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ABSTRACT
Summary: Metabolomics, in particular gas chromatography–mass
spectrometry (GC–MS) based metabolite profiling of biological
extracts, is rapidly becoming one of the cornerstones of functional
genomics and systems biology. Metabolite profiling has profound
applications in discovering the mode of action of drugs or herbicides,
and in unravelling the effect of altered gene expression on metabolism
and organism performance in biotechnological applications. As such
the technology needs to be available to many laboratories. For this, an
open exchange of information is required, like that already achieved
for transcript and protein data. One of the key-steps in metabolite
profiling is the unambiguous identification of metabolites in highly
complex metabolite preparations from biological samples. Collections
of mass spectra, which comprise frequently observed metabolites of
either known or unknown exact chemical structure, represent the most
effective means to pool the identification efforts currently performed in
many laboratories around the world. Here we present GMD, The Golm
Metabolome Database, an open access metabolome database, which
should enable these processes. GMD provides public access to cus-
tom mass spectral libraries, metabolite profiling experiments as well as
additional information and tools, e.g. with regard to methods, spectral
information or compounds. The main goal will be the representation of
an exchange platform for experimental research activities and bioin-
formatics to develop and improve metabolomics by multidisciplinary
cooperation.
Availability: http://csbdb.mpimp-golm.mpg.de/gmd.html
Contact: Steinhauser@mpimp-golm.mpg.de
Supplementary information: http://csbdb.mpimp-golm.mpg.de/

INTRODUCTION
The sequencing and annotation of whole genomes of various organ-
isms (Goffeauet al., 1996; Blattneret al., 1997; TheArabidopsis
Genome Initiative, 2000; Landeret al., 2001) facilitate the devel-
opment of technology platforms to monitor the cellular inventory
(Fiehn et al., 2000; Lockhart and Winzeler, 2000; Corbinet al.,
2003). Since the dawn of genomic technology in the past decade and
in conjunction with enhancing genomic information a vast amount
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of diverse data has been generated and released to the public com-
munity. The improving knowledge of gene functions in concurrence
with global expression analyses allows phenotypes to be linked to
their co-responding genomic data. However, our knowledge of the
molecular basis of biological functions and their respective contri-
bution to observed phenotypes is, as yet, relatively rudimentary.
The recent mining and exploitation of data by multiparallel ‘omics’
technologies open up the possibility to gain comprehensive insight
into the understanding of biological systems (Kitano, 2002; Oltvai
and Barabási, 2002; Fernieet al., 2004). The flood of information
obtained worldwide by scientists for this purpose urgently requires
user-friendly public data access. In the past decades much progress
has been made on the storage of information derived from the various
levels of the cellular hierarchy. For instance, databases like BRENDA
(Schomburget al., 2004), KEGG (Kanehisaet al., 2004) or Meta-
Cyc (Kriegeret al., 2004) harbour information concerning metabolic
pathways, chemical reactions including inventories of the genes
and enzymes involved. Genomic databases, such as MIPS (Mewes
et al., 2004), TAIR (Rheeet al., 2003) and TIGR (Quackenbush
et al., 2000), provide public access to protein sequences based
on whole genome analyses, maps of protein–protein interactions,
protein localization and many further features. Developments in tran-
script profiling technologies have led to the adoption of uniform
experimental platforms that are used worldwide. The widely shared
experimental approach facilitated the establishment of expression
profile related databases, such as the Stanford Microarray Data-
base [SMD (Gollubet al., 2003)], TAIR or NCBI–GEO (Edgar
et al., 2002). Similarly the availability of proteome data has led to
the establishment of various databases [e.g. Swiss-Prot (Boeckmann
et al., 2003)] or initiatives [e.g. HPI, (Hermjakobet al., 2004)] which
focus on the functional annotation of proteins and standardization of
protein data.

In contrast to the multitude of well established databases which
comprise information on the genome, transcriptome and proteome,
no attempt has been made to store the flood of data arising from meta-
bolome analyses of biological samples. As already outlined, meta-
bolites have an enormous diversity of chemical structures. These are
identified and quantified using a wide range of technology platforms
(Kopkaet al., 2004). Thus there is an urgent need for publicly access-
ible metabolome databases that harbour underlying information.
Here we describe the Golm Metabolome Database (GMD), an
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open access database for exchange and presentation of metabolo-
mic and related information. In the current build GMD focuses on
gas chromatography–mass spectrometry (GC–MS) (Roessneret al.,
2000), the most advanced and widespread technology platform for
metabolomics. The collected information (1) covers knowledge con-
cerning analytical technologies and (2) harbours information that
supports unequivocal metabolite identification. In addition, GMD
provides access to stored metabolite profiles.

SYSTEMS OVERVIEW

Affiliation and implementation
The GMD platform is affiliated to CSB.DB, a comprehensive
systems-biology database, which is hosted at the Max-Planck-
Institute of Plant Molecular Physiology, Potsdam–Golm, Germany
(Steinhauseret al., 2004). GMD complements the currently available
transcriptional co-response databases and uses a similar system for
data storage and handling.

Information on analytical technologies
The highly complex nature and the enormous chemical diversity of
compounds obtained when analyzing the metabolome of organisms
constitutes one of the main challenges in metabolomics (Oksman-
Caldenteyet al., 2004; Fernieet al., 2004). Current estimations
vary. However, 4000–25 000 compounds may represent the meta-
bolome of any given organism (Trethewey, 2004; Fernieet al.,
2004). The plant kingdom is believed to comprise in excess of
200 000 metabolites (Fiehn, 2002; Trethewey, 2004). Highly diverse
chemical characteristics in conjunction with the vast amount of
potential compounds have profound implications for metabolite
extraction and stability. Any given protocol for metabolome meas-
urement thus represents a well tuned balance between accuracy and
metabolite coverage. The GMD analytics pages allow access to
expert knowledge on methods applied by the GMD contributors.
Information on different technology platforms, publicly available
methods, as well as contact information for individual knowledge
exchange is included. Furthermore, an overview of the available
resources is given for those scientists who intend to enter the field
of experimental physiology and plan to set up a metabolomics
facility.

Mass spectra and retention time index (MSRI) libraries
Following analytical measurements, data processing algorithms are
applied to detect metabolic components in spectral data. The iden-
tification and characterization of the hundreds to thousands of
metabolites obtained from diverse biological samples represents
a major challenge in metabolomics. These identification efforts
require large-scale processing of pure standard substances to gen-
erate customized spectral libraries that can be used for subsequent
identification of hitherto unknown metabolic components from spec-
tral data. To overcome the current limitation of customized mass
spectral libraries that need to be maintained by each laboratory the
GMD mass spectra information pages are developed to exchange
information. In detail, we started to disseminate the underlying
evidences that support metabolite identification in complex GC–MS
profiles from diverse biological sources. The MSRI web platform
provides access to customized MSRI libraries, which were gener-
ated using identical capillary GC columns and settings using two
different electron impact ionization GC–MS technologies, namely

quadrupole GC–MS (Fiehnet al., 2000; Roessneret al., 2000)
and GC–TOF (time-of-flight)–MS (Wagneret al., 2003; Weck-
werth et al., 2004). Currently, five downloadable libraries are
available, which may be imported into the NIST02 mass spec-
tral search program or AMDIS, a technology platform independent
automated mass spectral deconvolution and identification system
(National Institute of Standards and Technology, Gaithersburg,
MD, USA). The above libraries are split according to the tech-
nology platform and the degree of manual mass spectral curation.
The Q_MSRI and T_MSRI libraries contain mass spectral tags
(MSTs), which were either generated on four identically con-
figured quadrupole GC–MS systems (Q_MSRI) or on a single
time-of-flight system (T_MSRI). Mass spectral libraries, which
exclusively consist of manually evaluated, identified or classified
MSTs are assigned to ID-libraries. In contrast, libraries which were
generated by automated deconvolution were assigned to NS lib-
raries, indicative of the non-curated mode of construction. The
currently available libraries cover data from mammals, yeast, coryne-
bacterium, model plants, such as crop plants and related wild
species, as well as required non-sample controls. These libraries
currently feature more than 2000 evaluated mass spectra from the
two technology platforms which represent 1089 non-redundant and
360 identified MSTs.

The metabolite profiling platform (GMD profiles)
The vast amount of complex data obtained from metabolite pro-
filing experiments in conjunction with the ongoing developments
on analytical technologies require the public availability of these
data for cross-comparison and cross-experiment analysis. Accord-
ing to these demands we started to present metabolic finger-
printing and metabolite profiling experiments, which can be cur-
rently searched by compound names or browsed by a list of
experiments.

For the exchange of the highly complex experimental background
information and data from metabolite profiling experiments we
implemented the MIAMET description as suggested by Binoet al.
(2004). For future implementations and development of the GMD
platform recently made advances in database modelling and insight
into the architecture of metabolomics data (ArMet) will prove to be
highly important (Jenkinset al., 2004).

IMPLEMENTATION AND QUERY OVERVIEW

Content browsing and queries
The GMD content can be explored by browsing the HTML con-
tent through lists or a simple site map, represented as a hier-
archical tree, which is linked to the available second level of
HTML pages. Information regarding downloadable MSRI lib-
raries as well as related Supplementary information, such as
technologies, method descriptions and acknowledgements, are
made accessible. Both, the MSRI libraries as well as the cur-
rently integrated metabolite profiling experiments are presented
in table format, which provides links to associated detailed
information.

A more sophisticated way to explore the GMD content is offered
through the available query pages. Currently, five different types of
queries are implemented which can all be accessed by the GMD
site map.
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MSRI compound search
The compound search tool allows searching by compound name and
provides access to the linked mass spectral information harboured
at GMD. Various filter options can be applied to restrict the query
results, e.g. to the available technology platforms, particular librar-
ies or methods. The retrieved mass spectral entries are presented as
a table which contains basic mass spectral information for a partic-
ular compound, such as compound role, i.e. metabolite or internal
standard, observed retention time index (RI) and technology plat-
form. This basic information can be sorted upon user invocation. All
information is linked to the detailed physicochemical characterist-
ics of the available mass spectra, which are represented as a mass
spectrum chart. This final level of information facilitates the identi-
fication of compounds in profile analyses. The in-depth mass spectral
information encompasses in addition (1) the recommended quantifier
and qualifier masses, (2) access to available replicate mass spectra of
the same compound and (3) a direct link to the mass spectrum search
and comparison tool.

MSRI mass spectrum search
For analysis of mass spectra that are present in the libraries but can
also be user-submitted we implemented a query tool which allows
comparison with all available curated mass spectra of our libraries.
Mass spectra may be submitted in either NIST02 or AMDIS format
(Auslooset al., 1999; Stein, 1999). The search is performed by com-
puting the fragment-intensity agreement, measured as dynamically
normalized Euclidean distance [Euclid], as S12 [s12] index (Gower
and Legendre, 1986), Hamming (1950) and Jaccard (1908) distance.
The result set is presented as a sortable HTML table containing
information such as the rank, the identifier for each spectrum, the
RI, the method information, the compound name in case of identi-
fied metabolites and all computed similarity measures. All types of
information can be used for sorting. Moreover, additional criteria
for comparison are given based on absolute RI differences to (1)
the observed RI as provided by an optional user input and (2) as
calculated relative to the best hit. If available, occurrence of qual-
ifier as well as quantifier masses is considered. A head-to-tail plot
of the query and selected hit spectra can be invoked. Depending on
the chosen sorting a colour-coded graphical representation of the ten
best hits is generated below the result table. The graphical output is
similar to a typical BLAST (Altschulet al., 1990) result. The ratio
plot mirrors the occurrence of the masses and their co-responding
ratios of intensities in comparison to the query spectrum. The result
table can be downloaded by an exporter function as a tab-delimited
and zip-coded file. The file contains all data presented in HTML table
and in addition all returned mass spectra of the query. Various filter
options, especially restriction to a predefined RI window or set of
major fragments, can be invoked by the user to limit the search to
relevant results. The set of implemented tools is complementary to
those available within the NIST02 software.

MSRI customized library generation
In extension to the precompiled MSRI download libraries GMD
allows the generation of user-customized mass spectral subsets from
the full repository of curated mass spectral entries. These subsets
can be downloaded as a zip-coded text file and treated like our pre-
compiled MSRI libraries (see above). The search input is currently
restricted to MPIMP-Ids, which can be obtained through the above-
mentioned queries or by using the compound name converter (see

below). We suggest limiting of results according to the GC–MS tech-
nology platform or the analytical methods used in order to obtain the
curated spectra.

Profile compound search
As mentioned above GMD has started to integrate a first set of meta-
bolite profiling experiments which were generated with a quadrupole
GC–MS technology platform. Currently, 69 profiles of nine replic-
ate sets are included describing metabolic changes under different
light conditions. The profiles can be queried by compound name and
allows searches for the changes in compound levels. Various filter
options are available to restrict computation to high-quality mass
traces by using the default or user modified values. Moreover, the
user can select between parametric or non-parametric statistics for
the dynamic computation of the treatment versus control comparis-
ons. The result set covers information on experimental background,
performed comparisons as well as information on significance of the
observed differences. Furthermore, treatment versus control ratios
are given and colour coded to mark decreases or increases. In ana-
logy to the Affymetrix oligonucleotide technology platform we use
different masses as representatives for any particular compound. All
used masses are represented in the result tables and are checked
for co-responding behaviour across the full experimental dataset.
Future updates will connect metabolite profiles of GMD to the visu-
alization software tools MapMan (Thimmet al., 2004) and PaVESy
(Ludemannet al., 2004).

Compound name converter
Because of the different usage of compound names and identifiers in
the publicly available databases we implemented a converter which
allows converting of user compound names to MapMan names for
a stand-alone visualization of the results with the MapMan soft-
ware (Thimmet al., 2004) or to MPIMP-Ids for customized library
generation.

OUTLOOK
GMD will frequently be updated with new mass spectra, meta-
bolite identifications, mass spectral libraries of biological samples
and metabolite profiling experiments. GMD is intended as a repos-
itory for experiments performed at the Max-Planck-Institute of
Molecular Plant Physiology and for data made available through
collaborating scientists. We offer our already well-characterized
GC–MS technology platforms specifically for cooperations on meta-
bolite identification in complex biological samples. As suggested
by Bino et al. (2004) we envision to share biological samples and
metabolite identifications between laboratories engaged in GC–MS
metabolite profiling. Thus we provide a public platform for future
advances and developments in metabolomic science. In-depth ana-
lysis and understanding of metabolome data at systems level will
require a multidisciplinary effort, especially integration of pro-
teome and transcriptome data. Such interdisciplinary cooperation
and data mining is in preparation and in the case of steady state
transcript analysis already in place (Steinhauseret al., 2004). We
are convinced that GMD will represent a crucial building block for
CSB.DB (http://csbdb.mpimp-golm.mpg.de). CSB.DB, a compre-
hensive systems-biology database project, will harbour and allow
joined access to metabolome, proteome and transcriptome data. Thus
CSB.DB will develop into a highly useful and informative public
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resource for researchers focusing on experimental biology as well as
for computational biology and bioinformatics.
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