SOM needs to be
performed. During this phase the SOM adapts itself to
common input patterns, a process that can be influenced
by various parameters. Subsequently all nodes are
assigned to clusters, based on the best matching SOM
node. As a result the substances are grouped according to
similar patterns. These clusters can be color-coded (Figure
6). Similar patterns are easily discovered visually even if
they are widely spread over the picture.
Experimental case studies
Metabolite and enzyme data from genetically modified potato tubers
The regulation of sucrose to starch conversion in the
potato tuber has been extensively studied in the last few
decades (for a review see [32]). In an attempt to better
understand the importance of sucrose mobilization in
this pathway, a yeast invertase was expressed in an inducible manner in growing potato tubers [33], and the
metabolite changes were monitored by a metabolite pro-
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filing approach coupling mass spectrometry to gas chromatography [1]. This method allows the measurement of
the relative concentrations of more than 60 metabolites
simultaneously. The resulting mid-scale data sets have to
date mostly been presented in complex tables [1,33]. With
VANTED, the values can now be analyzed in the context
of the underlying pathways, which allows a more comprehensive picture of the processes taking place in metabolism upon transgene expression.
In Figure 3, a metabolic network of plant central metabolism that was drawn using the graph editor function of
VANTED is shown. The example data set that was mapped
on the nodes consists of 62 relative metabolite concentrations from developing tubers of eight potato genotypes
(one wildtype, one constitutive and six inducible yeast
invertase lines), each from six replicates, giving a total
number of close to 3000 values [33]. The network was
drawn especially for this data set, however it can be
adapted to any other data set from central metabolism,
depending on which substances were measured and are to
be displayed. For a better understanding of the pathways,
some metabolites that have not been measured were additionally included. With this visualization it becomes evident that some metabolites and even whole sections of
the displayed part of plant metabolism seem to be coupled, while others show different behavior. For example,
some, but not all, carbohydrates are massively increased
upon expression of the constitutively expressed yeast
invertase, while they do not show large changes upon an
inducible expression of the same enzyme. The intermediates of the citrate cycle are only in some cases significantly
increased, while it is known that invertase expression
leads to a large increase in the flux through glycolysis [34].
Finding these coherences from a large table of numbers
would require comprehensive knowledge and the capability to intuitively handle the metabolic maps, which is of
course desirable, but not always possible, for researchers.
For a subset of this metabolite data set consisting of
amino acids, sugars, and sugar derivatives, a correlation
network has been generated with VANTED (Figure 5). The
strongest correlations were observed between glucose 6phosphate and fructose 6-phosphate, and between leucine and isoleucine, which can also be seen from the scatter plot matrix shown on the right side of Figure 5. This
observation is in accordance with a previous study in
which these correlations were shown to be the strongest
ones in a different data set [1]. From the network image it
can be seen that the amino acids form a highly connected
cluster, the sugars and sugar derivatives form a loosely
connected cluster, and there are only a few links between
these clusters: a negative correlation between hexose
phosphates and glycine, and positive correlations
between inositol 1-phosphate and the amino acids gluta-
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mate, arginine and ornithine. These findings are consistent with another study in which it has been shown that
glucose and mannitol are negatively correlated to a highly
connected amino acid cluster [35].
In the study mentioned above, in addition to metabolite
levels the activities of several glycolytic enzymes were also
measured [33]. For the image shown in the main display
window in Figure 4, a subset of the original data was
mapped onto map 500 (starch and sucrose metabolism)
from the KEGG Pathway database. One goal in the development of the KEGG import was to achieve an appearance
similar to the KEGG pictures. Now, in contrast to the static
KEGG pictures, the network can be further edited by the
user. In the data visualization shown in Figure 4 it is
immediately visible that the constitutive expression of the
yeast invertase leads to massive increases in hexoses and
hexose phosphates, while the activity of the corresponding enzymes are not significantly altered. A reason for this
might be that the corresponding enzyme levels are high
enough to cope with temporally, but not constant,
increases in hexose levels.
Time series metabolite data from developing barley seeds
Cereal seeds accumulate starch and proteins as storage
products. Despite extensive studies on the biochemistry of
cereal seeds [36], the regulatory mechanisms underlying
their high storage capacity remain largely unknown. In an
attempt to elucidate the control of the cell's energy state
on starch accumulation, a large data set was created containing the dynamic changes of about 40 metabolite concentrations determined from barley caryopses (Hordeum
vulgare) in the middle of every second day over a growth
period of about 20 days post anthesis [37]. The network
edited for Figure 3 was modified to be appropriate for the
mapping of this data set (Figure 6). After data mapping, a
self-organizing map [24] with 6 neurons was trained
using all nodes to find similar patterns in the behavior of
the metabolites over time. From the resulting 6 cluster
prototypes, 3 clusters have been created that show (a) a
decrease or (b) an increase over time, or (c) either high
levels in the middle of the time frame or no significant
pattern. The three different clusters were then automatically visualized by three different node colors (Figure 6).
It can be seen that metabolites close together in a pathway
tend to fall into the same group, as for example hexose
phosphates and glycolytic intermediates all belong to the
cluster in which the concentration increases over time,
which is in accordance to the observation that glycolytic
genes are also induced at the onset of storage [38].

Discussion
The increasing size of data sets generated in biological
research creates a strong need for automatized data analysis and visualization tools. Therefore we designed VAN-
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TED, a platform-independent tool that allows the visual
analysis of mid- and large-scale biochemical data sets in
the context of relevant networks. In the following we will
describe other existing tools in comparison to VANTED.
There are a number of tools which facilitate the editing
and visualization of biological networks, among them
BioMiner [8], PaVESy [9], VisANT [39], Patika [7], and
Osprey [40]. In most cases standard layout methods such
as force-directed [41] and hierarchical layouts [42] are
used to visualize biological networks. Patika extends the
force-directed layout to deal with application specific
requirements in biological research, especially for cellular
compartmentation. Osprey allows manipulation and visualization of interaction networks and supports search
and filter operations. BioMiner and PaVESy are both
equipped with an internal pathway database. BioMiner
facilitates finding possible paths from one metabolite to
another. PaVESy uses the network analysis toolkit Pajek
[28] to visualize the pathways. The VANTED system presented in this paper supports several layout algorithms
and thus can be also used as a tool for the editing and visualization of biological networks.
All the general visualization tools mentioned above are
usually restricted to visualization and manipulation of the
biological network, and thus do not support mapping and
visualization of experimental data. For this task, there are
a number of tools available which display data on static or
dynamic networks with the focus on gene expression data.
Probably the most prominent example is the Omics
Viewer which allows large scale data from experiments
such as microarray expression profiling, proteomics, and
metabolic profiling to be overlaid onto a metabolic map
from the MetaCyc databases [14], e. g. AraCyc [15]. Concentration differences are shown by color gradients (also
called heatmaps). Multiple experiments can be compared
in that the different colored maps are displayed one after
the other in an animation. However, in contrast to VANTED, with this tool it is neither possible to edit the network, nor to visualize multiple data sets in a single image.
Similar to the Omics Viewer, many other tools are linked
to databases. In the case of MetNet [43] and ToPNet [44],
the database is included in the tool itself, but only ToPNet
also allows editing and layout of the pathways. MapMan
[11] and KappaView [12] both rely on libraries of pathways that are stored in the tool as pictures. This strategy,
however, is of limited use because the pathways can not
be edited and layouted dynamically. Instead the user
needs to modify the picture manually and inform the tool
about the new position of the nodes. It should be noted
that the main intention of these two projects is the annotation of the genes present in the expression profiles to
functional groups, and not the provision of a computa-
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tional framework for mapping data onto general networks. In other tools such as PathwayExplorer [13],
PathMAPA [45] (and its successor VitaPad [46]), and
PathwayAnalyser in the PathwayProcessor software package [47] the pathways are loaded from the KEGG Pathway
database [6], a procedure that is also available in VANTED. PathwayExplorer [13] is a versatile web-based tool
that also makes it possible to display time series expression data in the enzyme nodes of KEGG pathway maps by
applying color gradients to stripes of the node, but it is
neither possible to dynamically modify the pathway
maps, nor does it support the mapping of metabolite data.
Nearly all of these data visualization tools allow the display of gene expression data on the network, but only the
Omics Viewer [15], Cytoscape [10], and MapMan [11] are
designed to also display metabolite or other data. With
the exception of MetNet [43] and, as mentioned before,
Omics Viewer and PathwayExplorer, all of the tools are
limited in that they only allow the display of the data from
two experiments in comparison as a color code (heatmap). However, MetNet groups the data into pathways
and is thus not able to display the data of single enzymes
on the pathway structure. Hence, to our knowledge, VANTED is the first tool to display -omics data from multiple
experiments superimposed on a network in one picture.
Only a few tools for data visualization also include statistical analysis. For example, with PathMAPA [45] and PathwayExplorer [13] it is possible to perform Fisher's exact
test to determine whether the expression of the genes in a
given pathway is affected by a specific experiment. To our
knowledge, in contrast to VANTED no other data visualization tool allows direct determination of correlations
within the data set, construction of correlation networks
from these, and clustering of data with machine learning
methods such as self-organizing maps.
In particular the creation of correlation networks from
biochemical data is currently of great interest. Several
recent studies have shown that valuable additional information can be derived from large-scale transcript [48,49]
and metabolite [35,50] data sets. As VANTED provides
researchers with the possibility to generate and visualize
correlation networks in the context of theoretical pathway
networks, it is a valuable tool to support these recent
developments.
One limitation of VANTED is that with the current version
it is not practicable to visualize genome-wide data sets.
Typically analyzed data sets should contain up to a few
hundred items (metabolite, enzymes) from up to a few
dozen conditions (or genotypes, or time points) with a
large number of replicates. However, it has to be noted
that VANTED offers great flexibility. There is no limitation
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on the type of networks and data: the networks for example could also consist of tree-like hierarchical structures
such as the MapMan Bins [11], and instead of enzyme
activity data as shown in this study it is possible to display
gene expression data.

• Other requirements: Java version 1.5 or higher, screen
resolution of 1024 × 768 or higher, mouse, 512 MB RAM
recommended

With the experimental case studies, we have shown that
with VANTED it is possible in relatively short time to find
previously known relationships between substances, and
to observe new relationships.

• Any restrictions to use by non-academics: Commercial
users need to adhere to the KEGG license terms in case the
KEGG related functions are used.

• License: VANTED is available free of charge.

Authors' contributions
Future perspectives
VANTED is a state-of-the-art tool for the visual analysis of
biological data in the context of relevant networks. After
making it publicly available for academic use, we anticipate that it will find wide acceptance in the scientific community. We are collaborating closely with researchers to
improve VANTED, especially to add new functionalities
depending on user needs. Furthermore, any comments
and suggestions from the research community are greatly
appreciated. In the future we are planning to offer a heatmap functionality and the possibility of hierarchical network representation to allow the visualization of genomewide data sets.

Conclusion
We have developed VANTED, a platform independent
tool, available free of charge to the scientific community.
It helps scientists to interpret their biochemical data sets
by analyzing and visualizing them in the context of the
underlying metabolic pathways or other networks. A large
number of data visualization tools for various purposes
have been created in the last few years, but VANTED is
unique in its combination of numerous features of which
other data visualization tools provide only a subset:
dynamic network editing and layout, mapping of
medium- to large-scale experimental data sets from different time points or conditions on networks, statistical tests,
generation of correlation networks, and clustering of similarly behaving substances. Furthermore, it allows the display of data in a so far unequaled level of detail. These
features in combination with the simple and intuitive
graphical user interface should make VANTED a valuable
tool for a broad range of researchers.
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system and participated in its final design. BHJ contributed the experimental case studies. BHJ and CK drafted
the manuscript. All authors read, revised and approved
the manuscript and are listed in alphabetical order.

Acknowledgements
This work was partly supported by the German Ministry of Education and
Research (BMBF) under grants 0312706A and 0313115. We would like to
thank Franz J. Brandenburg (University of Passau) for his generous cooperation and for granting usage of Gravisto, Hardy Rolletschek for his feedback
on the tool and the data for the second case study, Mohammad Hajirezaei
for fruitful discussions, and Stéphanie Boué for the idea for the name. We
thank Tim Dwyer for his work on the node overlap removal algorithm and
the provision of its implementation, and the anonymous reviewers for their
valuable comments.

References
1.

2.
3.
4.

5.

6.

Availability and requirements
• Project name: VANTED
• Project home page: http://vanted.ipk-gatersleben.de

7.

8.

• Operating system(s): Platform independent
9.

• Programming language: Java
10.

Roessner U, Luedemann A, Brust D, Fiehn O, Linke T, Willmitzer L,
Fernie AR: Metabolic profiling allows comprehensive phenotyping of genetically or environmentally modified plant systems. Plant Cell 2001, 13:11-29.
Fiehn O, Kopka J, Dormann P, Altmann T, Trethewey RN, Willmitzer
L: Metabolite profiling for plant functional genomics. Nature
Biotechnology 2000, 18:1157-1161.
De Risi JL, Iyer VR, Brown PO: Exploring the metabolic and
genetic control of gene expression on a genomic scale. Science 1997, 278:680-686.
Celis JE, Kruhoffer M, Gromova I, Frederiksen C, Ostergaard M, Thykjaer T, Gromov P, Yu JS, Palsdottir H, Magnusson N, Orntoft TF:
Gene expression profiling: monitoring transcription and
translation products using DNA microarrays and proteomics. FEBS Letters 2000, 480:2-16.
Gibon Y, Blaesing OE, Hannemann J, Carillo P, Hohne M, Hendriks
JHM, Palacios N, Cross J, Selbig J, Stitt M: A robot-based platform
to measure multiple enzyme activities in Arabidopsis using a
set of cycling assays: Comparison of changes of enzyme
activities and transcript levels during diurnal cycles and in
prolonged darkness. Plant Cell 2004, 16:3304-3325.
Kanehisa M, Goto S: KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Research 2000, 28:27-30.
Demir E, Babur O, Dogrusöz U, Gürsoy A, Nisanci G, Çetin Atalay R,
Ozturk M: PATIKA: an integrated visual environment for collaborative construction and analysis of cellular pathways. Bioinformatics 2002, 18:996-1003.
Sirava M, Schäfer T, Eiglsperger M, Kaufmann M, Kohlbacher O, Bornberg-Bauer E, Lenhof H: BioMiner -modeling, analyzing, and visualizing biochemical pathways and networks. Bioinformatics
2002, 18:S219-S230.
Lüdemann A, Weicht D, Selbig J, Kopka J: PaVESy: pathway visualization and editing system. Bioinformatics 2004, 20:2841-2844.
Shannon P, Markiel A, Ozier O, Baliga N, Wang J, Ramage D, Amin N,
Schwikowski B, Ideker T: Cytoscape: a software environment

Page 12 of 13
(page number not for citation purposes)

BMC Bioinformatics 2006, 7:109

11.

12.

13.

14.

15.
16.

17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.

for integrated models of biomolecular interaction networks.
Genome Research 2003, 13:2498-2504.
Usadel B, Nagel A, Thimm O, Redestig H, Blaesing OE, Palacios-Rojas
N, Selbig J, Hannemann J, Piques MC, Steinhauser D, Scheible WR,
Gibon Y, Morcuende R, Weicht D, Meyer S, Stitt M: Extension of
the visualization tool MapMan to allow statistical analysis of
arrays, display of coresponding genes, and comparison with
known responses. Plant Physiology 2005, 138:1195-1204.
Tokimatsu T, Sakurai N, Suzuki H, Ohta H, Nishitani K, Koyama T,
Umezawa T, Misawa N, Saito K, Shibatanenell D: KaPPA-View. A
web-based analysis tool for integration of transcript and
metabolite data on plant metabolic pathway maps. Plant Physiology 2005, 138:1289-1300.
Mlecnik B, Scheideler M, Hackl H, Hartler J, Sanchez-Cabo F, Trajanoski Z: PathwayExplorer: web service for visualizing highthroughput expression data on biological pathways. Nucleic
Acids Research 2005, 33:W633-W637.
Krieger CJ, Zhang P, Müller LA, Wang A, Paley S, Arnaud M, Pick J,
Rhee SY, Karp PD: MetaCyc: a multiorganism database of metabolic pathways and enzymes. Nucleic Acids Research 2004,
32:438-442.
Müller LA, Zhang P, Rhee SY: AraCyc: A Biochemical Pathway
Database for Arabidopsis. Plant Physiology 2003, 132:453-460.
Borisjuk L, Hajirezaei MR, Klukas C, Rolletschek H, Schreiber F: Integrating data from biological experiments into metabolic networks with the DBE information system. In Silico Biology 2005,
5:93-102.
Bachmaier C, Brandenburg FJ, Forster M, Raitner M, Holleis P:
Gravisto: Graph Visualization Toolkit. In Proceedings of the 12th
International Symposium on Graph Drawing, of LNCS Volume 3383.
Springer; 2004:502-503.
BeanShell: Lightweight Scripting for Java [http://www.bean
shell.org]
JRuby: A Ruby interpreter written in pure Java
[http://
jruby.sourceforge.net]
Gilbert D, Morgner T: JFreeChart, a free Java class library for
generating charts. [http://www.jfree.org/jfreechart].
Commons-Math: The Jakarta Mathematics Library [http://
jakarta.apache.org/commons/math]
Sachs L: Applied Statistics 2nd edition. Springer; 1984.
Gottwald W: Statistik für Anwender Wiley-VCH; 2000.
Kohonen T: The Self-Organizing Map. Proceedings of the IEEE
1990, 78:1464-1480.
Himsolt M: Graphlet: Design and Implementation of a Graph
Editor. Software – Practice and Experience 2000, 30:1303-1324.
Finney A, Hucka M: Systems Biology Markup Language: Level
2 and beyond. Biochemical Society Transactions 2003, 31:1472-1473.
Dwyer T, Marriott K, Stuckey P: Fast node overlap removal. In
Proceedings of the 13th International Symposium on Graph Drawing, LNCS
Springer; 2005. to appear
Batagelj V, Mrvar A: Pajek – analysis and visualization of large
networks. In Graph Drawing Software Edited by: Jünger M, Mutzel P.
Springer; 2004:77-103.
Goto S, Okuno Y, Hattori M, Nishioka T, Kanehisa M: LIGAND:
database of chemical compounds and reactions in biological
pathways. Nucleic Acids Research 2002, 30:402-404.
Bairoch A: The ENZYME database in 2000. Nucleic Acids Research
2000, 28:304-305.
Kasturi J, Acharya R, Ramanathan M: An information theoretic
approach for analyzing temporal patterns of gene expression. Bioinformatics 2003, 19:449-458.
Geigenberger P: Regulation of sucrose to starch conversion in
growing potato tubers. Journal of Experimental Botany 2003,
54:457-465.
Junker BH, Wuttke R, Tiessen A, Geigenberger P, Sonnewald U,
Willmitzer L, Fernie AR: Temporally regulated expression of a
yeast invertase in potato tubers allows dissection of the complex metabolic phenotype obtained following its constitutive
expression. Plant Molecular Biology 2004, 56:91-110.
Trethewey R, Geigenberger P, Riedel K, Hajirezaei MR, Sonnewald U,
Stitt M, Riesmeier J, Willmitzer L: Combined expression of glucokinase and invertase in potato tubers leads to a dramatic
reduction in starch accumulation and a stimulation of glycolysis. Plant Journal 1998, 15:109-118.
Weckwerth W: Metabolomics in systems biology. Annual
Reviews in Plant Biology 2003, 54:669-689.

http://www.biomedcentral.com/1471-2105/7/109

36.
37.

38.

39.
40.
41.
42.
43.

44.
45.

46.
47.
48.
49.
50.

James M, Denyer K, Myers A: Starch synthesis in the cereal
endosperm. Current Opinion in Plant Biology 2003, 6:215-222.
Rolletschek H, Weschke W, Weber H, Wobus U, Boriskuk L:
Energy state and its control on seed development: starch
accumulation is associated with high ATP and steep oxygen
gradients within barley grains. Journal of Experimental Botany
2004, 55:1351-1359.
Sreenivasulu N, Altschmied L, Radchuk V, Gubatz S, Wobus U,
Weschke W: Transcript profiles and deduced changes of metabolic pathways in maternal and filial tissues of developing
barley grains. Plant Journal 2004, 37:539-553.
Hu Z, Mellor J, Wu J, DeLisi C: VisANT: an online visualization
and analysis tool for biological interaction data. BMC Bioinformatics 2004, 5:17.
Breitkreutz BJ, Stark C, Tyers M: Osprey: a network visualization
system. Genome Biology 2003, 4:R22.
Fruchterman T, Reingold E: Graph drawing by force-directed
placement. Software – Practice and Experience 1991, 21:1129-1164.
Sugiyama K, Tagawa S, Toda M: Methods for visual understanding
of hierarchical system structures. IEEE Transactions on Systems,
Man and Cybernetics 1981, 11:109-125.
Wurtele E, Li J, Diao L, Zhang H, Foster C, Fatland B, Dickerson J, A
B, Brown A, Cox Z, Cook D, Lee EK, Hofmann H: MetNet: software to build and model the biogenetic lattice of Arabidopsis. Comparative and Functional Genomics 2003, 4:239-245.
Hanisch D, Sohler F, Zimmer R: ToPNet – an application for
interactive analysis of expression data and biological networks. Bioinformatics 2004, 20:1470-1471.
Pan D, Sun N, Cheung KH, Guan Z, Ma L, Holford M, Deng X, Zhao
H: PathMAPA: a tool for displaying gene expression and performing statistical tests on metabolic pathways at multiple
levels for Arabidopsis. BMC Bioinformatics 2003, 4:56.
Holford M, Li N, Nadkarni P, Zhao H: VitaPad: visualization tools
for the analysis of pathway data.
Bioinformatics 2005,
21:1596-1602.
Grosu P, Townsend J, Hartl D, Cavalieri D: Pathway Processor: a
tool for integrating whole-genome expression results into
metabolic networks. Genome Research 2002, 12:1121-1126.
Bergmann S, Ihmels J, Barkai N: Similarities and differences in
genome-wide expression data of six organisms. PLoS Biology
2004, 2:85-93.
Lisso J, Steinhauser D, Altmann T, Kopka J, Müssig C: Identification
of brassinosteroid-related genes by means of transcript coresponse analysis. Nucleic Acids Research 2005, 33:2685-2696.
Weckwerth W, Loureiro ME, Wenzel K, Fiehn O: Differential metabolic networks unravel the effects of silent plant phenotypes. Proceedings of the National Academy of Sciences USA 2004,
101:7809-7814.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 13 of 13
(page number not for citation purposes)

