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Abstract

Several essential and non-essential metals (typically those from periods 4, 5 and 6 in groups 11-15 in the periodic table) are
commonly detoxified in higher plants by complexation with phytochelatin. The genetic and gross metabolic basis of metal tolerance
in plants is, however, poorly understood. Here, we have analyzed plant cell extracts using 'H NMR spectroscopy combined with
multivariate statistical analysis of the data to investigate the biochemical consequences of Cd>™ exposure in Silene cucubalus cell
cultures. Principal components analysis of "TH NMR spectra showed clear discrimination between control and Cd?>* dosed groups,
demonstrating the metabolic effects of Cd?>* and thus allowing the identification of increases in malic acid and acetate, and
decreases in glutamine and branched chain amino acids as consequences of Cd>" exposure. This work shows the value of
NMR-based metabolomic approaches to the determination of biochemical effects of pollutants in naturally selected populations.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The development of novel analytical strategies for
deriving information on differential gene function in
relation to environmental stressors is essential in order
to advance the molecular basis of metal tolerance.
Whereas genomics and proteomics can provide insights
into the potential of a biological system to interact with
external perturbations (pharmaceutical/agrochemical
compounds, pollutants, environmental effects), it is the
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resulting changes in the metabolic profile of the system
that are potentially more use for the understanding of
the biochemical reaction to stress. This is because it is
changes in the metabolic profile that are the ultimate
result of such external influences. ‘Metabonomics’,
defined as “the quantitative measurement of the
dynamic multiparametric metabolic response of living
systems to pathophysiological stimuli or genetic modifi-
cation” (Nicholson et al., 1999, 2002; Lindon et al.,
2001), is increasingly being used for the analysis of a
range of biological problems including toxicological
assessment (Holmes et al.,, 2001), differentiation
between genetic strains (Gavaghan et al., 2000), com-
parative mammalian biochemistry (Griffin et al., 2000)
and natural product characterization (Bailey et al.,
2002; Belton et al., 1998). In parallel, there have been
developments in ‘Metabolomics’, which broadly encom-
passes the study of the metabolic response in isolated
systems as opposed to the whole system approach
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described by metabonomics. Metabolomic studies have
been reported on the analysis of the consequences of
genetic manipulation and strain differentiation at the
cellular level, for example in the characterization of
phenotypic differences in strains of yeast (Raamsdonk
et al., 2001). While the application of NMR spectro-
scopy to metabonomic investigations has gained
momentum, relatively little data have hitherto been
published on the application of high resolution NMR
spectroscopy in plant metabolomics. It has been repor-
ted, however, that a combination of off-line
HPLC-NMR spectroscopy with rudimentary data ana-
lysis has been employed for the evaluation of metabolic
changes in transgenic food crops (Noteborn et al.,
2000). Several recent studies have shown the application
of metabolomic-type analyses using GC-MS for the
analysis of transgenic potato tubers (Roessner et al.,
2000, 2001) and Arabidopsis genotypes (Fiehn et al.,
2000). While MS-based detection techniques typically
display greater analytical sensitivity than NMR spec-
troscopic detection, there is an inherent necessity for the
analyte of interest to ionize in the mass spectrometer
along with requirements for pre-analysis derivatization.
This means that the non-selective, yet highly specific
approach of NMR spectroscopy, where no pre-judge-
ment of the sample is required, offers several advantages
with respect to the development of an analytical meth-
odology that is readily transferable between samples
from differing applications. Here we demonstrate the
value of NMR based metabolomics in the investigation
of metal tolerance and toxicity in plants, specifically, the
effects of cadmium on Silene cucubalus.

Cadmium is a putatively non-essential and potentially
highly toxic element to all classes of living organisms.
Soils and water may be contaminated with Cd>™ as a
result of mining or industrial activities, use of phospho-
rus containing fertilizers, land applications of sewage
sludge, and atmospheric deposition (di Toppi and Gab-
brielli, 1999). Soil contamination of Cd?>" presents a
significant concern as increased Cd?>* bioavailability
may harm ecosystem functions, or result in an unac-
ceptable level of transfer of Cd*>" to the food chain.
Cadmium exposure results in lesions in the kidneys of
higher vertebrates and man (Nicholson et al., 1983;
Nicholson and Osborn, 1983). Recent research (Lombi
et al., 2000) has shown that several plant species may be
Cd-tolerant and indeed, one plant species (Thlaspi cae-
rulescens, a Brassicaceae) has been identified as being a
Cd?>" hyperaccumulator (defined as storing >100 mg
Cd?>" kg~! in the shoot dry matter). S. cucubalus is
known to respond to cadmium exposure through the
chelation of metal ions by a family of peptide ligands,
the phytochelatins, which consist of repetitions of
v-Glu-Cys sequences with a terminal Gly (Grill et al.,
1985; Zenk, 1996; Cobbett, 2000). However, despite the
evidence for phytochelatin involvement, little is known

about the gross changes in biochemical status in
S. cucubalus cultures as a result of Cd?*" exposure. The
aim of this work was to apply an NMR-based metabo-
lomic approach to investigate the metabolic responses
of S. cucubalus following Cd?>™ exposure in vitro.

2. Results and discussion
2.1. '"H NMR spectroscopic analysis of the samples

The 'H NMR spectra for the predose (samples
obtained on day 0, at the time of transfer into fresh
media), control (samples obtained on day 3 at same
time as dosed samples were obtained) and dosed (sam-
ples obtained on day 3 following exposure to 150 uM
Cd?™") are shown in Figs. la—c, respectively. It was pos-
sible to observe clear differences between these spectra,
indicating changes in biochemical status with respect to
time, i.e. between predose (a) and control (b) samples,
where there is a time difference of three days and fol-
lowing exposure to the cadmium i.e. between control (b)
and dosed (c) samples. Although differences between the
spectra were readily observed, it was important to
derive metabolic differences between sample classes
based on the mathematical variance in the matrix rather
than solely through visual inspection, hence the use of
principal components analysis (PCA) to reduce the
dimensionality of the data thus allowing easier inter-
pretation of the results.

2.2. Pattern recognition analysis of the 'H NMR
spectra

PCA is an unsupervized method, i.e. analysis is per-
formed without use of knowledge of sample class, which
reduces the dimensionality of the data input whilst
expressing much of the original n-dimensional variance
in a 2- or 3-D map (Eriksson et al., 1999). By producing
new linear combinations of the original variables, i.e.
the integrated NMR spectral regions, it is possible to
plot such data in order to indicate relationships between
samples in the multidimensional space. The result is a
diagram known as a scores plot that can be used to
determine the similarities and differences between many
samples Fig. 2). This dataset of NMR spectra from the
cell culture extracts displayed good discrimination
between the three classes analyzed, in that the classes
were easily differentiated from one another. Further,
this separation took place in the first two principal
components (PCs?) which cumulatively account for
96.5% of the variance in the dataset, indicating that it is

2 The abbreviation PC is in common usage to refer to both princi-
pal components and phytochelatins. PC is used to refer to principal
components only throughout this work.
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Fig. 2. Scores plot (PC1 v PC2) for predose (open red triangles), control (closed blue triangles) and dosed (open purple triangles) sample groups
following PC analysis. The plot displays clear discrimination between the three groups, accounting for nearly 97% of the variance within the dataset.

the difference between the three classes analyzed that is
the major discriminating factor between samples rather
than any other unrelated variation between samples.
There are differences in metabolic profile due to both
dosing and incubation time in the absence of Cd?>*. The
time-related changes reflect adaptation to the new
growth/nutrient conditions in the culture flasks. Both
the predose and dosed sample classes were tightly
grouped together within their classes (Figs. 2 and 3),
whereas the control data were much more diffuse (stan-
dard deviations for predose and dosed samples in PCI
were 0.1 and 0.2 respectively, while for control samples
it was 1.3. For PC2, the values were 0.1, 0.2 and 0.4
respectively). It can be seen that at the start of the study
the samples in the predose class are biochemically simi-
lar to each other (relative to the samples in the control
group). After 3 days of growth the controls separate
from the predose condition and the samples have also
biochemically diverged with respect to each other,
resulting in the larger standard deviations indicated
above. The effects of the Cd?*-exposure on the cellular
metabolic profiles were markedly larger than the differ-
ences caused by the ‘natural’ divergence of the control and
predose groups. The Cd?* dosed group formed a tighter
cluster than the controls, thus a ‘metabolic lensing’ effect
is a result of the stressor (Cd?*) having the largest overall
effect on metabolism within the culture system.

The primary aim of this work was to explore the bio-
chemical differences between control and dosed sample
groups of S. cucubalus cell cultures following exposure
to Cd?>". A PCA scores plot following re-analysis using
the control and dosed sample groups only is shown in
Fig. 3. It can be seen that the groups are readily dis-
criminated in PCl. Having obtained a model that is
capable of discriminating between the two sample clas-
ses of interest, the dataset was interrogated in order to
determine those variables, (and in turn NMR regions,
and ultimately biochemical entities) that were most
important in class separation. PCA produces a series of
new variables (PCs) based on linear combinations of the
original variables. By analyzing the weighting given to
each of the original variables, i.e. the degree of corre-
lation between the variables and the direction of the
new model, it is possible to determine their importance,
known as the variable loadings. As seen in Fig. 3, the
separation between the control and dosed groups was
achieved in PCI. It was, therefore, possible to determine
variable importance by analyzing the correlation of
each variable with PCl1, Fig. 4. A positive value in the
loadings plot shown in Fig. 4 implies a positive corre-
lation with the scores in PC1. Thus all variables with
positive values in Fig. 4 are positively correlated with
the control group, whilst the variables with negative
values are correlated with the dosed group. When the
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Fig. 3. Scores plot (PC1 v PC2) for dosed (open purple triangles) and control (closed blue triangles) samples groups following PC analysis. 94.2% of

the variance within the dataset are explained in this plot.

variable loadings are plotted on the NMR frequency scale,
it is apparent which NMR spectral regions are important.
Hence by reference to established NMR assignments for
small molecules and in certain cases 2-D NMR experi-
ments (not shown), it is possible to identify the metabolite
patterns that discriminated between the two groups.

The change that had the most influence on the dis-
crimination between control and dosed groups was in
the concentration of glutamine, which was substantially
reduced between control and dosed groups, i.e. it has a
large positive value in Fig. 4, indicating high levels in
the control group, and lower levels in the dosed group.
The major regions showing changes between control
and dosed groups are summarized along with their
metabolite assignments in Table 1. In general, the
metabolites that were shown to be important are linked
to the TCA cycle. Increased glucose levels suggests that
utilization of glucose is reduced in Cd>* exposed plants,
while the presence of acetate may indicate either
increased lipid metabolism or reduced utilisation of
acetyl CoA in the TCA cycle. In addition, changes in
levels of glutamate and malate may be related to chan-
ges in TCA intermediates. Although the anticipated
presence of phytochelatins was not observed, this is due
to the fact that they are present at too low a level for
direct observation by 'H NMR spectroscopy. This is

particularly the case for a complex matrix like plant
extracts where the dynamic range imposed by other
metabolites places restrictions on otherwise observable
species. The total amount of phytochelatins present in
the dosed group, as determined by HPLC assay was
approximately 1.5 umol g~! lyophilized material, with
each phytochelatin present in the 50-1220 nmol g~! lyo-
philized material range (data not shown; phytochelatins
were not detected in either control or predose groups).

This work demonstrates that the combination of high
resolution 'H NMR spectroscopy with multivariate
data analysis is readily amenable to the rapid screening
of biological samples in order to produce a metabolic
profile, which at its most basic level can allow metabolic
fingerprints to be generated. Further, the implemen-
tation of chemometric approaches to interrogate the
resulting complex data allows significant biochemical
changes to be readily extracted from the data. By virtue
of the NMR spectra already obtained, it is then possible
to elucidate the nature of the metabolites that are key in
the separation between sample groups.

While the more conventional analytical approach using
GC-MS allows the detection and quantitation of many
compounds during the execution of the chromatographic
run, pre-analysis derivatization and thus pre-selection of
the ‘expected’ metabolites prior to analysis poses an
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Fig. 4. Loadings column plot for dosed and control showing PC1 only. This plot allows elucidation of the chemical entities that are key in separating the control and dosed groups following PCA.

Variables with a large positive value are positively correlated with the control group, whilst those with negative values are positively correlated with the dosed group.

obvious limitation of the methodology, as many non-
derivatized chemical classes will be lost to the analysis.
'H NMR spectroscopic approaches on the other hand,
benefit from the non-selective nature of the technique,
which means that no prior knowledge or judgement of
the samples is required. NMR spectroscopy is an infor-
mation rich technique providing key information for the
structural identification of the metabolites detected. At
the same time, this technique is not impeded by pro-
blems of differential detection between compound clas-
ses displaying differing chemical properties (such as
ionisation in the case of mass spectrometric detection or
UV absorbance in the case of HPLC for example). This
means that NMR based approaches to metabolomics
and metabonomics offer clear analytical advantages
over alternative techniques, although NMR and MS
approaches may also be considered in many applica-
tions to be complementary. In addition, the limited
sample pre-treatment/derivatizations necessary, and the
relatively short acquisition times mean that NMR spec-
troscopy may be utilized as a high throughput technique
capable of rapidly analyzing the sample numbers
required for statistically relevant studies.

With regards to this current work, it has been
demonstrated that exposure of S. cucubalus cells to
Cd?™* results in biochemical changes relating to energy
production and the TCA cycle. There are indications
however that lipid metabolism is also altered, perhaps in
response to the down regulation of glucose metabolism.
It may be hypothesized that it is this ability to switch
the method of energy metabolism that imparts the Cd?™*
tolerance to S. cucubalus whilst exposure to Cd?>* in
highly sensitive species such as barley (Hordeum vulgare)
results in reduced plant growth (Vassilev et al., 1998). In
addition, while non-tolerant species show an increase in
the levels of the stress biomarker proline (Vassilev et al.,
1998), no increase in proline was observed in this study.
Finally, this approach to metabolomic analysis has
allowed the demonstration of the concept of ‘metabolic
lensing’ with the variation within sample classes reduced
between control and dosed classes as a result of the
xenobiotic effect being greater than the inherent variance
within a sample population. This suggests that it is
important to obtain sufficient data points within a study
to allow this phenomenon to be clearly identified as such,
and also that biochemical variation is a factor that must
be considered when planning metabolomic analyses.

3. Experimental

3.1. S. cucubalus suspension cell cultivation and sample
preparation

Sterile S. cucubalus suspension cells (7 day old culture,
obtained from existing cultures at the Institute of Plant
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Table 1

Summary of the major changes between Cd>* dosed and control sample groups

NMR spectral region (and intensity Assignment Concentration®/pmol/g dry weight (average, n=3)
change between control and dosed)
Control Dosed

Region 0.94-1.02 (decrease) Valine 1.224+0.04 1.1£0.2

Isoleucine 0.53+0.19 0.5+0.1

Leucine 1.940.2 24403
Region 1.94 (increase) Acetate 14+2 17+4
Regions 2.14, 2.46 (decrease) Glutamine 16.7+0.8 9.3+0.9
Region 2.38, 2.70, 2.66 (increase) Malic acid 178 26+7
Region 3.26 3.22 4.34 (increase) Glucose b b
Region 6.94-7.10 (decrease) Unknown aromatic compounds N/A N/A

4 Levels given are approximate only due to the overlap of resonances within the spectra, and the inherent errors associated with low level

quantitation.
® Figures not given due to overlap of the glucose resonances.

Biochemistry, Halle, Germany) were vacuum filtered and
washed with sterile water. A representative sample was
flash frozen, lyophilized and taken as predose sample.

Two 1 1 Erlenmeyer flasks with 250 ml fresh Lins-
maier—-Skoog growing media (Linsmaier and Skoog,
1965) were prepared, and 40 g (fr. wt.) cells added to
each flask. In addition, one flask contained 3 ml sterile
water (control flask), whilst the other flask contained 3
ml 12.5 mM CdCl, (final Cd*>" concentration 150 puM,
dosed flask). Both flasks were cultivated under sterile
conditions for 3 days (gyratory shaker 100 rpm, diffuse
light 650 lux, 22 °C). After 3 days, cells from both flasks
were vacuum filtered and washed with sterile water.
Filtered cells were then flash frozen with liquid nitrogen
and lyophilized.

Phytochelatin content of the cells was determined by
HPLC with dithio-bis-nitrobenzoic acid postcolumn
derivatization as described previously (Oven et al.,
2002).

Replicates (approx 20 mg, n=13) of lyophilized cells
from each flask were weighed out and added to D,O (1
ml, containing 0.05% w/v 3-(trimethylsilyl) propionic-
2,2,3,3-d4 acid (sodium salt) (TSP) as NMR reference).
Samples were agitated and then centrifuged at 13,000
rpm for 15 min. Supernatant (700 pl) was taken for
NMR analysis.

3.2. 'H NMR spectroscopy

NMR spectra were run on a Bruker (Bruker GmbH,
Rheinstetten, Germany) DRX 600 Spectrometer, oper-
ating at 600.22 MHz for the 'H frequency, fitted with a
broadband inverse geometry probe. Spectra were the
result of the summation of 64 free induction decays, with
data collected into 32k datapoints, a spectral width of §
14 and an acquisition time of 1.95 s. The water signal was
suppressed using a standard 1D-presaturation pulse
sequence (Nicholson et al., 1995). Prior to Fourier trans-
formation, an exponential line broadening equivalent to

0.3 Hz was applied to the free induction decays and
spectra were referenced to TSP at § 0.00.

Quantitation was performed using a delay between
pulses of 30 s to ensure full longitudinal relaxation.
Concentrations were then calculated for each metabolite
based on a known concentration of TSP.

3.3. Multivariate data analysis

One dimensional 600 MHz '"H NMR spectra were
reduced to 252 discrete chemical shift regions by digiti-
sation to produce a series of sequentially integrated
regions § 0.04 in width between § —0.02 and 9.98, using
Bruker AMIX software (version 2.0, Bruker GmbH,
Germany). The resulting data matrix was exported into
Microsoft® Excel and selected regions removed, i.e.
around the residual water signal (§ 4.54—4.98), sucrose
(from the media solution, § 5.46-5.38, 4.30-4.18,
4.10-3.42) and TSP (§ —0.02 to 0.02). The remaining
212 integral regions were normalized to the whole spec-
trum for subsequent Principal Components Analysis
(PCA) (Eriksson et al., 1999).

PCA was performed using SIMCA-P 8.0 multivariate
data analysis software (Umetrics, Sweden), with mean
centring of the data preceding PCA. The output from the
PCA analysis consisted of scores plots (giving an indication
of the differentiation of the classes in terms of biochemical
similarity), and loadings plots, which give an indication as
to which NMR spectral regions were important with
respect to the classification obtained in the scores plots.

Acknowledgements

The authors wish to thank the European Science
Foundation Plant Adaptation Programme for providing
financial assistance to NJCB to allow completion of this
work. Work at Halle was also supported by SFB369 of
Deutsche Forschungsgemeinschaft, Bonn, Germany.



858 N.J.C. Bailey et al. | Phytochemistry 62 (2003) 851-858

References

Bailey, N.J., Sampson, J., Hylands, P.J., Nicholson, J.K., Holmes, E.,
2002. Multi-component metabolic classification of commercial
feverfew preparations via high field 1H NMR spectroscopy and
chemometrics. Planta Med. 68, 1-5.

Belton, P.S., Colquhoun, 1.J., Kemsley, E.K., Delgadillo, I., Roma, P.,
Dennis, M.J., Sharman, M., Holmes, E., Nicholson, J., Spraul, M.,
1998. Application of chemometrics to the IH NMR spectra of apple
juices: discrimination between apple varieties. Food Chem. 61, 207—
213.

Cobbett, C.S., 2000. Phytochelatin biosynthesis and function in heavy
metal detoxification. Curr. Opin. Plant Biol. 3, 211-216.

di Toppi, L.S., Gabbrielli, R., 1999. Response to cadmium in higher
plants. Env. Exp. Bot. 41, 105-130.

Eriksson, L., Johansson, E., Kettanech-Wold, N., Wold, S., 1999.
Introduction to Multi- and Megavariate Data Analysis Using Pro-
jection Methods (PCA and PLS). Umetrics AB, Umea, Sweden.

Fiehn, O., Kopka, J., Dormann, P., Altmann, T., Tretheway, R.N.,
Willmitzer, L., 2000. Metabolite profiling for plant functional
genomics. Nat. Biotech. 18, 1157-1161.

Gavaghan, C.L., Holmes, E., Lenz, E., Wilson, 1.D., Nicholson, J.,
2000. A NMR-based metabonomic approach to investigate the
biochemical consequences of genetic strain differences: application
to the C57BL10J and Alpk:ApfCD mouse. FEBS Lett. 484, 169—
174.

Griffin, J., Walker, L., Garrod, S., Holmes, E., Shore, R., Nicholson,
J., 2000. NMR spectroscopy based metabonomic studies on the
comparative biochemistry of the kidney and urine of the bank vole
(Clethrionomys glareolus), wood mouse (Apodemus sylvaticus), white
toothed shrew (Crocidura suaveolens) and the laboratory rat. Comp.
Biochem. Phys. B 127, 357-367.

Grill, E., Winnacker, E.-L., Zenk, M., 1985. Phytochelatins: the prin-
cipal heavy metal complexing peptides of higher plants. Science 230,
674-676.

Holmes, E., Nicholson, J., Tranter, G., 2001. Metabonomic char-
acterization of genetic variations in toxicological and metabolic
responses using probabilistic neural networks. Chem. Res. Toxicol.
14, 182-191.

Lindon, J.C., Holmes, E., Nicholson, J.K., 2001. Pattern recognition
methods and applications in biomedical magnetic resonance. Prog.
Nuc. Mag. Res. Spec. 39, 1-40.

Linsmaier, E.M., Skoog, F., 1965. Organic growth factor requirements
of tobacco tissue cultures. Physiol. Plant 18, 100-127.

Lombi, E., Zhao, F., Dunham, S., McGrath, S., 2000. Cadmium
accumulation in populations of Thlaspi caerulescens and Thlaspi
goesingense. New Phytol. 145, 11-20.

Nicholson, J., Foxall, P.J., Spraul, M., Farrant, R.D., Lindon, J.,
1995. 750 MHz 1H and 'H-'3C NMR spectroscopy of human blood
plasma. Anal. Chem. 67, 793-811.

Nicholson, J., Lindon, J., Holmes, E., 1999. Metabonomics: under-
standing the metabolic responses of living systems to pathophysio-
logical stimuli via multivariate statistical analysis of biological
NMR spectroscopic data. Xenobiotica 29, 1181-1189.

Nicholson, J.K., Connelly, J., Lindon, J.C., Holmes, E., 2002. Meta-
bonomics: a platform for studying drug toxicity and gene function.
Nat. Rev. Drug Disc. 1, 153-160.

Nicholson, J.K., Kendall, M.D., Osborn, D., 1983. Cadmium and
mercury nephrotoxicity. Nature 304, 633-635.

Nicholson, J.K., Osborn, D., 1983. Kidney lesions in pelagic seabirds
with high tissue-levels of cadmium and mercury. J. Zool. 200, 99-118.

Noteborn, H.P., Lommen, A., van der Jagt, R., Weseman, J.M., 2000.
Chemical fingerprinting for the evaluation of unintended secondary
metabolic changes in transgenic food crops. J. Biotech. 77, 103-114.

Oven, M., Page, J., Zenk, M., Kutchan, T.M., 2002. Molecular char-
acterization of the homo-phytochelatin synthase of soybean Glycine
max- relation to phytochelatin synthase. J. Biol. Chem. 277, 4747-4754.

Raamsdonk, L.M., Teusink, B., Broadhurst, D., Zhang, N., Hayes,
A., Walsh, M.C., Berden, J.A., Brindle, K.M., Kell, D.B., Rowland,
J.J., Westerhoff, H.V., van Dam, K., Oliver, S.G., 2001. A func-
tional genomics strategy that uses metabolome data to reveal the
phenotype of silent mutations. Nat. Biotech. 19, 45-50.

Roessner, U., Wagner, C., Kopka, J., Tretheway, R.N., Willmitzer,
L., 2000. Simultaneous analysis of metabolites in potato tuber by
GCMS. Plant J. 23, 131-142.

Roessner, U., Willmitzer, L., Fernie, A.R., 2001. High resolution
metabolic phenotyping of genetically and environmentally diverse
potato tuber systems. Identification of phenocopies. Plant Physiol.
127, 749-764.

Vassilev, A., Berova, M., Zlatev, Z., 1998. Influence of Cd>" on
growth, chlorophyll content, and water relations in young barley
plants. Biol. Plant 41, 601-606.

Zenk, M., 1996. Heavy metal detoxification in higher plants—a
review. Gene 179, 21-30.



	description
	Metabolomic analysis of the consequences of cadmium exposure in Silene cucubalus cell cultures via 1H NMR spectroscopy and chem
	Introduction
	Results and discussion
	1H NMR spectroscopic analysis of the samples
	Pattern recognition analysis of the 1H NMR spectra

	Experimental
	S. cucubalus suspension cell cultivation and sample preparation
	1H NMR spectroscopy
	Multivariate data analysis

	Acknowledgements
	References


