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Abstract: Salinity is one of the major problems facing crops worldwide. Salinity can severely
affect plants in a negative manner. This study aimed to evaluate the impact of NaCl on morpho–
physiological, biochemical, structural and ultrastructural properties in Solanum melongena seedlings
under different NaCl concentrations. Plants treated with high concentrations of NaCl showed a
nonsignificant decrease in shoot height compared to the controls. However, NaCl concentration of
50 mM and above significantly decreased leaf area, while 75 mM and above significantly reduced the
photosynthetic rate (PN) and leaf total sugar content when compared with plants treated with less-
concentrated NaCl and the controls. Thick root sections from plants grown in 100 and 150 mM NaCl
exhibit severe deformation in the epidermal and cortical layers. Additionally, TEM micrographs of
plants treated with 75, 100, and 150 mM exhibited bulgy chloroplasts with loss of integrity thylakoid
membranes associated with large starch grains. The changes in plant ultrastructure observed in this
study broaden our knowledge about the impact of salinity at the cellular level.

Keywords: chloroplast; growth; leaf area; photosynthetic activity; thylakoid

1. Introduction

Salinity is one of the major problems facing crops worldwide. About 40,000 hectare of
agricultural production of land every year becomes inaccessible because of salinization
throughout the world [1]. Salinity imparts both ionic and osmotic stresses, thus leading
to growth inhibition, leaf chlorosis, chloroplasts deformation, and photoinhibition [2,3].
Shahbaz et al. (2012) reported that the decline in plant growth under salinity stress is
usually caused by a variety of biochemical, molecular, and physiological characteristics [4].
In addition, Queiroz et al. (2013) reported that applying nutrient solutions with salinity
levels between 0.5 to 6.0 dS m−1 in eggplant cultivars did not show any significant impact
on plant growth [5]. In contrast, saline medium exhibits an adverse impact on plant growth
due to osmotic and salt stress, leading to nutritional imbalances [6]. In saline medium,
osmotic balance is vital for plant growth, and any imbalance leads to cell dehydration, loss
of turgidity, ion toxicity, and consequently plant death [7]. In addition, crops grown in
saline soils characterized by poor physical conditions suffer from nutritional disorders due
to severe osmotic stress resulting in decreased crop yield [8]. Moreover, Abbaspour (2012)
observed that pistachio seedlings under saline conditions had a major reduction in lipid
peroxidation and glutathione reductase activity [9]. In contrast, antioxidant enzymes and
levels of free proline in the cells were remarkably increased (i.e., super oxide dismutase
(SOD), catalase (CAT)) to cope with salt stress. In saline soils, water is osmotically held
in salt solution, making it less available to the plant. Ion imbalances due to salinity stress
also have been reported in plants such as eggplants where a significant reduction in
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the K+/Na+ ratio was observed in seedling leaves [10]. In lettuce, significant reduction
in seed germination rate and delayed germination was reported by Nasri et al. (2011),
observed in growth medium containing 100 mM NaCl [11]. A similar observation was
made in tomatoes where seed germination was reduced when treated with 80 mM NaCl
and drastically declined at 190 mM NaCl [12].

To cope with salinity stress, Plants develop various adaptive physiological and bio-
chemical mechanisms against salt-induced stress [2]. For example, K+ and Na+ homeostasis
is very crucial under salt stress in glycophytic crops for improving salinity tolerance abil-
ity [13]. Moreover, plants accumulate solutes such as soluble sugars, amino acids, proteins,
and other compounds to ensure ionic balance in the vacuole, a process known as osmotic
adjustment [14]. These osmolytes are stress protectors, and their accumulation in plants
experiencing salinity stress is an adaptive mechanism protecting plants from stress damage
by maintaining cell turgor [15,16]. Global climate change is affecting plant growth and
crop productivity by increasing atmospheric CO2 concentration and soil salinization [17].
Moreover, an increased CO2 and saline stress might affect major physiological processes
such as gas exchange and water relations [18,19].

Eggplant (Solanum melongena L.) is a vegetable crop with an annual cycle in the Mediter-
ranean region. It belongs to the Solanaceae family, with its center of origin traced to the
tropical regions of the East [20]. The area under eggplant production has increased mainly
because of its claimed medicinal properties such as the potential to reduce cholesterol
levels and as a source of important minerals and vitamins [21]. They require considerable
amount of water for their growth and development. Eggplant responses to salt stress vary
from species to species or even cultivar to cultivar within the same species. In general,
eggplants are widely reported to be moderately sensitive to salinity [22]. The impact of salt
stress on plants is well studied in many species, including eggplants (Solanum melongena).
However, little is known about its impact on the physiological, biochemical and cellular
structures. Therefore, the aim of our study was to determine the impact of salinity stress on
the physiological, biochemical, structural and ultrastructural properties in eggplants, and
how growth and development are affected in the seedlings at different levels of salinity
stress. This was achieved by growing seeds of the eggplant cultivar Black Beauty in a hy-
droponic medium containing varying concentrations of NaCl. Our results show that higher
concentrations of NaCl above 50 mM negatively impacted plant growth and development.

2. Materials and Methods
2.1. Plant Materials and Experimental Design

Eggplant seeds were surface-sterilized prior to planting in the soil where they were
grown for 5 weeks. After 5 weeks, seedlings were transferred to the Hoagland’s solution (a
complete nutrient medium) and grown hydroponically in a growth chamber as described by
Alkhatib et al. (2018) [23]. Seedlings were allowed to acclimatize in the Hoagland’s solution
for 3 days before assigning them to treatments. Seedlings were assigned to six levels of
NaCl concentration (0, 25, 50, 75, 100, and 150 mM), which was mixed in the Hoagland’s
solution. Plants phenotyped 2 weeks post treatment. Four independent experiments were
conducted, and in each experiment three replicates were used per treatment.

2.2. Phenotyping

Morphology of shoot and root systems: After 2 weeks of treatment, seedling roots
were detached from the shoots. Shoot height, root length and leaf area were measured
from all plants under different treatments. Leaf area was measured using Licor leaf area
meter (Licor 3100, LI-COR Biosciences, Lincoln, NE, USA).

Photosynthetic activity: Two fully expanded mature leaves were sampled from each
plant and used to measure the net photosynthetic rate (PN), stomatal conductance (gs) and
the transpiration rate (E). Leaves were measured at 6.25 cm2 leaf area using an infrared gas
analyzer (CI-340, CID Bio-Science Inc., Camas, WA, USA). All measurements were taken at
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PPFD of 1300 µmol(quanta) m−2 s−1 following the procedure described by Alkhatib et al.
(2018) [23].

Total sugar content: The sugar content in the leaves of seedlings was determined
using the anthrone method [24,25]. In brief, 100 mg of leaf tissue was ground in liquid
nitrogen. The leaf powder was homogenized in 5 mL of 80% (v/v) ethanol, and centrifuged
at 1500 rpm for 10 min. The supernatant was transferred in a clean tube, and 4 mL of a
freshly prepared 0.2% (m/v) anthrone solution [0.2109 g of anthrone dissolved in 100 mL
of chilled 75% H2SO4 (m/m)] was added. A spectrophotometer (UVM51 110 UV-VIS, BEL,
BEL Engineering, Monza, Italy) calibrated with standard solutions of D-glucose was used
to measure the absorbance of the samples at 630 nm.

Protein content: Protein content in leaf samples was measured following the protocol
of the Bradford method [26]. Briefly, 1 g of ground leaf tissue sample was mixed with 3 mL
of phosphate buffered saline (PBS) at PH 7.4 and incubated overnight at 4 ◦C. Sample tubes
were centrifuged at 5000 rpm (1118× g) for 10 min at 4 ◦C. From each sample, 20 µL aliquot
of the supernatant was transferred to a 2 mL Eppendorf tube followed by 980 µL of PBS
and 1 mL of Coomassie Brilliant Blue G-250. The absorbance of the solution was measured
at 595 nm. Bovine serum albumin (BSA) was used as a standard.

Microscopic analysis: Tissue samples were prepared for microscopy analyses follow-
ing the protocol described by Alkhatib et al. (2019) [27]. Briefly, samples (1 × 1 cm) of the
central leaf blade next to the main vein were excised and fixed with 2.5% glutaraldehyde,
post-fixed in 1% osmium tetroxide, dehydrated in a graded series of ethanol and embedded
in freshly prepared Araldite resin (EMS, PA, USA). Two experiments were conducted with
three replicates per treatment. Thick sections were made from embedded leaf and root
samples, stained using 1% toluidine blue (Epoxy Tissue Stain, EMS, Hatfield, PA, USA)
and viewed under a light microscope. To visualize the ultrastructures, thin sections from
embedded leaf and root tissues were cut and stained with uranyl acetate [28], followed
by lead citrate [29]. The stained microtome sections were analyzed using a transmission
electron microscopy (TEM) running at 80Kv (MORGAGNI 268) that was equipped with a
digital camera (Mega view III soft imaging system) for image capture.

2.3. Data Analysis

All statistical analyses for morphological, physiological, and biochemical parameters
were conducted using PC SAS (v. 9.2; SAS Institute, Cary, NC, USA). Analysis of variance
(ANOVA) and Dunnett’s test at α = 0.05 were used for data analysis. Graphs were made
using Graph pad Prism 7.

3. Results
3.1. Morphological and Physiological Characteristics

The physical appearance of shoots from seedlings grown in 25 and 50 mM NaCl
containing medium was the same as the control plants (Figure 1A–F). In contrast, seedlings
grown in 75, 100 and 150 mM NaCl showed a severe reduction in shoot height compared
to control plants, and the reduction was more pronounced as the concentration of NaCl
increased. However, the physical appearance of seedling roots from all NaCl concentrations
did not differ from the control treatment except at 150 mM NaCl where a change in root
branching pattern was observed (Figure 1a–f). Severe chlorosis and necrosis were observed
on the leaves of plants grown in 100 and 150 mM NaCl (Figure 1E,F).

The effect of NaCl concentration on shoot height and root length was not statistically
significant across all treatments (Figure 2A,B). However, the leaf area of seedlings grown
in 50, 75, 100 and 150 mM 165 was significantly reduced compared to the leaves from
the control seedlings (p < 0.0001) (Figure 2C). Moreover, the photosynthetic efficiency
(PSII) significantly decreased in seedlings grown in 150 mM relative to the control plants
(p < 0.0001) (Figure 2D).
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(a) control, 25 (b), 50 (c), 75 (d), 100 (e), and 150 (f) mM NaCl]. 

The effect of NaCl concentration on shoot height and root length was not statistically 
significant across all treatments (Figure 2A,B). However, the leaf area of seedlings grown 
in 50, 75, 100 and 150 mM 165 was significantly reduced compared to the leaves from the 
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0.0001) (Figure 2D). 

 
Figure 2. Side-by-side boxplots of changes in morphological parameters in Solanum melongena (A) 
Shoot height, (B) root length, (C) leaf area, and (D) photosynthetic efficiency in response to each of 
five NaCl concentrations. p-values at α = 0.05. * indicates values significantly different from the 
control (Dunnett’s test with p < 0.05). 

A negative linear relationship was observed between photosynthetic rate (PN) and 
NaCl concentration. Significant decrease in PN was observed in seedlings grown in 75, 100 
and 150 mM NaCl as compared to control seedlings (p < 0.0001) (Figure 3A). For plants 
grown in 25 and 50 mM NaCl, PN was not significantly different from the control plants 
(Figure 3A). We did not observe any significant differences between the controls and 

Figure 1. Effect of NaCl on Solanum melongena growth. (A–F) Shoot growth [from left to right;
(A) control, 25 (B), 50 (C), 75 (D), 100 (E), and 150 (F) mM NaCl]. (a–f) Root growth [from left to right;
(a) control, 25 (b), 50 (c), 75 (d), 100 (e), and 150 (f) mM NaCl].
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Figure 2. Side-by-side boxplots of changes in morphological parameters in Solanum melongena
(A) Shoot height, (B) root length, (C) leaf area, and (D) photosynthetic efficiency in response to each
of five NaCl concentrations. p-values at α = 0.05. * indicates values significantly different from the
control (Dunnett’s test with p < 0.05).

A negative linear relationship was observed between photosynthetic rate (PN) and
NaCl concentration. Significant decrease in PN was observed in seedlings grown in 75,
100 and 150 mM NaCl as compared to control seedlings (p < 0.0001) (Figure 3A). For
plants grown in 25 and 50 mM NaCl, PN was not significantly different from the control
plants (Figure 3A). We did not observe any significant differences between the controls and
NaCl-treated seedlings for stomatal conductance (gs) (p = 0.7) and transpiration rate (E),
(p = 0.11) at 95% confidence level (Figure 3B,C, respectively).
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Figure 3. Side-by-side boxplots of changes in photosynthetic parameters in Solanum melongena.
(A) Photosynthesis rate (PN) [µmol m−2 s−1], (B) stomatal conductance (gs) [mol H2Om−2 s−1];
(C) transpiration rate (E) [mmol H2O m−2 s−1]; in response to each of five NaCl concentrations.
p-values at α = 0.05. * indicates values significantly different from the control (Dunnett’s test with
p < 0.05).

3.2. Biochemical Characteristics

An increase in leaf total sugar content was observed in eggplant seedlings from all
treatments (Figure 4A). Low levels of NaCl concentration (25 and 50 mM) had less impact
on leaf total sugar content, while at 75 mM and above a significant increase in the total
sugar content was observed (p < 0.001). In contrast, changes in NaCl concentration in the
growth medium did not have a significant impact on the protein content in the leaves of
eggplant seedlings (Figure 4B).



Horticulturae 2021, 7, 181 6 of 12Horticulturae 2021, 7, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 4. Side-by-side boxplots of changes in biochemical parameters in Solanum melongena. (A) 
sugar content, (B) protein content in response to each of five NaCl concentrations. p-values at α = 
0.05. * indicates values significantly different from the control (Dunnett’s test with p < 0.05). 

3.3. Microscopic Analysis 
The structural and ultrastructural characterization of root and leaf sections was done 

using the light and transmission electron microscopes. Images from thick sections of root 
samples observed under a light microscope revealed a well-arranged epidermis and intact 
multilayer cortical cells irrespective of the NaCl treatment (Figure 5A,C,E,G,I). However, 
the epidermal cells from root samples of plants grown in 150 mM NaCl were severely 
damaged and had fewer cortical layers. The TEM micrographs did not reveal any differ-
ences in the ultrastructure of root cells from plants treated with different concentrations 
of NaCl (Figure 5B,D,F,H,J,L). 
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content, (B) protein content in response to each of five NaCl concentrations. p-values at α = 0.05.
* indicates values significantly different from the control (Dunnett’s test with p < 0.05).

3.3. Microscopic Analysis

The structural and ultrastructural characterization of root and leaf sections was done
using the light and transmission electron microscopes. Images from thick sections of root
samples observed under a light microscope revealed a well-arranged epidermis and intact
multilayer cortical cells irrespective of the NaCl treatment (Figure 5A,C,E,G,I). However, the
epidermal cells from root samples of plants grown in 150 mM NaCl were severely damaged
and had fewer cortical layers. The TEM micrographs did not reveal any differences in
the ultrastructure of root cells from plants treated with different concentrations of NaCl
(Figure 5B,D,F,H,J,L).
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Figure 5. Thick and thin root sections of Solanum melongena control and NaCl-treated plants. Light
microscopy micrographs of control plant (A); NaCl-treated plants with 25–100 mM (C,E,G,I) did
not show any visible deformation. 150 mM NaCl-treated plants (K) exhibit deformed epidermal
and cortical cells and major disruption in the organization of the vascular bundles [xylem and
phloem].TEM micrographs of control (B) and NaCl-treated plants (D,F,H,J,L) showed no deformation.
Nucleus (N), Cell wall (CW), epidermal cells (EP), cortical cells (CX), phloem (P), xylem (X).

The images from thick sections of leaf samples of plants treated with varying NaCl
concentrations (25, 50, 75, 100, and 150 mM) showed a normal-shaped epidermis, regular
palisade and spongy layers (Figure 6A,C,E,G,I,K). However, at 150 mM NaCl, leaves exhib-
ited compact spongy cells (Figure 5K). The TEM micrographs of leaves from the control
and NaCl treated plants (25 and 50) exhibited intact thylakoid membranes with a normal
chloroplast shape (elliptical) (Figure 6B,D,F). At 75 mM and above NaCl concentration,
leaves had deform-shaped chloroplasts and thylakoid membranes (Figure 6H,J,L). We also
observed an increase in starch granules inside the chloroplasts.
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Figure 6. Thick and thin leaf sections of Solanum melongena. Light microscopy micrographs of control
plants (A); NaCl-treated plants (C,E,G,I,K) did not show any visible deformation with intact upper
and lower epidermis, palisade, and spongy layers. NaCl-treated plants 75–150 mM (H,J,L) exhibiting
large amounts of starch grains. Micrograph images of 150 mM NaCl-treated plants (L) showed
deformed thylakoid membranes associated with large starch grains. Cell wall (CW), upper epidermis
(UE), palisade parenchyma layer (PP), spongy parenchyma layer (SP), plastoglobule (P), lower
epidermis (LE), starch (S).

4. Discussion

Crops all over the world have a substantial decline of yields due to the increment
of salinity. In most plants, the threshold value is about 40 mM NaCl in sand cultures or
hydroponics [30]. Our data revealed that the loss in seedlings growth under salinity stress
is usually correlated with a variety of physiological, biochemical, and ultrastructural factors.
NaCl-treated plants (75, 100 and 150 mM) showed a reduction in shoot heights compared
to control plants (Figure 1), even though these reductions were not significant (Figure 2A).
On the root level, our data showed no effect in root lengths in all NaCl concentrations as
compared with control (Figure 2B), and their physical appearance was the same (Figure 1).
However, the branching pattern was adversely affected in 150 mM NaCl-treated plants
(Figure 1). This suggests that high concentrations of Na+ or Cl− ions in the shoot system
inhibits cell division and the photosynthetic rate mainly. Moreover, wheat plants under salt
stress exhibit a decrease in shoot total dry weight, plant heights, Na+ content and Na+/K+

rate (200 mM NaCl) as compared to control wheat plants [31].
At the physiological level, our data showed no significant effect in the net photosyn-

thetic rate in the leaves of seedlings treated with 25 and 50 mM NaCl compared to the
controls. In contrast, a significant reduction in photosynthetic rate for plants grown in 75,
100, and 150 mM NaCl was observed (Figure 3A). Wen-Yuan et al. (2012) showed that plant
growth is affected by salinity when plant physiological processes such as photosynthesis
and transpiration are altered [32]. In addition, Zuo et al. (2021) reported that salt stress in
wheat significantly reduced the concentrations of Chl a, Chl b and total chlorophylls, com-
pared with the non-stress control and increased the Na+ concentration while decreasing
the K+ concentration in leaves reducing the photosynthetic activity (PN) [33]. Moreover,
under saline conditions, a reduction in water uptake by plants occurs, causing the clo-
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sure of leaf stomata, which negatively affects photosynthesis, resulting in reduced plant
growth [34,35]. Shaheen et al. (2013) also showed that the photosynthetic rate and stomatal
conductance were significantly reduced in eggplant seedlings under salt stress [36]. This
suggests differences in tolerance mechanisms used by different cultivars towards salinity
stress (i.e., Black Beauty vs. New Noble). Surprisingly, our data showed no significant drop
in both gs and E (Figure 3B,C, respectively). This suggests that stomatal opening and/or
closure is not the key regulating factor in plant growth reduction [27].

Furthermore, the leaf area and photosynthetic efficiency were evidently affected
by salinity stress. A significant decrease in leaf area was more pronounced in plants
grown in 50, 75, 100, and 150 mM NaCl (Figure 2C,D). Netondo et al. (2004) reported
that salt stress reduces leaf area, chlorophyll content and stomatal conductance, thereby
affecting photosynthesis and most likely the photosystem II efficiency (PSII) [37]. Moreover,
Faseela et al. (2019) reported that the maximum quantum yield of electron transport and
the electron transport from PSII side to the PSII reaction center was highly reduced under
salinity stress in rice seedlings [38]. Thus, a reduction in CO2 intake and Calvin cycle
efficiency, caused by salinity stress, likely leads to a reduction in chlorophyll content [39],
causing an overall reduction in the net photosynthetic rate [40] and an increase in shoot
Na+/K+ ratio that inhibits photosynthesis [41]. Ibrahimova et al. (2021) reported that the
Na+/K+ ratio increased significantly in all five Triticum aestivum L. genotypes exposed to
salinity stress (150 mM NaCl) inhibiting the photosynthetic efficiency [42].

The accumulation of different osmolytes in plants can be achieved by several stress-
response signaling pathways such as salt overly sensitive (SOS) pathway and abscisic acid
(ABA) signaling, and reactive oxygen species (ROS) signaling [42]. The accumulation of
these osmolytes inside the plant cells increases the cellular osmolarity, which provides the
turgidity needed for cell expansion [43]. In this study, a significant increase in leaf total
sugar content from plants grown in 75, 100, and 150 mM NaCl was observed (Figure 4A).
These results suggests that the sugar accumulation in leaves under salt stress could be a
limiting factor for growth and might reduce the translocation of photosynthetic-assimilates
to the actively growing sink part [44]. In addition, the expression of Rubisco could be
repressed due to the considerable accumulation of sugars in the cytoplasm [45].

Even though the most common physio–biochemical attributes affected by salinity
stress in different plants is protein synthesis [46], our data showed no significant changes in
protein content in all NaCl concentrations as compared to control (Figure 4B). Wimmer et al.
(2003) reported that plant stresses induced intercellular protein synthesis because of the
structural changes in the cell wall [47]. Moreover, it has been reported that in all cultivars
tested, the total soluble proteins increased due to the salt stress but it was more pronounced
in salt-sensitive cultivars, suggesting that some genes change their expression under
various salt concentrations [16,48].

In general, salt or water stress in plants exhibits vacuolation in the root cells to accu-
mulate osmotically active substances that help in osmotic adjustment [49]. In this study, the
root structural and ultrastructural characteristics in NaCl-treated seedlings (25, 50, 75 and
100 mM) were similar to the controls. However, the images from a light microscope for sam-
ples from seedlings grown in 150 mM NaCl showed deformation in the epidermis, cortex
and stele structure (Figure 5K), suggesting that 150 mM NaCl is highly toxic and negatively
affects the root system. On the other hand, TEM micrographs in all NaCl-treated seedlings
showed no abnormalities in their ultrastructural characteristics as compared to controls.
The light microscopy images of thick leaf sections from plants treated with NaCl showed no
abnormalities in epidermal cells, palisade, spongy layers and vascular tissue in comparison
to the controls (Figure 6A,C,E,G,I,K). However, thin-sectioned TEM micrographs exhibit
deformed bulgy chloroplasts with numerous large starch granules in leaves from seedling
grown in 75, 100, 150 mM NaCl (Figure 6H,J,L). These results suggest that the toxicity
threshold of NaCl was 75 mM NaCl and any further increase in concentration severely
retarded growth in the seedlings [50]. Fu et al. (2013) reported that the number of chloro-
plasts per cell was reduced in salt-stressed eggplant, and the chloroplasts became round in
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shape with more damaged structure of the cell membranes [34]. Moreover, the number
of plastoglobuli increased, suggesting a function storage of thylakoid components such
as lipids, plastohydroquinone, and tocopherols [51]. However, Oi et al. (2020) reported
that the 3D reconstructed models of whole rice chloroplasts under salt-stress conditions
were not swollen but became spherical without increasing their volume as compared to
controls [52].

5. Conclusions

In this study, we have demonstrated that growth and development in eggplants
are much more disrupted when plants are grown in a medium containing very high
concentrations of NaCl. The effect of salinity stress due to NaCl was more pronounced
on the shoot system than the root system. Among the physiological properties studied,
photosynthetic rate was the main limiting factor in plant growth under salinity stress.
However, new evaluation and prediction techniques of stress impact on plants by deep
learning and molecular approaches will give additional agricultural solutions to prevent
the risk of yield losses through abiotic or biotic stresses.
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38. Faseela, P.; Sinisha, A.K.; Brestič, M.; Puthur, J.T. Chlorophyll a fluorescence parameters as indicators of a particular abiotic stress

in rice. Photosynthetica 2019, 57, 108–115.
39. Daoud, A.M.; Hemada, M.M.; Saber, N.; El-Araby, A.A.; Moussa, L. Effect of Silicon on the Tolerance of Wheat (Triticum aestivum

L.) to Salt Stress at Different Growth Stages: Case Study for the Management of Irrigation Water. Plants 2018, 7, 29.
40. Sairam, R.K.; Rao, K.V.; Srivastava, G.C. Differential response of wheat genotypes to long term salinity stress in relation to

oxidative stress, antioxidant activity and osmolyte concentration. Plant Sci. 2002, 163, 1037–1046. [CrossRef]
41. Gupta, B.; Huang, B. Mechanism of salinity tolerance in plants: Physiological, biochemical and molecular characterization. Int. J.

Genom. 2014, 2014, 1–18. [CrossRef]

http://doi.org/10.1016/j.envexpbot.2009.05.008
http://doi.org/10.1016/j.scienta.2017.10.002
http://doi.org/10.3390/plants10020243
http://doi.org/10.3389/fpls.2018.01363
http://www.ncbi.nlm.nih.gov/pubmed/30283478
http://doi.org/10.1111/gcb.12346
http://www.ncbi.nlm.nih.gov/pubmed/23913622
http://doi.org/10.1016/j.envexpbot.2015.02.003
http://doi.org/10.1590/S0102-695X2006000500012
http://doi.org/10.1016/j.scienta.2010.04.008
http://doi.org/10.1007/s11099-018-0798-4
http://doi.org/10.1042/bj0570508
http://www.ncbi.nlm.nih.gov/pubmed/13181867
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1186/s12870-019-1864-1
http://www.ncbi.nlm.nih.gov/pubmed/31196035
http://doi.org/10.1083/jcb.19.2.325
http://doi.org/10.1083/jcb.17.1.208
http://www.ncbi.nlm.nih.gov/pubmed/13986422
http://doi.org/10.1146/annurev.arplant.59.032607.092911
http://doi.org/10.1038/s41598-018-38398-2
http://doi.org/10.17221/429/2020-PSE
http://doi.org/10.1016/S0168-9452(00)00388-5
http://doi.org/10.1007/s11099-013-0005-6
http://doi.org/10.1080/17429145.2012.718376
http://doi.org/10.2135/cropsci2004.8060
http://doi.org/10.1016/S0168-9452(02)00278-9
http://doi.org/10.1155/2014/701596


Horticulturae 2021, 7, 181 12 of 12

42. Ibrahimova, U.; Zivcak, M.; Gasparovic, K.; Rastogi, A.; Allakhverdiev, S.I.; Yang, X.; Brestic, M. Electron and proton transport
in wheat exposed to salt stress: Is the increase of the thylakoid membrane proton conductivity responsible for decreasing the
photosynthetic activity in sensitive genotypes? Photosynth. Res. 2021. [CrossRef] [PubMed]

43. Hare, P.D.; Cress, W.A.; Staden, J.V. Dissecting the roles of osmolyte accumulation during stress. Plant Cell Environ. 1998,
21, 535–553. [CrossRef]

44. Pattanagul, W.; Thitisaksakul, M. Effect of salinity stress on growth and carbohydrate metabolism in three rice (Oryza sativa L.)
cultivars differing in salinity tolerance. Indian J. Exp. Biol. 2008, 46, 736–742. [PubMed]

45. Koch, K.E. Carbohydrate-modulated gene expression in plants. Annu. Rev. Plant Biol. 1996, 47, 509–540. [CrossRef] [PubMed]
46. Ashraf, M.; Akram, N.A.; Arteca, R.N.; Foolad, M.R. The physiological, biochemical and molecular roles of brassinosteroids and

salicylic acid in plant processes and salt tolerance. Crit. Rev. Plant Sci. 2010, 29, 162–190. [CrossRef]
47. Wimmer, M.A.; Muhling, K.H.; Läuchli, A.; Brown, P.H.; Goldbach, H.E. The interaction between salinity and boron toxicity

affects the subcellular distribution of ions and proteins in wheat leaves. Plant Cell Environ. 2003, 26, 1267–1274. [CrossRef]
48. Ashraf, M.; O’Leary, J.W. Changes in soluble proteins in spring wheat stressed with sodium chloride. Biol. Plant. 1999,

42, 113–117. [CrossRef]
49. Hajibagheri, M.; Harvey, D.M.; Flowers, T.J. Quantitative ion distribution withir/root cells of salt-sensitive and salt-tolerant

maize varieties. New Phytol. 1987, 105, 367–379. [CrossRef]
50. Xie, Z.; Song, R.; Shao, H.; Song, F.; Xu, H.; Lu, Y. Silicon improves maize photosynthesis in saline-alkaline soils. Sci. World J. 2015,

2015, 1–6. [CrossRef]
51. Munné-Bosch, S.; Jubany-Marí, T.; Alegre, L. Drought induced senescence is characterized by a loss of antioxidant defences in

chloroplasts. Plant Cell Environ. 2001, 24, 1319–1327. [CrossRef]
52. Oi, T.; Enomoto, S.; Nakao, T.; Arai, S.; Yamane, K.; Taniguchi, M. Three-dimensional ultrastructural change of chloroplasts in rice

mesophyll cells responding to salt stress. Ann. Bot. 2020, 125, 833–840. [CrossRef] [PubMed]

http://doi.org/10.1007/s11120-021-00853-z
http://www.ncbi.nlm.nih.gov/pubmed/34125427
http://doi.org/10.1046/j.1365-3040.1998.00309.x
http://www.ncbi.nlm.nih.gov/pubmed/19024173
http://doi.org/10.1146/annurev.arplant.47.1.509
http://www.ncbi.nlm.nih.gov/pubmed/15012299
http://doi.org/10.1080/07352689.2010.483580
http://doi.org/10.1046/j.0016-8025.2003.01051.x
http://doi.org/10.1023/A:1002183829178
http://doi.org/10.1111/j.1469-8137.1987.tb00874.x
http://doi.org/10.1155/2015/245072
http://doi.org/10.1046/j.1365-3040.2001.00794.x
http://doi.org/10.1093/aob/mcz192
http://www.ncbi.nlm.nih.gov/pubmed/31773147

	Introduction 
	Materials and Methods 
	Plant Materials and Experimental Design 
	Phenotyping 
	Data Analysis 

	Results 
	Morphological and Physiological Characteristics 
	Biochemical Characteristics 
	Microscopic Analysis 

	Discussion 
	Conclusions 
	References

