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TH nuclear magnetic resonance (NMR) was applied for the metabolic profiling of grapes from three Por-
tuguese cultivars including ‘Trincadeira’, ‘Aragonés’, and ‘Touriga Nacional’, at four developmental stages.
Two kinds of extraction methods including deuterated NMR solvent extraction and solid phase extraction
(SPE) were used for the metabolomic analysis and all the metabolites detected in 'H NMR were eluci-
dated by two-dimensional NMR techniques as well as the in-house NMR chemical shift database. Multi-
variate data analyses were also performed to identify overall metabolic differences. Trincadeira was
found different from the other two cultivars, having low phenolic contents as compared to other culti-
vars. The initial stages showed comparatively high phenolics and organic acid contents like caftaric
and malic acid while the later stages showed higher glucose and fructose levels. Veraison was found to
be a metabolically critical stage of berry development. On the basis of these findings distribution of
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metabolites among different cultivars at different developmental stages is discussed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Grapevine (Vitis spp.) is one of the most economically important
and widely cultivated fruit crops across the world. The total arable
land for grape production is about 8 million hectares (Vivier & Pre-
torius, 2002) with a production of 68.9 million metric tons in 2006.
These figures place grapes second among other famous fruits like
bananas, oranges, and apples, produced throughout the year. The
grape berry is used as a fresh or dried fruit, for the extraction of
its juice, and most importantly in wine production. Around 71%
of the total grape production is made into wine, a commodity
which has a far greater economic value than the grapes. In addition
to their economic importance, an increasing number of health ben-
efits have been attributed to grapes and wine. For instance, grapes
are known to have antioxidant, cardioprotective, anti-inflamma-
tory, and anti-cancer activities (Ali, Maltese, Choi, & Verpoorte,
2009a).

Due to the above mentioned importance, knowledge regarding
the development and maturation of grape berries is of great eco-
nomical interest. Climacteric fruit such as tomatoes and apples
have been well studied but comparatively less is known about
the development and ripening of non-climacteric fruits e.g. grapes
and strawberry (Giovannoni, 2004; Given, Venis, & Gierson, 1988).
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Considerable scientific efforts have been made to understand the
complex series of physical and biochemical changes of grape ber-
ries during their development cycle (Coombe, 1992). But today,
the major concerns of the viticulturists are size, colouration, con-
trol of ripening, acidity, and volatile and non-volatile contents of
the grape berry.

The Portuguese wines are traditionally made by blending gener-
ally three or four varieties. However, due to the exceptional
characteristics of Touriga Nacional, Trincadeira and Aragonés,
monovarietal red wines are produced with these varieties. Their
specific aromas have recently attracted the interest of vine growers
and viticulturists abroad with the aim of introducing new compet-
itive products into the market. Touriga Nacional is considered to be
one of the most important native varieties in Portugal. This variety
produces dark, full-bodied, powerful and aromatic wines with flo-
ral notes similar to the scent of purple violet blossoms. It fre-
quently shows blackberry, blueberry, rock rose, and rosemary
notes. Aragonés also called Tinta Roriz produces full-bodied, inky
and highly aromatic wines. The grape has fine and delicate aromas
of pepper and berries. Aragonés has high yields and is indispens-
able in the blend of a good Porto wine. Trincadeira is most suited
to grow in hot, dry and very bright areas. It is not easy to grow,
however, having irregular yields and prone to infection with path-
ogenic moulds. But in good years, Trincadeira will produce great
wines. Trincadeira variety is also known to have excellent acidity,
soft tannins and abundant, intense aromas of plum and blackberry,
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resulting in elegant and balanced wines. Blending of different Por-
tuguese wines like Trincadeira with Aragonés or Touriga Nacional
result in top quality cocktail Portuguese wines.

Chemical characterisation of the phenotype of an organism has
become the focal point of many researchers in recent years. The
analysis of these low molecular weight compounds seems to re-
flect the physiological activities of an organism or tissue under dif-
ferent conditions. The observable chemical profile or fingerprint
shown by the plant tissue, ‘metabolome’, is highly complex and
consists of a vast variety of chemicals which differ in their struc-
ture and function. Due to this, it is unlikely that a single analytical
method could provide information about all the metabolites, con-
sidering their chemical diversity, and at the same time be unbi-
ased, rapid, reproducible, and stable over time, while requiring
only simple sample preparation. Many platforms are being used
for the high throughput analysis of plant metabolites, but vary
according to their sensitivity (Kopka, Fernie, Weckwerth, Gibon,
& Stitt, 2004).

Apart from its routine use in the identification, characterisation,
and structure elucidation of molecules, nuclear magnetic reso-
nance (NMR) spectroscopy is now increasingly popular in the area
of metabolome analysis (Son et al., 2009). NMR spectroscopy has
been criticised for its low sensitivity but on the other hand, pre-
sents great advantages being nondestructive, and requiring simple
sample preparation in relatively short time. This feature has the
additional benefit of helping to preserve the integrity of the sample
and its components. Its non-selectiveness made it an ideal choice
for the profiling of the broad range metabolites (Dixon et al., 2006).

In combination with different multivariate data analyses tools,
such as principal components analysis (PCA), NMR has been used
for the fingerprinting or metabolic profiling of various sample
types (Brescia et al., 2002; Charlton, Farrington, & Brereton,
2002). This combination has been very useful for the characterisa-
tion of different plant species (Kim, Choi, Erkelens, Lefeber, & Ver-
poorte, 2005), and cultivars as well (Ali et al., 2009b). In the study
of grapevine, recently, the coupling of metabolic analysis with
transcriptional analysis has also been applied to the profiling of
two grape cultivars with different resistance capabilities to patho-
genic fungi (Figueiredo et al., 2008). In the case of berries, NMR
coupled to multivariate analyses has been used to study the effects
of growing areas, vintage, and soil (Pereira et al., 2005), and the
influence of microclimate on metabolic profiles of grape berries
(Pereira et al., 2006). Many of grape berry metabolic profiling stud-
ies have focused mainly on the amino acid or sugar contents while
ignoring the phenolic composition of the sample. This may be due
to the low signal quality or signal overlapping of phenolics in the
NMR spectra.

In this study, we sought to obtain a metabolic characterisation
of the different developmental stages of grape berries from three
different important Portuguese cultivars. To highlight these differ-
ences, one-dimensional 'H NMR with additional two-dimensional
NMR techniques, coupled with principal component analysis
(PCA), partial least-squares-discriminant analysis (PLS-DA), and
orthogonal partial least squares (OPLS) analysis were applied.

2. Materials and methods
2.1. Grape cultivars and sampling

Three elite Portuguese cultivars i.e. Trincadeira, Touriga Nacion-
al, and Aragonés, were used in this study. Five biological replicates
of each cultivar of 80-100 berries from 8 to 10 plants were col-
lected in 2008 corresponding to the developmental stages of EL
32 (green), 35 (veraison), 36 (ripe), 38 (harvest) (EL refers to the
modified Eichhorn and Lorenz developmental scale as described

by Coombe (1995)). Each biological replicate contained berries
from a single row of plants. Four rows distant 3-10 m from each
other were used for each variety. Plants from the three varieties
were growing in the vineyard 15-30 m apart.

2.2. Extraction with deuterated NMR solvents

A sample of 100 mg of lyophilised grape berries was transferred
to a microtube (2 ml) to which 1.5 ml of methanol-d,4 (750 pl) and
D,0 (750 pl) (KH,PO4 buffer, pH 6.0), containing 0.005% TMSP-d,
(trimethyl silypropionic acid sodium sald-d4, w/v, Sigma-Aldrich),
were added. The mixture was vortexed at room temperature for
1 min, ultrasonicated for 20 min, and centrifuged at 13,000 rpm
at room temperature for 5 min. About 800 pl of the supernatant
was transferred to a 5 mm NMR tube and use for the '"H NMR
analysis.

2.3. Solid phase extraction (SPE)

A sample of 100 mg of lyophilised grape berries was extracted
with 2 ml of the mixture of water and methanol (2:8), with ultra-
sonication for 20 min at 25 °C. The suspension was then centri-
fuged at 3500 rpm and the supernatant was transferred to a
round bottomed flask. The same procedure was repeated twice
and the supernatants were pooled together in the flask and taken
to dryness with a rotary evaporator. The residue was redissolved
in 5 ml of deionized water and then partitioned with a similar vol-
ume of ethyl acetate. This extraction was repeated twice and the
extracts were pooled together, dehydrated with anhydrous Na,SOy,
taken to dryness and stored at —20 °C for further use. The grape
berries extract was subjected to solid phase extraction (SPE) on
SPE-C18 cartridges (Waters, Milford, MA, USA). Prior to its use,
the SPE cartridge was prepared by elution of 10 ml of methanol fol-
lowed by 10 ml of water. Then, the redissolved grape berry extract
(1 ml of deionized water) was applied to the cartridge and eluted
successively with 5 ml of water, and 5 ml of methanol containing
0.01% (v/v) acetic acid. Both fractions were collected in round bot-
tomed flasks and evaporated under vacuum. Only the methanol
fraction was used for further NMR analysis. All the solvents were
purchased from Biosolve B.V. (Valkenswaard, the Netherlands).

2.4. "TH NMR spectroscopy

The methanol fraction eluted from SPE was redissolved in 1 ml
of deuterated solvent consisting in a 1:1 mixture of methanol-d,
and D,0 (KH,PO,4 buffer, pH 6.0) with 0.005% TMSP (w/v). An ali-
quot of 800 pl of sample was transferred to the 5-mm NMR tube
and used for the NMR analysis. Both deutrated methanol and water
were purchased from Cambridge Isotope Laboratories, Inc., Ando-
ver, MA, USA.

2.5. NMR parameters

TH NMR and 2D J-resolved spectra were recorded at 25 °C on a
600 MHz Bruker DMX-600 spectrometer (Bruker, Karlsruhe, Ger-
many) operating at a proton NMR frequency of 600.13 MHz.
MeOH-d, was used as the internal lock. Each '"H NMR spectrum
consisted of 128 scans requiring 10 min and 26 s acquisition time
with the following parameters: 0.16 Hz/point, pulse width
(PW)=30° (11.3 us), and relaxation delay (RD) = 1.5 s. A pre-satu-
ration sequence was used to suppress the residual H,O signal with
low power selective irradiation at the H,0 frequency during the re-
cycle delay. FIDs were Fourier transformed with LB = 0.3 Hz. The
resulting spectra were manually phased and baseline corrected,
and calibrated to TMSP at 0.0 ppm, using XWIN NMR (version
3.5, Bruker). 2D J-resolved NMR spectra were acquired using eight
scans per 128 increments for F1 and 8 k for F2 using spectral
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widths of 5000 Hz in F2 (chemical shift axis) and 66 Hz in F1 (spin-
spin coupling constant axis). A 1.5s relaxation delay was em-
ployed, giving a total acquisition time of 56 min. Datasets were
zero-filled to 512 points in F1 and both dimensions were multi-
plied by sine-bell functions (SSB = 0) prior to double complex FT.
J-Resolved spectra tilted by 45°, were symmetrized about F1, and
then calibrated, using XWIN NMR (version 3.5, Bruker). 'H-'H cor-
related spectroscopy (COSY) and heteronuclear multiple bonds
coherence (HMBC) spectra were recorded on a 600 MHz Bruker
DMX-600 spectrometer (Bruker). The COSY spectra were acquired
with 1.0 s relaxation delay, 6361 Hz spectral width in both dimen-
sions. Window function for COSY spectra was sine-bell (SSB = 0).
The HSQC spectra were obtained with 1.0 s relaxation delay,
6361 Hz spectral width in F2 and 27,164Hz in F1. Qsjne
(SSB =2.0) was used for the window function of the HSQC. The
HMBC spectra were recorded with the same parameters as the
HSQC spectra except for 30,183 Hz of spectral width in F2. The
optimised coupling constants for HSQC and HMBC were 145 and
8 Hz, respectively.

2.6. Data analysis and statistics

The 'H NMR spectra (from both SPE and direct extraction) were
automatically reduced to ASCII files. Spectral intensities were
scaled to internal standard and reduced to integrated regions of
equal width (0.04) corresponding to the region of 6 0.0-10.0. The
regions of § 4.85-4.95 and 6 3.2-3.4 were excluded from the anal-
ysis because of the residual signal of D,0 and CD30D, respectively.
Bucketing was performed by AMIX software (Bruker) with scaling
on internal standard. Principal component analysis (PCA) with
scaling based on Pareto while partial least-squares-discriminant
analysis and orthogonal partial least squares analysis with scaling
based on unit variance were performed with the SIMCA-P software
(version 12.0, Umetrics, Umed, Sweden). The ANOVA for the 'H
NMR signals was performed by MultiExperiment Viewer (version
4.0) (Saeed et al., 2003).

3. Results
3.1. Visual analysis of "H NMR spectra

The corresponding berry weight for each stage at the time of
sample collection is shown in Fig. 1A. In this study four different
developmental stages (EL 32, 35, 36, and 38) of the grape berries
from three different Portuguese cultivars were analysed. For meta-
bolic profiling of the berries two kinds of extraction methods were
used including extraction directly with deuterated NMR solvents
and solid phase extraction (SPE) with C18 resins. In the 'H NMR
spectrum, the area between § 0.8 and 4.0 corresponds to aliphatic
compounds and amino acids with some resonance for the organic
acids. The region of § 4.0-5.5 is considered to be the carbohydrate
region and the remaining part, i.e. § 5.5-8.5, is known as the phe-
nolic region. 'H NMR spectra resulted from both extraction method
were analysed and compared. Fig. S1 (supplementary data) shows
a comparison among the 'H NMR spectra of direct extraction and
SPE. The "H NMR spectra from deuterated extraction method were
found dominated by the signals of sugars, organic and amino acids,
with very low intensity of the phenolic compounds. In an attempt
to amplify the resonances related to phenolics SPE was used and, as
Fig. S1 suggests, there was improved signal intensity in the pheno-
lic region of the spectra.

Different developmental stages of Trincadeira were analysed,
compared and shown in Fig. S2 (supplementary data). It indicates,
deuterated extraction showed a pattern in the appearance of both
primary and secondary metabolites. A gradual decline in the phen-
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Fig. 1. Double sigmoid growth curve (B) of berry development showing different
phases of growth (redrawn and modified from Coombe (1992)).

olics amount can be easily observed with the berry growth, along
with some organic acids, especially tartarate and malate. On the
other hand amino acids and sugars are more accumulated in grape
berries at the later stages of their development. Similar develop-
mental stages of all varieties were also compared and Fig. S3 (sup-
plementary data) shows the comparison of green stage of all three
cultivars. The figure clearly suggested that these cultivars are dif-
ferent in their metabolic profile. Trincadeira can be characterised
by low phenolics but higher sugars and organic acids while Touriga
Nacional and Aragonés were found with higher phenolics contents
with some amino acids. The distribution of these metabolites
among the cultivars and their developmental stages will discuss
in details in Sections 3.4. and 3.5.

Fig. 2A shows a comparison between 'H NMR spectra (from
SPE) of different developmental stages of Trincadeira grapes. It
can be observed that in all its developmental stages the appearance
of metabolites followed a pattern. The green stage (EL 32) can be
identified by the highest intensity of phenolics which gradually de-
crease along the ripening process of the berries, while there is little
difference in the amino acid region in all stages of development.
The remaining two cultivars also showed the same pattern.
Fig. 2B shows a comparison of the phenolic contents of all three
cultivars at green stage. Among the cultivars, Touriga Nacional
was characterised by the maximum intensity of signals as com-
pared to the other two cultivars while Trincadeira was found to
have the lowest signal intensity in the phenolic region of the 'H
NMR spectra. Visual analysis the 'TH NMR spectra showed that all
the three cultivars differed in their metabolic contents for the same
developmental stage.

3.2. Identification of metabolites

The use of NMR in metabolomics studies has many advantages
but the overlapping of signals in the spectra, especially for high
sugar containing samples such as berries, represents the major
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Fig. 2. 'H NMR spectra (A) of green (g), veraison (v), ripe (r), and harvest (h) stages of Trincadeira. Phenolic contents (B) in Touriga Nacional (1), Aragonés (2), and Trincadeira

(3) cultivars at green stage.

obstacle for compound identification. This problem is usually over-
come by the use of different 2D techniques, i.e. J-resolved, "H-'H
COSY, HMBC and HSQC, which provide additional information
regarding compound structures. Different metabolites have been
identified in berries using 'H NMR with the help of the above
mentioned 2D techniques. The metabolites identified cover a wide
range of diversity and include amino acids, organic acids, carbo-
hydrates, hydroxycinnamates, hydroxybenzoates, stilbenes, and
flavonoids.

The high signal intensities in the amino acid region were helpful
to elucidate a number of amino and organic acid signals. The amino
acids alanine, threonine, valine, proline, methionine, leucine, and
v-amino butyric acid (GABA) were identified in berries by compar-
ison with the reference spectra of these compounds. The signals in
the carbohydrate regions were highly clustered and overlapped.
This region showed the signals of the anomeric protons of B-glu-
cose at § 4.58 (d, J=7.89 Hz), a-glucose at 6 5.17 (d, ] =3.78 Hz),
fructose 4.08 (d, J=7.80), and sucrose at § 5.39 (d, J=3.94 Hz).
Although the direct extraction showed these sugars as major com-
pounds, they were still quite visible as SPE extraction. Other com-
pounds, including choline, 2,3-butanediol, and acetic acid, were
also identified in this region. A number of signals were assigned
to the organic acids like succinic acid, fumaric acid, formic acid, cit-
ric acid, malic acid, and tartaric acid. The tannins (+) - catechin and
(—) - epicatechin were also identified (Table 1).

The flavonoids quercetin and myricetin were also identified in
the aromatic region (Fig. 3A). The quercetin signal at ¢ 6.49 of H-
8 was correlated in the '"H-'H COSY spectrum with the signal at

6 6.27 of H-6 and a signal at ¢ 6.95 of H-5' with one at § 7.56 of
H-6'. Similar correlations for the signals of myricetin at 6 6.51 of
H-8 with 6 6.28 of H-6 also showed 'H-'H COSY correlations
(Fig. 3B). The upfield shift of C3 signal (around ¢ 134.0) in HMBC
spectra for quercetin showed the binding of a glucose molecule
to quercetin resulting in the identification of quercetin-3-O-
glucoside.

The aromatic part of the 'H NMR spectra also showed some sig-
nals of hydroxybenzoates such as gallic acid, syringic acid, and
vanillic acid. Resonances for gallic acid were observed at § 7.03
(s); for syringic acid at 6 7.31 (s), and 6 3.89 (s); and for vanillic acid
6 6.77 (d, J = 8.2 Hz), and 6 3.9 (s); were observed. The presence of
characteristic doublets of 16.0 Hz in the range of 6 6.39-6.50 and ¢
7.59-7.70 represent the H-8 and H-7’ (olefinic protons) of trans-
hydroxycinnamic acids, respectively (Fig. 3A). The 'H-'H COSY
spectra also confirmed the correlation between H-8 and H-7' of
these compounds, with the coupling with carbonyl carbon at §
168.3 in the HMBC spectra. In the '"H NMR spectra of grape berry
samples, these resonances were assigned to three different
hydroxycinnamic acids moieties which include trans-caffeoyl,
trans-coumaroyl, and trans-feruloyl derivatives. The 'H-'H COSY
spectra (Fig. 3B) showed correlations among signals like ¢ 6.41
with § 7.62; and ¢ 7.02 with 6 6.88 of caffeoyl; § 7.51 with §
6.87; and 6 6.45 with § 7.65 of coumaroyl; § 6.46 with § 7.56 of
feruloyl derivative. These derivatives were found to be conjugated
with tartaric acid via an ester linkage. The three singlets for tartaric
acid were observed in the region of § 5.32-5.44 in 'H NMR spec-
trum, being shifted downfield from the typical tartaric acid signal
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Table 1
TH NMR chemical shifts (6) and coupling constants (Hz) of grape metabolites identified by references and using 1D and 2D NMR spectra (CD30D-KH,PO, in
D,0, pH 6.0).
Compounds Chemical shifts (&)
Valine 1.01 (d,J =7.0), 1.06 (d, J = 7.0), 2.28 (m)
Leucine 0.96 (d,J=7.5),0.98 (d, ] =7.5)
Alanine 148 (d,J=7.4),3.73(q,] =74)
GABA 1.90 (m), 2.31(t, J = 7.5), 3.01 (t, ] = 7.5)
Proline 2.35 (m), 3.37 (m)
Methionine 2.15 (m), 2.65 (t, ] = 8.0)
Threonine 1.32(d,J =6.5),3.51 (d, ] =5.0), 4.27 (m)
Glutamic acid 2.13 (m), 2.42 (m), 3.71 (dd, ] = 7.0, 1.9)
o-Glucose 5.17 (d,J =3.78)
B-Glucose 4.58 (d, ] =7.89)
Fructose 4.08 (d, ] =7.80)
Sucrose 5.39 (d,J =3.94)
2,3-Butanediol 1.14 (d, ] = 6.47)
Acetic acid 1.94 (s)
Choline 3.20 (s)
Succinic acid 2.53 (s)
Citric acid 2.56 (d, ] =17.6), 2.74 (d, ] =17.6)
Tartaric acid (free) 4.30 (s)
o-Linolenic acid 095 (t,J=7.5)
Ascorbic acid 4.52 (d, ] =2.0)
Malic acid 2.68 (dd, J = 16.6, 6.6), 2.78 (dd, ] = 16.6, 4.7), 4.34 (dd, ] = 6.6, 4.7)
Formic acid 8.45 (s)
Fumaric acid 6.52 (s)
Gallic acid 7.03 (s)

Syringic acid

Vanillic acid

(+) - Catechin

(—) - Epicatechin
Quercetin-3-0-glucoside

3.89 (s), 7.31 (s)

3.90 (s), 6.77 (d, J = 8.2), 7.22 (m)

2.49 (dd, J = 16.1, 8.2), 2.83 (dd, J = 16.0, 5.4), 4.04 (m), 4.55 (d, = 7.5), 5.91 (d, J = 2.2), 6.75 (d, ] = 8.0)
2.72 (dd, J = 16.8, 2.8), 2.85 (dd, J = 16.7, 4.6), 5.91 (dd, J = 10.0, 2.3), 6.96 (d, J = 2.2)

5.30 (d, ] = 7.6), 6.27 (d, ] = 2.0), 6.49 (d, ] = 2.0), 6.95 (d, ] = 8.6), 7.56 (dd, J = 8.5, 2.0), 7.81 (d, J = 2.0)

534 (s), 6.41 (d, ] = 16.0), 6.88 (d, J = 8.4), 7.02 (dd, J = 8.4, 2.0), 7.12 (d, ] = 2.0), 7.62 (d, ] = 16.0)
5.38 (s), 6.32 (d, J = 16.0), 6.89 (d, J = 8.4), 7.01 (dd, J = 8.4, 2.0), 7.19 (d, J = 2.0), 7.56 (d, ] = 16.0)
6.45 (d, ] = 16.0), 6.87 (d, J = 8.8), 7.51 (d, J = 8.8), 7.65 (d, ] = 16.0)

Myricetin 6.28 (d, ] = 2.0), 6.51 (d, J = 2.0), 7.30 (s)
trans-Caftaric acid (

trans-Fertaric acid 3.89 (s

trans-p-Coutaric acid 5.42 (s

cis-Caftaric acid 5.34 (

cis-p-Coutaric acid 5.41 (s), 5.94 (d, J =13.0), 6.73 (d, ] =9.2

»
)

s),5.92 (d, J = 13.0), 6.71 (d, ] = 8.4), 6.81 (d, J = 13.0), 7.03 (dd, J = 8.4, 2.0), 7.44 (d, ] = 2.0)
» )

6.86 (d, J=13.0), 6.93 (d, J=9.2), 7.61 (d, /= 9.2)

at 6 4.30 due to their bonding to the carboxylic function of cin-
namic acids which was confirmed by their correlation with the sig-
nal at the region of 6 167.5-168.5 in the HMBC spectra. Based on
these assignments, these compounds were identified as trans-caf-
taric acid (caffeic acid conjugated with tartaric acid), trans-fertaric
acid (ferulic acid conjugated with tartaric acid), and trans-coutaric
acid (coumaric acid conjugated with tartaric acid).

Along with the trans- forms, the cis-forms of these conjugated
cinnamic acids, i.e. cis-caftaric acid and cis-coutaric acid, were also
detected. When compared to their trans-configuration, the cis-
forms showed an upfield shift of the signals for H-8’' and H-7’ along
with the reduction in the coupling constant from 16.0 to 13.0 Hz.
Two clear doublets of 13.0 Hz at § 5.92 and 6 5.94 were detected
for the H-8 in the cis-configuration (Fig. 3A). The 'H-'H COSY
spectra also confirmed this by showing the correlation of these sig-
nals with the respective H-7' protons at 6 6.81 and ¢ 6.86 (Fig. 3B).
It was also confirmed by the correlation of this signal with the car-
bonyl resonance at 6 167.2 in the HMBC spectra.

All of these assignments (Table 1) were done by comparing the
spectra with previous reports (Ali et al., 2009b; Choi et al., 2004)
and 1D and 2D NMR spectra of more than 500 common metabo-
lites in our in-house library.

3.3. Multivariate data analyses (MvDA)

Principal component analysis (PCA) is one of the most common
MvDA methods and is used to reduce the dimensionality of a mul-
tivariate dataset. It is an unbiased and unsupervised method, in
which the principal components can be presented in a graphical
form known as “score plot”, which can be use to identify the differ-

ences or similarities among the samples. Any grouping or outliers
among the samples can also be easily observed in a score plot of
PCA. “Loadings” are the coefficients by which variables must be
multiplied to obtain PCs and used to identify the spectral signals
responsible for the grouping or separation among the samples.
Loading plot was used for the identification of metabolites respon-
sible for the separation on the score plot. This plot actually shows
the variables (NMR chemical shifts from bucket table) responsible
for the discrimination among the samples and the identification of
these spectral signals leads to the identification of compounds
accountable for the separation on the score plot. The application
of supervised analyses like partial least-squares-discriminant anal-
ysis (PLS-DA) and orthogonal partial least squares (OPLS) are con-
sidered to be the next step in MvDA. These analyses, unlike the
unbiased system used for PCA, are performed with pre-input infor-
mation regarding the data. The most important information ob-
tained from these analyses is the correlation between data sets
which correspond, in this study, to different developmental stages
and cultivar types. Like PCA, the differences or similarity among
the samples can be detected by using the score plot while the sig-
nals responsible for those differences or similarities can be identi-
fied by the loadings. The 'H NMR data (bucket table), from both
direct extraction and SPE, were used as variables for all the multi-
variate analyses applied in this study.

3.4. Direct extraction and MvDA

The "H NMR data from direct extraction were first subjected to
different multivariate data analyses methods in order to get precise
knowledge about the primary metabolites during grape
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Fig. 3. J-resolved spectra (A) and "H-"H COSY spectra (B) of Trincadeira green stage
(6 5.8-8.0). J-resolved spectra (A) shows the signals labelled as 3, 7, 13, 16, 20,
correspond to H-6, H-8, H-5', H-6, H-2’, respectively, of quercetin-3-0O-glucoside; 4
and 8 to H-6 and H-8 of myricetin; 5, 12, 14, 15, 17 correspond to H-8', H-5, H-6, H-
2, H-7', respectively, of t-caftaric acid; 6, 11, 19 correspond to H-8', H-3 and H-5, H-
7', respectively, of t-coutaric acid; 1, 10 correspond to H-8', H-7’ of c-caftaric acid; 2,
18 correspond to H-8', H-2 and H-6 of c-coutaric acid; 9 corresponds to H-5 of
vanillic acid. "TH-"H COSY spectra (B) shows correlations among the signals of H-6
with H-8 (1) and H-5" with H-6 (2) of quercetin-3-0-glucoside; H-8 and H-7 (3, 4)
of trans- and cis-caftaric and coutaric acid, respectively.

development. The PCA score plot (Fig. S4-A, supplementary data)
showed very tight clustering among the replicates. All the develop-
mental stages of three cultivars were completely separated. Sam-
ples from the green stage are clustered on the positive side of
PC1 and PC2 while the veraison stage samples are grouped on
the negative side of PC2 but having the positive PC1 values. Both
ripe and harvest are on the negative side of PC1 but having nega-
tive and positive PC2 scores, respectively. By examining the score
plot, it is evident that all the developmental stages of grape berry
are different in their metabolic profile. It was also interesting
to note that green from Trincadeira and veraison from Aragonés
were a bit separated from the green and veraison stages of other
cultivars. By examining the loading plot, it was evident that the
green and veraison stages were characterised by higher levels of
phenolics and organic acids whereas the ripe and harvest stages
were found with more amounts of amino acids and sugars.

The MvDA based on 'H NMR data of direct extraction was found
effective in highlighting the differences among the three cultivars,
mainly by primary metabolites. The OPLS score plot (Fig. S4-B, sup-
plementary data) based on 'H NMR data from direct extraction
shows complete separation among the samples from the three cul-
tivars. Samples from Trincadeira are clustered together on the po-
sitive side of component 1, while Touriga Nacional and Aragonés

are on the negative side of the same component having positive
and negative component 2 scores, respectively. Unlike PLS-DA,
the score plot of OPLS did not show any separation among the sam-
ples based on the developmental stages. Loading plot revealed that
Trincadeira has high signal intensities for malate, ascorbate,
glucose, and fructose. Aragonés showed elevated concentration of
succinate, tartarate, and fumarate, while Touriga Nacional was
characterised by higher resonances for compounds like citrate, gal-
late, alanine, valine, GABA, and glutamate.

The score plot for PLS-DA (Fig. S4-C, supplementary data) shows
clear separation of all four developmental stages of grape develop-
ment. The green stage was grouped on positive side of component
1, separated from veraison which was on the positive side of com-
ponent 2. The ripe and harvest stages were clustered on the nega-
tive side of component 1 having positive and negative component
2 values, respectively. It was also interesting to see that the sam-
ples from green stage of Trincadeira cultivar were quite separated
from the green stage samples of Aragonés and Touriga Nacional
mainly because of relatively lower phenolic contents as compared
to other cultivars. By investigating the loading plot it was clear that
the green and veraison stages were concentrated by phenolics
along with some amino acids like alanine, proline, GABA, with or-
ganic acids like malate, tartarate, and fumarate. The ripe and har-
vest stages showed elevated amounts for the compounds like
leucine, valine, acetate, and succinate, with sugars like glucose
and fructose.

3.5. Solid phase extraction and MvDA

The 'H NMR data (from SPE) were subjected to PCA to highlight
the differences or similarities among the samples. The PCA score
plot showed some good clustering among the replicates with the
exception of one outlier of sample AV (Aragonés veraison) possibly
due to artifacts produced during the extraction procedure (Fig. 4A).
Samples were grouped according to the grape cultivar and also on
the basis of developmental stages. As shown in the figure, the
green stages for all three varieties are well separated from each
other and have negative PC1 scores. This showed that all the three
cultivars are quite different in their green stage. The veraison
stages for two varieties, i.e. Aragonés and Touriga Nacional, are
grouped together (on the negative side of PC1) while the veraison
for Trincadeira was very well separated from the other two (on the
positive side of PC1). This reveals that the veraison stage of Trinca-
deira is metabolically quite different from the other two cultivars.
Samples from the ripe and harvest stages of all three cultivars were
grouped close to each other having positive PC1 scores. This
suggests that the level of metabolites in these two stages does
not differ significantly.

The green and veraison stages of Trincadeira were characterised
by high levels of malic acid, choline, and succinic acid. While the
green and veraison stage of Aragonés and Touriga Nacional showed
higher levels of citric acid and quercetin glucoside along with ele-
vated signals of hydroxycinnamic acid derivatives such as caftaric
acid and coutaric acid, and sucrose. As the score plot clustered the
ripe and harvest stages, the signals for their separation were iden-
tified as acetic acid, GABA, glucose, and the amino acids like valine
and proline.

Another objective of this analysis was to distinguish all devel-
opmental stages of all the cultivars. To highlight the differences
based on cultivar type, the samples were classified into three clas-
ses (Trincadeira, Aragonés, and Touriga Nacional) and PLS-DA was
applied. The PLS-DA score plot showed quite interesting results
(Fig. 4B). Harvest and ripe Trincadeira grapes were separated by
component 2 while green and veraison stages of Trincadeira
showed different component 2 scores than ripe and harvest. All
four stages of Trincadeira were also distinguished from the stages
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of the other two cultivars (by component 1). The ripe and harvest
stages of Trincadeira were clearly separated from the other two
cultivars. In the case of Aragonés and Touriga Nacional, the green
and veraison stages were clearly separated from the ripe and
harvest of the same cultivars by component 2, having negative
and positive component 2 scores, respectively.

The loading plot showed that while the harvest stage of Trinca-
deira has high levels of valine, methionine, glucose, and acetic acid
the ripe stage shows more amino acids such as threonine and pro-
line. Succinic acid, malic acid, and choline were found to be higher
in the green and veraison stages of Trincadeira. The ripe and
harvest of Aragonés and Touriga Nacional had similar metabolic
profiles exhibiting higher amounts of the amino acids leucine,
alanine, and GABA. The green and veraison stages of these cultivars
were also similar showing relatively higher levels of phenolics,
similar to what was shown by PCA.

According to the 'H NMR data from SPE, the Aragonés and Tou-
riga Nacional cultivars were found to have a very similar metabolic
profile. In an attempt to find some differences between them, we
used PLS-DA but omitting Trincadeira data this time. By examining
the score and loading plots (not shown in figures), it was easily ob-
served that again the green and veraison stages of both the culti-
vars were separated from their respective ripe and harvest stages
but it was difficult to discriminate between green and veraison
stages of the same cultivar. Higher resonances for proline, choline,
and fertaric acid were observed in Aragonés, whereas the levels of
caftaric acid and quercetin glucoside, for example, were higher in
the green and veraison stage of Touriga Nacional. The ripe and har-
vest stages for both the cultivars were grouped close to each other
and characterised by high levels of glucose, leucine, alanine, and

valine. Touriga Nacional was found to have a higher total content
of anthocyanins than Aragonés and Trincadeira. These measure-
ments were done for several clones of the three varieties grown
in different regions of Portugal. The same results were obtained
for the grapes from the three varieties analysed in this study and
grown in the same vineyard (Ana M. Fortes, unpublished).

In order to gain more insight into the metabolic differences
between the different stages of grape berry development, data
from the SPE and direct extraction were again subjected to PLS-DA.
This time, the samples were classified into four classes i.e. green,
veraison, ripe, and harvest. The score plot for PLS-DA (SPE extrac-
tion) showed clear separation of green and veraison stages from
the ripe and harvest stages of all three cultivars by component 1
(Fig. 4C). Here again the veraison and green stages of Trincadeira
were barely separated from the other two but in general these
stages were clustered on the positive side of the component 1. This
showed that these two stages shared their metabolic contents with
some differences. For the ripe and harvest stages, no tight cluster-
ing was observed and these stages were grouped on the negative
side of the component 1.

The ripe and harvest stages were characterised by high signals
for the compounds valine, leucine, catechin, and glucose. The green
and veraison stages of all the three cultivars showed higher pheno-
lic contents including compounds such as caftaric and coutaric acid
or the flavanoid quercetin glucoside. Some organic acids which in-
clude malic acid, tartaric acid, and citric acid, were also found in
higher levels as well as sucrose. Fig. 4D shows the loading column
plot for the component 1. The signals of hydroxycinnamic acids
and quercetin glucoside were clearly identified and found to be
higher in the green and veraison stages.
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Fig. 5. Relative quantification of compounds based on the mean peak area of the associated signals. The graph shows the p value after ANOVA between green, veraison, ripe,

and harvest groups.

3.6. Relative quantification and distribution of metabolites

The 'H NMR data set (bucket table) from both SPE and direct
extraction was subjected to ANOVA in order to confirm the results
obtained from MvDA. The compounds were also relatively quanti-
fied in each stage of the grape berry development of all the three
cultivars. The ANOVA confirmed the participation of different
metabolites in the discrimination of different stages with high sta-
tistical significance (p < 0.01). Fig. 5 shows the graphs representing
the compounds with their relative quantities at different develop-
mental stages. These quantities were measured on the basis of the
mean peak areas of the characteristic signals of these compounds.
The phenolics like catechin, quercetin, caftaric and coutaric acid
were quantified using NMR data from SPE while the other com-
pounds like amino acids, organic acids, and sugars have been quan-
tified using the NMR data from direct extraction method.

It is obvious from Fig. 5 that every stage is dominated by a series
of specific metabolites. The first two stages in the grape berry
development cycle i.e. green and veraison have significantly higher
levels of different phenolics and organic acids followed by a decline
in their concentrations. This pattern of variation of phenolics and
organic acids could be due to their catabolism, their participation
in the synthesis of new metabolites, or more likely, to berry
enlargement. In the green stage malic acid, tartaric acid, fumaric
acid, quercetin glucoside, and caftaric acid, and in the veraison
stage citric acid was found in relatively high concentration. Coutar-
ic acid was found nearly in equal amounts in both stages. The ripe
and harvest stages were found to contain considerable quantities
of valine, catechin, GABA, glucose, and fructose. Valine was present
in high levels in the ripe stage while glucose, fructose, GABA, and
catechin were increased in the harvest stage of berry development.

4. Discussion
4.1. Biochemistry of grape berry development

The time required for the growth of berries in Vitis vinifera has
been defined differently by different authors. As a grape berry

grows, it goes through a complex series of physical and biochemi-
cal changes including modifications in size, composition, colour,
texture, flavour, and pathogen resistance. The growth pattern of a
developing grape berry exhibits a double sigmoid growth pattern
(Fig. 1B) which can be divided into three phases (Coombe, 1992).
At the beginning (phase I), the berry growth is rapid, mainly be-
cause of cell division followed by cell expansion. The biosynthesis
of compounds such as malate, tartarate, tannins, and hydroxycin-
namates, occur mostly during this phase and reach maximum con-
centrations around 60 days after flowering (Possner & Kliewer,
1985). Phase Il which comes 7-10 weeks after flowering is consid-
ered as the lag phase of the growth. The length of this phase is spe-
cific for each cultivar type. Whilst there is no increase in berry size
during this phase, it has been postulated that sugar accumulation
starts at this time (Coombe, 1992). Phase II is followed by another
sigmoid curve which starts with the onset of ripening (veraison). In
the third phase, the berries undergo most dramatic changes in
composition and morphology. The berry size is doubled, with initi-
ation of colour development (anthocyanin accumulation in red
grapes), along with increase in sweetness (mainly glucose and
fructose) and decline in acidity. A large number of aroma and fla-
vour compounds have already been synthesised by the end of this
phase. At the time of harvest, the acid: sugar ratio along with the
phenolics content of the berry is of utmost importance because
of the role of these compounds in berry taste and ultimately qual-
ity of wine. In the following sections, the metabolic fate of these
compounds during berry development will be discussed, sup-
ported by the findings of the present study.

4.2. Sugars in grape berry

As mentioned above, sugar concentration is often used as an
indicator for the assessment of ripeness and also to mark the har-
vesting time. In grapevines, carbohydrates (mainly sucrose) are
produced by photosynthesis in leaves and then transported to the
berries via phloem (Swanson & Elshishiny, 1958). After this trans-
port, any change in sugar concentration is mainly due to water
loss. Apart from being a carbon and energy source, altered sugar
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concentration is important as a regulatory signal for gene expres-
sion (Conde et al., 2006). The existence of a positive correlation be-
tween sugar and pathogen related proteins accumulation during
berry development is a clear indication of the participation of sug-
ars in pathogen resistance mechanisms (Salzman, Tikhonova, Bord-
elon, Hasegawa, & Bressan, 1998).

In contrast to organic acids, the accumulation of hexose sugars
(glucose and fructose) begins during phase II and continues from
then on. This accumulation mainly occurs in the vacuole in the
form of fructose and glucose after enzymatic breakdown of the su-
crose. These sugars are then transferred to different cell organelles
by monosaccharides transporters (Conde et al., 2006). Our data
confirms the previous findings as shown in Fig. 5. Sucrose was
the major sugar in the green stage while glucose and fructose
seems to be accumulated in the later ripe and harvest stages.

4.3. Organic acids in grape berry

As mentioned earlier, the ratio of sugar:acid is of key impor-
tance in determining grape quality and plays an important role
in stability of wine. The two main organic acids in grapes are tar-
taric acid and malic acid which together account for 69-92% of
all organic acids present in grapevine leaves and berries (Kliewer,
1966). These acids are produced from different biosynthetic
pathways. Whilst tartaric acid is synthesised from ascorbic acid
(Loewus, 1999), in malic acid synthesis, p-carboxylation of phos-
phoenolpyruvate (PEP) is the critical pathway. It has been sug-
gested that malic acid may either be transformed into glucose
and fructose or used as a carbon and energy source. In grape berry,
both the tartaric and malic acid syntheses have been reported to
occur until veraison declining in the later stages (de Bolt, Cook, &
Ford, 2006). Our results are in accordance with these findings,
since as can be observed in Fig. 5 the highest levels of different
organic acids including citric, fumaric, tartaric acid, and malic acid
were detected in the green and veraison stages and decreased in
ripe and harvest stages. It is interesting to note that content
in malate is higher in Trincadeira whereas citric acid is increased
in the other two varieties. Together with a different content in
sugars, these results highlight the different primary metabolism
of Trincadeira.

4.4. Phenolics in grape berry

Phenolics are secondary metabolites of high importance. These
compounds are known to play key roles in determining the quality
traits of grapes and wine as they contribute to the wine colour, fla-
vour, astringency, and bitterness (Chamkha, Cathala, Cheynier, &
Douillard, 2003). Many of them are also involved in plant protec-
tion and are known to have anti-growth activities against patho-
gens. As most of them also have strong antioxidant activity, they
are also important for human health. The phenolics that have been
reported in grape berries are tannins, flavan-3-ols, anthocyanins,
hydroxycinnamates, and flavonols (Ali et al., 2009a).

Accumulation of anthocyanins starts at veraison and is one of
the main signs of berry ripening along with sugar level increment.
Previous studies demonstrated that the condensed tannins are syn-
thesised very early in berry development and very little change in
tannin level has been observed from veraison to harvest (Harbert-
son, Kennedy, & Adams, 2002). Although the total hydroxycinna-
mates showed different concentration levels in different V.
vinifera cultivars, ranging from 16 to 430 mg/L (Singleton, Zaya, &
Trousdale, 1986), they follow the same pattern consisting in max-
imum levels prior to veraison and then a decline in the later stages.
This decline may reflect the catabolism of these phenolics, their
utilisation in the synthesis of other compounds (anthocyanins
and/or flavonoids) or dilution due to berry enlargement. Our study

on the berries showed similar findings. The hydroxycinnamates,
caftaric and coutaric acid were found to accumulate in the early
stages of development followed by a sharp decline after veraison.
The levels of quercetin glucoside also followed the same pattern
possibly due to the utilisation of its precursors (dihydrokaempferol
and/or dihydroquercetin) in the production of anthocyanins.

5. Conclusions

Grape berries are undoubtedly among the most important fruit
species because of their use in wine making. Grape biochemistry
shows a great diversity in terms of structure and function ranging
from simple amino acids and sugars to highly complex polymers of
condensed tannins. The understanding of grape berry development
and the metabolic fate of different classes of compounds is imper-
ative in order to control and improve different quality traits of
grapes and ultimately wine flavour. Since grape berries mimic a
complicated chemical factory, the analytical tools used to under-
stand this complex fruit require some special characteristics. In
the work presented here, 'H NMR has proved to be a very effective
tool to fully reveal the metabolic composition of complex tissues.
With the use of different multivariate data analyses, such as prin-
cipal component analysis (PCA) and partial least-squares-discrim-
inant analysis (PLS-DA), associated to 'H NMR some genuine
differences among the different development stages and among
the cultivars used in this study have been detected. The different
stages of grape development mainly differ in their phenolic profile
along with significant fluctuations in organic acid and sugar con-
tents. In the light of the results obtained from this research it can
be concluded that the initial stages, green and veraison, are meta-
bolically very different from ripe and harvest. Organic acids such as
malic acid together with the phenolics like caftaric acid and quer-
cetin glucoside were highly accumulated in berries during early
stages followed by an increase in glucose, fructose, and catechin
during the later stages. Veraison was proved to be the key stage
since during this stage the grape berries undergo some dramatic
metabolic changes. All of these findings were found to be in accor-
dance with previous reports. The technique applied here is highly
reproducible and effective in analysing a wide range of compounds
of the grape metabolome. With the emergence of new analytical
tools, with more sensitivity and precision, our understanding
regarding the physiology of grape development will certainly in-
crease as there is still a lot to be understood at the level of genom-
ics, proteomics, and especially metabolomics.
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