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Abstract. Considering the need of symbiosis between metabolomics& chemometrics in
developing systems biology, we review here some relevant findings of our previous experience in
performing analytical methods for metabolomic fingerprinting of fruits and food products, coupled
with chemometrics as an integrated , added-value technology for systems biology. Some specific case-
studies relevant for plant and food metabolomics are presented: seabuckthorn fruits and leaves,
lipophilic and hydrophilic extracts or juices, aronia, black currant and bilberries. We proposed specific
metabolomic-metabonomic evaluations (fingerprint and quantification) integrated by a four-steps
analysis: UV-VIS spectroscopy (1), Infrared spectrometry (2), GC or HPLC + FID, PDA or MS
detection (3) and chemometry (4). By our specific case-studies we demonstrated here that the
determination of biochemical markers for a specific plant or food is just a beginning of a metabolic
approach. Only combining the chemical informations given by sophisticated or rapid, simple
techniques associated with chemometrics’ informations via pattern recognition (fingerprinting), data
calibration and quantitative measuring, as well clustering of significant groups of samples based on
their principal components are necessary to enrich the metabolic profile and approach the intergrated
view of systems biology.

Keywords: Systems Biology, Metabolomics, Principal Component Analysis, Cluster
Analysis, plant taxonomy , food authenticity

INTRODUCTION

l. Plant and food Metabolomics/metabonomics

Metabolomics is a new-emerging technology, developing tremendously the last
decade, as part of the “omics” family which complement the large-scale gene transcript
analysis (transcriptomics) and proteins fingerprint (proteomics), explaining and identifying
the differences between sets of organisms (e.g. differences in genotypes and phenotypes and
their classification named Chemotaxonomy) and elucidate environmental factors that
influence biochemical events (Fiehn, 2002; Sumner et al., 2003; Bender, 2005; Dunn& Ellis,
2005; Lindon et al., 2007,).

Metabolomics is defined as a systematic study of (bio)chemical fingerprint which
realize a metabolite profiling ( small molecules) in a specific matrix (plant, food, animal or
human tissue or cells) . Metabonomics includes quantitative measurements to identify a
specific metabolic response (by key-molecules, e.g. pigments, volatiles, sterols, vitamins)
Metabolites are end products of gene expression and enzymatic activities and reflect the
activity of a certain metabolic pathway or chain in a static or dynamic manner (fluxomics).
The metabolome represents the complement of all metabolites expressed in a cell, tissue or
organism. A suggestive representation of the importance of metabolomics as a synergic
combination of biochemistry and analytical/organic chemistry is presented in Fig.1., as well
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the factors which influence the metabolic state of plants/animals/humans and food

metabolome.
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Fig.1. Metabolomics as a synergic combination of biochemistry and analytical/organic chemistry. The main
factors which influence the metabolic state of plants/animals/humans and food metabolome are also
represented.

I. M etabolomics need Advanced Analytics and Chemometrics

The progress registered in Analytical Chemistry was a sine-qua-non condition for
metabolomics development. To mention the most important techniques which are currently
used to evaluate qualitatively (fingerprinting) or quantitatively ( metabolic profiling) different
minor or major metabolites, either from plants, animal tissues, food, feed or human fluids and
cells: gas-chromatography coupled with FID or MS (GC /MS), liquid chromatography
coupled with PDA/MS (U(H)PLC/MS) (Sumner, Mendes & Dixon,2003; Dunn & Ellis
,2005), or MALDI-TOF mass spectrometry, Fourier Transform IR (FTIR) Spectroscopy
(Ellis, 2003; Fernandez, 2007; Schultz, and Baranska, 2007)), as well capillary electrophoresis
or Nuclear magnetic resonance (NMR) (Socaciu 2006, 2008b)

Chemometrics “upgraded” the former biostatistical methods based on multivariate
analysis by new methods like Cluster analysis (CA), Principal Component Analysis (PCA)
PLS (Partial Least Squares) or Discriminant Function Analysis (DFA). Cluster analysis (CA)
is “collecting” the group similar data, “clustered” in associated group members with common
properties and differentiate the groups based on their taxonomy, behavour or physiological
condition (Lavine, 2006; Bereton, 2007). Data are presented in dendrograms that emphasize
the grouping (Fiehn et al., 2000; Roessner et al., 2001). Like CA, Principal Component
Analysis (PCA) uses all the metabolite data from a sample to compute an individual metabolic
profile that is then compared to all the other profiles. PCA takes the resulting group of data
points and rotates it until the maximum variability is obvious. PCA finds the best vectors
(‘principal components’) that give the best sample characterization (Fiehn et al., 2000;
Roessner et al., 2001). The data may be represented as two- or three-dimensional plots in
which the axes (principal components) which include as much as possible of the total
information derived from metabolic variances (loadings). The PLS (Partial Least Squares)
method helps in prediction of experimental data against models, prediction of errors from
concentration or spectral estimates. In metabolomics, PLS is very useful to validate the
Infrared qualitative data against HPLC or GC quantitative data, based on predictions with
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pure standards. The Discriminated Function Analysis (DFA) is used to determine which
variables discriminate between two or more groups. Computer-generated pair-wise plots of
every metabolite in the data set against every other metabolite can be informative (Roessner et
al., 2001) especially when hundreds of metabolites are analyzed.

Plant and food metabolomics. The quality of medicinal and aromatic herbs from wild
environments shows fluctuations dependent on climate and environmental conditions ( Fig.1) ,
their standardization being a difficult but necessary for checking their authenticity, purity and
action (Sumner, 2003; Yadav and Dixit, 2008). The identification of their specific
phytochemicals’ provide valuable information for their pattern recognition but only if a
sufficient high number of samples is analyzed by chemometrics (Maloney, 2004; Bender,
2005) to discriminate among different genotypes and phenotypes or extracts designed for
standardized formulas (Liang et al., 2004; Yadav and Dixit, 2008; Giri et al., 2010), according
to international legislation.

The evaluation of a herbal or food products by their metabolomic fingerprinting can be
accomplished by HPLC with UV(DAD), ELSD, MS detection or GC-MS, HPTLC-
densitometry, FT-MIR, NIR, NMR or a combination of these techniques (Fan et al., 2006;
Mattoli et al., 2006; Gong et al., 2006; Li et al., 2008; Hashimoto and Kameoka, 2008; Gong
et al., 2009; Giri et al., 2010; Contreras, 2010). The Infrared spectrometry, especially the
Fourier transform system (FTIR) ia a conviniently used for food fingerprinting, e.g. fruit and
juice carbohydrates (1000-1200 cm™), oil esters ( 800-1500 cm™) as well carotenoids (965,
1367 and 1450 cm™), chlorophylls (1587, 1725 cm™ and wine or tea phenolic derivatives
(694-849 cm'l) (Rambla et al., 1998; Patz et al., 2004; Ramasami et al., 2004; Baranska and
Schultz, 2006; Fernandez and Agosin, 2007; Schultz et al., 2007;).

Some years ago, based on many measurements on plant and food matrices, we
proposed specific metabolomic-metabonomic evaluations (fingerprint and quantification)
integrated by a four-steps analysis: UV-VIS spectroscopy (1), Infrared spectrometry (2), GC
or HPLC + FID, PDA or MS detection (3), and chemometrics (4). These analysis assured
accurate evaluation of different hydrophilic and lipophilic molecules in plants (medicinal,
aromatic plants or crops), food ( raw fruits or vegetables, juices, oils) found in wild or
cultivated under controlled environment.

II. A systems biology approach: symbiosis of metabolomics & chemometrics

Metabolomics belongs to the growing field of systems biology, but only in symbiosis
with chemometrics (Weckwerth, 2003; Van der Greef, 2005). Systems biology has developed
in recent years from a technology-driven enterprise to a new strategic tool in Life Sciences (
Der Greef, 2007), combining the systems phenotyping with in-depth investigations of
biomolecular mechanisms, to understand physiological and/or pathological modifications in a
certaion organism ( from plants to humans). A prerequisite for having benefits of such a
systems approach is a reliable and well-validated bioanalytical platform across
complementary measurement modalities, especially transcriptomics, proteomics, and
metabolomics, that operates together with a biostatistical/bioinformatics platform.

Considering the necessary symbiosis of metabolomics-based systems biology &
chemometrics, we review here some relevant findings of our previous experience in
performing analytical methods for metabolomic fingerprinting of fruits and food products,
coupled with chemometrics as an integrated, added-value technology for systems biology.
Some specific case-studies, relevant for plant and food metabolomics are presented.
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MATERIALS AND METHODS

During the last 10 years our department and research center developed series of
analytical techniques, from the most available ones (UV-Vis spectrometry) to advanced,
precise techniques ( HPLC-PDA or LC-MS, GC-FID or GC-MS) and new, rapid FTIR
techniques to fingerprint the relevant functional groups (Socaciu et al., 2006, 2007ab, 2008a-
e, 2009a-c). We collected data from different fruits specific to hilly regions (seabuckthorn
(Hippophae rhamnoides), aronia (Aronia melanocarpa), bilberry (Vaccinium myrtilis), Black
currant (Ribes nigrum) and characterized their lipophilic or hydrophilic phytochemicals (
minor metabolites for pattern recognition) .

Meanwhile we characterized the food products derived, such as oils or juices and followed the
study of same phytochemicals to authentify their fingerprint and quality.

We proposed a successive pathway, in four steps, of analytical investigation, using the
above-mentioned techniques (Socaciu et al., 2010ab; Pop, 2010, 2011).

First step: UV-Vis fingerprint applied for plant extracts in hydrophilic vs lipophilic
solvents. The specific absorption maxima gives basic information about the presence,
concentration and relative ratios of different molecular groups. The UV-Vis spectroscopy
offer a simple, cheap and easy-to-use technique to identify and quantify the main
phytochemicals (e.g. carotenoid, anthocyanin, chlorophyll or flavonoid pigments, phenolic
derivatives) discriminating between the lipophilic and hydrophilic phytochemicals, in relation
to the polarity of the extraction solvent. We used our Perkin Elmer and JASCO spectrometers
in the range of 200-700 nm ( Socaciu et al., 2005; Vicas 2010).

Second step: FTIR-ATR (Fourier Transformed Infrared) spectroscopy, which is a
rapid and non-destructive investigation, easy to use to fingerprint fresh or dry plant, powders
or extracts (Socaciu et al., 2006, 2009bc; Fetea et al., 2008; Chis et al., 2010; Leopold et al.,
2011). The use of attenuated total reflectance (ATR) device evolved rapid FTIR
measurements of liquids such as oils and plant extracts, allowing the identification and
quantification of valuable plant biomarkers (Schultz and Baranska, 2007).

The third step (validation step) consists in advanced analysis of plant or food extracts (
lipophilic or hydrophilic) by GC-FID=MS), HPLC-PDA+MS analysis of extracts, allowing
their accurate fingerprint, profiling and quantitation of each class or individual molecules (
Dulf et al., 2006, 2008; Ranga et al., 2008; Vicas et al., 2011).The forth step integrates all
previous data by chemometric analysis, for an accurate interpretation and conclusion,
including validation of FTIR data by HPLC with (PCA, CA and PLS analysis). Once a good
validation of FTIR data is made for a specific plant or food matrix, this method can be
repeated easily by routinely for hundreds or samples, providing cheap and reliable results.

Based on these four-steps analysis, specific predictions and evaluations of the quality
and authenticity of specific plants or food/feed or animal /human tissues and fluids.

RESULTS AND DISCUSSION

Fig.2 represents the comparative HPLC-PDA fingerprints of lipophilic (A) and
hydrophilic (B) extracts from the four fruits investigated. The individual biomarkers (
carotenoids and phenolics) are mentioned.C. FTIR fingerprint of the same fruits, showing the
regions specific to main phytochemicals.

Fig.3 includes the comparative FTIR spectra (700-3700 cm™) used to fingerprint
seeabuckthorn fruits (SBm) and juice (SBj) (left) or to discriminate between raw and clear
juice (right).
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Fig.2. ComparatlrverHPLC-PDA fingerprints of lipophilic (A) and hydrophilic (B) extracts from the four fruits.
The individual biomarkers ( carotenoids and phenolics) are mentioned. C. FTIR fingerprint of the same fruits,
showing the regions specific to main phytochemicals.
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Fig. 3. Comparative FTIR spectra (700-3700 cm™) used to fingerprint seeabuckthorn fruits (SBm) and juice
(SB;j) (left) or to discriminate between raw and clear juice (right).
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Fig. 4 represents the principal component analysis (PCA) and cluster analysis (CA) based on
preliminary HPLC-MS fingerprints of carotenoid and flavonol glycoside from berry vs leaf,
for six varieties of seabuckthorn (Pop, 2011).
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Fig.4. Principal component analysis (PCA) and Cluster analysis (CA) based on HPLC-MS fingerprints of
carotenoid and flavonols from berry vs leaf, for six varieties of seabuckthorn.

CONCLUSION

By our specific case-studies we demonstrated here that the determination of
biochemical markers for a specific plant or food is just a beginning of a metabolic approach.
Only combining the chemical informations given by sophisticated or rapid, simple techniques
associated with chemometrics’ informations via pattern recognition (fingerprinting), data
calibration and quantitative measuring, as well clustering of significant groups of samples

435




based on their principal components are necessary to enrich the metabolic profile and
approach the intergrated view of systems biology.

The application areas of Metabolomics are infinite and integrated in the systems
biology frame: from plant breeding and crop quality supervision, food quality and safety
evaluation, toxicity and nutrition assessments, Pharmaceuticals and drug development, yield
improvement in crops and fermentations, genotyping, gene function elucdation and biomarker
discovery, technological advances in analytical chemistry, environmental control and
adaptations,

Beside characterizing relevant “minor’ molecules (phytochemicals) in food/feed
products, as authenticity, traceability or quality biomarkers, agrifood (plant & food)
metabolomics became a powerful omics’ technology with impact in nutrition and health.
Meanwhile strong implications in nutrition (nutrigenomics and nutrigenetics) and health (P4 =
Predictive-Preventive-Personalized and Participative Medicine).
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