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Metabolomics
Metabolomics is the systematic study of the unique (and 
dynamic) chemical fingerprints that specific cellular processes 
leave behind. 
This unique fingerprint (snapshot), the metabolome, represents 
the collection of all the “small molecules” which are the end 
products of gene expression. 
Metabolomics, indeed, is the quantitative measure of the 
phenotype of a biological system and with many other “-omics” 
sciences represents a key aspect of “system biology”.

Metabolomics is expected to boost research and application in many areas.
�Food technology and Nutrition
�Nutrigenomics 
�Plant breeding and plant physiology 
�Functional Genomics
�Medicine
�Early diagnosis of diseases 
�Drug design 



First description of metabolomics?

Scripps Center for Mass Spectrometry



First GC/MS Metabolomic experiments on urine and tissues (Dalgliesh et al., Biochem. J., 1966) 1966

Human Metabolite Mass Spectrometry Profiling: Mamer (Clin. Chim. Acta, 1971) and Horning (Clin. 
Chem., 1971) extend GC-MS based metabolomics experiments (urinary organic acids, etc)

1971

Using established chromatographic separation techniques to detect metabolites, A. B. Robinson and 
L. Pauling perform analyses of urine and blood metabolites. (PNAS, 1976).

1976

Hydrophilic-interaction chromatography for the separation of peptides, nucleic acids and other polar 
compounds. (Alpert AJ J. Chrom., 1990)

1990

Clinical Mass Spectrometry (Millington DS et al. Tandem Mass Spectrometry: A New Method for 
Acylcarnitine Profiling with Potential for Neonatal Screening for Inborn Errors of Metabolis. (J. 
Inher. Metab. Dis., 1990)

1990

H. Sauter and colleagues classified the herbicide mode of action and resolved between 100-200 peaks 
with a high degree of reproducibility and determined the structure of around 70 compounds 
(Synthesis and Chemistry of Agrochemicals II, 1991).

1991

SG Oliver et al. use the term ‘metabolome’ for the first time in published literature (Trends in 
Biotechnology, 1998). The term ‘metabonomics’ is defined by JK Nicholson et al. as ‘the 
quantitative measurement of the dynamic multiparametric metabolic response of living systems 
to pathophysiological stimuli or genetic modifications’ (Xenobiotica, 1989).

1998-9

Scripps Center for Mass Spectrometry

Milestones of Metabolomics



� The plant metabolome is quite complex with current
estimates on the order of 15k metabolites within a given
species and over 200k different metabolites within the plant
kingdom (Pichersky and Gang, 2000, Dixon 2001, Hartman et al.
2005).

� Plants have evolved a metabolic system which robustly copes
with the changes in environmental conditions. This response is
mediated by changes in gene expression protein levels and
enzyme activity, which, in the end leads to a new metabolic
state. Low molecular weight compounds (secondary
metabolites) exhibit many biological functions such as stress
response and growth regulation, but for several of them
(possibly the majority) the specific role remains unknown.

Size of the plant metabolome



� Targeted analysis is intrinsically incomplete. Indeed to analyse just a 
small fraction of the metabolome with targeted techniques, where the 
majority of metabolites are not considered, this is a strong limiting factor

� The fingerprinting  approach (untargeted) is "discovery-based" rather 
than "hypothesis-driven", with the objective of taking into account 
complex networks of metabolites. 

� This does not mean that we can hope to produce any major 
advancement only producing a bulk amount of data. But “hypothesis” can 
be explored into a well planned untargeted experiment…..

� A major tool for the system biology is the "metabolite profiling" (MPIP 
Golm, Willmitzer) by measuring (contemporary and at high throughput) 
several hundreds of compounds and analyzing them by multivariate 
statistical techniques. 

�it is intrinsic to metabolomics that it must be high-throughput (for both 
scientific and economic reason)

Metabolic profiling vs. fingerprinting



A visual description of targeted and 
untargeted metabolomics



CHOOSING THE RIGHT INSTRUMENT

� MS, direct infusion (Fourier Transform Ion Cyclotron Resonance Mass Spectrometry)
� PTR-MS (MS, TOF)
� MS coupleD to chromatographic techniques (GC-MS mono or bi-dimensional, HPLC-MS, UPLC-MS, CE-
MS), with different configurations: GC: MS, MS/MS, TOF, Q-TOF # HPLC/UPLC:_MS, MS/MS, TOF, Q-TOF, 
FTMS  #  CE: MS, TOF

Shulaev, Briefings in bioinformatics, 2006



MS for global metabolite profiling

� Multitude of information

� Available instrumentation - Widespread use-Large number of 

practitioners

� Several different instrument types (TOF, 3Q, TRAP…) 

� High Sensitivity

� Speed 

� Suitability to bio-analysis

� Good structural characterisation potential

� Minimal sample preparation



High accuracy vs. high resolution

Kind & Fiehn, BMC Bioinformatics 2006



Kind & Fiehn, BMC Bioinformatics 2006



CHEMICAL COMPLEXITY
� The genome and transcriptome basically consist of 4 nucleotides with 
similar chemical properties. A global profiling approach is achieved.

� The proteome is substantially more complex, but is still composed of a
limited set of 22 primary amino acids. Although more complex, 2-DE can
differentiate a large number of proteins in a single analysis, with several
thousand being routine and 10,000 representing the upper boundary.

� When one surveys the metabolome, the chemical complexity is
significantly greater. The chemical properties (also the reactivity) of
metabolites range from ionic inorganic species to hydrophilic carbohydrates
and sophisticated secondary natural products to hydrophobic lipids.

� The chemical diversity and complexity of the metabolome make it
extremely challenging to profile ALL of the metabolome simultaneously.

� Currently, we do not believe that a single analytical technique
provides the ability to profile all of the metabolome.

(The S.R. NOBLE Foundation)



ANALYTICAL AND BIOLOGICAL VARIANCE

� Analytical variance is defined as the coefficient of variance or relative
standard deviation that is directly related to the experimental approach. This
variance does differ in accordance with the technology platform being used
and is indeterminate in origin.

� Biological variance is also indeterminate in origin and arises from
quantitative variations in metabolite levels between plants of the same
species grown under identical or as near as possible identical conditions.
Biological variations typically exceed analytical variations. Recently, Roessner
and coworkers reported that the biological variability exceeded the analytical
variability of GC/MS by a factor of ten.

�These large biological variations are major limitations on the "resolution" of
the metabolomics approach.

� Take-home message: sampling is important and strategies
need to be incorporated to minimize variations

(The S.R. NOBLE Foundation)



DYNAMIC RANGE

a technological challenge in metabolomics!

� Dynamic range defines the concentration boundaries of an analytical
determination over which the instrumental response is linear to the analyte
concentration. In analytical chemistry only the linear range is usually
exploited.
� The dynamic range of many techniques can be severely limited by the
sample matrix or the presence of interfering and competing compounds.
This is one of the most difficult issues to address in metabolomics.
� Most analytical mass spectrometric methods have dynamic ranges of 104

to 106 for individual components; however, this range is commonly and
significantly reduced by the presence of other chemical components. In
other words, the presence of some excessive metabolites can cause
significant or severe chemical interferences that limit the range in which
other metabolites may be successfully profiled.

(The S.R. NOBLE Foundation)



Dynamic Range & Linearity 
(estimate)

� GC-TOF Dynamic Range (4) Linearity (2-3)

� GC-MS/MS Dynamic Range (>6)  Linearity (from 4 to >5)

� UPLC-Q-TOF Dynamic Range (>4) Linearity (2-3,5)

� UPLC-FTMS Dynamic Range (>4) Linearity (2,5)

� UPLC-MS/MS Dynamic Range (4-6) Linearity (up to 4)



Examples of solutions for 
metabolite profiling at FEM

�Wine pigments
�Grape viniferins
�Grape and wine phenolics
�Thiol precursors in grape
�Rotundone in grape and wine
�Grape volatiles
�Grapes primary metabolites
�Grape carotenoids



WINE PIGMENTS

Pigments formed during wine aging: vitisin A (1); vitisin B (2); pinotin A (3); 
malvidin-3-glucoside-(8,8′)-ethyl-epicatechin (4); malvidin-3-glucoside-(4,8′)-
catechin (5)

� 90 pigments in 11 min run, 
by LC-MS/MS

Arapitsas et al. JAFC  2012



GRAPE VINIFERINS
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Mattivi et al. JAFC 2011; Malacarne et al. BMC Plant Biology 2011, Vrhovsek et al. AJGWR 2012



GRAPE AND 
WINE 

PHENOLICS

Concentrations of the metabolites in the 
different matrices visualized as a heat map. 
The dendrogram represents the hierarchical
clustering of the samples. Diagonal slashes 
indicate compounds in saturation.

�135 phenolics in 11 min run

�49 detected in grape

�57 phenolics detected in wine

Vrhovsek et al. JAFC  2012



THIOLS 
PRECURSORS

Hypothetical pathway for the 
biosynthesis of 3-mercaptohexan-1-
ol conjugates,.
Legend: γ-glutamyl transpeptidase 
(γ-GT); carboxypeptidase (CP) and 
phytochelatine synthases (PCs).

Fedrizzi et al. Phytochemistry 2012



ROTUNDONE
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GRAPE VOLATILES

Emanuelli et al., BMC Plant Biology 2010

The putative causal SNP 
identified in Muscat 
varieties as well as the 
unique mutations 
identifying the muscat-like 
aromatic mutants may be 
immediately applied in 
marker-assisted breeding 
programs aimed at 
enhancing fragrance and 
aroma complexity 
respectively in table grape 
and wine cultivars

VvDXS (1-deoxy-Dxylulose 5-phosphate synthase) appears to be a 
possible human selected locus in grapevine domestication



∗ One LC mode can NOT cover all analytes

∗ One ion mode can NOT cover all analytes

∗ LC-MS can NOT cover all analytes simultaneously

∗ One extraction mode can NOT cover all analytes

Metabolome Coverage

(human erythrocytes)
Sana T.R. et al J. Chromatogr. B 2008, 871, 314-321



1. Nano HPLC (Dionex)- Orbitrap 
FTMS (Thermoscientific)

2. UPLC -Synapt Q-TOF HDMS 
(Waters)

3. GC-TOF (Waters)

4. UPLC-MS/MS Xevo (Waters)
5. 2 x GC-MS/MS (Thermoscientific)
6. UPLC-MS/MS (Applied 5500)
7. LC-MS (ZQ Waters)

Fondazione Edmund Mach, Metabolomic platform, (San Michele all’Adige, Italy)

FEM METABOLOMICS (MS-driven)

4

1 2 3

5



An example of protocol optimisation 
(grapes metabolomics)

G. Theodoridis et al., Metabolomics, 2011



Results and refinement of the optimal area (in the example, RP*, 
only positive ions, with S/N>LOQ were considered). 
The five points included in the second step covering the ‘‘optimal’’ area defined in the 
first experiment were examined further in terms of robustness and extraction efficiency.



Different and complementary 
chromatographic systems

Top: Surface response of the number 
of features detected in grapes using 
RPLC-ESI-TOF-MS, following 
extraction with solvent mixtures with 
different combinations of water, 
methanol and chloroform. The 
crosses indicate the five points in the 
second experiment.

Bottom:  the same but with detection 
using HILIC-TOF-MS*

*HILIC ACQUITY BEH Amide, 1.7 µm 2.1x150 mm column at 50°C with a gradient 
starting from 5:95 aqueous ammonium formate (10 mM): acetonitrile. Held isocratic 
for 5 min and the aqueous phase content increased linearly to 25% in 35 min and 
then to 45% in 50 min, with a flow rate of 0.5 ml/min.



Schematic outline of sample preparation protocol
Sample fractionation using SPE* was applied with the aim of removing highly 
abundant primary metabolites and enhancing the detection of lower concentration 
secondary metabolites

Isolute ENV+ (Biotage) hydroxylated 

polystyrene-divinylbenzene copolymer 

cartridges

Sample aliquots were mixed with 20 mL 

of solvent mixture, vortexed for 1 min and 

then put in an orbital shaker for 15 min at 

room temperature. 

After centrifugation at 1000g for 10 min, 

phase separation occurred whenever 

chloroform was present in the solvent 

mixture



Polar metabolites can be analysed using HILIC, while most of 
the secondary metabolites are better separated on RP 
chromatography.
This strategy would enhance the detection of lower concentration 
metabolites by minimising the possibility of ion suppression and 
erroneous analyses, and improves the quality of the spectra acquired.

*ACQUITY UPLC 1.8 µm, 2.1x100 mm HSS T3 column, gradient from 100% A (water, 
0.1% formic acid) from 0 till 6 min and then increasing linearly over 56 min to 100% B 
(methanol, 0.1% formic acid); held isocratic until 60 min; 0.3 ml/min flow rate.



Repeatability of the method

Fig. 3 Distribution of features according to the RSD value of the intensity 
following triplicate extraction and analysis for a representative solvent mixture
(point IL). In all cases the majority of RSD values are below 20%, indicating an
effective analytical protocol.



Exploring 
possible 

sources of 
variability



Exploring 
possible 

sources of 
variability: 

relation 
between 

RSD and RT



Exploring possible sources of variability:  the answer 
is NOT obvious (in the example, the minor peaks are 

in the average as precise are the large ones…)



Heatmap plot
Heatmap plot of intensities per 
assigned metabolite, fraction and 
extract. 

Metabolites are grouped in six 
Intensity scales (from 0–140 
reaching 8x104 Corresponding 
colormap is shown on the right of 
each plot.

Abbreviations: trp tryptophan, 
querc quercetin, glU glucuronide, 
cy cyanidin, glu glucoside, pn 
peonidin, dp delphinidin, pt 
petunidin, mv
malvidin, pro proline, kaempf 
kaempferol, rut rutinoside, procy 
procyanidin, cm p-coumaroyl, ox 
oxidized, isorhamn isorhamnetin,
syr syringetin, gly glycoside, cat 
catechin, epicat epicatechin, val
valine, leu leucine, his histidine, pl 
pelargonidin, pca piperazine 
carboxylic acid, tyr tyrosine, nar 
naringenin



FEM PIPELINE



Run order- QC approach : Pooled biological Quality Control injection sequence

Academic test mixture 
(5 reference standards)

“Conditioning”  
QC runs (5 to 8)

H. Gika et. al. J. Proteome Res. 2007 

Sample sequence; random sequence of (e.  g. male and 
female) urine samples in blocks of 10 samples 

QC sequence

Validation strategies of LC-MS data

+ Blanks!



FEM PIPELINE



QUALITY OF THE EXPERIMENT

POOR 
(REPEAT)

GOOD 
(CONTINUE)



EXTRACTION OF FEATURES



ANNOTATION OF FEATURES



EXAMPLES OF APPLICATION (ICR-FT/MS)



EXAMPLES OF APPLICATION
by UPLC-FT-ICR-MS



EXAMPLES OF APPLICATION 
(UPLC-Q-Tof)



WINE MICRO-OXYGENATION



Example of UPLC-ESI-Q-TOF 
chromatogram of a red wine

Arapitsas P. et al. Plos One, 2012



METABOLITE FINGERPRINTING 
Sangiovese wines: extraction of features influenced by micro-

oxygenation treatments

Arapitsas P. et al. Plos One, 2012



� WINEMAKING Improving 
our understanding and 
control from the grape to 
the glass

� Chemical genotype
Understanding the 
genetic determinants for 
key compounds in grapes

� Chemical phenotype
Functional annotation of 
the compounds from 
grapes to wines

CHALLENGE: establishment of specialised teams long lasting,
expensive instruments needed, large interdisciplinary teams needed.
Task is simply too big for isolated groups!

OPPORTUNITY: The advent of metabolomics (also the economical
crisis….) give us an unique, strategic opportunity to build (open)
international consortia…. collaboration should prevail on scientific
competition.

Metabolomics requires a paradigmatic change in our way to 
think and organize (vitienological) research

� Quality assurance (detection 
of frauds, tracking the 
variety and the process)

� Plant and berry 
physiology Understanding 
the pathways from plant 
growth to postharvest




