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Deficit irrigation and maturation stage
influence quality and flavonoid composition of
‘Valencia’ orange fruit
Filipa S Grilo,a Vita Di Stefanob and Riccardo Lo Biancoa*

Abstract

BACKGROUND: Effects of continuous deficit irrigation (DI) and partial rootzone drying (PRD) treatments (50% ETc) in comparison
with full irrigation (CI, 100% ETc) were investigated during ‘Valencia’ orange fruit maturation. Ultra-high-performance liquid
chromatography/high-resolution mass spectrometry was used to quantify hesperidin, narirutin, tangeritin, nobiletin, didymin
and neoeriocitrin in the fruit juice and peel.

RESULTS: No significant effect of irrigation was found on yield, juice soluble solids or acidity. Juice color was not influenced
by irrigation or harvest date, whereas peel color increased during maturation and was more pronounced in CI and PRD fruits.
Juice acidity reached a peak in May, while soluble solids increased linearly throughout maturation. Hesperidin was the major
flavanone detected during maturation, with concentrations 200-fold higher in the fruit peel than in the juice. In the peel,
narirutin, didymin and neoeriocitrin decreased while hesperidin, nobiletin and tangeritin increased with maturation. Narirutin
synthesis in the orange fruit was insensitive to irrigation strategy. In fruit peels, PRD and DI induced the decline of hesperidin,
nobiletin and tangeritin only in June, whereas in the juice, deficit irrigation treatments induced an increase in hesperidin and
didymin.

CONCLUSION: These results suggest that deficit irrigation, in particular the conditions imposed with PRD, may cause a
significant accumulation shift of total flavonoids from the fruit peel into the juice, with a positive impact on juice quality and
nutritional value. Fruit compositional changes during maturation also suggest that late harvest can improve fruit palatability
and nutritional quality under the cultural and environmental conditions of this study.
© 2016 Society of Chemical Industry
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INTRODUCTION
Fruit quality is related to physical properties (i.e. size, shape,
color, texture, seed number) and chemical components (i.e. sugars,
acids, flavor compound volatiles, vitamin C) of the fruit.1 Chemical
and physical properties change during maturation, forming final
fruit quality at harvest. When temperatures go down and day
length decreases, peel coloration is triggered by the degradation
of chlorophyll and the synthesis of carotenoids.1 During pulp
maturation, total soluble solids (mainly carbohydrates and minor
quantities of organic acids, proteins, lipids and minerals) increase
and titratable acidity decreases, primarily owing to the catabolism
of citric acid.2,3 In addition to maturity indices, harvest time and
pomological traits, nutritional and antioxidant properties have
become important parameters for quality appraisal, as they show
an increasing impact on consumer choices.4

The majority of citrus production occurs in arid and semi-arid
subtropical areas. In these areas, low water availability may rep-
resent a major limiting factor for yield and fruit quality, as it
affects a wide range of plant physiological and developmental
processes. Indeed, water deficit decreases crop loads of navel
oranges.6 In established orchards, irrigation management, along
with rootstock, may be a suitable tool to manipulate the final fruit
quality at harvest.5 Sensitivity to water deficit may vary according

to phenological stages and can be managed to improve fruit
quality.7 If water deficit is applied during summer, when fruits
are at the initial stage of development, a subsequent rehydration
due to winter rainfall may result in no significant changes in final
fruit size and juice content.8,9 In orange, if deficit is applied at later
physiological stages, plant water stress is correlated positively
with total soluble solids and titratable acids and negatively with
juice percentage, with no overall effect on maturation index.10

In addition, the flavonoid content of early-maturing ‘Navelina’
oranges was not influenced by moderate deficit irrigation applied
during late fruit growth.11

Partial rootzone drying (PRD) is a deficit irrigation strategy
based on alternating irrigation of one side of the rootzone, and it
aims at maintaining reduced stomatal conductance and avoiding
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water stress.12– 16 The impact of PRD has been largely studied
in grapevine17,18 and in many other fruit crops. It is generally
accepted that PRD improves irrigation water use efficiency, often
without significant yield or fruit quality reductions when com-
pared with normal irrigation methods.5,13,16,18 – 20 In citrus, the
literature suggests that irrigation volume rather than irrigation
placement may affect yield and fruit size, posing some doubts on
the efficacy of PRD in these crops.6,21,22

Phenolic compounds are one of the largest and most widely
distributed groups of secondary metabolites in plants,23 with
flavonoids being the most abundant phenolic compounds in
nature.24 The presence of secondary metabolites in orange fruits
contributes to their particular flavor and their high nutritional
value, and sweet oranges can have the highest percentage of
phenolic compounds among fruits.24 Flavonoids are indeed
considered an additional factor in orange fruit quality evalua-
tions owing to their pharmacological and physiological activity
in both human and plant health.25 In citrus, different types of
flavonoids have been identified, such as flavanones, flavones,
flavonols and anthocyanins, with flavanone glycosides being
the most common.26 – 28 Recently, ultra-high-performance liquid
chromatography/high-resolution OrbiTrap mass spectrometry has
been used for the rapid and accurate identification of constituents
in plant extracts.29

In orange juice, major flavonoids are the tasteless flavanones
narirutin, hesperidin and didymin.26,27,30,31 In the peel of ‘Valencia’
oranges, the major flavonoids are hesperidin and narirutin.27 In
juice sacs, their content increases during fruit development until
maturation, then it decreases.26

Flavonoid profile and concentration vary according to several
factors such as genetic material, harvest time or constitutive
parts of the fruit.25 Environmental factors can also influence the
levels of secondary metabolites during citrus fruit development.32

Studying changes in quality parameters in general, and flavonoids
in particular, in response to fruit constitutional part, maturation
stage and irrigation management can contribute to a better
understanding of the mechanisms regulating fruit quality; this will
ultimately contribute to the improvement of the nutritional and
health properties of the orange fruit.

EXPERIMENTAL
Plant material and sampling
This investigation was carried out in an experimental plot of the
Department of Agricultural and Forest Sciences, University of
Palermo, Italy (30.06∘ N, 13.21∘ E, 31 m a.s.l.). Forty-eight adult
orange trees (Citrus sinensis cv. Valencia) grafted on sour orange
(Citrus aurantium L.), spaced at 4 m× 4 m, and trained to raised
globe canopy (1 m from the ground to 2.8 m full height) were
used. Starting in summer 2007, three irrigation treatments were
imposed in the experimental plot: irrigation with volumes corre-
sponding to 100% of crop evapotranspiration applied to the entire
rootzone (CI), partial rootzone drying (PRD) with 50% of CI water
applied to one alternated side of the rootzone, and continuous
deficit irrigation (DI) with 50% of CI water applied to the entire
rootzone. Trees in the experimental plot were labeled according
to a randomized block design with four blocks of 12 trees each.
Except for irrigation, all trees in the experiment were under the
same conventional cultural care, with biennial pruning and last
pruning in June 2013. In this work, only data from the 2013–2014
cropping season are presented.

On 8 April, 5 May and 3 June 2014, ten fruits per tree were
randomly sampled from eight trees (two in each block) in each
treatment, for a total of 240 fruits and 24 trees (replicates), and
were used for subsequent analysis. At harvest (3 June), fruits
were collected from each tree, counted and weighed in order to
determine tree crop load and yield.

Determination of fruit quality
Fruit samples were taken to the laboratory for qualitative deter-
minations such as weight, peel color, juice yield, juice color, total
soluble solids (TSS) and titratable acidity (TA). Each set of fruits was
washed and cleaned, photographed and weighed, and the juice
was extracted using a reamer juicer. Part of the juice (pooled from
the ten fruits) was stored at −18 ∘C until flavonoid quantification.
The remaining juice was used to determine juice color, TSS and TA.

Pictures for peel and juice color were taken under controlled
light conditions with a Fujifilm FinePix F600EXR digital camera
(Fujifilm Holdings Corporation, Tokyo, Japan). Digital images were
labeled and analyzed using an algorithm that converts images
from RGB to CIE 1976 L*a*b* format, extracts the fruit from the
image (removing the image background) and quantifies color
characteristics as the weighted distance of each pixel in the image
from a reference sample (best colored area interactively chosen
from a well-colored fruit). The output is an index ranging from 0
(no orange) to 1 (best orange).

Juice yield of each fruit was calculated as the percentage of juice
weight over the corresponding fruit weight. Juice pH and TA were
determined using a Crison Compact titrator (Crison Instruments,
SA, Barcelona, Spain), and acidity was converted into g citric acid
per 100 mL juice. Juice TSS was determined using an Atago PR32
digital refractometer (Atago Co., Ltd, Tokyo, Japan) and expressed
in ∘Brix.

Flavonoid extraction and quantification
Fruit peel from all fruits collected from each tree was pooled and
ground in a blender, and a 20 g aliquot was sampled and mixed
with 40 mL of methanol for flavonoid extraction. After 48 h, the
eluate was concentrated to dryness in a rotary evaporator at
40 ∘C. The dry extract was re-dissolved in methanol/water (80:20
v/v) and diluted to 0.005 g mL−1. Fresh juice from the same fruit
samples was centrifuged at 2500×g for 15 min, then 1 mL of
supernatant was diluted in 4 mL of methanol/water (70:30 v/v),
filtered through a 0.45 μm polypropylene filter and stored at
−18 ∘C until subsequent analysis

Phenolic compounds were identified by ultrahigh-performance
liquid chromatography/heated electrospray ionization mass
spectrometry (UHPLC/HESI-MS). UHPLC analysis was conducted
using a Dionex Ultimate 3000 system (Dionex Softron GmbH,
Germering, Germany) equipped with an autosampler controlled
by Chromeleon 7.2 software (Thermo Fisher Scientific, Bremen,
Germany). A UHPLC column (Phenomenex Luna C18(2), 50 mm× 1
mm, 2.5 μm) was used for separation of the selected compounds
at 35 ∘C. The mobile phases used were (A) 0.1% (v/v) formic acid
in water and (B) methanol. The gradient elution program was
as follows: 0–5 min, 10% B; 5–50 min, linear increase to 99% B;
50–56 min, 10% B, coming back to the initial conditions until full
stabilization. The column temperature was set at 30 ∘C and the
injection volume at 1 𝜇L. The flow rate was 50 𝜇L min−1.

An HESI ion source was used for the ionization. The HESI parame-
ters were optimized as follows: sheath gas flow rate at 30 arbitrary
units, auxiliary gas unit flow rate at 10 arbitrary units, capillary
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temperature at 250 ∘C, auxiliary gas heater temperature at 150
∘C, spray voltage at 2.8 kV and S lens radio frequency level at 50.
The MS runs were carried out in positive and negative ion HESI
modes in the mass range m/z 180–2000 and the instrument was
calibrated daily in both ionization modes. Data were acquired
simultaneously in full scan. The automatic gain control was set
as ‘balanced’ with a maximum injection time of 200 ms. The data
were processed with Xcalibur 2.1 software (Thermo Fisher Scien-
tific). HESI-MS spectra in positive and negative ionization modes
yield the singly protonated ion [M+H]+ and the deprotonated ion
[M−H]−, respectively. HESI recorded in positive ion mode is the
most common procedure for the analysis of didimin, nobiletin and
tangeretin. Neoeriocitrin, narirutin and hesperidin were analyzed
in negative ion mode.

Standard stock solutions were prepared individually at a con-
centration of 0.1 mg mL−1 by dissolving 1 mg of each standard in
10 mL of methanol/water (70:30 v/v). Stock solutions were diluted
to obtain five different concentrations of standard solutions in the
range between 7.5 and 0.25 mg mL−1. All solutions were corrected
for purity, and no internal standard was used in this study. Ratios
of the peak areas were calculated and plotted against the corre-
sponding concentrations of the standard compounds using linear
regression (least squares) to generate standard curves. Neoerioc-
itrin, narirutin, hesperidin, didymin, nobiletin and tangeretin were
purchased from Extrasynthese (Genay, France). Methanol (LC/MS
grade) was purchased from Biosolve B.V. (Valkenswaard, The
Netherlands) and formic acid (98–100%) from VWR International
B.V. (Roden, The Netherlands).

Data analysis
All data were tested by analysis of variance (ANOVA) using SYSTAT
procedures (Systat Software Inc., Chicago, IL, USA). Significant
irrigation effects were followed by Tukey’s multiple comparison
test at P ≤ 0.05, whereas significant effects of harvest date were
tested by orthogonal polynomial contrasts. Relationships between
parameters were established by linear and nonlinear regression
analysis.

RESULTS AND DISCUSSION
At harvest, no differences in crop load, yield and fruit weight
were found among irrigation treatments (Table 1). Despite the
lack of statistical differences, it is worth noticing that CI tended to
produce a greater number of fruits per tree than PRD, whereas PRD
tended to produce larger fruits than CI. This crop load/fruit weight
compensation mechanism in response to PRD has also been
observed in apple, especially with late-ripening cultivars.33 The
lack of an irrigation effect on yield parameters can be explained by
a recovery of fruit growth after winter and spring rainfalls. Similar
results and explanations were reported by Goldhamer and Salinas8

in a study with ‘Frost Nucellar Valencia’ orange where deficit
irrigation was applied in several periods during fruit growth. Also, a
number of studies with orange showed no significant effect of PRD
irrigation on yield, even when the irrigation treatment was applied
during the entire fruit growth period.6,34 Overall, these results
confirm previous research suggesting that summer is a suitable
period for deficit irrigation in orange fruit production, as already
seen for ‘Clementina de Nules’ citrus.35,36 Other studies with citrus
report significant reductions in yield and/or fruit size in response
to deficit irrigation.21 The presence or absence of an effect of
irrigation on yield may depend on both the degree and duration of

Table 1. Crop load, yield and average fruit weight of ‘Valencia’ trees
under conventional irrigation (CI), continuous water deficit (DI) and
partial rootzone drying (PRD)

Irrigation
Crop load

(fruits per tree)
Yield

(kg per tree)
Fruit

weight (g)

CI 149± 36 27.1± 6.0 189± 8
PRD 111± 28 19.3± 4.2 192± 12
DI 137± 33 23.8± 5.5 182± 6
P value 0.552 0.506 0.722

Values are mean± standard error (n= 48). P values from ANOVA are
reported.

plant water stress.34 In addition, there was no significant irrigation
effect on juice yield, which was about 53% of fruit weight (data
not shown). The latter is in accordance with results found in navel
oranges by Goldhamer and Salinas8 and in ‘Clementina de Nules’
by Velez et al.9 and Ballester et al.36 This means that the observed
changes in juice quality are true responses to harvest date and are
associated with fruit maturation or due to metabolic differences
triggered by irrigation strategies, rather than simply due to fruit
dehydration and juice concentration.

Changes in fruit quality parameters were analyzed in response
to irrigation treatment and maturation stage (harvest date), and
no interaction was found between these two factors. Therefore the
two main factors were analyzed separately.

Date of harvest significantly affected peel color, with a linear
increase in orange coloration from April to June (Table 2). It is in
fact known that, as fruits mature, peel color gradually shifts from
green to orange.37 Although sugar/acid ratio is generally recog-
nized as the best maturity index in citrus,38 a significant correlation
between peel color and TSS/TA was found in this study (r = 0.396,
P = 0.002), suggesting that peel color may also be an indicator of
fruit ripening stage. Peel color was also significantly affected by irri-
gation, with CI and PRD fruits showing more intense orange peels
than DI fruits (Table 2). This response may just indicate a delay in DI
fruit maturation or, more likely, a reduction in pigment formation,
perhaps connected to lowered nutrients/reserves in DI trees.39

Table 2. Peel and juice color indices in fruit of ‘Valencia’ trees at dif-
ferent harvest dates and under conventional irrigation (CI), continuous
water deficit (DI) and partial rootzone drying (PRD)

Harvest Peel color index Juice color index

8 April 0.932± 0.0012 –
5 May 0.937± 0.0011 0.946± 0.0009
3 June 0.942± 0.0013 0.948± 0.0009
P value <0.001 0.122
Polynomial contrast Linear –

Irrigation Peel color index Juice color index

CI 0.938± 0.0011a 0.948± 0.0013
PRD 0.938± 0.0014a 0.946± 0.0012
DI 0.935± 0.0015b 0.947± 0.0008
P value 0.043 0.745

Values are mean± standard error (n= 24). P values for main effects
and polynomial contrasts are reported. When present, different letters
indicate significant differences among irrigation treatments for each
parameter (Tukey’s test, P ≤ 0.05).
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Table 3. Juice quality of ‘Valencia’ orange fruit at different harvest
dates and under conventional irrigation (CI), continuous water deficit
(DI) and partial rootzone drying (PRD)

Harvest TSS (%) TA (g per 100 mL) TSS/TA

8 April 12.2± 0.21 1.04± 0.022 11.6± 0.33
5 May 12.5± 0.18 1.07± 0.016 11.7± 0.13
3 June 13.0± 0.16 1.02± 0.018 12.9± 0.33
P value 0.011 0.015 <0.001
Polynomial contrast Linear Quadratic Linear Quadratic

Irrigation TSS (%) TA (g per 100 mL) TSS/TA

CI 12.8± 0.23 1.06± 0.016 12.1± 0.19
PRD 12.4± 0.24 1.05± 0.015 11.9± 0.22
DI 12.5± 0.22 1.02± 0.025 12.1± 0.44
P value 0.399 0.113 0.639

Values are mean± standard error (n= 24). P values for main effects
and polynomial contrasts are reported. When present, different letters
indicate significant differences among irrigation treatments for each
parameter (Tukey’s test, P ≤ 0.05). TSS, total soluble solids; TA, titratable
acidity.

Table 4. Narirutin, didymin and neoeriocitrin content (mg g−1) in
peel of ‘Valencia’ oranges at different harvest dates and under conven-
tional irrigation (CI), continuous water deficit (DI) and partial rootzone
drying (PRD)

Harvest Narirutin Didymin Neoeriocitrin

8 April 4.25± 0.24 0.64± 0.04 0.015± 0.005
5 May 7.10± 0.67 1.06± 0.12 0.013± 0.004
3 June 0.36± 0.05 0.12± 0.03 0.000± 0.000
P value <0.001 <0.001 0.007
Polynomial contrast Linear Quadratic Linear Quadratic Linear

Irrigation Narirutin Didymin Neoeriocitrin

CI 3.53± 0.60 0.57± 0.09 0.006± 0.004
PRD 3.52± 0.71 0.56± 0.11 0.009± 0.004
DI 4.04± 0.91 0.61± 0.14 0.011± 0.004
P value 0.152 0.457 0.364

Values are mean± standard error (n= 24). P values for main effects
and polynomial contrasts are reported. When present, different letters
indicate significant differences among irrigation treatments for each
compound (Tukey’s test, P ≤ 0.05).

On the contrary, juice color was not affected by either date of
harvest or irrigation (Table 2), indicating that this trait is relatively
insensitive to fruit maturation changes and irrigation strategies,
probably because internal juice color is less influenced by the
synthesis of color pigments such as carotenoids and xanthophylls.
This is likely due to the influence of light on pigment synthesis.
Fruit skin is in fact more prone and susceptible to changes in
color, as the first step of carotenoid biosynthesis (i.e. formation of
phytoene) is stimulated by light.40,41

In fruit juice, TSS, TA and TSS/TA ratio were affected by har-
vest date (Table 3). Changes in juice quality parameters over time
showed that TSS increased linearly from 8 April to 3 June. Unex-
pectedly, TA exhibited a quadratic response, with an increase in
the second harvest and a subsequent reduction in the third. A sig-
nificant linear and quadratic contrast for TSS/TA ratio suggests a
nonlinear increase over time. Irrigation treatments showed no sig-
nificant effect on orange juice internal quality (Table 3). The lack of

Table 5. Hesperidin, nobiletin and tangeritin content (mg g−1) in
peel of ‘Valencia’ oranges at different harvest dates and under conven-
tional irrigation (CI), continuous water deficit (DI) and partial rootzone
drying (PRD)

Harvest Irrigation Hesperidin Nobiletin Tangeritin

8 April CI 11.5± 0.76 1.14± 0.12 0.06± 0.01
PRD 9.97± 0.99 0.78± 0.15 0.05± 0.02
DI 10.8± 0.60 0.92± 0.11 0.05± 0.02

5 May CI 20.3± 1.36 2.23± 0.30 0.16± 0.04
PRD 18.3± 1.36 2.26± 0.18 0.11± 0.04
DI 18.7± 1.26 1.83± 0.12 0.03± 0.02

3 June CI 31.7± 2.99a 9.17± 0.99a 1.69± 0.29a
PRD 20.1± 1.67b 4.11± 0.57b 0.66± 0.12b
DI 21.4± 1.50b 4.28± 0.45b 0.48± 0.08b

Harvest× irrigation 0.007 <0.001 <0.001

Values are mean± standard error (n= 8). P values for interaction
between harvest date and irrigation are reported. When present, dif-
ferent letters indicate significant differences among irrigation treat-
ments for each flavonoid and harvest date (Tukey’s test, P ≤ 0.05).

Table 6. Flavonoid content (μg mL−1) in juice of ‘Valencia’ oranges
at different harvest dates and under conventional irrigation (CI), con-
tinuous water deficit (DI) and partial rootzone drying (PRD)

Harvest Narirutin Hesperidin Didymin

8 April 42.9± 2.19 88.1± 3.81 9.7± 0.67
5 May 51.1± 2.08 101.6± 5.31 12.1± 0.62
3 June 49.0± 2.63 112.7± 7.12 12.0± 0.85
P value 0.023 <0.001 0.042
Polynomial contrast Quadratic Linear Linear

Irrigation Narirutin Hesperidin Didymin

CI 45.0± 2.06 93.1± 5.55b 9.9± 0.64b
PRD 47.3± 1.85 106.9± 5.48a 11.9± 0.68ab
DI 52.1± 3.01 104.3± 6.55a 13.1± 0.81a
P value 0.121 0.020 0.012

Values are mean± standard error (n= 24). P values for main effects
and polynomial contrasts are reported. When present, different letters
indicate significant differences among irrigation treatments for each
compound (Tukey’s test, P ≤ 0.05).

an irrigation effect on TSS and TA content in our juice is in contrast
to other results found in the literature on other citrus varieties,34 – 36

where deficit irrigation had increased TA and TSS. None of these
studies was conducted with ‘Valencia’ oranges, so it is possible that
the lack of an irrigation effect on juice quality is cultivar-specific
and likely related to the early stage of fruit growth at the time irri-
gation was applied.

Regardless of harvest date and irrigation treatment, hesperidin
was the most abundant flavonoid in the ‘Valencia’ fruit peel,
followed by nobiletin and narirutin (Tables 4 and 5). This flavonoid
profile is in accordance with previous studies.27 During fruit
maturation, peel narirutin and didymin exhibited a nonlinear
(quadratic) decrease with a peak in May, while neoeriocitrin
presented a linear decrease (Table 4). Furthermore, narirutin,
didymin and neoeriocitrin content in the peel was not signifi-
cantly affected by the different irrigation treatments (Table 4).
On the other hand, hesperidin, nobiletin and tangeritin tended
to increase during maturation and were significantly reduced
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Figure 1. Total flavonoid content in (A) juice and (B) peel of ‘Valencia’
oranges at different harvest dates and under conventional irrigation (CI),
continuous water deficit (DI) and partial rootzone drying (PRD). Error bars
indicate standard errors of the means (n= 8).

by deficit treatments, but only at the end of maturation (June)
(Table 5).

Regardless of harvest date and irrigation treatment, hesperidin
was the most abundant flavonoid in our ‘Valencia’ orange juices,
followed by narirutin and didymin (Table 6). As described in the
peel, these results are in accordance with the flavonoid profile
reported for sweet oranges.27,42 During maturation, hesperidin
and didymin showed a linear increase, while narirutin followed a
quadratic increase with a peak in May (Table 6). Contrary to what
was observed in the peel, deficit irrigation significantly increased
flavonoid content in the juice. In particular, hesperidin was highest
in PRD and lowest in CI, whereas didymin was highest in DI and
lowest in CI fruit juice. Although the flavonoids studied do not
contribute to juice taste, they have been proven to be positively
related to better fruit storage due to their antioxidant activity43,44

and higher nutraceutical quality of the juice.45

Narirutin in the fruit juice and peel was not significantly affected
by irrigation treatments, showing that the synthesis of this fla-
vanone is insensitive to tree water status in stage II of fruit growth.
On the contrary, deficit irrigation, in particular the mild deficit con-
ditions imposed with PRD, seems to cause a significant and useful
accumulation shift of total flavonoids from the fruit peel into the
juice (Fig. 1), with a positive impact on the nutritional value of the
edible fruit portion. An overall look at compositional changes dur-
ing fruit maturation also suggests that juice quality and nutritional

value can be improved if fruits are harvested in early June under
the cultural and environmental conditions of this study.
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