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Summary

Optimal water supply is one of the most important
factors in quality wine making. However, water availa-
bility is limited in several wine regions and water short-
age is getting even worse due to climate change, espe-
cially under arid climate conditions. Therefore, proper
water management of the vineyards, the amount and
the timing of irrigation will play a crucial role in sus-
tainable viticulture in the near future. In this study,
the effect of timing of moderate water deficit on ber-
ry texture characteristics and phenolic maturity were
investigated. 'Kékfrankos' grapevines were submitted
to different water regimes: moderate water deficit from
berry set until veraison (WD1), moderate water deficit
from veraison until harvest (WD2), no water deficit (C).
Concentration of the phenolic components of the grape
berry skins and berry mixture for the Glories indices
were measured by spectrophotometer (UVmini-1240
CE UV-VIS, Shimadzu, Japan). Cell and seed maturi-
ty indices (CMI%, SM1%) were also calculated. Ber-
ry texture characteristics were monitored by a TA.XT
Plus Texture Analyser (Stable Micro System, UK). Ber-
ry skin and seed texture properties were affected by
water regimes. Skin and seed hardness of WD1 were
significantly lower than those of WD2. Significant dif-
ferences were found in berry hardness between the
treatments (C>WD1>WD2). Berry gumminess, resil-
ience and chewiness of WD2 were lower compared to C
and WD1. Anthocyanin extractability was higher when
plants were not subjected to post-veraison water limi-
tations (WD1). Furthermore, the seed maturity index
was lower when water deficit occurred between berry
set and veraison. Pre-veraison water deficit resulted in
delayed ripening, softer seeds and thus higher phenol
extractability compared to WD2 and C. Late seasonal
water deficit resulted in thicker skins, which was ac-
companied by lower anthocyanin extractability than in
WDI1 and C. It seems that anthocyanin extractability is
influenced by the actual water status of the grapevine
rather than skin textural properties. However, there
are some connections between skin texture parameters
and maturity indices.

Key words: pre- and post-veraison; water deficit; phe-
nolic maturity; extractability; berry texture characteristics.

Introduction

Grape yield and berry maturity is strongly influenced
by water deficit. One of the most common phenomena of
water deficit is the decreased berry size. In parallel, water
restriction after veraison increases skin thickness, and thus
results in higher skin/flesh ratio irrespective of berry size
(RoBy and MATTHEWS 2004). Also, berry sugar concen-
tration decreases as a result of drought stress (MATTHEWS
and ANDERSON 1989), however moderate water deficit may
lead to increased berry sugar accumulation due to the mod-
ified sink-source relations and changes in assimilate parti-
tioning (ZsOr1 et al. 2011, NICULCEA et al. 2014). Beside
the changes of basic yield and quality parameters, water
deficit induces large metabolic changes in the grape ber-
ry. Several studies have reported that the concentration of
hormones in the grape berry (i.e. ABA, IAA) is strongly
affected by water supply and the timing of water deficit. A
similar phenomenon was observed in the case of total solu-
ble solids, acidity and the concentration of some amino ac-
ids and total anthocyanin (NICULCEA et al. 2014, ZARROUK
et al. 2016). However, the sampling time (growing stages)
and the cultivar play an important role in responses to wa-
ter deficit. Indeed, it has been shown that different water
regimes have a great effect on the concentration of berry
skin volatile compounds. In particular, water deficit after
veraison decreased the concentration of the unpleasant vol-
atile components responsible for the herbaceous odour of
'Cabernet Sauvignon' wines (GARCIA-EspParZA et al. 2018).
A research conducted on 'Gewiirztraminer' indicated that
moderate water deficit after veraison has a positive effect
on the concentration of important free terpenes (geraniol,
citronellol) in the grape berries; however, this phenome-
non was not transcriptionally regulated (KOVALENKO ef al.
2021). In contrast, ZUFFEREY et al. (2020) found that there
were no differences between the irrigated and non-irrigated
treatments in aromatic precursors of 'Arvine' grape must.

During the red wine making process, grape phenolic
maturity, including skin anthocyanin concentration and ex-
tractability, is essential. Water deficit has a significant ef-
fect on the concentration of several secondary metabolites
of the berry skin (OJEDA et al. 2002, CASTELLARIN et al.
2007a and 2007b, HOCHBERG et al. 2015). Indeed, phenol-
ic maturity is affected by mild to moderate water deficit
during berry development and ripening. It has a positive
effect on the concentration of skin phenolic components,
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such as anthocyanins and flavan-3-ols. These phenomena
occur due to the changes in the metabolic pathway of fla-
vonoid compounds (CASTELLARIN et al. 2007a and 2007b)
and the increase of skin/flesh ratio of the grape berry (RoBY
and MATTHEWs 2004). Recently, several studies have re-
ported that a certain level of post-veraison water deficit
increases the concentration of proanthocyanidins and the
mean degree of polymerization (mDP) in the berry skin
(CACERES-MELLA et al. 2017, CALDERAN et al. 2021). Very
similar results were obtained by KYRALEOU et al. (2017)
when 'Cabernet Sauvignon' was submitted to regulated
deficit irrigation from berry set. In contrast, in the case
of 'Merlot', the anthocyanin concentration of the skin ex-
traction solution was higher in the control compared to the
stressed treatment. On the other hand, in the same study,
opposite results were obtained in the case of 'Sangiovese'
(Cocco et al. 2020). Furthermore, it seems that the extent,
the timing and the duration of water restriction can modify
such effects (OJEDA et al. 2002, ROBY et al. 2004, OLLE et
al. 2011). Studies have shown that pre- and post-veraison
water deficit both result in a significant increase in anthocy-
anin and flavan-3-ols concentration in the berry skin (OJE-
DA et al. 2002, OLLE et al. 2011). However, these effects
may be influenced by co-occurring effects such as heat
(ZARROUK et al. 2016), UV radiation (MARTINEZ-LUSCHER
et al. 2014, ALoNso et al. 2016) and CO, concentration
(K1ziLpENIZ et al. 2015). In addition, different vintage cli-
matic conditions can also influence skin anthocyanin con-
centration and its extractability, in spite of identical irriga-
tion regimes (KOUNDOURAS et al. 2013, INTRIGLIOLO et al.
2016, VILANOVA et al. 2019).

Cell Maturity Index - CMI% (also known as Antho-
cyanin Extractability - EA%) of the grape berry has been
studied intensively recently and the results have presented
evidence that this aspect of phenolic maturity is influenced
by many factors. Several authors have shown that this pa-
rameter strongly depends on grape ripening grade and ber-
ry physiological stage (FOURNAND et al. 2006, ROLLE ef al.
2009, HERNANDEZ-HIERRO et al. 2012). Similarly, antho-
cyanin extractability from the grape berry may strongly
vary with genotype (ROMERO-CASCALES et al. 2005, Or-
TEGA-REGULES ef al. 2008, Rio SEGADE et al. 2008b). Fur-
thermore, differences have been found among terroirs in
this parameter in the case of 'Barbera' as well (TorcHIO
et al. 2010, Rfo SEGADE et al. 2011b); however no detailed
description of the environmental conditions of the growing
areas were presented.

In several studies, it was shown that anthocyanin ex-
tractability correlated to berry skin structure (ORTEGA-REG-
ULES et al. 2006, HERNANDEZ-HIERRO et al. 2012) and skin
texture characteristics (ROLLE et al. 2008, Rio SEGADE et al.
2011a). Indeed, berry skin thickness and hardness showed
a close correlation with anthocyanin extractability in these
works (Rio SEGADE et al. 2008b, Rio SEGADE et al. 2011a,
ROLLE et al. 2011), and therefore it seems the textural be-
haviour of the grape berry skin has a significant impact on
wine phenolic concentration. Some research also focused
on grape seed maturity index and texture properties. It was
shown that there are certain differences between cultivars
in seed texture properties. However, seed mechanical pa-

rameters are also significantly influenced by the vintage
characteristics and ripening grade. In addition, it seems
that the changes in seed maturity indices during ripening
are also affected by the genotype (LETAIEF et al. 2008b, Rio
SEGADE et al. 2008a, Rio SEGADE et al. 2008b). Scientific
evidence of the connection between seed maturity and tex-
ture parameters is rare; however, it was also reported that
there is some relationship between seed maturity index and
some seed mechanical properties (ROLLE ef al. 2012).

Recently, it has been shown that moderate and severe
water deficit after veraison results in significant changes
in berry texture properties (ZsOF1 et al. 2014, ZsOF1 et al.
2015). For example, berry hardness is strongly influenced
by water supply. Furthermore, in drought-stressed berries
skin thickness and skin hardness are generally greater
compared to the well-watered treatments; however, these
differences are highly influenced by the harvest time. Any-
way, it seems that cultivars, environmental conditions,
berry skin structure and texture are all relevant factors in
creating grape phenolic maturity, particularly anthocyanin
extractability. However, no scientific results have been pre-
sented yet about the possible relationship between timing
of water deficit, berry texture characteristics and the ex-
tractability of phenolics from the grape berry skin and the
seeds.

The aim of this present study is to describe the effect of
pre- and post veraison moderate water deficit on berry and
seed texture properties, and seed (SMI) and cell maturity
indices (CMI, anthocyanin extractability).

Material and Methods

Experimental design: Six-year-old gobelet
trained 'Kékfrankos' (Vitis vinifera L.) grapevines grafted
on 'Teleki-Kober 5BB' rootstocks were submitted to pre-,
and post-veraison water deficit in 2013. The experiment
was carried out on potted grapevines in Eger, Hungary
in a greenhouse of the Research Institute for Viticulture
and Enology, as was also described in our previous stud-
ies (VILLANGO et al. 2013). Briefly: the greenhouse was
opened at the front during the experiment; furthermore, the
air temperature of the greenhouse was half-controlled by
an automatic system, which regulated the opening of the
upper windows. Based on the measurements of the infrared
gas analyser, air temperature of the greenhouse ranged be-
tween 27-32 °C at midday, depending on the outside tem-
perature. At the same time, leaf temperature of the plants
was slightly lower (between 24-30 °C). Also, photosyn-
thetically active radiation (PAR) was always above saturat-
ing light intensities (1300-1500 pE) and relative humidity
ranged between 70-85 % during the measurements. Plants
were planted into 50 L white plastic containers in a mixture
of perlite (20 %), loamy soil (30 %) and peat (50 %) (v/v)
with a completely randomised arrangement of the pots.

Three treatments were applied during the experiments:
control (full irrigation during the whole vegetation peri-
od, nil stress, C), moderate water deficit from berry set to
veraison (WD1) and moderate water deficit from veraison
until harvest (WD2). The WD1 phase was 36 d (02 June —
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08 July), the WD2 phase was 35 d (04 July — 08 August)
long. The water regimes were defined by the leaf daily
stomatal conductance (g,) as described by several authors
(FLExas and MEDRANO 2002, CIFRE et al. 2005, GALMES
et al. 2007, Pou et al. 2008): nil stress (g, above 150 mmol
H,0-m?s") and moderate stress (g, between 50-150 mmol
H,O-m?s™). Irrigation was carried out twice a day, early in
the morning and in the afternoon. Eight plants were kept as
control with irrigation twice a day (in the evening and in
the morning). In the case of another eight plants, irrigation
was stopped after berry set, and they were kept under mod-
erate water deficit (g = between 50-150 mmol H,O m?s™)
until veraison. After veraison these plants were rewatered
and they were fully irrigated similarly to the control plants
until harvest (g = above 150 mmol H,0-m?s™). In paral-
lel, irrigation was stopped from veraison for another eight
plants to adjust moderate water stress treatments until har-
vest. The daily water loss was measured by a scale (Kern,
DS 100K 1, Balingen, Germany).

During the experiment, the same canopy management
was applied. Three shoots, and two clusters per shoot were
left in each pot respectively. A thin bamboo stick was used
to fix each shoot. Lateral shoots of the plants were removed
during plant development from each treatment. Shoot tips
were cut after the 14" leaves unfolded. The leaves had been
fully developed already by the time when water restriction
for the WDI1 treatment started.

Physiological measurements: Changesin
leaf gas-exchange of the treatments were monitored daily
(except on cloudy days) in the morning, 11:00 (local time)
by a CIRAS-1 infrared gas-analyser (PP System, UK) until
the moderate water deficit was achieved. After the desired
water deficit treatment was achieved the weights of the pots
were recorded. All pots of the water deficit treatments were
weighted twice a day during the rest of the experiment and
the water loss was calculated. The level of water stress was
maintained by watering the plants with the amount of daily
water loss each day until the end of the experiment. Also,
gas-exchange was monitored in this period, in order to
check the plant response of the treatments.

Measurements were taken on different plants (one leaf
per plant), on mature (between the 7% and 10" level from
the basal leaves), undamaged leaves that had grown ful-
ly-exposed to the sun. All measurements were taken on
ambient, saturating light intensities within 1 h and on the
same side (south) of the canopy in order to obtain compa-
rable data (VILLANGO et al. 2013, ZsOrF1 et al. 2014). The
reference CO, concentrations of the gas analyser were be-
tween 360-370 ppm during the measurements.

Berry sampling: For each treatment, the har-
vest was made at the same time on 8" of August (Fig. 1).
Grape clusters were harvested from the plants of the treat-
ments, berries were removed with pedicels from the clus-
ters and visually tested before analysis. 24 clusters of four
plants (six clusters per plant) per treatment were harvested,
respectively. Berries for measurements were taken from
each cluster (textural analyses: 2-3 berries/cluster; analy-
tical measurements, skin and seed weight: 1-2 berries/clus-
ter; average berry weight: 5-6 berries/cluster (ZsOFI et al.
2014). 100 berries were selected to measure average berry
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Fig. 1: Experimental design (A), changes in stomatal conductance
(B) and net photosynthesis (C) during the experiment. Changes
in pot weights during the experiment between berry set and har-
vest according to the treatments. WD1 — moderate water deficit
between berry set and veraison; WD2 — moderate water deficit
between veraison and harvest; C — control, irrigation during the
complete growing season (A). Please note, that berry coloriza-
tion of WDI1 treatment delayed 5 days compared to C and WD?2.
Each g and P symbols represent the average of 4-8 replicates.
The starting dates of the water supply treatments and the dates
of harvest are indicated by arrows. There were significant dif-
ferences between the treatments after achievement of the desired
water deficit according to Duncan's test. Different roman letters
indicate significant differences between the WD1 and the control
treatments after rewatering (P < 0,05).

weight. Skin and seed weight of 40 berries was also meas-
ured by an analytical scale (Kern EG 300-3 M, Albstadt,
Germany).

Basic analytical measurements: Ap-
proximately, one kg of berries per treatment was divided
into three parts, then crunched and pressed to obtain juice
for basic analytical measurements. The analytical methods
recommended by the OIV (2019) were used to determine
sugar concentration, titratable acidity and the pH of the
grapes.
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Assessment of grape cell (CMI) and
seed maturity indices (SMI): A total of 225
berries were selected separately for the measurements of
the CMI and SMI indices. These berries were subdivided
into two equal groups for the pH 1 and pH 3.4 solutions.
The measurement was done in triplicate, and 25 berries
were used for each repetition (VILLANGO et al. 2015). The
phenolic potential of the grapes was calculated according
to the method described by SAINT-CRICQ et al. (1998). This
involved grinding the grapes with a blender and macerat-
ing for four hours with buffer solutions at two pH values
(1.0 and 3.4). The original method proposed a buffer of pH
3.2, but this was adjusted to 3.4, as this is more relevant to
the grapes from this region. The indices of phenolic matu-
rity were calculated according to GLORIES and AUGUSTIN
(1993): potential anthocyanins (A1), extractable anthocya-
nins (A3.4), cell maturity index (CMI%) and seed maturity
index (SMI%). All the measurements were done in tripli-
cate. The following equations were used:

CMI (%) = [(Al - A3.4) / Al] x 100
SMI (%) = [(A280 - ((A3.4 / 1000) x 40)) / A280] x 100.

Determination of phenolic compo-
nents in grape skin extracts: Skinsof40 ber-
ries/treatment were pealed in order to measure their phe-
nolic composition. The extraction of phenolics from grape
skins was carried out according to SUN et al. (1996). The
following solvent was used during the maceration: metha-
nol:water (60:40) with 1% HCl-methanol. From this sol-
vent 20 mL was used for each sample. The maceration of
skins took place for 48 h in a dark room. The total amount
of skins of ten berries was used for one replicate and four
replicates were done for each treatment. After that the sam-
ples were filtrated and stored in a cool and dark place be-
fore the analysis. Phenolic components were measured by
spectrophotometer (UVmini-1240 CE UV-VIS, Shimadzu,
Japan) at 280 nm, and 520 nm wavelengths depending on
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the applied assay presented below. The bisulphite bleach-
ing method was used to determine the anthocyanin content
of grape skin extracts (RIBEREAU-GAYON et al. 2006). To-
tal phenolics of the grape skin extracts were analysed by
the Folin-Ciocalteau method (SINGLETON and Rosst 1965).
Results are expressed in gallic acid equivalents (GAE
mg-L"). Catechin was measured with the vanillin assay
according to AMERINE and OUGH (1980).

Measurements of berry mechanical
properties: A TA.XTplus Texture Analyser (Stable
Micro System, Surrey, UK) with an HDP/90 platform and
30 kg load cell was used to follow grape mechanical prop-
erties. Fifty berries were used for each type of mechanical
measurements, respectively. The Exponent 5.1 software
was used for data evaluation. All operative conditions were
applied according to (LETAIEF ef al. 2008a, LETAIEF ef al.
2008b) (Tab. 1). Briefly: P/35 probe was used to determine
berry hardness (BH, N). Berries of approximately the same
size, along with their pedicel, were gently removed from
the cluster; they were laid on the plate of the analyser. After
this, they were compressed to 25 % of their diameter. A
P/2N needle was applied to conduct a puncture test. Also,
berries with their pedicel were removed from the clus-
ter, laid on the plate of the analyser and then punctured
on the lateral face (LETAIEF ef al. 2008a). Skin break force
(F,, N), skin break energy (W, mJ) and Young modulus
of berry skin (E, N-mm) were calculated from the punc-
ture test by macros. Berry skin thickness was measured us-
ing P/2 probe with 2 mm diameter. For this measurement,
approximately 0.25 cm? skin was removed from the lateral
face of the berry. The skin was carefully and gently cleaned
from pulp, it was placed on the platform and the test was
conducted as described by other authors previously (Rfo
SEGADE et al. 2008a). For seed hardness tests one seed
was removed from the berry, placed on the platform on its
lateral side and the test was performed. Seed break force
(F,, N), seed break energy (W_, mJ) and Young's modulus
of the seed (E,, N/mm) was calculated by macros.

Table 1

Operative conditions of the berry texture analyses; measured parameters and their acronyms (after LETAIEF et al. (2008a))

Probe Test speed ~ Compression  Mechanical property
Berry skin P2 - . o
thickness 2 mm o 0.2 mm-s - Spsk. berry skin thickness (mm)
. : i N
Berry skin PN . F,: berry skl.n break force (N)
hardn needl 1 mm-s 3 mm W, berry skin break energy (mJ)
ardness eedie E,: Young’s modulus of the skin (N-mm)
Seed P35 : 50 % of the F: seed break force (N)
hard 35 mm o 1 mm-s do W  seed break energy (mJ)
araness see E: Young’s modulus of the seed (N-mm™)
BH: measure of force necessary to attain a given deformation (N)
BCo: berry cohesiveness: (A2 +A2W)/(A1 +A1W) (strength of internal bonds making
up berry body)
BG: berry gumminess (N): BH* BCo (force necessary to disintegrate a semisolid food
Berry P/35 | mm-s! 25 % of the until ready for swallowing)
hardness 35 mm o berry o BS: berry springiness (mm): D2 (distance recovered by sample during time comprised

between the end of the first bite and the start of the second bite)

BCh: berry chewiness (mJ): BH* BCo* BS (energy necessary to chew a solid food until
ready for swallowing)

BR: berry resilience: (A1W/A1) (how well berry fights to regain original position)
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Statistical analyses: Statistical analysis was
conducted by the Sigma Stat (Systat Software Inc., San
Jose, CA, USA) 8.0 software. Values were compared by
one-way ANOVA test and Duncan's multiple range test
was used for mean separation.

Results

Gas-exchange measurements: Stomatal
conductance (g ), net-photosynthesis (P ) and transpiration
rate of the moderately stressed plant were gradually de-
creased due to deficit irrigation. During the gas-exchange
measurements there were no significant differences be-
tween the samplings with regard to light intensity (PAR),
relative humidity (RH) and air temperature (T) (please see
the description of the greenhouse conditions).

Water deficit was achieved by the 8" day in the case
of WDI and the 10" day in the case of the WD2 treat-
ment after the irrigation stopped. Average g values of
moderate water deficit treatments ranged between 95-
129 mmol-m™-s". Average g values of the non-stressed
plants ranged between 205-292 mmol m?s™. As a conse-
quence, stomatal responses induced decreased CO,-fixa-
tion and transpiration rate per unit leaf area in both water
stressed treatments. During the experiment the average net
assimilation rate of the non-stressed treatment was ranging
between 8.5-11.4 mmol-m?s!, values of the moderately
stressed plants were between 6.2-7.0 mmol-m=-s”'. The
average transpiration rate of the non-stressed treatment
was between 3.7-4.3 mol-m?-s’!, values of the moderate-
ly stressed plants were between 2.1-3.0 mol-m?-s”!. There
were significant differences between the water stressed and
control plants in stomatal conductance and net photosyn-
thesis after the desired water deficit was achieved. Interest-
ingly, after rewatering of WD1 treatment the recovery of g
and P_was relatively slow. In fact, there were significantly
lower values of this treatment compared to the control after
veraison (Fig. 1).

Average berry, skin and seed weight,
juice sugar concentration, pH and ti-
tratable acidity: Average berry weight of the
WDI treatment was significantly lower compared to the
WD?2 and the control plants. Also, a significant difference
was found in this parameter between WD2 and the non-
stressed berries. Control berries had the greatest average
skin weight and no differences were found between the
water stressed treatments. However, the WDI treatment
presented the greatest skin/flesh ratio (0.30) compared to
WD?2 (0.26) and the non-stressed (0.25) plants. Taking the
average cluster weight, control grapevines produced the
heaviest clusters. They were followed by the WD2 and fi-
nally the WD1 treatment (Tab. 2).

Sugar concentration of the grape juice was the highest
in the non-stressed treatments and the lowest in the WD2
berries. Interestingly, there were significant differences be-
tween WDI1 and C berries in this parameter. Similarly, the
lowest pH and the highest titratable acidity were presented
by the WD2 plants. In contrast, the lowest acidity levels
were measured in juice pressed from WDI1 berries, but
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Table 2

Changes in basic yield and quality parameters according to the
treatments (average cluster weight n = 10, average berry weight
n = 40, average skin weight n = 40, skin to flesh ratio n = 40,
sugar concentration, titratable acidity and pH n = 3). Different
letters indicate significant differences between the treatments
according to Duncan's test (P < 0.05). C: control, WD1: pre-ve-
raison water deficit, WD2: post-veraison water deficit

Treatments

Parameter

C WD1 WD2
Sugar (g'L") 233.67a  208.67b 182.67¢
Titratable acidity (g'L") 8.07b 6.57c 10.03a
pH 3.43a 3.51a 3.26b
Average cluster weight (g) 229.05a 144.18c 183.25b
Average berry weight (g) 1.77a 1.13¢ 1.33b
Average berry skin weight (g) 0.34a 0.26b 0.28b
Berry skin/flesh ratio 0.25b 0.30a 0.26b

in the case of pH there was not any significant difference
compared to C berries (Tab. 2).

Berry, skin and seed textural proper-
ties: Berry hardness (BH) of the water stressed grape
was consistently lower, while there were significantly
higher values in the case of WD1 treatments than in WD2
(Fig. 2). No visible shrinkage symptoms were detected on
any berries irrespective of the treatments. A similar pattern
was shown in the case of some further berry texture pa-
rameters derived from the berry hardness test. Berry gum-
miness (BG) and berry chewiness (BCh) were the highest
in the WD1 treatment, followed by control and WD2. No
significant differences were found in berry cohesiveness
(BCo) and berry springiness (Bs) between the treatments.
WD?2 represented the lowest berry resilience (Br) value
(Tab. 3).

Skin thickness (Spsk) was the lowest in the WD treat-
ment and the highest values were measured in berries sub-

800

g
»

g

g

g

g

Berry hardness (mN)
ey
8

8

o

C WD1 WD2

Fig. 2: Berry hardness of the treatments measured by the double
compression test. Each column represents the average of 50 rep-
licates. Different letters indicate significant differences between
the treatments according to Duncan's test (P < 0.05). C: control,
WD1: pre-veraison water deficit, WD2: post-veraison water defi-
cit.
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mitted to post-veraison water deficit (Fig. 3). Skin break
force (F ) decreased significantly because of pre-veraison
water deficit. Interestingly, F | values of the WD1 treatment
were significantly lower compared to the control and WD2.
The skin Young's modulus (E, ) was highest in the case of
the WD berries, followed by the non-stressed treatment,
and the lowest values were measured in the WD2 berries.

Table 3

Changes in berry texture parameters of the treatments derived

from the results of double compression test (berry cohesiveness,

gumminess, springiness, chewiness and resilience). Each value

represents the average of 50 replicates. Different letters indicate

significant differences between the treatments according to Dun-

can’s test (P < 0.05). C: control, WD1: pre-veraison water deficit,
WD2: post-veraison water deficit

Treatments

Parameter

C WD1 WD2
Berry cohesiveness 0.557 0.579 0.579
Berry gumminess (N) 3.305a 3.349a 2.076b
Berry springiness (mm) 0.025 0.026 0.024
Berry chewiness (mJ) 0.087a 0.088a 0.052b
Berry resilience 0.248a 0.256a 0.220b

Berry skin break energy (W) showed its highest values
in the case of WD2, and significantly lower values were
recorded in the C and WD1 berries (Tab. 4).

Seed mechanical properties showed significant differ-
ences among the treatments. Significant differences were
found between the control and water deficit treatments in
seed hardness (F ). Interestingly, F_values of the pre-ve-
raison water deficit treatment were significantly lower
compared to control and WD2 seeds. Trends observed
in the case of seed elasticity (E) and seed break energy
(W) were different. WD2 had an increasing impact on E_
values, while WD1 berries remained on the same level as
C. W _showed statistically significant differences amongst
treatments, where WD2 values were the highest (Tab. 4).

CMI and SMI indices: The Glories indices,
which provide a prediction of phenolic compounds in the
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Fig. 3: Berry skin thickness of the treatments. Each column rep-
resents the average of 50 replicates. Different letters indicate
significant differences between the treatments according to Dun-
can's test (P < 0.05). C: control, WD1: pre-veraison water deficit,
WD2: post-veraison water deficit.

resulting wines, are given in Tab. 5. CMI indices showed
lower values in the C and WD berries than in WD2. No
differences were found between C and WD treatments in
this parameter. In contrast, the highest CMI indices were
measured in WD?2 treatments. Interestingly, in the case of
seed maturity indices (SMI), no differences were found be-
tween C and WD2, and they were both significantly higher
compared to the WD berries.

Grape skin phenolics: Moderate water defi-
cit resulted in significant changes in the concentration of
the phenolic components (total anthocyanin, catechin, total
polyphenol) of the berry skin. The concentration of total
anthocyanins, catechin and total polyphenols increased in
WD1 and WD?2 treatments compared to the control. Both
water deficit treatments showed significantly higher values
than the well-watered grapevines with slightly higher val-
ues of the WDI1 (Tab. 6). Berry colorization of the WD1
treatment was delayed by 5 d, compared to C and WD2.

Discussion

Mild to moderate water deficit has a great effect on
grape yield and quality. Water deficit decreases cluster
and berry weight depending on the stress level. Beside the
grape berry weight reduction, the skin to flesh/berry ratio
increases (CACERES-MELLA et al. 2017). However, the sen-

Table 4

Results of the skin and seed texture parameters. Each value represents the average of

50 replicates. Different letters indicate significant differences between the treatments

according to Duncan's test (P < 0.05). F: berry skin break force, E: Young’s modulus

of the skin, W : berry skin break energy, F : seed break force, E_: Young’s modulus of

the seed, W : seed break energy. C: control, WDI: pre-veraison water deficit, WD2:
post-veraison water deficit

Skin texture parameters

Seed texture parameters

Treatments

F,(N) E (Nmm') W, _(m]) F@N) E (N-mm) W_(mJ])
C 0.714a 0.554b 0.518b 23.85b 47.54b 4.131c
WDI1 0.622b 0.656a 0.341c 20.38¢ 45.34b 5.153b
WD2 0.754a 0.444c 0.585a 28.49a 52.17a 6.504a
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Table 5

Anthocyanin extractability and seed maturity index of the
treatments. Each value represents the average of three rep-
licates. Different letters indicate significant differences be-
tween the treatments according to Duncan's test (P < 0.05).
Al: potential (total) anthocyanins, A3.4: extractable antho-
cyanins at wine pH, CMI1%: cell maturity index, SMI1%:
seed maturity index, C: control, WD1: pre-veraison water
deficit, WD2: post-veraison water deficit

Treatments

Parameter

C WDI1 WD2
Al (mg'L") 570.0b 739.5a 756.5a
A3.4 (mg'L") 306.2b 419.6a 301.1b
CMI1% 45.65b 42.95b 60.19a
SMI1% 64.51a 52.93b 65.19a

Table 6

Total anthocyanin, catechin and total polyphenol levels of the
treatments. Each value represents the average of four replicates.
Different letters indicate significant differences between the treat-
ments according to Duncan's test (P < 0.05). C: control, WDI:
pre-veraison water deficit, WD2: post-veraison water deficit

Treatments
Parameter
C WDI1 WD2
Total anthocyanin (mg-kg™) 6072.6b 8778.2a 8650.3a
Catechin (mg-kg") 7219.4b 9991.1a 9502.7a
Total polyphenol (mg-kg™) 7915.8b 9815.1a 9700.2a

sitivity of berry growth to water deficit seems to be low-
er than that of the shoot organs (MaTTHEWS and Nuzzo
2007). Water restrictions influences the basic quality pa-
rameters as well as the berry phenolic maturity (ROBY et al.
2004). Indeed, in our experiments, we have found typical
water stress phenomena with regard to yield (average ber-
ry and cluster weight) and quality; however, the timing of
water restriction has a big impact on these characteristics.
MaTTHEWS and ANDERSON (1989) and OJEDA et al. (2001)
obtained very similar results. They found that early (be-
tween anthesis and veraison) and late (between veraison
and harvest) water deficit decrease yield, berry size and di-
ameter. Furthermore, early water deficit resulted in small-
er berries, compared to water stress after veraison. Both
water deficit treatments induced decreased pericarp cell
volume. However, early water restriction may have had
a great impact on pericarp cell wall structure as well and
thus it resulted in an irreversible decrease in cell volume.
Opposite results were obtained by OLLE et al. (2011) with
regard to the effect of early water deficit on berry weight.
They found no significant differences between the control
and the water stressed treatment before veraison, but in that
study the duration and the extent of the stress level before
veraison was not the same as the water deficit after verai-
son. Anyway, our findings indicated a significant decrease
in flesh volume in the case WD1 berries, and thus it result-
ed in the highest skin to flesh ratio among the treatments in

accordance with the findings of NICULCEA et al. (2014) in
the case of '"Tempranillo'. Indeed, the ratio of the WD1 flesh
weight reduction compared to the control was significantly
higher (36 %) than the decrease of the berry skin weight
(23 %) (Tab. 2).

The relationship between berry size and berry sugar
concentration has been widely studied. Several studies have
shown that there is a close correlation between berry sug-
ar concentration (or °Brix), berry sugar content and berry
size (ROBY ef al. 2004, MatrTHEWS and Nuzzo 2007, FEr-
RER ef al. 2014, BIGARD et al. 2019, MIRAS-AVALOS et al.
2019). The sugar content (g-berry) is higher in heavier
berries; however, an inverse relationship can be obtained
if sugar concentration (g-L') is plotted against berry size.
Indeed, the smaller the berries the higher the sugar concen-
tration (SCIENZA et al. 1978, RoOBY et al. 2004) due to the
dilution of sugars. This negative correlation is still valid
under water deficit irrespective of the stress level, but the
slope of the linear regression can be different (RoBY ef al.
2004, MIrRAS-AvALOS et al. 2019). There are also studies
reporting the lack of this relationship between berry size
and sugar concentration (FERRER ef al. 2014, BIGARD et al.
2019). One possible reason of that could be the different
distributions of berry sizes in the population between the
experimental plots (BIGARD ef al. 2019).

In our study, the lower sugar concentration of the WD2
berries was due to the decreased photosynthetic activity.
This result is in line with previous studies (MATTHEWS and
ANDERSON 1988, ZsOr1 et al. 2014). They found that ber-
ries of the water-stressed treatments presented lower sug-
ar concentration, compared to the non-stressed treatment.
Other experiments, conducted under field grown condi-
tions, have shown that mild to moderate water deficit dur-
ing the ripening induce higher berry sugar concentration
compared to the well-watered vines. This is probably due
to the reduced berry size, the combined effects of change in
assimilate partitioning and the modified sink-source ratio
of the grapevine (ZsOF1 et al. 2011). Interestingly, the sugar
concentration of the WD1 berries was significantly lower
compared to the control, despite full irrigation during the
ripening period. In parallel, berry hardness (BH) of WD1
presented lower values compared to the control. This pa-
rameter is highly influenced by water supply, as shown in
a previous study (ZsOrr et al. 2014). These results suggest
that after rewatering, pre-veraison water deficit has an im-
pact on berry water household during the ripening period
and sugar accumulation. One possible reason for the lower
berry sugar concentration of WD1 treatment could be the
post effect of water deficit on stomatal conductance. It was
shown by Pou et al. (2008) that after rewatering, stomatal
conductance of the water stressed plants was lower for sev-
eral days as a result of the still increased ABA concentra-
tion in the xylem sap. The same phenomenon was shown
in the case of kidney bean (MrvasHITA ef al. 2005) and bell
pepper (CAMPOS et al. 2014). MIYASHITA ef al. (2005) has
shown, that there is a close relationship between the tim-
ing of rewatering and the effectiveness of stomatal con-
ductance and photosynthesis recovery. Notably, the longer
the water deficit period the slower the recovery of these
parameters. Indeed, in our gas-exchange measurements
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after rewatering indicate, that there were lower stomatal
conductance and net photosynthesis of the WD1 treatment
compared to the control. However, this difference disap-
peared by the end of the experiment. A further explanation
for this observation could be the relationship between final
berry size and reduced phloem transport. MCCARTHY and
CooMBE (1999) suggest that phloem flow impeded after
the maximum berry weight has been achieved. Indeed,
the smallest berries have been found in the case of WDI1
treatments, probably due to the decreased cell volume.
This phenomenon was described as an irreversible process
(O3EDA et al. 2001, OLLAT et al. 2002) resulting in stronger
limitation of WD1 berry expansion compared to the con-
trol. In addition, water deficit induces increased phenolic
concentration in the berry skin. These phenolics bound to
basic cell wall compartments such as polysaccharides and
proteins. They further stiffen the cell wall, and thus limit
cell expansion (KELLER 2010). The lower berry hardness
of WDI berries can be explained in a very similar way.
We have no direct evidence to prove the background of
this phenomenon; however, the impeded phloem flow (be-
cause of the achieved final berry weight (McCarTHY and
CooMBE 1999) may also cause decreased turgor pressure,
and thus lower berry hardness. This hypothesis is support-
ed by our previous findings, which show the relationship
between berry size and berry hardness (ZsOFI et al. 2015).
In this study it is shown that the bigger the berry, the higher
the BH, irrespective of the level of water supply.
Concentration of skin phenolics showed a pattern sim-
ilar to that in previous studies (OJEDA et al. 2002, OLLE
et al. 2011). In our experiment, both water deficit treat-
ments induced stronger polyphenol synthesis, which is a
common phenomenon in drought exposed grape berries
(CASTELLARIN et al. 2007a and 2007b). However, the con-
centration of the different anthocyanin derivatives can be
very different according to the timing and the strength of
water deficit. Indeed, the concentration of some anthocy-
anin derivatives (e.g. malvidin-glucosides) is significant-
ly influenced by early water deficit (OLLE et al. 2011).
Furthermore, GARcCia-EsparzA et al. (2018) concluded
that the optimal level of deficit irrigation after veraison
(based on ETc) improves skin anthocyanin concentration.
In our study the concentration of all phenolic parameters,
measured by spectrophotometer, was higher in the water
stressed treatments than in the control in accordance with
other findings (OJEDA ef al. 2002, OLLE ef al. 2011). How-
ever, it seems that this phenomenon can be influenced by
the genotype, as was reported by NICULCEA et al. (2014)
in the case of '"Tempranillo' and 'Graciano'. Similar results
were obtained when we measured the pH1 solution for the
CMl indices (Tab. 5). Furthermore, it seems that water sup-
ply has a significant effect on anthocyanin extractability
and the cell maturity index. Indeed, according to the find-
ings of NICULCEA ef al. (2014) pre- and post-veraison wa-
ter deficit increased the CMI indices of both examined va-
rieties, and the concentration of extractable anthocyanins
(mg-kg") decreased as a result of early water restriction.
Other authors obtained similar results about the relation-
ship between water deficit and anthocyanin extractability,
and they reported that this phenomenon was affected by
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the irrigation scheduling (INTRIGLIOLO et al. 2016). They
found some differences between the irrigation treatments
in anthocyanin extractability (% and mg-L'); however, the
vintage effect also played a role in creating the phenolic
ripeness of the grape berries. Anyway, in our experiment
CMI was not affected by early water deficit, but the ex-
tractability (mg-L") was the highest in this treatment. The
WD2 treatment presented the highest CMI index, and no
differences were found between C and WD1. Similarly, the
SMI index was the highest in WD2 and, interestingly, it
did not differ from the control treatment. Very similar re-
sults were obtained by INTRIGLIOLO ef al. (2016); notably,
no differences were found in the SMI index between the
irrigation treatments applied after veraison. However, in
the third experimental year, a slight increasing trend could
be observed in parallel with the higher water supply. The
lower SMI and CMI indices of the WD treatment and the
lower anthocyanin extractability of WD2 may be explained
partly by berry texture parameters, discussed later in this
paper.

Skin thickness was the highest in WD2 and the low-
est in WD1 berries. Cell expansion and cell wall metabo-
lism are sensitive to drought during the first phase of berry
growth (OJEDA ef al. 2001, GRIMPLET et al. 2007), and this
may have resulted in thinner berry skin. Water deficit dur-
ing the ripening period resulted in a higher Sp, compared
to the control vines. ZsOr1 et al. (2014) obtained similar
results in a previous study. In this work, a significant in-
crease was observed in skin thickness of water stressed
berries between two harvest dates. Also, the higher relative
skin mass of the water stressed berries explained by the
increased cell wall/apoplast volume (RoBY and MATTHEWS
2004) as a common response of plant tissues on water defi-
cit (CUTLER ef al. 1977, Patakas and NoItsakis 1999).

Berry skin hardness was higher in the case of the WD2
treatment than in C, and both of them were significantly
higher compared to WD1 berries. The lower F values in
WDI treatment suggest that there is no relationship be-
tween the phenolic concentration of the berry skin and
its hardness. Indeed, significantly higher concentration of
the phenolic compounds was found in pre-veraison water
deficit treatment (Tab. 6). In contrast, in the control berry
skins much less phenolic components were accompanied
by higher F, values, compared to the WD1 treatment. The
fact that skin break force was significantly higher in WD2
than in WD1 (and there was a slightly higher phenolic con-
centration in WDI1 than in WD2) suggests that phenolic
components do not play a significant role in skin textural
behaviour. Similar conclusions can be made in the case of
the derived parameters of the puncture test (E, and W ).

In previous studies, skin break force and skin thickness
was shown as a reliable parameter to predict anthocyanin
extractability. Rio SEGADE et al. (2011a and 2011b) showed
that thinner berry skin seems to release greater amount of
red pigments. ROLLE et al. (2008) also showed that in a
model solution the extracted anthocyanin content was
higher in grapes with higher skin hardness. In our study,
in agreement with Rio SEGADE ef al. 2011a and 2011b, rel-
atively high anthocyanin extractability was accompanied
by the WDI treatment, where the skin thickness was the
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lowest. However, no differences were found in the cell ma-
turity index between WDI1 and C in spite of the obvious
differences in Sp, between the two treatments. In WD2
berries, the anthocyanin extractability was the lowest com-
pared to C and WD1. Therefore, it seems, the thicker berry
skin (as a result of post-veraison water deficit) leads to the
reduction of anthocyanin extractability, assumingly due
to the increased apoplast/cell wall volume. Furthermore,
as ORTEGA-REGULES et al. (2006) indicated in the case of
'Monastrell', cell-wall composition has a significant effect
on anthocyanin extractability and it strongly depends on
the ripening stage and the geographical origin of the grape.
Taking the results of skin break force, no clear relation-
ship was found between F_ and cell maturity indices in
the context of water deficit treatments. It seems that un-
der this experimental condition, anthocyanin extractability
is influenced by the actual water status of the grapevine
rather than skin textural properties. Indeed, there were no
significant differences in CMI indices between the control
and WD berries; however there were differences in sever-
al texture parameters (Sp,, F, E,, W ) between the two
treatments.

Measurements of seed mechanical properties present-
ed a significantly lower F_in WDI seeds compared to the
control and the WD2. In addition, water deficit after verai-
son resulted in harder seeds compared to the control. These
results are in agreement with our previous study and it has
been already discussed (ZsO¥I et al. 2014). In parallel, the
seed maturity index was significantly lower in the WDI,
compared to C and WD2. This means that the release of the
phenolic components from the seeds was relatively higher
in WDI1 than WD2 and C. Thus, this suggests that water
deficit before veraison increases the extractability of the
phenolic components from the seed. This phenomenon is
probably due to the changes in berry development under
early water deficit and, thus, to the delayed ripening of the
berries as well as the seeds. Anyway, under our experimen-
tal conditions a lower SMI index accompanied softer seeds,
which may suggest some connection between extractabil-
ity of phenolics from the seeds and its texture parameters.
The relationship between seed texture and phenolic extrac-
tability is supported by other authors as well. ROLLE et al.
(2012) examined these parameters during ripening on the
'Cabernet Sauvignon' grape variety. In this study, the au-
thors did not find differences in seed hardness (F ) and seed
break energy (W ) between the ripening stages. However,
Young's modulus of elasticity (E,) of the seeds showed sig-
nificant changes during the ripening processes, in parallel
with phenol extractability. These results suggest that seed
springiness may influence the release of phenolics from the
seeds during the winemaking process (ROLLE et al. 2012).

Conclusion

Timing of water shortage resulted in significant dif-
ferences in several physical and quality berry parameters.
Berry hardness strongly depends on the timing of water
supply and this suggests that pre-veraison water deficit still
has an effect on berry water household after rewatering.

In addition, timing of the water shortage has a significant
effect on the skin and seed texture parameters. It seems that
post-veraison water deficit has a negative effect on antho-
cyanin extractability. In contrast, the anthocyanin extract-
ability was higher under pre-veraison water deficit when
the skin thickness was lower. Seed hardness was the lowest
when the plants were submitted to early water deficit and
this was accompanied by higher phenolic release. In or-
der to better understand the relationships between water
deficit, berry texture properties and phenol extractability
further investigations are needed.

Acknowledgement

The work was supported by EFOP-3.6.2-16 Research
Grants and by the Széchenyi 2020 programme, the European
Regional Development Fund and the Hungarian Government
(GINOP-2.3.2-15-2016-00061). Special thanks to Z. Kocsis,
T. LENART and Z. Tick for the technical assistance.

References

ALonso, R.; BErLI, F. J.; FONTANA, A.; PiccoLl, P.; BorTini, R.; 2016:
Malbec grape (Vitis vinifera L.) responses to the environment: Berry
phenolics as influenced by solar UV-B, water deficit and sprayed
abscisic acid. Plant Physiol. Biochem. 109, 84-90. DOI: https://doi.
org/10.1016/j.plaphy.2016.09.007

AMERINE, M. A.; OucGH, C. S.; 1980: Methods for Analysis of Musts and
Wines. Wiley, New York.

BIGARD, A.; Romieu, C.; SIRE, Y.; VEYRET, M.; OiiDpA, H.; TORREGRO-
SA, L.; 2019: The kinetics of grape ripening revisited through berry
density sorting. OENO One 53, 4. DOI: https://doi.org/10.20870/
oeno-one.2019.53.4.2224

CACERES-MELLA, A.; TALAVERANO, M. I.; VILLALOBOS-GONZALEZ, L.;
RiBALTA-P1zARRO, C.; PASTENES, C.; 2017: Controlled water defi-
cit during ripening affects proanthocyanidin synthesis, concen-
tration and composition in Cabernet Sauvignon grape skins. Plant
Physiol. Biochem. 117, 34-41. DOL: https://doi.org/10.1016/j.pla-
phy.2017.05.015

CALDERAN, A.; SiviLoTTl, P.; BRAIDOTTI, R.; MIHELCIC, A.; Lisiak, K.;
VANZO, A.; 2021: Managing moderate water deficit increased antho-
cyanin concentration and proanthocyanidin galloylation in "Refosk"
grapes in Northeast Italy. Agric. Water Manage. 246, 106684. DOL:
https://doi.org/10.1016/j.agwat.2020.106684

Campos, H.; Trejo, C.; PENA-VALDIVIA, C. B.; GARcia-Nava, R.;
CONDE-MARTINEZ, F. V.; CrUz-ORTEGA, M. R.; 2014: Stomatal
and non-stomatal limitations of bell pepper (Capsicum annuum L.)
plants under water stress and re-watering: Delayed restoration of
photosynthesis during recovery. Environ. Exp. Bot. 98, 56-64. DOI:
https://doi.org/10.1016/j.envexpbot.2013.10.015

CASTELLARIN, S. D.; MATTHEWS, M. A.; GASPERO, G.; GAMBETTA, G. A.;
2007a: Water deficits accelerate ripening and induce changes in gene
expression regulating flavonoid biosynthesis in grape berries. Planta
227, 101-112. DOI: https://doi.org/10.1007/s00425-007-0598-8

CASTELLARIN, S. D.; PFEIFFER, A.; SIVILOTTI, P.; DEGAN, M.; PETERLUNG-
ER, E.; D1 GASPERO, G.; 2007b: Transcriptional regulation of antho-
cyanin biosynthesis in ripening fruits of grapevine under seasonal
water deficit. Plant Cell Environ. 30, 1381-1399. DOI: https://doi.
org/10.1111/§.1365-3040.2007.01716.x

CIFRE, J.; BoTa, J.; EscaLoNA, J. M.; MEDRANO, H.; FLExAS, J.; 2005:
Physiological tools for irrigation scheduling in grapevine (Vitis
vinifera L.): An open gate to improve water-use efficiency? Agric.
Ecosyst. Environ. 106, 159-170. DOI: https://doi.org/10.1016/j.
agee.2004.10.005

Cocco, M.; MERCENARO, L.; Lo Cascio, M.; NIEDDU, G.; 2020: Effects of
vine water status and exogenous abscisic acid on berry composition
of three red wine grapes grown under Mediterranean climate. Hor-
ticulturae 6, 12. DOI: https://doi.org/10.3390/horticulturae6010012



https://doi.org/10.1016/j.plaphy.2016.09.007
https://doi.org/10.1016/j.plaphy.2016.09.007
https://doi.org/10.20870/oeno-one.2019.53.4.2224
https://doi.org/10.20870/oeno-one.2019.53.4.2224
https://doi.org/10.1016/j.plaphy.2017.05.015
https://doi.org/10.1016/j.plaphy.2017.05.015
https://doi.org/10.1016/j.agwat.2020.106684
https://doi.org/10.1016/j.envexpbot.2013.10.015
https://doi.org/10.1007/s00425-007-0598-8
https://doi.org/10.1111/j.1365-3040.2007.01716.x
https://doi.org/10.1111/j.1365-3040.2007.01716.x
https://doi.org/10.1016/j.agee.2004.10.005
https://doi.org/10.1016/j.agee.2004.10.005
https://doi.org/10.3390/horticulturae6010012

134 Z.7ZsOF et al.

CUTLER, J. M.; Rans, D. W.; Loowms, R. S.; 1977: The importance of
cell size in the water relations of plants. Physiol. Plant. 40, 255-260.
DOI: https:/doi.org/10.1111/.1399-3054.1977.tb04068 .x

FERRER, M.; ECHEVERRIA, G.; CARBONNEAU, A.; 2014: Effect of berry
weight and its components on the contents of sugars and anthocya-
nins of three varieties of Vitis vinifera L. under different water sup-
ply conditions. S. Afr. J. Enol. Vitic. 35, 103-113. DOI: https:/doi.
org/10.21548/35-1-989

FLEXAS, J.; MEDRANO, H.; 2002: Drought-inhibition of photosynthesis
in C3 plants: Stomatal and non-stomatal limitations revisited. Ann.
Bot. 89, 183-189. DOI: https://doi.org/10.1093/aob/mcf027

FourNAND, D.; VICENS, A.; SIDHOUM, L.; SOUQUET, J. M.; MOUTOUNET,
M.; CHEYNIER, V.; 2006: Accumulation and extractability of grape
skin tannins and anthocyanins at different advanced physiologi-
cal stages. J. Agric. Food Chem. 54, 7331-7338. DOI: https:/doi.
0rg/10.1021/jf061467h

GALMES, J.; Pou, A.; ALSINA, M. M.; Tomas, M.; MEDRANO, H.; FLEX-
As, J.; 2007: Aquaporin expression in response to different water
stress intensities and recovery in Richter-110 (Vitis sp.): relation-
ship with ecophysiological status. Planta 226, 671-681. https:/doi.
0rg/10.1007/s00425-007-0515-1

GARCIA-EsPARZA, M. J.; ABRISQUETA, I.; ESCRICHE, I.; INTRIGLIOLO, D.
S.; ALvAREZ, 1; Lizama, V.; 2018: Volatile compounds and phenolic
composition of skins and seeds of 'Cabernet Sauvignon' grapes un-
der different deficit irrigation regimes. Vitis 57, 83-91. DOI: https://
doi.org/10.5073/vitis.2018.57.83-91

GLORIES, Y.; AUGUSTIN, M.; 1993: Maturité phénolique du raisin,
conséquences technologiques: Applications aux millésimes 1991 et
1992, 56-61 Actes du Colloque Journée Technique du CIVB, Bor-
deaux, France.

GRIMPLET, J.; DELUC, L. G.; TILLETT, R. L.; WHEATLEY, M. D.; SCHLAUCH,
K. A.; CRAMER, G. R.; CusHMAN, J. C.; 2007: Tissue-specific mRNA
expression profiling in grape berry tissues. BMC Genom. 8, 187.
DOI: https://doi.org/10.1186/1471-2164-8-187

HERNANDEZ-HIERRO, J. M.; QUuADA-MORIN, N.; Rivas-GonzaLo, J. C.;
EscriBANO-BaILoN, M. T.; 2012: Influence of the physiological
stage and the content of soluble solids on the anthocyanin extracta-
bility of Vitis vinifera L. cv. Tempranillo grapes. Anal. Chim. Acta
732, 26-32. DOL: https://doi.org/10.1016/j.aca.2011.10.056

HocHBERG, U.; DEGU, A.; CRAMER, G. R.; RACHMILEVITCH, S.; FAIT,
A.; 2015: Cultivar specific metabolic changes in grapevines berry
skins in relation to deficit irrigation and hydraulic behavior. Plant
Physiol. Biochem. 88, 42-52. DOI: https://doi.org/10.1016/].pla-

LETAIEE, H.; ROLLE, L.; ZEPPA, G.; GERBI, V.; 2008b: Assessment of grape
skin hardness by a puncture test. J. Sci. Food Agric. 88, 1567-1575.
DOI: https://doi.org/10.1002/jsfa.3252

MARTINEZ-LUSCHER, J.; SANCHEZ-DiAz, M.; DELROT, S.; AGUIRREOLEA,
J.; PascuAL, I.; Gomes, E.; 2014: Ultraviolet-B radiation and water
deficit interact to alter flavonol and anthocyanin profiles in grape-
vine berries through transcriptomic regulation. Plant Cell Physiol.
55, 1925-1936. DOI: https://doi.org/10.1093/pcp/pcul21

MATTHEWS, M. A.; ANDERSON, M. M.; 1988: Fruit ripening in Vitis vin-
ifera L.: Responses to seasonal water deficits. Am. J. Enol. Vitic.
39, 313-320.

MATTHEWS, M. A.; ANDERSON, M. M.; 1989: Reproductive Development
in Grape (Vitis vinifera L.): Responses to seasonal water deficits.
Am. J. Enol. Vitic. 40, 52-60.

MATTHEWS, M. A.; Nuzzo, V.; 2007: Berry size and yield paradigms on
grapes and wines quality. Acta Hortic. 754, 423-436. DOI: https:/
doi.org/10.17660/ActaHortic.2007.754.56

McCarTHY, M. G.; COOMBE, B. G.; 1999: Is weight loss in ripening grape
berries cv. Shiraz caused by impeded phloem transport? Aust. J. Grape
Wine Res. 5, 17-21. DOI: https://doi.org/10.1111/§.1755-0238.1999.
tb00146.x

MIRAS-AVALOS, J. M.; BUESA, I.; YEVES, A.; PEREZ, D.; Risco, D.; CASTEL,
J. R.; INTRIGLIOLO, D. S.; 2019: Unravelling the effects of berry size
on 'Tempranillo’ grapes under different field practices. Ciéncia Téc.
Vitiv. 34, 1-14. DOI: https://doi.org/10.1051/ctv/20193401001

MiyasHITA, K.; TANAKAMARU, S.; MaITani, T.; KiMURA, K.; 2005: Recov-
ery responses of photosynthesis, transpiration, and stomatal conduct-
ance in kidney bean following drought stress. Environ. Exp. Bot. 53,
205-214. DOI: https://doi.org/10.1016/j.envexpbot.2004.03.015

NICULCEA, M.; LOPEZ, J.; SANCHEZ-Diaz, M.; CARMEN ANTOLIN, M.;
2014: Involvement of berry hormonal content in the response to
pre- and post-veraison water deficit in different grapevine (Vitis
vinifera L.) cultivars. Aust. J. Grape Wine Res. 20, 281-291. DOI:
https://doi.org/10.1111/ajgw.12064

OIV; 2019: Compendium of International Methods of Wine and Must
Analysis. Vol. 1. O 1V (Off. Int. Vigne Vin), Paris, France.

OJEDA, H.; ANDARY, C.; KRAEVA, E.; CARBONNEAU, A.; DELOIRE, A.;
2002: Influence of pre- and postveraison water deficit on synthesis
and concentration of skin phenolic compounds during berry growth
of Vitis vinifera cv. Shiraz. Am. J. Enol. Vitic. 53, 261-267.

OJEDA, H.; DELOIRE, A.; CARBONNEAU, A.; 2001: Influence of water
deficits on grape berry growth. Vitis 40, 141-145. DOI: https://doi.
org/10.5073/vitis.2001.40.141-145

phy.2015.01.006
INTRIGLIOLO, D. S.; Lizama, V.; GARCIA-EsPARZA, M. J.; ABRISQUETA,

I.; ALvarez, 1.; 2016: Effects of post-veraison irrigation regime on
Cabernet Sauvignon grapevines in Valencia, Spain: Yield and grape
composition. Agric. Water Manage. 170, 110-119. DOI: https:/doi.
org/10.1016/j.agwat.2015.10.020

KELLER, M.; 2010: The science of grapevines: Anatomy and Physiology.
Elsevier, Massachusetts, USA. DOI: https://doi.org/10.1016/C2017-
0-04744-4

KiziLpeniz, T.; MEKNL, 1.; SANTESTEBAN, H.; PAscUAL, I.; MORALEs, F.;
IRIGOYEN, J. J.; 2015: Effects of climate change including elevated
CO, concentration, temperature and water deficit on growth, water
status, and yield quality of grapevine (Vitis vinifera L.) cultivars.
Agric. Water Manage. 159, 155-164. DOI: https://doi.org/10.1016/].
agwat.2015.06.015

Kounpouras, S.; Kanakis, 1.; Drossou, E.; KALLITHRAKA, S.; KoT-
SERIDIS, Y.; 2013: Effects of postveraison water regime on the phe-
nolic composition of grapes and wines of cv. Agiorgitiko (Vitis vin-
ifera L.). OENO One 47, 115-128. DOI: https://doi.org/10.20870/
oeno-one.2013.47.2.1542

KovaLenko, Y.; Tinpjau, R.; MabpiLao, L. L.; CASTELLARIN, S. D.;
2021: Regulated deficit irrigation strategies affect the terpene ac-
cumulation in Gewiirztraminer (Vitis vinifera L.) grapes grown in
the Okanagan Valley. Food Chem. 341, 128172. DOI: https:/doi.
org/10.1016/j.foodchem.2020.128172

KyrALEOU, M.; KALLITHRAKA, S.; THEODOROU, N.; TEISSEDRE, P.-L.;
KoTserIDIS, Y.; KOUNDOURAS, S.; 2017: Changes in tannin compo-
sition of Syrah grape skins and seeds during fruit ripening under
contrasting water conditions. Molecules 22, 1453. DOI: https:/doi.
org/10.3390/molecules22091453

LETAIer, H.; ROLLE, L.; GERBI, V.; 2008a: Mechanical behavior of wine-
grapes under compression tests. Am. J. Enol. Vitic. 59, 323-329.

OLLAT, N.; VERDIN, P.; CARDE, J. P.; BARRIEU, F.; GAUDILLERE, J. P.;
MoING, A.; 2002: Grape berry development: A review. J. Int.
Sci. Vigne Vin 36, 109-131. DOI: https://doi.org/10.20870/0e-
no-one.2002.36.3.970

OLLE, D.; GUIRAUD, J. L.; SOUQUET, J. M.; TERRIER, N.; AGEORGES, A.;
CHEYNIER, V.; VERRIES, C.; 2011: Effect of pre- and post-veraison
water deficit on proanthocyanidin and anthocyanin accumulation
during Shiraz berry development. Aust. J. Grape Wine Res. 17, 90-
100. DOLI: https://doi.org/10.1111/j.1755-0238.2010.00121.x

ORTEGA-REGULES, A.; ROMERO-CASCALES, 1.; Ros-GARCiA, J.; BAUTIS-
TA-ORTIN, A.; MARIA LOPEZ-RoOCA, J.; FERNANDEZ, J.; GOMEZ-PLA-
zA, E.; 2008: Anthocyanins and tannins in four grape varieties
(Vitis vinifera L.) Evolution of their content and extractability. J.
Int. Sci. Vigne Vin 42, 147-156. DOI: https://doi.org/10.20870/0e-
no-one.2008.42.3.818

ORTEGA-REGULES, A.; ROMERO-CASCALES, I.; Ros-GArcia, J. M.
LoPEZ-RoCA, J. M.; GOMEZ-PLAZA, E.; 2006: A first approach to-
wards the relationship between grape skin cell-wall composition
and anthocyanin extractability. Anal. Chim. Acta 563, 26-32. DOI:
https://doi.org/10.1016/j.aca.2005.12.024

PATAKAS, A.; NOITSAKIS, B.; 1999: Osmotic adjustment and partitioning of
turgor responses to drought in grapevine leaves. Am. J. Enol. Vitic.
50, 76-80.

Pou, A.; FLEXas, J.; ALSINA, M. D. M.; Bota, J.; CARAMBULA, C.; DE
HERRALDE, F.; GALMES, J.; LovisoLo, C.; JIMENEZ, M.; RiBAS-CAR-
BO, M.; Rusian, D.; SeccHl, F.; ToMAs, M.; ZsOF1, Z.; MEDRANO,
H.; 2008: Adjustments of water use efficiency by stomatal regula-
tion during drought and recovery in the drought-adapted Vitis hybrid
Richter-110 (V. berlandieri x V. rupestris). Physiol. Plant. 134, 313-
323. DOL: https://doi.org/10.1111/j.1399-3054.2008.01138.x

RIBEREAU-GAYON, P.; GLORIES, Y.; MAUJEAN, A.; DUBOURDIEU, D.;
2006: Handbook of enology, vol 2: The chemistry of wine and



https://doi.org/10.1002/jsfa.3252
https://doi.org/10.1093/pcp/pcu121
https://doi.org/10.17660/ActaHortic.2007.754.56
https://doi.org/10.17660/ActaHortic.2007.754.56
https://doi.org/10.1111/j.1755-0238.1999.tb00146.x
https://doi.org/10.1111/j.1755-0238.1999.tb00146.x
https://doi.org/10.1051/ctv/20193401001
https://doi.org/10.1016/j.envexpbot.2004.03.015
https://doi.org/10.1111/ajgw.12064
https://doi.org/10.5073/vitis.2001.40.141-145
https://doi.org/10.5073/vitis.2001.40.141-145
https://doi.org/10.20870/oeno-one.2002.36.3.970
https://doi.org/10.20870/oeno-one.2002.36.3.970
https://doi.org/10.1111/j.1755-0238.2010.00121.x
https://doi.org/10.20870/oeno-one.2008.42.3.818
https://doi.org/10.20870/oeno-one.2008.42.3.818
https://doi.org/10.1016/j.aca.2005.12.024
https://doi.org/10.1111/j.1399-3054.2008.01138.x
https://doi.org/10.1111/j.1399-3054.1977.tb04068.x
https://doi.org/10.21548/35-1-989
https://doi.org/10.21548/35-1-989
https://doi.org/10.1093/aob/mcf027
https://doi.org/10.1021/jf061467h
https://doi.org/10.1021/jf061467h
https://doi.org/10.5073/vitis.2018.57.83-91
https://doi.org/10.5073/vitis.2018.57.83-91
https://doi.org/10.1186/1471-2164-8-187
https://doi.org/10.1016/j.aca.2011.10.056
https://doi.org/10.1016/j.plaphy.2015.01.006
https://doi.org/10.1016/j.plaphy.2015.01.006
https://doi.org/10.1016/j.agwat.2015.10.020
https://doi.org/10.1016/j.agwat.2015.10.020
https://doi.org/10.1016/C2017-0-04744-4
https://doi.org/10.1016/C2017-0-04744-4
https://doi.org/10.1016/j.agwat.2015.06.015
https://doi.org/10.1016/j.agwat.2015.06.015
https://doi.org/10.20870/oeno-one.2013.47.2.1542
https://doi.org/10.20870/oeno-one.2013.47.2.1542
https://doi.org/10.1016/j.foodchem.2020.128172
https://doi.org/10.1016/j.foodchem.2020.128172
https://doi.org/10.3390/molecules22091453
https://doi.org/10.3390/molecules22091453

Texture properties and phenol extractability indices of the grape berry 135

stabilization and treatments. Wiley, New York. DOI: https:/doi.
0rg/10.1002/0470010398

Rio SEGADE, S.; GIAcosa, S.; GErBL, V.; ROLLE, L.; 2011a: Berry skin
thickness as main texture parameter to predict anthocyanin extrac-
tability in winegrapes. LWT-Food Sci. Technol. 44, 392-398. DOI:
https://doi.org/10.1016/1.1wt.2010.09.004

Rio SEGADE, S.; ROLLE, L.; GERBI, V.; ORRIOLS, I.; 2008a: Phenolic ripe-
ness assessment of grape skin by texture analysis. J. Food Comp.
Anal. 21, 644-649. DOI: https://doi.org/10.1016/j.jfca.2008.06.003

Rio SEGADE, S.; VAZQUEZ, E. S.; LosaDA, E. D.; 2008b: Influence of ripe-
ness grade on accumulation and extractability of grape skin anthocy-
anins in different cultivars. J. Food Comp. Anal. 21, 599-607. DOI:
https://doi.org/10.1016/j.jfca.2008.04.006

Rio SEGADE, S.; VAzQuEz, E.S.; OrRRIOLS, I.; GIACOSA, S.; ROLLE, L.;
2011b: Possible use of texture characteristics of winegrapes as
markers for zoning and their relationship with anthocyanin extracta-
bility index. Int. J. Food Sci. Technol. 46, 386-394. DOI: https://doi.
org/10.1111/5.1365-2621.2010.02489.x

Rogy, G.; HARBERTSON, J. F.; ApAMS, D. A.; MATTHEWS, M. A.; 2004:
Berry size and vine water deficits as factors in winegrape composi-
tion: Anthocyanins and tannins. Aust. J. Grape Wine Res. 10, 100-
107. DOL: https://doi.org/10.1111/1.1755-0238.2004.tb00012.x

RoBy, G.; MATTHEWS, M. A.; 2004: Relative proportions of seed, skin and
flesh, in ripe berries from Cabernet Sauvignon grapevines grown in
a vineyard either well irrigated or under water deficit. Aust. J. Grape
Wine Res. 10, 74-82. DOI: https://doi.org/10.1111/j.1755-0238.2004.
tb00009.x

ROLLE, L.; Rio SEGADE, S.; TorcHIO, F.; GIAcosa, S.; CAGNASSO, E.;
MARENGO, F.; GERBL, V.; 2011: Influence of grape density and har-
vest date on changes in phenolic composition, phenol extractabil-
ity indices, and instrumental texture properties during ripening. J.
Agric. Food Chem. 59, 8796-8805. DOI: https://doi.org/10.1021/
jf201318x

ROLLE, L.; TorcHIO, F.; LORRAIN, B.; GIACOSA, S.; SEGADE, S.; CAGNAS-
so, E.; GErBL, V.; TEISSEDRE, P. L.; 2012: Rapid methods for the
evaluation of total phenol content and extractability in intact grape
seeds of Cabernet-Sauvignon: Instrumental mechanical properties
and FT-NIR spectrum. J. Int. Sci. Vigne Vin 46, 29-40. DOI: https://
doi.org/10.20870/0eno-one.2012.46.1.1508

RoLLE, L.; TorcHiO, F.; ZEPPA, G.; GERBI, V.; 2008: Anthocyanin ex-
tractability assesment of grape skins by texture analysis. J. Int.
Sci. Vigne Vin 42, 157-162. DOI: https://doi.org/10.20870/0e-
no-one.2008.42.3.819

ROLLE, L.; TorcHIO, F.; ZEPPA, G.; GERBI, V.; 2009: Relationship between
skin break force and anthocyanin extractability at different ripening
stages. Am. J. Enol. Vitic. 60, 93-97.

ROMERO-CASCALES, I.; ORTEGA-REGULES, A.; LOPEz-Roca, J. M.
FERNANDEZ-FERNANDEZ, J. I.; GOMEZ-PLAZA, E.; 2005: Differences
in anthocyanin extractability from grapes to wines according to va-
riety. Am. J. Enol. Vitic. 56, 212-219.

SAINT-CRICQ, N.; V1vas, N.; GLORIES, Y.; 1998: Maturité phénolique: défi-
nition et controle. Rev. Franc. Oenol. 173, 22-25.

SCIENZA, A.; MIRAVALLE, R.; Visal, C.; FREGONI, M.; 1978: Relationships
between seed number, gibberellin and abscisic acid levels and rip-

ening in Cabernet Sauvignon grape berries. Vitis 17, 361-368. DOI:
https://doi.org/10.5073/vitis.1978.17.361-368

SINGLETON, V. L.; Rossl, J. A.; 1965: Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vit-
ic. 16, 144-158.

SUN, B. S.; SPRANGER, I.; RICARDO-DA-SILVA, J.; 1996: Extraction of
grape seed proanthocyanidins using different organic solvents.
Groupe Polyphenols, Bordeaux, France.

TorcHIo, F.; CAGNAsso, E.; GERBI, V.; ROLLE, L.; 2010: Mechanical prop-
erties, phenolic composition and extractability indices of Barbera
grapes of different soluble solids contents from several growing ar-
eas. Anal. Chim. Acta 660, 183-189. DOI: https://doi.org/10.1016/].
aca.2009.10.017

VILANOVA, M.; RODRIGUEZ-NOGALES, J. M.; VILA-CRESPO, J.; YUSTE, J.;
2019: Influence of water regime on yield components, must com-
position and wine volatile compounds of Vitis vinifera cv. Verdejo.
Aust. J. Grape Wine Res. 25, 83-91. DOI: https://doi.org/10.1111/
ajgw.12370

VILLANGO, S.; PAsT1, G.; KALLAY, M.; LESKO, A.; BALGA, I.; DONKO, A.;
LADANYI, M.; PALFI, Z.; ZsOF1, Z.; 2015: Enhancing phenolic ma-
turity of Syrah with the application of a new foliar spray. S. Afr.
J. Enol. Vitic. 36, 304-315. DOI: https://doi.org/10.21548/36-3-964

VILLANGO, S.; ZsOF1, Z.; BALO, B.; 2013: Pressure-volume analysis of
two grapevine cultivars ('Kékfrankos' and 'Portugieser’, Vitis vin-
ifera L.): water deficit, osmotic conditions and their possible rela-
tions with drought tolerance. Vitis 52, 205-206. DOI: https:/doi.
org/10.5073/vitis.2013.52.205-206

ZARROUK, O.; BRUNETTI, C.; EGIpTO, R.; PINHEIRO, C.; GENEBRA, T.;
Gorl, A.; Lopgs, C. M.; TArTINI, M.; CHAVES, M. M.; 2016: Grape
ripening is regulated by deficit irrigation/elevated temperatures ac-
cording to cluster position in the canopy. Front. Plant Sci. 7, 1640.
DOI: https://doi.org/10.3389/fpls.2016.01640

Zs0¥1, Z.; ToTH, E.; Rusian, D.; BALo, B.; 2011: Terroir aspects of grape
quality in a cool climate wine region: Relationship between water
deficit, vegetative growth and berry sugar concentration. Sci. Hortic.
127, 494-499. DOI: https://doi.org/10.1016/j.scienta.2010.11.014

ZSOFI1, Z.; VILLANGO, S.; PALFI, Z.; PALFI, X.; 2015: Combined effect of
berry size and postveraison water deficit on grape phenolic maturity
and berry texture characteristics (Vitis vinifera L. 'Portugieser'). Vi-
tis 54, 161-168. DOI: https://doi.org/10.5073/vitis.2015.54.161-168

ZsOF1, Z.; VILLANGO, S.; PALFI, Z.; TOTH, E.; BALO, B.; 2014: Texture
characteristics of the grape berry skin and seed (Vitis vinifera L. cv.
Kékfrankos) under postveraison water deficit. Sci. Hortic. 172, 176-
182. DOI: https://doi.org/10.1016/j.scienta.2014.04.008

ZUFFEREY, V.; VERDENAL, T.; DIENES, A.; BELCHER, S.; LORENZINI, F.;
KOESTEL, C.; BLACKFORD, M.; BOURDIN, G.; GINDRO, K.; SPAN-
GENBERG, J. E.; R0OsTI, J.; VIRET, O.; CARLEN, C.; SPRING, J. L.;
2020: The influence of vine water regime on the leaf gas exchange,
berry composition and wine quality of Arvine grapes in Switzer-
land. OENO One 54, 553-568. DOI: https://doi.org/10.20870/0¢-
no-one.2020.54.3.3106

Received August 24, 2020
Accepted April 13, 2021


https://doi.org/10.5073/vitis.1978.17.361-368
https://doi.org/10.1016/j.aca.2009.10.017
https://doi.org/10.1016/j.aca.2009.10.017
https://doi.org/10.1111/ajgw.12370
https://doi.org/10.1111/ajgw.12370
https://doi.org/10.21548/36-3-964%0D
https://doi.org/10.5073/vitis.2013.52.205-206
https://doi.org/10.5073/vitis.2013.52.205-206
https://doi.org/10.3389/fpls.2016.01640
https://doi.org/10.1016/j.scienta.2010.11.014
https://doi.org/10.5073/vitis.2015.54.161-168%0D
https://doi.org/10.1016/j.scienta.2014.04.008
https://doi.org/10.20870/oeno-one.2020.54.3.3106
https://doi.org/10.20870/oeno-one.2020.54.3.3106
https://doi.org/10.1002/0470010398
https://doi.org/10.1002/0470010398
https://doi.org/10.1016/j.lwt.2010.09.004
https://doi.org/10.1016/j.jfca.2008.06.003
https://doi.org/10.1016/j.jfca.2008.04.006
https://doi.org/10.1111/j.1365-2621.2010.02489.x
https://doi.org/10.1111/j.1365-2621.2010.02489.x
https://doi.org/10.1111/j.1755-0238.2004.tb00009.x
https://doi.org/10.1111/j.1755-0238.2004.tb00009.x
https://doi.org/10.1021/jf201318x
https://doi.org/10.1021/jf201318x
https://doi.org/10.20870/oeno-one.2012.46.1.1508
https://doi.org/10.20870/oeno-one.2012.46.1.1508
https://doi.org/10.20870/oeno-one.2008.42.3.819
https://doi.org/10.20870/oeno-one.2008.42.3.819




	Texture properties and phenol extractability indices of the grape berry under pre- and post-veraison water deficit (Vitis vinifera L. 'Kékfrankos')
	Z. Zsófi1), X. Pálfi2) and S. Villangó1)
	1) Eszterházy Károly University, Institute of Viticulture and Oenology, Eger, Hungary2) Eszterházy Károly University, Food and Wine Knowledge Centre, Eger, Hungary
	Correspondence to: Dr. Z. Zsófi, Eszterházy Károly University, Institute of Viticulture and Oenology, Eger, Hungary. E-mail: zsofi.zsolt@uni-eszterhazy.hu


	Summary
	Key words

	Introduction
	Material and Methods
	Experimental design
	Physiological measurements
	Berry sampling
	Figure 1

	Basic analytical measurements
	Assessment of grape cell (CMI) and seed maturity indices (SMI)
	Determination of phenolic components in grape skin extracts
	Measurements of berry mechanical properties
	Table 1

	Statistical analyses

	Results
	Gas-exchange measurements
	Average berry, skin and seed weight, juice sugar concentration, pH and titratable acidity
	Table 2

	Berry, skin and seed textural properties
	Figure 2
	Table 3

	CMI and SMI indices
	Figure 3

	Grape skin phenolics
	Table 4


	Discussion
	Table 5
	Table 6

	Conclusion
	Acknowledgement
	References



