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Abstract: The objective of this work was to analyse, using a time series analysis, the effect of water
regime for two cultivars at three stages of ripeness, during three consecutive years. Fruit and oil yield;
O2
− production and NADH oxidation activities; polyphenol oxidase (PPO), superoxide dismutase

(SOD) and peroxidase (POX) activities; total phenols, flavonoid and phenylpropanoid glycoside
content; and total antioxidant capacity (FRAP) were determined. All these parameters were found
to depend on variety, irrigation and year. The results showed that the fruit and oil yields were
strongly dependent on both irrigation and variety. The DW/FW ratio was practically constant during
ripening, with small variety-dependent changes due to irrigation. Total amino acid and protein
contents increased with ripening, with a close dependence on variety but not on irrigation. The SOD
and POX activities appeared closely related, and related to the NADH oxidation and the amount of
O2
−. The evolution of phenols and FRAP during ripening was complementary to that of NADH

oxidation, O2
− production as well as SOD and POX activities. The determining factors of the SOD,

POX and PPO activities were the variety and the ripening; the determining factor of the yield, ROS
production, total phenols and antioxidant capacity was the water regime. Inverse correlations were
observed between maximum temperature and total phenols (−0.869), total flavonoids (−0.823), total
PPGs (−0.801) and FRAP (−0.829); and between DW/FW and irrigation (−0.483). The remaining
significant correlations were positive.

Keywords: irrigation; Olea europaea; peroxidase; polyphenol oxidase; ripening; superoxide dismutase

1. Introduction

Virgin olive oil (VOO) contains a large amount of antioxidant compounds which
relieve the oxidative stress caused by free radicals, thereby having negative health effects
such as cancer, cell damage, atherosclerosis [1–3]. Most of these beneficial effects of VOO
come from phenolic compounds [4–6]. The quality of the oils is closely related to the cultivar,
the production region and the farming practices carried out during their production.
From this perspective, monovarietal VOOs have been shown to be differentiated on the
basis their compositional characteristics, and there are also differences originating in the
environmental and growing conditions [7–9]. This is especially true for the varieties and
locations that have PDO (Protected Designation of Origin) or PGI (Protected Geographical
Indication) certification.

Traditionally, olive groves in the Mediterranean basin were purely rainfed, and their
production depended on the weather conditions which decisively influenced the organolep-
tic properties of their oils [3]. This fact is of especial interest for olive varieties whose
behaviour is adapted to their production environment, as is the case of the Morisca and
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Manzanilla varieties of great interest in Extremadura, Spain [8]. These and other varieties
make it possible to obtain monovarietal oils with characteristics that clearly differentiate
them from other more widely established varieties.

Currently, olive production is expanding into areas in which this crop has not tradi-
tionally been grown. Areas of high production can be expected to change even more, with
such changes inducing a profile of different metabolites that will give their VOOs an indi-
vidual character [10]. This aspect is especially important with the introduction of irrigation,
which can modify the productivity, water content, phenolic composition and antioxidant
capacity, depending largely on the variety [3]. Only a few varieties, such as Arbequina,
Arbosana and Koroneiki, can be used for intensive (more than 1500 olive trees/ha) olive
production [11–13]. The expansion of the use of these techniques has naturally led to a
standardization of production, with the consequent loss of the particular qualities of VOO
that can be provided by all the other varieties that are not apt for intensive cultivation.
Clear differences in the antioxidant compound content of VOOs have been found to be due
to the combined effect of temperature, insolation and aeration, and to the availability of
water in different soils [3,14].

The ripening of olives is a very complex process which involves the development
of multiple changes and metabolic processes in the fruit, leading to softening, change in
texture and increased oil content. Olives have a high content of phenolics. These evolve
with ripening, and have strong antioxidant activity [15–17]. The stage of ripening of the
fruit is considered to be a highly influential factor determining the phenolic composition of
the oil, so it is interesting to monitor the effect that ripening has on the final product. During
ripening, biochemical processes occur in the fruit that affect its content of sugars, phenols
etc., and these processes lead to changes in texture, firmness and colour which in turn
determine the fruit’s nutritional and organoleptic quality [18,19]. Changes during ripening
occur at the membrane level. They end in a process of programmed cell death. Fruit
ripening involves an oxidative process, and modulation of the antioxidant system [19,20].
All this makes ripening a complex system of interactions that defines the final characteristics
of the oil that is obtained.

The objective of the present study was therefore to analyse the effect of the water
regime (with or without irrigation) in two olive cultivars (Manzanilla and Morisca), at three
ripening stages (S1, S2, S3) and during three consecutive years. This influence was studied
through the changes in the parameters of fruit and oil production; in the phenol, flavonoid
and phenylpropanoid glycoside content; in the O2

− production; and in SOD, POX and
PPO activities, all of which are related to the physiological process of ripening and the
response to stress. This study is complemented with correlation and time-series analyses
of the influence of the climate and the production regime variables on the investigated
parameters. Within linear processes, a simple additive model was applied as method of
time-series analysis.

2. Materials and Methods
2.1. Olive Sampling and Sample Preparation

The experiment was carried out in Ribera del Fresno (Badajoz, Spain) in two olive
groves (Olea europaea, L.; cv. Manzanilla de Sevilla and cv. Morisca). The trees were
30 years old, and both groves are maintained under conditions of no-tillage, post-emergence
herbicide weed control and traditional pruning. The soil type of both plots is sandy
clay loam. The climate is Mediterranean, and the local conditions are summarized in
Table S1 [21].

Two types of water regime were studied—irrigation (FI) in accordance with the levels
of crop evapotranspiration, and rainfed (NI). In the irrigated grove (FI), water was applied
in accordance with the trees’ theoretical requirements calculated using ETo and the crop
coefficient Kc. The irrigation period was from 1 April to 31 October (Table S1).

Olives at the same stage of colour change were harvested at random from around the
canopy of ten trees of each variety (Manzanilla/Morisca) and each experimental condition
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(NI/FI), at a height of 1.5 m. The ripening stages sampled were green (S1, 0–1), veraison
(S2, 2–3) and black or mature (S3, >3) [22], with the sampling done in September (week 2),
November (week 2) and December (week 1), respectively, from 2011 to 2013. The fruits
were picked before 10 a.m. local time, and immediately frozen in liquid nitrogen until
biochemical analysis. The oil concentration (% dry weight) was determined by near-
infrared (NIR) spectroscopy (Olivesan equipe FOSS), and the fruit yield (kg ha−1) and total
oil production per hectare were calculated.

2.2. Determination of the Dry Weight/Fresh Weight Ratio, and the Soluble Amino Acid and
Protein Contents

The olive pulp was first weighed fresh, then oven-dried at 90 ◦C for 24 h followed by
measurement of the dry weight and calculation of the dry weight/fresh weight (DW/FW)
ratio. A 0.2 g aliquot of the pulp was homogenized in 1 mL of 50 mM sodium phosphate
buffer (pH 7.0), then filtered through muslin, centrifuged at 12,360× g for 15 min at 4 ◦C
and the supernatant used for the protein and amino acid assays. The protein content was
determined by the Bradford method [23]. The amino acid content was determined in
accordance with Yemm and Cooking [24]. Briefly, 100 µL of supernatant was mixed with
1.5 mL of ninhydrin reagent, and incubated at 100 ◦C for 20 min. The mixture was cooled,
and 8 mL of 50% propanol was added. The result was left at room temperature for 30 min,
and then the A570 was measured. The results are expressed as mg of amino acids g−1 FW
against a glycine standard curve.

2.3. Total Phenolics, Flavonoids and Phenylpropanoid Glycosides (PPGs)

The olive pulp aliquots were homogenized in methanol, chloroform and 1% NaCl
(1:1:0.5). The homogenate was filtered and centrifuged at 3200× g for 10 min at 4 ◦C, and
the methanol phase separated for the phenolic compound assay. Total phenolics (expressed
as µg caffeic acid g−1 FW) were determined spectrophotometrically (Shimadzu 1603, Kyoto,
Japan) at A765 with Folin–Ciocalteu reagent [25]. Total flavonoids (expressed as µg rutin
g−1 FW) were determined at A415 in accordance with Kim et al. [26], calculating the content
on the basis of the rutin standard curve. The PPG levels (expressed as µg verbascoside
g−1 FW) were determined at A525 based on estimating an o-dihydroxycinnamic derivative
using Arnow reagent [27].

2.4. Oxidant/Antioxidant Enzyme Activities

Enzyme activities were determined on an extract of the raw olives. For the PPO
activity, the pulp of the olive samples was homogenized at 4 ◦C at a concentration of
0.15 g mL−1 in 100 mM phosphate buffer (pH 7.0), 1% PVPP. The homogenate was filtered
and centrifuged at 12,000× g for 15 min at 4 ◦C. The filtered supernatant was immediately
used for assay. For the other enzymes, the pulp of the raw olives was homogenized at 4 ◦C
at a concentration of 0.5 g mL−1 in 50 mM phosphate buffer (pH 6.0). The homogenate was
filtered and centrifuged at 39,000× g for 30 min at 4 ◦C. The pellet was discarded, and the
supernatant filtered for the assays and protein content determination [23].

NADH oxidation was measured in 50 mM phosphate buffer (pH 6.0), 300 µM NADH,
and the enzyme extract by the fall in A340 [28] (ε = 6.3 mM−1 cm−1), expressed as nmol
NADHox min−1 mg−1 prot. The O2

− generating activity was measured spectrophotometri-
cally for the oxidation of epinephrine to adrenochrome at A480 (ε = 4.020 mM−1 cm−1) [29,30].
The reaction mixture contained 1 mM epinephrine in 25 mM acetate buffer (pH 5.0) and
the enzyme extract. The result is expressed as nmol adrenochrome min−1 mg−1 prot. SOD
(EC 1.15.1.1) activity was determined at A560 in 50 mM phosphate buffer (pH 7.8), 0.1 mM
EDTA, 1.3 µM riboflavin, 13 mM methionine, 63 µM NBT and the enzyme extract [31]. A
unit of SOD is defined as the amount of enzyme required to cause 50% inhibition of NBT
reduction. POX (EC 1.11.1.7) activity was measured at A590 (ε = 47.6 mM−1 cm−1) in a reac-
tion medium with 3.3 mM DMAB and 66.6 µM MBTH in 50 mM phosphate buffer (pH 6.0)
and the enzyme extract [32]. The result is expressed as nmol DMAB-MBTH (indamine
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dye) min−1 mg−1 prot. PPO (EC 1.14.18.1) activity was determined at A390 in 100 mM
phosphate buffer (pH 6.5), 0.58% (v/v) Triton X-100, 30 µM caffeic acid and the enzyme
extract [33]. A unit of PPO is defined as the amount of enzyme required to cause a decrease
in absorption of 0.001 units min−1.

2.5. Total Antioxidant Activity Assay (FRAP)

The ferric reducing ability of plasma (FRAP) was performed in accordance with
Rios et al. [34]. Olive samples were homogenized with methanol (0.10 g mL−1). The
homogenate was filtered and centrifuged at 10,000× g for 2 min at 4 ◦C. Then, 10 µL of
the homogenate was mixed with 1500 µL FRAP reagent, left at room temperature for
5 min, and then measured at A593. Calibration was done against a standard curve using
freshly prepared ferrous ammonium sulphate, and the result expressed as µg of ferrous
sulphate g−1 FW.

2.6. Data Analysis

Spider graphs were applied to compare each variety’s productive parameter pro-
files according to the water management regime. The correlations between the chemical
compound and climatological data were calculated. We conducted a slightly modified
additive-type time-series analysis, using the arithmetic mean instead of moving averages.
A time series is a set of observations, each of which is recorded at a specific time. For correct
interpretation, it is important to remove the presence of seasonal components in a process
known as seasonal adjustment. The classical decomposition model was applied [35], in
which each datum Xt is represented as combination of processes, Xt = mt + st + Yt, where
mt is a slowly changing function (the trend component), st is a function with known period
(the seasonal component) and Yt is a random noise component. In other words, the mea-
sured numerical value of a variable is the sum of its intrinsic value and the effect of the
environment or circumstances in which it occurs. This concept is shared by other statistical
techniques, an example being the concept of communality in principal component analysis.
The result of this analysis is a set of graphs that define the de-seasoned behaviour profile of
each of these intrinsic variables, allowing them to be compared for the three agronomic
variables—variety, ripening stage and water management regime. The time-series analysis
was performed using Microsoft Excel 16.49, and the correlation analysis between the sea-
sonal variation indices and the environmental variables using SPSS 21.0 (SPSS Inc., Chicago,
IL, USA).

3. Results and Discussion

The impact of the water regime and the response of each variety through the three
seasons studied can be analysed using the spider graphs constructed from the raw data
(Table S2) [21]. Figure 1 shows the values for ripening stage S3, collected in the first week of
December. They were clearly affected by the environmental conditions of the two preceding
months. As can be seen in Table S1, being autumn months with high water inputs, they
are the months (after the formation of the fruit) with the lowest ETo values, especially in
comparison with the summer months of July, August and September. This is the reason for
the major influence of the water management regime, and the interest in knowing its effect
on the physiological and production parameters.

With regard to the variable representing the concentration of oil (expressed as % of
DW), the Morisca variety showed little year-to-year variation for both types of production
(NI and FI), with the greatest value corresponding to 2013 and the lowest to 2011. For
the Manzanilla variety, this parameter was relatively constant both between production
regimes and from year to year.
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Figure 1. The olive fruit yield (kg ha−1 × 100) –�–, oil concentration (% DW) –�– and yield
(kg ha−1 × 100) –N– in the varieties Morisca and Manzanilla, for rainfed (NI) and irrigated (FI) water
regimes, during the three seasons studied (2011, 2012, 2013)—derived from Table S2.

The fruit and the oil production parameters are closely linked. For the Morisca variety,
the greatest productions of olives corresponded to 2011 (with the values being much greater
for FI than for NI), while 2013 had the lowest production of both olives and oil. For the
Manzanilla variety, there was increased oil production with irrigation in 2011 and 2013.
This suggests that water management not only affects the size of the olive, but also has a
direct effect on its capacity to accumulate oil. These results are in agreement with those
obtained by Fernandez-Silva et al. [36] on the Cobrançosa variety in which irrigation input
increases olive and oil yield, but does not alter oil content. However, for the Frantoio
variety, Cirilli et al. [37] describe how irrigation input increases fruit and oil yield, as well
as oil content. In any case, the studies were carried out with different varieties—a factor
that largely determines these yields.

Table 1 presents the average composition of the olive samples and the factors that sig-
nificantly influenced those compositions. Ripeness was the factor with the most significant
influence on the various parameters, with the protein content having especial relevance (the
lowest p-value, i.e., the most statistically significant). The individual values corresponding
to each variety and water regime are shown in Figures 2–4.
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Table 1. Mean values of the content parameters and estimates (p-values) of the influencing factors
(derived from Table S3).

Parameter Mean Cultivar Irrigation Ripening

DW/FW 0.30 ± 0.04 0.004
Total amino acids (mg g−1 FW) 2866.35 ± 1637.10 8.28 × 10−5 1.46 × 10−5

Total protein (mg g−1 FW) 1.73 ± 0.83 4.64 × 10−6 1.64 × 10−9

NADH oxidation (nmol min−1 mg−1 protein) 730.74 ± 395.62 0.039
O2
− production (nmol min−1 mg−1 protein) 324.46 ± 174.50

SOD activity (USOD mg−1 protein) 112.93 ± 54.87 3.06 × 10−5

POX activity (nmol min−1 mg−1 protein) 113.27 ± 57.17 0.002
Total phenols (µg caffeic acid g−1 FW) 2856.15 ± 847.18 3.06 × 10−6

Total flavonoids (µg rutin g−1 FW) 6609.48 ± 1571.89 0.001
Total PPGs (µg verbascoside g−1 FW) 10,706.68 ± 2572.43 0.007 0.032
PPO activity (UPPO mg−1 protein) 403.37 ± 137.06 0.016
FRAP (µg FeSO4 g−1 FW) 79.53 ± 42.16 0.031 0.002
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Figure 3. Line plots corresponding to NADH oxidation (A), O2
− production (B) and SOD (C) and

POX (D) activities of olives of Morisca NI –•–, Morisca FI –#–, Manzanilla NI –N– and Manzanilla FI
–4–, for each ripening stage (derived from Table S3).

Table 2 lists the overall mean values for each parameter analysed for the three years
of sampling. The table also lists the seasonal variation indices—that is, the differences
with respect to the values expected for that year. Negative values indicate that obtained
values were lower than expected, and positive values indicate that values were higher than
expected; the closer the value is to zero, the smaller the variation in the quantity. Thus, in
2011, the compounds with antioxidant capacity (e.g., phenols, flavonoids and PPGs) and
the FRAP capacity were below the expected values, as were the amount of O2

− produced,
the NADH oxidation and the SOD and POD activities. In 2012, the PPO activity presented
a lower-than-expected value. Finally, in 2013, the phenolics, the FRAP and the SOD activity
were above the expected values, while the oxidative activities, the protein and amino acid
contents and the DW/FW ratio were below.
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Table 2. Average of the three years and seasonal variation index corresponding to each year (derived
from Table S3).

Parameter Average Seasonal Variation Index

2011 2012 2013
DW/FW 0.30 ± 0.02 0.01 0.00 −0.02
Total amino acids (mg g−1 FW) 2866.35 ± 1094.85 807.90 156.87 −964.78
Total protein (mg g−1 FW) 1.73 ± 0.77 0.13 0.02 −0.15
NADH oxidation (nmol min−1 mg−1 protein) 730.74 ± 222.74 −164.79 207.70 −42.90
O2
− production (nmol min−1 mg−1 protein) 324.46 ± 67.76 −97.23 142.93 −45.70

SOD activity (USOD mg−1 protein) 112.93 ± 20.04 −33.64 8.68 24.96
POX activity (nmol min−1 mg−1 protein) 113.27 ± 37.83 −7.12 28.50 −21.38
Total phenols (µg caffeic acid g−1 FW) 2856.15 ± 452.13 −901.98 483.20 418.78
Total flavonoids (µg rutin g−1 FW) 6609.48 ± 973.57 −1132.08 965.16 166.92
Total PPGs (µg verbascoside g−1 FW) 10,706.68 ± 884.33 −2603.04 1435.53 1167.51
PPO activity (UPPO mg−1 protein) 403.37 ± 43.72 118.41 −44.77 −73.64
FRAP (µg FeSO4 g−1 FW) 79.53 ± 7.56 −54.16 37.31 16.86

Different cultivars can adapt differently to changes in climate and cultivation prac-
tices [38,39]. The multiple interactions between phenolic compounds, antioxidant activities,
antioxidant capacity, rainfall, temperatures, insolation, soils etc. are presented with correla-
tion coefficients in Table 3 (derived from Table S3) [21].

Table 3. Significant correlations and p-values (in parentheses) between parameters and environmen-
tal factors.

Flavonoids PPGs FRAP Total
Amino Acids POX NADH

Oxidation SOD PPO DW/FW Tmin Tmax Irrigation

Total
phenols

0.894
(0.001)

0.889
(0.001)

0.866
(0.003)

−0.687
(0.041)

−0.869
(0.002)

Total
flavonoids

0.863
(0.003)

0.729
(0.026)

−0.823
(0.006)

Total PPGs 0.872
(0.002)

−0.689
(0.040)

−0.801
(0.009)

FRAP −0.829
(0.006)

Total protein 0.838
(0.005)

Total amino
acids

0.807
(0.009)

O2
−

production
0.793

(0.011)
0.882

(0.002)

POX 0.876
(0.002)

NADH
oxidation

0.691
(0.039)

DW/FW −0.483
(0.007)

In these results, particularly notable are the significant inverse correlations of phenols,
flavonoids, PPGs and FRAP with the minimum temperatures, and of supplementary
water (FI) with the DW/FW ratio; these results confirm that higher olive water content is
associated with a lower DW/FW ratio. Fruit and oil yields increased, with oil content (%
DW) remaining very similar [3,36].

With respect to the correlations between oxidant and antioxidant compounds, the
production of reactive oxygen species (ROS) is a key part of both plants’ response to stress
and of physiological processes such as fruit ripening [40–43]. The cell’s redox state depends
on ROS levels [19,44,45]. Enzymatic systems such as those of SOD and POX are involved
in this redox control, as are non-enzymatic systems such as those of the phenolics [46–48].
These non-enzymatic systems are closely related to PPO activity, which takes part in
the hydroxylation of monophenols to diphenols, and in the oxidation of diphenols to
quinones [49]. In this process, H2O2 is formed which, together with phenols, can constitute
substrates for POX [50]. The interaction between POX and PPO activities may determine
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the phenol content of olive oils, not just during ripening but also, due to the release of
phenols, during milling [51]. The SOD and POX activities are closely related to the stage of
ripeness [41,52].

Each compound can be analysed individually using time-series plots, comparing the
shape of the midline and the distribution of individuals on each side of the midline. The
DW/FW ratio (Figure 2) remained very stable throughout ripening, with a final increase
at S3. The determining factor in this ratio was water supplementation. In all stages of
ripening, the ratio was greater in NI because these olives had a lower water content. The
values are grouped according to the water management regime (NI/FI), independently
of the variety. With respect to protein content and total soluble amino acids, similar
behaviours were observed for the two cases, with increases depending on ripening and
variety. These compounds group in accordance with the two varieties, independently of
the water management regime. This shows that these parameters depended on the variety
studied and that they evolved with the ripening of the fruit. The amino acid content of
the Morisca variety was greater than that of Manzanilla. This difference between varieties
was less marked in the ripest state (S3). The DW/FW ratio remained practically constant
throughout all ripening stages, without any variety-dependent changes, and only a slight
influence of the water regime factor. With regard to the total content of soluble amino
acids and proteins (Figure 2), the behaviour observed was similar, with an increase as
ripening advances, reaching the highest levels at S3. These results contrast with those
for the Arbequina and Picual varieties reported by Zamora et al. [53] who, for a single
cropping year, observed no increases in protein content during ripening. Nonetheless, the
data described by those workers would be very similar to ours if we were to only consider
the behaviour of these parameters either in the 2013 campaign in isolation for the two
varieties, or for the Morisca variety in 2012. Profound changes in the protein content of a
given variety’s olives have been described depending on the year factor, or even in response
to different geographical locations and therefore different environmental conditions [54].
Ortega-García et al. [55] for cv. Picual and Ebrahimzadeh et al. [54] for cv. Zard describe a
clear increase in protein content with ripening, in agreement with our results. Regardless
of the state of ripening, cv. Morisca had a greater content of both soluble amino acids and
proteins than cv. Manzanilla, without the water management factor having any significant
impact on these differences.

In the three years of study, under rainfed conditions, NADH oxidation increased in
the S2 state with respect to S1 for both varieties and then decreased at S3. Under irrigation
conditions, from S1 to S2 the behaviour was similar, but there was no decrease from S2 to
S3. This seems to indicate that in our case this process did not depend on the variety, but
did depend on the stage of ripening and the added water supply. At S1 and S2, NADH
oxidation clearly depended on the water management factor, with greater values in NI
than in FI, with the opposite being the case at S3 for which greater values occurred under
FI conditions. These results indicate a dependence of this process on both ripeness stage
and irrigation, but not on the variety. As was to be expected, the results of O2

− production
were similar (Figure 3). The irrigation factor was key, determining greater O2

− production
at S1 and S2 (at which stage the maximum was reached), and declining at S3, being greater
in FI than in NI. The results show how the rainfed regime induced an increase in O2

−

production as a consequence of the water deficit, which was not observed in FI. At S3, the
influence of the ripening factor was greater; indeed, it was the determining factor in O2

−

content at this stage. Comparing the two varieties, the Manzanilla variety presented lower
levels of O2

− production than Morisca. Rbohs (respiratory burst oxidase homologues,
plasmalemma NADH oxidases) are responsible for the production of O2

−, consuming
NADH in the process. There is increased production of ROS (including O2

−) in the fruits at
the intermediate stages of ripening, followed by a final decline [56,57]. These compounds
are related to both the physiological process of ripening and the response to environmental
stressors (ROS) [42,57–60]. The difference in response depending on the water management
conditions may be evidence for the development of stressors influencing these oxidative
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processes. Increases in the production of these radicals are related to the ripening process
and to the stress response.

The SOD activity showed a strong dependence on the variety, with greater activity
in Manzanilla than in Morisca (Figure 3), but no dependence on the water management
regime (rainfed or irrigated), since the results were similar under the two conditions for
both varieties. With respect to the influence of the stage of ripening, while in Manzanilla the
values remained very stable with no appreciable changes, in Morisca the activity increased
with ripening to very similar values at S2 and S3. In the rainfed regime, SOD increased
with ripening from S1 to S2, followed by a slight decrease at the fully ripe state, S3. In the
irrigated regime, this final decline was either less pronounced or absent. The behaviour and
factor dependence of the POX activity (Figure 3) were very similar to those of SOD. For cv.
Manzanilla, there were no differences in response to growing conditions, although for the
rainfed conditions this activity was greater at S2 than at S1 followed by a decline at S3. On
the contrary, Morisca showed differences in POX activity between the rainfed and irrigated
regimes, although there was a greater dependence on the stage of ripening, with greater
activity at S2 for both water management regimes. The contribution of irrigation was
limited, with just small increases in activity due to rainfed management in cv. Manzanilla
and no increases in cv. Morisca. These results are very similar to those that have been
reported for the Gordal and Manzanilla varieties [61], with greater SOD activity in Gordal,
which is more susceptible to oxidative stress. As another example, a similar increase in SOD
activity has been described in the Picual variety from S1 to S2, with a decrease at S3 back to
values very similar to those at S1 [20]. The increase in SOD activity would be indicative of
a response of the antioxidant defence system to alterations in the oxidative state that occur
during ripening [20]. In our study, the Morisca variety presented the greater amount of
O2
− and the lower SOD activity. On the contrary, in cv. Manzanilla (which has greater SOD

activity) the O2
− production levels were lower, possibly due to more efficient elimination

by SOD. It may be that in Morisca there intervenes some other system of defence against
oxidative damage (e.g., phenolics), or that this variety is less sensitive.

As was noted above, there were no irrigation-dependent alterations in POX activity,
but there were changes dependent on the variety and the stage of ripening. The Manzanilla
variety presented greater POX activity at S1 and S3, with the values being similar to
cv. Morisca at stage S3. In the varieties Arbequina [62], Picual and Arbequina [51], the
behaviours reported are similar to those described here. On the contrary, in the Frantoio
variety [37], clear decreases in POX activity have been observed during ripening, ending
with a final rise; this was observed together with a strong dependence on irrigation, with
the POX activity being lower under deficit irrigation conditions. These changes may be
related to the increases that occur in the amount of O2

− through ripening, with greater or
lesser SOD and POX activities occurring depending on those increases.

The SOD and POD antioxidant activities are involved in the processes that control
redox balance [63]. In particular, they control the levels of ROS during the different phases
of ripening and in response to the environmental stresses with which the fruits are faced
during their development [20]. In our case, SOD and POX appeared to be closely related,
with fluctuations similar and related to the oxidation of NADH and the amount of O2

−.
The phenolic profile of the olives changes with ripening, and in this process POX intervenes
by oxidizing phenolic glycosides [55]. The cv. Manzanilla variety showed higher SOD
and POX activity than Morisca. The influence of the genetic factor is key, and determines
the behaviour of these activities [61]. The influence of environmental factors such as the
cultivation regime was reflected in higher SOD and POX activity levels under rainfed
conditions. While the cultivation regime affected the evolution of these activities during
ripening, the factors that most determined the behaviour of SOD and POX were ripening
and variety.

In summary, NADH oxidation and O2
− production grouped in accordance with the

water management regime. The behaviour of SOD was flatter, with the lowest level at S1,
and the levels at S2 and S3 being very similar. Despite this gradual increase in SOD activity
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with ripening, the variety factor was the most influential, with there being very different
activity levels between the two varieties regardless of other factors such as irrigation
(which naturally also had an influence). In all cases, we observed much greater values in
the Manzanilla variety than in the Morisca variety, again independently of the irrigation
regime. POX activity was dependent on the variety or the stage of ripening, except in S3
where the water regime made the difference.

In the three years as a whole, phenols, flavonoids and total PPGs (Figure 4) decreased
from S1 to S2 and increased at S3. There was a strong dependence of the phenol content
on water supplementation; it was greater under NI conditions. A similar result of water
stress on phenolic content was described by Petridis et al. [64] in Greek olive varieties. The
flavonoid content was lowest at S2 for both varieties and for both growing conditions. The
greatest total flavonoid content was observed at S3 under NI conditions, being especially
marked for cv. Morisca. Additionally, the PPG content was greater in both varieties for the
rainfed conditions. The PPG content was influenced by variety at S1, with a greater content
corresponding to cv. Morisca, while at S2 and S3 the values depended completely on the
water management regime, and not on the variety.

There was a varietal dependence of PPO activity; it was greater in Morisca (Figure 4).
Irrigation conditions also significantly affected this activity at S1 and S2, with the observed
grouping being first by variety and then, within each variety, by water management regime,
with the greater value corresponding to the rainfed conditions.

The determining factor of phenolic content has been a subject of debate. Špika et al. [10]
observed that the phenolic content depended mainly on the variety, but also on rainfall.
On the contrary, Uylaşer [17] and Ripa et al. [65] indicated that the environment was the
factor determining phenolic composition, with little influence of the genotype.

In this study, phenolic contents increased with ripening; the greatest values were
found at S3. Total phenolics depended only on the ripening stage. Total flavonoid and
PPG contents were influenced by variety, supply of water and ripening stage. The Morisca
variety had greater amounts of flavonoids and PPGs than Manzanilla. In both varieties, the
rainfed regime induced greater contents of these compounds. Cerretani et al. [66] described
a decrease in phenolic content with ripening, but in the present study both Morisca and
Manzanilla showed a decline from S1 to S2 but a rise to S3. These results coincide with
the increase in phenol content with ripening described for the Picual variety by López-
Huerta and Palma [20], although in that case the increase occurred continuously without
the decrease at S2 observed in our varieties. Again, the variety was the key factor in the
behaviour of these compounds. The Picual variety cultivated under rainfed conditions
has been shown to present oscillations in phenolic content as the olives ripen [55]. On
the contrary, in Arbequina, Frantoio, Picual and Verdial [67], and Arbequina, Farga and
Morrut [68], decreases in phenolic content have been observed with ripening. Fluctuations
in flavonoid content in response to ripening have also been reported [68], with decreases
in the final content and large differences between varieties. Slight decreases in the phenol
and flavonoid contents with ripening have been described in the Manzanilla and Kalamata
varieties [69]. The evolution of the phenolic compound content has been shown to depend
on the stage of ripening, the variety and the environmental and cultivation conditions.

Here, the Morisca variety had greater PPO activity than the Manzanilla variety. The
evolution of PPO with ripening also depended on the variety. In Morisca, PPO decreased
from the beginning of ripening to its completion at S3; this result is similar to what has
been observed for the Gordal and Picual varieties [61]. On the contrary, in Manzanilla, the
PPO remained fairly stable throughout ripening, with just a slight final rise. This varietal
dependence of PPO has also been reported for the Picual and Arbequina varieties [51]. Fluc-
tuations in PPO activity with ripening have been described in the Chétoui variety, as have
decreases in Arbequina [40,61] and increases in the varieties Zard [54] and Frantoio [37].
This activity was found to be influenced by both the variety and the ripening stage, while
the irrigation conditions had little influence.
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The SOD, POX and PPO activities are the bases of the maintenance of redox homeosta-
sis and the phenolic profile during ripening. Thus, POX and PPO together modulate the
fruits’ ripening and their final phenolic characteristics—characteristics which are crucial
for the quality of the oils that will ultimately be obtained. The POX and PPO activities
were closely related to each other, with a dependence on ripening stage. It may be that
PPO activity is more strongly related to ripening since it is unaffected by the cultivation
conditions, whereas POX seems to be affected by both.

At S3, the two varieties coincided in their response to the water regime, indicating
that at this stage of ripening the irrigation factor is more influential than the variety factor,
since both behaved in a similar way with only a dependence on the irrigation factor. The
case at S1 was similar, although at this stage only the NI conditions coincided for the
two varieties while the extra irrigation contribution in FI modified their behaviour. It is
especially important to underscore the complete agreement shown by the total phenol,
flavonoid and phenylpropanoid glycoside contents, all of which showed the same trend.
Similar behaviour was observed for PPO, for which the highest levels of activity were at S1
and S2 where the most influential factor was the variety. Within varieties, the irrigation
factor was the most influential. On the contrary, at S3 the most influential factor was again
NI/FI, regardless of the variety.

The ripening stage and the water management condition, but not the variety, mod-
ulated the total antioxidant capacity (FRAP). This capacity was lowest at S2, while its
values at S1 and S3 were similar to each other. The exception to this pattern was rainfed
cv. Manzanilla, which presented increases with ripening. In both varieties, the greatest
antioxidant capacity was found for the rainfed case. These results are at least partially
similar to those reported by Arslan and Özcan [70], who described changes depending
on ripening, environmental conditions and year. Petridis et al. [64], in the Gaidourelia,
Kalamon, Koroneiki and Megalitiki varieties, described an increase in the antioxidant
capacity under rainfed conditions, depending on the variety. The behaviour observed for
the total antioxidant capacity (Figure 4) was very similar to that previously described for
phenolic compounds, with full coincidence in S3, and dependence on the irrigation factor
for both varieties. At each ripening stage, the antioxidant capacity was greater for the
NI condition, reflecting a clear dependence of that parameter on water supplementation.
These coincidences reflect the strong dependence of FRAP on the total content of phenolic
compounds [64]. Nonetheless, the evolution of phenolic compounds and FRAP (Figure 4)
was complementary to that presented by NADH oxidation, O2

− production as well as SOD
and POX activities (Figure 3). The POX activity presented its greatest values at S2, as did
SOD (but SOD maintained those values at S3), while the greatest values of the phenolic
compounds were observed at S1 and S3.

4. Conclusions

The parameters studied depended on the stage of ripening, but for the same stage of
ripening they were influenced by external factors to varying degrees. This was the case at
S3, where the greater content of phenolic compounds and the greater antioxidant capacity
strongly depended on irrigation (FI) or its absence (NI). Under rainfed conditions (NI), the
content of these compounds was greater, and this factor was more determinant than the
variety in terms of different trends in the parameters. At stages S1 and S2, there was no
such clearly defined behaviour. In general, at S1 the variety factor was more determinant
than the irrigation factor for phenolics. Similarly, the oxidant activities and the POX activity
also depended on the additional supply of water, while the SOD and PPO activities through
ripening were dependent on the variety, but not on the irrigation conditions. This analysis
identified the variety as being the determining factor for the SOD and PPO activities, which
are strongly involved in ripening. On the contrary, water supplementation was the factor
determining the phenolic content, the antioxidant capacity and the oxidative activities. In
addition, total phenolic content and antioxidant capacity were inversely correlated with
the minimum temperature, while DW/FW ratio was inversely correlated with irrigation.



Antioxidants 2022, 11, 729 14 of 16

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox11040729/s1, Table S1. Mean (maximum and minimum) temperatures, evapotranspi-
ration (ETo) and monthly rainfall (NI) and monthly rainfall plus supplementary irrigation (FI) during
2011, 2012 and 2013 at the study location; Table S2. Fruit yield, oil concentration and oil yield of
olive trees for each cultivar, treatment and year; Table S3. Biochemical parameters corresponding to
olive fruits harvested in 2011, 2012 and 2013 (See M&M). Total soluble amino acids and total proteins
expressed as mg g−1 FW; NADH oxidation, O2

− production and POX activity expressed as nmoles
min−1 mg−1 protein; SOD and PPO activities was expressed as U mg−1 protein; total phenols, total
flavonoids, PPGs and total FRAP expressed as µg g−1 FW (Tables from Sainz et al. [70]).
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19. Conde, C.; Delrot, S.; Geroś, H. Physiological, biochemical and molecular changes occurring during olive development and
ripening. J. Plant Physiol. 2008, 165, 1545–1562. [CrossRef]

20. Kumar, V.; Irfan, M.; Ghosh, S.; Chakraborty, N.; Chakraborty, S.; Datta, A. Fruit ripening mutants reveal cell metabolism and
redox state during ripening. Protoplasma 2016, 253, 581–594. [CrossRef]

21. Sáinz, J.A.; Garrido, I.; Hernández, M.; Montaño, A.; Llerena, J.L.; Espinosa, F. Influence of cultivar, irrigation, ripening stage,
and annual variability on the oxidant/antioxidant systems of olives as determined by MDS-PTA. PLoS ONE 2019, 14, e0215540.
[CrossRef] [PubMed]

22. López-Huertas, E.; Palma, J.M. Changes in Glutathione, Ascorbate, and Antioxidant Enzymes during Olive Fruit Ripening. J.
Agric. Food Chem. 2020, 68, 12221–12228. [CrossRef] [PubMed]

23. Uceda, M.; Frias, L. Trend of the quality and quantitative composition of olive fruit oil during ripening. In Proceedings of the
International Meeting on Olive Oil, Cordoba, Spain, 6–7 October 1975; pp. 25–46.

24. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

25. Yemm, E.W.; Cooking, E.C. The determination of amino acids with ninhidrin. Analyst 1955, 80, 209–213. [CrossRef]
26. Singleton, V.L.; Salgues, M.; Zaya, J.; Troudsale, E. Caftaric acid disappearance and conversion to products of enzymatic oxidation

in grape must and wine. Am. J. Enol. Viticult. 1985, 36, 50–56.
27. Kim, D.; Jeong, S.W.; Leo, C.Y. Antioxidant capacity of phenolic phytochemicals from various cultivars of plums. Food Chem.

2003, 81, 321–326. [CrossRef]
28. Gálvez, M.; Martín-Cordero, C.; Houghton, P.J.; Ayuso, M.J. Antioxidant activity of methanol extracts obtained from Plantago

species. J. Agric. Food Chem. 2008, 53, 1927–1933. [CrossRef]
29. Rubinstein, B.; Stern, A.I.; Stout, R. Redox Activity at the Surface of Oat Root Cells. Plant Physiol. 1984, 76, 386–391. [CrossRef]
30. Misra, H.P.; Fridovich, I. The role of superoxide anion in the autoxidation of epinephrine and a simple assay for superoxide

dismutase. J. Biol. Chem. 1972, 247, 3170–3175. [CrossRef]
31. Garrido, I.; García-Sánchez, M.; Casimiro, I.; Casero, P.J.; García-Romera, I.; Ocampo, J.A.; Espinosa, F. Oxidative stress induced in

sunflower seedling roots by aqueous dry olive-mill residues. PLoS ONE 2012, 7, e46137. [CrossRef]
32. Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem.

1971, 44, 276–287. [CrossRef]
33. Ngo, T.T.; Lenhoff, H.M. A sensitive and versatile chromogenic assay for peroxidase and peroxidase-coupled reactions. Anal.

Biochem. 1980, 195, 389–397. [CrossRef]
34. Thipyapong, P.; Hunt, M.D.; Steffens, J.C. Systemic wound induction of potato (Solanum tuberosum) polyphenol oxidase.

Phytochemistry 1995, 40, 673–676. [CrossRef]
35. Rios, J.; Rosales, M.; Blasco, M.B.; Cervilla, L.M.; Romero, L.; Ruiz, J.M. Biofortification of Se and induction of the antioxidant

capacity in lettuce plants. Sci. Hort. 2008, 116, 248–255. [CrossRef]
36. Brockwell, P.J.; Davis, R.A. Introduction to Time Series and Forecasting, 3rd ed.; Springer Texts in Statistics; Springer: New York, NY,

USA, 2016. [CrossRef]
37. Fernandes-Silva, A.A.; Ferreira, T.C.; Correia, C.M.; Malheiro, A.C.; Villalobos, F.J. Influence of different irrigation regimes on

crop yield and water use efficiency of olive. Plant Soil 2010, 333, 35–47. [CrossRef]
38. Cirilli, M.; Caruso, G.; Gennai, C.; Urbani, S.; Frioni, E.; Ruzzi, M.; Servili, M.; Gucci, R.; Poerio, E.; Muleo, R. The role of

polyphenoloxidase, peroxidase, and ß-glucosidase in phenolics accumulation in Olea europea L. Fruits under different water
regimes. Front. Plant Sci. 2017, 8, 717. [CrossRef]

39. Gómez-Rico, A.; Salvador, M.D.; Moriana, A.; Pérez, D.; Olmedilla, N.; Ribas, F.; Fregapane, G. Influence of different irrigation
strategies in a traditional Cornicabra cv. olive orchard on virgin olive oil composition and quality. Food Chem. 2007, 100, 568–578.
[CrossRef]

40. Tura, D.; Gigliotti, C.; Pedò, S.; Failla, O.; Bassi, D.; Serraiocco, A. Influence of cultivar and site of cultivation on levels of lipophilic
and hydrophilic antioxidants in virgin olive oils (Olea europea L.) and correlations with oxidative stability. Sci. Hortic. 2007, 112,
108–119. [CrossRef]

41. Pandey, V.P.; Singh, S.; Jaiswal, N.; Awasthi, M.; Pandey, B.; Dwivedi, U.N. Papaya fruit ripening: ROS metabolism, gene cloning,
characterization and molecular docking of peroxidase. J. Mol. Catal. B Enzym. 2013, 98, 98–105. [CrossRef]

42. Hachicha Hbaieb, R.; Kotti, F.; García-Rodríguez, R.; Gargouri, M.; Sanz, C.; Pérez, A.G. Monitoring endogenous enzymes during
olive fruit ripening and storage: Correlation with virgin olive oil phenolic profiles. Food Chem. 2015, 174, 240–247. [CrossRef]

43. Huan, C.; Jiang, L.; An, X.; Yu, M.; Xu, Y.; Ma, R.; Yu, Z. Potential role of reactive oxygen species and antioxidant genes in the
regulation of peach fruit development and ripening. Plant Physiol. Biochem. 2016, 104, 294–303. [CrossRef] [PubMed]

http://doi.org/10.17660/ActaHortic.2002.586.79
http://doi.org/10.1016/j.foodchem.2004.03.012
http://doi.org/10.1080/19476337.2014.931331
http://doi.org/10.1016/j.jplph.2008.04.018
http://doi.org/10.1007/s00709-015-0836-z
http://doi.org/10.1371/journal.pone.0215540
http://www.ncbi.nlm.nih.gov/pubmed/30998725
http://doi.org/10.1021/acs.jafc.0c04789
http://www.ncbi.nlm.nih.gov/pubmed/33099995
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1039/an9558000209
http://doi.org/10.1016/S0308-8146(02)00423-5
http://doi.org/10.1021/jf048076s
http://doi.org/10.1104/pp.76.2.386
http://doi.org/10.1016/S0021-9258(19)45228-9
http://doi.org/10.1371/journal.pone.0046137
http://doi.org/10.1016/0003-2697(71)90370-8
http://doi.org/10.1016/0003-2697(80)90475-3
http://doi.org/10.1016/0031-9422(95)00359-F
http://doi.org/10.1016/j.scienta.2008.01.008
http://doi.org/10.1007/978-3-319-29854-2
http://doi.org/10.1007/s11104-010-0294-5
http://doi.org/10.3389/fpls.2017.00717
http://doi.org/10.1016/j.foodchem.2005.09.075
http://doi.org/10.1016/j.scienta.2006.12.036
http://doi.org/10.1016/j.molcatb.2013.10.005
http://doi.org/10.1016/j.foodchem.2014.11.033
http://doi.org/10.1016/j.plaphy.2016.05.013
http://www.ncbi.nlm.nih.gov/pubmed/27208820


Antioxidants 2022, 11, 729 16 of 16

44. Xi, F.-F.; Guo, L.-L.; Yu, Y.-H.; Wang, Y.; Li, O.; Zhao, H.-L.; Zhang, G.-H.; Guo, D.-L. Comparison of reactive oxygen species
metabolism during grape berry development between ‘Kyoho’ and its early ripening bud mutant ‘Fengzao’. Plant Physiol.
Biochem. 2017, 118, 634–642. [CrossRef] [PubMed]

45. Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55,
373–399. [CrossRef] [PubMed]

46. Anjum, N.A.; Gill, S.S.; Gill, R.; Hasanuzzaman, M.; Duarte, A.C.; Pereira, E.; Ahmad, I.; Tuteja, R.; Tuteja, N. Metal/metalloid
stress tolerance in plants: Role of ascorbate, its redox couple, and associated enzymes. Protoplasma 2014, 251, 1265–1283. [CrossRef]

47. Sharma, P.; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism
in plants under stressful conditions. J. Bot. 2012, 2012, 217037. [CrossRef]

48. Trchounian, A.; Petrosyan, M.; Sahakyan, N. Redox State as a Central Regulator of Plant Cell Stress Response; Gupta, D.K., Palma,
J.M., Corpas, F.J., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 25–50.

49. Waliszewski, K.N.; Márquez, O.; Pardio, V.T. Quantification and characterization of polyphenol oxidase from vanilla bean. Food
Chem. 2009, 117, 196–203. [CrossRef]

50. Takahama, U.; Oniki, T. Flavonoids and some other phenolics as substrates of peroxidase: Physiological significance of the redox
reactions. J. Plant Res. 2000, 113, 301–309. [CrossRef]

51. García-Rodríguez, R.; Romero-Segura, C.; Sanz, C.; Sánchez-Ortiz, A.; Pérez, A.G. Role of polyphenol oxi- dase and peroxidase in
shaping the phenolic profile of virgin olive oil. Food Res. Int. 2011, 44, 629–635. [CrossRef]

52. Luaces, P.; Romero, C.; Gutiérrez, F.; Sanz, C.; Pérez, A.G. Contribution of olive seed to the phenolic profile and related quality
parameters of virgin olive oil. J. Sci. Food Agric. 2007, 87, 2721–2727. [CrossRef]

53. Zamora, R.; Alaiz, M.; Hidalgo, F.J. Influence of cultivar and fruit ripening on olive (Olea europaea) fruit protein content,
composition, and antioxidant activity. J. Agric. Food Chem. 2001, 49, 4267–4270. [CrossRef]

54. Ebrahimzdeh, H.; Motamed, N.; Rastgar-Jazii, F.; Montasser-Kouhsari, S.; Shokraii, E.H. Oxidative enzyme activities and soluble
protein content in leaves and fruits of olives during ripening. J. Food Biochem. 2003, 27, 181–196. [CrossRef]

55. Ortega-García, F.; Blanco, S.; Peinado, M.A.; Peragón, J. Polyphenol oxidase and its relationship with oleur- opein concentration in
fruits and leaves of olive (Olea europaea) cv. ’Picual’ trees during fruit ripening. Tree Physiol. 2008, 28, 45–54. [CrossRef] [PubMed]

56. Kan, J.; Wang, H.M.; Jin, C.-H.; Xie, H.-Y. Changes of Reactive Oxygen Species and Related Enzymes in Mitochondria Respiratory
Metabolism During the Ripening of Peach Fruit. Agric. Sci. China 2010, 9, 138–146. [CrossRef]

57. Kumar, N.; Ebel, R.C.; Roberts, P.D. H2O2 degradation is suppressed in kumquat leaves infected with Xanthomonas axonopodis pv.
Citri. Sci. Hortic. 2011, 130, 241–247. [CrossRef]

58. Sgherri, C.; Cosi, E.; Navari-Izzo, F. Phenols and antioxidative status of Raphanus sativus grown in copper excess. Physiol. Plant.
2003, 118, 21–28. [CrossRef]

59. Kocsy, G.; Tari, I.; Vanková, R.; Zechmann, B.; Gulyás, Z.; Poór, P.; Galiba, G. Redox control of plant growth and development.
Plant Sci. 2013, 211, 77–91. [CrossRef]

60. Mittler, R. ROS are good. Trends Plant Sci. 2017, 22, 11–19. [CrossRef] [PubMed]
61. Hornero-Méndez, D.; Gallardo-Guerrero, L.; Jarén-Galán, M.; Mínguez-Mosquera, M.I. Differences in the Activity of Superoxide

Dismutase, Polyphenol Oxidase and Cu-Zn Content in the Fruits of Gordal and Manzanilla Olive varieties. Z. Nat. C 2002, 57,
113–120. [CrossRef]

62. Hachicha Hbaieb, R.; Kotti, F.; Gargouri, M.; Msallem, M.; Vichi, S. Ripening and storage conditions of Chétoui and Arbequina
olives: Part, I. Effect on olive oils volatiles profile. Food Chem. 2016, 203, 548–558. [CrossRef]

63. Foyer, C.; Noctor, G. Redox Homeostasis and Antioxidant Signaling: A Metabolic Interface Between Stress Perception and
Physiological Responses. Plant Cell 2005, 17, 1866–1875. [CrossRef]

64. Petridis, A.; Therios, I.; Samouris, G.; Koundouras, S.; Giannakoula, A. Effect of water deficit on leaf phenolic composition, gas
exchange, oxidative damage and antioxidant activity of four Greek olive (Olea europaea L.) cultivars. Plant Physiol. Biochem. 2012,
60, 1–11. [CrossRef] [PubMed]

65. Ripa, V.; Rose, F.; Caravita, M.A.; Parise, M.R.; Perri, E.; Rosati, A.; Pandolfi, S.; Paoletti, A.; Pannelli, G.; Padula, G.; et al.
Qualitative evaluation of olive oils from new olive selections and effects of genotype and environment on oil quality. Adv. Hortic.
Sci. 2008, 22, 95–103.

66. Cerretani, L.; Bendini, A.; Rotondi, A.; Mari, M.; Lercker, G.; Toschi, T. Evaluation of the oxidative stability and organoleptic
properties of extra-virgin olive oils in relation to olive ripening degree. Prog. Nutr. 2004, 6, 50–56.

67. Ortega-García, F.; Peragón, J. Phenylalanine Ammonia-Lyase, Polyphenol Oxidase, and Phenol Concentration in Fruits of Olea
europaea L. cv. Picual, Verdial, Arbequina, and Frantoio during Ripening. J. Agric. Food Chem. 2009, 57, 10331–10340. [CrossRef]
[PubMed]

68. Morelló, J.R.; Vuorela, S.; Romero, M.P.; Motilva, M.J.; Heinonen, M. Antioxidant activity of olive pulp and olive oil phenolic
compounds of the arbequina cultivar. J. Agric. Food Chem. 2005, 53, 2002–2008. [CrossRef]

69. Sobhy El-Sohaimy, A.A.; Mohamed El-Sheikh, H.; Taha Refaay, M.; Mohamed Zaytoun, A.M. Effect of Harvesting in Different
Ripening Stages on Olive (Olea europea) Oil Quality. Am. J. Food Technol. 2016, 11, 1–11. [CrossRef]

70. Arslan, D.; Ozcan, M.M. Phenolic profile and antioxidant activity of olive fruits of the Turkish variety “Sanulak” from different
locations. Grasas Aceites 2011, 62, 453–461. [CrossRef]

http://doi.org/10.1016/j.plaphy.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28806719
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://www.ncbi.nlm.nih.gov/pubmed/15377225
http://doi.org/10.1007/s00709-014-0636-x
http://doi.org/10.1155/2012/217037
http://doi.org/10.1016/j.foodchem.2009.03.118
http://doi.org/10.1007/PL00013933
http://doi.org/10.1016/j.foodres.2010.12.023
http://doi.org/10.1002/jsfa.3049
http://doi.org/10.1021/jf0104634
http://doi.org/10.1111/j.1745-4514.2003.tb00276.x
http://doi.org/10.1093/treephys/28.1.45
http://www.ncbi.nlm.nih.gov/pubmed/17938113
http://doi.org/10.1016/S1671-2927(09)60077-8
http://doi.org/10.1016/j.scienta.2011.07.005
http://doi.org/10.1034/j.1399-3054.2003.00068.x
http://doi.org/10.1016/j.plantsci.2013.07.004
http://doi.org/10.1016/j.tplants.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27666517
http://doi.org/10.1515/znc-2002-1-220
http://doi.org/10.1016/j.foodchem.2016.01.089
http://doi.org/10.1105/tpc.105.033589
http://doi.org/10.1016/j.plaphy.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/22885895
http://doi.org/10.1021/jf901471c
http://www.ncbi.nlm.nih.gov/pubmed/19813730
http://doi.org/10.1021/jf048386a
http://doi.org/10.3923/ajft.2016.1.11
http://doi.org/10.3989/gya.034311

	Introduction 
	Materials and Methods 
	Olive Sampling and Sample Preparation 
	Determination of the Dry Weight/Fresh Weight Ratio, and the Soluble Amino Acid and Protein Contents 
	Total Phenolics, Flavonoids and Phenylpropanoid Glycosides (PPGs) 
	Oxidant/Antioxidant Enzyme Activities 
	Total Antioxidant Activity Assay (FRAP) 
	Data Analysis 

	Results and Discussion 
	Conclusions 
	References

