
I
A

O
C
a

b

c

a

A
A

K
V
A
P
F
O
A

1

s
t
n
d
w
a
s
a
t
o
o

0
h

Agricultural Water Management 114 (2012) 18– 29

Contents lists available at SciVerse ScienceDirect

Agricultural  Water  Management

jo u rn al hom epag e: www.elsev ier .com/ locate /agwat

mpact  of  irrigation  regime  on  berry  development  and  flavonoids  composition  in
ragonez  (Syn.  Tempranillo)  grapevine

lfa  Zarrouka,∗,  Rita  Franciscoa, Marta  Pinto-Marijuana,  Ricard  Brossac,  Raquen  Raissa  Santosa,
arla  Pinheiroa,  Joaquim  Miguel  Costaa,b,  Carlos  Lopesb,  Maria  Manuela  Chavesa,b

Instituto de Tecnologia Quimica e Biologica, Oeiras, Universidade Nova de Lisboa, Portugal
CBAA, Instituto Superior de Agronomia, Universidade Tecnica de Lisboa, Lisboa, Portugal
Departament Biologia Vegetal, Facultat de Biologia, Universidad de Barcelona, Spain

 r  t  i  c  l  e  i n  f  o

rticle history:
vailable online 11 July 2012

eywords:
itis vinifera
nthocyanins
roanthocyanidins
lavonols
RAC
BA

a  b  s  t  r  a  c  t

In  the  present  study,  field  grown  Aragonez  (Syn.  Tempranillo)  grapevines  (Vitis  vinifera  L.)  were  subjected
to three  irrigation  regimes  (conventional  sustained  deficit  irrigation  (DI),  regulated  deficit  irrigation  (RDI)
and non-irrigated  (NI))  during  two  successive  seasons  (2007–2008).  An  integrative  study  was  performed
in grape  berry  skin  tissues  at four  phenological  stages  of  grape  berry  (pea  size,  véraison,  mid-ripening  and
full maturation).  The  accumulation  of  flavonoid  compounds,  the  profile  of  accumulation  of  abscisic  acid
(ABA)  and  jasmonic  acid  (JA)  hormones  were  analysed  during  grape  ripening.  The  non-enzymatic  antioxi-
dant capacity  was  also  characterised.  Principal  component  analysis  followed  by  a  between  group  analysis
(PCA–BGA)  showed  a  clear  separation  already  at early  stages  of grape  berry  development  between  the
three treatments  in both  years.  The  main  compounds  affected  by water  availability  were  proanthocyani-
dins  and  flavonols,  which  increased  with  irrigation  at  all phenological  stages.  In  both  years,  concentrations
of  anthocyanin  at full  maturation  were  observed  to be  higher  in  the  skin  of berries  belonging  to DI  and  RDI
vines than  in  NI  ones.  ABA  accumulation  was  also  regulated  by  the  intensity  of  water  stress  since  early
stages  of berry  development.  However,  no  differences  in  sugar  accumulation  were  observed  between

treatments.  The  present  study  also  shows  that  climatic  conditions,  namely  temperature,  play  an  impor-
tant  role  in  the  ripening  process  of  grape  berries.  This was  clearly  observed  in  NI  vines  during  both  years,
in  which  a decrease  in  the quality  parameters  in grape  skins  is  presumably  related  to high  temperature
and  excessive  cluster  sunlight  exposition  more  marked  in  2007,  the  hotter  year.  This  supports  the  crucial
role of  irrigation  in  maintaining  the  cluster  microclimate  in  an  optimum  range,  thus  enabling  a balanced
synthesis  of the compounds  relevant  to wine  quality.
. Introduction

Traditionally non-irrigated grapevine (Vitis vinifera L.) is widely
pread across dry and semi dry regions and is well adapted to
he Mediterranean climate (Schultz, 2003). The predicted sce-
arios for global environmental change suggest that despite its
rought tolerance, grapevine growth in the Mediterranean area
ould be affected (Flexas et al., 2002) with limitations in growth,

bnormal ripening and reduced berry quality. Irrigation rises as a
olution. Nonetheless, an appropriate balance between vegetative
nd reproductive development (see review Chaves et al., 2010) is

he key to improve winegrape quality in irrigated vineyards. One
f the main strategies to deal with this question has been the use
f regulated deficit irrigation (RDI) (McCarthy et al., 2002). RDI

∗ Corresponding author. Tel.: +351 214469642; fax: +351 214433644.
E-mail address: zolfa@itqb.unl.pt (O. Zarrouk).

378-3774/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.agwat.2012.06.018
© 2012 Elsevier B.V. All rights reserved.

consists in the addition of water to maintain vine water status
within prescribed limits of deficit with respect to maximum water
potential in specific phases of grapevine development (Kriedemann
and Goodwin, 2003). In red winegrape, the deficit period is gen-
erally intended to occur shortly after fruit-set, in order to reduce
grapevine vegetative growth (McCarthy, 1997; Keller et al., 2008;
Lopes et al., 2011) but also to obtain smaller berries and better
cluster exposure, thereby improving sugar and colour accumula-
tion (Matthews and Anderson, 1988; Intrigliolo and Castel, 2010).
However, RDI has some implementation difficulties. Having a short
period of water stress immediately after berry set is dependent on
the soil water available at flowering time, which in turn depends
on the amount of winter and early spring rains and on the water
used during spring (Lopes et al., 2011).
Grape berry growth and ripening are complex developmen-
tal processes. In all growth phases, the very active skin (exocarp)
metabolism deeply influences the final characteristics of the berry.
The exocarp is the site for the synthesis of major compounds

dx.doi.org/10.1016/j.agwat.2012.06.018
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
mailto:zolfa@itqb.unl.pt
dx.doi.org/10.1016/j.agwat.2012.06.018
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hat define grape berry quality. One family of such compounds is
avonoids. Among the most important in grape berry are antho-
yanins, flavonols and proanthocyanidins. Anthocyanins are the
ajor contributors of red grape and wines and are the most abun-

ant flavonoids in grape skin. Proanthocyanidins, known also as
annin, are responsible for the astringency, bitterness and structure
f wines and are most abundant in seeds. Flavonols are only present
n grape skin and are considered together with anthocyanins the

ost important flavonoids that accumulate in this tissue. Flavonols
nd anthocyanins react and produce more stable pigments in red
ines (Rodriguez Montealegre et al., 2006). Flavonoid concentra-

ions depend on the variety and are influenced by viticultural
anagement and environmental stresses (see review by Chaves

t al., 2010; Lovisolo et al., 2010; Dai et al., 2011).
Several reports showed that regulating grapevine water sta-

us is a powerful tool to manage the amount of these compounds
Kennedy et al., 2002) through an indirect effect on berry size, and
herefore the skin to pulp ratio, which increases in the smaller
erries of vines subjected to water deficits (Bravdo et al., 1985;
ennedy et al., 2002). However, Roby et al. (2004) reported a direct
nd possibly greater direct effect of water deficit on skin proantho-
yanidin and anthocyanin contents. Supporting this observation,
ifferent proteomic and transcriptomic studies in berries from
rapevines subjected to water stress reported an effect on the
etabolic pathway of secondary metabolites (Grimplet et al.,

009; Deluc et al., 2009; Castellarin et al., 2007a).  In recent years,
avonoid compounds attracted much interest due to their antioxi-
ant proprieties and their potentially human health benefit (Yilmaz
nd Toledo, 2004; Nassiri-Asl and Hosseinzadeh, 2009; Iriti and
aoro, 2009). Although several studies reported the antioxidant
ctivities of grape berry compounds (Kedage et al., 2007; Ruberto
t al., 2007; Poudel et al., 2008; Gatti et al., 2011), the literature
acks information on how water deficit modulates these activities.

The grape berry is a non-climacteric fruit, and several reports
howed the role of hormones, namely abscisic acid (ABA) on the
egulation of ripening (Davies et al., 1997; Deluc et al., 2009;
wen et al., 2009; Wheeler et al., 2009). Berry ABA concentration

ncreases at the beginning of véraison (Wheeler et al., 2009; Owen
t al., 2009) suggesting that ABA has a role at the onset of ripening.
oreover, exogenous ABA treatments enhanced several processes

nvolved in berry ripening, such as anthocyanin and sugar accu-
ulations in grape berry (Owen et al., 2009; Koyama et al., 2010).

eports of Deluc et al. (2009) showed that Cabernet Sauvignon
ines subjected to water deficit almost doubled ABA concentra-
ions at véraison and that the ABA metabolic pathway was  altered
y such stress. In what regards other hormones, jasmonic acid (JA)
eems to have a role at early stage of cell division and expansion in
rape berry (Kondo and Fokuda, 2001). Still no reports are avail-
ble for the effect of water stress in the concentration of JA in
rape berries. Nonetheless, there is evidence that jasmonic acid is
nvolved in plant responses to several abiotic and biotic stresses
uch as drought. It was also demonstrated that jasmonate stimu-
ate tomato and apple fruit ripening (Czapski and Saniewski, 1992)
nd alter the accumulation of major anthocyanins in V. vinifera cell
ulture (Curtin et al., 2003). Recently it was shown that JA induced
nthocyanin biosynthesis in Arabidopsis (Shan et al., 2009).

Despite the progress made by grapevine research community
n the last years (Castellarin et al., 2007a,b; Deluc et al., 2009), it is
lear that there is still much work to be done to fully unravel the
mpact of water deficit on grape berry metabolism.

In the present study we studied the effect of water availabil-
ty on grape berry skin composition collected at four phenological

tages during berry development (pea size, véraison, mid-ripening
nd full maturation). This study included different quality parame-
ers (anthocyanins, proanthocyanidins and flavonols) and putative
ormonal berry ripening signalling. We  aimed at identifying which
anagement 114 (2012) 18– 29 19

compounds were predominantly affected by water availability and
the timing of these changes that may have an impact on the final
quality of the berries.

2. Materials and methods

2.1. Experimental design and climatic conditions

Experiments were carried out during the 2007 and 2008 seasons
in a commercial vineyard, located at Estremoz, Southern Portugal
(lat. 38◦51 N; long. 7◦33 W)  where the climate is of Mediterranean
type, with hot and dry summers and mild rainy winters. The soil is
derived from schist with a variable depth (1.0–1.5 m). Soil horizons
present a silty clay loam texture with the following average char-
acteristics: clay 34.2%; silt 30.4%; sand 35.4%; organic matter 2.0%;
pH (H2O) 7.1.

The eight-year-old grapevines of the red variety Aragonez
(syn. Tempranillo) were grafted on 1103 Paulsen rootstock with
a spacing of 1.0 m × 2.5 m.  Vines were trained on a vertical shoot
positioning and spur-pruned on a bilateral Royat Cordon system.
The experimental layout was  a randomised complete block design
with three treatments and three replications per treatment. The
elemental plot comprised three adjacent rows (two buffer rows
and a central one for data collection) of eight vines each.

Climatic data on air temperature and precipitation (Fig. 1) were
obtained from an automatic meteorological station located near the
vineyard (38◦52′N, 07◦31′W)  (COTR, 2008). In term of temperature,
2007 was  hotter than 2008. In contrast, 2008 was dryer than 2007.

The three treatments were: conventional sustained deficit irri-
gation (DI) and regulated deficit irrigation (RDI) and non-irrigated
(NI). The drip line was positioned along the row close to the vine
trunks and consisted of pressure compensating 2.5 L/h emitters at
0.5 m (DI) and 1.0 m (RDI) spacing positioned between two  adja-
cent vines. In DI, irrigation started at July 4th and was stopped at
September 3rd in 2007 and in 2008 it started at the July 2nd and
stopped at August 29th. RDI irrigation was started at the same dates
but it was  withheld at 17th August and at 1st August respectively
in 2007 and in 2008.

Watering was  applied according to the crop evapotranspiration
(ETc) and soil water content. ETc was estimated from the refer-
ence evapotranspiration (ET0). ET0 was obtained in an automatic
weather station located within the experimental vineyard, using
the crop coefficients proposed by Allen et al. (1998).  During irri-
gation, the average fraction of ETc applied was  ca. 0.3. Frequency
of water applications was the same for all irrigated treatments
and varied from 2 to 5 days. The total amount of water supplied
to DI plants was 126 and 140 mm in 2007 and 2008 respectively
(60% Etc.), while the supply on RDI was 57 mm in 2007 and 44 mm
in 2008 (30% Etc.). Standard cultural practices in the region were
applied to all treatments. To characterise the vine water status,
vine predawn leaf water potential was measured before each sam-
pling date. Measurements were carried out on an adult leaf from six
replicate plants from each treatment, using a Scholander pressure
chamber (Model 1000; PMS  instrument Co., Corvallis, OR, USA).

2.2. Grape berry analysis

The analysed berry material was collected along berry
development during the summer season of 2007 and 2008
(June–September). Four stages were considered: end of pea size
(PS, 7 weeks after anthesis), véraison (V, 9 weeks after anthesis),

mid-ripening (MR, 11 weeks after anthesis) and full maturation
(FM, 13 weeks after anthesis).

At each sampling date a representative sample of 50 bunches
per treatment was randomly collected from the experimental
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ig. 1. Climatic data of 2007 and 2008 growing seasons (source: COTR). Maximal te
tation  (P). Data are from meteorological station located near the vineyard (38◦52′N
hown  above.

ineyard from both sides of the vine. A sub-sample of 20 bunches
as taken and was stored at 4 ◦C. One hundred berries were
eighed to determine berry weight and the juice extracted to
etermine total soluble solids (TSS, ◦Brix) and titratable acidity (TA,

 tartaric acid/L). The concentration of TSS was measured using a
anual refractometer (ITREF 32, Instrutemp). The TA was  assessed

ccording to Office International de la Vigne et du Vin (OIV, 1990)
rocedure. For the determination of the berry fresh weight, 100
epresentative berries were selected and weighted. The second sub-
ample was immediately frozen in liquid nitrogen from which four
ub-samples of 10 frozen berries were carefully selected, peeled
nd the seeds removed. Skins were removed, weighted and ground
n liquid nitrogen to a fine powder and stored at −80 ◦C until anal-
sis.

.3. Total phenols analysis

Total phenols extraction from berry skins was performed
ccording to Boss et al. (1996).  Briefly, 1 mL  of methanol was added
o 500 mg  of the ground tissue, lifted overnight at −20 ◦C, cen-
rifuged at 4 ◦C during 15 min  at 16,100 × g. The supernatant was
emoved and two additional extractions during 60 min/each were

ade. The three supernatant were mixed and filtered through

.45 �m Whatman filters. Total phenol was quantified by the Folin
iocalteau method (Singleton and Rossi, 1965) with modifications.

n brief, to each microplate well, water (235 �L), sample (5 �L),
ature (Tmax), average temperature (Tmean), minimal temperature (Tmin) and precip-
1′W).  Insets – photos of a representative cluster and berry phenological stage are

Folin-Ciocalteau’s reagent (15 �L) and saturated Na2CO3 aqueous
solution (45 �L) were added. The microplate was  then incubated
at 40 ◦C for 30 min  and the absorbance at 765 nm measured. Gallic
acid was used as the standard and the results were expressed in mg
of gallic acid equivalents per gram of fresh weight.

2.4. Flavonoids and hormones extraction procedure

Flavonoids and hormones extraction from berry skins was per-
formed in acidified methanol. Briefly, 600 �L of acidified methanol
(1%) was  added to 100 mg  of the ground tissue, mixed 10 min at 4 ◦C
and centrifuged at 4 ◦C during 15 min  at 16,100 × g. The supernatant
was  removed and one additional extraction was made. Both super-
natants were collected and stored at −80 ◦C till analysis. Before
analysis supernatants were filtered throughout a 0.22 �m polyte-
trafluoethylene (PFTE) filter (Waters, Milford, MA, USA).

2.5. Determination of flavonoid compounds

Flavonoids analysis from berry skins was  performed as
described in Brossa et al. (2009) with modifications. Briefly,
10 �L of each filtered extract was  injected into the LC system

(Acquity UPLC, Waters, Milford, MA,  USA), where the chromato-
graphic separation was  carried out in a C18 column (3.5 �m;
100 × 2.1 Waters, Milford, MA,  USA) heated to 42 ◦C and using a
0.3 mL/min flow. For detection and quantification ESI was set in
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ositive mode (UPLC–(ESI+)–MS/MS) for anthocyanin and in neg-
tive mode (UPLC–(ESI−)–MS/MS) for all other flavonoids. Spectra
ere recorded from 100 to 900 amu/z and UV/vis detection con-
rmed at 365 for flavonols and 520 nm for anthocyanins.

Flavonols, proanthocyanidins and anthocyanins were deter-
ined by comparison and calibration with external standards of

utin (Quercetin-rutinoside), Quercetin (Quercetin-rhamnoside),
soquercitin (Quercetin glucoside) and Cyanidin-3-O-glucoside
urchased from Sigma–Aldrich Fluka (Madrid, Spain); and
alvidin-3-O-glucoside (Oenin), Isorhamnetin glucoside and Pro-

yanidin B1 purchased from Extrasynthese (Genay, France).

.6. Determination of ABA and JA

Concentrations of ABA and JA in berry skin were simultane-
usly analysed by HPLC MS/MS  as described by Brossa et al. (2011).
or the analysis 5 �L of each filtered extract was injected into the
C system (Acquity UPLC, Waters, Milford, MA,  USA), using a X-
ridge C18 column (3.5 �m;  100 × 2.1 Waters, Milford, MA,  USA).
he MS/MS  quantification was performed on an API 3000 triple
uadrupole mass spectrometer (AB Sciex, Danaher Corp., Wash-

ngton, DC) using multiple reaction monitoring (MRM)  acquisition
ith the corresponding transitions for each analyte.

.7. ORAC and HORAC analysis

Antioxidant capacity was measured in phenolic extracts (see
otal phenols analysis section) by the oxygen radical absorbance
apacity (ORAC) assay using a method based on the ability of
ifferent substances to inhibit the oxidation of disodium fluo-
escein, a fluorescent protein, by the peroxyl radical generator,
′,2′-Azobis(2-amidinopropane)dihydrochloride (AAPH) (Cao et al.,
993). ORAC values were calculated from the loss of fluores-
ence from fluorescein at different incubation time points, relative
o a Trolox standard solution in similar experimental conditions
nd expressed as Trolox Equivalents Antioxidant Capacity (TEAC).
ntioxidant capacity was also measured by the Hydroxyl Radical
verting Capacity (HORAC) assay (Ou et al., 2002), which quanti-
es the quenching capability against hydroxyl radical. The HORAC
ssay is based on the oxidation of fluorescein by hydroxyl radicals
nd is expressed as micromol of caffeic acid (CAE) equivalent.

.8. Data analysis

For all parameters four biological replicates were considered.
esults were examined by analysis of variance (ANOVA) each sea-
on separately with SPSS software package 12.0 for Windows (SPSS
nc., Chicago, USA). When the F test was significant, means were
eparated by Duncan’s multiple range test (p ≤ 0.05). Principal com-
onent analysis (PCA) followed by between groups analysis (BGA)
as performed with all studied skin variables. The R software (ver-

ion 2.13.1, R Development Core Team, 2011) and the ade4 package
ere used (Culhane et al., 2002; Chessel et al., 2004; Thioulouse and
ray, 2009) and groups were defined as NI, RDI and DI.

. Results

.1. Vine water status

Irrigation influenced plant water status as shown by the pattern
f predawn leaf water potential (� pd) in both years (Fig. 2). Values
f � pd during pea size, véraison and maturation stages were signif-

cantly lower in NI vines than in RDI and NI ones in 2007. In turn, in
008, NI and RDI showed the lower � pd at pea size until maturation
tage as compared with DI vines. In general, leaf water potential in
I and RDI treatments decreased slightly from the beginning of the
anagement 114 (2012) 18– 29 21

irrigation to reach more negative values at full maturation stage
in both seasons. In NI vines, � pd decreased from pea size stage
onwards, reaching mean values of −0.5 MPa  at full maturation in
2007 and −0.7 MPa  in 2008 (Fig. 2). The values were in general
lower in 2008 as compared to 2007.

3.2. Fruit characteristics

As it is shown in Fig. 3a, DI and RDI treatments induced the high-
est berry fresh weight in 2007. In 2008, berry growth was in general
higher in DI and NI than in RDI. Berry fresh weight was significantly
higher in 2007 than in 2008. Skin to pulp ratio was  higher in NI treat-
ment as compared with RDI and DI in 2007. However in 2008, no
significant differences were found at full maturation stage, albeit
RDI and NI showed a greater ratio along the other phenological
stages (Fig. 3b).

As it is shown in Fig. 4a, during 2007 year no differences in sugar
accumulation were found among water regime treatments. Simi-
larly, no differences in sugar/acidity ratio between treatments in
all of the phenological stages were observed (Fig. 4b). Nonetheless,
during 2008 year, RDI vines showed a delay in sugar accumulation
from véraison onwards. At full maturation, the sugar/acidity ratio
was  higher in NI vines as compared with DI and RDI ones (Fig. 4c).

3.3. Grape skin composition

As shown in Fig. 5 total anthocyanin, total proanthocyanidin
and ABA concentration were significantly different when compar-
ing treatments and years. Total anthocyanin starts to accumulate
from véraison onwards in all treatments being significantly higher
in NI vines as compared to RDI and DI ones in 2008 (Fig. 5a). Sur-
prisingly, at full maturation total anthocyanin concentration was
lower in NI vines as compared to RDI and DI ones during both years
(Fig. 5a). The highest anthocyanin concentration at full maturation
was  observed in RDI in 2007 and in DI in 2008. Proanthocyani-
dins accumulation trend showed a decline from pea size stage
until full maturation stage in both years (Fig. 5b), with the excep-
tion of an accumulation peak in 2008 NI at véraison stage. In both
years DI treatment induced a greater concentration of skin total
proanthocyanidins as compared with both RDI and NI treatments
(Fig. 5b) at full maturation. The accumulation of ABA in grape skins
increased early in berry development and transiently. In all irri-
gation treatments, ABA maximum concentration was observed at
véraison during 2007 year and at mid-ripening stage during 2008
year (Fig. 5c). Differences between treatments in ABA concentra-
tion were observed in véraison and MR  stages in 2007, being much
higher in NI vines than in RDI and DI ones. In 2008, significant dif-
ferences were observed since pea size, being highest in DI vines.
At full maturation, in both growing years NI treatments showed a
higher ABA concentration than RDI and DI, albeit these differences
were statistically significant only in 2008.

The accumulation trend of total phenols, total flavonols and jas-
monic acid and the antioxidant activity is presented in Table 1. In
general, total phenol content of the skin was higher in RDI and
NI vines when it was compared to DI during the two consecutive
years. Regardless of the treatment, an inter-annual variability in
total phenol concentration was observed, being much higher in
2008 than in 2007. Total flavonols accumulation appears to be
water supply dependent. In fact, its concentration was higher in
skin berries belonging to irrigated vines (DI and RDI) than to non-
irrigated ones. During the first year of the experiment, 2007, total

flavonols concentration was highest in DI skins at all phenological
stages except at véraison. During the second year, it was highest in
DI and RDI skins along all phenological stages and in particular at
full maturation stage.
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Fig. 2. Plant water status of vines subjected to three different water regimes (DI, RDI and NI) during 2007 and 2008 growing seasons. Water status is expressed as predawn
water  potential (� pd). Insets – photos of a representative cluster and berry phenological stage are shown above. Bars represent the average ± SE. Different letters indicate
significant differences between treatments at the same date using Duncan test (p ≤ 0.05).

Table 1
Total phenols, total falavonols, jasmonic acid contents and ORAC and HORAC activities in DI, RDI and NI skins along the four phenological stages in the seasons of 2007 and
2008.

2007 season 2008 season

Pea size Véraison Maturation Full maturation Pea size Véraison Maturation Full maturation

Total phenols (mg  GAE/g FW)
FI  31.8 ± 0.7a 43.30 ± 2.7a 62.22 ± 15.9a 33.60 ± 1.3a 47.68 ± 2.70a 50.78 ± 3.62a 47.66 ± 3.32a 40.12 ± 2.37a

RDI 39.1 ± 3.5ab 45.80 ± 2.5a 30.28 ± 0.7a 34.44 ± 5.7a 48.64 ± 8.17a 50.75 ± 4.65a 53.85 ± 2.02a 63.70 ± 9.13b

NI 41.9 ± 1.7b 44.60 ± 1.5a 50.99 ± 8.0a 42.51 ± 4.6a 40.82 ± 5.72a 66.82 ± 8.82a 53.06 ± 4.21a 47.09 ± 4.47ab

Total flavonols (�g/g FW)
FI 299.2 ± 46.2b 42.73 ± 2.2a 74.61 ± 2.2b 73.28 ± 2.8b 38.56 ± 1.74c 35.79 ± 0.49a 86.79 ± 9.72b 46.24 ± 1.25b

RDI 115.4 ± 11.3a 39.32 ± 2.0a 31.95 ± 1.1a 50.26 ± 2.2a 22.59 ± 0.54a 36.75 ± 1.29a 37.44 ± 1.81a 45.65 ± 1.37b

NI 87.8 ± 8.7a 104.49 ± 1.7b 29.82 ± 1.5a 54.55 ± 2.6a 28.65 ± 0.78b 105.38 ± 22.72b 42.02 ± 1.47a 34.89 ± 1.37a

Jasmonic acid (nmol/g FW)
FI 0.45 ± 0.03a 0.49 ± 0.03a 0.47 ± 0.03a 0.45 ± 0.02a 0.52 ± 0.08a 0.39 ± 0.01a 0.39 ± 0.01a 0.41 ± 0.01a

RDI 0.49 ± 0.08a 0.49 ± 0.03a 0.50 ± 0.06a 0.44 ± 0.03a 0.40 ± 0.01a 0.41 ± 0.01a 0.40 ± 0.01a 0.42 ± 0.02a

NI 0.60 ± 0.10a 0.59 ± 0.07a 0.50 ± 0.04a 0.46 ± 0.01a 0.39 ± 0.01a 0.42 ± 0.01a 0.40 ± 0.01a 0.41 ± 0.00a

ORAC (�mol  TEAC/g FW)
FI 104.7 ± 2.6a 77.18 ± 5.7a 101.26 ± 16.3a 105.91 ± 8.6a 392.13 ± 18.77a 391.16 ± 8.53a 392.31 ± 43.61a 403.60 ± 55.71a

RDI 100.2 ± 1.7a 77.38 ± 4.7a 103.10 ± 4.6a 115.31 ± 2.8a 382.14 ± 14.60a 360.93 ± 28.00a 474.00 ± 87.41a 416.01 ± 85.70a

NI 99.2 ± 7.0a 87.77 ± 3.4a 102.62 ± 3.8a 104.53 ± 3.0a 379.04 ± 20.84a 387.75 ± 8.14a 390.83 ± 12.30a 416.15 ± 48.54a

HORAC (�mol  CAE/skin)
FI  157.94 ± 24.6a 167.17 ± 12.3a 146.79 ± 27.5a 164.95 ± 26.4a 534.34 ± 34.72a 364.61 ± 5.91a 366.10 ± 35.85b 334.35 ± 15.57a

RDI 213.62 ± 18.4a 175.41 ± 15.5a 164.06 ± 20.5a 190.55 ± 28.1a 376.23 ± 57.42a 360.41 ± 25.72a 257.53 ± 37.89a 292.94 ± 39.42a

NI 210.27 ± 8.6a 176.59 ± 17.7a 156.16 ± 21.7a 216.48 ± 32.0a 417.63 ± 37.93a 360.47 ± 42.12a 278.55 ± 19.48ab 235.14 ± 32.79a

Values are means ± SE (n = 4).
Values followed by the different letters are significantly different (Duncan p ≤ 0.05).



O. Zarrouk et al. / Agricultural Water Management 114 (2012) 18– 29 23

(a)
2008

3.0

3.5
DI

RDI

NI

2007

3.0

3.5
DI
RDI
NI

1.5

2.0

2.5

1.5

2.0

2.5

B
e

rr
y

 F
W

 (
g

)

a

b

b

a
b
b

a

b

c

0.0

0.5

1.0

 FM MR VPS

0.0

0.5

1.0

 FM MR VPS

a
b
c

(b)
2008

0.45

0.50
DI

RDI
NI

2007

0.45

0.50
DI

RDI

0.20

0.25

0.30

0.35

0.40
NI

0.20

0.25

0.30

0.35

0.40
NI

a

ab

b

0.00

0.05

0.10

0.15

MR VPS FM

0.00

0.05

0.10

0.15

 FM MR VPS

s
k
in

 /
 p

u
lp

 r
a
ti

o

a

ab

b

a
a
b

F ines i
i  test (p

a
i
a
a
n
a
i

3

y
c
o
i
p
i
T
f
t
u
1
m
P
a
(
y

ig. 3. Evolution of berry weight (a) and skin per pulp ratio (b) in DI, RDI and NI v
ndicate significant differences between treatments at the same date using Duncan

Two complementary tests were performed to evaluate the
ntioxidant activities (ORAC and HORAC). Results demonstrate that
n general RDI induced a slight, but not significant, increase of ORAC
ctivity in berry skin. No differences were observed in skin HORAC
ctivity among the different treatments (Table 1). Nevertheless, sig-
ificant differences were found between years in both, with ORAC
nd HORAC antioxidant capacity values being higher in 2008 than
n 2007.

.4. PCA analysis

Principal component analysis followed by between groups anal-
sis (PCA–BGA) was used to found patterns in the data in order to
lassify any combination of variables that could explain the effects
f the irrigation treatments on berry quality parameters. PCA which
ncluded all variables concerning berry composition at the different
henological stages during both years was performed to graphically

llustrate the overall behaviour of the studied grapevines (Fig. 6a).
he first component obtained from PCA in each stage accounted
or 47%, 32%, 31% and 29% of the total variance observed within
he whole data set at pea size, véraison, maturation and full mat-
ration stages, respectively. The second component accounted for
8%, 16%, 22% and 24% at pea size, véraison, maturation and full
aturation stages, respectively. The analysis between groups, after
CA, showed that at the first and second principal component,
 separation between the different irrigation treatments occurs
Fig. 6b). In all phenological stages, except véraison and in the 2
ears, DI was separated at the first component from RDI and NI
n the seasons of 2007 and 2008. Bars represent the average ± SE. Different letters
 ≤ 0.05).

irrigations, and RDI and NI were separated at the second compo-
nent. At véraison stage, NI was separated from RDI and DI at the
first component, and at the second component, RDI  and DI were,
then, separated. BGA–PCA was performed to graphically illustrate
the overall behaviour of the studied grapevines (Fig. 6a).

Fig. 6b showed the variables that contribute the most to the
spread along component 1 and component 2. The recurrent param-
eters explaining the separation of DI treatment in both years in all
phenological stages, except véraison, are total proanthocyanidins
and total flavonols. In fact, the concentration of these parameters
was  enhanced by DI treatment. However, at véraison stage, these
parameters jointly with all the other studied parameters explained
the separation of NI treatment.

4. Discussion

Due to the occurrence of severe drought periods, drip irriga-
tion began to be spread in Mediterranean traditional vineyard in
order to maintain yield and stabilise wine quality from year to year.
With the present investigation we  tried to understand the impact
of different water deficit regimes applied in field conditions on the
ripening process and quality of berries of one of the most cultivated
grapevine varieties in Iberian Peninsula. The two successive years
of the experiment were contrasting in what concerns the vine water

status, being more evident the incidence of some water deficit in
2008 than in 2007. Nevertheless, temperature was  higher in 2007
than in 2008 (Fig. 1). The principal component analysis followed
by between groups analysis (PCA–BGA) including all parameters
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I,  RDI and NI vines along the four phenological stages in the seasons of 2007 and 2

f both years, showed a consistent separation of the different irri-
ation treatments at the first and at the second component. At all
henological stages, except véraison, DI treatment was  separated
rom the RDI and NI ones. It is also important to note that the

eparation occurs already at pea size stage even when NI and RDI
reatments did not show large differences between them and DI
reatment in what concerns vine water status. This seems to sug-
est a cumulative effect of the previous water stress year(s) on NI
A) expressed in gram of tartaric acid per litre and (c) acidity per sugar ratio (3c) in
alues are mean of 100 berries.

and RDI grapevines since the observed separations were detected
already at early reproductive stages. Although PCA–BGA allows to
separate the irrigation treatments, it was  hard to understand which
parameters contribute to this separation using the between group

analysis statistical tool. In fact, the only recurrent parameters that
may  explain DI separation at all phenological stages were total
proanthocyanidins and total flavonols, which were in fact enhanced
by DI regime in both years. All other studied parameters changed
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ars  represent the average ± SE. Different letters indicate significant differences be

heir influence to the separation among stages and from year to
ear and no reliable trend was found to indicate the existence of

 dominant influence of seasonal climate on berry development
nd composition, as it was previously reported (Shellie, 2011).
oreover, these results showed that PCA–BGA is a valuable tool to

etermine the irrigation effects in field experiments where several
actors either than irrigation could be responsible for differences in
he accumulation of secondary compounds and hormones.

Due to rainy springs, non-irrigated grapevine (NI) did not suf-

er from severe water stress in both years and in RDI and DI vines
xperienced only mild stress. This is supported by small or absent
ifferences in grape berry fresh weight between the treatments
s well as in the skin to pulp ratio, as it was reported by other
ic acid (ABA) in berry skin of DI, RDI and NI vines in the seasons of 2007 and 2008.
 treatments at the same date using Duncan test (p ≤ 0.05).

authors (Ojeda et al., 2002; Kennedy et al., 2002; Acevedo-Opazo
et al., 2010; Santesteban et al., 2011). Differences observed in RDI,
concerning the rate of accumulation of TSS and the acidity break-
down in berry during 2008 year, may  suggest that the ripening
process of RDI berries was  delayed in comparison with DI and NI
ones. Indeed, RDI berries reached their peak of ABA concentration
only at maturation stage, which may  support the observed delay
of ripening in RDI berries since the dramatic increase of ABA con-
centration was  already related to the onset of ripening by different

authors (Davies et al., 1997; Deluc et al., 2009; Owen et al., 2009;
Wheeler et al., 2009). During 2008 it was  also visually observed in
the field a delay in the onset of ripening in RDI clusters in compar-
ison with NI and DI vines. No clear explanation to this delay was
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ound, but 2008 was characterised by a rainy spring which could
ave influenced flowering or fruit set time in these vines.

During both growing years and particularly during 2008, total
nthocyanin content was surprisingly low in non irrigated vines
ontrasting thereby with different reports (Esteban et al., 2001;
haves et al., 2007; Santesteban et al., 2011). Anthocyanins accu-
ulation is environment dependent. Its degradation and/or the

nhibition of its synthesis was reported particularly when the clus-
ers were exposed to high sunlight radiation (Spayd et al., 2002)
r/and high temperature (Spayd et al., 2002; Mori et al., 2007;
arara et al., 2008) what could be the situation in the present study.
t is clear that anthocyanin accumulation slowed in NI after vérai-
on in both years (Fig. 4a). As no differences were found in skin to
ulp ratio between treatments, it could be suggested that differ-
nces in anthocyanin concentration are due to modulation in its
iosynthetic pathway. Indeed, our investigation showed that the
xpression of genes responsible for anthocyanin synthesis namely
FGT supports this hypothesis (data not shown). Reports by Girona
t al. (2009) showed that the imposition of water stress early in the
ear (stage II of berry growth) reduced berry quality parameters
amely anthocyanin accumulation. Since in the present study, only

 mild stress was observed in NI vines at the beginning of the exper-
ment, the presence of a second factor responsible for such decline
n anthocyanin concentration in NI berries may  be suggested.
ecently, Tarara et al. (2008) observed that clusters subjected to
emperature above 35 ◦C for an average of 89 h during ripening,
ad low total anthocyanin concentration, low concentration of
ll individual anthocyanins and high concentration of acylated
orms of anthocyanins (namely malvidin-3-coumaryl-glucoside
nd malvidin 3-acetyl-glucoside). In the present experiment, it was
bserved that NI vines precociously lost their basal leaves implying

 direct exposition of clusters to sunlight radiation incidence and to
 consequent heating. In addition the meteorological data (supple-
entary data) shows that each sampling date was preceded by at
east three consecutive days of high temperature (with the maxi-
um  temperature above 35 ◦C). Furthermore, data on anthocyanin

rofile showed an increase in acylated forms (data not shown) dur-
ng both years. Altogether, the effect of high temperatures on the
 and 08 corresponds to 2008 season.

biosynthesis of anthocyanin in NI vines might be responsible for
the observed effects on such parameter.

Flavonols are important berry quality components since they
can conjugate anthocyanin, which stabilises the colour of young
wines (Boulton, 2001). The impact of water availability conditions
on grape flavonols is controversial since they were reported to be
moderately affected by deficit irrigation (Grimplet et al., 2007) or
not affected by water stress (Kennedy et al., 2002). More recently,
Deluc et al. (2009) working with two  different varieties showed
that in a white grapevine (‘Chardonnay’), flavonols concentration
increased under water deficits, while in the red grapevine (‘Caber-
net Sauvignon’) no differences were observed. In the present study,
flavonols content reached a peak at véraison only in NI vines during
both years, contrasting with other reports where a peak of accumu-
lation few weeks after véraison was  observed (Downey et al., 2003).
In RDI and DI vines, the peak of accumulation was observed at pea
size stage in 2007 year while in 2008 no peak was observed. Con-
trasting with previous reports, total flavonols accumulation was
enhanced by irrigation in comparison to non irrigated vines. This
suggests that water availability has a positive effect on the accu-
mulation and biosynthesis of flavonols. Indeed, the between group
analysis after PCA–BGA showed that flavonols concentration is pos-
itively related with DI irrigation at all phenological stages except at
véraison. Nonetheless, these results may  be magnified since other
environmental factor(s) are probably obstructing the accumulation
of flavonoids in NI vines. Since anthocyanins and flavonols share the
same biosynthetic enzymes (Mattivi et al., 2006) it can be suggested
that the same factor that inhibited and/or degraded anthocyanins
is affecting the flavonol accumulation.

Proanthocyanidins are important sensory components and
the alterations (namely polymerisation) that occur during grape
development are complex (Kennedy et al., 2002). Total proantho-
cyanidins concentration was  reported to decrease during berry
development in other studies (Downey et al., 2003; Gagné et al.,

2006). This apparent loss in proanthocyanidins concentration
throughout ripening is in fact the result of losses in extraction due
to interactions with other polymers (Kennedy et al., 2001; Downey
et al., 2003) or/and to oxidation (Kennedy et al., 2000; Bindon and
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ennedy, 2011). Previous reports showed that proanthocyanidins
ere only slightly affected by water deficit (Downey et al., 2006;
astellarin et al., 2007b)  and the increases in skin tannins that
ccompany water deficits appear to result more from differential
rowth sensitivity of the inner mesocarp and the exocarp than from
irect effects on phenolic biosynthesis (Roby et al., 2004). In the
resent investigation, it was observed that total proanthocyanidins
ere higher at full maturation stage in the continuously irrigated

ines (DI) than in RDI and NI ones. However, it is not possible to con-
rm if this increase is due to an enhancement of proanthocyanidin
iosynthesis. More recently, Lacampagne et al. (2010) showed that
BA application affects proanthocyanidin content by reducing the
ctivity of enzymes which are responsible for its synthesis (LAR and
NR) and repressing the expression of genes (LAR1, LAR2 and ANR).

nterestingly, this may  be taken into account to explain the inhi-
ition of the biosynthesis of proanthocyanidins in NI vines, since
ndogenous ABA was statistically higher in berries of RDI and NI
n both years. In addition, an inter-annual variation in proantho-
yanidins concentration was observed during berry development,
eing much high in 2007 than 2008, which suggests that other
nvironmental cues (namely temperature and air dryness) may
ave a profound effect in the proanthocyanidin biosynthetic
athways.

When comparing véraison with all the other stages, it seems
o have a different behaviour. PCA–BGA showed that NI treatment
iscriminates from both other treatments (Fig. 6a), whereas in the
ther phenological stages DI discriminates from NI and RDI. In
ddition, all studied parameters explained this separation of NI at
éraison (Fig. 6b). This may  suggest an acceleration of the onset of
ipening at NI stage berries in relation with RDI and DI. Before vérai-
on, the berry is exclusively connected to the vine by the xylem and
he water deficit impact directly on berry growth by changes in
ater import through the xylem. Berry ripening appears to be the

onsequence of reduced turgor pressure (P) of berry pericarp cells
see review by Tyerman et al., 2012) and pre-véraison water stress

ay  decreases berry cell turgor even more (Thomas et al., 2006),
hich may  act as a signal to the onset of ripening (Matthews et al.,

009; Wada et al., 2009) probably by increasing sugar influx and
BA concentration (Castellarin et al., 2007b).  In the present study,
BA concentration was highest in NI berries at véraison in 2007
ut not in 2008. This supports the hypothesis of an advancement
f ripening in NI vines at least in 2007 growing season, since ABA
evels were reported to be transiently enhanced by water stress
Castellarin et al., 2007a).  On the other hand, Owen et al. (2009)
emonstrates that before the onset of véraison the ABA concen-
ration declines because of its conjugation to ABA-glucose ester
ABA-GE). Altogether, this highlights the need of future research
o study ABA biosynthesis and regulation in grape berry under
ater deficits, which may  improve our understanding on the role

f this hormone in ripening and in fruit composition parameters in
eveloping grape berries.

It is already reported that in grape berries JA concentration
ecreased by 30 days after flowering and remained low through-
ut ripening (Kondo and Fokuda, 2001). In the present study, JA
oncentration was constant during berry ripening, and no signifi-
ant differences were observed among irrigation treatments. This
uggests that JA is, at least at these studied phenological stages,
ot modulated by mild to moderate differences in the plant water
tatus.

Large seasonal variations of total phenols concentration and
f other flavonoids content were observed between the two con-
ecutive years. This is consistent with previous studies (Esteban

t al., 2001; Downey et al., 2004; Castellarin et al., 2007a)  and sug-
ests that an additional factor rather than water regime must be
onsidered (e.g. climatic factors namely temperature) between the
ears.
anagement 114 (2012) 18– 29 27

In spite of the differences in phenolic and flavonoids concen-
trations that contribute to antioxidant activity observed between
treatments, no differences were registered in what concerns the
antioxidant activity in both years. These results suggest that other
non-measured parameters either than phenolics (perhaps vita-
mins) are responsible for ORAC and HORAC activities, and that in
our conditions, water deficits did not change the bioactive quality
of grape berries.

5. Conclusion

It was, once more, demonstrated the advantage of deficit irri-
gation to maintain grape berry quality. At most sampling dates,
concentrations of phenolics were observed to be higher in the
skin of berries from vines with more water availability than in
non irrigated ones even in years where water deficits is not pro-
nounced as 2007 and even 2008. Indeed, it is important to note that
even small differences were observed in plant water status; impor-
tant variations were observed in grape berry quality compounds.
Depending on the year, the best values of flavonoid compounds
were observed in DI or RDI treatment, which suggested the impact
of seasonal climate in the success of deficit irrigation regime. In
fact, it is clear from the present study that climatic conditions and
their interactions are important factors contributing to the ripen-
ing of grape berries. In fact, although only a mild to moderate stress
was  observed in NI vines during 2007 and 2008, a decrease in the
quality parameters in grape skins as compared to DI and RDI, was
probably due to the incidence of high temperature and excessive
sunlight exposition that was  observed. This highlights the crucial
role of irrigation in maintaining the cluster microclimate within
an optimum, since it affects the synthesis of several compounds
relevant to wine quality. Besides, the rate of accumulation of dif-
ferent compounds during berry development was different among
treatments.

Finally, we  demonstrated that ABA was regulated by the inten-
sity of water deficits and this was observed at early stages of
berry development. However, this ABA response did not trigger
other ripening-associated events such as sugar or anthocyanins
accumulations showing that other mechanisms than hormonal are
involved in the onset of ripening.
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