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Effect of Regulated Deficit Irrigation and Crop Load
on the Antioxidant Compounds of Peaches
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The use of regulated deficit irrigation (RDI) strategies is becoming a common practice in areas with
low water availability. Little information is available about the effects of RDI on the antioxidant content
of fruits. In this study, the influence of RDI on the content of vitamin C, phenolic compounds and
carotenoids was investigated. Two irrigation strategies, fully irrigated (FI) and RDI, were compared
at two levels of thinning, commercial and half of the commercial crop load. RDI strategies affected
the content of vitamin C, phenolics and carotenoids of Flordastar peaches. RDI caused fruit peel
stress lowering the content of vitamin C and carotenoids, while increasing the phenolic content, mainly
anthocyanins and procyanidins. Fruit weight was the only quality index influenced by the crop load
as it increased in FI fruits at low crop load. In general, fruits from commercial crop load had slightly
higher content of antioxidants to fruits from low crop load, although these influences were only
observed in the peel. Additionally, the influence of irrigation controlled by two sensors related to
plant water level, maximum daily trunk shrinkage (MDS) and sap flow (SF) on the antioxidant
constituents of peaches was evaluated. The response of the fruits to SF sensor was similar to that
observed for RDI strategy. According to the tested water sensors, SF did not act as a good plant-
based water indicator for use in irrigation scheduling, as it caused an increase in the content of
phenolics, similar to that observed for fruits subjected to RDI. Therefore, selection of RDI strategies
and plant water indicators should be taken into account as they affect the content of antioxidants of
peaches.
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INTRODUCTION

Peaches (Prunus persica L.) are one of the most common
and economically important fruit tree species of the Mediter-
ranean area, where drought periods are frequent and irrigation
water is a limiting factor for productivity (/). Mediterranean
growers are facing increasing pressure to reduce water use by
improving water management (2). The search for more efficient
use of irrigation water has focused on regulated deficit irrigation
(RDI) strategies (3). The use of RDI in fruit trees is an
agricultural practice based on the reduction of irrigation during
certain periods of tree development (4). RDI is useful in areas
where low water availability is the primary parameter limiting
production of fruit trees, such as in the Mediterranean (5).
Additionally, RDI can also reduce excessive vegetative growth
and improve fruit quality (5, 6). Sensors that measure some
parameters such as maximum daily trunk shrinkage (MDS) and
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sap flow (SF) are used as control systems to vary the quantity
of water supplied to maintain a water status without water stress.

In peaches, the majority of fruit growth occurs in the final
6—8 weeks before harvest when vegetative growth is almost
complete (7). Additionally, peach quality attributes are reported
to be influenced by RDI strategies (8). Some authors have found
an improvement in fruit quality attributes without affecting fruit
size (9, 10). For example, peaches from different RDI treatments
show higher levels of soluble solid content (SSC) and redder
color at harvest than control fruit (5). Furthermore, several
studies have related fruit quality to changes in fruit composition.
For instance, fruit color is related to carotenoid content in
apricots (/1), and for tomato and grapes, fruit color is related
to lycopene and anthocyanin, respectively (/2, 13). In peaches,
phenolic compounds have a role in the organoleptic quality such
as visual appearance (pigmentation and browning) and taste
(astringency) (/4, 15). Phenolic compounds, ascorbic and
dehydroascorbic acids (vitamin C), carotenoids, and a-tocoferol
(vitamin E) are bioactive constituents of peaches that exhibit
major antioxidant capacity (/6).
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Table 1. Fresh Weight, SSC, TA, pH, a*, and H° of the Peel and the Flesh and Firmness of Peaches Cultivated under FI and RDI Strategies at Commercial

and Low Crop Loads?

irrigation treatments  crop load weight (g) SSC (%) TA (%) pH a* peel a* flesh He peel He flesh firmness
Fl commercial 1283 +33b 86+04 1.0+01 36401 105+47 —59+12 743+50 841+18 258423
low 163.1+45a 89+03 12+01 37+01 103+32 —-58+10 73.0+96 840+13 195+20
RDI commercial  127.7 +6.8b 944+01 10+£01 38402 9.0+27 —69+04 763+48 835+07 239+25
low 1314+74b 90+03 10+£01 37401 77439 —83+12 828+59 818+15 296+26
ns ns ns ns ns ns ns ns

@Values are the means of three replicates of 10 fruits + standard deviation. Means in each column followed by the same letter do not differ significantly at P < 0.01

ns; no significant differences.

The influence of RDI strategies on the antioxidant content
including vitamin C, phenolic compounds, and carotenoids of
peaches was evaluated. Two irrigation strategies, fully irrigated
(FI) and RDI treatments, were compared at two levels of
thinning (commercial and low crop loads). In addition, the effect
of irrigation controlled by two sensors related to plant water
level, MDS and SF, on the antioxidant content of peaches was
studied to determine if these sensors were good indicators for
irrigation scheduling.

MATERIALS AND METHODS

Experimental Conditions, Plant Material, and Treatments. Fruits
were harvested from five-year-old early ripening peach trees (cv.
“Flordastar”, grafted on GF677 rootstock) in Santomera, Murcia, Spain
(30°06" N 1°02” W, elevation 123 m). Tree spacing was 5 x 5 m?,
with a mean ground cover of about 54%. Pest control and fertilization
practices were those commonly used by the growers, and no weeds
were allowed to develop within the orchard.

Trees were hand-thinned on day of year (DOY) 70 (30 days after
full bloom). Two levels of thinning were used to space fruitlets along
the fruit bearing stems at 25 cm for the commercial crop load and at
50 cm for the low crop load.

From January 29 (DOY 29) to November 10 (DOY 314) 2006,
different irrigation treatments were imposed. One treatment was FI,
satisfying the estimated crop evapotranspiration (ETc) according to daily
reference evapotranspiration (ETo), calculated using the Penman—Monteith
equation (/7), a crop factor based on the time of the year (FAO 56)
and the percentage of ground area shaded by the tree canopy (/8). A
second treatment was an RDI that consisted to maintain a 25% ETc
during phases I and II of fruit development and only 100% ETc during
the third phase of fruit growth (critical period). Two other plant-based
water stress indicators, MDS and SF, were evaluated (/9). In the first
part of the study, FI and RDI irrigation regimes at two levels of thinning
were compared. In the second part of the study, three irrigation regimes
controlled by ETc, MDS, and SF sensors at commercial crop load were
compared.

All irrigation treatments were carried out using a drip irrigation
system with one lateral pipe per tree row and eight emitters (each
delivering 2 L h™") per plant. Total water amounts applied to each
treatment were measured with inline water meters and were 705 and
196 mm, for FI and RDI treatments, respectively.

Quality Indexes. Titratable acidity (TA), pH, and soluble solid
content (SSC) were evaluated. TA was determined by titration of 10
mL of juice with 0.1 mol L™! NaOH to pH 8.1. The pH values were
measured using a pH meter, and SSC was measured with an Atago
hand-held refractometer. Color values on the peel and flesh were
measured with a Minolta chromameter (CR-300) tristimulus color
analyzer calibrated with a white porcelain reference plate. The color
space coordinates L*, a*, and b* and hue angle [H° = arctg(a*/b*)]
were determined around the equatorial region in three different positions
for 10 fruits by treatment. Fruit firmness was evaluated by compression
test using a Lloyd instrument (model LR10K) equipped with two (12
x 18 cm?) flat plates. The maximum force required to deform 1% of
the fruit at a speed of 25 mm min~ ' was determined.

Extraction and Analysis of Vitamin C. Ascorbic and dehy-
droascorbic acid contents were determined according to Zapata and
Dufour (20) with some modifications (27). Ten grams of frozen fruit

(peel and flesh) (—80 °C) was added to 10 mL of extraction medium
(0.1 M citric acid, 0.05% w/v ethylenediaminetetraacetic acid disodium
salt, 5% v/v methanol, 95% water, and 4 mM NaF). The mixture was
directly homogenized for 30 s and filtered through filter cloth. The
filtrate was collected and centrifuged at 10500g in an eppendorf
centrifuge for 5 min at 2—5 °C. The filtrate was flushed through an
activated Sep-Pak Cis cartridge (Waters) and was then filtered through
a 0.45-um nylon filter. Then, 250 uL of 1,2-phenylenediamine
dihydrochloride solution (35 mg/100 mL) was added to 750 uL of
extract for dehydroascorbic acid derivatization into the fluorophore
3-(1,2-dihydroxyethyl)furo[3,4-b]quinoxaline-1-one (DFQ). After 37
min in darkness, the samples were analyzed by HPLC.

Ascorbic acid and dehydroascorbic acid were quantified by HPLC
(Merck, Hitachi), equipped with an L-6000 pump and coupled with a
D-2500 variable-wavelength UV detector. Twenty-microliter samples
were injected on a reversed-phase Kromasil 100 C;g column (250 mm
x 4 mm i.d., 5-um particle size) (Tecnokroma) with an OSD guard
Cig precolumn. The flow rate was kept at 0.9 mL/min. The mobile
phase was methanol: water (5/5, v/v), 5 mM cetrimide, and 50 mM
KH,POy. The detector wavelength was initially set at 348 nm, and after
the elution of DFQ, it was manually shifted to 261 nm for ascorbic
acid detection. The vitamin C content was calculated adding the content
of ascorbic acid and dehydroascorbic acid, and the results were
expressed as milligrams per 100 g of fresh weight.

Extraction and Analysis of Phenolic Compounds. Two-gram
samples of freeze-dried powder were homogenized with 20 mL of
extraction solution (acetone/water/acetic acid, 70/29.5/0.5, v/v/v) with
an Ultra Turrax (Ika) for 1 min on ice followed by sonication for 15
min. The obtained homogenates were centrifuged at 3200 rpm (1765g)
for 10 min (Centromix centrifuge, Selecta). The acetone was evaporated
under vacuum at 35 °C using a rotary evaporator. After evaporation,
the aqueous residue was flushed through an activated Sep-Pak Cig
cartridge (Waters), previously activated with methanol followed by
water and then eluted with methanol. The methanol was evaporated at
35 °C under vacuum and recovered in 1 mL of extraction solution,
filtered through a 0.45-um nylon filter. Samples of 50 uLL were analyzed
by HPLC (Merck, Hitachi) equipped with a model L-7100 pump and
a model L-7455 photodiode array UV/vis detector. The samples were
injected by a model L-7200 autosampler. The separation was achieved
on a reversed-phase LiChrocart C;3 column (250 mm x 4 mm i.d.,
5-um particle size) (Merck) with water/formic acid (95/5, v/v) (A) and
methanol (B) as the mobile phases. The linear gradient started with
3% B, at 5 min 5% B, at 10 min 8% B, at 15 min 13% B, at 19 min
15% B, at 47 min 40% B, at 64 min 65% B, at 66 min 98% B, and
then it was maintained isocratic up to 70 min. The flow rate was 1 mL
min~ ', and chromatograms were recorded at 280, 320, 360, and 510
nm. Anthocyanins were quantified by comparisons with an external
standard of cyanidin 3-rutinoside at 510 nm, flavonols as quercetin
3-rutinoside at 360 nm, hydroxycinnamic acid derivatives as chlorogenic
acid at 320 nm, and flavan-3-ols as catechin at 280 nm. All these
markers were purchased from Sigma. The results were expressed as
milligrams per kilogram of fresh weight.

The phenolic compounds in fruit extracts were identified by their
UV spectra recorded with a diode-array detector and, wherever possible,
by chromatographic comparisons with authentic markers.

Analyses of Procyanidins by Normal-Phase HPLC. The separa-
tion, detection, and characterization of procyanidins in peach obtained
from the preparative system described below were performed by
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Figure 1. Content of vitamin C, total phenolics, and carotenoids in the peel and the flesh of fully irrigated (white bars) and regulated deficit irrigation
(black bars) trees at commercial and low crop loads. Values are the means of three replicates of 10 fruits, and error bars represent the standard
deviation. Significant differences between commercial and low crop loads for the same tissue at P < 0.001 are represented by different letters.

normal-phase HPLC (Merck, Hitachi) with fluorescence detection. The
column was a Develosil diol (250 mm x 4.6 mm i.d., 5-um particle
size) (Phenomenex). The binary mobile phase consisted of (A)
acetonitrile/acetic acid (98/2, v/v) and (B) methanol/water/acetic acid
(95/3/2, vIvivl). Elution was performed using a gradient ranging from
0% B in A to reach 40% B after 35 min, 40% B at 40 min, 0% B at
45 min followed by a 5-min equilibration time. The flow rate was 0.8
mL min~!, and chromatograms were obtained by fluorescence detection
with excitation at 276 nm and emission at 316 nm.

Extraction and Analysis of Carotenoids. The followed procedures
were as described by Minguez-Mosquera and Garrido-Fernandez (22).
Samples of 10 g were homogenized with 10 mL of methanol. The
obtained homogenate was vacuum filtered, adding acetone (70 mL for
flesh and 100 mL for peel) until no color was observed. The extracts
were transferred to a decanting funnel and treated with 50 mL of ethyl
ether, shaken, and left to settle. A solution of 10% NaCl (20 mL) was
added to separate the phases and to transfer the pigments to the ether.
This solution was treated several times with 20 mL of anhydrous
Na,SO4 (2%) to remove the water. Then, the ether phase, containing
the pigments in different states of esterification with fatty acids, was
saponified with 50 mL of KOH/MeOH (20%, w/v) and 20 mL of MeOH
and left for 1 h with periodic shaking. Before the aqueous phase was
removed, 100 mL (peel samples) and 150 mL (flesh samples) of NaCl
were added with periodic shaking. The organic phase was washed
several times with distilled water until pH = 7, then filtered through a

bed of anhydrous Na,SOy, and evaporated to dryness in the rotary
evaporator at a temperature always lower than 35 °C. The pigments
were collected with acetone to a volume of 5 mL and kept refrigerated
until their analysis by HPLC.

p-Apo-8” carotene (Sigma Chemical Co.) (1 mg/10 g of sample)
was added as an internal standard as this pigment is absent in peach
and, under the proposed conditions, separates well from the other
carotenoids. Lutein and -criptoxanthin were obtained from a saponified
extract of mint (Mentha piperita) by thin-layer chromatography (TLC)
(23). For this purpose, thick plates of silica gel 60 F254 (20 cm x 20
cm of 0.5 mm, Merck) were used. Each compound was identified on
the basis of its TLC R values and compared with isolated standards
and UV/vis spectra.

Carotenoids were evaluated by HPLC equipped with a model L-6200
pump (Merck, Hitachi) and SPD-M6A photodiode array UV/vis detector
(Shimazu). Separations were achieved on a LiChrocart C;s column (250
mm x 4 mm i.d., 5-um particle size) (Merck) using a gradient program
previously described (23). Elution was performed at a solvent flow rate
of 1.5 mL min~ ' with an injection volume of 20 uL and detection at
450 nm. Multicomponent mixtures were used for calibration. Once the
pigments were purified, the concentration was determined spectropho-
tometrically, using the corresponding values of & (24). The concentra-
tions were calculated and expressed as micrograms per 100 mg of fresh
weight.
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Figure 2. Individual content of phenolic groups as phenolic acids, flavonols, anthocyanins, and procyanidins in the peel and flesh of fully irrigated (white
bars) and regulated deficit irrigation (black bars) trees at commercial and low crop loads. Values are the means of three replicates of 10 fruits, and error
bars represent the standard deviation. Significant differences between commercial and low crop loads for the same tissue at P < 0.001 are represented

by different letters.

Statistical Analysis. Ten fruits per replicate and three replicates per
water irrigation treatments and thinning were analyzed. Analysis of
variance was performed to assess the significance of irrigation treat-
ments and thinning, and differences between means were compared
using the Tukey’s multiple range test at P < 0.01.

RESULTS

Influence of RDI on the Antioxidant Constituents of
Peaches at Commercial and Low Crop Loads. The quality
characteristics of Flordastar peaches including fruit weight, SSC,
TA, pH, color, and firmness of peaches cultivated under FI and
RDI strategies at two levels of thinning are shown in Table 1.
RDI did not influence negatively the quality characteristics of
the peaches when compared to FI fruits. Only FI of fruit at low
crop load caused a significant increase in fresh weight whereas
SSC, TA, and pH as well as the color of the peel and the flesh
were not affected by the irrigation treatments and crop load
(Table 1).

The peel of early ripe yellow-flesh peaches contained higher
amounts of antioxidants, including vitamin C, phenolics, and
carotenoids, than the flesh. The peel was the tissue largely
influenced by the RDI strategies and thinning (Figure 1). RDI

strategy significantly decreased the content of vitamin C in the
peel when comparing with FI at commercial crop load.
However, at low crop load, no significant differences in the
content of vitamin C between the peel of FI and RDI fruits
were observed. In addition, the content of vitamin C in the flesh
of early ripe peaches was not influenced by RDI and thinning
(Figure 1).

On the other hand, significant differences in the phenolic
content of the peel between FI and RDI fruits were observed at
both commercial and low crop loads (Figure 1). Phenolic
content in the peel of RDI fruits was higher than that of FL
However, no differences were observed between the flesh of
FI and RDI peaches at either commercial or low crop load. The
analysis of the individual phenolic compounds showed four main
groups: phenolic acids, flavonols, anthocyanins, and procyani-
dins. Among these groups, anthocyanins and procyanidins were
the main phenolic compounds, whereas phenolic acids and
flavonols were present in lower levels (Figure 2). RDI
significantly increased the content of anthocyanins, procyanidins,
and phenolic acids in the peel. Additionally, crop load did not
influence the content of phenolics, except anthocyanins, which
was the only group affected by the thinning. Thus, the peel of
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Figure 3. Content of vitamin C, total phenolics, and carotenoids in the peel and flesh of fully irrigated peaches (ETc) and peaches irrigated based on
plant-based water indicators: MDS and SF. Values are the means of three replicates of 10 fruits, and error bars represent the standard deviation.
Significant differences between plant-based water indicators for the same tissue at P < 0.001 are represented by different letters.

fruits at commercial crop load contained higher concentrations
of anthocyanins than those at low crop load (Figure 2).

In addition, the influence of RDI on the carotenoid content
was similar to that observed for vitamin C (Figure 1). Thus, at
commercial crop load, the peel of RDI fruits showed a lower
content of carotenoids than the peel of FI peaches. However, at
low crop load, no significant differences were observed between
the peel of FI and RDI fruits. When the flesh of peaches
subjected to RDI strategies was studied, it was seen that the
content of carotenoids in the flesh of FI fruits was always higher
than that of RDI fruits, particularly at low crop load.

Influence of Irrigation Controlled by Plant-Based Water
Sensors on the Antioxidant Content of Peaches. The influence

of irrigation controlled by two sensors related to plant water
level, MDS and SF, on the quality indexes and antioxidant
constituents of peaches was evaluated. The quantities of the
water supplied to maintain a specific value of MDS and SF
were 655 and 463 mm, respectively. ETc fruits received more
water (705 mm) during the experimental period. No significant
differences were observed in the quality indexes (weight, SSC,
TA, pH, and color) of peaches irrigated based on different plant-
based indicators (data no shown).

However, the content of vitamin C in the fruits obtained from
trees irrigated based on MDS and SF measurements was similar

for both sensors, with an average value of 125 mg/kg of peel
and 80 mg/kg of flesh (Figure 3). Only the peel of ETc fruits
showed a content of vitamin C higher than that of fruits irrigated
with MDS and SF sensors, whereas no differences among the
flesh of fruits irrigated with the three different amounts of water
were observed.

On the other hand, significant differences were observed
among the content of total phenolics in peaches whose irrigation
was controlled by SF compared with that of ETc and MDS
(Figure 3). It was observed that the total phenolic content of
fruits controlled by MDS was similar to that of ETc fruit.
Furthermore, the response of irrigation based on the SF sensor
showed that the changes in individual phenolics of SF peaches
followed a pattern similar to that of RDI fruits. The content of
the individual groups of phenolics in SF fruits was almost double
that for ETc and MDS fruits both for the peel and for the flesh
(Figure 4). In the case of anthocyanins, the content in the peel
of SF fruits was three times higher than that of MDS fruits.

Changes in the carotenoid content among ETc fruits and those
controlled by MDS and SF sensors were similar to that observed
for vitamin C (Figure 3). No significant differences in the
content of carotenoids between fruits obtained from trees whose
irrigation was based on MDS and SF measurements were found.
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Figure 4. Individual content of phenolic groups as phenolic acids, flavonols, anthocyanins, and procyanidins in the peel and flesh of fully irrigated
peaches (ETc) and peaches irrigated based on plant-based water indicators: MDS and SF. Values are the mean of three replicates of 10 fruits, and error
bars represent the standard deviation. Significant differences between plant-based water indicators for the same tissue at P < 0.001 are represented by

different letters.

These fruits contained an average value of 249 ug/kg of peel
and 116 ug/kg of flesh. However, the content of carotenoids in
the peel and flesh of ETc fruits was significantly higher than
that of fruits whose irrigation was controlled by either MSD or
SF measurements.

DISCUSSION

FI and low crop load caused a significant increase in fruit
weight, meaning that the reduction in the number of fruits in
well-irrigated trees increased the size of the remaining fruit.
Previous studies have reported that peaches from trees carrying
heavy crop load (unthinned) had lower fruit turgor compared
with trees carrying a light crop load (25, 26). However, in our
study, peach firmness was unaffected by water deficit treatment
in agreement with the report by Gelly et al. (8), who observed
that, in stage II of the fruit growth period, peach firmness was
unaffected by water deficit.

The peel of early ripe yellow-flesh peaches contained a higher
antioxidant content than the flesh, as was already observed in a
study on the antioxidant composition of stone fruit where 25
yellow and white flesh cultivars were evaluated (27). These
authors observed that the peel of both white- and yellow-flesh
peaches always contained higher concentration of vitamin C,
phenolics, and carotenoids than the flesh, although there was a
wide variation in the content of these antioxidants (27). In our

study, the content of vitamin C in FI peaches was 159 mg/kg
of peel and 76 mg/kg of flesh at commercial crop load. The
reduction in the content of vitamin C observed in the peel of
RDI fruits could be explained by the decrease in the driving
force of water flow into the fruits, which has already been
described by Berman and DeJong (28). In our study, fresh
weight of FI fruits was higher in low crop load than in
commercial crop load because of the higher water content. Thus,
differences observed in the content of vitamin C and carotenoids
between commercial and low crop load fruits could be associated
with a dilution effect of the constituents. In addition, the number
of growing fruits, clearly higher in commercial crop load trees,
could also have a positive effect on the photosynthetic activity
of leaves (29-31). This effect could be more relevant under RDI
and when competition between vegetative and fruit growth
occurs, as is the case with early maturing cultivars (32-34).

The phenolic content of FI peaches at commercial crop load
was 185 mg/kg of peel and 75 mg/kg of flesh. This content
was almost four times lower than values reported for other
cultivars (27, 35). According to Romero et al. (36) in olive trees
and Roby et al. (37) in grapevines, the water stress implies an
activation of the phenolic compounds biosynthesis in the peel
of fruit suffering RDI. This fact was associated with an increase
in the activity of L-phenylalanine ammonia lyase (PAL) as a
response to water stress. Tovar et al. (38) associated a high PAL
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activity with the accumulation of anthocyanins and other
phenolic compounds in olives.

On the other hand, the total carotenoid content in FI Flordastar
peaches was 480 ug/kg of peel and 164 ug/kg of flesh (Figure
1), even though higher contents have been reported for other
early ripe cultivars (26). Bindon et al. (39) found that increasing
the incidence of sunlight in developing grape bunches acceler-
ated the decrease in carotenoids. As RDI is related to a reduction
in the vegetative growth and low crop load is associated to a
lower amount of fruits per tree, both events imply a high light
exposure of peaches. Thus, the reduction in the content of
vitamin C and carotenoids in peaches subjected to RDI at low
crop load could be attributed to the oxidation by the light
exposure.

The analysis of the individual phenolic compounds revealed
that procyanidins and anthocyanins were the main phenolic
compounds, whereas phenolic acids and flavonols were present
in low levels. These findings are consistent with those already
reported by Tomds-Barberan et al. in other peach cultivars (35).
The content of anthocyanins was higher in the peel of RDI fruits
than in the peel of FI peaches for both commercial and low
crop loads. This agrees with Chaves et al. (40), who also
detected high accumulation of anthocyanins in grapes subjected
to RDI. The anthocyanin content was also influenced by the
thinning as higher concentrations were observed in the com-
mercial crop load fruit than in the low crop load. Anthocyanins
were not detected in the flesh, which confirms that anthocyanins
are one of the phenolic groups significantly affected by solar
radiation as these compounds act as UV screens (41).

When the influence of irrigation controlled by two sensors
related to plant water level, MDS and SF, on the antioxidant
constituents of peaches was evaluated, the response of SF was
similar to that observed for RDI treatment. A reduced irrigation
strategy promoted a decrease in the content of vitamin C in the
peel, whereas no differences were found in the flesh. The highest
phenolic content found in the peel of SF peaches compared to
that of MDS peaches could be associated with a response of
the fruit to the water stress which was previously found for RDI
peaches. Furthermore, the response of irrigation based on the
SF sensor showed that the changes in individual phenolics of
SF peaches followed a pattern similar to that of the RDI fruits.
If the increase in the content of phenolics was related to water
stress, it can be concluded that MDS is a good plant water
sensor. These results confirm previous studies in lemon (2) and
peach trees (19, 42), which showed that MDS is the most
suitable plant-based water indicator for use in irrigation schedul-
ing practices.

In conclusion, the RDI strategies evaluated in this study
caused fruit peel stress, lowering the content of vitamin C and
carotenoids, while increasing the phenolic content, mainly
anthocyanins and procyanidins. The decrease in the antioxidant
constituents could be due to a higher sunlight exposure of fruits
collected from RDI trees as a result of a low vegetative growth
of those trees. The increase in the anthocyanin content could
be also explained as a response mechanism of peaches against
UV irradiation, to mitigate the photooxidative injury of plant
tissue. Fruits from a commercial crop load had slightly higher
antioxidant contents than fruits from a low crop load. The peach
peel was the only tissue influenced by the thinning. According
to the plant-based water sensors, SF did not act as a good water
indicator for use in irrigation scheduling, as it caused water stress
detected by an increase in the content of phenolics, similar to
that observed for fruits subjected to RDI.
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ABBREVIATIONS USED

RDI, regulated deficit irrigation; FI, fully irrigated; ET),
reference evapotranspiration; ETc, crop evapotranspiration;
MDS, maximum daily trunk shrinkage; SF, sap flow; TA,
titratable acidity; SSC, soluble solid content; PAL, L-phenyla-
lanine ammonia lyase.

ACKNOWLEDGMENT

We thank Dr. Rob Schouten for helpful suggestions in
preparing this manuscript.

LITERATURE CITED

(1) Infoagro. Noticias Infoagro. http://www.infoagro.com/noticias/
2005/09/20050926.asp, 2005. (Accessed September, 2007.)

(2) Garcia-Orellana, Y.; Ruiz-Sanchez, M. C.; Alarcén, J. J.; Conejero,
W.; Ortufio, M. F.; Nicolds, E.; Torrecillas, A. Preliminary
assessment of the feasibility of using maximum daily shrinkage
for irrigation scheduling in lemon trees. | NN
2007, 89, 167-171.

(3) Fereres, E.; Soriano, M. A. Deficit irrigation for reducing
agricultural water use. jonlniieitgi 2007, 58, 147-159.

(4) Chalmers, D. J.; Mitchell, P. D.; van Heek, L. Control of peach
growth and productivity by regulated water supply, tree density
and summer pruning. J. Am. Soc. Hortic. Sci. 1981, 106, 307—
312.

(5) Gelly, M.; Recasens, 1.; Mata, M.; Arbones, A.; Rufat, J.; Girona,

J.; Marsal, J. Effects of water deficit during stage II of peach fruit

development and postharvest on fruit quality and ethylene

production. J. Hortic. Sci. Biotechnol. 2003, 78, 324-330.

Girona, J.; Mata, M.; Arbonés, A.; Alegre, S.; Rufat, J.; Marsal,

J. Peach tree response to single and combined regulated deficit

irrigation regimes under shallow soils. J. Am. Soc. Hortic. Sci.

2003, 728, 432-440.

(7) Goodwin, I.; Boland, A. M. Scheduling deficit irrigation of fruit
trees for optimising water use efficiency. In Deficit Irrigation
Practices; Heng, L. K., Moutonnet, P., Smith, M., Eds.; Food
and Agriculture Organization of the United Nations: Rome, 2002;
22, pp 67—178.

(8) Gelly, M.; Recasens, I.; Mata, M.; Arbones, A.; Rufat, J.; Girona,
J.; Marsal, J. Effects of stage II and postharvest deficit irrigation
on peach during maturation and after cold storage. jumsinlstasl
Agric 2004, 84, 561-568.

(9) Crisosto, C. H.; Day, K. R.; Johnson, R. S.; Garner, D. Influence
of in-season foliar calcium sprays on fruit quality and surface
discoloration incidence of peaches and nectarines. J. Am. Pomol.
Soc. 2000, 54, 118-122.

(10) Li, S. H.; Huguet, J. G.; Schoch, P. G.; Orlando, P. Response of
peach tree growth and cropping to soil water deficit at various
phonological stages of fruit development. J. Hortic. Sci. 1989,
64, 541-552.

(11) Ruiz, D.; Egea, J.; Tomas-Barberan, F. A.; Gil, M. I. Carotenoids
from new apricot (Prunus armeniaca L.) varieties and their
relationship with flesh and skin color. | . 2005,
53, 6368-6374.

(12) Arias, R.; Lee, T.-C.; Logendra, L.; Janes, H. Correlation of
lycopene measured by HPLC with the L*, a*, b* color readings
of a hydroponic tomato and the relationship of maturity with color
and lycopene content. | NN 2000, 48, 1697-1702.

(13) Monagas, M.; Martin-Alvarez, P. J.; Bartolomé, B.; Gémez-
Cordovés, C. Statistical interpretation of the color parameters of
red wine in function of their phenolic composition during aging
in bottle. | NEGEEGEGGEEE. 2006, 222, 702-709.

(14) Tomas-Barberdn, F. A., Robins, R. J., Eds. Phytochemistry of Fruit
and Vegetables; Clarendon Press: Oxford, U.K., 1997.

(15) Dalla Valle, A. Z.; Mignani, I.; Spinardi, A.; Galvano, F.;
Ciappellano, S. The antioxidant profile of three different peaches
cultivars (Prunus persica) and their short-term effect on antioxi-

dant status in human. [ 2007, 225, 167-172.

6

=



3608 J. Agric. Food Chem., Vol. 56, No. 10, 2008

(16) Frei, B. On the role of vitamin C and other antioxidants in
atherogenesis and vascular dysfunction. || NG |[GTGTzTzNGGNGEGE
1999, 222, 196-204.

(17) Allen, R. G.; Pereira, L. S.; Raes, D.; Smith, M. Crop Evapo-
transpiration - Guidelines for Computing Crop Water Require-
ments; FAO Irrigation and Drainage Paper 56; Food and Agri-
culture Organization of the United Nations: Rome, 1998.

(18) Fereres, E.; Goldhamer, D. A. Irrigation of deciduous fruit and
nut trees. In Irrigation of Agricultural Crops; Stewart, B. A,
Nielsen, D. R., Eds.; American Society of Agronomy: Madison,
WI, 1990; pp 987—1017.

(19) Conejero, W.; Alarcén, J. J.; Garcia-Orellana, Y.; Nicolds, E.;
Torrecillas, A. Evaluation of sap flow and trunk diameter sensors
used for irrigation scheduling in early maturing peach trees. Jrgg
Rhusiol 2007, 27, 1753-1759.

(20) Zapata, S.; Dufour, J. P. Ascorbic, dehydroascorbic and isoascorbic
acid simultaneous determinations by reverse phase ion interaction
HPLC. inlitadhmai 1992, 57, 506-511.

(21) Gil, M. I.; Ferreres, F.; Tomas-Barberan, F. A. Effect of
postharvest storage and processing on the antioxidant constituents
(flavonoids and vitamin C) of fresh-cut spinach. gl
Chem. 1999, 47, 2213-2217.

(22) Minguez-Mosquera, M. L.; Garrido-Ferndndez, J. Chlorophyll and
carotenoid presence in olive fruit (Olea europea). i
Chem. 1989, 37, 1-7.

(23) Minguez-Mosquera, M. L.; Hornero-Méndez, D. Separation and
quantification of the carotenoid pigments in red peppers (Capsicum
annuum L.), paprika, and oleoresin by reversed-phase HPLC. J.
I 1993, 41, 1616-1620.

(24) Britton, G. UV/visible spectroscopy. In Carotenoids: Spectroscopy;
Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhduser
Verlag: Basel, Germany, 1995; Vol. 1B, pp 13—63.

(25) Mahhou, A.; DeJong, T. M.; Cao, T.; Shackel, K. S. Water stress
and crop load effects on vegetative and fruit growth of “Elegant
Lady” peach [Prunus persica (L.) Batch] trees. Exyits 2005, 60,
55-68.

(26) McFadyen, L. M.; Hutton, R. J.; Barlow, E. W. R. Effects of
crop load on fruit water relations and fruit growth in peach. J.
Hortic. Sci. 1996, 71, 469—-480.

(27) Gil, M. 1.; Tomas-Barberan, F. A.; Hess-Pierce, B.; Kader, A. A.
Antioxidant capacities, phenolic compounds, carotenoids, and
vitamin C contents of nectarine, peach, and plum cultivars from
California. | NN 2002, 50, 4976-4982.

(28) Berman, M. E.; DeJong, T. M. Water stress and crop load effects
on fruit fresh and dry weights in peach (Prunus persica). Jrgg
Llysial 1996, 16, 859-864.

(29) Flore, J. A.; Lakso, A. N. Environmental and physiological
regulation of photosynthesis in fruit crops. iciiicmigd. 1989, /1,
111-157.

(30) Gucci, R.; Petracek, P. D.; Flore, J. A. The effects of fruit harvest
on photosynthetic rates, starch content and chloroplast ultrastruc-
ture in leaves of Prunus avium. Adv. Hortic. Sci. 1991, 5, 19-22.

Buendia et al.

(31) Testolin, R.; Costa, G. Net photosynthesis, source of variation in
peach canopy. Adv. Hortic Sci. 1991, 5, 35-39.

(32) Delong, T. M.; Doyle, J. F.; Day, K. R. Seasonal patterns of
reproductive and vegetative sink activity in early and late maturing
peach (Prunus persica) cultivars. jiiussiaittand 1987, 71, 83—
88.

(33) Grossman, Y. L.; DeJong, T. M. PEACH: A simulation model of
reproductive and vegetative growth in peach trees. gissnitdbiiisd
1994, 14, 329-345.

(34) Nicolas, E.; Lescourret, F.; Génard, M.; Bussi, C.; Besset, J. Does
dry matter partitioning to fruit in early and late ripening peach
(Prunus persica) cultivars confirm the branch autonomy theory.
J. Hortic. Sci. Biotechnol. 2006, 81, 444-448.

(35) Tomas-Barberan, F. A.; Gil, M. I.; Cremin, P.; Waterhouse, A. L.;
Hess-Pierce, B.; Kader, A. A. HPLC-DAD-ESIMS analysis of
phenolic compounds in nectarines, peaches, and plums. Ludgiie
eadnibsi 2001, 49, 4748-4760.

(36) Romero, M. P.; Tovar, M. J.; Girona, J.; Motilva, M. J. Changes
in the HPLC phenolic profile of virgin olive oil from young trees
(Olea europaea L. cv. Arberquina) grown under different deficit
irrigation strategies. | IR 2002, 50, 5349-5354.

(37) Roby, G.; Harbertson, J. F.; Adams, D. A.; Matthews, M. Berry
size and vine water deficits as factors in winegrape composition:
Anthocyanins and tannins. Aust. J. Grape Wine Res. 2002, 100—
107.

(38) Tovar, M. J.; Romero, M. P.; Girona, J.; Motilva, M. J.
L-Phenylalanine ammonia lyase activity and concentration of
phenolics in developing olive (Olea europaea L. cv. Arbequina)
fruit grown under different irrigation regimes. |
2002, 82, 892-898.

(39) Bindon, K. A.; Dry, P. R.; Loveys, B. R. Influence of plant water
status on the production of C;s-norisoprenoid precursors in Vitis
vinifera L. cv. Cabernet Sauvignon grape berries. juiutains
Chew. 2007, 55, 4493-4500.

(40) Chaves, M. M.; Santos, T. P.; Souza, C. R.; Ortuno, M. F.;
Rodrigues, M. L.; Lopes, C. M.; Maroco, J. P.; Pereira, J. S.
Deficit irrigation in grapevine improves water-use efficiency while
controlling vigour and production quality. s 2007,
150, 237-252.

(41) Alexieva, V.; Sergiev, 1.; Mapelli, S.; Karanov, E. The effect of
drought and ultraviolet radiation on growth and stress markers in
pea and wheat. RSN 2001, 24, 1337-1344.

(42) Conejero, W.; Alarcoén, J. J.; Garcia-Orellana, Y.; Abrisqueta,
J. M.; Torrecillas, A. Daily sap flow and maximum daily trunk
shrinkage measurements for diagnosing water stress in early
maturing peach trees during the post-harvest period. geisaltliid
2007, 27, 81-88.

Received for review January 18, 2008. Revised manuscript received
February 28, 2008. Accepted March 13, 2008. We are grateful to the
IRRIQUAL project (FP6-FOOD-CT-2006-023120) and CSD-67 Grant
(Consolider-Ingenio 2010 Programme) for financial support.

JF800190F





