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Abstract: The aim of this work was to assess the possible coordination mechanisms between leaf
functional anatomical traits and physiological acclimation of potted Callistemon citrinus plants when
subjected to two saline iso-osmotic solutions using NaCl or CaCl2. Digital image analysis was applied
to quantify anatomical parameters with a specific focus on the occurrence of signs of structural
damage as well as on alterations, such as the occurrence of shrunk tissues and accumulation of
phenolic compounds. Morpho-anatomical analyses were accompanied by measurements of leaf
gas exchange and chlorophyll fluorescence emission. Results showed that C. citrinus plants, when
irrigated with the CaCl2 solution, induced a leaf morpho-anatomical structure which did not allow
the maintenance of high photosynthetic performance under such conditions, compared to both
controls and plants treated with the iso-osmotic solution of NaCl. Data collected seem to suggest
a close relationship between anatomical traits and eco-physiological strategies in maintaining the
photosynthetic efficiency under saline stress conditions and highlight the fundamental role of leaf
anatomy in imposing the limits of plant physiology.

Keywords: eco-physiology; iso-osmotic solutions; morpho-anatomical traits; photosynthesis;
salinity stress

1. Introduction

Callistemon citrinus, also known as red bottlebrush, is an ornamental shrub belonging
to the Myrtaceae family, commonly used in urban areas and in xeriscaping [1,2]. Indeed,
it is known that this species is tolerant to drought stress and salinity, attributes making it
suitable for cultivation in arid areas [3,4], although its flowering could be altered under
prolonged water deficit [5]. The interest in understanding the mechanisms of plants’
response to drought is increasing for both food crops, due to a climate-change driven risk
to food security, and ornamental species due to commercial and economic issues [6–8].
Especially in arid and semi-arid regions, like the Mediterranean area, climate change is
causing the exacerbation of drought, also triggering the rising of the salinity levels in
soil, bringing severe limitations to plant growth, development, and production [9,10]. For
over 20 years now, salinity in both water and soil has been one of the major constraints to
agriculture worldwide, costing about USD 27 billion per year, and also affecting ornamental
plants’ value [6,7]. Indeed, woody ornamental species not only offer aesthetic pleasure
in urban and peri-urban areas improving recreational and commercial sites, but they
are also considered a key for restoring disturbed landscapes and controlling the erosion
phenomenon [11]. In urbanized areas, however, landscapes could be jeopardized by poor-
quality irrigation water, such as reclaimed water and industrial wastewater (with high
salt concentration), used for irrigation in order to save high-quality water for human
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consumption [12–14]. Salinity stress, due to poor-irrigation water, could degrade the visual
quality of ornamental plants bringing leaf necrosis, yellow spots, growth, and flowering
reduction [15,16]. In this context, the study of the effect of salinity on different ornamental
cultivars is therefore fundamental to increasing the possibility of finding the most resistant
plants that can be used for landscaping especially in arid and semi-arid regions [17].

It is known that an electrical conductivity (EC) equal to or higher than 4 dS m−1 in
the soil is responsible for a water deficit of the plants, since the high salinity levels impose
osmotic stress on plants and particularly on their roots, constraining water absorption [18].
After this first “osmotic phase”, plants deal with specific ion toxicity in the shoot, par-
ticularly due to Na+ ion, resulting in nutritional imbalance and oxidative stress [19,20].
Plants already adapted to live in arid conditions rely on a morphological structure and on
a metabolic ability allowing them to keep functioning without permanent damage [21].
These plants show different adaptation mechanisms to cope with salinity stress, changing
not only their capacity of growing in terms of reduction in biomass, leaf size, relative
water content and other leaf traits, but also by displaying a different coordination of their
anatomical (e.g., enhanced leaf thickness, wax deposition), physiological (e.g., control of
transpiration), and biochemical traits (e.g., production of enzymatic and non-enzymatic
antioxidants against reactive oxygen species (ROS)) [8,22,23]. In the last years, several
studies have been performed to test the effect of salinity on different crop and ornamental
plants, most of the time assessing growth and physiological responses of plants to different
concentrations of sodium chloride (NaCl). Among anatomical traits, stomatal density has
appeared to be a plastic trait, fundamentally contributing to the control of transpiration
under salinity stress. As examples, both Zhu et al. (2015) [24] and Hasauzzaman et al.
(2018) [8] found an increased density of stomata in barley cultivars irrigated with different
concentration of NaCl, which was negatively correlated with salinity damage, in a sort of
“plant salt tolerance” to optimize the water use efficiency of the species under unfavorable
conditions. Moreover, since stomata regulate both CO2 and water fluxes, several studies
have showed that is possible to ameliorate drought and salinity tolerance by manipulating
stomatal density on the leaf surface [25], leading to the hypothesis that morpho-anatomical
traits can be key physiological markers for screening salinity tolerance in cereals [26].

The morpho-physiological mechanisms of response when ornamental plants are
subjected to iso-osmotic solution of different salts is less studied. Iso-osmotic solutions
could bring ion-specific effects strictly linked to the type of salt and the sensitivity of
the species for that specific salt [27,28]. The aim of this work is to go deeper into the
coordination mechanisms between leaf functional anatomical traits and physiological
acclimation of C. citrinus plants subjected to the two iso-osmotic solutions. Since it is
challenging to maintain good planting characteristics under salt-stress conditions and
bearing in mind that landscaping plays a significant role in environmental protection and
improvement, at the same time enhancing the quality of life in urban and peri-urban
environment [29], the results of this study could be fundamental to add requirements
to a scientific-based management of planting strategies in arid and semi-arid climates.
Thus, in the present study we grew C. citrinus plants irrigated with two different isosmotic
salt solutions (CaT, CaCl2 and NaT, NaCl salinity treatment). Plant responses in terms of
growth, anatomical and physiological traits were analyzed and compared to control plants
not subjected to salt stress but grew in the same environmental conditions and using the
same agricultural practices.

2. Materials and Methods
2.1. Plant Material, Growth Conditions and Saline Treatments

The study was carried out on two-year-old Callistemon citrinus plants provided by a
specialized nursery (Vivaio Torsanlorenzo, Ardea, Italy) as rooted cuttings. Plants were
transplanted in pots (1.5 L), filled with peat moss, placed at a density of 2.4 per square
meter in a greenhouse at the experimental station of the University of Naples Federico
II, Southern Italy (43◦31′ N, 14◦58′ E; 60 m above the see level). Plants were cultivated
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for 4 months (from mid-March to mid-July) and conditions for cultivation were: average
photosynthetically active radiation PAR 550 µmol m−2 s−1 (natural light conditions inside
the greenhouse equipped with a 50% black shading net); daily air temperature in the range
17–34 ◦C; relative humidity 58/75% (day/night).

After 15-day acclimation, the plants were subjected to the salinity treatments (72 plants,
arranged in a randomized complete-block design with four replicates, per treatment).
Plants were irrigated with three nutrient solutions, namely: (1) a basic nutrient solution
(C, control); (2) a saline nutrient solution, obtained by adding 53.3 mM CaCl2 to the basic
nutrient solution (CaT, CaCl2 salinity treatment); (3) a saline nutrient solution, obtained by
adding 80 mM NaCl to the control solution (NaT, NaCl salinity treatment). The total ion
concentration of both saline solutions (NaCl and CaCl2) was 160 mM.

The composition of the basic nutrient solution (non-salt control) was: 13.6 mM N-NO3,
2.0 mM S, 1.4 mM P, 6.0 mM K, 4.5 mM Ca, 2.0 mM Mg, 20 µM Fe, 9 µM Mn, 1.5 µM Cu,
3 µM Zn, 20 µM B and 0.3 µM Mo [28], with an electrical conductivity (EC) of 2.0 dS m−1

and pH 6.0. The two chloride salt solutions were characterized by equimolar concentration,
with EC values of 11.1 and 11.6 dS m−1 for the NaT and CaT, respectively. The pH in all
nutrient solutions was 6.0 ± 0.2.

2.2. Biometry and Leaf Traits

For biometric determination, ten plants per treatment were sampled at the end of
the experiment (127 Days after transplant, DAT), to measure the following parameters:
canopy volume (CV), estimated by approximating the canopy to the volume of a cylinder,
the area of the single leaf (ALA) measured using an electronic area meter (Li-Cor3000, Li-
182 Cor, Lincoln, NE, USA), total leaf area (TLA) measured as the sum of ALA of all leaves
per plant, plant height (H), leaf dry weight (LDW) and stem dry weight (SDW) per plant
measured by drying to a constant weight in a forced-air oven at 80 ◦C for 72 h, and specific
leaf weight (SLW) measured as the ratio between leaf dry mass and leaf area [30] on six
fully expanded leaves from 5 plants per each treatment.

2.3. Leaf Gas-Exchanges and Chlorophyll a Fluorescence Emission

Measurements of leaf gas exchanges and chlorophyll a fluorescence were performed
at 93, 106 and 121 DAT, within 2 h across solar noon, on the youngest fully expanded leaves
using six replicates per each treatment.

The net CO2 assimilation rate (PN), sub-stomatal CO2 concentration (Ci), stomatal
conductance (gS), transpiration rate (E), and intrinsic water use efficiency (iWUE) were
determined with a portable gas-exchange analyzer (LCA 4, ADC BioScientific Ltd., Hod-
desdon, UK), equipped with a broad-leaf PLC (Plant Leaf Chamber).

For the chlorophyll a fluorescence measurements, a portable FluorPen FP100max
fluorometer, equipped with a light sensor (Photon System Instruments, Brno, Czech Re-
public) was used following the procedure reported in Arena et al. (2020) [31]. The ground
fluorescence (F0) was induced by an internal LED blue light (1–2 µmol photons m−2 s−1)
on 30 min dark-adapted leaves.

The maximal fluorescence in the dark (Fm) was induced by a saturating pulse of
3000 µmol photons m−2 s−1. Potential activity of PSII (Fv/F0) was calculated as the ratio
of variable to ground fluorescence according to Lichtenthaler and Babani (2004) [32].

For the fluorescence measurements in the light, the fluorometer FluorPen FP100max
was equipped with an open leaf-clip suitable for measurements under ambient light. The
quantum yield of PSII electron transport (ΦPSII) was determined according to Genty et al.
(1989) [33]. The photochemical (qP) and non-photochemical quenching (qN) were calculated
as described in Bilger and Björkman (1990) [34].

2.4. Microscopy Analyses and Quantification of Leaf Anatomical Traits

At the end of the experiment, 9 fully expanded mature leaves were collected from three
plants per treatment and chemically fixed in FAA (40% formaldehyde, glacial acetic acid,
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50% ethanol, %5:5:90/5/90 by volume). The median portion of each leaf was dissected un-
der a dissection microscope (SZX16, Olympus, Hamburg, Germany) to obtain subsamples
of 5 × 5 mm leaf lamina. Half of the sub-samples were directly used to analyze the abaxial
and adaxial epidermis following the process described by De Micco et al. (2011) [35]. In
brief, portions of were flattened and mounted with distilled water on microscope slides
that were observed under an epi-fluorescence microscope (BX60, Olympus) equipped with
a Mercury lamp, a 330–385 nm band-pass filter, dichromatic mirror of 400 nm and above,
and barrier filter of 420 nm and above in order to detect the different auto-fluorescence
emissions of stomata, trichomes and glands. Images of the lamina surface, from three
separate regions, were collected by means of a digital camera (CAMEDIA C4040, Olympus),
taking care to avoid main veins. The digital images were analyzed with the image analysis
software program AnalySIS® 3.2 (Olympus). Stomata, trichomes and glands were counted
in each image and their frequency (number of objects per surface unit) was calculated. The
length of stomata (guard-cell length, pole to pole) was measured in a 15 stomata per leaf
sample.

The other group of sub-samples were dehydrated in an ethanol series and embedded in
the acrylic resin JB4® (Polysciences, Warrington Township, PA, USA). Cross sections (5 µm
thick) of the leaf lamina were cut with a rotative microtome. Sections were stained with
0.025% Toluidine blue in 0.1 M citrate buffer at pH 4 [36], mounted with mineral oil for
microscopy, and observed under a transmitted light microscope (BX60, Olympus). Unstained
sections were mounted with mineral oil for fluorescence microscopy and observed under
the epi-fluorescence microscope equipped with the same settings reported above to detect
the autofluorescence of simple phenolics [37,38]. Images were collected, as reported above,
at various magnifications. For Callistemon leaves with an isobilateral structure, the thickness
of both upper and lower palisade tissue, as well as of the median spongy parenchyma,
were measured in 5 regions of the lamina. Cell size and shape of the spongy parenchyma
were quantified in 15 cells per section. More specifically, the following parameters were
measured: area, maximum, mean and minimum Feret diameters (the measured distance
between parallel lines tangential to the cell’s perimeter). Cell shape was characterized by
measuring the following indexes: aspect ratio (maximum width/height ratio of a bounding
rectangle for the cell, defining to what extent it is elongated), sphericity (roundness of a
particle: a spherical particle has a maximum value of 1), and convexity (the fraction of the
cell’s area and the area of its convex: it is a measure of how a cell is shrunk) [39,40]. The
area occupied by phenolics was quantified as a percentage of the spongy tissue occupied by
phenolic compounds, appearing auto-fluorescent at the above-reported filter settings, over a
given surface in five regions along the leaf lamina, as reported in De Micco et al. (2014) [41].

2.5. Ion and Organic Acid Analyses

From chemical analyses, 1 g of dried shoots and 1 g of dried roots (with replicates
from 6 plants per treatment) were obtained after grinding them in a Wiley mill (IKA,
MF10.1, Staufen, Germany) with 0.5 mm sieve. For the analysis of ions (Na+, K+, Ca2+,
Mg2+ and Cl−) and organic acids (quinic, acetic, formic, malic, tartaric, ossalic and citric
acids) analysis, 250 mg of dried matter was extracted in 50 mL of ultrapure water (Milli-Q,
Merck Millipore, Darmstadt, Germany) using a shaking water bath (ShakeTemp SW22,
Julabo, Seelbach, Germany) at 80 ◦C for 10 min as described previously by Rouphael et al.
(2017) [42]. The anions, cations and organic acids were separated and quantified by ion
chromatography (ICS-3000, Dionex, Sunnyvale, CA, USA). Data are reported as content
per shoot or root total dry biomass (multiplying the concentration by the dry biomass and
referred to in the table as mg plant−1).

2.6. Statistical Analysis

Eco-physiological data were processed with a two-way ANOVA using the SPSS
statistical package (SPSS Inc., Chicago, IL, USA) with the salt treatment and DAT used as
independent factors, also showing their interactions. All the other experimental results
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were subjected to one-way ANOVA. Multiple comparison tests were performed with the
Student–Newman–Keuls coefficient using p < 0.05 as the level of probability. Shapiro–Wilk
and Kolmogorov–Smirnov tests were performed to check for normality. Percent data were
transformed through an arcsine function before statistical analysis.

3. Results
3.1. Growth and Morphology

Plants subjected to the salinity treatments showed reduced growth, compared to the
controls, in terms of all analyzed parameters except for the area of the single leaves (ALA)
(Table 1). In particular, the canopy volume, total leaf area per plant height and leaf dry
weight were significantly lower in plants treated with the CaCl2 salinity solution (CaT
plants) than in those treated with the NaCl solution (NaT plants), which in turn shower
significantly lower values than the not-saline control (C plants). Consequently, specific leaf
weight was significantly higher in salinity-treated plants compared to the controls, with
maximum values in CaT plants. As regards stem dry weight, both CaT and NaT plants
showed significantly lower values than C plants (Table 1).

Table 1. Effects of salt treatment in the nutrient solution on canopy volume (CV), total leaf area (TLA) per plant height (H),
leaf dry weight (LDW) and stem dry weight (SDW) per plant, average leaf area (ALA), and specific leaf weight (SLW) in C.
citrinus plants. Mean values and standard errors are shown. Different letters correspond to significantly different values
(p < 0.05).

CV
(m3 plant−1)

TLA/H
(cm2 cm−1)

LDW
(g plant−1)

SDW
(g plant−1)

ALA
(cm2)

SLW
(g DW cm−2)

Salt treatment
C 9.44 ± 0.61 a 1.47 ± 0.04 a 162.3 ± 7.61 a 107.5 ± 3.96 a 4.39 ± 0.22 a 98.36 ± 3.59 c

CaT 4.38 ± 0.30 c 0.79 ± 0.06 c 95.56 ± 5.52 c 85.34 ± 2.44 b 3.86 ± 0.20 a 149.5 ± 4.93 a
NaT 6.90 ± 0.37 b 1.23 ± 0.04 b 131.2 ± 4.0 b 93.77 ± 2.80 b 4.28 ± 0.19 a 114.3 ± 1.93 b

Significance *** *** *** *** NS ***

NS, ***, Not significant or significant at p < 0.05, 0.01, and 0.001, respectively.

3.2. Leaf Gas-Exchanges and Photochemistry

The measured gas-exchange parameters were significantly influenced by both the
salinity treatment and the DAT as main factors, with net photosynthetic rate (PN), stomatal
conductance (gs), transpiration rate (E) and intrinsic water use efficiency (iWUE) signifi-
cantly influenced also by the interaction between the two factors (Table 2). PN, gS, and E
were significantly reduced by salinity treatments: CaT plants showed significantly lower
values than NaT ones which in turn showed significantly lower values than the controls.
PN was significantly higher at 106 DAT compared to the other two dates; gS and E were
highest at 93 DAT and decreased along the season. Sub-stomatal CO2 concentration (Ci)
was significantly increased only in CaT plants compared to the other two treatments and
decreased at 160 DAT. Differently, iWUE was significantly higher in NaT plants compared
to the other treatments and decreased along the season.



Forests 2021, 12, 1666 6 of 15

Table 2. Effects of salt treatment in the nutrient solution on net-photosynthetic rate (PN), sub-stomatal CO2 concentration
(Ci), stomatal conductance (gs), transpiration rate (E), and intrinsic water use efficiency (iWUE) in C. citrinus plants. Mean
values and standard errors are shown. Different letters correspond to significantly different values (p < 0.05).

PN
(µmol CO2 m−2 s−1)

Ci
(µmol mol−1)

gs
(mmol m−2 s−1)

E
(mol H2O m−2 s−1)

iWUE
(µmol CO2 mmol−1

H2O)

Salt treatment
C 7.55 ± 0.26 a 210.3 ± 7.63 b 119.4 ± 4.94 a 2.23 ± 0.07 a 72.92 ± 4.83 b

CaT 1.96 ± 0.26 c 228.9 ± 7.63 a 28.89 ± 4.94 c 0.83 ± 0.07 c 73.46 ± 4.83 b
NaT 4.75 ± 0.25 b 189.8 ± 7.33 b 61.41 ± 4.71 b 1.36 ± 0.06 b 94.41 ± 4.61 a
DAT

93 (12 June) 4.86 ± 0.31 b 209.5 ± 6.61 b 92.18 ± 5.87 a 2.05 ± 0.08 a 104.1 ± 4.19 a
106 (25 June) 5.25 ± 0.22 a 175.4 ± 6.68 c 73.62 ± 4.28 b 1.21 ± 0.06 b 80.76 ± 4.19 b
121 (10 July) 4.16 ± 0.22 b 244.2 ± 9.06 a 43.92 ± 4.28 c 1.15 ± 0.06 b 55.91 ± 5.74 c
Significance

S *** *** *** *** **
D ** *** *** *** ***

S × D *** NS * ** *

NS, *; **, ***, Not significant or significant at p < 0.05, 0.01, and 0.001, respectively.

The chlorophyll a fluorescence analysis (Table 3) evidenced significant differences in
photochemical parameters among salt treatments of C. citrinus plants. More specifically,
the addition of NaCl in the nutrient solution (NaT plants) did not determine signifi-
cant changes in quantum yield of PSII electron transport (ΦPSII), photochemical (qP) and
non-photochemical quenching (qN), as well as in the maximum quantum yield of PSII
photochemistry (Fv/F0) compared to the controls. On the other hand, CaCl2 in the nutrient
solution (CaT plants) showed a strong decline in ΦPSII, qP, and Fv/F0 ratio compared
to control and NaCl-treated plants. An opposite trend was observed for qN for CaT
plants (Table 3). With the prolongation of treatments with both salts, plants reduced the
photochemical processes and increased the thermal dissipation mechanisms showing a
significant qP decline and increase in qN. Only for the maximum quantum yield of PSII
photochemistry (Fv/F0) was the interaction S × D significant.

Table 3. Effects of salt treatment on the quantum yield of PSII electron transport (ΦPSII), photochemical quenching (qP),
non-photochemical quenching (qN) and maximum quantum yield of PSII photochemistry (Fv/F0) in C. citrinus plants.
Mean values and standard errors are shown. Different letters correspond to significantly different values (p < 0.05).

ΦPSII qP qN Fv/Fo

Salt treatment
C 0.652 ± 0.012 a 0.917 ± 0.012 a 0.443 ± 0.035 b 2.082 ± 0.138 a

CaT 0.525 ± 0.014 b 0.874 ± 0.013 b 0.515 ± 0.035 a 1.161 ± 0.156 b
NaT 0.658 ± 0.015 a 0.917 ± 0.011 a 0.379 ± 0.036 b 2.176 ± 0.165 a
DAT

93 (12 June) 0.605 ± 0.018 a 0.886 ± 0.011 b 0.498 ± 0.034 a 1.759 ± 0.135 a
106 (25 June) 0.609 ± 0.024 a 0.909 ± 0.016 a 0.403 ± 0.044 b 1.753 ± 0.184 a
121 (10 July) 0.620 ± 0.022 a 0.905 ± 0.013 ab 0.426 ± 0.037 b 1.908 ± 0.205 a
Significance

S *** *** *** ***
D NS * ** NS

S × D NS NS NS *

NS, *; **, ***, Not significant or significant at p < 0.05, 0.01, and 0.001, respectively.
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3.3. Quantitative Leaf Anatomy

The microscopy observation of histological and cytological features of C. citrinus leaves
showed that mature leaves of the two different salts maintained the typical isobilateral
structure (Figure 1a–c) with upper and lower epidermis showing specialized cells in the
form of stomata, trichomes, and glands (Figure 2a–c), upper and lower palisade tissue
(each of them made of one single layer of cells) and a median spongy tissue with reduced
intercellular spaces (Figure 1a–c). Both NaT and CaT leaves seldom showed portions
of the mesophyll with thickened cell walls and cell rupture which were excluded from
the quantification of cell traits. Both salinity treatments significantly reduced leaf lamina
thickness (Figure 1d). More specifically, both upper and lower palisade parenchyma were
significantly thicker in leaves from controls compared to salinity-treated leaves which
showed similar values; the thickness of the spongy parenchyma was not significantly
influenced by salt treatments (Figure 1d).
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whereas, on the abaxial surface, guard cell length was significantly reduced in NaT leaves 
than in C ones which in turn showed significantly shorter stomata than CaT leaves (Figure 
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Figure 2. Epi-fluorescence microscopy views of upper epidermis of leaves of C. citrinus plants
subjected to the different salinity treatments: (a) not salt control (C); (b) CaCl2 salinity treatment
(CaT); (c) NaCl salinity treatment (NaT). Stomata (white arrowheads), glands (white arrows) and
the trichomes (black arrows) emit autofluorescence with different wavelengths. Effect of salinity on
stomata frequency (d) and length of guard cells and size (e), trichome (f) and gland (g) frequency, on
the adaxial and abaxial leaf lamina. Mean values and standard errors are shown. In graphs (d–g),
Different letters correspond to significantly different values between treatments (p < 0.05). Images in
(a–c) are at the same magnification; scale bar = 100 µm.

Epi-fluorescence microscopy also highlighted the occurrence of yellow–orange-auto-
fluorescent phenolic compounds localized along the cell membranes, especially at the
chloroplast level, in both palisade and spongy parenchyma (Figure 1c). The area (%) of
the palisade tissue occupied by phenolics was significantly higher in NaT than in C leaves
which in turn showed significantly higher values than CaT leaves (Figure 1e).

Stomata were evident under epifluorescence microscopy due to the autofluorescence
of cuticular waxes deposited on guard cells (Figures 1a–c and 2a–c); trichomes were
evident as well due to the white autofluorescence of their suberised cell wall, especially
at the base of the cell (Figure 2a–c). Stomata frequency was significantly higher in NaT
than C and CaT leaves on both upper and lower epidermis. However, stomata were
smaller in leaves of plants subjected to NaT salinity, compared to C and CaT leaves
(Figure 2d). More specifically, on the adaxial leaf lamina, guard cell length in NaT leaves
was significantly reduced compared to both C and CaT leaves which showed similar values
(Figure 2d), whereas, on the abaxial surface, guard cell length was significantly reduced in
NaT leaves than in C ones which in turn showed significantly shorter stomata than CaT
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leaves (Figure 2d). Trichome frequency on the adaxial surface was higher in NaT than in C
and CaT leaves (Figure 2e); on the abaxial surface, trichome frequency was significantly
higher in NaT than in CaT leaves which showed significantly higher values than C leaves
(Figure 2e). On the adaxial surface, also the frequency of glands was higher in NaT than in
C and CaT leaves which showed the lowest values (Figure 2f). On the abaxial side, gland
frequency in NaT leaves was significantly higher than in both C and CaT leaves (Figure 2f).

Cell size of spongy parenchyma was significantly influenced by both salts: significantly
lower values of cell area and maximum and medium feret diameters were found in NaT
leaves compared to CaT leaves whose cells were in turn significantly smaller than controls
(Table 4). As regards the minimum feret diameter, no differences were found between the
NaT and CaT treatments which were reduced compared to controls. Cell shape values in
terms of elongation and sphericity did not change significantly among treatments, while
convexity was significantly lower in NaT compared to both CaT and C leaves (Table 4).

Table 4. Effects of salt treatment in the nutrient solution on area, maximum feret diameter (MaFD), mean feret diameter
(MeFD), minimum feret diameter (MiFD), elongation, sphericity, and convexity of spongy parenchyma cells of leaves of C.
citrinus plants. Mean values and standard errors are shown. Different letters correspond to significantly different values
(p < 0.05).

Area
(µm2)

MaFD
(µm)

MeFD
(µm)

MiFD
(µm) Elongation Sphericity Convexity

Salt
treatment

C 736.9 ± 1.04 a 39.72 ± 1.02 a 34.47 ± 1.02 a 27.57 ± 1.02 a 1.50 ± 0.044 a 0.535 ± 0.019
a

0.905 ± 0.006
a

CaT 649.3 ± 1.04 b 37.29 ± 1.02 b 32.31 ± 1.02 b 25.77 ± 1.02 b 1.47 ± 0.029 a 0.530 ± 0.018
a

0.904 ± 0.005
a

NaT 488.0 ± 1.05 c 33.39 ± 1.03 c 28.71 ± 1.03 c 22.62 ± 1.03 b 1.53 ± 0.038 a 0.513 ± 0.019
a

0.880 ± 0.007
b

Significance *** *** *** *** NS NS **

NS, **, ***, Not significant or significant at p < 0.05, 0.01, and 0.001, respectively.

3.4. Mineral and Organic Acids Profiling

From chemical analyses, both the ions and the organic acids contents were significantly
influenced by the two the salinity treatments (Tables 5 and 6). As reported in Table 5, the
content of ions in both leaves and roots was significantly influenced by the addition of
NaCl and CaCl2 in the nutrient solution, exception made for Mg2+ and K+ (only in roots).
More specifically, NaT plants increased Na+ in both shoots and roots compared to the other
two treatments (CaT and C). K+ in shoots resulted reduced in NaT plants compared to C,
which in turn presented higher values than CaT. Concerning Ca2+, in both shoots and roots
its concentration increased in CaT plants compared to both C and NaT. Whereas Cl− had a
different concentration in shoots and roots, with enhanced values in CaT shoots, higher
than NaT, which in turn had higher Cl− concentration than control plants. Differently, in
roots, CaT and NaT plants showed increased Cl− ions than C plants.

As reported in Table 6, organic acids content in shoots was significantly influenced
by the addition of NaCl and CaCl2 in the nutrient solution, exception made for formic
and tartaric acids. More specifically, quinic and citric acids were enhanced in C plants
compared to NaT, which in turns had higher values than CaT plants. Differently, acetic and
ossalic acids presented higher values in C and NaT than CaT plants. Concerning the malic
acids, their content was enhanced in C plants compared to both NaT and CaT treatments.
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Table 5. Effects of salt treatment in the nutrient solution on shoot and root mineral uptake of the main ionic species (Na+,
K+, Ca2+, Mg2+, Cl−) in C. citrinus plants. Mean values and standard errors are shown. Different letters correspond to
significantly different values (p < 0.05).

Na+

(mg plant−1)
K+

(mg plant−1)
Ca2+

(mg plant−1)
Mg2+

(mg plant−1)
Cl−

(mg plant−1)

shoot root shoot root shoot root shoot root shoot root
Salt

treatment

C 120.4 ±
11.40 b

81.88 ±
19.24 b

1803 ±
143.4 a

533.0 ±
77.49 a

115.9 ±
7.550 b

77.4 ±
11.03 b

178.0 ±
18.81 a

52.12 ±
8.77 a

518.8 ±
56.00 c

86.42 ±
13.97 b

CaT 83.21 ±
7.46 b

64.27 ±
11.14 b

1446 ±
142.9 ab

342.3 ±
42.36 c

434.6 ±
46.53 a

159.2 ±
21.24 a

150.1 ±
13.45 a

59.05 ±
9.33 a

2137 ±
316.6 a

292.7 ±
43.10 a

NaT 589.2 ±
65.72 a

372.5 ±
60.97 a

1232 ±
82.23 b

389.7 ±
34.95 b

87.0 ±
4.34 b

55.45 ±
8.33 b

132.4 ±
10.46 a

50.37 ±
5.13 a

1242 ±
210.3 b

356.6 ±
46.01 a

Significance *** *** * NS *** *** NS NS *** ***

NS, *; ***, Not significant or significant at p < 0.05, 0.01, and 0.001, respectively.

Table 6. Effects of salt treatment in the nutrient solution on main organic acids (quinic, acetic, formic, malic, tartaric, ossalic
and citric acids) leaf content in C. citrinus plants. Mean values and standard errors are shown. Different letters correspond
to significantly different values (p < 0.05).

Quinic ac.
(g/kg DW)

Acetic ac.
(g/kg DW)

Formic ac.
(g/kg DW)

Malic ac.
(g/kg DW)

Tartaric ac.
(g/kg DW)

Ossalic ac.
(g/kg DW)

Citric ac.
(g/kg DW)

Salt
treatment

C 15.24 ± 1.38 a 3.88 ± 0.37 a 0.17 ± 0.01 a 1.49 ± 0.16 a 0.23 ± 0.02 a 1.41 ± 0.07 a 1.30 ± 0.11 a
CaT 2.160 ± 0.67 c 1.58 ± 0.43 b 0.15 ± 0.02 a 0.56 ± 0.07 b 0.32 ± 0.04 a 0.73 ± 0.10 b 0.29 ± 0.04 c

NaT 10.70 ± 1.51
b 3.73 ± 0.41 a 0.16 ± 0.02 a 0.83 ± 0.13 b 0.25 ±0.03 a 1.17 ± 0.11 a 0.70 ± 0.07 b

Significance *** ** NS *** NS *** ***

NS, **, ***, Not significant or significant at p < 0.05, 0.01, and 0.001, respectively.

4. Discussion

This research highlights a different physiological response of Callistemon citrinus plants
when subjected to iso-osmotic solutions of NaCl and CaCl2, probably due to morpho-
anatomical differences developed in these plants in response to the two salinity treatments.

The effect of salinity in water irrigation has been less investigated in ornamental
species compared to edible crops, and most of the available information refers to salinity
stress obtained with different concentrations of NaCl [43]. Nonetheless, research papers
dealing with salinity in ornamental plants reported some common responses, such as
growth decline, reduction in biomass allocation to the leaves, disturbed photosynthesis,
and osmoregulation [43]. The exposure of C. citrinus plants to iso-osmotic solutions of
CaCl2 (CaT plants) and NaCl (NaT plants), induced in both cases a reduction in growth
compared to non-treated plants (C plants), with more pronounced effects in CaT plants
which presented the strongest decrease in canopy volume, dry weight, and total leaf area
(Table 1), indicating an important stress at physiological level. Higher salinity is proved to
increase the Cl− transport through the symplast pathway [44]. Therefore, the increased
sensitivity of C. citrinus CaT plants compared to NaTs may be likely due to the occurrence
of a stronger nutritional unbalance and toxic effect due to double Cl− ionic content that
is largely absorbed and translocated from root to shoot. These results are in agreement
with Yu et al. (2021) [17] which found an inhibition of growth in Hibiscus rosa-sinensis and
Mandevilla splendens plants when salinity concentration (NaCl treatments) in irrigation
water was 7.0 dS m−1 and higher. Similarly, in Rabhi et al. (2018) [45] CaCl2 (40 mM)
severely affected root, stem, and leaf expansion in Carthamus tinctorius L. plants. Usually,
an EC > 4 dSm−1 is already considered potentially stressful for plants, imposing osmotic
stress on roots and shoots [18]. In the present study, the two chloride salt solutions were
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characterized by equimolar concentration, with EC values of 11.1 and 11.6 dS m−1 for the
NaT and CaT treatments, respectively, demonstrating an intrinsic capability by C. citrinus
to withstand the salt stress, if compared to other species.

The reduction in growth in CaT plants was likely due to the greater reduction in
gas-exchanges and photochemistry compared to NaT plants (Table 2) which indicated a
significant decline of photosynthetic performance in these plants. Indeed, even if both
salinity treatments induced a reduction in net-photosynthesis and stomatal conductance
compared to control plants, the effects of CaCl2 on photosynthetic apparatus appeared
more severe, as also demonstrated by the highest sub-stomatal CO2 concentration (Ci),
which indicates that CO2 was not utilized at carboxylation sites. Usually, under mild
and moderate drought/salt stress, plants undergo a decline in both PN and gS due to
stomatal closure to prevent the worsening of water loss [46,47]. The progression of salt
stress induced a common behavior in plants treated with the two types of salts. More
specifically, at the beginning of the treatments the intrinsic water use efficiency (iWUE) and
stomatal conductance start decreasing compared to controls and reach the lowest values at
the end of treatments in concomitance with the increase in Ci (DAT 121; Table 2). These
data suggest the occurrence of metabolic disorders in photosynthesis imposed by both
stomatal and not stomatal limitations. Our results are consistent with findings of Marino
et al. (2018) [48] which found a decline of iWUE and gs under prolonged condition of
salt stress. However, the comparison between the two saline treatments evidenced that
despite the strongest gas exchange decline, CaT plants exhibited an iWUE comparable
to controls differently from NaT plants in which iWUE significantly declined. Generally,
the stomatal closure represents an early response to osmotic stress, initially associated
with high WUE, in order to save water in environment with limited water supply [49,50].
This probably explains why CaT plants maintained an iWUE comparable to control plants
(Table 2). The dynamic regulation of stomatal apertures needs a large amount of K+ ion
to change the guard cell turgor [51,52]. It has been reported that, in K+-deficient-plants,
the velocity with which stomata react to environmental or biochemical feedbacks is lower;
thus, gs is reduced [53,54]. However, in CaT plants we found reduced K+ content only
in roots, which could be a sign of a higher translocation of this ion in order to speed
up the stomatal movements. As a consequence, the lowest gs is probably due to the
lower frequency of stomata associated to the highest dimension of stomata guard cells
(Figure 2d,e). Indeed, it is well established that plants with a lower frequency of larger
stomata regulate the opening/closure mechanism more slowly, gaining a less efficient
control of gas-exchanges and water fluxes [55,56]. At the same time, the efficiency of
photosystem II in light harvesting and conversion declined under CaCl2 treatment as well
as the photochemical process, suggesting an alteration in electron transport activity and in
turn a potential reduction in reductive power generation (ATP and NADPH). Contextually,
in these plants, the excess of absorbed light not utilized in photochemistry was dissipated
thermally as indicated by the increase in non-photochemical quenching (qN) in response
to the CaCl2 treatment. In addition, the heat dissipation processes gained their importance
during the stress exacerbation being more pronounced at the end of salt treatment. Indeed,
under prolonged condition of salt stress, as well as under adverse environmental conditions
(e.g., winter cold and summer drought), the dissipation of the absorbed light energy by heat
acts as a safety valve for photosynthetic apparatus minimizing ROS generation [57,58] and
avoiding photooxidation and photoinhibition. However, our data demonstrated that such
a compensatory mechanism is not adequate to avoid the photodamage, as indicated by the
significant drop of Fv/F0 in CaT plants compared to the respective controls. Based on this
evidence, it cannot be excluded that CaCl2 salinity might have induced oxidative stress at
the cellular level. Furthermore, organic acids also play a key role in the osmotic adjustment
as cell osmolytes [54]. Here, we found that the salt stress diminished four organic acids
(quinic, acetic, ossalic and citric acids) in CaT compared to NaT plants, probably indicating
that CaT plants have fewer defense tools even at the metabolic level.
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Mature leaves of C. citrinus subjected to salinity showed limited portions of the
mesophyll with thickened cell walls and signs of rupture which were not so severe as
to prevent functionality. Probably, at this salinity level, this species is more resistant
compared to others such as S. Tuberosum exposed to increasing concentration of NaCl
up to 200 mM [59]. However, some alterations were evidenced by the quantification
of anatomical traits highlighting significant differences between the NaCl and CaCl2
treatments. For example, the lowest percentage of phenolic compounds accumulated in CaT
leaves (Figure 1c,e) could imply a lowest and slowest chemical protection to the cells in case
of oxidative stress. Indeed, phenolics accumulate in plant tissue, especially at the periphery
of plant organs, in order to be promptly released in case of their necessity as defence
mechanisms [60], but they also have a role in protecting the membranes of chloroplasts
and dissipating the excess of light, thus protecting the photo-inhibitory processes [61,62].
Moreover, at the leaf morpho-anatomical level, CaT plants presented fewer trichome and
gland frequencies compared to NaT (Figure 1f,g). Halophytes plants, adapted to live in
presence of salts, have morphological adaptations that allow them to settle on saline or
alkaline soils, among those the presence of trichomes and glands play a key role [63].
Indeed, these adaptations allow plants to accumulate salts while growing, increasing
the ability of tolerate high salinity concentration in the growth environment [64]. This
might be another reason explaining the different physiological response of CaT plants,
which reduced both their photosynthetic performance and growth rate, compared to NaT.
Generally, an increase in palisade parenchyma over spongy parenchyma improves CO2
diffusion through the leaf, thus improving the photosynthetic rate [65]. For instance, this
mechanism was described in Eugenia myrtifolia plants where prolonged salt stress changed
the organization of leaf mesophyll, with increments in palisade parenchyma thickness
which facilitated the CO2 diffusion towards carboxylation sites when stomatal aperture
was reduced by the salt stress [66]. However, in C. citrinus such a mechanism has not been
adopted, likely due to the isobilateral structure of the leaves. Thus, the differences in the
physiological response of NaT and CaT plants were probably due to other many-sided
mechanisms such as the maintenance of an unchanged spongy parenchyma thickness
despite the significantly lower total leaf thickness. Indeed, the higher ratio between spongy
and palisade parenchyma as in salt-treated leaves would ensure enough volume available
for the vacuolar compartmentalization of the salts. The increased thickness of mesophyll
is considered a typical response to salinity and related to higher cell size [67]. Franco-
Navarro et al. (2016) [68] ascribed to chloride (Cl−) ion the stimulation of leaf cell growth
in Nicotiana tabacum L. With increasing Cl− treatments, these plants developed higher
spongy and epidermal cells diameters, probably due to the vacuolar compartmentalization
of this ion from the tonoplast ATPase. The increments in cell size with increasing salt
stress were considered also responsible for a higher mesophyll resistance. Similarly, in
our study, CaT plants developed larger spongy cells than NaT ones (Table 4), likely due
to higher Cl− content. Indeed, CaT plants with bigger cells probably increased their leaf
hydraulic resistance compared to NaT plants, slowing down their gas-exchange rates. The
morphogenesis of the mesophyll cells is still not completely understood but the correlation
between leaf hydraulic conductance (Kleaf) and number, dimensions and thickness of
mesophyll cells has been studied [69,70]. For instance, a positive correlation between Kleaf
and a higher number of cells per volume was reported in Populus tremula L. [71].

5. Conclusions

The overall results indicate that the exposure to NaCl induces the development of leaf
quantitative anatomical traits in C. citrinus plants responsible for a better physiological accli-
mation under stress conditions compared to CaCl2, notwithstanding the same salinity level.
This would explain the less severe effects on growth in NaT than CaT plants compared to
controls, likely due to the occurrence of a stronger nutritional unbalance and toxic effect
than osmotic response in CaT plants due to the double Cl− ionic content that is largely
translocated from root to shoot. Since salinity stress is increasing in the Mediterranean area,
understanding the possible coordination among structural and eco-physiological strategies
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that C. citrinus plants apply in response to different salt stress types to maintain a good
photosynthetic efficiency becomes pivotal for landscaping purposes and restoration of
degraded areas.
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