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Abstract: High salt concentration is one of the main factors
that affects plants’ growth, especially in urban areas. Many
Mediterranean sclerophyllous species manifest high resis-
tance to salt, although few information exists in the litera-
ture on Quercus ilex. The aim of this work was to evaluate
the response of Q. ilex seedlings to salt stress conditions
generated by an increasing concentration of sodium chloride
on water supply irrigation. A 2-year experiment was con-
ducted by using salt water at different concentrations (first
year 50-100-200 and second year 75-150-300 mM NaCl). At
increasing salt concentration, a plant growth reduction was
registered in both years. Until 200 mM Nacl, the plants grew
and did not show any visible damage on the leaves, while at
300 mM Na(l, all the plants died. Also, the photosynthetic rate
decreased at increasing salt concentration. Sodium was accu-
mulated in the plant parts and this accumulation occurred at
the expense of potassium uptake.
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1 Introduction

In the arid zones of the world, crop production consumes
large quantities of water, and groundwater is often used
for irrigation. The increased anthropic pressure, climate
changes, the use of inorganic fertilizers, and irrigation
with saline water are considered the sources of increasing
salt concentration in the groundwater [1-4]. The scarce water
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resources in dry climates and the increased demands for
water by civilian, industrial, and agricultural practices force
the use of low-quality water for irrigation in urban landscape
[5]. In urban environments, trees are subjected to abiotic and
biotic stresses such as heat, low air humidity, restricted irri-
gation volumes, soil compaction, water stress related to
reduced rainfall infiltration, de-icing salt, air pollution, insect
damages, and NaCl soil contamination [6,7]. Soil salinity in
urban environments is caused primarily by the application of
NaCl to “deice” the winter streets and sidewalks [8], whereas
in the coastal areas, it is a consequence of the sea-salt aerosol
formed by air bubbles and spume droplets mixed into the
surface layer of the sea by wave action [9]. High salt concen-
tration is a major environmental factor limiting plant growth
[10,11]. Salt stress not only contributes to a reduction in the
landscape value of the trees but also causes major changes in
its physiological and biochemical processes as well as in its
morphology [12,13], its susceptibility to pests or diseases, and
often, is the cause of plant death.

Quercus ilex L. is an evergreen Mediterranean sclero-
phyllous species typical of the broadleaf woodlands that
can grow up to 20 m tall with a fissured blackish bark. Q.
ilex has been largely used as an ornamental plant in the
landscaping of parks and gardens and is very common on
roadsides all along the coast of the western Mediterranean
[14-17]. It is found under a variety of conditions of envir-
onmental pollution due to its capacity to accumulate
pollutants using leaves as bio-accumulator [18-20]. This
characteristic is due to the dense cover of hairs that
allows the retention of airborne particulate, whereas
the abundance of wax components promotes the incor-
poration of lipophilic organic pollutants [21].

Many Quercus species (Q. lyrata Walt., Q. michauxii
Nutt, Q. nigra L., Q. virginiana Mill, and Q. nuttallii
Palmer) are susceptible to salinity, showing a decrease in
photosynthesis, stomatal conductance, tree height, and
trunk diameter under saline conditions [22]. A recent study
on Q. ilex [23] observed the responses to mild root zone
salinity stress and evidenced the strategies adopted by this
plant to allocate potentially toxic ions. The effect of medium
salt concentrations (150 mM NacCl, 15 days) on photosynth-
esis, hydric relations, and ion partitioning saplings was done
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by Guidi et al. in 2017 [24]. Another study on transcriptome
analysis conducted by Natali et al. [25], always on Q. ilex at
max 150 mM NacCl, showed how salinity strongly changed
the profile of expressed transcripts; indicating a higher
genetic expression with respect to a biochemical and phy-
siological response.

However, few information exists on Q. ilex suscept-
ibility to high salinity levels. For their use in urban greening,
where salt stress conditions are frequently reported, inves-
tigating the salt tolerance of Q. ilex represents a funda-
mental piece of information. Hence, the aim of this work
was to evaluate the response of Q. ilex seedlings to salt stress
conditions generated by an increasing concentration of
sodium chloride in irrigation water.

2 Methods

2.1 Plant material

Q. ilex seedlings from the ‘Crucicchia’ forest nursery in
Castellammare del Golfo (TP), managed by the Azienda
Foreste Demaniali of Regione Sicilia, were transplanted
in 7L plastic pots filled with a 7:3 (v/v) mixture of sand
and sandy soil. Seedlings were grown in an east-west-
oriented greenhouse (540 mq) with a steel structure and
polymethacrylate methyl cover located in Bagheria (38°528"
N: 13°31'18"E; 23m a.s.l), Sicily, Italy. The yearly maximum,
average and minimum temperatures were 45.3, 21.7 and
2.5°C for the first year and 46.4, 20.3 and 1.7°C for the second
year.

A 2-year experiment was conducted: during the first
year, 1-year-old plants were manually watered twice a
week with 1L per plant by using four solutions at different
NaCl concentrations (0, 50, 100, and 200 mM NaCl) for 90
days during the growing season, occurring in spring; in
the second year, the same experiment was conducted
with a new plot of 2-year-old plants which were manually
watered twice a week with 2L per plant by using four
solutions at different NaCl concentrations (0, 75, 150,
and 300 mM NacCl) for 90 days during the growing season,
occurring in spring.

A completely randomized experimental design was
adopted with six plants per treatment per four treatments
— corresponding to the irrigation water NaCl concentra-
tions — for a total of 24 plants per year.

At the end of the experiment, samples of leaves, stems,
and roots from each plant were taken for fresh weight
determination. Dry weights (DWs) were determined after
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oven drying the samples at 60°C for 48 h. Before drying, the
number and area of leaves were measured by leaf area
meter (Win DIAS).

2.2 Gas exchange

Leaf stomatal conductance (g;) and net photosynthetic rate
(Pn) were determined using a gas exchange system (LI-
6400; LI-COR Inc., Lincoln, NE, USA).

Data were recorded at 12:00 solar time at the end of the
experiment, on two mature leaves per plant. Environmental
photosynthetic active radiation values were measured by
Li-Cor sensor and fixed by an LED light source during the
measurements.

2.3 Ion analysis

A sample of fresh leaves, shoots, and roots was washed
with distilled water three times and then dried at 60°C to
constant weight (6-8h). The plant material was ground
with a ball mill. The cations were determined after a digestion
of 0.1 g dry matter with HNOs, and then, the extract was taken
to determine the free Na* and K concentrations. The con-
tents of K" and Na" were determined using atomic absorption
spectroscopy following wet mineralization [26,27].

2.4 Carbohydrate content

A sample of fresh leaves, shoots, and roots was washed with
distilled water three times and, then, dried at 60°C to constant
weight (6-8 h). The carbohydrate content, either free or pre-
sent in polysaccharides, was obtained with the anthrone
method reported in Loewus [28].

Carbohydrates were first hydrolyzed into simple sugars
using diluted hydrochloric acid. In hot acidic medium, glu-
cose is dehydrated to hydroxymethyl furfural which when
mixing with anthrone forms a green-colored product with
an absorption peak at 630 nm

2.5 Antioxidant activity

Analysis of leaves’ antioxidant activity was performed
during the second year.
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2.5.1 Extracts preparation

Ten grams of samples of young leaves were manually
picked at the end of the experiment. After washing, leaves
were freeze dried for 12 h and then were finely ground in a
food grinder and stored at —80°C until extraction.

The powdered samples were extracted with 70% ethanol
at a ratio of 1:10 (g/mL). Extraction was repeated two times for
each sample. After a cleanup step via centrifugation (10 min at
10,000g, 4°C) and filtration through a Millex HV 0.45 ym filter
(Millipore, Billerica, MA), the supernatants were recovered,
combined, and used for the determination of antioxidant
activity and phenolic content.

2.5.2 Total phenolic content

The phenolic content of ethanol extracts was determined
by the reduction of phosphotungstic-phosphomolybdic acid
(Folin—Ciocalteu’s reagent) to blue pigments, in an alkaline
solution according to Folin and Denis [29,30]. Quantitation
was made by reference to a curve constructed with gallic
acid, and the results were expressed as mg gallic acid
equivalents (GAE) per 100 g DW.

2.5.3 Total antioxidant activity (TAA)

The TAA of ethanol extracts was evaluated using the ABTS
radical cation decolorization assay [31]. ABTS™ was pre-
pared by reacting ABTS with K;S,0g. Samples were analyzed
at five different dilutions, within the linearity range of the
assay, as previously described [32]. TAA was expressed as
umol Trolox equivalent/100 g DW.

2.5.4 Determination of total chlorophyll and carotenoid
contents

The chlorophyll and carotenoid contents of leaves were ana-
lyzed according to the protocol described by Lichtenthaler
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and Buschmann [33] with minor variations. Briefly, freeze-
dried leaves’ powder (5 mg) was mixed with 5 mL of dimethyl
sulfoxide and incubated at 65°C for 6 h. After incubation, the
mixture was centrifuged at 15,000g for 5 min. The superna-
tant was collected, and the absorbance was read at 663 nm to
measure chlorophyll A content, 647 nm to measure chloro-
phyll B content, and 470 nm to measure carotenoids’ content.
The chlorophyll and carotenoid concentrations were calcu-
lated using the following equations: chlorophyll A = 12.25A4¢3
- 2.79A¢47; chlorophyll B = 21.504¢4; — 5.10A¢63; total chloro-
phyll = 20.294¢4; + 8.024¢63; carotenoid = (1,000447 — 1.82
chlorophyll A - 95.15 chlorophyll B)/225.

2.5.5 Statistics

Statistical analyses were based on a one-way analysis of
variance. The effects of salinity treatments were consid-
ered statistically significant when P < 0.05. In these cases,
the Tukey test of significant differences was carried out
and results are given in the tables and figures. All statistical
analyses were performed by using the SYSTAT 10 software.

3 Results

3.1 Dry matter accumulation

In the first year, plant biomass, in terms of fresh (data not
shown) and DW, decreased as NaCl concentration increased
(Table 1). Significative differences were observed in terms of
plant DW between 0 and 200 mM NaCl with a weight reduc-
tion until 40%. A slight increase in roots’ DW was registered
at 50mM NaCl while significative DW reductions were
observed also between 50 and 200 mM NaCl. On the aerial
parts of the plant, significative DW reductions at increasing
NaCl concentrations were observed starting from 100 mM
NaCl, reaching a 57% DW reduction at 200 mM NaCl

Table 1: First-year DWs of Q. ilex plant components irrigated with water at different NaCl concentrations

NaCl (mM) Plant DW (g) Roots DW (g) Shoot DW (g) Leaves DW (g) Above ground DW (g) Leaves, n Leaf area (cm?)
0 39.01 + 4.08a 19.81+3.21ab  9.40 + 1.97a 9.80 + 0.52a 19.20 + 2.25a 116 + 6.65a  481.18 £ 37.3a
50 35.61 £ 6.63ab  20.64 + 0.89a  7.30 + 1.67ab 7.67 + 1.40ab 14.97 + 3.02ab 15+734a 330.98 + 58.4b
100 3210 £ 3.81ab  19.23 £1.25ab  6.40 £ 0.72ab  6.47 £ 1.47b 12.87 + 1.90bc 82 +8.71b 323.55 + 54.6b
200 2415 + 3.65b 15.82 + 1.01b 5.20 + 0.53b 3.13 £ 0.11c 8.33 + 0.62c 56 * 8.62c 162.80 + 6.86¢C

Data are represented as mean * standard deviation. Within each column, different letters indicate significantly different means by Tukey’s multiple

range test.
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Table 2: Second-year DWs of Q. ilex plant components irrigated with water at different NaCl concentrations

NaCl (mM) Plant DW (g) Roots’ DW (g) Shoot DW (g) Leaves’ DW (g) Above ground DW (g) Leaves, n Leaf area (cm?)
0 124.24 +17.39a 87.20 + 9.34a 20.99 + 2.50a  16.05 + 1.53a 37.04 + 0.97a 188 +15.13a  1092.4 + 88.2a
75 69.84 + 7.41b 4133 £ 4.43b 17.07 £ 1.52ab  11.44 + 1.89%b 28.51 + 3.41b 161 £18.01ab  806.9 + 172.1ab
150 42.43 +7.81b 2233 +4.50b  11.83+249  8.27 +1.09b 20.10 + 3.90c 111 + 8.82b 519.9 + 128.7b

Data are represented as mean + standard deviation. Within each column, different letters indicate significantly different means by Tukey’s multiple

range test.

The highest DW reduction (-68%) was observed in the
leaves at 200 mM NaCl. This reduction was determined par-
tially by the leaf number reduction (-52%) and partially by
the leaf area reduction (66%). Neither plants died nor leaf
damage was observed in all the treatments.

During the second year, shoots of the plants subjected
to the treatment of 300 mM NacCl did not grow, leaf damage
appeared, and all the plants died within 3 weeks from the
beginning of the experiment.

For the other treatments, as in the first year, plant
biomass, in terms of fresh (data not shown) and DW,
decreased as NaCl concentration increased (Table 2). A sig-
nificative plant DW reduction (-44%) was observed between
0 and 75mM NaCl, while no statistical differences were
observed between 75 and 150 mM NaCl concentration. The

same behavior was observed in terms of roots’ and leaves’
DW (=75 and -50%). Leaves’ DW reduction was caused by
both the leaf number reduction and the leaf area reduction.

3.2 Ion levels

In both years, an increase in Na ions and a decrease in K
ions were registered in all parts of the plant due to NaCl
concentration increasing (Tables 3 and 4).

In the first year, statistically significant increases in
leaves’ Na concentration were registered among 0, 50,
and 100 mM NaCl while statistically significant decreases
in K ions were registered at NaCl concentration increase
from 50 to 100 mM (Table 3). In the shoots, every NaCl

Table 3: First-year sodium (Na) and potassium (K) levels expressed as ppm/DW of Q. ilex plant components irrigated with water at different NaCl

concentrations

Leaf Shoot Root
NaCl (mM) Na (ppm) K (ppm) Na (ppm) K (ppm) Na (ppm) K (ppm)
0 107.0 + 2.16a 317.7 £ 4.16a 76.7 £ 2.50a 322.7 +4.72a 115.7 + 2.08a 214.3 £ 7.02a
50 153.0 + 2.64b 285.3 + 7.50a 119.3 + 2.08b 133.3 + 2.08b 116.3 £ 3.21a 141.7 + 1.53b
100 191.3 £ 3.21c 194.0 + 5.56b 155.7 + 4.04c 120.0 £ 1.02c 130.5 + 1.72b 107.3 + 1.15¢
200 196.7 + 3.51c¢ 184.5 + 6.81b 176.7 + 3.06d 76.5 + 4.20d 251.0 £ 3.34c 95.0 + 2.16d

Data are represented as mean * standard deviation. Within each column, different letters indicate significantly different means by Tukey’s multiple

range test.

Table 4: Second-year sodium (Na) and potassium (K) levels expressed as ppm/DW of Q. ilex plant components irrigated with water at different NaCl

concentrations

Leaf Shoot Root
NacCl (mM) Na (ppm) K (ppm) Na (ppm) K (ppm) Na (ppm) K (ppm)
0 122.1 + 3.53a 306.0 + 2.42a 73.4 £ 2.12a 123.0 £ 7.02a 110.0 + 0.70a 156.3 £ 2.25a
75 158.3 + 8.50b 284.7 + 3.21a 126.2 + 13.07b 120.0 £ 1.05a 125.7 + 3.51b 107.3 £ 1.15b
150 161.7 £ 3.78b 214.4 + 4.94b 127.6 £ 6.42b 79.8 + 1.41b 130.3 £ 2.08b 101.4 + 1.41b

Data are represented as mean + standard deviation. Within each column, different letters indicate significantly different means by Tukey’s multiple

range test.
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increase corresponded to a statistically significant increase
in Na and a decrease in K. Similar behavior was registered
in the roots.

During the second year, a significative increase in Na
was registered starting from 75 mM NaCl in all the plant
components while no statistical differences were observed
between 75 and 150 (Table 4). In the roots, a significative K
reduction was observed starting from 75 mM NaCl, while in
leaves and shoots, significative K reduction was observed
at 150 mM NacCl.

3.3 Carbohydrates

In both years, a carbohydrate reduction was observed at
NaCl concentration increasing in all plant parts (Tables 5
and 6). In the first year, significant carbohydrate reduc-
tions were registered in roots and shoots with a reduction
of more than 50% of their content in the roots between 0
and 200 mM NacCl (Table 5).

In the second year, significant carbohydrate reduction
was registered in leaves and shoots between 0 and 75 mM
NaCl with the reductions of more than 70% in all plant
parts (Table 6).

3.4 Gas exchange

In both years of observation, plants’ assimilation rate and
stomatal conductance were influenced by NaCl concentra-
tion variations.

In the first year, a slight photosynthesis increase was
observed at 50 mM NaCl and a significant decrease at 200 mM
NaCl with a reduction of around 80% of photosynthetic activity
(Figure 1a). A similar trend was observed for conductance where

Table 5: First-year carbohydrate (Carb.) content (g/100 g DW) of Q. ilex
plant components irrigated with water at different NaCl concentrations

Leaf Shoot Root

Carb. g/100g Carb. g/100¢ Carb.g/100 g

NaCl (mM) bw bw DW

0 7.45 + 0.67a 3.52+0.12a 7.20 + 0.14a
50 6.86 + 0.17ab 3.20 £ 0.04b 6.21 £ 0.13b
100 5.43 + 0.11bc 2.60 + 0.15¢ 3.66 + 0.09c
200 4.43 + 0.07c 2.52 + 0.04c 3.36 + 0.06¢

Data are represented as mean * standard deviation. Within each
column, different letters indicate significantly different means by
Tukey’s multiple range test.
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Table 6: Second-year carbohydrate (Carb.) content (g/100 g DW) of Q.
ilex plant components irrigated with water at different NaCl
concentrations

Leaf Shoot Root

Carb.g/100g Carb.g/100 g Carb.g/100g

NaCl (mM) DW bW bw

0 7.37 + 0.38a 2.14 £ 0.09a 2.88 + 0.07a
75 1.64 + 0.11b 1.03 £ 0.04b 1.24 £ 0.10b
150 1.46 £ 0.04b 0.70 + 0.06b 0.37 £ 0.02c

Data are represented as mean t+ standard deviation. Within each
column, different letters indicate significantly different means by
Tukey’s multiple range test.

significant reductions were observed starting from 100 mM NaCl
and a reduction of around 50% at 200 mM NacCl (Figure 1c).

In the second year, significant reductions of photosynth-
esis were observed at every NaCl concentration increase
with a 57% reduction at 150 mM NaCl (Figure 1b). The
same behavior was observed for conductance with signifi-
cant variation among the treatments (—63% at 150 mM NacCl)
(Figure 1d). In both years of observation, plants’ gas exchanges
were influenced by NaCl concentration variations.

3.5 Antioxidant, chlorophyll, and
carotenoids

A progressive increase in TAA and GAE was observed as
consequence of NaCl increasing with significant differ-
ences between 0 and 150 mM NaCl.

A significant reduction in Chla and Chlb was observed
at 75 mM NaCl while no statistical differences were observed
between 75 and 150 mM Nacl (Table 7). A slight, but not sig-
nificant, reduction of carotenoids was observed at increasing
NaCl concentration.

4 Discussion

It is well known that salinity, for many species, may have
detrimental effects on plant growth. Salinity-induced modula-
tions in growth, photosynthetic pigments, photosynthesis, ion
concentration, and changes in the activity of various anti-
oxidative enzymes.

In non-halophytic species, increasing soil salinity induces
different responses in growth plant parameters, with symp-
toms such as a decrease in root and/or stem development or
in leaf area damages while high concentrations lead to the
death of the plant. Deciduous species tend to be more tolerant
to salt spray or to soil-borne salt than evergreen coniferous
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Figure 1: Net photosynthetic rate (P,)) (a and b) and leaf stomatal conductance (gs) (c and d) measured during the first (a and c) and second (b and d)
year of observation. Within each plot, different letters indicate significantly different means by Tukey’s multiple range test. First year air temperature
27°C, PAR 1,300 pmol m2s™" VpdL 3.5; second year air temperature 32°C, PAR 1,350 pmol m~2s™" VpdL 4.3.

species. In some evergreen species, the symptoms of salt
damage manifested as chlorosis [34] while in deciduous trees,
they manifested as foliage discoloration [35].

No previous reports are available in the literature
regarding the effects of high salt concentration on Q. ilex.
In our experiment, NaCl concentration of 200 mM was the
highest concentration which allowed plant survival with
no partial desiccation or leaf damage, while at 300 mM leaf
damage appeared, plants did not grow and died within 3
weeks from the beginning of the experiment.

4.1 Dry matter accumulation

At 50 mM Nacl, a slight increase in roots’ DW was regis-
tered in our experiment. Alaoui-Sosse et al. [36] evidenced

that an addition of 40 mM NaCl to the nutrient solution in
oak seedlings reduced the length and weight of roots and
first-flush stems. The number and the area of the leaves of
each flush were not significantly affected regardless of the
applied treatment. In contrast, the second vegetative flush
was properly expanded even with a concentration of
40 mM of NaCl in the culture medium. Similar responses
were observed on species of other botanical families, such
as Mirtacae — Eucaliptus camaldulensis [37], Poaceae —
Phragmites karka [38], and Zygophyllaceae — Zygophyllum
xanthoxylum [39], where a lower salt concentration stimu-
lated growth and dry matter accumulation.

Plant growth in terms of biomass decreased at NaCl
concentration increases, as observed in other oak species,
even at lower salt concentrations than those we used [32],
and for many species like Phyllirea angustifolia [11] and

Table 7: Second-year TAA, GAE, and chlorophyll (Chl) levels of Q. ilex plant components irrigated with water at different NaCl concentrations

NaCl (mM) TAA g Trolox/100g DW  GAE mg/100g DW  Chl a g/100gDW  Chl b g/Kg DW Chl a/Chl b Carotenoids g/100 g
0 1.58 + 0.52a 230.4 + 62.8a 3.56 £ 0.13a 4.51+0.99a 0.81 £ 0.16a 1.37+ 0.29a
75 2.80 £ 0.59ab 395.7 + 74.1ab 2.50 £ 0.39b 2.84 + 0.65b 0.86 + 0.10a 1.04 £ 0.18a
150 3.87 £ 0.29b 484.6 + 50.8b 2.54 + 0.29b 2.77 £ 0.41b 0.92 + 0.15a 0.89 + 0.16a

Data are represented as mean + standard deviation. Within each column, different letters indicate significantly different means by Tukey’s multiple

range test.
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halophyte Salvadora persica [40]. This result is in contrast
with Gudi et al. [24], which registered no biomass loss. This
is probably due to the shorter time the plants have been
subjected to salt stress.

4.2 Gas exchange

Salinity reduced Q. ilex photosynthetic activity. This is
probably due to a reduction of stomatal conductance and
chlorophyll content of the leaf. A reduction in the photo-
synthetic activity was also registered by Guidi et al., who
attribute it to stomatal closure which determines a strong
dissipation of energy via the xanthophyll cycle [24]. Fusaro
[23] evidenced a reduction in transpiration rates, as a
strategy to limit Na absorption, which is a behavior put in
practice by Q. ilex to resist to abiotic stress. This behavior
was highlighted by Sultana [41]: reduction in photosynthesis
in salinized rice plants is a consequence of reduction of
available CO, by stomatal closure, but also of the cumulative
effects of leaf water and osmotic potential, stomatal conduc-
tance, transpiration rate, relative leaf water content, and
biochemical constituents such as photosynthetic pigments,
soluble carbohydrates, and proteins.

4.3 Antioxidant, chlorophyll, and
carotenoids distribution

The increase of TAA observed in the leaves at 75 and
150 mM NaCl indicates that Q. ilex plants act to protect
themselves from salt stress. Similar behavior was observed
in Physalis peruviana L. [42] where also an increase in free
radical scavenging activity was seen. Similarly to TTA,
also GA values increased in leaves at salt concentration
increasing. The increase of phenolic content under salt
stress was observed also in Mentha pulegium [43].

Our results showed a linear reduction in both chloro-
phyll a and b content due to the salinity increase, with a
subsequent photochemical efficiency reduction and a slight
increase in their rate (Chla/Chlb). Total chlorophyll content
reduction was observed in Q. ilex at 75mM NacCl by
Fusaro et al. [23] while no reduction was observed by
Guidi et al. [24]. Chlorophyll content reduction was also
registered in Eucaliptus camaldulensis [37] and Bruguiera
parviflora [44]. An increase in the chlorophyll a/b ratio
is commonly seen as an indicator of an enhancement in
the plant photochemical capacity [45]. Salt concentration
induces a progressive reduction of carotenoids according
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to Fusaro et al. and Guidi et al. [23,24] who observed a
decrease of B-caroten in 75 and 150 mM NaCl Q. ilex-stressed
plants. The same behavior was observed in Populus euphra-
tica [39].

4.4 Carbohydrates

The observed reduction in carbohydrate concentration in
the different plant components is probably due to the pro-
gressive decrease in photosynthetic activities as a conse-
quence of the NaCl content increase. A decrease in the
carbohydrate content was observed by Sultana et al. [41]
in rice.

4.5 Ion levels

In our experiment, sodium was accumulated in all plant
parts and this accumulation occurred at the expense of
potassium uptake. The increase of sodium was confirmed
by the results obtained by Alaoui-Sosse et al. [36] in oaks
when 40 mM NaCl was applied. Roots accumulate a major
part of this element, as we observed in both years. In sev-
eral Eucalyptus species, when plants were exposed to high
salt stress, roots accumulated more sodium than leaves
[46,47]. An opposite behavior was observed for the potas-
sium content of the plants of our study. In fact, under a
high concentration of salt, sodium was exchanged for
potassium [48] and its accumulation was reduced in roots.
Moreover, sodium could act as a substitute for potassium
during the uptake but not for the important role it plays in
different biochemical processes. Sodium replaces potas-
sium and other cations on the soil exchange complex and
can lead to nutrient deficiencies.

5 Conclusions

Our results confirm analytically what is observed in nature:
Q. ilex natural forests extend until the sea in the species’
natural habitat found in many Mediterranean areas. Here,
the study evidenced how, until 200 mM NaCl the plant kept
growing and did not show any visible damage on leaves.
Only at 300 mM NaCl, the Q. ilex plants died. The study
confirmed that oaks use several mechanisms, well-known
in other species’ physiology, to resist salt stress. As expected,
at increasing NaCl concentrations, plant biomass decreased,
with a reduction of leaf area and leaf number but without
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partial desiccation or leaf damage. The Na ion content
increased whereas the K ion content decreased in all plant
parts as the excess of salt led to disturbance in ionic balance.
As expected, photosynthetic activity and stomatal conductance
decreased with the highest salt concentration influencing the
carbohydrate content. In addition, the photosynthetic pig-
ments decreased with an increase in salinity. TAA and GAE
increase with salt concentration as an antioxidant response
through preventing the oxidative damage.

Hence, based on the adaptive capacity of the plant
confirmed by our results, the use of Q. ilex in urban areas
represents a good strategy for improving vegetation pre-
sence in the cities. However, more studies should be con-
ducted to understand the mechanism that Q. ilex plants use
to resist high salt concentrations.

Acknowledgments: The authors would like to thank Dr.
Marcello Militello for his help and technical support.

Funding information: This research was funded by the
Italian Ministry of University and Research MIUR project
— PRIN — TREECITY - Design the green city in the era of
global change: functions of urban trees and their adapt-
ability in the future climatic conditions.

Author contributions: Conceptualization, V.F.; methodology,
G.G., EP.,, and C.G, software, D.S.; validation, V.F. and G.G.;
formal analysis, G.G.; investigation, G.G. and C.G.; resources,
GG, CG, EP, and VF,; data curation, G.G., EP, and C.G,;
writing — original draft preparation, G.G.; writing — review
and editing, V.F, G.G, and D.S.; supervision, G.G.; project
administration, V.F,; funding acquisition, V.F. All authors
have read and agreed to the published version of the article.

Conflict of interest: Vittorio Farina, who is the co-author of
this article, is a current Editorial Board member of Open
Agriculture. This fact did not affect the peer-review process.

Data availability statement: The datasets generated during
and/or analyzed during the current study are available from
the corresponding author on reasonable request.

References

[11  Ghassemi F, Jakeman AJ, Nix HA. Salinisation of land and water
resources: human causes, extent, management and case studies.
Wallingford, UK: CAB International; 1995.

[2] Smedema LK, Shiati K. Irrigation and salinity: A perspective review
of the salinity hazards of irrigation development in the arid zone.
Irrig Drain Syst. 2002;16(2):161-74.

)]

[4]

[3]

(6]

[71

(8]

[9

[10]

1

2]

3]

[14]

(3]

[16]

(7

[18]

)

[20]

[21]

[22]

DE GRUYTER

Schiop ST, Al Hassan M, Sestras AF, Boscaiu M, Sestras RE,
Vicente O. Identification of salt stress biomarkers in Romanian
Carpathian populations of Picea abies (L.) Karst. PLoS One.
2015;10(8):e0135419.

Yadav S, Irfan M, Ahmad A, Hayat S. Causes of salinity and plant
manifestations to salt stress: A review. ] Environ Biol. 2011;32(5):667.
Miyamoto S, Chacon A. Soil salinity of urban turf areas irrigated
with saline water: II. Soil factors. Landsc Urban Plan.
2006;77(1-2):28-38.

Cregg BM, Dix ME. Tree moisture stress and insect damage in urban
areas in relation to heat island effects. ] Arboric. 2001;27(1):8-17.
Sjéman H, Nielsen AB. Selecting trees for urban paved sites in
Scandinavia-A review of information on stress tolerance and its
relation to the requirements of tree planners. Urban Urban Green.
2010;9(4):281-93.

Czerniawska-Kusza I, Kusza G, Duzynski M. Effect of deicing salts on
urban soils and health status of roadside trees in the Opole region.
Environ Toxicol Int . 2004;19(4):296-301.

Demoisson A, Tedeschi G, Piazzola J. A model for the atmospheric
transport of sea-salt particles in coastal areas. Atmos Res.
2013;132:144-53.

Boyer JS. Plant productivity and environment. Science.
1982;218(4571):443-8.

Gugliuzza G, Talluto G, Fascella G, Lo Bianco R. The effect of saline
water on Phillyrea angustifolia L. seedlings. In II International
Symposium on Woody Ornamentals of the Temperate Zone. Acta
Horticulturae; 2012. p. 175-80.

Botella MA, Rosado A, Bressan RA, Hasegawa PM. Plant adaptive
responses to salinity stress. Plant Abiotic Stress. 2005;21:38-70.
Munns R. Comparative physiology of salt and water stress. Plant
Cell Environ. 2002;25(2):239-50.

Alfani A, Baldantoni D, Maisto G, Bartoli G, De Santo AV. Temporal
and spatial variation in C, N, S and trace element contents in the
leaves of Quercus ilex within the urban area of Naples. Environ
Pollut. 2000;109(1):119-29.

Cotrufo MF, De Santo AV, Alfani A, Bartoli G, De Cristofaro A. Effects
of urban heavy metal pollution on organic matter decomposition in
Quercus ilex L. woods. Environ Pollut. 1995;89(1):81-7.

De Rigo D, Caudullo G. Quercus ilex in Europe: Distribution, habitat,
usage and threats. European Atlas For Tree Species; 2016. p. 152-3
La Mantia T, Barbera G. La tutela e valorizzazione delle aree verdi
urbane e suburbane e lo sviluppo sostenibile delle citta mediter-
ranee: il caso studio della citta di Palermo. Bari: Facolta di Agraria,
Universita degli Studi di Bari; 2002.

De Nicola F, Maisto G, Prati MV, Alfani A. Temporal variations in
PAH concentrations in Quercus ilex L.(holm oak) leaves in an urban
area. Chemosphere. 2005;61(3):432-40.

Fantozzi F, Monaci F, Blanusa T, Bargagli R. Holm Oak (Quercus ilex
L.) canopy as interceptor of airborne trace elements and their
accumulation in the litter and topsoil. Environ Pollut. 2013;183:89-95.
Gratani L, Crescente Ma, Petruzzi M. Relationship between leaf life-
span and photosynthetic activity of Quercus ilex in polluted urban
areas (Rome). Environ Pollut. 2000;110(1):19-28.

Orecchio S. PAHs associated with the leaves of Quercus ilex L.:
Extraction, GC-MS analysis, distribution and sources: Assessment
of air quality in the Palermo (Italy) area. Atmos Environ.
2007;41(38):8669-80.

McLeod KW, McCarron JK, Conner WH. Photosynthesis and water
relations of four oak species: Impact of flooding and salinity. Trees.
1999;13(4):178-87.



DE GRUYTER

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

32]

[33]

[34]

[35]

Fusaro L, Mereu S, Brunetti C, Di Ferdinando M, Ferrini F, Manes F,
et al. Photosynthetic performance and biochemical adjustments in
two co-occurring Mediterranean evergreens, Quercus ilex and
Arbutus unedo, differing in salt-exclusion ability. Funct Plant Biol.
2013;41(4):391-400.

Guidi L, Remorini D, Cotrozzi L, Giordani T, Lorenzini G, Massai R,
et al. The harsh life of an urban tree: the effect of a single pulse of
ozone in salt-stressed Quercus ilex saplings. Tree Physiol. 1 feb-
braio 2017;37(2):246-60.

Natali L, Vangelisti A, Guidi L, Remorini D, Cotrozzi L, Lorenzini G,
et al. How Quercus ilex L. saplings face combined salt and ozone
stress: a transcriptome analysis. BMC Genomics. 2018;19(1):1-18.
Palazzolo E, Letizia Gargano M, Venturella G. The nutritional com-
position of selected wild edible mushrooms from Sicily (southern
Italy). Int J Food Sci Nutr. 2012;63(1):79-83.

Morand P, Gullo J. Mineralisation des tissus vegetaux en vue du
dosage de P, Ca, Mg, Na, K. Ann Agron. 1970;21(2):229-36.
Loewus FA. Improvement in anthrone method for determination of
carbohydrates. Anal Chem. 1952;24(1):219-9.

Folin O, Denis W. Protein metabolism from the standpoint of
blood and tissue analysis: Sixth paper. On uric acid, urea and
total non-protein nitrogen in human blood. ] Biol Chem.
1913;14(1):29-42.

Singleton VL, Rossi JA. Colorimetry of total phenolics with phos-
phomolybdic-phosphotungstic acid reagents. Am J Enol Vitic.
1965;16(3):144-58.

Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans C.
Antioxidant activity applying an improved ABTS radical cation
decolorization assay. Free Radic Biol Med. 1999;26(9-10):1231-7.
Gentile C, Tesoriere L, Butera D, Fazzari M, Monastero M, Allegra M,
et al. Antioxidant activity of Sicilian pistachio (Pistacia vera L. var.
Bronte) nut extract and its bioactive components. ] Agric Food
Chem. 2007;55(3):643-8.

Lichtenthaler HK, Buschmann C. Chlorophylls and carotenoids:
Measurement and characterization by UV-VIS spectroscopy. Curr
Protoc Food Anal Chem. 2001;1(1):F4-3.

Barrick W, Davidson H. Deicing salt spray injury in Norway maple as
influenced by temperature and humidity treatments. HortScience.
1980;15(2):203-5.

Gibbs J, Palmer C. A survey of damage to roadside trees in London
caused by the application of de-icing salt during the 1990/91
winter. Arboric J. 1994;18(3):321-43.

[36]

[37]

[38]

391

[40]

[41]

[42]

[43]

[44]

[43]

[46]

(471

[48]

Quercus ilex salt stress == 9

Alaoui-Sosse B, Sehmer L, Barnola P, Dizengremel P. Effect of NaCl
salinity on growth and mineral partitioning in Quercus robur L.,
a rhythmically growing species. Trees. 1998;12(7):424-30.

Rawat J, Banerjee S. The influence of salinity on growth, biomass
production and photosynthesis of Eucalyptus camaldulensis
Dehnh. and Dalbergia sissoo Roxb. seedlings. Plant Soil.
1998;205(2):163-9.

Abideen Z, Koyro HW, Huchzermeyer B, Ahmed MZ, Gul B,

Khan MA. Moderate salinity stimulates growth and photosynthesis
of Phragmites karka by water relations and tissue specific ion
regulation. Environ Exp Bot. 2014;105:70-6.

Ma Q, Yue L, Zhang JL, Wu GQ, Bao AK, Wang SM. Sodium chloride
improves photosynthesis and water status in the succulent xero-
phyte Zygophyllum xanthoxylum. Tree Physiol. 2012;32(1):4-13.
Rangani J, Parida AK, Panda A, Kumari A. Coordinated changes in
antioxidative enzymes protect the photosynthetic machinery from
salinity induced oxidative damage and confer salt tolerance in an
extreme halophyte Salvadora persica L. Front Plant Sci. 2016;7:50.
Sultana N, Ikeda T, Itoh R. Effect of NaCl salinity on photosynthesis
and dry matter accumulation in developing rice grains. Environ Exp
Bot. 1999;42(3):211-0.

Miranda D, Fischer G, Mewis I, Rohn S, Ulrichs C. Salinity effects on
proline accumulation and total antioxidant activity in leaves of the
cape gooseberry (Physalis peruviana L.). ] Appl Bot Food Qual.
2014;87:67-73.

Oueslati S, Karray-Bouraoui N, Attia H, Rabhi M, Ksouri R,

Lachaal M. Physiological and antioxidant responses of Mentha
pulegium (Pennyroyal) to salt stress. Acta Physiol Plant.
2010;32(2):289-96.

Parida AK, Das AB. Salt tolerance and salinity effects on plants:

A review. Ecotoxicol Environ Saf. 2005;60(3):324-49.

Duarte B, Sleimi N, Cacador I. Biophysical and biochemical con-
straints imposed by salt stress: learning from halophytes. Front
Plant Sci. 2014;5:746.

Fathi R, Prat D. Effects of saline stress on Eucalyptus seedlings. EDP
Sciences; 1989. p. 376s5-8s

Van der Moezel P, Watson L, Pearce-Pinto G, Bell D. The response of
six Eucalyptus species and Casuarina obesa to the combined effect
of salinity and waterlogging. Funct Plant Biol. 1988;15(3):465-74.
Silberbush M, Ben-Asher J. The effect of NaCl concentration on
NO3-, K + and orthophosphate-P influx to peanut roots. Sci Hortic.
1989;39(4):279-87.



	1 Introduction
	2 Methods
	2.1 Plant material
	2.2 Gas exchange
	2.3 Ion analysis
	2.4 Carbohydrate content
	2.5 Antioxidant activity
	2.5.1 Extracts preparation
	2.5.2 Total phenolic content
	2.5.3 Total antioxidant activity (TAA)
	2.5.4 Determination of total chlorophyll and carotenoid contents
	2.5.5 Statistics


	3 Results
	3.1 Dry matter accumulation
	3.2 Ion levels
	3.3 Carbohydrates
	3.4 Gas exchange
	3.5 Antioxidant, chlorophyll, and carotenoids

	4 Discussion
	4.1 Dry matter accumulation
	4.2 Gas exchange
	4.3 Antioxidant, chlorophyll, and carotenoids distribution
	4.4 Carbohydrates
	4.5 Ion levels

	5 Conclusions
	Acknowledgment
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


