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In 1966, Baerheim Svendsen and Karlsen reported the analysis 

of three essential oils by means of gas chromatography (GC);[1] in 

2009, Clara Grosso reported the metabolomics of Tornabenea by 

means of gas chromatography–mass spectroscopy (GC–MS).[2] 

What is the diff erence? Metabolomics is the latest of the ‘-omics’. 

It is a major tool in functional genomics, quality control of botani-

cals, studies on the activity of medicinal plants, and systems-

biology types of studies of microorganisms, cells, animals, plants, 

etc.[3,4] Metabolomics has the ambitious objective to identify and 

quantify all metabolites in an organism – ambitious because the 

number of compounds in an organism is probably in the same 

order as the number of genes, e.g. in a single plant some 30 000 

compounds might be present, with very diff erent structures, 

polarity, at very diff erent levels and many of these compounds 

might be instable. That means a great challenge for any analytical 

chemical tool to deal with such a complexity, but in fact, essential 

oil analysis faced the same challenge more than 40 years ago. 

Since then, however, the technology of separation methods, MS 

and nuclear magnetic resonance spectroscopy (NMR) have made 

great advances, but probably most importantly is the informa-

tion technology that now allows us to work with huge datasets 

and to use chemometric methods to extract information out of 

all the data.

Listing the requirements of any method for meeting the 

above-mentioned analytical challenges gives the following 

required features:

• Highly reproducible.

• Detection of broad variety of chemical structures.

• High resolution to deal with large number of compounds.

• High-throughput analysis.

• Identifi cation of compounds.

• Ease of quantitative analysis.

• Suitable for a public metabolomics database.

At present, the major technologies applied in metabolomics are 

chromatography [liquid (LC) and gas (GC)] coupled with mass 

spectroscopy, mass spectrometry (MSn) and nuclear magnetic 

resonance spectroscopy (NMR). Each of these methods has its 

advantages and disadvantages considering the requirements 

mentioned, and numerous reviews deal with this.[5,6] Here we 

briefl y summarize the most important points.

Reproducibility
Reproducibility is a must for long-lasting public databases. For 

this aspect, NMR scores best. We all know how diffi  cult it is to 

standardize chromatographic separations. Analyses performed 

on Friday afternoon and Monday morning showing diff erent 

chromatograms is a well-known problem. The dream of all 

natural product people in the past 50 years has been to develop 

reproducible analytical methods for compounds in plants. 

However, we know from the literature that instead of a dream we 

have a nightmare. Some 25 years ago we[7,8] reviewed the analysis 

of the tropane alkaloids hyoscyamine and scopolamine – 69 ref-

erences on HPLC and 32 on GC analysis. But every year many new 

studies are again published on this separation, always with the 

same aim. Apparently, standardization has failed. A major reason 

is the improving quality of equipment and chromatographic 

materials. But even a seemingly trivial aspect, the method of 

sample preparation, has not yet been standardized. Harvesting, 

storage, grinding, extraction – steps that carry the risk of artifact 

formation or loss of compounds – need to be standardized to 

achieve the goal of high reproducibility.[9]

We should learn from molecular biologists how they have 

been able to standardize their methods. They use standardized 

commercial kits, which can be used by anyone but will give 

highly reproducible results. These methods are the basis of the 

public databases for genes and proteins, thus enabling data-

mining in all data produced in the past years. In natural products 

analysis, we at best have our own database with chromatograms 

of essential oils or alkaloids, or whatever restricted class of com-

pounds, that can be used as an in-house reference for our own 

work, but one public database with all data on the analysis of any 

kind of natural products is still missing. Only some databases 

restricted to certain classes of natural products exist.

Variety of Chemical Structures
Concerning the problem of broad chemical characteristics, each 

method has diff erent constraints. In GC it is obviously volatility 
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and stability that hamper the analysis of most plant secondary 

metabolites by GC. As long as analytes are volatile enough as 

such or as TMS derivatives, GC is the preferable method for 

metabolomic analysis. In particular, headspace trapping tech-

niques combined with GC–MS are quite suitable analytical 

approaches for metabolomic analysis of volatiles.[10] Headspace 

solid-phase micro-extraction (SPME) fi bres are commonly used 

to collect and concentrate the volatiles released into the air space 

above the plant material. SPME applications have been found to 

have high sensitivity, reproducibility and robustness.[11–14]

In most GC–MS analyses, electron-impact (EI) analysis is being 

used as a suitable ionization method, which has been proved to 

provide very reproducible MS-fragmentation that can be used for 

the identifi cation of metabolites with the help of a database. 

However, despite the high reproducibility of the fragmentation 

pattern, the limitation of the method is that information on the 

molecular weights (MWs) of some compounds is not always 

obtained because of over-strong fragmentation. To solve the 

problem of EI ionization atmospheric pressure, a chemical ioniza-

tion (APCI) method has been coupled to GC to improve the 

detection of the MWs. For the identifi cation of volatiles in cucum-

ber and tomato, the APCI mode was compared to EI for GC analy-

sis. The combination of EI and APCI by simultaneous detection 

made the identifi cation of volatiles much easier.[15]

In LC and NMR, it is the polarity of the compounds that is the 

restriction. These methods are in fact most suitable for detecting 

middle polar/polar compounds. In NMR-based metabolomic 

analysis, mostly 1H-NMR has been used for polar plant secondary 

metabolites. In the case of vegetable oils, 13C-NMR has been used 

for analysis of the oil components.[16,34] In MS, the question is 

about whether a compound is easy to ionize; in particular, some 

phenolic compounds are known to be poorly ionized.

Consequently, in all cases one has to live with a compromise, 

a combination of methods is required to have the broadest 

possible coverage of the metabolome.

Number of Compounds
There is no doubt that the combination of chromatography and 

MS has the highest possible resolution, with the two dimensions 

of the two hyphenated methods. Using two-dimensional (2D) 

chromatographic methods in combination with MS, the resolu-

tion is undoubtedly the highest that that can be achieved. 

However, in the case of GC, volatility and stability interfere with 

this. High resolution MS–MS might in fact be preferable to the 

hyphenated methods, as it overcomes the reproducibility prob-

lems of chromatographic methods, as mentioned above.

High-throughput Analysis
The chromatographic methods are the most time consuming, 

with a run time of 30–60 min needed to deal with the broad 

variety of compounds. UPLC may reduce this to 10–15 min, but 

MS and NMR are without doubt much faster. Dedicated NMR 

equipment can run a 1H-NMR spectrum of a crude extract in less 

than 1 min. But for all methods, one should also consider the 

time needed for extraction and sample preparation, which in the 

case of GC is far more complicated, as a chemical derivatization 

step is required, whereas in the case of NMR the extraction can 

be done with the deuterated NMR solvent.[24–33]

Identifi cation of Compounds
For this aspect, one should consider two groups of compounds, 

known and unknown. Known compounds can in all cases be 

identifi ed by their specifi c characteristics (retention time, molec-

ular weight to several decimal places, specifi c NMR signals). 

However, in the case of an unknown compound, a retention time 

has no meaning and the molecular weight may give at best the 

molecular formula in terms of carbons, hydrogens, oxygens, 

nitrogen, etc., but for all the known natural products there is 

already a large number of isomers, not to mention novel struc-

tures. Only by NMR, through correlation between the signals, is 

information obtained about the chemical structure; by applying 

2D NMR many times, structural elucidation of unknowns can 

even be done in crude extracts.[17] NMR is thus most suited for 

the direct identifi cation of compounds in mixtures. In addition, 

linking NMR to HPLC can help in further identifi cation of minor 

compounds.[18] It should be noted that NMR is the only non-

destructive method, allowing the same sample to be analysed by 

other methods afterwards.

In the coming years, metabolomics will require a major input 

from natural products chemists to identify all unknowns observed 

in many metabolomic studies, e.g. in GC–MS studies of plant 

metabolomes, less than half of all peaks observed have been 

identifi ed.

Ease of Quantitation
In the chromatography- and MS-based methods, each com-

pound has a diff erent detector response, which means that, for 

quantitation of each individual compound, a calibration curve 

has to be made, and with new columns these curves have to be 

validated again. In MS, the matrix may play an important role in 

the effi  ciency of the ionization of a compound and thus in the 

detector response. In fact, this means that for these methods at 

best a relative quantitation for an individual compound can be 

made, e.g. percentage-wise, the level of a compound under dif-

ferent experimental conditions of a plant can be given in com-

parison with a control. It is in this aspect that NMR is superior to 

all the other metabolomic tools. In NMR the signal intensity of a 

proton is only dependent on the molar concentration, which 

means that all compounds can be directly compared and, by 

using a single internal standard, the absolute quantities for all 

compounds can be calculated.

Public Metabolomic Database
From the discussion above, it becomes clear that a public data-

base for metabolomics, which means a database in which the 

total datasets of all measurements are collected for future use, 

will be diffi  cult to achieve, fi rst of all because of the problems of 

reproducibility. Certainly alignment programmes exist for chro-

matography, but these are of little use if a certain type of column 

no longer exists. Moreover, by aligning unknown compounds, 

errors can not be excluded. Mass spectrometry suff ers from 

matrix eff ects that may infl uence the quantitation. Thus, direct 

comparison of the MS spectra of samples of diff erent origin, and 

particularly of diff erent species, may pose problems. NMR is 

probably the most promising technology for a public database, 

as when measured in the same solvent and under controlled pH, 

for most compounds high reproducibility of the spectra is 
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achieved. The success of NMR-based metabonomics in urine 

analysis is probably the best evidence for NMR as a reliable and 

reproducible method to generate data for long-term data-

mining.[4,19] One of the reasons for success is, of course, that urine 

samples are measured as such; there are no discussions about 

how to harvest, grind and extract the material. In the fi eld of 

essential oil analysis, many diff erent methods are already being 

used, and thinking about the analysis of the total metabolome, 

the number of possibilities for extraction is almost infi nite. 

Without coming to clear decisions about the methods to be 

applied, it will be diffi  cult to achieve a public database. At least 

we have been able, in our work, to defi ne standard protocols for 

NMR-based metabolomics, which allows us to do data-mining in 

a database with more than 20 000 spectra of crude plant extracts, 

and to use our NMR database with 1D and 2D spectra of more 

than 500 common plant metabolites, all measured under 

standard conditions to enable compound identifi cation.[20] These 

protocols are particularly suitable for secondary metabolites of 

intermediate polarity. Other protocols for NMR of primary metab-

olites have been reported by Kruger et al.[21] De Vos et al.[22] pub-

lished a protocol for LC–MS of a wide spectrum of compounds, 

and Lisec et al.[23] reported a protocol for GC–MS, particularly of 

primary metabolites.

These tools can be applied in a broad variety of applications: 

quality control of medicinal plants (Ephedra spp.,[24] Ginkgo 

biloba[25]), plant resistance against pests and diseases (Senecio 

spp.,[26] Brassica rapa,[27] Catharanthus roseus,[28] tobacco[29]), iden-

tifi cation of active compounds in medicinal plants (Galphimia 

glauca[30]), and chemotaxonomy (Ilex spp.,[31] cannabis,[32] 

Strychnos spp.[33]). In particular, the use of metabolomics, together 

with proteomics and transcriptomics, will be a major area of basic 

functional genomics studies. In systems biology approaches to 

study, e.g. plant resistance against pests and diseases, metabolo-

mics will be crucial, as it describes the phenotype by means of 

chemistry. Many defi nitions have been given for systems biology, 

and we will not discuss these here but just mention the essence, 

which is the unbiased observation of an organism under diff er-

ent conditions using any available tool, e.g. visual, physiological, 

molecular biological, chemical and physical observations. 

‘Unbiased’ means that there is no hypothesis to start with, just 

observations that, by means of chemometrics, are analysed for 

any correlations, groupings, biomarkers, etc., after which one 

may formulate a hypothesis – a model to explain the fi ndings. 

Chemometrics is thus essential to be able to deal with the large 

number of variables. In particular, various multivariate analysis 

methods, such as unsupervised principal component analysis 

(PCA), and the supervised methods, such as partial least square 

discriminant analysis (PLS-DA) and orthogonal projection-to-

latent structures discriminant analysis (O-PLS-DA), are important 

tools for fi nding correlations in large datasets.[19]

Where do we stand now? Do we have public databases for 

metabolomic data, similar to gene and protein sequence data-

bases? Can we expect these in the near future? What are the 

hurdles, and can we overcome them? Many questions, few 

answers, which is maybe not so surprising after all. For a total 

analysis of all metabolites, we must conclude that we still have 

no suitable standard method. However, the basic idea of metabo-

lomics, an unbiased analysis of the metabolome instead of a 

targeted analysis of certain compounds, has already shown to be 

a very powerful tool in life sciences; it is a novel gateway to new 

discoveries. It is also about sustainable methods and results. 

Observations, which are results of our experiments, are the basis 

of all science; making these available in an unbiased format will 

be of great value.

But coming back to the fi rst question, what is the diff erence 

between metabolomics and essential oil analysis? In fact there is 

no real diff erence – one may consider essential oil analysis as a 

metabolomic ‘avant la lettre’. Like many things, science is cyclic; 

after the excitement of the successful total analysis of an essen-

tial oil by GC(–MS), it became more or less routine and thus of 

less interest. The application of GC–MS as a method to measure 

metabolites in an organism in connection with molecular bio-

logical studies brought it to back into the spotlight; the name 

‘metabolomics’ did the rest. However, analysing the publications 

that now appear in large numbers with the word ‘metabolomics’ 

in the title shows that most studies are just targeted analyses of 

the type that has already been made for several decades. If any-

thing is to be targeted, it is cell type, as metabolomics now uses 

complete plant parts in which numerous diff erent types of cells 

are present, each with its own specifi c (micro-) metabolome, and 

inside the cell the diff erent cellular compartments each have 

their (nano-) metabolomes. To understand the regulation and 

role of the production of plant secondary metabolites, such as 

essential oils, cell targeted analysis would be very useful. Again, 

essential oil research has already shown many years ago that this 

is feasible, e.g. for glandular hairs. To be able to better understand 

a living organism, we need to look at all four dimensions of life 

– three of space and one of time.

Thus, it seems that some interesting challenges lie ahead for 

the analysis of essential oils as part of the analysis of the 

metabolome.
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