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Abstract: Hibiscus (Hibiscus syriacus L.) is known as a horticultural plant of great ornamental and
medicinal value. However, the effect of NaCl stress on hibiscus seedlings is unclear. Little is known
about H. syriacus ‘Duede Brabaul’ (DB) and H. syriacus ‘Blueberry Smoothie” (BS). Here, the effects
of solutions with different concentrations of NaCl on the organic osmolytes, ion accumulation, and
antioxidant enzyme activity of hibiscus seedling leaves were determined. The results showed that
the Na* /K* ratio was imbalanced with increasing NaCl concentration, especially in BS (range 34% to
121%), which was more sensitive than DB (range 32% to 187%) under NaCl concentrations of 50 to
200 mM. To cope with the osmotic stress, the content of organic osmolytes increased significantly.
Additionally, NaCl stress caused a large increase in O,-~ and H,O,, and other reactive oxygen
species (ROS), and antioxidant enzyme activity was significantly increased to remove excess ROS.
The expression level of genes related to salt tolerance was significantly higher in DB than that
in BS under different NaCl concentrations. Taken together, DB possessed a stronger tolerance
to salt stress and the results suggest membrane stability, Na*/K*, H,O,, catalase and ascorbate
peroxidase as salt tolerance biomarkers that can be used for gene transformation and breeding in
future hibiscus research.
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1. Introduction

Soil salinization, one of the major abiotic stress factors, noticeably limits plant growth
and development, and reduces productivity [1,2]. More than 800 million hectares of land
worldwide are affected by salinization, accounting for more than 6% of the world’s land
area [3]. The area of saline-alkali land in China ranks third in the world. The saline-alkali
soil in China is mainly distributed in the northwest, northeast, and north China, and there
are nearly 2 million hectares of saline soil in the eastern coastal areas [4]. Soil salinity
produces osmotic stress in plants and causes the destruction of intracellular dynamic
equilibrium and ion distribution [5,6]. In addition, it causes oxidative stress and damages
the integrity of the biomembrane system [7]. Furthermore, soil salinity activates signaling
cascades that lead to changes in gene expression [8]. In recent years, plant growth responses
to salt stress have received increasing attention.

NaCl pressure causes damage to cell membranes, membrane permeability impairment,
and aggravation of membrane lipid peroxidation [9]. This abiotic stress also results in an
osmotic imbalance in plant cells. To maintain normal life activities, plants need to synthesize
proline, soluble sugar, soluble protein, and other organic osmotic substances for osmotic
regulation to avoid or mitigate damage [10]. In addition, under salt stress, plants will absorb
and accumulate inorganic osmotic regulatory substances, such as Na*, K*, Ca%*,Cl—, and
other inorganic ions, in cells to regulate osmotic potential [11,12]. However, glycophytes,
like hibiscus, do not regularly accumulate Na* and CI~ for osmotic adjustment, as in
the case of halophytes [13]. The accumulation of Na* reduces soil osmotic potential and
hinders water uptake by roots, resulting in physiological drought in plants [14]. In addition,

Plants 2023, 12, 1525. https:/ /doi.org/10.3390/plants12071525

https://www.mdpi.com/journal /plants


https://doi.org/10.3390/plants12071525
https://doi.org/10.3390/plants12071525
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0002-9325-0695
https://orcid.org/0000-0003-3370-8227
https://doi.org/10.3390/plants12071525
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants12071525?type=check_update&version=1

Plants 2023, 12, 1525

20f16

excessive Na* concentrations hinder the uptake of K*, thus disrupting the ion homeostasis
of cells and eventually leading to cell death [15].

Under normal conditions, reactive oxygen species (ROS) in plants are in a dynamic
equilibrium state with constant production and elimination [16]. When exposed to salt
stress, a large amount of ROS will accumulate in plants [17]. Excessive ROS will trigger
membrane lipid peroxidation, causing damage to the plant cell membrane system and
metabolic process, and oxidative damage to the photosynthetic apparatus [18]. O,-~ can be
converted to HyO; and then to OH-, which has a stronger oxidation capacity [19]. Under
salt stress, improvement of the scavenging capacity of ROS is one of the important strategies
to maintain the normal growth of plants under salt stress [20,21]. Under salt stress, plants
usually enhance the activities of antioxidant enzymes and accelerate the scavenging of
superoxide free radicals to maintain the balance of active oxygen metabolism and protect
the integrity and function of the membrane structure [22,23].

Hibiscus (Hibiscus syriacus L.) belongs to the family Malvaceae. Hibiscus is known
as a horticultural plant of great ornamental and medicinal value [24]. For example, it
has large flowers, variable flower colors and patterns; a three-month flowering period in
summer and autumn, and therapeutic effects on certain diseases such as dysentery, cancer,
and scabies [25-27]. Furthermore, hibiscus has strong drought resistance, cold resistance,
and salt tolerance and is an excellent sand-fixing and water- and soil-conservation tree
with important ecological value [28,29]. In recent years, scholars have mainly studied
the medicinal value of hibiscus [25-27]. At present, there are few studies on salt stress in
hibiscus, and the biochemical mechanism of hibiscus response to salt stress is still not clear.
It is of great significance to study the tolerance mechanism of hibiscus to salt stress for
rational planting and popularization in the saline-alkali area of northern China.

We hypothesized that salt-tolerant hibiscus cultivar has the ablility to resist Na* toxic-
ity by maintaining the balance of the antioxidant system and osmotic homeostasis. To test
this hypothesis, we investigated the impact of NaCl stress on physiological and biochemical
characteristics in two different salt-sensitive hibiscus cultivars grown in North China in
this study. The response of lipid peroxidation, organic osmolytes, ion accumulation, and
the antioxidant system of two hibiscus cultivars plants with increasing NaCl stress con-
centration was analyzed to determine the salt tolerance mechanisms of the hibiscus. The
resulting information will provide a theoretical basis for the popularization and cultivation
of Hibiscus syriacus L. in the salinized area of China, thereby increasing its ecological and
economic benefits.

2. Results
2.1. Phenotypes

With 50 mM NacCl treatment, neither DB nor BS plants exhibited any obvious pheno-
typic variation (Figure 1). Under the 100 mM NaCl treatment, DB leaves did not change
significantly, but chlorotic spots appeared in the middle of the leaves of BS. When treated
with 150 mM NaCl, DB plants showed yellowish leaves, but BS leaves showed severe curl-
ing and chlorosis. After 200 mM NaCl treatment, DB and BS leaves were severely damaged,
and BS leaves fell off. The increase in NaCl stress concentration caused an aggravation of
leaf impairment in both DB and BS. However, the degree of phenotypic damage in BS was
significantly higher than that in DB under the same NaCl concentration.
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Figure 1. Effect of different NaCl concentrations on the cuttages of two hibiscus cultivars:
(A) H. syriacus "‘Duede Brabaul’ (DB) and (B) H. syriacus ‘Blueberry Smoothie’ (BS).

2.2. Salt Stress Induced Lipid Peroxidation

Lipid peroxidation in the two hibiscus cultivars, which was measured as the malondi-
aldehyde (MDA) concentration, is presented in Figure 2. With increasing NaCl concentration,
the MDA content of the two hibiscus cultivar leaves showed an upward tendency (Figure 2A).
Except for the 50 mM NaCl treatment, the accumulated MDA content in BS leaves was
significantly higher than that in DB leaves under the same concentration treatment.
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Figure 2. Effect of different NaCl concentrations on (A) malondialdehyde (MDA) content, (B) pro-
line, (C) total soluble sugar, and (D) total soluble protein of H. syriacus ‘Duede Brabaul” (DB) and
H. syriacus ‘Blueberry Smoothie” (BS). According to Duncan’s test, different lowercase letters (a—g)
indicate significant differences (p < 0.05) between different treatments.
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2.3. Salt-Stress-Induced Proline, Soluble Protein, and Soluble Sugar Accumulation

With increasing NaCl concentration, the proline content of the two hibiscus varieties
showed an upward trend (Figure 2B). Under the 200 mM NaCl treatment, the accumulated
proline content of DB and BS leaves reached a maximum, which increased approximately
8.28 and 4.58 times that of their control, respectively. Although the maximum proline
content of BS (202.2 pg-g~!) was significantly higher than that of DB (91.1 ug-g 1), the
increase in proline content of DB was still significantly higher than that of BS. The soluble
sugar (TSS) content of DB and BS leaves under NaCl treatment was significantly higher
than that of control plants (p < 0.05), and it is worth noting that the content of DB was
significantly decreased while that of BS was significantly increased to a great extent under
200 mM NaCl treatment compared with 150 mM NaCl treatment (Figure 2C). The soluble
protein (TSP) content of DB and BS leaves was also significantly increased under NaCl
treatment (p < 0.05), while the accumulated soluble protein content of DB leaves was
significantly higher than that of BS when high salt stress (150 mm, 200 mm) was applied
(Figure 2D).

2.4. Salt-Stress-Induced Ion Imbalance

In general, with increasing NaCl concentration, the Na* and C1~ contents and Na*/K*
ratio in the leaves of the two hibiscus cultivars gradually increased, while the K content
gradually decreased (Figure 3). Under different NaCl concentration treatments, the accu-
mulation of Na* and Cl~ in DB leaves was significantly lower than BS (p < 0.05), and Na*
content increases with increasing NaCl concentration, especially for BS. After NaCl treat-
ment, the K* content of DB decreased significantly (p < 0.05). When the NaCl concentration
exceeded 100 mM, the K* content in DB leaves remained unchanged, while the K* content
in BS leaves showed a downward trend with increasing NaCl concentration. The Na*/K*
ratio in the leaves of the two hibiscus cultivars increased significantly with increasing NaCl
concentration (p < 0.05). Under 150 and 200 mM treatments, the Na* /K* ratio in BS leaves
was significantly higher than that of DB (p < 0.05). Under higher NaCl treatment, DB
showed a smaller change in the Na*/K* ratio and a stronger ability to maintain the balance
of Na* and K* in the plants than BS.
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Figure 3. Effect of different NaCl concentrations on (A) Na*, (B) K*, (C) ClI~ and (D) Na*/K"* of
H. syriacus ‘Duede Brabaul’ (DB) and H. syriacus ‘Blueberry Smoothie’ (BS). According to Duncan’s test,
different lowercase letters (a—j) indicate significant differences (p < 0.05) between different treatments.
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2.5. Salt-Stress-Induced Reactive Oxygen Species Accumulation

With increasing NaCl concentration, the H;O, content in DB and BS leaves showed an
overall upward trend (Figure 4A). Under both the control and NaCl treatments, the H,O,
content accumulation in BS leaves was significantly higher than that in DB leaves (p < 0.05).
The inhibition of O~ product activity in both DB and BS leaves was significantly lower
than that of the corresponding control plants only when the NaCl concentration was higher
than 150 mM (Figure 4B), and there was no significant difference between DB and BS under
equal NaCl concentration treatment (p > 0.05).
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Figure 4. Effect of different NaCl concentrations on (A) hydrogen peroxide (H,0O,) content, (B) inhi-
bition of O,-~ product activity (O,-~) of H. syriacus ‘Duede Brabaul’ (DB) and H. syriacus ‘Blueberry
Smoothie’ (BS). According to Duncan’s test, different lowercase letters (a—g) indicate significant
differences (p < 0.05) between different treatments.

2.6. Salinity Modification of the Antioxidant System

To study the influence of salt stress on Hibiscus syriacus, a series of antioxidant enzymes
responsible for ROS scavenging were quantified (Figure 5). The SOD, POD, CAT, and
APX activities increased significantly in the two hibiscus cultivars after NaCl treatment.
Under different NaCl concentrations, the SOD activity of the two hibiscus cultivars was
significantly increased compared with CK (p < 0.05). With the exception that the SOD
activity of DB leaves was significantly higher than that of BS at 200 mM, there was no
significant difference between DB and BS under other NaCl concentration treatments. When
the concentration of NaCl was 100 mM, the POD activity of DB and BS was significantly
increased compared with that of CK (p < 0.05). With increasing NaCl concentration, the
POD activity of BS did not change significantly, while the POD activity of DB showed a
downward trend. The peaks of the CAT activity of DB and BS both appeared when the
NaCl concentration was 150 mM, and they were increased by approximately 3.5 times
and 2.8 times, respectively, compared with their respective CK. Under different NaCl
concentrations, the changing trend of APX activity of DB and BS was basically similar to
that of CAT, and both reached the maximum when the NaCl concentration was 150 mM,
increased by 2.75 times and 2.68 times, respectively compared with their respective CK.
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Figure 5. Effect of different NaCl concentrations on (A) superoxide dismutase activity (SOD), (B) per-
oxidase activity (POD), (C) catalase activity (CAT), and (D) ascorbate peroxidase activity (APX) of
H. syriacus '‘Duede Brabaul’ (DB) and H. syriacus ‘Blueberry Smoothie” (BS). According to Duncan’s test,
different lowercase letters (a—f) indicate significant differences (p < 0.05) between different treatments.

2.7. Salt Stress Induced Expression Level of AOX2 and ERD3

The expression levels of two key genes (AOX2 and ERD3) associated with salt tolerance
in leaves were investigated under different NaCl concentrations in the two cultivars of
hibiscus, the results of which are shown in Figure 6. The lowest expression level was
assumed as 1. The expression patterns of AOX2 in DB and BS were basically the same,
and the expression of AOX2 was the highest at 100 mM treatment, and then decreased.
The expression patterns of ERD3 in DB and BS were similar. In contrast to AOX2, the
expression of EDR3 showed a significant upward trend with increasing NaCl concentration.
The expression levels of genes involved in the salt-stress tolerance (AOX2 and ERD3) were
significantly higher in DB than that in BS under the different NaCl concentrations.

A0X2 ERD3
100- 25m
£ e DB g * DB
2 80 ° -m- BS 2 20 2 -m- BS
= -
=) { =3
S o0 5 15
< <
g 40 g 10 £
E o El .
@ @ ’
.> .2 ’;
£ 207 " £ s = ¥ ¥
] ] -
= ot P tdted | ey ~ | L -
Lo 1 T L] T v ) I T L 1
0 50 100 150 200 0 50 100 150 200
NaCl, mM NaCl, mM

Figure 6. Effect of different NaCl concentrations on the expression levels of AOX2 and ERD3 of
H. syriacus ‘Duede Brabaul’ (DB) and H. syriacus ‘Blueberry Smoothie” (BS).



Plants 2023, 12, 1525

7 of 16

2.8. Comparison of Salt Tolerance in Two Hibiscus Cultivars

In our study, we found a positive correlation between variables in general, with a
few negative correlations. K* and O,-~ showed a strong negative correlation with other
variables in the two hibiscus cultivars. Under NaCl treatment, APX in the leaves of DB
presented a weak positive correlation with MDA, Pro, TSP, and H,O,, and Pro presented a
weak positive correlation with CAT, while APX in leaves of BS presented a weak positive
correlation with Pro and SOD, and CAT also presented a weak positive correlation with
some variables (Figure 7). In contrast to DB, SOD in BS leaves was not only very weakly
correlated with MDA, TSP, Na*, and K*, but also weakly negatively correlated with other
variables. Additionally, there was a strong positive correlation between the other variables
of the two hibiscus cultivars under NaCl treatment.
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Figure 7. Correlation coefficients between physiological parameters, oxidative stress markers, and
antioxidant capacity in (A) H. syriacus ‘Duede Brabaul’ (DB) and (B) H. syriacus ‘Blueberry Smoothie’
(BS) leaves. Plants were grown for 12 days at 5 salinity levels (0, 50, 100, 150, and 200 mM NaCl).
Note: MDA, malondialdehyde; Pro, proline; TSS, total soluble sugars; TSP, total soluble protein; Na*,
sodium ions; K*, potassium ions; C1~, chloride ions; Na* /K*, sodium-to-potassium ion ratio; HyO,,
hydrogen peroxide; O;-~, inhibition of O,-~ product activity; SOD, superoxide dismutase; POD,
peroxidase; CAT, catalase; APX, ascorbate peroxidase.

A comprehensive analysis of 14 indexes of the two hibiscus cultivars was made by
radar charts (Figure 8). The overall trends of the indexes of DB and BS were similar
except at 200 mM NacCl treatment. At 200 mM NaCl treatment, DB showed more stable
performance in all indicators, and Na*/K*, and BS showed especially high Pro, TSP,
and TSS accumulation when facing high Na* toxicity. In general, under salt stress, plants
maintained a normal internal working environment with the synergistic effect of ion uptake
and the antioxidant system, which improved the tolerance. DB grew better under salt stress
and had stronger salt tolerance than BS.
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Figure 8. The radar chart of 14 indexes of H. syriacus ‘Duede Brabaul” (DB) and H. syriacus ‘Blueberry
Smoothie” (BS) under NaCl stresses. Each point in this figure represents a specific measured value for
each parameter without homogenization (see previous sections for detailed values). Due to the differ-
ences between the different parameters measured, the lengths of the different axis representations
were adjusted to make the images more visible. The axis lengths and intersections are identical for
the same parameters of the DB and BS. Note: MDA, malondialdehyde; Pro, proline; TSS, total soluble
sugars; TSP, total soluble protein; Na*, sodium ions; K*, potassium ions; Cl~, chloride ions; Na* /K",
sodium-to- potassium ion ratio; HyO,, hydrogen peroxide; O,-~, inhibition of O,-~ product activity;
SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; APX, ascorbate peroxidase.

3. Discussion

The increases in Na™ content in hibiscus leaf tissues observed in this study confirmed
the simulated salt stress gradient. The morphological characteristics of plants can directly
reflect their growth status. Once a plant accumulates Na* in the branches and is poisoned
by Na*, the most obvious symptoms are wilting, yellowing, and shedding of leaves, and
even death of the plant [30]. Plant salt tolerance is a complex biological phenomenon
involving a variety of physiological and biochemical pathways [31]. It is of interest to
study the tolerance and physiological mechanisms of two hibiscus cultivars in response
to salt stress. In this study, chlorotic spots began to appear in BS plants when the NaCl
concentration was 100 mM. These results showed that the phenotypic damage to the two
hibiscus cultivar leaves was not obvious under NaCl treatment at a low concentration
(50 mM). As the NaCl concentration increased, the leaves were chlorotic and curled, and
even old leaves fell. However, DB can grow normally at 100 mM for 12 days. As the
concentration of NaCl increases, the damage to DB is much less severe than that to the BS
plants. This shows that the ability of DB plants to tolerate NaCl stress was higher than
BS plants.

NaCl-induced ROS overproduction elevated lipid peroxidation, measured as MDA,
which causes impaired membrane functions and properties [9]. In this study, the MDA
content of the two hibiscus cultivars showed a significant increase with increasing NaCl
concentration. This result is consistent with the effect of salt stress on honeysuckle [32]
and potato [33]. The results of existing studies have shown that the degree of lipid per-
oxidation of salt-sensitive strains is higher than that of salt-tolerant strains [34]. Lower
lipid peroxidation in DB seedlings relative to BS plants suggested that there may be an
efficient antioxidant defense mechanism (see below) and/or favored membrane lipid re-
modeling [35] in DB, which most likely contributed to reduced lipid peroxidation and, in
turn, maintenance of the cell membrane integrity under NaCl salinity.

After the osmotic balance in plant cells is broken, to maintain normal life activities,
plants need to synthesize organic osmotic substances in the cell sap for osmotic adjustment
to avoid or reduce damage [36]. Proline is a very important organic osmotic regulator that
can balance the high concentration of salt in cells, prevent cell dehydration, and stabilize
cell proteins, thereby preventing enzyme inactivation [37]. In this study, the proline
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content in the leaves of the two hibiscus cultivars gradually increased with increasing
NaCl concentration, which is consistent with the results of eggplant [38] under NaCl
stress. Under normal growth conditions, DB leaves with strong salt tolerance have less
proline accumulation. Greater proline increased in the BS plants than in the DB plants
under NaCl stress is most probably attributed to proline association with salt sensitivity
reported in several plant species under saline conditions [39]. Soluble sugars have the
effect of maintaining cell turgor [40]. The soluble sugar content in the leaves of hibiscus
moscheutos significantly increased under both uniform and nonuniform salinity stress [41].
With increasing NaCl concentration, the soluble sugar content in rosemary leaves increased
significantly [10]. In this study, when the NaCl concentration was lower than 150 mM,
the soluble sugar content of DB and BS leaves showed a significant increase as the NaCl
concentration increased. However, at a 200 mM NaCl concentration, the soluble sugar
content of DB leaves with stronger salt tolerance decreased. Soluble sugars can be used
as a carbon framework and energy source for other organic solutes [42]. It is speculated
that DB leaves may initiate other, more effective, osmotic regulation mechanisms, such
as soluble sugar as a substrate to synthesize other organic solutes. Soluble protein is an
important osmotic adjustment substance in plants, and its content is an important reference
value for plant adversity stress [43]. Under NaCl treatment, the soluble protein content
of DB, which has stronger salt tolerance, increased more significantly than that of BS
varieties, which was similar to that of lemon [44] and centipedegrass [45] under salt stress,
indicating that DB can maintain the balance of osmotic regulation by increasing the content
of soluble protein. Based on the distinct accumulation characteristics of these three kinds of
osmotic adjustment substances under salt stress conditions, we speculate that the osmotic
adjustment mechanisms of the two cultivars are different, although it needs to be studied
in depth.

Except for osmotic stress, under high NaCl concentrations, the accumulation of nox-
ious quantities of Na* in plant cells disrupts normal physiological and biochemical ac-
tivities, causing plants to suffer ion toxicity [40]. The Na™ content in the leaf cells of the
two hibiscus cultivars increased with increasing NaCl concentration, which is similar to
reports on Beta macrocarpa [36] and honeysuckle [32]. In this study, DB leaves accumu-
lated less Na*t than BS leaves at the same NaCl concentration, which is consistent with the
morphological characteristics of DB leaves that wilt less than BS leaves under NaCl stress.
Under salt conditions, plants tend to accumulate more Na* in the old leaves for survival [8].
Therefore, it is speculated that the old leaves of BS will fall off due to the accumulation
of too much Na* under high NaCl conditions. The excess accumulation of Na* in plant
cells will induce cytosolic K* efflux and then lead to an imbalance in cellular homeosta-
sis [46,47]. In this study, the K* content in the leaves of the two hibiscus cultivars decreased
with the increase in NaCl concentration, which is in contrast to that of intracellular Na*,
implying that high NaCl concentration on the outside leads to an increase in Na* content
in cells, which in turn causes cytosolic K* efflux in hibiscus leaves. This was consistent
with results from sunflower [48] and castor [11]. Na* competes with K* in uptake and
transport, which leads to K* deficiency and Na* excess, and the Na* /K" ratio in the tissue
increases significantly, thereby inhibiting plant growth [15]. K* deficiency impacts the
development of root components, such as the metaxylem, which is essential to the uptake
of water and nutrients [49]. We found that with the increase in salt stress intensity, the
change in K* content in DB leaves was smaller than that in BS leaves, suggesting that
high-affinity K* uptake capacity might be present in DB plants under salt stress to give
them stronger salt tolerance. Researchers have reached a consensus that the maintenance
of a low cytosolic Na* /K™ ratio is critical for the adaptation of plants to salinity [46]. An
increase in the Nat /K™* ratio was observed in both of the hibiscus cultivars, and an obvi-
ously higher Na* /K* ratio was found in BS than in DB under higher salt concentrations,
which demonstrated the relatively high salt tolerance in DB. Furthermore, different NaCl
concentrations had a significant impact on the C1~ content in hibiscus leaves, and the CI~
content in DB and BS leaves increased with increasing NaCl concentration, which was
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similar to the patterns of atriplex [42] under NaCl stress. There was a strong correlation
between C1~ content and Na* content in hibiscus leaves, and the increase of C1~ may be
necessary for electronic balance and maintaining a negative voltage under NaCl stress [50].

Under NaCl stress conditions, when the dynamic balance between ROS production
and elimination necessary for normal cell homeostasis is broken, ROS can cause oxidative
damage [51]. The main members of the ROS family include free radicals such as O,-~
and OH- and nonradicals such as H,O, and 10, [17,52]. Under the catalysis of SOD,
O, -~ will be disproportionated into reactive oxygen species (such as H,O;), generating
highly reactive hydroxyl radicals (-OH) [53,54]. O,-~ and HyO; destroy the redox balance
in the plant, leading to cell membrane peroxidation and oxidative damage to the cell
structure [55,56]. In this study, with increasing NaCl concentration, the H>O; content of the
two hibiscus leaves increased significantly, which is consistent with the results in japonica
rice [57] under NaCl stress. The H,O, content of salt-tolerant plants is lower than that of
salt-sensitive plants under NaCl stress [58], which was also demonstrated in this study:
compared with BS, the H,O, content of DB leaves with stronger salt tolerance is lower
under salt stress. Furthermore, the inhibition of O,-~ product activity of the two hibiscus
cultivars was significantly lower than that of the control plants only under high NaCl
concentration treatment. Moreover, the inhibition of O,-~ product activity between the
two hibiscus cultivars was not significant, indicating that after 12 days of NaCl stress, most
of the O,-~ in hibiscus leaves may have been converted to H,O,, which also aggravated
the substantial increase in H,O, content.

To address the adverse effects of excessive ROS, various antioxidative enzymes will
be produced in plants [22]. Within the cell, SOD constitutes the first line of defense
against ROS [56]. Under salt stress, the SOD activity of Hibiscus moscheutos [41] increased
significantly compared with the control treatment. Similarly, higher SOD activities were
measured in leaves of both hibiscus cultivars at higher salinity. We also found that the BS
plants showed remarkably weaker SOD activity than the DB at the highest salinity level
(200 mM). As SOD functions as a catalyst in the conversion of Oy~ to HyO,, we infer that
there is less dismutation of O,-~ in high-salinity-stressed BS leaves than in DB leaves. POD
can further remove H,O5, the antioxidant product of SOD in cells, and prevent more serious
OH- toxicity [54]. Within a certain range of NaCl concentrations, NaCl can increase the POD
activity in the leaves of lemon [44] and pistachio rootstock [59] and maintain the balance
of ROS. The present study also showed a similar trend. Previous studies have shown
that under NaCl stress, the APX activity of pistachio [60] leaves was strongly induced,
and the activities of CAT and APX in the leaves of Momordica cochinchinensis [61] and
Glycine max [62] were significantly higher than those of the control. In this study, with
increasing NaCl concentration, the CAT and APX activities of the two hibiscus cultivars
showed a single-peak curve, which was consistent with the results of tobacco under salt
stress [63]. Both cultivars of hibiscus can reduce damage by increasing the activity of CAT
and APX, except at the highest salinity level (200 mM). Our results suggest that POD, CAT,
and APX synergistically regulate HO, detoxification under salt stress. Interestingly, the
BS plants showed notably higher POD and APX activity than DB plants at the highest
salinity level (200 mM), which is contrary to SOD activity. We infer that the extremely high
accumulation of HyO, at high salinity (200 mM) might result in stronger production of
POD activity in BS than in DB. However, the cell membrane was still seriously damaged in
high salinity-treated hibiscus. Hence, these ROS scavenging enzymes are still insufficient
to scavenge the redundant ROS in high salt treatment.

Alternative oxidase (AOX) responds to various biological and abiotic stresses by
maintaining the redox state and metabolic stability of plants [64]. AOX is activated at high
respiratory substrate availability and is induced by high levels of endogenous or exogenous
ROS [65]. In this study, the expression level of AOX2 was significantly higher in DB leaves
than in BS under salt stress. Similar findings have been reported by Sun et al. [66], which
suggested that a high expression of AOX2 induced an increased salt tolerance capability in
Arabidopsis thaliana through the regulation of ROS. Under the osmotic pressure of long-
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term salt stress, plants are subjected to osmotic stress and to the following dehydration,
which can induce the expression of a large number of early responses to dehydration (ERD)
genes in plants [67]. The ERD genes could rapidly respond to dehydration and other abiotic
stresses. Previous studies have demonstrated that ERD3 was induced in Hibiscus tiliaceus
in response to salt stress [68], which is similar to our study. In addition, the function of
ERD3 in salt tolerance has been confirmed in maize [69]. The expression level of ERD3 in
DB leaves was significantly higher than that in BS, which further confirmed that DB has
stronger salt tolerance than BS at the transcriptional level.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

One-year cuttages H. syriacus ‘Duede Brabaul’ (DB) and H. syriacus ‘Blueberry Smoothie’
(BS), provided by Jiashan County Ecological Technology Company, China, were selected
and used as experimental materials for this study. The experiment was executed in a green-
house at the Experimental Station of Shandong Agricultural University (36°09’ N, 117°09" E),
Tai’an, China, at temperatures of 20 °C to 30 °C and humidity of approximately 60 £ 5%.
The seedlings were exposed to natural sunlight. The seedlings were planted in plastic pots
(6.cm x 5 cm x 8 cm) filled with growing media (peat soil /perlite/vermiculite = 1:1:1 v/v) un-
til they were 15 cm tall. Then, they were moved to large plastic pots (20 cm x 20 cm x 18 cm).
Each plant was planted in one pot and was periodically watered with tap water every 3 days.

4.2. Experimental Design and Salt Treatment

Before NaCl treatments were conducted, a preliminary experiment was performed
in which Hibiscus syriacus L. plants (H. syriacus ‘Duede Brabaul’ (DB), Hibiscus syriacus
f. paeoniflorus, H. syriacus ‘Blueberry Smoothie’ (BS), H. syriacus “Wood Bridge’, and
H. syriacus ‘Lavender Chiffon’) were treated with five NaCl concentrations for 15 days to
evaluate their overall salinity tolerance. Seedlings of two hibiscus cultivars (DB and BS)
with distinct salt tolerance were selected for the formal salt stress experiment according to
the results of the preliminary experiment. To accurately control the salt concentration, the
solution culture method was adopted.

Hibiscus plants with a height of 25 cm and approximately 10 leaves growing healthily
and with the same growth trend were selected, removed from their soil plastic pot, washed
with tap water, fixed on Kt boards with cotton, and placed in plastic pots (38 cm x 29 cm X
12 cm), transplanted with 6 trees in each pot, and cultured with water for 1 day. Then,
the seedlings were cultured in 1/2 Hoagland nutrient solution [70] for 3 weeks. After the
seedlings returned to normal growth, robust and consistent seedlings were selected and
transferred to nutrient solution containing 0, 50, 100, 150, and 200 mM NaCl (the solution
was changed every three days) with root salt stress treatment for 12 days. Four plants were
used for each treatment. Each treatment had three biological replicates. The samples of
fresh leaves were stored at —80 °C.

4.3. Determination of Physiological and Biochemical Indicators
4.3.1. MDA Content Determination

Lipid peroxidation was measured by determining the level of malondialdehyde (MDA)
using the technique of Kato and Shimizu [63]. First, 5 mL 5% (w/v) trichloroacetic acid (TCA)
was added into 0.5 g fresh leaves, and the homogenate was centrifuged at 3000 r-min ! for
10 min. Then, 2 mL 0.67% (w/v) thiobarbituric acid (TBA) was added to 2 mL supernatant,
boiled in a 100 °C water bath for 30 min, and then centrifuged once after cooling. Finally,
the absorbance was measured at 450 nm, 532 nm, and 600 nm, respectively.

4.3.2. Proline Content, Soluble Sugar, and Soluble Protein Determination

Dry leaf samples were used for proline extraction, homogenized in 3% (w/v) sulfos-
alicylic acid. The proline content was determined according to Abdallah et al. [71] using
L-proline for the standard curve. Moreover, the changes in proline contents were recorded
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on a 722N-spectrophotometer (Shanghai Youke, Shanghai, China) at 520 nm. Additionally,
the proline contents were expressed in ug-g~! of fresh leaf weight.

The content of soluble sugars in the leaves was determined according to the method
of Kumar et al. [72]. A quantity of 0.2 g fresh leaves was added to 10 mL distilled water
and bathed in boiling water for 30 min. The extract was filtered into a 50 mL volumetric
flask, and the volume was constant to the scale line. A quantity of 1 mL extract was added
to 1 mL distilled water, and then 0.5 mL ethyl anthrone acetate and 5 mL concentrated
sulfuric acid were added in sequence. After the full shock, the extract was immediately
placed in a boiling water bath for 1 min and cooled at 620 nm.

For the analysis of soluble protein, 0.1 g of fresh leaves was ground evenly on ice with
1 mL phosphate buffer (PBS, pH 7.8). The homogenate was centrifuged at 12,000 r-min~! at
4 °C for 10 min, 0.1 mL supernatant was absorbed, and 5 mL Coomachus bright blue G-250
was added. The absorbance was measured at 595 nm and bovine serum protein (BSA) was
used as the standard protein [73].

4.3.3. HyO, Content and Inhibition of O,-~ Product Activity Determination

H,0, content was determined according to the kit of Nanjing Jiancheng Institute of
Biological Engineering (www.njjcbio.com No. A064-1-1), and inhibition of Op-~ product
activity was determined according to the kit of Nanjing Jiancheng Institute of Biological
Engineering (www.njjcbio.com No. A052-1-1) in strict accordance with the instructions
for operation.

4.3.4. Antioxidant Enzyme Activity Determination

Superoxide dismutase activity (SOD, EC.1.15.1.1) was quantified using the NBT assay
according to the method described by Ibrahim et al. [74]. Peroxidase activity (POD, EC:
1.11.1.7) was estimated as outlined in Wu et al. [75], and the reaction solution contained
0.4 mL of guaiacol (20 mm), 2 mL of 7.8 pH sodium phosphate buffer (50 mm), 0.5 mL of
hydrogen peroxide (40 mm), and 0.1 mL of enzyme extract. The absorbances for catalase
and peroxidase were measured at wavelengths of 240 nm and 470 nm, respectively. Cata-
lase activity (CAT, EC 1.11.1.6) was monitored by tracking H,O, consumption at 240 nm
for 2 min [63]. Ascorbate peroxidase activity (APX, EC 1.11.1.11) was measured by fol-
lowing the protocol of Chen et al. [76]. The changes in the APX assay were computed by
spectrophotometry at 290 nm for 100 s.

4.4. Determination of Ion Contents

The contents (mg-g’1 dry weight; DW) of sodium (Na*) and potassium (K*) in dried
leaves of hibiscus were determined according to Voigt et al. [77]. Finally, the contents
were measured by flame spectrophotometry (FP6400, Shanghai Yuefeng, Shanghai, China).
Furthermore, the Na* /K" ratio was obtained after dividing the potassium ion content by
the sodium ion content. The chloride ion (CI™) concentration was determined through
titration with AgNO3 according to the method of Jamshidi et al. [59].

4.5. RNA Extraction and Quantitative PCR Analysis

Total RNA was isolated with a Trizol reagent (TransGen Biotech, Beijing, China). The
RNA preparation was then treated with DNase I. First-strand cDNA was synthesized from
2 ug of total RNA using the PrimeScript™ RT reagent Kit with gDNA Eraser (TransGen
Biotech, Beijing, China). The hibiscus 185 rRNA gene was used as the reference gene.
Quantitative real-time PCR (qRT-PCR) and data analyses were performed as described
previously [78]. All primers used are listed in Supplementary Table S1.

4.6. Data Analysis

The data are represented as the means + standard errors (M + SE). We subjected
all data to a one-way analysis of variance (ANOVA), and significant differences among
the means were tested by Duncan’s multiple range test (p < 0.05) via SPSS 26.0. The
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interrelationships among the data were examined by Pearson’s correlation coefficient (7).
Charts were plotted using GraphPad Prism 8.0 software.

5. Conclusions

This research reveals that salt stress affects two hibiscus cultivars differently, and they
adapt to the stress through different regulations. The salt-tolerant cultivar DB achieves its
high tolerance by limiting Na* uptake and ensuring K* homeostasis, avoiding the toxicity
of Na* under salt stress, and meeting the normal nutrient requirements. The activities of
the antioxidant enzymes SOD, POD, CAT, and APX in hibiscus leaves increased under Na*
stress, thus improving the scavenging of harmful substances such as ROS (H,O,, O,-7)
and MDA. Meanwhile, AOX2 and ERD3 in DB leaves were significantly induced under
Na* stress, which was consistent with their stable antioxidant and osmotic regulation (Pro,
TSS, TSP) system. Overall, the cooperation of multiple systems improves the tolerance of
hibiscus plants to salt stress and ensures normal physiological metabolism.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12071525/s1, Table S1: Primer sequences for quantitative
real-time PCR.
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