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Abstract: The olive tree (Olea europaea L.) is the main fruit tree in most of the arid and semi-arid
regions of Tunisia, which is where the problem of salinity is more pronounced. Salinity is one of the
main factors that affects the productivity of olive trees, so the objective of this experiment was to
study the effects of salinity on the photosynthesis, water relations, mineral status, and enzymatic
activity of two cultivars of Olea europaea L., ‘Chemlali’ and ‘Koroneiki’. The trial was conducted
under controlled conditions in a greenhouse for a period of 49 days and included two treatments: T0
control and T100 (irrigation with 100 mM of NaCl solution). Under salinity stress, the photosynthesis,
stomatal conductance, and leaves of both cultivars were negatively affected. ‘Chemlali’ showed
greater tolerance to NaCl salinity, based on a progressive decrease in osmotic potential (Ψπ) followed
by a progressive and synchronous decrease in gs, without a comparable decrease in photosynthesis.
The water use efficiency (WUE) improved as a result. In addition, the K+/Na+ ratio in ‘Chemlali’
rose. This appears to be crucial for managing stress. Conversely, enzymatic activity showed an
accumulation of glutathione peroxidase (GPX) in stressed plants. The catalase (CAT) and ascorbate
peroxidase (APX) content decreased in both stressed varieties. It can be concluded that the cultivar
‘Koroneiki’ is more susceptible to salt stress than the cultivar ‘Chemlali’, because the accumulation of
GPX and the decreases in CAT and APX were more pronounced in this cultivar.

Keywords: antioxidant enzymes; climate change; K+/Na+ ratio; Olea europaea L.; photosynthesis;
plant phenotyping

1. Introduction

Numerous environmental stresses are caused by climate change. Salinity is the second
most important abiotic factor affecting agricultural productivity worldwide. It interferes
with numerous physiological, biochemical, and molecular processes [1]. The use of low-
quality water (brackish water, reclaimed water, drainage), often with high salinity levels,
is becoming increasingly important in order to overcome water scarcity and to meet the
growing demand for water for agricultural development [2–5]. Olives, one of the most
important tree crops in the Mediterranean, are often exposed to high salinity levels in the
root zone, especially during long, hot, and dry summers [2,6,7]. Olive is a moderately
salinity-tolerant species, with significant differences in salt tolerance between cultivars [3].

In order to provide insights and solutions for improving yield and water use effi-
ciency (WUE), a better understanding of the physiological mechanisms underlying crop
growth under salinity stress is needed [8]. Salinity induces compatible solute synthesis
and regulates ion migration [9]. Salt stress induces osmotic stress and ion toxicity in plants,
resulting in growth inhibition, developmental modifications, metabolic limitations, and ion
sequestration or exclusion [10,11]. The effects of salt stress on leaf stomatal conductance,
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photosynthesis, and intrinsic WUE vary depending on the degree and duration of stress, as
well as on the plant species or cultivar [12]. Previous studies have shown that leaf osmotic
potential [10] and leaf nitrogen content [13] are closely related to stomatal conductance and
photosynthesis. Several studies have shown that osmotic adjustment is the main controlling
factor of stomatal conductance in plants that are growing in saline soils [11,14,15].

Tolerance may also involve osmotic adjustments at the cellular level [16]. Some plants
implement this process by increasing the amount of solutes and decreasing the water
potential of the root cells, thus counteracting the efflux of water [3].

A balance between the osmotic potential in the vacuole and in the cytoplasm must be
maintained in salt-stressed plants. The cytoplasmic accumulation of some organic solutes,
such as soluble sugars and proline, helps to regulate osmotic potential from the cell to the
entire plant [17–22].

Osmoregulation is important for maintaining positive turgor potential in leaves and
for maintaining metabolic processes [23]. One of the mechanisms leading to the reduc-
tion of leaf water potential, and possibly leading to the reduction of potassium (K+) and
mineral nutrient imbalances, is the accumulation of sodium (Na+) and chloride (Cl−) in
leaves [2,24,25].

The accumulation of Na+ ions in the leaf leads to an increase in mesophyll resistance,
combined with an increase in stomatal resistance, which gradually reduces the amount
of CO2 reaching the chloroplast [21,26]. In turn, this decrease in CO2 concentration leads
to decreased photosynthesis [22,26,27]. Photosynthesis and stomatal conductance are
well correlated [22,26,28]. A decreased photosynthetic rate may also be caused by other
nonstomatal limitations, including altered photosynthetic metabolism and the inhibition of
Calvin Cycle enzymes, such as Rubisco [29,30].

Salt stress can contribute to the production of enormous reactive oxygen species
(ROS) [3,21]. ROS are known to generate damage to cell membranes and other cellular
components [31–33]. Excessive ROS production leads to lipid peroxidation, enzyme inhibi-
tion, and nucleic acid modifications [34–36]. However, plants are able to develop tolerance
in adverse conditions after strong antioxidative enzyme production [3,32,37–40]. Among
these enzymes, superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione
reductase (GSH) are chloroplast and mitochondrial localizations [35,41,42], whereas cata-
lase (CAT) and guaiacol peroxidase (GPX) are generally found in microbodies and the
cytosol, respectively [39,43,44].

In the following years, Tunisia needs to intensify olive production in order to increase
the productivity of olive trees and remain competitive on the global market. Some local
farmers are switching from rain-fed to irrigated and fertilized olive groves. The water
used to irrigate olive groves is often saline, especially in coastal, central, and southern
Tunisia. Farmers are also introducing promising foreign olive varieties into orchards and
are growing them under the same irrigation and fertilization regimes as local varieties in
order to maximize the yield and quality of the olives.

In this context, it is important to select varieties that perform well when grown on
saline soils or irrigated with saline water. Among the cultivars studied in this work,
‘Chemlali’ (Tunisian cultivar) and ‘Koroneiki’ (introduced Greek cultivar) are of increasing
interest to Tunisian farmers. The aim of this work was to study the behavior of the two
olive cultivars under salinity stress through the analysis of water relations, gas exchange
parameters, mineral content, and antioxidant enzyme activity. This study will allow us to
understand how to intervene through fertilization to mitigate the effects of salinity stress
on the productivity of olive trees.

2. Results
2.1. Impact of Salt Stress on the Osmotic Potential and Osmotic Adjustment of Olive Trees

Figure 1 shows the progressive effects of salt stress on osmotic potential (Ψπ). Indeed,
Ψπ showed a significant gradual decrease in the olive trees that were exposed to salt stress,
whereas the value was rather constant in the control trees. The lowest Ψπ was reached
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towards the end of the experiment for ‘Koroneiki’. Compared to the control, the reduction
was 26% and 24% for ‘Chemlali’ and ‘Koroneiki’, respectively. In ‘Koroneiki’, OA remained
constant after 21 days of stress until the end of the experiment, with a mean value of
1.01 MP. In ‘Chemlali’, the OA increased significantly after 21 days of salt stress and again
after 42 days of salt stress, with a mean value of 1 MP at the end of the experiment.
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Figure 1. Effect of salt stress on osmotic potential (Ψπ, MPa) and osmotic adjustment (OA, MPa) of
leaves of Olea europaea L. ‘Chemlali’ (A) and ‘Koroneiki’ (B). Each value represents the average of
three measurements—Duncan (p = 0.05).

2.2. Impact of Salt Stress on Photosynthesis and Stomatal Conductance of Olive Plants

Figure 2 indicates how the salt stress treatment affected the photosynthetic capacity
of the leaves (A, mol CO2 m−2 s−1) of the olive plants ‘Chemlali’ and ‘Koroneiki’. Salt
stress treatment had a considerable impact on the photosynthetic capacity of the leaves of
both cultivars after 49 days. There was a 34% decrease in ‘Chemlali’ from T0 to T100. For
‘Koroneiki’, the decrease reached 51% from T0 to T100. A significant decrease of A in the
‘Koroneiki’ cultivar started after 14 days of salt stress and became significantly stable after
28 days, with a mean value of 9.3 µmol CO2 m−2 s−1, whereas in ‘Chemlali’, a significant
decrease started after 35 days of salt stress and stabilized significantly after 42 days, with a
mean value of 11.55 µmol CO2 m−2 s−1.

The stomatal conductance (gs) of both cultivars decreased as a result of salt stress
treatment (Figure 2). At the end of the experiment, the control plants for ‘Chemlali’ and
‘Koroneiki’ displayed gs values of 0.208 and 0.361 mol H2O m−2 s−1, respectively. However,
the gs values for the T100 salt stress plants decreased for ‘Chemlali’ and ‘Koroneiki’ by
58% and 40%, respectively. The weekly evolution of gs in ‘Chemlali’ showed a significant
progressive decrease from 21 days to 42 days of salt stress. Compared to ‘Koroneiki’, the
weekly evolution of gs showed a significant decrease starting after 21 days of stress and
remained constant until the end of the experiment.

2.3. Impact of Salt Stress on Water Use Effeciency of Olive Trees

The intrinsic WUE of ‘Koroneiki’, defined as the ratio A/gs, increased after 28 days
of salt stress, but decreased sharply thereafter (Figure 3B). An increase in the WUE of
‘Chemlali’ was observed after 14 days of salt stress (Figure 3A). The WUE of ‘Chemlali’
showed a progressive increase with increasing salt stress. Compared to the control, a
maximum increase of 12% was reached towards the end of the experiment. On the other
hand, the efficiency of ‘Koroneiki’ was not synchronized with the progression of salt stress.
The highest value of WUE was recorded towards the end of the experiment, with an increase
of 20% compared to the control. The intrinsic WUE of ‘Chemlali’ and ‘Koroneiki’ was
94.49 and 63.3 µmol CO2/mol H2O, respectively, after 49 days of salt stress. A significant
relationship between WUE and OA was observed for both cultivars (Figure 3C,D). The
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improvement in WUE was due to the maintenance of photosynthetic capacity and the
decrease in stomatal conductance.

Plants 2023, 12, x FOR PEER REVIEW  4  of  13 
 

 

 

Figure 2. Effect of salt stress on the photosynthesis (A, µmol CO2 m−2 s−1) and stomatal conductance 

(gs, mol H2O m−2 s−1) of Olea europaea L. leaves. ‘Chemlali’ (A) and ‘Koroneiki’ (B). Each value repre-

sents the average of three measurements-Duncan (p = 0.05). 

2.3. Impact of Salt Stress on Water Use Effeciency of Olive Trees 

The intrinsic WUE of ‘Koroneiki’, defined as the ratio A/gs, increased after 28 days of 

salt stress, but decreased sharply thereafter (Figure 3B). An increase in the WUE of ‘Chem-

lali’ was observed after 14 days of salt stress (Figure 3A). The WUE of ‘Chemlali’ showed 

a progressive increase with increasing salt stress. Compared to the control, a maximum 

increase of 12% was reached towards the end of the experiment. On the other hand, the 

efficiency of  ‘Koroneiki’ was not  synchronized with  the progression of  salt  stress. The 

highest value of WUE was recorded towards the end of the experiment, with an increase 

of 20% compared to the control. The intrinsic WUE of ‘Chemlali’ and ‘Koroneiki’ was 94.49 

and 63.3 µmol CO2/mol H2O, respectively, after 49 days of salt stress. A significant rela-

tionship between WUE and OA was observed for both cultivars (Figure 3C,D). The im-

provement in WUE was due to the maintenance of photosynthetic capacity and the de-

crease in stomatal conductance. 

Figure 2. Effect of salt stress on the photosynthesis (A, µmol CO2 m−2 s−1) and stomatal conductance
(gs, mol H2O m−2 s−1) of Olea europaea L. leaves. ‘Chemlali’ (A) and ‘Koroneiki’ (B). Each value
represents the average of three measurements-Duncan (p = 0.05).

2.4. Impact of Salt Stress on Ion Concentration in Leaves and Roots of Olive Trees

For the ‘Chemlali’ and ‘Koroneiki’ cultivars, Na+ concentration in the leaves increased
with salinity by 23% and 26%, respectively. In contrast, K+ concentration in the leaves
decreased with salinity by 2% and 16% for ‘Chemlali’ and ‘Koroneiki’, respectively. In
the roots of both cultivars, K+ concentration increased by 9% in ‘Chemlali’ and by 24% in
‘Koroneiki’ (Table 1).

Table 1. Effect of NaCl salinity on the concentration of Na, K, and K+/Na+ in the leaves and roots of
olive ‘Chemlali’ and ‘Koroneiki’ at the end of the experiment.

Leaves Roots

Cultivar T K+ (%dw) Na+ (%dw) K+/Na+ K+ (%dw) Na+ (%dw) K+/Na+

Chemlali
T0 0.52 ± 0.02 A,a 0.10 ± 0.02 B,a 5.2 ± 1.11 A,a 0.43 ± 0.07 A,a 0.20 ± 0.04 A,a 2.15 ± 0.19 A,a

T100 0.51 ± 0.02 A,a 0.13 ± 0.04 A,b 3.92 ± 0.03 A,b 0.47 ± 0.04 A,a 0.20 ± 0.04 A,a 2.35 ± 0.05 A,b

Koroneiki
T0 0.56 ± 0.02 AB,a 0.11 ± 0.03 B,a 5.09 ± 1.5 A,a 0.38 ± 0.05 A,a 0.24 ± 0.00 A,a 1.58 ± 0.19 B,a

T100 0.47 ± 0.03 B,b 0.15 ± 0.02 A,a 3.13 ± 0.05 B,b 0.50 ± 0.12 A,ab 0.23 ± 0.03 A,a 2.17 ± 0.27 A,b

The data is presented as mean and standard deviation. Significant differences (p < 0.05) between various cultivars
for the same treatment are indicated by different uppercase letters in the same column. Different lowercase
letters in the same column indicate significantly different values (p < 0.05) between different treatments for the
same cultivar.

The K+/Na+ ratio in the leaves was reduced by 37% and 39% for ‘Chemlali’ and
‘Koroneiki’, respectively, compared to T0 (Table 1). For the roots, the K+/Na+ ratio increased
by 9% and 27% for ‘Chemlali’ and ‘Koroneiki’, respectively.
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This reduction in the leaf ratio was associated with a reduced accumulation of K+ and
a higher concentration of Na+ in the leaves of the plants that were treated with saline water.
The increase in the root ratio can be explained by the increase in K+.
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Figure 3. Effect of salt stress on water use efficiency (WUE, µmol CO2 (mol H2O)−1) of Olea europaea L.
‘Chemlali’ (A) and ‘Koroneiki’ (B). Each value represents the average of three measurements—Duncan
(p = 0.05). The relationship between OAChemlali and WUEChemlali (C) and between OAKoroneiki and
WUEKoroneiki (D). The data are fitted with regression lines. The equation for these relationships
is as follows: OA Chemlali = 0.046 WUEChemlali-3.33 (r2 = 0.93; n = 6; p = 0.001); OAKoroneiki= 0.056
WUEKoroneiki-2.31 (r2 = 0.87; n = 6; p = 0.001).

2.5. Impact of Salt Stress on Antioxidant Enzyme Activity

At the end of the experiment, in the leaves of the plants that were treated with 100 mM
of NaCl, ascorbate peroxidase (APX) and catalase (CAT) activities systematically decreased,
compared to controls across the two cultivars at the end of experimentation (Table 2). CAT
activities decreased by 78% and 71% for ‘Chemlali’ and ‘Koroneiki’, respectively. APX activ-
ities decreased by 44% and 52% for ‘Chemlali’ and ‘Koroneiki’, respectively. GPX increased
more markedly, with increases of 28% and 29% for ‘Chemlali’ and ‘Koroneiki’, respectively.

Table 2. Effect of salt stress on catalase (CAT), glutathione peroxidase (GPX), and ascorbate peroxidase
(APX) accumulation.

Cultivar Treatment CAT (Units g−1 FM) GPX (Units g−1 FM) APX (Units g−1 FM)

Chemlali
T0 170 ± 24 A,a 13.8 ± 0.8 B,ab 0.825 ± 0.487 AB,a

T100 38 ± 8 A,b 19.2 ± 16.8 AB,a 0.362 ± 0.287 A,b

Koroneiki
T0 185 ± 75 A,a 13.6 ± 3.2 B,b 1.037 ± 0.575 A,a

T100 54 ± 2.5 A,b 47.2 ± 0.8 A,a 0.500 ± 0.175 A,b

The data is presented as mean and standard deviation. Significant differences (p < 0.05) between various cultivars
for the same treatment are indicated by different uppercase letters in the same column. Different lowercase
letters in the same column indicate significantly different values (p < 0.05) between different treatments for the
same cultivar.
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3. Discussion

Ψπ is an important indicator used to express the water status of plants. The Ψπ
measured for both control and stressed ‘Chemlali’ and ‘Koroneiki’ ‘trees can be used as
a first indication about the trees’ response to salt stress. Both cultivars showed a gradual
decrease in their potential during the course of salt stress.

The reduction in leaf Ψπ induced stomatal closure, as indicated by the decrease
in gs (Figure 2). As a consequence, the rate of gas exchange became more and more
limited. Compared to the control olive trees, photosynthesis (A) decreased significantly
in ‘Koroneiki’ and more moderately in ‘Chemlali’ under salt stress. These results are in
agreement with the findings of previous studies [3,22,45–51].

The effect of salinity on the rate of CO2 assimilation varied according to the concentra-
tion of salt to which the plants were exposed and according to the cultivar. In general, the
highest inhibition is observed in olive cultivars with naturally high rates of photosynthesis
and stomatal conductance [26], in the case of ‘Koroneiki’. Our results showed a significant
decrease in the assimilation rate at the end of the experiment. This was observed for both
cultivars that were exposed to 100 mM of NaCl for 49 days. This decrease varied from 34%
for the salt tolerant ‘Chemlali’ to 51% for the moderately sensitive ‘Koroneiki’ (Figure 2).
Compared to ‘Chemlali’, the decrease in A started very early in ‘Koroneiki’. This is an
indication that ‘Chemlali’ activates a faster response to salt stress.

In salt stressed olive plants, changes in photosynthesis are preceded by a decrease
in stomatal conductance (gs) [52]. Thus, the reduced CO2 uptake was due to hydroactive
stomatal closure. Stomatal closure reduces water loss by transpiration, which leads to
altered chloroplast activity as a result of altered chloroplast light harvesting and energy con-
version systems [52]. ‘Chemlali’ showed a progressive decrease in gs, which aligned with
the progression of stress. This cultivar decreased its conductance more than ‘Koroneiki’,
while maintaining its photosynthesis for as long as possible. The degree of reduction in gs
may be due to stomatal closure as a result of the excessive accumulation of Na+ ions in the
guard cells, which reduces the availability of internal CO2 [53,54].

The photosynthetic response is always adjusted by gs, resulting in a change in WUE
when plants are exposed to osmotic stress. The salinity effect on WUE varies with the
intensity and duration of stress [55,56]. WUE was improved under a certain stress range,
but this improvement was dependent on the cultivar. At the end of the experiment, the
WUE of ‘Chemlali’ and ‘Koroneiki’ increased by 12% and 20%, respectively. ‘Chemlali’
exhibited a progressive improvement in WUE since the beginning of the application of salt
stress. We found that salt stress reduced the osmotic potential of ‘Chemlali’ leaves, leading
to a greater reduction in gs without compromising the photosynthetic capacity.

An increase in leaf WUE under salt stress may be an indicator of salinity tolerance [57].
The intrinsic WUE was improved by decreasing gs via an increase in osmotic adjustment
(Figure 3) and hydraulic resistance, and decreasing A via an increase in stomatal limitation,
rather than a decrease in photosynthetic capacity [15].

Our results confirm the finding obtained for tomatoes grown under high salinity, which
showed that WUE was significantly increased due to a decrease in gs, which exceeded the
decrease in A [56]. This is an indication that salinity may have an effect on WUE.

One important mechanism of salt tolerance in plants is their ability to store salts in
their roots, thereby avoiding the transport of toxic ions to the aerial parts of the plant [58].
The lower Na+ concentration in the leaves of ‘Chemlali’ compared with ‘Koroneiki’ is
due to the greater accumulation of this ion in the roots. This assumption is supported by
previous results [47,59,60], where differences in the content of Na+ and Cl− ions in the
leaves of olive cultivars were related to more efficient mechanisms of Na+ and Cl− retention
in the roots. The higher K+/Na+ ratio of ‘Chemlali’ (Table 1) was associated with reduced
Na+ accumulation and higher K+ concentrations in the roots of saline-treated plants, as
compared to ‘Koroneiki’. Tattini [61] reported that the higher salinity tolerance of ‘Frantoio’
compared to the sensitive ‘Leccino’ was related to maintaining a higher K+/Na+ ratio in
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young leaves. Our results indicate that ‘Chemlali’ may be less sensitive to salinity because
of its ability to maintain a higher K+ and K+/Na+ ratio than ‘Koroneiki’.

Salt accumulation in the root zone causes the development of osmotic stress (osmotic
effect) and disrupts cell ion homeostasis by inhibiting the uptake of essential nutrients and
inducing the accumulation of Na+ and Cl− to potentially toxic levels within cells (specific
ion effect) [62,63]. These primary stresses induce the generation of reactive oxygen species
(ROS) [33,64,65], causing a reduction in the activity of certain enzymes [33,64,66].

The first line of defense against excess ROS is usually antioxidant enzymes [67]. The
decreased stimulation of CAT and APX activities under salt stress suggest that H2O2 was
utilized by GPX, reducing its presumed damaging action in ‘Chemlali’ and ‘Koroneiki’
trees (Table 2). Consistent with these findings, Regni et al. [3] showed that CAT was not
significantly elevated in the ‘Koroneiki’ cultivar under salt stress.

Araújo et al. [32] also reported the upregulation of GPX activity in field-grown olive
trees (cv. Cobrançosa) in response to water deficit. In turn, Sofo et al. [68] showed that APX,
CAT, and GPX activities increased with increasing water deficit in young potted ‘Coratina’
olive plants. However, in olive trees, CAT, GPX, and APX enzymes are essential for the
maintenance of membrane integrity [32].

To summarize, decreased photosynthesis resulting from salt stress could be related to
stomatal and/or nonstomatal factors [69]. Salt stress has both direct and indirect effects
on the chlorophyll content and photosynthetic efficiency of plants. Direct effects are
achieved by regulating the activity and expression of the enzymes involved in chlorophyll
biosynthesis and photosynthesis. Indirect effects take place through specific regulatory
pathways, such as those of antioxidant enzymes [45,70].

4. Materials and Methods
4.1. Plant Material and Treatments

At the Tunisian Olive Institute (Tunisia, 35◦49′ N, 10◦38′ E), one-year-old olive trees
(‘Chemlali’ and ‘Koroneiki’) were cultivated in 4 L plastic pots under typical daylight
conditions. Before starting the experiment, trees that were about 1 m tall were selected.
They were lifted from a soil mixture of organic matter, sand, and clay. The plants were then
planted in a substrate mixture containing perlite and peat (1/2 volume). The trees were
irrigated daily to field capacity with Hoagland’s full-strength solution for 8 weeks.

From 6 April to 30 May 2019, the plants were subjected to salt stress. The control
plants were watered daily to field capacity (saturation), whereas the salt stress treatments
were imposed gradually. Two treatments were considered:

T0: daily irrigation with nutritive solution.
T100: daily irrigation with 100 mM of NaCl added to the nutritive solution.
The mean day/night temperatures were 32 ◦C and 18 ◦C, respectively, and the mean

day/night humidity was 65% and 85%, respectively, during the salt stress experiment. The
control trees and the salt-stressed trees were arranged in a completely randomized design
with four replications for each cultivar and for each treatment. A total of 16 olive trees
were used.

4.2. Osmotic Potential

The leaf osmotic potential (Ψπ) was measured on fully expanded leaves that were
exposed to sunlight (taken from the middle part of the shoot). Following the method
described by [71], the leaves of four plants per treatment and per cultivar were measured at
midday (12 a.m.) using a thermocouple psychrometer (sample chambers type C52; Wescor,
Logan, UT, USA). Over a period of 49 days, measurements were taken weekly. One leaf disc
sample was taken from each plant and each measurement event leaf. In order to disrupt
the cell membranes, the disc sample was wrapped in aluminum foil and placed in a freezer
at −20 ◦C for 24 h. The disc was used to measure Ψπ after thawing.
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4.3. Simultaneous Gas Exchange Measurements

A portable gas exchange system (LI-6400, LI-COR, Lincoln, NE, USA) was used to
simultaneously measure the photosynthetic assimilation rate (A, µmol CO2 m−2 s−1) and
stomatal conductance to water vapor (gs, mol H2O m−2 s−1) in the fully expanded leaves.
The measurements were performed weekly over a period of 49 days in three replications for
each treatment and cultivar under conditions of light saturation (1500 µmol PAR m−2 s−1)
between 10 am and 2 pm and at a fixed CO2 concentration (Ca of 400 µmol mol−1), leaf
temperature (25 ◦C), and relative humidity (60%) [22].

4.4. Mineral Nutrient Analysis

At the end of the experiment, the mineral composition of each plant organ (roots
and leaves) was determined. The leaves, shoots, and roots were harvested and analyzed
to obtain their sodium and potassium content. Deionized water was used for intensive
washing of the roots.

The sodium (Na+) and potassium (K+) contents (% DW) of the old olive leaves were
determined according to the method of Martin-Prével et al. [72]. For each treatment and for
each variety, eight leaves were collected from four plants, pooled into a composite sample,
dried at 70 ◦C for 48 h, and were then crushed. One gram of this material was calcined and
transferred to nitric acid. A flame photometer (Jenway, England) was used to determine
the K+ and Na+ contents.

4.5. Antioxidant Enzyme Analysis

During R.Z.’s research visit to the Institute of Olive Tree, Subtropical Crops, and
Viticulture, ELGO-DIMITRA in Greece, antioxidant enzyme analysis was carried out. With
0.1 M of phosphate buffer (pH 7), 0.5 M of Na2EDTA, 1% PVP (m/v), 1 mM of PMSF, 0.2%
Triton X-100 (v/v), and 2mM of DTT, frozen olive leaf powder was homogenized. The
supernatant was used to assess the activities of catalase (EC 1.11.1.6), ascorbate peroxidase
(EC 1.11.1.11), and glutathione peroxidase (EC 1.11.1.7). In order to determine the CAT
activity, 500 mL of ultrapure water, 0.1 mL of potassium phosphate buffer (pH 7), 50 mL
of the supernatant, and 6 mM H2O2 were combined [73]. The following ingredients were
combined: 500 mL of ultrapure water, 50 mL of the supernatant, and 6 mM H2O2. Five
minutes after the reaction began, 1 mL of titanium reagent—1 g of titanium dioxide and
10 g of potassium sulfate dissolved in 150 mL of sulfuric acid—was added to stop it. A
centrifuge was used to separate the mixture (10,000× g, 10 min, 4 ◦C), and the absorbance
was measured at 415 nm. A calibration curve created with a known concentration of
catalase (y = 0.4639e − 23.32x and R2 = 0.98) was used to measure CAT activity [73]. The
Nakano and Asada method [74] was used to measure the activity of APX. The reaction
mixture included supernatant, 0.1 mM of EDTA, 50 mM of potassium phosphate buffer (pH
7.5), and 0.5 mM of ascorbic acid. The reduction of ascorbate was observed at 290 nm and
the reaction was started using 0.1 mM of H2O2. In order to determine the activity of APX,
the molar extinction coefficient of ascorbic acid (ε = 2.8 mM−1 cm−1) was utilized. The
activity of GPX was measured using the procedure outlined by Pütter [75]. By including
the supernatant, 15 mM of guaiacol, and 100 mM of phosphate buffer (pH 7), GPX activity
was determined. A total of 3 mM of H2O2 was used to start the reaction. GPX activity was
determined using the tetraguaiacol molar extinction coefficient (ε = 26.6 mM−1 cm−1) to
monitor glutathione oxidation at 470 nm.

4.6. Statistical Analysis

The data analysis was performed using SPSS 21.0. The significance of the changes
between treatments was assessed using the two-way ANOVA model. The Duncan test [76]
revealed significant differences at p = 0.05.
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5. Conclusions

The irrigation of olives with salt water will inevitably increase in the Mediterranean
area in the future, especially in countries with semi-arid or arid climates. This is the reason
why we decided to install this experiment. Salt treatment at the level of 100 mm of NaCl
caused negative effects on leaf gas exchange, ion concentration, and the enzymatic activity
of olive cultivars ‘Chemlali’ and ‘Koroneiki’. Indeed, photosynthesis, stomatal conductance,
and the leaves of both cultivars were negatively affected. However, ‘Chemlali’ showed
greater tolerance to NaCl salinity based on a progressive decrease in Ψπ, followed by a
progressive and synchronous decrease in gs with the application of salt stress, without a
similar decrease in photosynthesis. This explains the improvement in its WUE.

In ‘Chemlali’, the K+/Na+ ratio increased under salinity stress. This seems to play
an important role in tolerating stress. The accumulation of GPX and the decrease in CAT
and APX were more pronounced in ‘Koroneiki’ and perhaps confirmed that this cultivar
is more sensitive to salt stress than ‘Chemlali’. In order to mitigate the effects of salinity
on olive trees, supplementation with potassium or amino acid fertilizers must be studied
in detail.
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