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In recent years, a plethora of web-based tools aimed at supporting mass-spectrometry-based metabolite
profiling and metabolomics applications have appeared. Given the huge hurdles presented by the chem-
ical diversity and dynamic range of the metabolites present in the plant kingdom, profiling the levels of a
broad range of metabolites is highly challenging. Given the scale and costs involved in defining the plant
metabolome, it is imperative that data are effectively shared between laboratories pursuing this goal.
However, ensuring accurate comparison of samples run on the same machine within the same laboratory,
let alone cross-machine and cross-laboratory comparisons, requires both careful experimentation and
data interpretation. In this review, we present an overview of currently available software that aids either
in peak identification or in the related field of peak alignment as well as those with utility in defining
structural information of compounds and metabolic pathways.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In the post-genome era, there has been a dramatic surge in the
number of research groups studying metabolite levels by the use of
the metabolomics approaches. Two essentially complementary ap-
proaches are commonly adopted by those reliant on nuclear mag-
netic resonance (NMR) and by those reliant on mass spectrometry
(MS).

In parallel, bioinformaticians have attempted to compute the
size of the metabolome on the basis of genome information (Nobeli
et al., 2003). However, such approaches are considerably restrained
by the quality of genome annotation, knowledge of precise enzy-
matic functionality and by the fact that certain reactions can occur
within the cell in the absence of catalytic enzymes. Despite these
drawbacks, and in spite of the fact that metabolomics is still very
much regarded as a developing science, metabolomics has already
found great utility in plants both as a diagnostic tool, as a method
to discriminate genotypically distinct individuals in a population,
as a component of systems biology approaches to understand diur-
nal metabolic regulation and response to stress, and more recently
to perform analysis of natural variance in crop species as part of
strategies aimed at crop improvement (see Fiehn (2002), Sumner
et al. (2003), Fernie et al. (2004), Oksman-Caldentey and Saito
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(2005), and Schauer and Fernie (2006) for reviews). However, to
correctly address such questions requires both large sample num-
bers and great care in ensuring data quality. As a result, a recent
focus of many groups was the development of computational ap-
proaches that allow high-throughput data evaluation in a manner
that does not compromise quality (Duran et al., 2003; Kopka et al.,
2005; De Vos et al., 2007; Luedemann et al., 2008). Moreover, to
gain ultimate value from large-scale experiments the data and
associated metadata (detailing exact growth condition etc.) that
they produce need to be immortalised in databases. The recently
established metabolomics standards initiative provides solid
guidelines for reporting standards in metabolomics (Jenkins
et al., 2004; Fiehn et al., 2008), which if universally adopted should
address this problem. Computational analysis of NMR spectra (of-
ten termed chemometrics) is well developed (see for example
Holmes and Antti (2002)), and large databases of NMR spectra
are already available (see for example Ebbels et al. (2007)). The
situation for MS is not quite so advanced; however, recent years
have experienced major developments and a large number of
web-based tools are currently available that can greatly aid in
the quality control and interpretation of gas-chromatography-MS
(GC-MS), capillary electrophoresis—MS (CE-MS) and liquid-chro-
matography-MS (LC-MS). In this review, we detail web-resources
that can facilitate MS-based metabolomics either with respect to
peak identification and peak alignment or in the structural identi-
fication of compounds and/or pathways. Such resources are imper-
ative if the plant metabolism community is to mount a serious
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attempt towards tackling the grand challenge of metabolomics the
identification of the metabolic complement of a plant or even of
the entire plant kingdom. At present, even the combination of a
wide range of analytical tools only allow us to see a small propor-
tion of the metabolic complement of the cell (Fernie, 2007). That
said, a large number of peaks in GC-MS and LC-MS are unidenti-
fied and the open sharing of information between laboratories
would likely greatly enrich the information content achievable by
these approaches. Given that GC-MS and LC-MS technologies
are the most widely used MS technologies for metabolomics, we
chose to focus our article on these; however, we additionally
provide links for other contemporary technologies as well as
discuss the prospects and needs of emergent and next-generation
technologies.

2. Peak identification

With the exception of diagnostic approaches, which do
not empirically require metabolite identifications, the first

“informatic” task that metabolite profilers hit is to identify the
many, many peaks resulting from the chromatographic separation
afforded by gas- or liquid-chromatography. Given the different
challenges presented to each technique, GC-MS and LC-MS are
best discussed individually.

2.1. GC-MS peak identification

For the identification of GC-MS peaks several approaches are
possible. Given that GC-MS often provides information concerning
fragments of the derivatised metabolite, it is important to identify
the most reliable fragment on which to quantify the metabolite. By
and large this is the major fragment, when considered in terms of
peak intensity. As a rule the retention time of peaks is defined in
comparison to the introduced time standards (Fiehn et al., 2000),
whilst the level of a given metabolite is given by reference to the
level of a similarly introduced external compound (Huege et al.,
2007). In comprehensive metabolic profiling of plant extracts by
GC-MS, the majority of compounds measured have not yet been

Table 1

Freely and commercially available web-resources for MS-based metabolomics.

Name Link Note

“Freely available” software

Pathway
AraCyc http://www.arabidopsis.org/biocyc/index.jsp Arabidopsis
BioCyc http://biocyc.org/ Organisms
EcoCyc http://ecocyc.org/ Escherichia coli

KaPPA-View3

KEGG
MetaCyc
MetaCrop
PlantCyc

Analytical data (samples)
ARMeC
KOMICS
McGill-MD
MotoDB

Analytical data (standard
compounds)
MASSBANK

METLIN

MS2T

MSRI@CSB.DB

NIST Chem WebBook
SDBS

Publication and literature
BioMeta
ChEBI
HMDB
KNApSAcK
MassTRIX
MMCD
MMSINC
PubChem
UCI ChemDB

Compound family
Flavonoid viewer
LIPID MAPS
LIPIDBANK

“For a commercial fee” database
Adams library

Dictionary of natural medicines
DiscoveryGate

MASS Frontier

NIST

Scifinder

Wiley MS Libraries

http://kpv.kazusa.or.jp/kpv3/guestindex.jsp

http://www.genome.jp/kegg/ligand.html
http://metacyc.org/index.shtml
http://metacrop.ipk-gatersleben.de
http://www.plantcyc.org/

http://www.armec.org/MetaboliteLibrary/index.html
http://webs2.kazusa.or.jp/komics/
http://metabolomics.mcgill.ca/
http://appliedbioinformatics.wur.nl/moto/

http://www.massbank.jp/index-e.html

http://metlin.scripps.edu/
http://prime.psc.riken.jp/lcms/ms2tview/ms2tview.html
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/msri/gmd_msri.html
http://webbook.nist.gov/chemistry/
http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre_index.cgi?lang=eng

http://biometa.cmbi.ru.nl/
http://www.ebi.ac.uk/chebi/
http://www.hmdb.ca/
http://kanaya.naist.jp/KNApSAcK/KNApSAcK.php
http://mips.gsf.de/proj/metabolomics/
http://mmcd.nmrfam.wisc.edu/
http://mms.dsfarm.unipd.it/MMsINC.html
http://pubchem.ncbi.nlm.nih.gov/
http://cdb.ics.uci.edu/CHEM/Web/

http://www.metabolome.jp/software/FlavonoidViewer/data/mass
http://www.lipidmaps.org/index.html
http://lipidbank.jp/

Identification of essential oil components by gas chromatography/quadrupole mass spectroscopy, 4th

Edition (2007)
http://dnp.chemnetbase.com/dictionary-search.do?method=view&id=2714206&si=
http://www.symyx.com/products/databases/discoverygate/index.jsp
http://www.thermo.com/com/cda/product/detail/1,1055,11442,00.html
http://www.nist.gov/srd/onlinelist.htm
http://www.cas.org/SCIFINDER/SCHOLAR/index.html
http://www.sisweb.com/software/ms/wiley.htm

Arabidopsis, rice, tomato,
lotus

Organisms

Organisms

Crops

Plants

Arabidopsis, potato
Tomato

Crops

Tomato

GC-MS, LC-MS, CE-MS,
MS?

LC-MS, MS?

LC-MS, MS?

GC-MS

GC-MS

MS

Flavonoids
Lipids
Lipids
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formally identified. Over 400 components were detected in Cucur-
bita maxima phloem, using automated mass spectral deconvolution
GC-MS, but only 90 of them were tentatively identified (Fiehn,
2003). However, the power of mass spectrometry enables relative
measurements of compounds to be reliably made, even when their
chemical structures are not known (Halket et al., 2005). Critical to
this process is the reliance on both retention time index and spec-
tral databases. However, both of these are publicly available, for
example, through a web-based platform of MSRI libraries
(www.csbdb.mpimp-golm.mpg.de/gmd.html; Kopka et al., 2005)
and downloadable files, which can be imported into the current
leading NIST02 mass spectral search program or AMDIS, the auto-
mated mass spectral deconvolution and identification system (Na-
tional Institute of Standards and Technology, Gaithersburg, MD,
USA; Ausloos et al., 1999; Stein 1999). Both software systems are
publicly available from www.chemdata.nist.gov/mass-spc/amdis/
and www.chemdata.nist.gov/mass-spc/Srch_v1.7/index.html. The
Golm libraries, which are also freely available, are classified
according to technology and degree of manual mass spectral iden-
tification that is required for the library construction. However, a
recent study provided the important illustration that irrespective
of the technological platform, if the same chromatography column
is used then the retention time indices are comparable (Schauer
et al., 2005a). A useful introduction to library searching is given
in a text by Smith and Busch (1999). In addition, detailed studies
of search algorithms have been carried out (Stein and Scott,
1994; McLafferty et al., 1998). Table 1 lists common freely and
commercially available libraries, respectively. The mass spectra
contained within the NIST library are studied in detail by
professional evaluators before inclusion (Ausloos et al., 1999),
ensuring high quality. Of particular interest to metabolic profilers
may well be the libraries downloadable from the Max-Planck
Institute for Plant Physiology in Potsdam-Golm, Germany (http://
www.mpimp-golm.mpg.de), which include information concern-
ing derivatives both of known compounds and of a potentially use-
ful library of unassigned spectra with compound listings including
retention times.

Several different bioinformatic approaches have recently been
developed to aid in GC-MS peak identifications including TagFind-
er (Luedemann et al., 2008). When taken together with the relative
ease of acquisition of authentic standards for primary metabolites,
these approaches afford relative high coverage of plant primary
metabolism. Furthermore, the availability of information regarding
the species studied as well as the peaks identified is readily avail-
able within databases such as the Golm Metabolome Database
(Kopka et al., 2005; Hummel et al., 2008), housed in the CSB.DB
in Golm (Steinhauser et al., 2005) as well as in publications such
as Wagner et al. (2003) and Strehmel et al. (2008) and in the web-
site of the Fiehn laboratory (http://fiehnlab.ucdavis.edu/). All of
these are highly recommended resources for researchers intent
on establishing metabolomics platforms for primary metabolism.

2.2. LC-MS peak identification

By contrast, to the situation for primary metabolism, the identi-
fication of secondary metabolites is massively hindered by the lack
of available standards. It is impossible to purchase standard sub-
stances comprehensively because diversity of chemical structure
is too large, and complex compounds are almost unavailable com-
mercially and are expensive. Moreover, LC-MS studies are compli-
cated by the fact that the levels of secondary metabolites are highly
divergent between different organs, growth conditions and species
(Petersen et al., 2002; Yonekura-Sakakibara et al., 2008; Hanhineva
et al., 2008). For these reasons, peak identification is generally per-
formed by the use of combinatorial strategies whereby the litera-
ture information is taken alongside available compounds in an

attempt to identify specific peaks (see for example Tohge et al.
(2005)). For this reason in order to predict the chemical structure
of the detected peaks often requires reference to multiple dat-
abases of chemical compounds and spectra.

2.3. Metabolite databases for peak prediction

Publicly accessible databases, which are useful for the peak
annotation, are shown in Table 1, here we detail the most com-
monly useful databases. Researchers should select the database
on the basis of their purposes and type of samples analysed. De-
tected peaks are searched within the database by using either
the my/z value or the compound molecular weight (MW) predicted
from m/z value and adduct ions. For peak annotation, the most use-
ful way is to search with information on each biosynthetic path-
way, since similar metabolic species have similar structural
properties and hence similar elution times and mass spectra. Pre-
known information concerning biosynthetic origins of compounds
can thus render peak annotation relatively facile and also to mini-
mise the chances of false annotations. Several databases are
organized on the bases of biosynthetic pathways using a literature-
based curation strategy. BioCyc (Karp et al., 2005), KEGG (Kanehisa
and Goto, 2000; Kanehisa et al., 2006) and MetaCyc (Zhang et al.,
2005; Caspi et al., 2008) contain generalised pathways for all
organisms, whilst PlantCyc (http://www.plantcyc.org/) and Met-
aCrop (Crops; Grafahrend-Belau et al., 2008) contain a generalised
pathway for all plant species. By contrast, AraCyc (Arabidopsis;
Zhang et al., 2005), EcoCyc (Escherichia coli; Karp et al., 2007) and
KaPPA-View3 (Arabidopsis, Rice, Tomato, Lotus; Tokimatsu et al.,
2005) contain species-specific pathways. However, these should
be used with caution since these databases are prone to contain
incomplete pathways, since the databases are built solely on the
basis of current literature information. Other effective databases
are ARMec (Arabidopsis and potato; http://www.armec.org/Meta-
boliteLibrary/index.html), KOMICS (Tomato; lijima et al., 2008),
McGill-MD (Crops; http://metabolomics.mcgill.ca/) and MotoDB
(Tomato; Moco et al., 2006), which provide information of all de-
tected peaks obtained from analysing particular plant samples.
Whilst such metabolite profiling catalogues are highly informative,
it must be borne in mind that similar analytic conditions such as
separation column and analytical instrument must be used. When
this is done, it is relatively straightforward to share and compare
the obtained results to archival data comprising both known and
unknown peaks with their underlying retention time and spectra.
In this vein, the databases, MASSBANK (Horai et al., 2008), METLIN
(Smith et al., 2005), MS2T (Matsuda et al., 2008), MSRI@CSB.DB
(Kopka et al., 2005), NIST Chem WebBook (Linstrom and Mallard,
2001) and SDBS provide highly useful resources of MS of standard
substances. Since the searching function in these databases is well
established, the user can either input m/z values, predict molecular
weight, fragment ion peaks or predict compositional formula for
searching. In MASSBANK, the user can also input the spectrum data
as search query. HMDB (Human; Wishart et al., 2007) and KNAp-
SAcK (Plants; Shinbo et al., 2006) are species-specific metabolite
databases compiled by the literature survey. In instances in which
the researcher has very little a priori knowledge concerning de-
tected compounds or unknown peaks, BioMeta (Ott and Vriend,
2006), CHeBI (Degtyarenko et al., 2008), MassTRIX (Suhre and Sch-
mitt-Kopplin, 2008), MMCD (Cui et al., 2008), MMSsINC (Masciocchi
et al.,, 2009), PubChem (Rosania et al., 2007) and UCI ChemDB
(Chen et al., 2005, 2007), which list the MW of compounds repre-
sented in the literature, are highly useful for peak prediction. How-
ever, due to the immense search scale afforded by such databases,
caution is required in their interpretation, and predictions on this
basis alone must be regarded as “putatives”. In case of targeted
metabolite profiling, Flavonoid Viewer (Arita, 2008; Arita and
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Suwa, 2008), LIPIDBANK (Watanabe et al., 2000) and LIPID MAPS
(Fahy et al., 2005) provide wide coverage of compound families
of specific pathways, and are therefore highly useful for obtaining
information concerning closely related compounds. The databases
Adams library, the Dictionary of Natural Medicines, DiscoveryGate,
MASS Frontier, NIST, SciFinder and Wiley MS libraries are available
for a commercial fee. Details concerning the size and coverage of
these databases, which illustrate their potential use, are provided
in Table 1. Whilst it is likely that the needs of most academic
researchers will be satisfied by freely available websites, those
with specific interest in more obscure compounds or in the identi-
fication of unknown structures may well want to investigate these
sites.

3. Peak alignment
3.1. GC-MS peak alignment

As hinted, the above peak alignment for GC-MS evaluation is
relatively well established with libraries for retention time indices
being freely available in Golm (Wagner et al., 2003; Kopka et al.,
2005; Schauer et al., 2005a; Hummel et al., 2008; Strehmel et al.,
2008). The utility of these libraries was recently demonstrated in
a multi-laboratory study analysing extracts from widely divergent
tissue samples including Aradiposis thaliana (Schauer et al., 2005b),
Lotus japonica (Desbrosses et al., 2005) and the Solanum esculentum
complex (Schauer et al., 2005b). This report illustrated that mass
spectral retention indices initially defined in Golm could be used
to define metabolite content using a machine of similar perfor-
mance in Wales, Sweden and Australia (Schauer et al., 2005a). Fur-
thermore, it illustrated that if the same chromatography column
was used, these indices were even independent of the machine
type. A similar, freely available application - MS-FACTs - was
developed, principally for Medicago truncatula, which also allows
the alignment of GC-MS data, as well as other aspects of data pro-
cessing (Duran et al., 2003). Furthermore, empirical computer
scripts for correctly assigning peaks are described in Lisec et al.
(2006), these scripts could prove highly useful especially in situa-
tions wherein a limited amount of metabolite information is re-
quired from a very large number of biological samples. The final
tool that is worthy of mention here is MetAlign (Vorst et al.,
2005), which was although developed for LC-MS analysis of sec-
ondary metabolites (see the following section), can also be used
in GC-MS applications. However, the utility of this application is
defined in detail in the following section.

3.2. LC-MS peak alignment

In contrast to the well-established processing of NMR, or even
to the relatively well-established data processing for GC-MS anal-
ysis, the non-targeted LC-MS analysis is in its infancy. Several fac-
tors hamper the development of uniform processing for LC-MS.
Firstly, there is a great diversity in the machine and column type
under use in the different laboratories engaged in metabolomics
research worldwide. Secondly, given the enormous chemical diver-
sity apparent in secondary metabolism (De Luca and St Pierre,
2000), there are often quite diverse needs of researches at this le-
vel. However, all researchers encounter problems concerning limit
of detection due to high background noise and non-uniformity of
compound elution time. Thirdly, LC-MS is particularly susceptible
to ion-suppression, due to its common reliance on electrospray
ionisation which complicates comparison between samples of
widely different compositions (Fernie et al., 2004). Whilst very re-
cent developments of LC-MS technology based on TOF-MS (time of
flight mass spectroscopy) and UPLC (ultra performance liquid-

chromatography) facilitate the generation of highly sensitive anal-
ysis without delay of elution time, a number of other “solutions”
exist to cope with data obtained from older instrumentation. Thus,
although processing software for unbiased mass peak extraction
and alignment of LC-MS data remain unresolved, freely available
useful softwares such as MetAlign (Vorst et al., 2005; De Vos
et al.,, 2007), MSFact (Duran et al. 2003), XCMS2 (Smith et al.,
2006; Benton et al, 2008), BINBASE (Fiehn et al., 2005) and
MZmine2 (Katajamaa and Oresic, 2005) can all facilitate compre-
hensive data analyses for non-targeted metabolomics approaches.
These approaches all follow the same general principle for align-
ment, as shown in Fig. 1, which uses relatively simple chromato-
grams to illustrate the problem of shifting retention time and to
how this can be addressed. Raw binary files are exchanged by mass
spectrometry software to ANDI-NetCDF files (the standard Mass-
Spectrometry Data Interchange format), for peak alignment. Subse-
quently, differences in elution time between each analysis are ad-
justed with respect to internal standards and/or to major detected
peaks. During the process of peak alignment, each parameter such
as noise tolerance and peak thresholds should be adjusted on the
basis of judgements regarding signal intensity and peak shape of
internal standard and identified compound, since the concentra-
tion of each compound and number of detected peaks per chro-
matogram can be highly variable between samples. It is
recommended that a certain number of abundant peaks of the
chromatogram are annotated prior to alignment in order to further
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Fig. 1. Schematic overview of peak drift and correction in LC-MS.
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improve this process. As an alternative approach, the comparison
of samples with and without isotope labels on feeding experiment
additionally allows the removal of false positive peaks and also
greatly reduces the influence of ion-suppression effects (Giavalisco
et al., 2008).

4. Data interpretation

The collection of information concerning metabolite abundance
is a challenging task, that said, the interpretation of the results is
often, at least, equally daunting. This is somewhat easier by utiliz-
ing one of the several metabolic pathway databases available such
as AraCyc (Mueller et al., 2003), Kappa-Viewer (Tokimatsu et al.,
2005) and MapMan (Thimm et al., 2004). These softwares afford
integrated overviews of metabolic diagrams and render hypothe-
sis/conclusion drawing far more facile. Furthermore, these dat-
abases include information on enzymatic reaction underlying
these metabolic pathways and on cross-referencing with the infor-
mation of chemical structure of annotated peaks aiding in gene
annotation, or even in helping to clarify pathway structures (see
for example Hirai et al. (2004), Tohge et al. (2005), Morikawa
et al. (2006), Arita and Suwa (2008)). MapMan and Kappa-Viewer
also render cross-entity comparison facile and greatly aid in sys-
tems-wide analyses of metabolic pathways or other biological pro-
cesses (Thimm et al., 2004; Tokimatsu et al., 2005).

5. Emergent and next-generation technologies

Thus far, we have concentrated our discussion on GC- and
LC-MS technologies. However, improvement in the coverage of
metabolomics techniques will likely best be served by alternative
approaches such as fourier transform-ion cyclotron-MS (FT-ICR-
MS), which has already been used in plant metabolomics (Aharoni
et al., 2003; Hirai et al., 2004; Tohge et al., 2005; Giavalisco et al.,
2008; lijima et al., 2008), or even in field asymmetric waveform
ion mobility MS-MS (FAIMS-MS) which has yet been postulated
as a tool with an impressive potential (Fernie and Schauer, 2009).
These techniques provide very high accuracy mass data of each
analyte. However, despite this fact, whilst the information they
provide is enough to give exact elemental composition of each ana-
lyte, this alone cannot provide information concerning the exact
chemical structure (Kind and Fiehn, 2006, 2007). Several recent
studies have concentrated on ways to improve structural informa-
tion. For this purpose two alternate strategies exist. Firstly, multi-
dimensional MS analysis can be performed and the structure of the
analyte can be constructed retrospectively. This approach has re-
cently been taken for FT-ICR-MS (Ohta et al., 2007; lijima et al.,
2008; Takahashi et al., 2008), and is used in conjunction with an
associated database (KNApSaCK; Shinbo et al., 2006) and its appli-
cation of data processing (DrDMASS; Oikawa et al., 2006). The sec-
ond approach, that of isotope labelling, has a more global
application in that it allows unambiguous identification of metab-
olites on the basis of the incorporation of a signature mass
(Giavalisco et al., 2008). Following this approach, the authors were
able to provide quantitative information on the levels of some
1024 metabolites in Arabidopsis. In a similar approach, the natural
abundance of heavy isotope was used as a reference for the identi-
fication of some 869 metabolites in tomato (Iljima et al., 2008).
Whilst these two examples are by no means the first to utilize
FT-ICR-MS technology, being preceded by the studies of both
strawberry and Arabidopsis (Aharoni et al., 2003; Hirai et al,
2004; Tohge et al., 2005), they do provide a clear strategy for the
unambiguous assignment of chemical structure. The recent paper
of Giavalisco et al. (2008) defines a clear strategy towards improv-
ing our coverage of the metabolome. If this strategy is followed,

using several independent metabolic precursors, it would appear
likely that a multitude of important information concerning the
regulation of primary metabolism would become accessible.

6. Conclusions

In this review, we have documented the impressive number of
public and commercially available resources available, which can
aid in the initial analysis of metabolomics data sets by MS-based
approaches. These web-resources should provide indispensible
data for the researcher’s intent for setting up either GC-MS or
LC-MS platforms of there own. It is worth noting that a wide range
of excellent web-accessible statistical tools also exist for the inter-
pretation of the resultant data sets (see Nobeli and Thornton
(2006), Steinfath et al. (2008), Wiklund et al. (2008) for details).
Despite the immense importance of such tools, we were unfortu-
nately not able to describe them in detail due to space limitations.
As a final comment to reiterate that stated already in the introduc-
tion, it is through the communal sharing of information such as
that deposited in the databases cited within this article that the
science of metabolomics is likely to expand and succeed. As such
we would be greatly heartened to see further similar web-re-
sources being opened in the near future.
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