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ABSTRACT

Grape seeds were collected in ten different dates and classified in seven groups
according to their individual hyperspectral imaging characteristics.

Proanthocyanidin composition was studied using HPLC-MS for oligomers and acid
catalyzed cleavage for polymers characterization. The combination of both analysis
provided a complete description of the flavanols. Chemometric analysis was performed
to summarize the analytical results. None of the considered variables presented
statistical differences among all groups. From one to five groups were found for each
variable, while three was the most frequent value, consequently three putative stages
might be considered the real number of different analytical stages since it is the number
of statistically significant groups for the majority of the compounds. This classification
could be considered as the first step to optimize the use of seeds in winemaking to
minimize the gap between sugar and phenolic maturities, consequence of the global

climate change, mainly observed in warm climate.

KEYWORDS: grape seeds; hyperspectral image; proanthocyanidins; HPLC-MS;

phloroglucinolysis.
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1. Introduction

Phenolic compounds in grapes are mainly found in seeds and skins. Proanthocyanidins
are present in both tissues, but differences in their composition have been reported as a
function of the tissue they are found in. In grape skins both procyanidins and
prodelphinidins are present but in seeds only procyanidins have been described [1-3].
Moreover, seeds proanthocyanidins present lower polymerization degree and higher
galloylation degree than skins proanthocyanidins. These compounds are involved in
wine stability, organoleptic properties such as color or astringency and other properties

such as antioxidant activity.

Grape phenolic composition is well known to evolve during ripening, and it is important
to take this into account in order to choose the optimum vintage moment. The term
“phenolic maturity” was been proposed by Glories and Augustin [4] to describe the
concentration of phenolic compounds in grapes, both skins and seeds, and the ease with
which they are released. As stated above, phenolic compounds are highly related to

organoleptic properties of wines and thus, to its quality.

Moreover, grape maturity presents some heterogeneity among different plants of the
same field and even in different grapes of the same plant or bunch, which makes
difficult to choose the optimum vintage moment [5, 6]. During the last years, the span
between phenolic maturity and sugar maturity in grapes is increasing due to global
climate change [7], primarily in warm areas. The lack of balance among the phenolic
and sugar maturities leads to a decrease of the wine quality and stability. This situation
causes a great concern among winemakers, and several strategies has been proposed in
order to maintain the wine quality despite the span between technological and phenolic

maturities. Among the strategies developed to mitigate the new situation different
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winemaking techniques, such as seed removal or the addition of seeds from over-ripen

grapes, can be performed to reduce the negative effects of the abovementioned maturity

gap.

Berry development consists of three phases: two successive sigmoidal growth periods
separated by a lag phase [8]. The first period of growth lasts from bloom to
approximately 60 days afterward, being characterized by a rapid increase in the berry
volume and seeds almost fully grown. Phase Il is characterized by a decrease in the
growth rate. Finally, phase Ill, is the ripening stage and it is characterized by the second

period of berry growth, when sugars are rapidly accumulated.

According to Kennedy and coworkers [9], grape seed proanthocyanidins biosynthesis
and accumulation commenced with seed development. They reach their maximum at the
beginning of veraison or 1 week after veraison. They suffer a sharply decrease in the
first weeks after veraison [10] and they tend to decrease slightly until over-ripening [10,
11]. For obtaining high quality red wines, it is important to achieve a good level of
proanthocyanidins since it is well known that red wines with high content of
proanthocyanins tend to age better than those with lower proanthocyanin content. In
young red wines, these compounds are involved in color stabilization by
copigmentation reactions [12] and further in the formation of anthocyanins derived
compounds [13]. On the other hand, seed proanthocyanidins are also involved in wine
astringency development, and their maturity level is important since less mature grape

seeds are more astringent and present higher tannic intensity [11].

It is well known that seed grape coloration changes during maturity from green to

yellow and finally to brown-grey hues. These changes in seed coat color have been
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related to developmental changes in berry [10] and can be used as an indicator of berry

ripeness.

During grape ripening, seeds undergo several compositional and physical changes,
which modify the amount and distribution of extracted flavan-3-ols. The integument is
intensively lignified and dehydrated, leading to seed hardening and to a more difficult
release of flavanols [10]. Total amount of flavanols present in grape seeds suffers a
decrease as ripens progreses [14], and their extractability is also reduced as a result of a
higher interaction with cellular components [15] as well as the development of several
compositional changes, such as oxidative cross-linking, that would be also related to a
lesser extractability [9]. These changes lead to diminish the total amount of

proanthocyanidins extracted during winemaking.

Hyperspectral imaging is an emerging and green chemistry technique for non-
destructive and rapid food analysis usually carried out in either the visible-short near
infrared (vis-NIR; 400-1000 nm) or near infrared (NIR; 1000-1700 nm) spectral regions
[16]. Winemakers are continuously looking for high quality wines and the major factors
impacting on wine quality are related to winemaking process and cultivar features.
Among others, grape variety, maturity or sugar content are typically analyzed in order
to determine grape quality, set grape price and classify grapes for a range of produced

wines [17]

The aim of this work is to evaluate the potential of the imaging hyperspectral techniques
to differentiate ripening stages in seeds, based on the flavanol composition. To do this,
the possible relationship between the homogeneous groups of seeds formed based on
the hyperspectral imaging characteristics and the phenolic composition was studied. The

differentiation of ripening stages in seeds according to its flavanolic composition could
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be used to improve the selection of the seeds used for upgrade wine characteristics,
providing a non-destructive, fast method for seeds classification. This classification
would be the first step of an extended study which would lead with the use of the
classified seeds in vinifications with lack of phenolic maturity in order to evaluate

which of the groups of seeds would provide better characteristics to the treated wines.

2. Materials and methods
2.1. Grape seed samples

Vitis vinifera L. cv. Tempranillo samples were collected from a vineyard located in the
Condado de Huelva Designation of Origin (D.O.) (Andalusia, Spain) which is under the
typical climatic conditions of a warm area [18]. The aforesaid cultivar is the most often
grown red grape cultivar in Spain for producing quality red wines. Red grapes were
collected at different physiological stages during berry maturity in the 2013 vintage:
prior to veraison (July 2") to over-ripening (August 12"). Ten dates were taken into
account for the aforesaid cultivar. Grape seeds were then separated manually from the
whole grapes and were immediately frozen and stored at -20 °C until analyses were
performed. Prior to the hyperspectral analyses, whole seeds from the ten dates were
manually merged into a single sample. Grape maturity presents some heterogeneity
among different plants of the same field and even in different grapes of the same plant
or bunch. Taking into the account the foresaid heterogeneity, it is desirable to create
hyperspectral homogeneous groups, which would be set up regarding the whole
composition and not only the phenolic composition. After that, the possible relationship

between the homogeneous groups of seeds formed based on the hyperspectral imaging
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characteristics and the phenolic composition could be studied and putative stages might

be considered.

2.2. Near infrared hyperspectral imaging analysis

Equipment and procedure used to image recording are described in detail elsewhere in
Rodriguez-Pulido et al. [19]. Briefly, hyperspectral imaging device (Infaimon S.L.,
Barcelona, Spain) comprised a Xenics® XEVA-USB InGaAs camera (320 x 256 pixels;
Xenics Infrared Solutions, Inc., Leuven, Belgium), a spectrograph (Specim ImSpector
N17E Enhanced; Spectral Imaging Ltd., Oulu, Finland) covering the spectral range
between 900 and 1700 nm (spectral resolution of 3.25 nm). The images were recorded
using the abovementioned mirror scanner pushbroom device, a 50 Hz frame rate, an
exposure time of 9 ms and the instrument acquisition software SpectralDAQ v. 3.62
(Spectral Imaging Ltd., Oulu, Finland). The whole grape seed samples were thawed and
tempered at room temperature and hyperspectral image of sets of 48 individual seeds
were recorded. The maximum number of grape seed per image is restricted due to the
limitation in the measurement area. Grape seed samples were randomly selected just for
hyperspectral measurement. A total of 26 images (one of them contains 32 individual
seeds) were recorded. After calibration and segmentation processes, individual spectrum
of each grape seed was obtained using Matlab (R2010b; The Math Works, Inc., USA).
Noisy wavebands at both extremes of the spectra range were removed and only spectral
data in the resulting effective wavelength 950 - 1650 nm regions were used in data
analysis due to reduced efficiency outside this range in the used device. These
procedures lead to the obtaining of 1232 grape seed spectra, which were combined into

the spectral matrix X (X=1232 samples x Log (1/R) units at 215 wavelengths).

2.3. Chemometrical methods
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An unsupervised pattern recognition technique, principal component analysis (PCA),
was used in order to provide information about the latent structure of spectral matrix
and to find spectral differences among all spectral samples. This method provides
information related to spectral outliers (H outliers) and the distribution of samples in the
newly-created space. The software used for PCA analysis and spectral pretreatment was
Win ISI® (v1.50) (Infrasoft International, LLC, Port Matilda, PA, USA). The k-means
clustering algorithm was also used. Given a fixed number of (desired or hypothesized) k
clusters, assign observations to those clusters so that the means across clusters (for all
variables) are as different from each other as possible. The software used for the
aforementioned analysis was STATISTICA 8.0 (StatSoft Inc, Tulsa, OK, USA).
Canonical Biplot is a method of multivariate analysis similar to MANOVA
(Multivariate Analysis of Variance) that permits simultaneous plots of the different
groups to be compared and the different variables under analysis to be obtained, but
with the intrinsic characteristics of Biplot methods. It has been proposed confidence
circles based on univariate Student’s t-tests to perform post-hoc analyses of each
variable, the projections of the circles onto the direction representing a variable close to
a confidence interval. Checking the overlapping of two projections allows the
significance of the difference between groups over a particular variable to be
established. The plane provides a global idea about the differences between groups in all

variables. The software used for the aforesaid analysis was Multbiplot [20].
2.4. Phenolic compounds extraction

After imaging processing, seeds were freeze dried and flavanolic compounds were
extracted following the procedure described elsewhere [11], briefly 500 mg of ground
seeds were extracted with 10 mL of a mixture of methanol: water 3:1; they were

homogenized using a Polytron for 1 minute and sonicated for 15 minutes. Afterward,



©CO~NOOOTA~AWNPE

they were centrifuged for 10 minutes at 10000 r.p.m. Supernatant were retired and the
extraction procedure was repeated twice more. Supernatants were pooled together and

concentrated at low pressure and made up to a final volume of 5SmL of aqueous extract.
2.5. Chemical analysis
2.5.1. Acid cleavage in the presence of phloroglucinol

The acid cleavage in the presence of phloroglucinol was carried out as previously
described [21] with slight differences due to the samples nature. 300 pL of aqueous seed
extract was loaded on a mixed-mode anion exchange/reverse phase SPE cartridge Oasis
MAX from Waters. The cartridge was previously conditioned with 2 mL of 75%
acetone followed by 4 mL of water. After washing with 4 mL of water, the flavanolic
extract was eluted with 8 mL of acetone 75%. Eluate was brought to dryness using a
rotary evaporator at 30°C and then redisolved using 900 pL of methanol in order to
obtain the methanolic proanthocyanidic seed extract. The cleavage reagent was prepared
by dissolving 100 mg L™ of phloroglucinol and 10 mg L™ of ascorbic acid in acidic
methanol (0.1M HCI). 100 pL of the methanolic seed extract was mixed with 200 pL of
cleavage reagent and submitted to acid cleavage at 50°C for 45 minutes. Afterward the
reaction was stopped by cooling and the excess of reactive was quenched by the
addition of 2.7 mL of sodium acetate 15 mM aqueous solution. The reaction mixture
was purified by SPE using an Oasis MAX cartridge (60 mg, 3 mL) in the same
conditions previously described to obtain the methanolic extract. The eluate was
dissolved in ultrapure water and submitted to HPLC-DAD analysis in the conditions

described elsewhere [21].

2.5.2. HPLC-DAD-MS quantification of proanthocyanidin oligomers
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Proanthocyanidin oligomers analysis were carried out using a Hewlett-Packard 1200
series liquid chromatograph, equipped with an autosampler, a thermostatted column
department, a quaternary pump, a vacuum degasser and a diode array detector (DAD)
coupled to an API 3200 Qtrap mass spectrometer equipped with an ESI source and a
triple-quadrupole linear ion trap mass analyzer that was controlled by Analyst 5.1

software (Applied Biosystems, Darmstadt, Germany).

The chromatographic separation was performed on an Agilent Poroshell-120 5.6mm x
150mm, 2.7um column, thermostated at 25°C; the mobile phases were aqueous formic
acid 0.1% (A) and acetonitrile (B). The elution profile was as follows: 0-10% of B in 5
minutes, 10-14.5% in 35 minutes, followed by the washing and restabilizing of the
column to initial conditions. The flow rate was set at 0.5 mL min™ and the injection
volume was 100 pL. MS detection was carried out in the positive mode, using multiple
reaction monitoring (MRM) analysis under the following conditions: lon spray voltage
(IS) 5500 V, Temperature 300°C, curtain gas (CUR) 20 psi, collision gas (CAD) 3psi,
nebulizer gas (GS1) 30 psi, heater gas (GS2) 40 psi, declustering potential (DP) 70 V,
entrance potential (EP) 10 V, variable collision energy (CE) 22V/32V, Collision cell
exit potential (CXP) 3 V. Nitrogen served as the curtain and collision gas, while Zero
grade air was used as the nebulizer and turbo gas. The quadrupoles were set at Unit

resolution.

For sample preparation, 200 pL of the aqueous seed extract were mixed with 385 L of
ultrapure water and 15 pL of chlorogenic acid which was used as internal standard for

MS quantification, filtered by 0.45 pm and analyzed.
All the analyses were performed in triplicate.
3. Results and discussion

10
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3.1. Near infrared data analysis

A standard normal variate (SNV) and second derivative spectral pre-treatment (2,5,5,1)
was applied. Mathematical treatment is denoted as a,b,c,d, where the first digit is the
number of the derivative; the second is the gap over which the derivative is calculated,
the third is the number of data points in a running average or smoothing, and the fourth
is the second smoothing [22]. Principal component analysis (PCA) was applied to
reduce the dimension of the aforementioned spectral matrix. Overall, the spectral
variability explained was 90.43% using 14 principal components. Mahalanobis
distances (H values) for each sample were also calculated and 10 outliers (H>3) were
found and removed. Fig. 1a shows the grape seeds (N=1222) spectra over the 950 -
1650 nm spectral range. The remaining samples were allocated into seven predefined
groups using by the k-means clustering algorithm using the aforementioned PCA
scores. The aforesaid number of groups had been experimentally proposed in a previous
study [23] taking into account CIELAB coordinates from RGB color space in similar
samples and was set in our study for the k-means clustering analysis taking into account
this bibliographic information. The new seven homogenous groups, created taking into
account hyperspectral measurements, were used in all the subsequent chemical or
chemometric analyses. Fig. 1b shows the average spectrum of each hyperspectral

created groups over the 950 - 1650 nm range.

3.2. Proanthocyanidin composition

Proanthocyanidin analysis is a difficult task due to the great variety of compounds that
form this family and to the high similarity level between them. Several analytical
procedures had been developed in order to give an accurate composition of these

compounds. Acid catalyzed cleavage in the presence of phloroglucinol has been proved

11
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as an interesting procedure to analyze large proanthocyanidins [24]. This analytical tool
provides several interesting characteristics of the proanthocyanidins analyzed, such as
their average polymerization degree, or their subunit composition. On the other hand,
this kind of analysis does not provide information about the relative amount of each
compound present in the samples. Table 1 summarizes the results obtained from the
acid cleavage in the presence of phloroglucinol of the seven groups of seeds created

after the hyperspectral measurements.

The total amount of proanthocyanidins in the studied samples ranged from 23.18 to

50.20 mg per gram of freezed dried seed.

As previously reported for grape seeds, catechin, epicatechin and epicatechin gallate
were detected in both terminal and extension positions [3, 14, 25], nevertheless,
epicatechin gallate was detected in all samples in terminal position while only in four of

them was also found in extension position.

As can be seen in Table 1, epicatechin was the most abundant subunit in extension
positions, and catechin was the most abundant one in terminal positions, as previously
described by other authors for grape seeds [3, 26]. Epicatechin gallate was the less
abundant subunit in both positions, representing less than 2.13% in terminal position.
This percentage is lower than the previously reported for Tempranillo grape seeds by
other authors, which have reported levels up to 2.5% in terminal and 11.8% in extension
positions [27]. In our study, only four samples presented epicatechin gallate in
extension positions. The low percentage found in the studied samples could indicate that
other factors other than grape variety, such as climatic conditions, water status may
have an important influence in the percentage of galloylation found in seeds. Moreover,

the percentage of galloyllation varies as ripens progress but differences are found

12
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depending on the cultivar studied, Bordiga and coworkers [26] have reported a decrease
in the galloyllation degree of seeds as ripens progressed for Nebbiolo and Pinot bianco
varieties, while they found a decrease followed by an increase for Cabernet Sauvignon,
Moscato bianco and Nascetta and levels almost constant for Malvasia bianca. This non-
homogeneous variation also makes difficult to relate the galloylation degree of seeds to

a maturity stage.

aDP ranged from 2.76 £0.33 to 4.34 £0.08. This result is quite lower than the previously
described by other authors for Tempranillo grape seeds at maturity [27], nevertheless, a
great variation for grape seed polymerization degree has been described in literature,
among varieties but also vintages or terroirs [14, 28]. aDP of seeds proanthocyanidins as
ripens progress also seems to be related to the grape variety since some authors have
describe a decrease followed by an increase for Cabernet Sauvignon and Carmenere
[25], and for Cabernet Sauvignon, Malvasia bianca and Nascetta [26], while they also
reported a decrease for Moscato bianco, Nebbiolo and Pinot bianco. Other authors
reported only a slight variation for Pinot noir and Cabernet sauvignon [29]. Different
aDP evolution among vintages have been also described [14]. As in the case of
galloylation, the different behaviors described make a difficult task to relate aDP to

grape seed maturity stage.

3.3. Proanthocyanidin oligomers composition

Up to 76 different compounds were detected and quantified using the described HPLC-
MS method, 3 monomers,7 dimers, 8 trimers, 11 tetramers, 9 pentamers, 6
monogalloylated dimers, 8 monogalloylated trimers, 9 monogalloylated tetramers, 6
monogalloylated pentamers and 9 digalloylated compounds (see supplementary table).

Digalloylated compounds were detected in all samples using this analytical tool, which

13
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reveals itself as more accurate than depolymerization in the presence of phloroglucinol
for small compounds with galloylated subunits, since epicatechin gallate in extension
positions could only be detected and quantified followed to phloroglucinolysis when
these compounds reached a higher concentration in the samples, despite the differences

found in the total amount of these compounds were very low.

As can be seen in Fig. 2, dimers were the most abundant compounds in six of the seven
groups of seeds, while monomers were the most abundant compounds in one of them.
Trimers, tetramers and pentamers presented similar levels in all the groups of seeds.
Regarding galloylated compounds (Fig. 3), they represented from 8 to 13% of the
quantified compounds. Galloylated dimers were the most abundant compounds in all
the groups of seeds (61 to 66% of the galloylated compounds), followed by monomers
and galloylated tetramers. Digalloylated compounds and monogalloylated trimers
present a quite lower concentration, similar among them while the less abundant
compounds were galloylated pentamers which represented around 1% of galloylated

compounds.

The total amount of compounds quantified using this method ranged from 12.42 mg g™
to 16.77 mg g™ which represents 29.6 to 52.9% of the amount in weight determined by
acid cleavage in the presence of phloroglucinol which involved all the
proanthocyanidins present in the sample, which supposes a good estimation of the

composition of proanthocyanidins compounds in the samples.
3.4. Chemical data analysis

Chemometric analysis of the obtained compositional data has been performed using
Canonical Biplot/MANOVA method in order to summarize the above discussed

chemical results. The number of variables which presents significant differences

14
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between all the proposed seven groups is null as can be inferred from Fig. 4. Actually,
the number of obtained groups in the post-hoc tests ranged from 5 to a single one
depending on the analyzed compound. The compounds that present the highest number
of groups are total monomers and epicatechin gallate. Furthermore, the most repeated
number of groups is three and therefore it may be considered that the real number of
analytical stages might be close to this number for the majority of analyzed compounds.
This indicates that despite seven groups of seeds were successfully differentiated using
hyperspectral techniques, their flavanolic composition is not statistically different
enough to stablish seven groups with specific composition characteristics, and only

three can be actually considered.

4. Conclusions

Near infrared hyperspectral analysis is revealed as interesting tools in order to classify
grape seeds according to several chemical characteristics providing homogenous groups
that could be analyzed in order to find more representative values for each sample. The
combination of oligomers analysis and depolymerization in the presence of
phloroglucinol provided a deep knowledge of the composition of the proanthocyanidins
present in grape seeds. However, the number of groups that has been proposed using
hyperspectral analysis does not match with the putative flavanolic stages. In a
preliminary way, three flavanolic stages might be considered the real number of
analytical stages since it is the number of statistically significant groups for the majority
of the analyzed compounds. These results point out the difficulties to establish clear
different groups of seeds according to their flavanolic composition, and thus the
implications this has in order to select the optimum harvest date or to classify the seeds
that could be used as a source of proanthocyanidins during winemaking. Further studies

should be done in order to determine the ability of each one of the three putatives

15
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groups of seeds obtained in this study to minimize organoleptic problems caused by the
lack of phenolic maturity in grapes. Nonetheless, a comprehensive study should be
made in order to evaluate several abiotic factors, including vintage, watering, sun
exposure, wine age, soil, ripening, etc. to ascertain the most significant stages regarding

their flavanolic composition.
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Figure captions

Fig. 1. Grape seeds (N=1222) spectra in the NIR zone (950-1650 nm) (a). Average
spectrum of each hyperspectral created groups (b) (For interpretation of this figure

legend, the reader is referred to the web version of this article).

Fig. 2. Non galloylated proanthocyanidin contents in the seven groups of seeds grouped

as a function of their polymerization degree.

Fig. 3. Galloylated proanthocyanidin contents in the seven groups of seeds grouped as a

function of their polymerization degree.
Fig. 4. Canonical Biplot/MANOVA plot

! NOTE: All figures should be in colour on the Web and in black-and-white in print
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Table 1

Table 1: Composition and characteristics of grape seeds proanthocyanidins

Extension subunits Terminal subunits
sample aDP Conce”gﬂ;ion (mg %Cat %EC %EC g %Cat %EC %EC g
1 |367+036ab | 4547x618a | 09710 | ssa72062ab | 02420122 | I gg31046hc | 20220842
2 | 276:033c | 2479x737hc | O%FLZ | 4ussiagac nd. 2383x287 | 1156+102a | 120£085a
3 | 434x008a | 4784x489a | L | 575451832 | 013:010a |1713054b | 535:038c | 0600352
4 | 324+036bc | 4061+494ab | 1482£058c | 5401£305ab | oo | PPEE2 N 650r100c | 1310392
5 | 326+042bc | 2368x7.38c | o2 %% | 4765+ 286he nd. 2008%344 | 9sax149ab | 0.81+103a
6 | 389x020ab | s021:443a | OREO | srgraassa | oosxo1ra | PPLEMO | 543:034c | 213:096a
7 | 38+036ab | 2318+634c | 2582+391a | 47.74+3.09 b nd. 1892 5044 | 614x162¢ | 139+196a

The values are expressed as mean £ SD, n = 3 Abbreviations: aDP: average degree of polymerization, %Cat: percentage of (+)-catechin, %EC:
percentage of (-)-epicatechin, %EC g: percentage of (-)-epicatechin-gallate, n.d.: non-detected. Different letters indicate significant differences (p

< 0.05; Tukey test) between samples
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