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In this article we present ModuleMaster, a novel application for finding cis-regulatory modules (CRMs) in
sets of co-expressed genes. The application comes with a newly developed method which not only con-
siders transcription factor binding information but also multivariate functional relationships between
regulators and target genes to improve the detection of CRMs. Given only the results of a microarray
and a subsequent clustering experiment, the program includes all necessary data and algorithms to
ene regulation
is-Regulatory modules
egulatory sequence analysis
atrix scan

ranscription factors

perform every step to find CRMs. This workbench possesses an easy-to-use graphical user interface,
together with job-processing and command-line options, making ModuleMaster a sophisticated pro-
gram for large-scale batch processing. The detected CRMs can be visualized and evaluated in various
ways, i.e., generating GraphML- and R-based whole regulatory network visualizations or generating
SBML files for subsequent analytical processing and dynamic modeling. Availability: ModuleMaster
is freely available to academics as a webstart application and for download at http://www.ra.cs.uni-

odule
tuebingen.de/software/M

. Introduction

Deciphering gene regulatory relationships from microarray
xperiments is one of the key disciplines in bioinformatics. It is gen-
rally accepted that genes, coding for proteins which are involved
n the same step of a metabolic pathway, are usually co-regulated
Segal et al., 2003). These genes mostly share common regulatory
lements in their promoter sequences—so-called cis-regulatory
odules (CRMs). CRMs are functional combinations of transcrip-

ion factor binding sites that act in close proximity in regulatory
equences and regulate the expression of multiple genes (Segal
t al., 2003). Many methods for clustering genes and conditions
ased on microarray data are available (Supper et al., 2007; Reiss

nd Baliga, 2006). These methods overcome the disadvantages of
arlier clustering approaches by performing a biclustering, which
ields overlapping clusters of genes that are co-expressed under
iven subsets of conditions. Here, a condition can be a different
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microarray experiment, another timepoint or any other expression
value.

Based on any clustering results, we developed a novel work-
bench, which includes all algorithms and organism specific binding
site information that is required for a successful detection of CRMs
in sets of co-expressed genes. Searching for modules can be done
by using the ModuleSearcher algorithm (Aerts et al., 2000) that
only takes into account transcription factor binding sites (TFBSs),
or the newly developed ModuleMaster algorithm (Schröder et al.,
submitted for publication). This new algorithm considers not only
TFBSs but also linear relationships between genes and transcription
factors based on mRNA expression values using a multi-objective
genetic algorithm. The ModuleMaster algorithm has been validated
on various datasets and improves the quality of the resulting CRMs.
For example, a transcription factor that does not correlate well with
the genes in a cluster is unlikely to be a transcription factor for
this gene cluster under the given conditions. Whereas a transcrip-
tion factor whose transcription level shows a high correlation to
all genes in a cluster is likely to be an activating regulator for this
cluster.

Currently, there are only few workbenches for cis-regulatory
analysis freely available. TOUCAN 2 is one of the most popular open

source approaches (Aerts et al., 2005). TOUCAN 2 uses the Mod-
uleSearcher algorithm to scan for modules and does not consider
experimental data. Furthermore, it performs all jobs on remote
web services and therefore, no automated large-scale analysis of
clustering data is possible with TOUCAN 2. Another example is
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oduleMiner, which is only available as a web interface (Loo et al.,
008). ModuleMiner enhances the ModuleSearcher by removing
ll configuration options and automatically estimating an opti-
al number of transcription factors for a module in a given set

f sequences. Just like ModuleSearcher this approach does only
onsider TFBSs and no experimental data. A few approaches have
een proposed earlier that try to include experimental data to
earch for motifs (Bussemaker et al., 2001; Roven and Bussemaker,
003; Das et al., 2004). Most of these approaches do not specifically
earch for TFBSs but for motifs of a fixed length and none of these
pproaches correlates the expression of putative regulatory tran-
cription factors to the expression of their target genes. In addition,
hese methods only search for motifs and not for modules. For these
easons, we developed ModuleMaster to provide a workbench for
utomated and effective large-scale analysis and included a new
lgorithm that considers not only TFBS, but also experimental data
or an improved detection of CRMs.

. Key features

ModuleMaster is an advanced program for finding cis-regulatory
odules in sets of co-expressed genes. It is capable of retrieving

equences, performing matrix scans on these sequences and finally,
earching for cis-regulatory modules. It offers a huge list of options
nd features to customize it for various objectives. The whole pro-
ess from clustering results to the final modules for all clusters can
e fully automated. The program offers an easy-to-use graphical
ser interface, parallel job-processing and various command-line

apabilities. ModuleMaster is able to analyze regulatory sequences
f a large list of organisms, in contrast to previous approaches.
equence retrieval can be done using the RSAT (Thomas-Chollier
t al., 2008) or the EnsEMBL (Hubbard et al., 2009) database. For
uman sequences, a tissue filter based on the TiGER (Liu et al.,

ig. 1. Screenshot of ModuleMaster. The module-view is selected and statistics for the c
odule, all expression information and a visualization of the actual module (lower third o

re shown. The lower right corner shows interactions between various clusters and trans
nd has been visualized using yEd (yWorks, 2007).
ms 99 (2010) 79–81

2008) database is implemented that automatically selects the cor-
rect gene if a gene name is ambiguous. Promoter sequences can be
used to perform cis-regulatory analysis. The MATCH TM matrix scan
algorithm (Kel et al., 2003) has been implemented and included
into ModuleMaster. This algorithm searches for potential TFBSs in
promoter sequences. All TFBSs, detected by the MATCH TM algo-
rithm, will be reported along with various statistic measurements
and visualizations. By including predicted binding sites according
to Supper et al. (submitted for publication), next to experimentally
validated binding sites from TRANSFAC® public (Matys et al., 2009)
and PWMs generated from IUPAC sequences, e.g., from PLACE (Higo
et al., 1999) or NUBIScan (Podvinec et al., 2002), ModuleMaster has
a very comprehensive library of position weight matrices (PWMs).
Hence, there is no need to search for unspecific motifs without des-
ignated targets in the promoter sequences of genes, which is still
a disadvantage of other approaches. This is a key component that
allows ModuleMaster to correlate the expression of transcription
factors to the expression of other genes.

Individual cutoff scores to minimize the false negatives and
organism dependent 4th order hidden Markov models are provided
for all included PWMs and for PWMs from TRANSFAC® professional.
If the user has access to a TRANSFAC® professional license, these
PWMs can be integrated easily. For other PWMs, ModuleMaster
provides automated methods to calculate cutoff scores and back-
ground models. In most cases, it is sufficient to select an organism
and the collection of PWMs to be used. ModuleMaster automat-
ically extracts and precalculates all necessary data and performs
the matrix scan.
Based on binding sites and any microarray gene expression data,
ModuleMaster can detect common cis-regulatory modules in sets
of co-expressed genes. The program uses a multi-objective genetic
algorithm from EvA2 (Kronfeld, 2008) to detect not only signifi-
cant combinations of binding sites, but also plausible relationships

urrently selected module are displayed. This includes, i.e., all TFBSs in the current
f the picture). On the top, several tools that are available for processing of PWM files
cription factors. This image section was automatically generated by ModuleMaster
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ters from multiple time-series of gene expression profiles. BMC Bioinformatics
8, 334, doi:10.1186/1471-2105-8-334.

Thomas-Chollier, M., Sand, O., Turatsinze, J.-V., Janky, R., Defrance, M., Vervisch, E.,
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etween transcription factors and genes in the current cluster. The
inear relationship is quantified with a multivariate linear regres-
ion. As a result, a list of significant modules is generated along
ith information regarding both score objectives and the actual
odule, and opportunities to further evaluate and validate each
odule. ModuleMaster reports all Pareto-optimal solutions, along
ith solutions that show significant scores in both objectives (sig-
ificance of TFBSs and correlation of expression values). Besides
hese, modules that maximize only one objective will be reported,
oo. Every module is visualized (see Fig. 1 for an example), a list
f all included TFBSs is given and all informations about the linear
egression are reported. Based on this regression, ModuleMaster
an successfully predict which transcription factor acts as a repres-
or and which acts as an activator (Schröder et al., submitted for
ublication). Besides this, ModuleMaster provides many tools to
urther process promoter sequences, PWM files and microarray
xpression files. For example: detecting similar PWMs, annotat-
ng expression probes with synonyms, retrieving promoters for
ll genes in an expression file, generate random datasets, retrieve
equences from a container file, and many more. ModuleMaster
rovides further support whenever additional information on a
odule is needed or a module should be validated. It provides

ools which can draw relations between transcription factors and
lusters, visualizes the expression correlation of genes and tran-
cription factors, or visualizes the actual module. It is possible
o create job files and let ModuleMaster automatically search for

odules in a complete microarray dataset. To validate results, it is
ossible to perform multiruns and runs on random datasets. Mod-
leMaster compares all those runs automatically and generates
omprehensive HTML reports that include all available informa-
ion. An example can be found on the URL given in Section 4.

. Performance

The implementation is fast and therefore allows the user to
earch for modules with more than 10 transcription factors in a
arge window (e.g., 500 bp) in reasonable time. To our knowledge,

oduleMaster is the first algorithm that is able to handle such a
arge search. For example, a simple module search (five transcrip-
ion factors in a module) in a cluster of about 20 genes with about
000 potential transcription factors can be done in less than 1 h on
1.8 GHz dual core processor. The population size for this exam-
le was set to 100 and up to 10,000 generations were performed.
oduleMaster is able to take advantage of multicore and hyper-

hreading processors by automatically using every available actual
nd virtual processor.

. Availability and requirements

ModuleMaster is entirely written in Java TM and runs on any
perating system where a suitable Java Virtual Machine (JDK ver-
ion 1.6 or newer) is installed. For the graphical user interface, the
tandard Widget Toolkit (SWT) is required. A list of operating sys-
ems supported by SWT can be found at http://www.eclipse.org/
wt/. We recommend launching the application by using
he webstart link at http://www.ra.cs.uni-tuebingen.de/software/

oduleMaster/. The webstart version is always up to date and will
utomatically load all required libraries for any supported operat-
ng system.
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