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Introduction
Metabolomics is by now becoming a well-known technique for 
the study of all types of organisms, and complements the data 
obtained by the other ‘omics’: genomics, transcriptomics and 
proteomics. However, what does the term metabolomics stand 
for and how does it relate to other terms that have emerged, such 
as metabolic profi ling, metabolic fi ngerprint, or metabonomics? 
Dettmer et al. (2007) presented the following list of defi nitions, 
to which the defi nition of metabonomics, presented by Nicholson 
and Lindon (2008) was added:

• Metabolites—small molecules that participate in general meta-
bolic reactions and that are required for the maintenance, 
growth and normal function of a cell.

• Metabolome—the complete set of metabolites in an 
organism.

• Metabolomics—identifi cation and quantifi cation of all metabo-
lites in a biological system.

• Metabonomics—measurement of the global, dynamic meta-
bolic response of living systems to biological stimuli or genetic 
manipulation (Nicholson and Lindon, 2008).

• Metabolic profi ling—quantitative analysis of set of metabolites 
in a selected biochemical pathway or a specifi c class of com-
pounds. This includes target analysis, the analysis of a very 
limited number of metabolites, e.g. single analytes as precur-
sors or products of biochemical reactions.

• Metabolic fi ngerprinting—unbiased, global screening approach 
to classify samples based on metabolite patterns or ‘fi nger-
prints’ that change in response to disease, environmental or 
genetic perturbations with the ultimate goal to identify dis-
criminating metabolites.

• Metabolic footprinting—fi ngerprinting analysis of extracellular 
metabolites in cell culture medium as a refl ection of metabo-
lite excretion or uptake by cells.

Depending on the paper and the organism being studied, 
slight variations in these defi nitions can be found, but it is clear 
that the metabolome involves all metabolites in an organism and 
that the intention of metabolomics is to identify and quantify all 
those metabolites. However, many metabolomic studies do not 
go further than the metabolic fi ngerprinting stage: producing 

metabolite patterns by high-throughput analytical methods (MS 
or NMR) and searching for discriminating factors by chemometric 
methods. Next to fi ngerprinting, the term footprinting is also 
used, but this applies especially to cell culture systems (Allen 
et al., 2003; Mashego et al., 2007). In metabolic profi ling specifi c 
groups or categories of metabolites are defi ned for precise 
quantifi cation, but this yields only a limited view of the total 
metabolome (Scalbert et al., 2009). In metabonomics the aim is 
to measure the global, dynamic metabolic response of living 
systems to biological stimuli or genetic manipulation (Nicholson 
and Lindon, 2008). The focus is on understanding the systemic 
change through time in complex multicellular systems. In prac-
tice, there is no real diff erence between metabonomics and 
metabolomics, but the term metabonomics is traditionally more 
used in biomedical research to describe the fi ngerprinting of 
biochemical perturbations caused by disease, drugs, and toxins 
(Goodacre, 2007; Davies, 2009).

History of Metabolomics
In 1998, the term metabolome was introduced in a paper from 
Oliver et al. about the yeast genome, based on the analogy with 
the terms genome, proteome and transcriptome, which had 
been introduced already. From the year 2000 the term metabo-
lomics came into use in publications, as can be seen from Fig. 1. 
This fi gure is based on the number of papers found with the 
respective terms in literature, as compiled by ISI Web of Science 
(Thomson Scientifi c). The term genome was the fi rst to be intro-
duced, and from 1988 the term genomics came in use. Proteomics 



Application of NMR in Plant Metabolomics

Phytochem. Anal. 2010, 21, 14–21 Copyright © 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/pca

15

followed only in 1997 and transcriptomics in 1999 (Fig. 1). In 
Fig. 1 it can be seen that the term genomics only came into 
common use rather long after it had been introduced, but the 
number of papers rapidly increased since 1996 to about 2500–
3000 papers a year over recent years. Proteomics research rapidly 
grew after 1998 and the number of papers surpassed the number 
of papers about genomics since 2006, but like the number of 
papers on genomics, it seems to have reached its plateau, with 
about 3000 papers a year. The number of papers about metabo-
lomics (and metabonomics) shows a slower growth and the 
number of papers reached more than 600 in 2008. The slow 
growth might be due to the fact that metabolomics has no well-
defi ned methods of analysis (see below), like genomics and pro-
teomics. Nevertheless, it seems probable that growth will 
continue and might reach similar levels to those of proteomics 
and genomics. When the term metabolomics was introduced, it 
was not a new process or new concept, but it was more a conse-
quence of the development of the techniques which form the 
basis of metabolomics. In fact the metabolite profi ling which is 
the basis of metabolomics already had been performed a long 
time before. One can think of the TLC profi les of medicinal plant 
extracts, or the GC chromatograms of essential oils. The increased 
resolution in NMR spectra by higher fi eld magnets and the wider 
application of two-dimensional techniques permitted the iden-
tifi cation of metabolites in crude extracts or samples. Already 
from the mid-1980s unmodifi ed biological fl uids were being 
studied by NMR (Nicholson and Lindon, 2008), and in the early 
1990s metabolic fi ngerprinting of plant materials came into use 
(Schripsema and Verpoorte, 1991; Schripsema et al., 1991). Also 
the development in chromatographic techniques, such as capil-
lary columns for GC and small particle HPLC columns, permitted 
a wider application of these techniques. GC was successfully 
applied for the separation of relatively polar underivatised sub-
stances, such as for instance monoterpenoid indole alkaloids 
(Dagnino et al., 1991). By derivatisation the range of compounds 
which could be analysed was further amplifi ed. By coupling to 
mass spectrometry also the direct identifi cation of the com-
pounds was possible. This then led to the availability of tech-
niques for comprehensive profi ling of samples (e.g. Fiehn et al., 
2000). Another important contribution to metabolomics came 
from the advances in chemometrics, which permitted the evalu-
ation of large data sets and distilling signifi cant changes in rela-
tion to specifi c parameters.

Techniques for Metabolomics
Metabolic fi ngerprinting can be done with the most diverse tech-
niques, spectroscopic like UV, IR (Goodacre, 2005; Defernez and 
Wilson, 1997), MS and NMR or chromatographic like GC or HPLC, 
or using hyphenated techniques, like GC-MS or LC-NMR. Several 
reviews give a quite detailed report about the various technolo-
gies used for metabolomics, e.g. Schauer and Fernie (2006) and 
Hall (2006). Nowadays in metabolomics research, where issues of 
quantifi cation and identifi cation are important, NMR and mass 
spectrometry are the principle detection techniques to be used, 
each of them having specifi c advantages and disadvantages.

Within mass spectrometry many diff erent techniques can be 
distinguished, varying in the method of introduction of the 
sample (direct, GC, LC), in the method of ionisation (electron 
impact, MALDI, electrospray) and in the method of detection 
(time-of-fl ight, FT-ICR). The most commonly used mass spec-
trometry platforms are:

• GC-MS—the high chromatographic resolving power of gas 
chromatography is combined with electron impact mass spec-
trometry. Electron impact ionisation provides for each com-
pound a mass spectrum, which through the fragmentations 
provides much information about its identity. Because EI is the 
most traditional way of ionisation, large databases exist and 
compounds can be rapidly identifi ed. A major disadvantage of 
GC-MS is the fact that compounds need to be volatile to be 
analysed. Furthermore they should be stable during the analy-
sis in which high temperatures are used. By derivatisation 
many normally not volatile compounds can be converted in 
volatile adducts, e.g. by silylation, acetylation or methylation. 
In this way, for example, sugars and amino acids can be 
analysed.

• LC-MS—liquid chromatography is combined with mass spec-
trometry. In this type of analysis all types of compounds can 
be separated by LC and subsequently in-line analysed by MS, 
usually electrospray-MS. With modern columns (e.g. UPLC) 
high resolutions can be obtained. The electrospray mass 
spectra are, however, less informative then the EI mass spectra. 
Also large databases are not (yet) available. Another problem 
in electrospray mass spectrometry is the diffi  culty of ionisation 
of many compounds. It is however possible to work in positive 
or negative ion mode.
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• FT-ICR-MS—in Fourier transform ion cyclotron resonance MS, 
the mass spectrometer has a very high resolution. This gives 
complete resolution of compounds based on the exact masses. 
However, isomers cannot be resolved. For metabolomics the 
chromatography step, which might prevent certain com-
pounds to arrive to the mass spectrometer, is often omitted. In 
Huang-qin extracts it has been reported that more than 2000 
compounds were separated (Murch et al., 2004).

• CE-MS—capillary electrophoresis coupled to MS. The coupling 
of CE to MS is rather new, but promising results have been 
obtained (Monton and Soga, 2007).

Mass spectrometry has a very high sensitivity and large 
dynamic range. In metabolomic research easily hundreds of com-
pounds can be detected. In NMR the sensitivity is much less, but 
the structural information content, reproducibility and quantita-
tive aspects are superior to mass spectrometry. Furthermore the 
preparation of the sample is simpler and the analysis more rapid. 
This makes NMR the ideal tool for broad-range profi ling of abun-
dant metabolites and for metabolite fi ngerprinting of extensive 
sample collections (Lommen et al., 1998; Dixon et al., 2006). The 
number of compounds which can be detected in a single analysis 
is however limited from one to several dozens (Krishnan et al., 
2005, Martin et al., 2007). In mass spectrometry these numbers 
are much larger. A metabolomic study of tomato by FTICR-MS led 
to the recognition of 869 metabolites. By comparison with public 
databases, it was suggested that 494 of these metabolites are 
novel (Iijima et al., 2008). However, it should be considered that 
in mass spectrometry a single MH+ signal indicates the presence 
of a compound with a specifi c molecular formula, but no struc-
tural information is obtained and many isomers might exist. In 1H 
NMR each signal corresponds to a specifi c hydrogen atom within 
a molecule and within a spectrum for every hydrogen atom of a 
molecule a signal is found. Isochronic signals of diff erent com-
pounds occur. Therefore, for identifi cation all signals of a com-
pound should be considered. When compounds are identifi ed 
using single signals, by a simple database search, mistakes are 
possible.

Experimental Procedures for NMR 
in Metabolomics
Metabolomics is focussed on the complete analysis of all metab-
olites inside a certain sample. One of the major problems resides 
in the problem to obtain a sample which permits the complete 
analysis of all metabolites inside it, which is virtually impossible. 
If this sample is treated is some way, by extraction, separation or 
derivatisation, information will be lost. In an extraction only the 
soluble components are obtained and insoluble or partly soluble 
compounds are lost. When a separation is performed, certain 
parts of the sample are also lost. In derivatisation new com-
pounds are obtained, but the structures are changed.

Furthermore all the metabolites should be analysed, and in 
metabolomics one is required to analyse a wide variety of diff er-
ent compounds, which diff er in many aspects:

• chemical nature, e.g. alkanes, carboxylic acids, amines, esters, 
peptides;

• solubility, ranging from water soluble, such as sugars, to oil 
soluble, such as lipids;

• concentration, ranging from very high concentrations, such as 
sugars (e.g. 50% of a sample) to minute concentrations for 
signal compounds which occur in picomolar quantities (in the 
range of pg to ng quantities per ml).

This is very diff erent in relation to the other omics technologies: 
in genomics one deals with the DNA, which is a specifi c chemical 
entity consisting of only four basic units, the nucleotides. In pro-
teomics one deals with proteins, which are built from 20 amino 
acids. In transcriptomics one deals with mRNA, also built with the 
same basic four nucleotides. If one wants to analyse the com-
plete metabolome, multiple analysis will be required, focussed 
on specifi c parts. These parts can be determined by the above-
mentioned factors: chemical nature, solubility and concentra-
tion. It will be important then to know how many metabolites 
are present, but only rough estimates of this have been made. In 
Arabidopsis plants there are expected to be about 5000 chemical 
entities, both primary and secondary metabolites (Bino et al., 
2004). Furthermore, at the moment about 200000 natural com-
pounds are known (Dixon and Strack, 2003), but certainly many 
more await discovery. What makes plant metabolomics much 
more complex than metabolomics of humans and animals is this 
enormous diversity of chemical structures, especially within the 
so-called secondary metabolites. Every species has a specifi c set 
of metabolites and this has been exploited traditionally for che-
mosystematics. The quantities of these secondary metabolites 
also show large variations and in many cases their concentrations 
surpass those of common primary metabolites. In NMR spectra 
from plant tissues commonly secondary metabolites are directly 
observed (Schripsema et al., 2007). Even in cell cultures, which 
generally have lower levels of secondary metabolites, they can 
be observed in crude extracts.

In NMR-based metabolomics data collection and spectral pro-
cessing are also important to ensure that, for example, replicate 
samples provide identical NMR fi ngerprints. In practice small dif-
ferences in lineshape and chemical shift will be observed. The 
diff erences in lineshape can be minimised by using exactly the 
same sample volume in identical NMR tubes and by optimising 
the magnetic fi eld homogeneity before data acquisition (Krishnan 
et al., 2005). To compensate for diff ences in linewidth, the line-
broadening parameter can be varied during processing (Lommen 
et al., 1998). To minimise the misalignment of NMR signals, there 
should be a stringent control of sample preparation, especially 
to avoid diff erences in pH or ionic strength (Defernez and 
Colquhoun, 2003).

Sample Preparation
Most laboratories use their own specifi c method of sample prep-
aration. In metabolomic studies it is important that the reproduc-
ibility of the procedure is as best as possible (Defernez and 
Colquhoun, 2003). All sources of variation should be minimised. 
That is important in the sample selection, preparation and during 
measurement (Maher et al., 2007). When leaves from a plant are 
collected, one should consider among others the position of the 
leaf, its age, exposure to sunlight and rain as well as the time of 
collection and the weather. All these factors potentially cause 
variation. After collection the sample treatment is important. 
First of all storage: at room temperature or frozen. Then the pro-
cessing of the sample should be considered—artefacts might 
arise from interaction with solvents or by residual enzymatic 
activity.
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To analyse the metabolome as completely as reasonably pos-
sible, a single solvent will not be suffi  cient (Verpoorte et al., 2007). 
A reasonable coverage of all metabolites can be obtained with 
two solvents: one apolar extract (e.g. with chloroform) and a 
polar extract (e.g. with water or water–methanol).

A problem with water extracts is often the high quantity of 
sugars. The signals of the sugars obscure other signals and limit 
the dynamic range of the spectrum. Furthermore, due to the 
sugars, pre-concentration of the sample will be diffi  cult. A similar 
problem can occur with chloroform extracts. Lipids are generally 
the major components of the extract.

When there are problems with superimposed signals, better 
results might be obtained by the use of two-dimensional NMR, 
e.g. J-resolved NMR (Viant, 2003; Liang et al., 2006a, b; Widarto 
et al., 2006), HSQC (Fan et al., 2001), TOCSY or HMBC (Widarto 
et al., 2006), or further fractionation of the samples should be 
undertaken.

Protein depletion of samples is generally not considered to be 
essential, but it should be considered that in water extracts the 
catalytically active proteins might interfere in the spectrum. For 
example, sucrose in papaya extracts is rapidly converted by 
invertase activity into glucose and fructose (Schripsema et al., 
2009). The removal of proteins might be considered; however, for 
the most rapid reactions before or during the extraction the pro-
teins should be deactivated. For serum samples a number of 
deproteinisation procedures were investigated by Daykin et al. 
(2002) and later by Tiziani et al. (2008). They found that the best 
results were achieved by ultrafi ltration, which removes proteins 
quantitatively, yields good signal-to-noise, and is superior in 
reproducibility. If in the sample preparation procedure the 
sample is dried and redissolved in deuterated solvent, one should 
consider that volatile components are completely or partially 
lost, e.g. ethanol (Tiziani et al., 2008) or salicylic acid (Verpoorte 
et al., 2008). For extraction of biological material one has to select 
a solvent or solvent mixture from the many options available. For 
this selection a number of parameters should be considered 
(Verpoorte et al., 2008):

• Polarity and selectivity of the solvent—these determine the solu-
bility of the individual components in the solvent. The solvent 
strength of solvents as indicated in Table 1 gives a reasonable 
impression of the type of compounds which might be extracted. 
However, acid/base behaviour should also be considered.

• Boiling point is important if solvents need to be evaporated, 
which might lead to thermal decomposition or loss of com-
pounds by evaporation. Water as a solvent, despite the rela-
tively high boiling point, has the advantage that it can easily 
be removed by lyophilisation.

• Toxicity and environmental considerations—for example, ben-
zene should be avoided due to its carcinogenicity and can in 
extractions easily be substituted with toluene. Also chloroform 
can in many cases be substituted with dichloromethane, 
because the latter is less toxic.

• Possible contaminations in solvents that may interfere with 
the analysis, yielding unwanted signals in the spectra, e.g. 
antioxidants such as butylated hydroxytoluene, 2,6-di-
tert-butylphenol and propylgallate (in ethers, chloroform).

• Possible contaminations that may cause artefact formation, e.g. 
peroxides (in ethers), dichlorocarbene (in chloroform), ethyl-
chloroformate (in chloroform), phosgene (in chloroform), 
dichlorobromomethane (in dichloromethane; chloroform), 
ethanol (in chloroform 1–2% of ethanol as stabiliser; diethyl 

ether; ethyl acetate), formaldehyde (in chloroform; ethyl 
acetate) and acetaldehyde (in chloroform; ethyl acetate). The 
artefact formation has been discussed more extensively by 
Verpoorte et al. (2008).

Material to be extracted can be fresh, lyophilised or dried in a 
diff erent way (air-dried). Within the diff erent experimental proce-
dures for the NMR sample preparation which have been used for 
metabolomics research, two approaches can be distinguished:

1.  Direct extraction with deuterated solvent. In this case, after a 
centrifugation step, the supernatant is directly used for the 
NMR analysis.

2.  Previous extraction of the biological material by non-deuterated 
solvents. The resultant solution is dried under vacuum and 
subsequently re-dissolved in deuterated solvent. After this re-
dissolution generally a new centrifugation step is necessary 
before the liquid is used for NMR analysis. For the direct 
extraction with deuterated solvent, the most common 
approach is the extraction of the polar metabolites with mix-
tures of methanol and buff ered water. In many cases chloro-
form is also added, which yields a separate phase concentrating 
the apolar constituents. Variations are found in the relative 
proportions of methanol and water, and in the pH of the water 
phase. Several studies reported the use of 50% methanol-
d4–50% D2O (KH2PO4 buff er pH 6), together with an equal 
volume of CDCl3 (Hendrawati et al., 2006; Widarto et al., 
2006; Liang et al., 2006b; Sanchez-Sampedro et al., 2007; 
Simoh et al., 2009; Leiss et al. 2009). In a study on potato, 
tomato and tea 70% methanol-d4–30% phosphate buff er was 
used (Defernez and Colquhoun, 2003).

When non-deuterated solvents are used for the extraction, 
generally larger quantities of solvent and biological material are 
used, such that after drying the extract upon re-dissolving, a 
higher concentration of the metabolites can be obtained (Flores-
Sanchez et al., 2009; Schripsema et al., 1991). It should be noted 
however, that generally not everything re-dissolves and an addi-
tional centrifugation step will be necessary.

Table 1. Eluotropic series of solvents listed according to 
their eluting power on alumina adsorbent. The empirical 
solvent strength data were reported by Snyder (1968)

Solvent Solvent strength

Water >>1
Methanol 0.95
Ethanol 0.88
2-Propanol 0.82
Dimethyl sulfoxide 0.75
Pyridine 0.71
Acetonitrile 0.65
Ethyl acetate 0.58
Tetrahydrofuran 0.57
Acetone 0.56
Dichloromethane 0.42
Chloroform 0.40
Diethyl ether 0.38
Benzene 0.32
Toluene 0.29
Hexane 0.01
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NMR Measurement
After preparation of the samples they should be submitted to 
NMR. Liquid samples in non-deuterated solvents can be submit-
ted to NMR, but in that case a little deuterated solvent should be 
added to provide the lock signal for NMR and during the mea-
surement solvent suppression should be applied. When the 
samples are dry they should be dissolved in deuterated solvents. 
The commonly available deuterated solvents are D2O, methanol-
d4, DMSO-d6, acetone-d6, chloroform-d and benzene-d6. First of 
all the choice of solvent will be determined by the nature of the 
sample and its preparation. For polar extracts usually D2O, meth-
anol-d4 or a mixture of the two is used. For apolar extracts usually 
deuterated chloroform is used. However, a number of factors 
should be considered in the choice.

• Solubility of the extract—if, for example, an alcoholic extract has 
been made and for NMR measurement D2O is chosen the more 
apolar components of the extract might not be dissolved.

• NMR spectra reported in literature are (nearly) always recorded 
in one of the mentioned deuterated solvents, rarely in mix-
tures. If a spectrum is obtained in another solvent or solvent 
mixture, the chemical shifts will be diff erent.

• The price of the solvents—D2O and deuterated chloroform are 
rather cheap, but deuterated methanol is much more 
expensive.

• If aqueous samples are used it should be decided whether or 
not pH control is necessary. Variation in pH between samples 
causes changes in the chemical shifts of certain signals. In par-
ticular, the signals from citric acid, which is a very common 
constituent of plant extracts, are sensitive to pH diff erences. 
Buff ers which have been used are most commonly phosphate 
buff ers of pH 6. Also, phosphate buff er, pH 7 (Aranibar et al., 
2006), and oxalate buff er, pH 4 (Pereira et al., 2005; Son et al., 
2009) have been reported.

• Another point to be considered is the inclusion of an internal 
standard. Usually a standard, TMS or a derivative, is used as 
chemical shift reference. If the concentration of the internal 
standard is exactly known, it might also be used for quantita-
tive purposes.

When a solvent suppression sequence is used for NMR acquisi-
tion and quantitative analysis of the signals is required, some care 
should be taken with the selection of the sequence and experi-
mental details. This is described by Saude et al. (2006). The 
methods of registration and processing of the NMR spectrum all 
have eff ects on the fi nal spectrum. Special care should be taken 
with the apparatus adjustments, such as shimming and tempera-
ture, with the acquisition parameters, such as the acquisition and 
relaxation times, spectral width and number of data-points for 
the measurement. Also, during processing care should be taken 
with the phasing, line broadening and zero fi lling (Defernez and 
Colquhoun, 2003). However, it is most important to avoid varia-
tion within series of samples.

Quantitative Aspects of 1H NMR
In principle 1H NMR provides a reliable profi le of each sample, 
and quantities are refl ected in the integrals of the individual 
signals of the spectrum. This makes 1H NMR a unique technique, 
which enables the quantifi cation of compounds in relation to any 

other compound in the spectrum (e.g. Dagnino and Schripsema, 
2005). In mass spectrometry quantifi cation is much more diffi  cult 
and the intensity of signals depends on many factors, instru-
ment-related and related to other compounds in the sample, e.g. 
through ion-suppression.

Quantitative measurements by 1H NMR need some specifi c 
precautions, aside from the obvious need for an adequate signal 
to-noise ratio in the spectrum (Claridge, 1999). These are the 
avoidance of diff erential saturation eff ects and the need to 
characterise the NMR resonance line-shape properly (using 
at least 4 points/Hz), so it is benefi cial to use the minimum 
spectral width compatible with the sample and to adjust the 
acquisition times accordingly. Results can be enhanced further 
during data processing: to ensure that the data are suffi  ciently 
well digitised in addition to improving the signal-to-noise 
ratio, an exponential function, slightly broadening the lines, 
should be applied (0.3 Hz). Furthermore, zero fi lling with a factor 
of 4 can be applied. To completely avoid the diff erential satura-
tion eff ects, the spins should fully relax between pulses, demand-
ing recycle times of at least 5 times the T1 (longitudinal relaxation 
or spin-lattice relaxation time) of the slowest relaxing nuclei. In 
most published metabolomics experiments the recycle time 
which has been used (in the order of 5–10 s), was not suffi  cient 
to achieve a complete relaxation of all nuclei, considering that 
formic acid, a commonly present slow relaxing compound, has a 
T1 of 8.0 s. Also TMSP, commonly used as internal standard in D2O 
solutions, has a rather long T1 of 3.2 s (Schripsema, 2008). For a 
table of T1 values of common metabolites see Weljie et al. (2006). 
To obtain the best accuracy for the quantitations, instead of 
increasing the recycle time, a correction can be made for the 
diff erences in T1 using a mathematical correction factor for quan-
titation (Saude et al., 2006). Of course, it depends on the purpose 
of the measurements if this is necessary. If a very accurate quan-
titation (+1%) of a single compound is required, the correction 
factor can be used, and it would also be advisable to make a 
calibration curve of that compound. Special care should also 
be taken with the start and fi nish of the integral: for a NMR 
signal (Lorentzian line shape), the integral should ideally cover 
20 times the half-height line-width on each side of the peak 
if it is to include 99% of it (10–20 Hz each side) (Claridge, 1999). 
For the absolute quantifi cation of metabolites an exactly known 
quantity of internal standard should be present in the NMR 
sample. Any compound with signals not overlapping with 
other signals from the sample might be suitable. Compounds 
which have been used for this purpose in chloroform solutions 
are hexamethyldisilane (Choi et al., 2004; Flores-Sanchez 
et al., 2009; Leiss et al., 2009) and pyridine (Dagnino and 
Schripsema, 2005). In aqueous solutions phloroglucinol (Choi 
et al. 2003), sodium trimethylsilyl propionate (TMSP) (Choi et al., 
2004, 2006; Flores-Sanchez et al., 2009, Leiss et al., 2009) and 
4,4-dimethyl-4-silapentane-1-sulfonic acid (Weljie et al., 2006) 
have been used.

An alternative for the use of an internal standard for quantifi ca-
tion is the use of an electronically generated reference signal 
(Akoka et al., 1999). This is known as the ERETIC method (elec-
tronic reference to access in vivo concentrations). The advantages 
are that no internal standard needs to be added and that the 
reference signal frequency can be freely chosen to fall within a 
transparent region of the spectrum (Akoka et al., 1999). However, 
a calibration of the ERETIC peak with a standard solution will be 
necessary. Maybe in the near future this method will be routinely 
available on NMR spectrometers.
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Data Processing
After the NMR spectra have been obtained, they should be pro-
cessed to extract the data. Basically, three methods to extract the 
data can be distinguished (Scalbert et al., 2009): Binning, peak-
picking or deconvolution. One of these techniques is necessary, 
because the crude NMR data show artefacts due to physico-
chemical diff erences (Torgrip et al., 2006). Major data artefacts 
are considered: peak shifts, peak shape distortions (shim prob-
lems) and unsuccessful phasing. Peak shifts are common and can 
be due to pH variation between samples, variation in concentra-
tions, interactions between sample components or temperature 
variations. Generally these shifts are very small (in the order of 
0.01 ppm), but they interfere in the direct evaluation of spectra.

Binning or bucketing is the most common approach in metab-
olomic research (Spraul et al., 1994). The signal in fi xed chemical 
shift regions, generally with a fi xed width of about 0.04 ppm, is 
averaged. In general, this reduces the 16K datapoints, containing 
information on hundreds of peaks, to a mere 250 datapoints. The 
result of this is of course a tremendous loss of resolution. However, 
the comparison of spectra is facilitated and by subsequent che-
mometric analysis, areas containing information about, for 
example, biomarkers can be revealed.

In the peakpicking approach, due to the beforementioned 
physicochemical diff erences, a subsequent alignment procedure 
will be necessary. The partial linear fi t method was described by 
Vogels et al. (1996). Forshed et al. (2005) investigated two dedi-
cated peak alignment methods and found that both produced 
better results than the bucketing approach.

The best approach, however, is the deconvolution of the NMR 
spectra into the individual compound spectra. This approach has 
been described by Weljie et al. (2006) and the name ‘targeted pro-
fi ling’ was proposed. The NMR spectrum is mathematically mod-
elled from pure compound spectra, based on the interrogation of 
a database to identify and quantify the metabolites in the mixture. 
This approach was tested for synthetic and normal urine samples 
and yielded more reliable data compared with spectral binning 
(Weljie et al. 2006). The targeted profi ling would be of great value 
for the characterisation of compounds at low concentrations, 
whose signals are overlapped. In binning the high intensity 
signals would dominate the analysis and overwhelm the maybe 
more important changes of low-concentration metabolites.

The extraction of the metabolite information as done in the 
deconvolution of the spectra and submission of that information 
to subsequent PCA analysis would be preferred, but often it is 
not feasible (yet) or too elaborate, because especially in plant 
extracts many unknown (secondary) metabolites might be 
present. The new method statistical total correlation spectros-
copy (STOCSY) off ers a further step forward (Cloarec et al., 2005; 
Lindon et al., 2006; Sands et al., 2009). This method permits the 
identifi cation of multiple NMR peaks from the same molecule in 
a complex mixture. It takes advantage of the multi-colinearity of 
the intensity variables in a set of spectra to generate a pseudo-
two-dimensional NMR spectrum that displays the correlation 
among the intensities of the various peaks across the whole 
sample.

In metabolomics the diff erences between datasets are impor-
tant. To fi nd those diff erences in the data in an objective way, 
they are submitted to multivariate analysis, which can be a prin-
cipal component analysis (PCA) or a partial least squares diff er-
ential analysis (PLS-DA), in which the data are correlated to an 
independent variable. An extensive review about pattern recog-

nition methods and their applications in biomedical research has 
been published by Lindon et al. (2001). PLS regression in chemo-
metrics was reviewed by Wold et al. (2001).

A problem in this approach might be the over-fi tting of data 
(Broadhurst and Kell, 2006; Rubingh et al., 2006; Westerhuis et al., 
2008). This over-fi tting is considered the greatest multivariate 
analysis problem (Scalbert et al., 2009). It is the consequence of 
the ability of PLS-DA to discriminate even random data sets into 
two groups with perfect separation between the arbitrary classes 
in the PLS score plot (Westerhuis et al., 2008). To avoid erroneous 
conclusions an adequate cross model validation is required. 
However, it should be remembered that the lower the number 
of subjects compared with the number of variables, the less the 
outcome of validation tools such as cross-validation, jack-knifi ng 
and permutation tests can be trusted (Rubingh et al., 2006). The 
gold standard would be a biological replication in a blind, new 
dataset (Scalbert et al., 2009).

When signifi cant diff erences between the datasets are found, 
it is important to determine what is the physiological background 
of the diff erences. First of all the metabolites responsible for the 
diff erences should be identifi ed. However, this is the most diffi  -
cult and time-consuming part of a metabolomics study, espe-
cially when plant material is being investigated. Many studies 
exist in which the identifi cation process has been ignored, but 
without formal compound identifi cation, the discovery of any 
metabolically interesting patterns or clusters (via PCA or PLS-DA) 
is largely meaningless (Scalbert et al., 2009).

In plant material the identifi cation of metabolites is expected 
to be much more diffi  cult, because the variety of structures in 
plants is much bigger than in animals or humans. It has been 
estimated that the plant kingdom contains more than 200000 
metabolites (Dixon and Strack, 2003). For a single species 
several thousand of metabolites are expected. For Arabidopsis an 
estimate of ca. 5000 has been made (Bino et al., 2004).

The correct identifi cation of a compound can be extremely 
diffi  cult, and much care should be taken when identifying com-
pounds in a metabolomic study. For the defi nite identifi cation of 
molecules generally a series of data is necessary, which can be 
obtained with diff erent techniques, besides NMR, e.g. mass spec-
trometry, UV–vis and IR spectroscopy. All data should fi t with the 
data obtained from literature or through a database, if it is a 
known compound. In rare cases a single signal in the 1H-NMR 
spectrum can be taken as the proof for the identity. For example, 
when the presence of a certain metabolite is highly probable, or 
if it has been isolated and identifi ed before from the same mate-
rial. Anyway, a standard addition of pure reference compound to 
verify if the signal exactly coincides is advisable. Generally com-
pounds contain more signals in the 1H-NMR spectrum. When 
analysing mixtures some or all of those signals might be super-
imposed with signals from other compounds. However, anyway 
when a compound is present, all signals in the spectrum of the 
pure compound should be present in the spectrum of the 
mixture. When the presence of a compound is suspected, this 
should be confi rmed. Various two-dimensional NMR methods 
can be used for this purpose. The most important of these are:

• 2D-COSY—shows correlations between scalar coupled hydro-
gen atoms;

• 2D-HSQC—shows correlations between hydrogen atoms and 
the carbon atom to which they are attached;

• 2D-HMBC—shows correlations between hydrogen atoms and 
carbon atoms, generally two or three bonds away;
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• 2D-TOCSY—shows correlations between all hydrogen atoms of 
a spin system;

• J-resolved—chemical shift and coupling information are dis-
played in separate dimensions.

The above-mentioned STOCSY is also important, but has 
not yet been introduced as a standard technique in NMR 
laboratories.

Through the heteronuclear 2D correlated experiments, HSQC 
and HMBC, additional information about the chemical shifts of 
the carbon atoms of the molecule can be obtained. With these 
techniques generally suffi  cient information can be obtained for 
the tentative identifi cation of most primary metabolites and 
known secondary metabolites if they can be observed in the 1D 
spectrum. When novel or unknown secondary metabolites are 
detected, it will generally be necessary to proceed to the isola-
tion of those compounds to be able to identify them.

Conclusions and Future Prospects
Metabolomics has gone through a great development in its few 
years of existence, but many more applications are awaiting. 
Compared with metabolomics in humans or animals, the great 
diversity of secondary metabolites in plants makes it much more 
diffi  cult to arrive at a routine procedure for sample pre paration. 
For every experiment some optimisation of the sample prepara-
tion procedure will be required. In NMR-based metabolomics, or 
a single polar extract is used, prepared with water or alcohol or 
a mixture of the two, or a polar extract in combination with an 
apolar extract, the latter generally made with chloroform.

To overcome the limitation of 1D NMR that only a limited 
number of metabolites can be observed, increased use of 2D 
NMR is expected, especially J-resolved, TOCSY and HSQC spectra. 
This is also useful to reveal hidden signals and important to iden-
tify the metabolites, permitting eventually an automatic process-
ing of spectra, such as has been reported by the use of the 
NMR-based metabolomics tool ‘MetaboMiner’ (Xia et al., 2008). 
However, the most serious obstacle to a more complete analysis 
of the metabolome may be the diffi  culty of detecting minor com-
ponents in the presence of much larger signals (Krishnan et al., 
2005). To overcome this obstacle further separation of the 
extracts will be necessary. In particular, inline LC combined with 
SPE seems very promising (Exarchou et al., 2003; Sprogoe et al., 
2008). Peaks of the LC are collected on SPE cartridges and can be 
further concentrated by repeated LC. The collected material is 
washed off  with deuterated solvent and high-quality spectra can 
be obtained. Combination with other techniques is also possible, 
e.g. UV or MS. In the data processing of metabolomic data, more 
emphasis will be necessary on the validation of results obtained 
by multivariate analysis, considering the serious risk of over-
fi tting of data (Broadhurst and Kell 2006; Rubingh et al. 
2006; Westerhuis et al. 2008).

Finally, the identifi cation of marker metabolites will be a major 
task. Adequate identifi cation of metabolites will be necessary, 
combining all essential information to be obtained not only by 
NMR but also by MS, UV, IR, circular dichroism or polarimetry, 
dependent on the type of molecule.
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