
3.1 Introduction

3.1.1 What is metabolomics?

The idea of ‘metabolomics’ has been coined and developed in the last decade to
comprehensively study metabolism under genetic and environmental perturbations
[1, 2]. However, the first papers involving metabolite profiling techniques were
published well over 30 years ago, with the aim, at that time, of rapid medical diag-
nostics [3]. The underlying idea behind the use of metabolomics in plant biology
today is to detect metabolic effects of genetic or environmental perturbation which
may only distantly relate to known or presumed primary (enzymatic) alterations.
Metabolomics, therefore, seeks to detect ‘unexpected’ events on a comprehensive
scale, and it widely acknowledges the presence of novel metabolites with unknown
chemical structure or biological function. 

In this respect, it differs from classical control theory that has been applied more
frequently to select well-known pathways or regulatory circuits with the objective
to understand these pathways in a mathematical manner using well-defined models
and assumptions. Usually, mathematical control models need to be supported by
high level metabolite measurements such as flux data. Although some efforts have
been reported to derive larger metabolic models from isotope calculations of pro-
tein hydrolysates, we are still far away from reaching the goal universal and global
‘fluxome’ [4] analysis, especially with regard to plant research. Metabolomics does
not try to reach this goal. Its use in studying metabolism has so far been more of an
observatory and confirmatory role. It aims less at directly deriving insights into the
cellular organization of metabolism. Due to its power to detect broad classes of
metabolites, including unknowns, metabolomics is best used for studying system
properties (such as networks) and changes (control) of metabolite levels in dis-
parate parts of metabolism. 

In many studies involving genetic or environmental perturbations it appears that
certain metabolic modules are in counter balance with others, such as sugars and
amino acids (C/N balance), whereas other large modules such as lipid metabolism
are less affected (or more tightly regulated) under these conditions. Hence,
metabolomics may be best suited to identify which broader parts of metabolism are
influenced in response to developmental, genetic or environmental changes. Data
can then be used to generate novel hypotheses about potential cellular causes
(changes in enzymatic or transport activities) that are responsible for such changes.
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Therefore, metabolomics will frequently generate more questions than answers, a
concept that still needs to be embraced by classical hypothesis-driven research. 

A general outline of this idea is depicted as Figure 3.1, which gives a flowchart
of the way data are generated, annotated, transformed, structured and interpreted to
gain novel hypotheses, before more experiments may verify these hypotheses.
Starting from thoughts on system properties of metabolic networks, this chapter
focuses on this flowchart, and specifically the problems associated with generating
and annotating valid metabolite data. It adds a compilation of recent work in plant
metabolomics to give an overview about the breadth and scope for which this tech-
nique is used in trying to understand plant metabolism. 

3.1.2 Systemic properties in metabolic networks 

Control and regulation are often used as synonyms, but this is actually not the case.
As David Fell has pointed out in his famous book Control of Metabolism (1997
[5]), these two terms point to biochemical properties that are rather different in
their respective meanings. Regulation is the ability of a complex system to main-
tain its basic properties (e.g. metabolite levels) independent of external factors that
continuously try to push the system out of balance. A plant cell is exposed in short
time intervals to many stochastic factors such as wind, light intensity differences,
physical interferences or influx deviations of external transport metabolites. The
system would become very unstable if each of these short-term pulses required
immediate responses. There are a number of regulatory steps that inhibit metabolic
overreactions, but instead introduce response lag times by using threshold sys-
tems, active transport steps, or reversibility of reactions. In total, these delay steps
render the system to become ‘robust’ which is an important property to maintain

Figure 3.1 Flowchart of a plant metabolomic experiment. 
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62 CONTROL OF PRIMARY METABOLISM IN PLANTS

the system at a given steady state. Complementary to such robust regulation of
steady state levels is the necessity to alter metabolite levels depending on certain
stress conditions or developmental needs. The responsible general system prop-
erty is called ‘flexibility’. System flexibility is a prerequisite of the capability to
‘control’ or alter defined steady states without affecting other parts of the system,
depending on external or internal stimuli. Any system needs capabilities to react
in a fast and coordinated manner on immediate needs and threats, even if the
triggering signals for such needs are of low abundance and transient in nature.
Examples might be heat shock, wounding responses or herbivore attacks. The
glucosinolate–myrosinase system commonly found in plants of the order Brassi-
cales is one such example: myrosinases are thioglucosidases capable of hydrolyz-
ing glucosinolates upon nonspecific generalist herbivore attack, which leads to a
release of a suite of compounds with cytotoxic or feeding deterrent effects. Other
examples of ‘control’ can be found in classic physiology. In physiological terms,
cold acclimation (by increased values in carbohydrates) or leaf senescence (altered
ratios of catabolism versus anabolism) are examples of ‘control’ or ‘system flexi-
bility’, whereas the tendency to keep metabolic fluxes in a narrow range under a
given set of environmental parameters (the steady state) is an example for metabolic
‘regulation’ or system ‘robustness’. 

3.2 Metabolomic methods

3.2.1 Historic perspective of plant metabolite analysis

How do plant systems manage to keep these two fundamental properties in bal-
ance? In principle, the global nature of metabolomic surveys should be directly
suitable to answer this question. Metabolomics aims at quantification and identifi-
cation of all metabolites of a given biological system under defined conditions.
Metabolomic data may thus be used to assess network properties such as metabo-
lite connectivities, or changes in metabolic ratios, individual metabolite levels and
pathways. When stable isotope tracers are applied, even changes in fluxes or flux
ratios can be assessed up to a certain extent [6]. However, it is still a methodologi-
cal challenge to acquire comprehensive metabolic data, given the large differences
in metabolite size, lipophilicity, volatility, charge state and other physicochemical
properties. 

Classically, analytical chemistry and plant physiology have focused on analyses
of a limited number of select metabolite targets. The history of such target analyses
tells us how introducing new instruments or methods has opened windows of
research opportunities and how methodological advances have changed the view of
plant metabolite functions and diversity. 

Analyzing metabolite levels for plant physiological (or clinical) purposes has
proceeded over the last 230 years, at least. At the end of the 18th century, Scheele
and Vanquelin examined single primary plant metabolites such as citric, malic,
oxalic, gallic and tartaric acid. Around the same time, microscopy was introduced
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which enabled Markgraf to discover sucrose in sugar beet. In the 19th century, an
array of analytical instruments was developed that fostered metabolite analysis,
both for quantitative and qualitative purposes, including colorimeters, polarimeters,
volumetric devices and photometers [7]. In that period, over 40 isolated plant
metabolites were characterized by Berzelius. However, it was only during the last
century that new techniques allowed the detection of the true richness of plant
metabolomes, especially the so-called secondary metabolites. 

The technological breakthrough did not come by a novel detection system but
by better separation of metabolites. In 1906, the Russian botanist Mikhail Tswett
invented chromatography by separating plant leaf extracts over powdered calcium
carbonate and found chlorophyll pigments to be separated in several visible bonds
[8]. The technique was eventually adopted and refined by Kuhn and Lederer in the
1930s who used it for carotenoid separations and purification of a large number of
vitamins. This novel separation system boosted the number of compounds detected,
particularly in combination with novel detectors which were based on a number of
physical principles such as fluorescence emission, amperometry, light diffusion or
light absorption in the visible and ultraviolet range. After the Second World War,
the use of visible or UV absorbance, in particular, was widely adopted and allowed
compound identification and comparison between laboratories based on spectral
libraries [9].

3.2.2 Modern instrumentation in metabolite analysis

Today, virtually all these analytical methods are applied in physiological or med-
ical research to separate, purify, detect and characterize compounds. However, it
seems that for true metabolomics, only a select combination of methods is suit-
able. In general, a metabolomic method must be capable of detecting unambigu-
ously, identifying and quantifying a large number of individual metabolites in a
given sample. This requirement calls for high analytical resolution, universality
(to detect metabolites irrespective of chemical substructures), selectivity (to
acquire an analytical signal that is specific for a given metabolite), high dynamic
range (to detect metabolites both at high and very low concentration), high preci-
sion (quantitative reproducibility), good accuracy (quantitative correctness) and
high throughput (considering the need for statistically valid statements for a set
of biological experiments). Metabolome number estimates range from about 500
(for prokaryotes) to many thousands of analytes (for vascular plants). There is no
single method that can fulfil all the above mentioned requirements for so many
analytes. 

For this reason, the technology for true metabolomic approaches has only been
enabled by breakthroughs in two areas, namely computer power and instrument
engineering. This duo has fostered applications of the two dominant detection sys-
tems, nuclear magnetic resonance (NMR) and mass spectrometry (MS). An advan-
tage of NMR is the linearity of quantitative responses on increasing metabolite
concentrations, almost irrespective of the chemical compound class. Large signals
in NMR can directly be interpreted as high level concentrations, whereas in MS,
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quantitative responses strongly rely on the ionization potential of each metabolite.
Therefore, quantitation in MS is limited to relative abundances of a given metabolite
between samples, or requires calibration curves if absolute comparisons of different
metabolites are needed. Nevertheless, MS is generally more favored than NMR due
to four reasons: (i) MS is advantageous with respect to the capability to resolve com-
plex mixtures of compounds, (ii) for most compounds, MS is far more sensitive than
NMR, (iii) due to the need for high end magnets, NMR instruments are usually far
more expensive than most MS instruments and (iv) coupling of NMR to separation
techniques such as liquid chromatography is far from straightforward. This leads to
the main use of NMR as a tool for ‘metabolite fingerprinting’ in which complex,
unresolved spectra are compared from tens to hundreds of samples. This allows the
classification of differences in the global control of metabolite levels according to
the underlying experimental design. Correspondingly, even experienced research
consortia rarely identify more than 30 individual metabolites per NMR spectra of
plant extracts [10, 11], whereas the use of chromatography-coupled MS leads to rou-
tine identifications of up to 150 metabolites per sample [16].

3.2.3 Sample preparation for metabolomics

There is no optimal way to prepare comprehensive plant extracts. Some com-
pounds such as ADP/ATP have such high turnover rates that anything beyond
freeze clamping may just be too slow to efficiently stop any of the residual posthar-
vest enzyme activity. Other compounds such as plant hormones may have low
turnover rates but are of such low abundance (in whole organs) that large plant bio-
masses need to be prepared. These two cases mark the opposite and contradictory
ends of the range of extraction prerequisites. Another conflicting constraint is the
ranges of lipophilicity versus hydrophilicity. For example, leaf waxes need very
nonpolar solvents (such as hexane), whereas sugars can only be extracted with sol-
vents of high polarity (such as water). The solubilization power of a given solvent
mixture may be altered by additional modifications such as application of heat,
microwaves, pressure or ultrasonication. However, the general problem remains of
the contradiction between metabolome-wide comprehensiveness and quantitative
completeness (recovery) of the extraction method. Arabidopsis thaliana leaves
have been shown to serve as an example of how to systematically maximize com-
prehensiveness and reproducibility in sample preparation procedures [12]. How-
ever, this study was restricted to primary metabolites that are detectable by gas
chromatography-based methods. 

In general, therefore, there are only two possible solutions for unbiased and
comprehensive metabolomics. Either extractions are performed with sequential
steps of solvent polarity (which may cause miscibility and precipitation problems
when combining the resultant extracts) or compromises are accepted. The general
notion is that it is unavoidable to take compromises in metabolomics. Even if these
are accepted, it is mandatory to test and report the limits of the chosen method of
sample preparation. For example, many protocols suggest the use of methanol dur-
ing extraction. However, even slight amounts of methanol at ambient temperature
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and physiological pH cause chlorophyll to decompose by autoxidation, demetalla-
tion and methylation [13, 14]. Consequently, if methanol extraction is performed, a
range of porphyrins and other chlorophyll allomerization products are unavoidable
and are detected by LC/MS. Other metabolites can potentially get altered in analo-
gous reactions under comparably mild conditions. Apart from autoxidation, there
are a number of other factors contributing to the formation of artifacts or loss of
compounds. For example, thawing of biomass must be carefully avoided as long as
proteins are not fully precipitated (for complete enzyme inactivation). Some
enzymes such as hydrolases or phosphatases are still active even in methanolic
solutions at ambient temperatures. 

The large losses in compounds that have been observed have been compared
in a direct comparison of two published plant extraction methods: the 70ºC hot
MeOH:H2O (4:1 v/v) protocol [15] and the �15ºC cold CHCl3:MeOH:H2O
(2:5:2, v/v/v) strategy [16]; see Figure 3.2. Glucose-6-phosphate and other com-
pounds with high turnover rates were barely detectable using the hot enzyme
inactivation/extraction method, whereas recovery was high using the cold protein
precipitation method. A likely reason for this striking difference is that frozen plant
material might not reach 70ºC in the first seconds after addition of the methanolic
mixture, and needs time to heat up. This time frame needed for heating the extrac-
tion slurry of ground-frozen Arabidopsis leaves and methanolic solvent may then
last long enough to reduce the already low abundance levels of hexose phosphates

Figure 3.2 Principle component analysis of a direct comparison of the �70ºC (hot) and the �15ºC
cold methanolic extraction method (cold)  (unpublished results). Each method was applied 15 times on
identical homogenized, deep frozen Arabidopsis leaf material. For each replicate, 20 mg FW material
was taken. Data acquisition was performed by GC-TOF mass spectrometry. Principle component vector
1 separated the two methods, explaining 87% of the total variance of the data set. Investigation of the
vector loading scores and t-test analysis resulted in identification of phosphorylated intermediates as
most important discriminatory metabolites with clearly less being recovered from the �70ºC (hot)
extracts.
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and other phosphorylated intermediates to below the detection limit. Conversely,
during cold extraction, enzymes are kept inactive at all times and in addition, the
simultaneous presence of chloroform ensures immediate protein precipitation.
Some protocols favor lyophilization instead of using fresh (frozen) plant material.
However, even this procedure bears risks as many ligands directly interact with pro-
teins or are tightly attached to cell walls or membranes. The degree of this interac-
tion may be even higher in lyophilized material, which may cause losses in extrac-
tion of subsequent certain caged metabolites. Unfortunately, no comprehensive
study has yet been published that compares these protocols. 

Other physicochemical factors pose even larger risks in reducing metabolite
recovery. Catecholamines, which are genuine metabolites in potato leaves, decom-
pose when exposed to light for longer than 15–30 min [17]. Even more severe is the
effect of oxygen that may be dissolved in the extraction solutions. Minute amounts
of O2 will suffice to oxidize cysteine, glutathione, tocopherol or ascorbate. Corre-
spondingly, all extraction solvents and storage containers must be carefully
degassed with argon or other noble gases. 

Another important step that potentially leads to metabolite losses is solvent vol-
ume reduction. Concentration of solvents to complete dryness will inevitably cause
losses of volatile and semivolatile components (such as terpenes). In addition, other
compounds, such as complex lipids, may face reduced recoveries. For example, lipids
may precipitate on surfaces during sample preparation or fractionation, with limited
potential to get resolubilized (depending on the actual solvents and conditions). To
conclude, therefore, published reports about the number of ‘detected metabolites’ in
metabolomics need to be taken with caution, particularly if reports do not specify (a)
the precise extraction method, sample preparation conditions and comparisons to
method blank controls and (b) the number and names of unambiguously identified
compounds and how confidence in metabolite annotation was achieved. 

3.2.4 Metabolome coverage

3.2.4.1 The quest for combining sensitivity and selectivity
There are many challenges and open questions in plant metabolome analysis. For
example, the simple question as to how large a plant metabolome is for a given
species in a set of typical environments is still unanswered. There is growing evi-
dence that the size of metabolomes cannot simply be computed using reconstructed
pathways from genome annotations. On the one hand, many genes (and enzymes)
as yet lack clear functional annotation, but on the other hand, enzymes may be far
less specific than classically anticipated [18]. For example, deletion of a single
amino acid residue may already lead to different enzyme substrate specificity and
lead to new products [19]. Therefore, gene annotations may easily be misled by the
sole reliance on gene sequence homology or the degree of amino acid identity. 

The alternative possibility of using instrumental analytics to tackle metabolome
size is equally difficult. An important reason for this is that both NMR and MS still
lack the resolution, sensitivity or universality necessary to detect and identify all
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components of a given sample. Developments for improved resolution may remedy
this problem, for example, by exploiting more than one physicochemical property
for separation prior to detection. An obvious possibility is to utilize gas phase ion
mobility [20] in addition to classical chromatography. However, this technique has
not yet been applied to plant samples. Other choices may include combining differ-
ent chromatographic techniques such as coupling liquid chromatography to capil-
lary zone electrophoresis (LC � CE; lipophilicity versus charge) or using gas chro-
matography with different column polarities (GC � GC, volatility versus
lipophilicity) [21]. Even classical high pressure liquid chromatography (HPLC)
(LC in short) has undergone dramatic improvements in performance, from the 4.6
mm i.d. columns that were used in the 1980s, to the 0.2 mm i.d. capillary columns
used in the 1990s, to today’s monolithic columns [27] (Figure 3.3) or ultrahigh
pressure HPLC that leads to increased chromatographic resolution with over
100000 theoretical plates. 

Other advances in instrumentation to try to improve universality includes ion-
ization for MS, which is achieved by introducing coupled interfaces (ESI � APCI,

Figure 3.3 Chromatographic resolution in LC/MS. Upper panel: injection of 100 µl Arabidopsis
thaliana leaf extract (i-propanol:water 2:1) onto a classical 4.6 mm C18 reverse phase column (20 000
theoretical plates/m, 1 ml/min flow rate.) Lower panel: injection of 0.2 µl of the same Arabidopsis
extract onto a monolithic capillary C18 column (100 000 theoretical plates/m, 0.01 ml/min flow rate).
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electrospray and chemical ionization) or characteristics of different types of mass
spectrometers (linear ion trap, capable of tandem mass spectrometry ‘in time’ and
‘in space’). However, it seems obvious that improvements in resolution for a single
method will not cause a quantum leap in metabolome coverage. To date, uses of
COSY and TOCSY two-dimensional NMR methods [22] have not succeeded in
significantly increasing the number of identified compounds in metabolomic sur-
veys. Approaches to use high-end Fourier-transform ion cyclotron mass spectrom-
eters (FT-MS) are equally limited in the potential to target full metabolome surveys
[59]. Despite this ultimate mass spectrometric resolution of R � 500 000, iso-
meric compounds (such as glucose and fructose) cannot be distinguished due to
their identical elemental composition, and even mass accuracy in FT-MS of �1
ppm does not allow unambiguous calculation of elemental compositions above
approximately 400–500 Da without additional information [23, 24]. In addition,
each metabolite subjected to electrospray/mass spectrometry usually gives rise to
3–5 further signals apart from isotopic ions. This is typically caused by adduct
formation or in-source fragmentation ions. Therefore, the number of detected
ions (mass signals or m/z values) must not be mistaken with the number of detected
metabolites. Consequently, publications that report hundreds to thousands of mass
signals based on MS-based metabolite fingerprinting [25] or LC/MS profiles [26,
27] do not give a reasonable estimate of metabolome size or coverage. Many of
these ions certainly will account for novel and unknown compounds; however, oth-
ers may simply be catabolic products which have been produced during posthar-
vest biological processes or chemical by-products that occurred during sample
preparation (or simply chemical artifacts due to impurities in solvents and plastic
ware).

3.2.4.2 Cellular and subcellular metabolomics
A further reason why the complement of all metabolites present for a given plant,
say Arabidopsis or rice, is not known is the lack of spatial resolution. It is a truism
that a plant consists of many organs, and that each organ may include many tissue
types and each tissue type may comprise various cell types. All published reports so
far support the notion that different tissue types comprise varying metabolomes. Dif-
ferent biological roles of individual cell types support the further expectation of
detecting striking differences on the low-level spatial resolution, e.g. between tri-
chome and epidermis cells, or between parenchyma and bundle sheath cells. Lastly,
intracellular organization of metabolism is also highly structured into compartments,
each of which serves specific functions that lead to large metabolic differences. One
example is a report of metabolite profiling of isolated chloroplasts and subfractions
including the envelope, the stroma and the thylakoids in a study on the activity of
three 13-lipoxygenases under stress conditions [28]. In this study, barley leaves
treated with methyl jasmonate resulted in a remarkable increase of linolenic acid,
free 9- and 13-hydroperoxy linolenic acid and the corresponding hydroxy- and alde-
hyde derivatives. The subcellular fractionation confirmed that these compounds
were preferentially accumulated in the envelope and the stroma, therefore directly
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linking the localization of the products and substrates with the corresponding
lipoxygenases. 

Apart from lack of spatial resolution, the number and concentrations of metabo-
lites are controlled in response to plant development and environmental stimuli. On
the other hand, the very nature of this flexible and unsteady metabolome state may
serve as a valuable source of information of the physiological condition and the
underlying regulatory network if carefully designed physiological (and genetic)
plant experiments are carried out. Unfortunately, given the challenges of spatial and
temporal resolution, today’s analytical methods still seem to be inadequate with
respect to acquiring the full complement of metabolites at the required sensitivity
and for multiple biological snapshots. 

3.2.4.3 Compound identification
In order to come closer to high metabolomic coverage, there are basically two
approaches. One is to work toward a comprehensive analysis of all known and pre-
viously described metabolites by combining and unifying extraction, fractionation
and improved detection methods. The metabolome coverage would increase in a
stepwise manner by building blocks of certain compound classes until large
overview analyses have been achieved. The advantage of this approach is that exact
quantifications would enable comparison of results across experiments and data-
bases. A clear disadvantage is that most known metabolites are simply not com-
mercially available. As an example, from the general metabolite list given in the
LIGAND database in KEGG [29], only about 1000 compounds can be purchased.
Furthermore, this approach would always be biased by past knowledge and disre-
gard the potential importance and impact of novel metabolites. The alternative
approach is to embark on comprehensive structural elucidation by de novo analysis
of (NMR and MS) spectra, called dereplication [30]. In the past 10–15 years, some
progress has been made in computational methods and the establishment of metabo-
lite spectra databases. However, many (secondary) metabolites are structurally so
complicated that current methods are incapable of performing an automatic struc-
tural dereplication. Instead, detailed interpretations by experienced natural product
chemists are needed. On-line acquisition of UV, NMR and MS spectra after sepa-
ration of compounds by liquid chromatography enables rapid gathering of the nec-
essary structural information which potentially leads to a partial or a complete on-
line de novo structure determination of natural products [31]. However, there is
always a lesser level of confidence in metabolite annotations if these are based on
spectral interpretation rather than comparison with authentic standards. It is hardly
imaginable that dereplication reaches the level of acceptance like gene sequencing
or peptide mapping. Consequently, an increase in metabolome coverage can only
be achieved by running both approaches simultaneously, i.e. building blocks of
metabolite profiles of known standards, and de novo compound identification. It is
mandatory to specify in metabolomic reports how exact a given metabolite anno-
tation is. For example, whether or not the applied method is able to distinguish iso-
baric and/or isomeric compounds, or if even higher confidence levels are reached
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that allow distinguishing chiral compounds such as D/L-isomers, allomers, enan-
tiomers or diastereomers. 

In addition, the choice of the data acquisition method is dictated by the bio-
logical question, as unbiased metabolomics is inadequate for many research proj-
ects. If, for example, biological hypotheses are narrowed to selected pathways
or a small number of metabolic elementary modes, there is no need to use
metabolomics. Instead, ‘metabolite profiling’ methods (that look for a limited set
of pre-defined analytes) or classical target analyses can be applied. Conversely,
target methods are unsuitable to answer questions about systemic control of
network properties for which metabolomics is appropriate. In comparison to
metabolomics, the focus on a selection of ‘known’ metabolites by metabolite pro-
filing or target analysis disables an unbiased search for novel phytochemicals
which may bear important physiological relevance (for example, as signaling
molecules). 

3.2.5 Quality control

Once a certain protocol for plant metabolomics has been developed, and is estab-
lished for a research project, it is a prerequisite to monitor the quality of metabolite
identification and quantification over the whole project period, preferentially over
years. This is essentially the difference between method development and method
validation. Developing a protocol basically means a proof-of-principle that a cer-
tain analytical objective can be fulfilled. However, a method is only validated if
these objectives are strictly defined, and if the exact parameters and conditions are
given as to how to achieve and monitor these results, e.g. by quality control charts.
In metabolomics, this is relevant to both quantification and compound identifica-
tion. For example, for each method the relative standard deviations need to be
given, and it also needs to be specified how these limits are controlled and moni-
tored on a routine (daily) basis. In addition to validation by relative error ranges,
some compounds may be quantified in absolute concentrations using reference
compounds and comparison to control methods to give quantification accuracies.
Use of absolute instead of relative quantification refers to the question under study.
For example, for some biological studies, determination of nanomolar concentra-
tions may be essential for calculating turnover rates or crop nutritional quality. For
other studies, such as functional genomics, assessment of metabolic control by 
x-fold values may be sufficient. 

Once the validation criteria are clearly laid out, metabolomic protocols become
‘standard operating procedures’ (SOPs). SOPs are commonly seen for industrial
processes including agro-biotechnology companies, but for academic laboratories,
combining larger genomic programs with exploratory metabolomics, such SOPs are
becoming more and more essential. In any case, high quality reports on metabolomics
or metabolite profiling should always include detail as to how many of the claimed
metabolite signals were detectable in all the samples of a given biological experiment,
what level of variance was found for these variables within the experiment and how
method blanks were used to ensure that detected peaks were not artificially formed
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during the process. Without such specifications, the reported results and sometimes
even the biological interpretations may become questionable. 

3.3 Metabolomic databases

Publishing metabolite data is straightforward in classical target analysis. The
experimental sections in peer-reviewed scientific journals usually refer to estab-
lished and widely accepted methods, and data can be presented as average values or
even as individual results for each sample, when appropriate. For metabolomics,
publishing data is not so straightforward. Metabolomic results are usually data-rich,
but poor in information. If only x-fold changes of metabolites are published with
respect to the controls, then the data may contain only limited information for com-
parison with other experiments or conditions. Instead, metabolite levels must be
deposited in a publicly accessible way that allows reusing the data under different
aspects by giving the SOPs of sample preparation, data acquisition, data processing
and the corresponding results. In 2004, a variety of reports have highlighted the
importance of providing such information, among them being a general architec-
ture for metabolomic databases ArMet [32] and considerations about the minimal
information of a metabolomic experiment, MIAMet [33]. These considerations
have only partially materialized in publicly available plant metabolomic databases
[34]. For a range of compounds, agro-biotechnology companies have published
validated metabolite data of crop nutritional value [35]. However, for fundamental
research, no equivalent is known that is as comprehensive and validated. The basic
reason for this lack is that there are very many aspects and parameters that need to
be associated with ‘metabolite levels’ in order to turn these into informative and
interpretable patterns that are useful for external researchers. Biochemical proper-
ties and cellular relationships can be mapped onto software platforms that can be
interrogated in order to enhance the interpretability of data [36], but the very details
of biological experiments and data acquisition are hard to capture in a standardized
way. Some progress can be reviewed in a public forum that originated from a bio-
medical, pharmaceutical and toxicological background, Standard Metabolic
Reporting Structures (SMRS) led by the Imperial College, London, UK [37]. Some
of the associated problems are common for all databases that are reporting metabo-
lite levels. The metabolites need to be named by unique identifiers in a consistent
and traceable way to allow data exchange between different databases, for example,
for system biology applications. Astonishingly enough, there are no such (publicly
accessible) repositories of unique metabolite names. 

The most comprehensive repository may be CAS, the Chemical Abstracts Ser-
vice of the American Chemical Society, that includes information about millions of
compounds, among them being biogenic metabolites. However, this service comes
with high charges and it does not contain links to genomic databases. Furthermore,
some compound identifiers in CAS have been changed or erased over time, and
some components have multiple entries. Despite widespread popularity among
(plant) biologists, databases such as Goto’s LIGAND repository [29] cannot serve
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as the authoritative resource for metabolite identifiers because many compounds,
especially lipids, are not well covered. Efforts have been launched recently to com-
pile comprehensive metabolite lists such as MetaCyc [38] and INCHI [39], and it is
therefore very likely that the problem of consistent metabolite annotations will soon
be solved. 

In addition, the underlying plant biology experiments need to be described in
detail to allow reuse of the metabolite results. This is a serious problem that seems
to be very hard to tackle in an appropriate way. For publishing experiments in a
peer-reviewed plant journal, it is expected to explain experimental details in both
the ‘materials and methods’ section and the flow text. However, publication of data
in database repositories cannot follow the same path. Any unstructured flow text
description of biological study designs is insufficient. The concept of publicly
available databases is that results can be queried and downloaded for comparative
studies. This concept requires, therefore, a logical and consistent structure of enter-
ing information about the underlying experimental design and details. So far, unfor-
tunately, there is no consensus in the plant community on vocabularies and items
that are mandatory for describing a given experiment. One reason is that experi-
mental designs are at the heart of a study and are therefore very different and hard
to describe, and to capture in a fixed database structure. The other reason is that, so
far, the biological community has relied on the peer-review system to ensure that
sufficient information is given to enable reuse of data or the repeat of a study. How-
ever, there is usually no peer-review system associated with database entries.
Metabolomics research groups may learn from Web-based entry forms that have
been developed for describing transcript microarray data using a study annotator
[40] that supports quantitative data with a structured ontology on the relationships
and properties of various study designs and experimental details. 

For general acceptance of metabolomic databases, a consensus needs to be
sought how to name and structure plant biological experiments with respect to
terms, structural hierarchies, ontologies and controlled vocabularies. Related
efforts have resulted in compulsory repositories such as for naming species (in
NCBI [41], for Arabidopsis germplasm in the Arabidopsis information resource
TAIR [42] or for naming plant organs in Plantontology.org [43]. In the meantime,
metabolomic databases need to describe, but not prescribe, which experimental
details need to be given.

3.4 Pathways, clusters and networks: applications 
of plant metabolomics 

Recent studies in plant biology involving the four different types of metabolite
analysis (target analysis, metabolite profiling, metabolomics, metabolite finger-
printing) may be classified into five broad research areas, some of which are over-
lapping: confirming the effects of bioengineering plant metabolic enzymes (Section
3.4.1), studying plant biochemistry including the connectivity of pathways (Section
3.4.2), observing and cataloguing physiological effects during developmental or
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environmental transitions (Section 3.4.3), designing and utilizing better analytical
methods (Section 3.4.4) and applying profiling methods in food science (Section
3.4.5). A literature survey using metabolomics/metabolite profiling terminology in
the ISI database in May 2005 resulted in over 3000 hits, and 296 hits were still
found when the search was restricted to plant-related search terms (Figure 3.4).
Consequently, only select publications are presented here to serve as an overview of
how these techniques may be applied to plant metabolism research. 

3.4.1 Bioengineering of metabolism 

In bioengineering, metabolite analysis is typically restricted to only a few target
compounds or select pathways are profiled to conclude the effectiveness of a cer-
tain treatment. An example here is the selection of plant lines with high secondary
metabolite levels, such as ginsenosides, for which 993 EMS mutant lines were
tested by LC/MS and LC/UV [44]. If metabolite profiling or target analysis is
used, hundreds of lines involving thousands of analyses can easily be scrutinized
to guide the bioengineering efforts because both sample purification and instru-
mental methods can easily be optimized for this task. Sometimes more directed
efforts in bioengineering are put forth by overexpressing novel genes into plant sys-
tems, such as for formation of ketocarotenoids in tomato and tobacco [45]. Metabo-
lite profiling can then demonstrate the effectiveness of this transformation, and in
addition, the level of formation of side products or substrates and catabolites of the
primary products (such as hydroxylated intermediates). An example of how

Figure 3.4 Count of hits in the literature database
of the Institute for Scientific Information (ISI).
Search words relating to metabolomics were
restricted to the plant specific literature. 71% of the
counts were original reports, and 20% were classified
as review articles. 77 authors were found with three
or more articles.
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metabolite profiling may unravel unexpected effects of plant bioengineering is the
transformation of stilbene sythase genes from grape to tomato plants [46]. This
transgenic overexpression resulted in accumulation of trans-resveratrol and trans-
resveratrol-glucopyranoside, but also of soluble antioxidants such as ascorbate and
glutathione. In contrast, membrane-bound antioxidants such as tocopherol and
lycopene were not affected. 

Another important field of research is geared toward more complex traits such
as protein content or optimized carbon partitioning and fluxes. Metabolite profiling
of transgenic bean plants which expressed a Corynebacterium glutamicum phos-
phoenolpyruvate carboxylase (PEPC) in a seed-specific manner [47] showed that
metabolic fluxes shifted from sugars and starch into organic acids and free amino
acids. This ultimately led to a gain of 20% more protein per gram seed dry weight
and an increase of total seed dry weight of more than 20%. This report also shows
that there is some overlap between bioengineering (complex) traits, efforts toward
the biochemical relationships and the use of metabolite profiling to verify these.
Consequently, a major use of metabolomics is found in plant biochemistry.

3.4.2 Plant biochemistry 

3.4.2.1 Pathway analysis
Interestingly, potentially conflicting data on the biological role of PEPC were
reported for Arabidopsis lines with up to 75% reduced PEPC activity [48]. In this
report, it was found by 1H-NMR fingerprinting that levels of various primary
metabolites were indeed affected by reduced PEPC activity but without having an
impact on overall plant growth. The authors concluded that this finding supported
the idea that PEPC had little impact on anplerotic carbon fluxes and was just the
opposite to what was found with C. glutamicum PEPC in transgenic beans [47].
These reports may serve to illustrate that even major conclusions may differ
depending on the experimental setup (e.g. underexpression of an endogenous
enzyme-coding gene vs overexpression of a transgene) and, obviously, on the plant
species that is being investigated. 

A particularly nice example for a successful plant biochemical study involving
metabolomics is a report on malate synthase involved in Arabidopsis seedling
growth [49]. In this report, it was shown that this glyoxylate shunt enzyme is par-
tially dispensible for lipid utilization and gluconeogenisis, in contrast to bacteria.
This study may also serve as an example that each enzyme needs to be studied indi-
vidually to determine its functions and biological roles, in vivo, and that homology
searches and comparisons alone carry high risks of misleading conclusions.
Another excellent study compared the effects of inducible activation of cytosolic
yeast invertase with constitutive gene overexpression in growing potato tubers [50].
By this approach, the primary effects of increased sucrose mobilization caused by
overexpression could be distinguished from pleiotropic effects such as a switch
from starch synthesis to respiration. This switch was only observed to occur in con-
stitutive gene overexpression during plant development, but not in short-term
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inducible overexpression. Such experiments are extremely important to better
understand the control of metabolism in vivo, and to distinguish causes from mere
observations of end-point effects. 

Other studies have focused on secondary plant biochemistry [51]. In this research
field, an elegant study reported the metabolic and transcriptional characterization of
phenylpropanoid biosynthesis in Arabidopsis. Metabolomic approaches could show
that despite absence of phenotypic alterations, specific functions of the Arabidopsis
phenylalanine lyases PAL1 and PAL2 were elaborated [52]. The authors showed that
PAL1 is the primary factor involved in the formation of phenylpropanoids, as well as
more complex and less understood alterations in other metabolic modules. 

Further reports apply plant metabolomics by integrating classical methods
such as isotope labeling or by extending data mining toward network analysis.
Isotope labeling with 13C tracers is particularly useful for 13C-NMR analysis.
Consequently, this technique has been used for plant biochemistry. A study on
rice coleoptiles under anaerobic conditions revealed that glutamine and malate
pools were generated from multiple turns of the TCA cycle and that there was a
high contribution of the glyoxylate shunt toward malate formation under these
conditions [53]. Primary metabolism was also the focus of a study investigating
potato plants with underexpression of sucrose synthase II that was found to be
primarily localized in vascular tissues [54]. Largely different effects of underex-
pression of this enzyme isoform were found for source and sink tissues, with
major effects on control of sugar alcohol metabolism in leaves and of control of
amino acid metabolism in tubers. Besides classical and multivariate statistics,
these effects were revealed by directly ranking differences in metabolic network
connectivities. 

Comparative correlation analysis has also been used to study control of primary
metabolism responding to elicitation by methyl jasmonate, yeast elicitor or UV light
[55]. In this study, glycine, serine and threonine pathways were found to be perturbed
and induction of threonine aldolase activity was suggested from these data. 

3.4.2.2 Flux measurements
The result of metabolomic analyses is a series of measurements of metabolite lev-
els, that is, snapshots of metabolism. However, this is just one way to study the con-
trol of metabolism. Metabolic snapshot data are usually not sufficient to directly
derive enzyme activities and hierarchical structures of pathways and, even more
importantly, the dynamics of carbon partitioning between the different organs or the
different metabolic cycles. A range of possible scenarios may explain a finding of
altered metabolite levels: anabolic reactions might be faster, the catabolic fate
might be different or transport activities may have been changed. Conversely, even
if metabolite levels remain unchanged in an experiment, the underlying enzyme
activities may still be different. If, for example, both anabolic and catabolic reac-
tions are altered in the same way and intensity, the steady state levels of a given
metabolite should not change (although fluxes are increased), Therefore, metabo-
lite snapshot data should be complemented by flux data. 
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Theoretically, it should be possible to derive fluxes from snapshot measure-
ments if we had the ability to measure true concentrations of all substrates and
products at faster time intervals, assuming we would know the total network struc-
ture. However, all these constraints are not fulfilled at the current state of
metabolomic practice, as outlined above. Even if snapshots were taken in a time
series, and even if all substrates and products of a ‘pathway’ were covered, today
we are still unable to detect the flow of products back into the pathway (either by
reversible reactions or via other routes through the metabolic network) or find
potential new side fluxes out of (or into) the pathway by unforeseen additional
enzymatic activities. Here, the use of labeled compounds is most appropriate, either
by radioactive labeling or by stable isotope tracers (e.g. isotopomer analysis). These
techniques, however, are also restricted in use by the need to feed in labeled sub-
strates which (a) may not be taken up quickly enough and (b) are then quickly
diluted through the metabolic network. Therefore, only short distances or small
parts of the total metabolic network can be imputed that have reasonably high meta-
bolic turnover rates or that lead to and from strong carbon sinks such as starch. A
global view on all metabolic fluxes (a ‘fluxome’ [4]) is still out of reach by current
techniques, even if fluxes are inferred from other metabolic sinks such as proteins.
For vascular plants, a highly suitable way to analyze fluxes is to use NMR-based
techniques [56]. Using current methods, a combination of metabolomic snapshot
data at high number of biological replicates (to get the breadth of metabolic net-
works at high statistical significance levels) and flux measurements (on select and
important pathways [57]) therefore seems to be the most practical solution to reach
a more complete picture of metabolic control and regulation.

3.4.3 Physiological studies

Physiological adaptation to environmental stress has been the focus of several stud-
ies on Arabidopsis plants. By comparing Ws-2 and Cvi-1 ecotypes to Arabidopsis
lines overexpressing CBF transcription factor genes, it has been shown that CBF
overexpression configured the metabolome of Arabidopsis in a way that resembles
cold acclimation treatments [58], proving the major contribution of this gene fam-
ily in the cold response pathway. Two other studies compared plants under sulfur
stress. By using both mass-spectrometry-based metabolite fingerprints and gene
transcription levels [59], it was confirmed that an immediate response on sulfur
starvation is a decrease in glucosinolate biosynthesis. Another report combined data
from GC/MS and LC/MS measurements upon sulfur deprivation [60] and found
that the metabolic system was rebalancing not only sulfur metabolism but also par-
titioning of carbon and nitrogen in a time dependent manner. This occurred mainly
by accumulation along the O-acetylserine-serine-glycine pathway which led to
storage of nitrogen in glutamine and allantoin pools. Apart from nitrogen shuffling,
further effects were found in lipid catabolism, purine metabolism and enhanced
photorespiration. 

Other reports have focused on metabolic effects upon environmental perturba-
tions. For example, responses to heat stress, drought stress and a combination of
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heat and drought stress were compared in Arabidopsis by metabolite profiling [61].
It was suggested that sucrose and other sugars replace proline as the major osmo-
protectant under combined drought and heat stress, whereas proline levels were
controlled in response to drought stress alone. Another important area of very active
research has been the study of metabolic responses to pests and pathogens. Inter-
estingly, an infestation of tomato plants with spider mites (Tetranychus urticae)
caused a delay of 4 days between increased levels of terpene biosynthetic tran-
scripts and the emission of volatile terpenoids [62]. This work sheds light on the
time-decoupling of control layers in metabolic responses, which also questions the
validity of approaches using direct transcript–metabolite correlations for generat-
ing hypothesis on the functional annotation of metabolic genes [63]. 

In order to distinguish cause and effects, most reports involve studying the time
dependence of metabolic responses instead of mere data associations or multivari-
ate clustering. A good example of studying the hormonal effects on control of
metabolism was an investigation of a 48-day time course upon elicitation of Ara-
bidopsis roots with salicylic acid, jasmonic acid, chitosan and two fungal cell wall
elicitors [64]. Upon treatment, 289 secondary metabolite peaks were profiled by
LC/MS of which 10 peaks were confirmed by NMR structural elucidation to be
compounds exhibiting antimicrobial activity at concentrations detected in the root
exudates. Investigating metabolic relationships has been the focus of a physiologi-
cal study on sink–source transitions in developing aspen leaves [65]. Besides con-
firming anticipated changes in sugar and amino acid metabolism, the study also
revealed that control of nitrogen storage (determined by altered asparagine concen-
trations) was sequestered by changes in malate concentration and transaminase
activity in this developmental time course.

3.4.4 Plant metabolomic methods

Novel insights into the control of metabolism go hand in hand with improved meth-
ods. For this reason, various research groups validated the usefulness of novel
methods or improved protocols by using model plant experiments. Among these
methods is the use of vapor phase extraction for phytohormone analysis upon
pathogen infection of Arabidopsis plants [66], fractionation methods applied to
rice plants to reduce metabolite complexity prior to instrumental analysis [67],
or application of capillary electrophoresis coupled to mass spectrometry for rice
leaf analysis [68], a method that was primarily used previously for microbial
metabolomics. Volatile compounds responding to infection with pathogens are
best monitored by gas chromatography/mass spectrometry, for example using head
space sampling [69]. For example, when applied to onion bulbs that were inocu-
lated with Erwinia carotovora ssp. carotovora, Fusarium oxysporum or Botrytis
allii [70], 259 compounds were detectable in the headspace of which 25 were found
to be specific to one or more pathogens. For phytohormones, an elegant and simple
novel extraction procedure has been proposed [71]: plant tissues were extracted in
mixtures of n-propanol and dichloromethane followed by methylation using
trimethylsilylcliazomethane. The reaction products were heated, collected on a
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polymeric absorbent and analyzed by GC/NCI-MS. This approach has been applied
to Arabidopsis, tobacco and tomato plants, enabling to quantify signaling crosstalk
interactions at the level of synthesis and accumulation of phytohormones. 

Most methods used for studying metabolic control involve invasive techniques.
A new idea has recently been proposed to enable detecting metabolites in vivo and
in real time at subcellular resolution by using protein-based nanosensors based on
FRET fluorescence-based microscopy. The prototypes of these sensors have been
shown to work in yeast and in mammalian cell cultures [72, 73]. An extension to
multiple metabolites and detection in plant cells would offer extreme versatility and
direct insights into metabolic control, e.g. following time courses after glucose
pulses or inhibition of specific enzymes. Analyzing time-related metabolomic data
has also been the focus of a study of growth related gradients in poplar trees by
magic angle spinning NMR analysis [74]. When investigating trees with underex-
pression of the PttMYB76 gene involved in the phenylpropanoid and lignification
pathways, growth-related metabolic gradients were detected in the plant internode
direction. Factors affecting NMR spectra have been investigated for potato and
tomato samples [75]. This study emphasizes that, as with any method, great care
must be taken to control method parameters in order to allow robust assessments of
metabolite levels over hundreds of samples. 

Methods based on gas chromatography/mass spectrometry have evolved in two
directions. Two methods have been published that avoid detailing individual
metabolites, but rather compare full spectra sections in order to align and compare
hundreds of chromatograms, followed by multivariate analysis and retrospective
investigation of differences related to the plant experimental designs [76, 77].
However, apart from looking at differences in the control of metabolism, it is
equally interesting to note which metabolites are tightly regulated at a defined
steady state level. That is, which metabolites are not altered between experiments.
Hence, it seems a favorable option to quantify levels for each individual compound
that is detectable in the metabolomic experiment. For GC/MS, LC/MS or CE/MS
approaches, this involves individual peak detection with subsequent mass spectral
deconvolution of overlapping peaks (Figure 3.5) and peak alignment by retention
indices, in order to be able to compare data between experiments, laboratories or
metabolomic databases. Examples for this strategy is the compilation of known and
unknown metabolites from Lotus japonicus nodules, roots, leaves and flowers [78]
or the investigation of metabolites from Arabidopsis leaves [16]. 

3.4.5 Food science

The last typical field of application of metabolomics in control of metabolism is food
science. Food quality is easily and rapidly deteriorated by a number of different pests,
and therefore it must be tightly monitored to prevent major losses. One typical report
on such efforts is the use of GC/MS to profile volatile metabolites in apple to diagnose
fungal infections [79]. In this report, four different fungi were applied to infect apples
and the responses to these infections were classified by 20 significant biomarkers out
of a total of 498 detected different volatile metabolite peaks. Such methods enable a
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rapid survey during food storage by observing metabolic effects for disease diagnos-
tics rather than trying to understand the biochemical or physiological control mecha-
nisms. A more recent but important branch of research tries to improve nutritional
quality or metabolic traits in foods by genetic breeding using the analysis of quantita-
tive trait loci (QTL). Metabolic effects were assessed as a result of the introgression
of a 9 cM region of the wild tomato species, Lycopersicon pennelli, into a cultivated
tomato line (Lycopersicon esculentum IL9-2-5) [80]. Metabolite contents in ripe
fruits were found to have increased sucrose and glucose levels that were due to altered
kinetic properties of a fruit apoplastic invertase. A few other metabolic perturbations
were found, including aspartate and alanine biosynthesis. 

In food quality control, concerns have arisen that genetic modifications may
result in potentially harmful or undesirable metabolite alterations. In order to study
the substantial equivalence of genetically modified (GM) potato tubers to classical
cultivars, 40 GM lines, modified in primary carbon metabolism, glycoprotein pro-
cessing or polyamine and ethylene metabolism, were analyzed by NMR and LC-UV
[81]. Differences in average metabolite levels were less than threefold, which was

Figure 3.5 Deconvolution of overlapping peak analysis of an Arabidopsis eaf extract by GC-TOF. Left
panel: primary plant metabolites are separated within 1300 s. Due to the complexity of metabolomic
extracts, co-elution of compounds is inevitable. Right panels: Mass spectra of d6-cholesterol (A) and
cholesterol (B) are deconvoluted by automatic algorithms (ChromaTOF 3.0), enabling unambiguous
metabolite annotations. 

131

374

m/z

333 464

129

368
329

458

m/z1300s

m/z 
204

m/z 
131

m/z 
129

10s

Di- &   tri-
saccharides

Mono-
saccharides

Small acids
alcohols

Free
fatty acids Sterols

Hydroxy-and
amino acids

A

B

A

B

BLUK025-C03[60-84].qxd  10/20/05  5:16 AM  Page 79 Quark08 Quark08:Books:BLUK025-Plaxton:



80 CONTROL OF PRIMARY METABOLISM IN PLANTS

found to be negligible when compared with the natural variability within each cul-
tivated tuber population. 

3.5 Outlook

Most of the published work in plant metabolite analysis is, so far, either classical
hypothesis-driven target analysis or multitarget metabolite profiling, that is
restricted to usually below 100 identified compounds. Although considerable
hypothesis-driven research can be undertaken using these methods, the prospects of
using truly unbiased metabolomics are alluring. Two major bottlenecks need to be
tackled. The first is that too many metabolic peaks remain unidentified. This raises
concerns that many of these may not genuinely reflect control of metabolic states
but rather arise from insignificant enzymatic side reactions, or, even worse, are
indeed chemical artifacts produced during sample preparation. In principle, this
argument is hard to rebut, especially as long as there are no consistent metabolomic
databases and no major efforts for rapid identification de novo of unknown com-
pounds. Various metabolomic databases are or will be made public in the near
future. However, it is doubtful how many known metabolites these databases will
include. The second major drawback is a gap in the interpretation of metabolic
snapshot data. Very often, the general finding of metabolomic studies is that a large
number of compounds have been altered in response to a given experimental treat-
ment. Such observations remain mere physiological descriptions if other levels of
information are not integrated to result in a comprehensive picture of plant biology
(for example, spatial and temporal resolution of such metabolic snapshot data). A
further way to improve the interpretation of snapshot data is to refer these to a
‘plant physiology and plant biochemistry knowledge database’ that may be inferred
from both theoretical considerations (such as metabolic control analysis) and text
mining approaches. The ultimate aim of all these efforts must remain an under-
standing of events and effects in plant physiology, which can be tested by con-
structing data models and predict metabolic alterations under (genotype x environ-
ment) conditions that were not tested before [82]. This level of understanding of
plant metabolism is still out of reach, but with modern methods in dissecting plants
on the molecular and cellular levels it is not impossible anymore! 
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