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Abstract: Launaea sarmentosa is a valuable medicinal plant with adaptability in saline areas, but
it is still unclear how it responds to salinity. For the first time, the present study examined the
plant’s changes under different soil salinities generated by 50, 100, 200, and 400 mM NaCl in order to
elucidate its responses in terms of growth, photosynthesis, water uptake, osmotic adjustment, ion
homeostasis, and oxidative stress defense to salinity. The results showed that the plant’s growth
was enhanced by 50 mM NaCl with an 18.07% increase in dry biomass compared to the control,
whereas higher salinity levels reduced its growth with a 6.39-54.85% decrease in dry biomass. The
plant’s growth response indicates that it had tolerance to salinity levels up to 400 mM NaCl. The
accumulation of photosynthetic pigments, including chlorophylls (a + b) and carotenoids, was
enhanced under salinity, except for a reduced accumulation under 400 mM NaCl. Relative water
content decreased while proline content increased in the salt-stressed plants. Moreover, the salt-
stressed plants reduced their K* and NO3; ™~ content along with increases in Na* and Cl~ content.
The high salt stress level also caused oxidative stress in the plants, which was revealed through the
accumulation of malondialdehyde and hydrogen peroxide content. In addition, the salt-stressed
plants had increased total phenolic content and the activities of antioxidant enzymes such as catalase,
peroxidase, and superoxide dismutase. These physiological and biochemical changes suggest that
L. sarmentosa evolved adaptive mechanisms in photosynthesis, osmotic adjustment, ion homeostasis,
and antioxidant defense for growing under salt stress.

Keywords: Ion homeostasis; Launaea sarmentosa; salt stress; salt tolerance; salt-tolerant plant

1. Introduction

Soil salinity degradation, attributed to the predominant accumulation of NaCl salt in
soils, has become one of the most important challenges for agricultural productivity and
sustainability owing to its adverse effects on seed germination, growth, and yield of crops.
Soils are salinized mainly by natural processes and anthropogenic activities. According to
estimates, salt-affected soils can occupy more than 20% of the world’s arable area [1]. High
levels of soil salinity create different pressures on plants, such as osmotic stress, ion toxicity,
nutritional imbalance, oxidative stress, disordered metabolism, and even genotoxicity [2,3].
Together, these detrimental effects interrupt physiological and, metabolic processes in plants
that will hinder their growth and development and in extreme cases, cause plants to die [3].
Thus, changes in morphology, growth of organs, as well as physiological and biochemical
properties, such as photosynthesis, water uptake, ion and metabolite accumulation, activity
of enzymes, etc., are indicators for plants’ responses to salt, from which the effects of salt
and tolerance mechanisms of plants may be identified [4-6].
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Because most crops are susceptible to salinity, improving their tolerance and develop-
ing plants that tolerate high salinity as alternative crops are considered potential strategies
for maintaining sustainable agriculture production [7,8]. For these strategies, understand-
ing the salt tolerance mechanisms of salt-tolerant plants is required. It was reported that
salt-tolerant plants have evolved diverse mechanisms at organ, cell, and even molecular
levels that mitigate the effects of salinity [2,9]. For example, adjustment of intercellular
osmotic potential to maintain water uptake, salt sequestration into vacuoles or organs to
reduce ion toxicity, and reducing salt-induced reactive oxygen species (ROS) by antioxidant
systems are found to be successful adaptations of many salt-tolerant plants to salinity [9-11].
Although a large variety of previous studies have been conducted to elucidate the salt
tolerance mechanisms of various plants, the mechanisms may vary depending on plant
species [11]. Thus, it needs more effort to clearly understand the salt tolerance mechanisms
of plants.

Launaea sarmentosa (syn. Launaea pinnatifida) is a perennial stoloniferous herb belonging
to the Asteraceae family. It is morphologically characterized by a filamentous stem creeping
to 1 m long, leaves in oblanceolate denticulate shape forming in a rosette at the stem base or
inter nodes, flowers with 12-20 yellow florets per capitulum, achenes with grey to brown
color and 3.5-5 mm long, and a semi-woody taproot and adventitious roots emerging at
the inter nodes [12]. This species is natively distributed in littoral sandy regions in East
Africa, India, the Indian Ocean Islands, and Southeast Asia [13]. In Asian countries such
as India, Thailand, and Vietnam, it is used not only as a folk medicine for the cure against
many diseases, such as rheumatoid arthritis, gout, skin injuries, abdominal disorders,
urinary infections, inflammation, fever, sore throats, and jaundice [13-16], but also as a
nutritious vegetable [13,14]. The root is also used as a galactagogue that improves the milk
production of mothers after childbirth [15]. Previous phytochemical analyses reported
the presence of bioactive compounds such as alkaloids, steroids, saponins, and flavonoids
in L. sarmentosa aerial parts and roots [16,17]. Recently, Nguyen et al. isolated two new
compounds (sarmentosin A and B) and 14 known compounds for the first time from the
aerial parts [17]. The leaf and root extract also exhibited anti-inflammatory, antimicrobial,
antioxidant, analgesic, antipyretic, and hepatoprotective activities in vitro assays [15,18]. In
recent years, L. sarmentosa has been established for commercial cultivation by local farmers
and companies in Thailand and Vietnam for both uses as medicinal material and food with
high commercial value [13]. Remarkably, it was proposed that the plant has an adaptability
to salinity due to its native habitat, which can be affected by salt spray and the intrusion of
sea water [13,19]. However, how the plant responds to salinity is still not studied.

Thus, for the first time, the present study examined changes in growth, and physio-
logical and biochemical parameters, which are associated with biomass, photosynthesis,
water uptake, ion accumulation, osmotic adjustment, and antioxidant activity, of the
plants imposed on different salinity levels to understand the plant’s tolerance capacity and
typical responses to salt. From the plant’s responses, its salt tolerance mechanism was
also discussed.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

L. sarmentosa seeds were sown in a plastic tray filled with a mixture of coco peat,
vermiculite, and perlite with a respective ratio of 2:1:1 [20]. pH values and electrical con-
ductivity (salinity) of the mixture ranged from 6.0 to 6.1 and 0.10 to 0.14 dS/m, respectively.
The seed was germinated in greenhouse conditions with air temperature and humidity
ranging from 25 to 30 °C and 80 to 90%, respectively. Three two-week-old seedlings were
transplanted into a 0.5-L pot containing the same mixture. The pots were placed in a
growth chamber (CMP6010-Conviron, Canada) with an established condition such as tem-
perature/photoperiod regime with 28 °C/14 h light and 25 °C/10 h dark, 75% relative
humidity, and 10.000 lux light intensity. The seedlings were irrigated with a half-strength
Hoagland nutrient solution (no. 2) for 3-4 weeks before the onset of salt treatments.
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2.2. Salt Treatment and Sample Collection

The healthy seedlings with four true leaves were irrigated with the half-strength
Hoagland nutrient solutions supplied with 0 (control), 50, 100, 200, and 400 mM NaCl. The
salt irrigation was carried out by a procedure as described by Sahin et al. [20], in which
the plants were exposed to increasing salt concentrations before being treated with the
designated concentration to avoid osmotic shocks. In brief, on the first day, the plants
were irrigated with 50 mM NaCl, and then the 100400 NaCl-designated plants were
irrigated with 100 mM NacCl on the second day. On the third day, the 200-400 NaCl-
designated plants were irrigated with 200 mM NaCl, and the 400 mM NaCl-designated
plants were irrigated with 400 mM on the fourth day. On the following days, the treated
plants were irrigated with the designated salt concentrations. The salt-treated plants were
under saline conditions for a total of 14 days after the onset of the 50 mM NaCl treatment.
In each irrigation, the salt solutions were applied continuously to the mixture until an
outflow occurred from the bottom with a minimum amount that was approximate to the
pot’s volume. The irrigation was repeated each day during the treatment period. For the
study’s purpose, growth parameters were observed on day 14 of the treatment, while the
physiological and biochemical parameters of the leaves were examined on day 7, which
showed obvious effects of the salt treatments.

2.3. Determination of Growth Parameters

The plants were carefully removed from the pots to determine the fresh weight (FW)
of the whole plant, aerial parts (assigned as shoots), and roots. The samples were then
dried at 70 °C for 48 h in a drying oven and weighed for dry weight (DW) [20].

2.4. Determination of Photosynthetic Pigment Content

The contents of chlorophyll a (chl a), chlorophyll b (chl b), and carotenoids were
determined based on the method described by Wellburn [21]. In brief, the leaf samples
(ca. 100 mg) were homogenized with 10 mL of 80% acetone. The extract was centrifuged
at 5000 rpm for 10 min. The supernatant was determined with absorbance (A) at 645, 663,
and 470 nm wavelengths using a spectrometer (Jasco V730 UV-VIS) for calculating pigment
concentration (g mL™) according to established equations below [21]. The pigment
content was expressed based on the FW.

Chla=12.25 x A663 —2.79 % A645;

Chlb =215 x A645 —5.11 x A663;

Carotenoids = (1000 x Ag79 — 1.82 x Chla — 85.02 x Chl b)/198.

2.5. Determination of Relative Water Content, Proline and Total Phenolic Content

The relative water content (RWC) was determined based on the method described by
Gonzalez and Gonzélez-Vilar [22]. The leaf samples were floated in a petri dish containing
deionized water at a cool temperature for at least 4 h, and then removed from the water
to determine the turgid weight (TW). Then, the DW of leaf samples was measured after
drying them in an oven at 70 °C for 48 h. The RWC was calculated with the equation:
RWC (%) = [(FW — DW)/(TW — DW)] x 100.

The proline content was determined according to a method as described by Bates
etal. [23]. In brief, the leaf sample (ca. 50 mg) was homogenized in 2 mL of 3% sulfosalicylic
acid and then centrifuged at 12,000 x g for 15 min at 4 °C. A reaction mixture consisting of
each (2 mL) of the supernatant, ninhydrin acid, and acetic acid was incubated at 100 °C for
60 min. Then, the reacted mixture was quickly stopped by cooling on an ice bath and mixed
with 4 mL of toluene. The toluene fraction was measured at absorbance with a 520 nm
wavelength, and the proline content was calculated based on a prepared standard curve.

The total phenolic content (TPC) was estimated according to the Folin—Ciocalteu
(FC) method as described by Kiani et al. [24], with minor modifications. Briefly, the leaf
sample (ca. 100 mg) was mixed with 10 mL of 80% methanol and incubated in an orbital
shaker (150 rpm), at 25 °C for 24 h. The extract was filtered using Whatman filter paper.
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Then, the filtrate (0.5 mL) was reacted with 2.5 mL of the 10-fold diluted FC reagent and
2 mL of 7.5% sodium carbonate. The reacted mixture was heated at 45 °C for 15 min
and measured absorbance with a 765 nm wavelength. Gallic acid was used as a standard
for TPC quantification, and the TPC content was expressed on the basis of gallic acid
equivalent (GAE).

2.6. Determination of Ion Content

The potassium (K*), sodium (Na*), chloride (C17), and nitrate (NO3 ™) contents were
determined according to a procedure described by Tran et al. [7]. The dried leaf sample was
finely ground and soaked with 10 mL of deionized water at room temperature for 24 h. The
extract was filtered using a 0.45 um syringe filter and centrifuged at 18,000 x g for 20 min to
eliminate particles before determining ion concentration. The ion content was determined
using the Dionex ICS-3000 ion chromatography system (USA) with standard ion solutions.

2.7. Determination of Malondialdehyde and Hydrogen Peroxide Content, and Electrolyte Leakage

The malondialdehyde (MDA) content was determined according to a procedure as
described by Senthilkumar et al. [25], with minor modifications. The leaf sample (ca. 50 mg)
was homogenized with 5 mL of 0.1% trichloracetic acid (TCA) and centrifuged at 12,000 g
for 10 min. The supernatant was mixed with 0.5% thiobarbituric acid (prepared in a 20%
TCA solution) and reacted at 95 °C for 25 min. After cooling in an ice box, the reacted
mixture was measured for absorbance at 532 and 600 nm wavelengths. The MDA content
was determined with an extinction coefficient of 155 mmol L™! em™.

The hydrogen peroxide (H;O;) content was determined according to a method re-
ported by Alexieva et al. [26], with minor modifications. The leaf sample (ca. 50 mg) was
homogenized with 2 mL of 0.1% TCA on ice, and the extract was centrifuged at 12,000 g
for 15 min at 4 °C. A mixture of the supernatant (0.5 mL), 10 mM potassium phosphate
buffer (0.5 mL), and 1 M KI (1 mL) was reacted at room temperature in darkness for 1 h.
The reacted mixture was measured for absorbance at a 350 nm wavelength [27]. The H,O,
content was determined using a prepared standard curve.

The electrolyte leakage (EL) was determined according to the procedure described by
Sahin et al. [20]. The leaf discs were washed with deionized water and then incubated with
30 mL of deionized water for 24 h, at room temperature in darkness. After the incubation,
the sample was heated at 95 °C for 20 min in a water bath and cooled to room temperature.
The EL was calculated as the rate of electric conductivity of the bathing solution before and
after the heating.

2.8. Assays for the Enzymatic Activity of Catalase, Peroxidase, and Superoxide Dismutase

Crude leaf extracts were prepared according to a procedure described by Poli et al. [28],
with minor modifications. The frozen leaf samples (ca. 100 mg) were homogenized
with 2 mL of an extraction buffer (0.1 M sodium phosphate buffer (pH 7.5) containing
0.5 mM EDTA) on ice. The extract was centrifuged at 12,000x g for 15 min at 4 °C, and the
supernatant was used for assaying enzymatic activity.

The catalase (CAT) activity was estimated according to a procedure described by
Poli et al. [28]. A mixture of the crude extract (0.05 mL), 0.1 M sodium phosphate buffer
(pH 7.0) (1.5 mL), 30 mM H,0O; (0.5 mL) (prepared in 0.1 M sodium phosphate buffer), and
distilled water (0.95 mL) was prepared to react at room temperature, and absorbances at
240 nm were recorded during the reaction for 30 s. The CAT activity was expressed as the
absorbance decreases (units) per second per gram FW (units s! g™! FW).

The peroxidase (POD) activity was estimated according to a procedure described
by Poli et al. [28]. A mixture of the crude extract (0.1 mL), 60 mM sodium phosphate
buffer (pH 6.1) (1 mL), 16 mM guaiacol (0.5 mL), 2 mM H,O, (prepared in 60 mM sodium
phosphate buffer) (0.5 mL), and distilled water (0.9 mL) was prepared to react at room
temperature, and the mixture was recorded absorbances at 470 nm during the reaction for
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30 s. The POD activity was expressed as the absorbance increase (units) per second per
gram FW (units s™! g7! FW).

The superoxide dismutase (SOD) activity was estimated based on a procedure de-
scribed by Dhindsa et al. [29]. A mixture of the crude extract (0.1 mL), 100 mM sodium
phosphate buffer (pH 7.8) (2.3 mL), 200 mM methionine (0.2 mL), 3 mM EDTA (0.2 mL),
2.25 mM nitroblue tetrazolium (0.1 mL), and 60 uM riboflavin (0.1 mL) was mixed to
react under light at room temperature for 15 min. The reacted mixture was measured for
absorbance at 560 nm. The SOD activity was expressed as the number of units per gram
FW (units g~! FW). One SOD activity unit was defined as enzyme content inhibiting 50% of
the photochemical reduction of NBT.

2.9. Experimental Design and Statistical Analysis

Each treatment was repeated randomly with five pots (replicates) (1 = 10-15). The
data were represented as mean values and standard deviations with o« = 0.05. The statisti-
cally significant difference in parameters between the treatments was analyzed following
Duncan’s multiple range test with a p-value < 0.05. The statistical analyses were carried
out using R software.

3. Results
3.1. Growth Responses of L. sarmentosa to Salinity

The data showed that the plant’s biomass tended to gradually decrease with increasing
salt concentrations, except that it was enhanced by 50 mM NaCl (Figures 1 and 2). The FW
and DW of the 50 mM NaCl-treated plants were increased by 23.62% and 18.07% compared
to the control, respectively (Figure 2A,D). Meanwhile, the plant’s FW and DW significantly
decreased by 13.72-68.14% in FW and 6.39-54.85% in DW compared to the control when the
plants were treated with 100-400 mM NaCl (Figure 2A,D). Although the plant’s biomass
was seriously decreased by 400 mM NaCl, which was by 68.14% in FW and 54.58% in
DW compared to the control, the plants still formed new leaves and did not show any
appearance of death (Figure 1).

0 mM NacCl
50 mM NacCl
100 mM NacCl
200 mM NacCl
400 mM Nadl

Figure 1. Morphological appearance of L. sarmentosa plants at 14 days after the onset of the NaCl
treatments. Bar = 2 cm.

To understand whether there were different growth responses between L. sarmentosa
shoots and roots to salinity, their biomass was determined. The data showed that the
shoot’s biomass similar to the plant’s biomass, in which their FW and DW increased with
50 mM NaCl and significantly decreased with 100400 mM NaCl (Figure 2C,F). A similar
expression was also observed in the case of the root’s biomass, but significant decreases
in the root biomass only occurred with salinity above 100 mM NaCl (Figure 2B,E). These
results suggest that the roots had a higher salt adaptation than the shoots. Notably, the
400 mM NaCl-treated plants tended to reduce their fresh biomass to a greater level than
that of their dry biomass, where the shoot, root, and plant FW decreased respectively by
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Figure 2. Growth parameters of L. sarmentosa plants at 14 days after the onset of NaCl treatments.
(A—C) fresh weight; (D-F) dry weight. Error bars indicate standard deviations. Different letters
represented significant differences between the treatments with p-values < 0.05.

3.2. Photosynthetic Responses of L. sarmentosa to Salinity

In the present study, photosynthetic responses of the plant to salinity were examined
through changes in pigment content in the leaves, including chl a, chl b, chl (a + b), and
carotenoids. The data showed that the chl (a + b) content was 0.09-0.12 times higher in the
plants treated with 50-200 mM NaCl than that of the control, but it decreased in the 400 mM
NaCl-treated plants (Figure 3A). Among the two chls, the chl a content in the salt-treated
plants expressed a similar trend to the chl (2 + b) content, except for the higher levels of
increases in the plants treated with 100200 mM NaCl and a non-significant decrease in
the 400 mM NaCl-treated plants (Figure 3B), whereas the chl b content decreased with
increasing salt concentrations, except for a slight increase in the 50 mM NaCl-treated
plants (Figure 3C). Moreover, the carotenoid content significantly increased in the salt-
treated plants compared to the control, which gradually increased with increasing salt
concentrations ranging from 50 to 200 mM and lessened with 400 mM NaCl (Figure 3D).
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Different letters represented significant differences between the treatments with p-values < 0.05.

3.3. Reponses to Water Uptake and Osmotic Adjustment of L. sarmentosa to Salinity

The data showed that the 50 mM NaCl-treated plants unchanged their RWC compared
to the control, but the RWC tended to gradually decrease (4.9-7.0%) in the plants treated
with 100-400 mM NaCl (Figure 4A), suggesting that the plant’s water uptake was reduced
by the salt stress. Data also showed that the proline content in the salt-treated plants
gradually increased with increasing salt concentrations, by 2.25-12.26 times compared to
the control (Figure 4B).

0
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Figure 4. Relative water content, proline content, and total phenolic content of L. sarmentosa leaves
at 7 days after the onset of NaCl treatment. (A) Relative content of water; (B) proline; and (C) total
phenolics. Error bars indicate standard deviations. Different letters represented significant differences
between the treatments with p-values < 0.05.

3.4. Responses to lon Homeostasis of L. sarmentosa to Salinity

Our data showed that the ion content in the plants was varied by the salt treatments
(Figure 5). The C1~ content in the 50 mM NaCl-treated plants was decreased by 0.59 times
compared to the control. However, the C1™ content was gradually increased in the plants
under 100-400 mM NacCl, and their CI~ contents were 2.18-3.89 times compared to the
control (Figure 5A). Whereas, the NO3 ™ content in the salt-treated plants gradually de-
creased with increasing salt concentrations, ranging 0.49-0.18 times compared to the control
(Figure 5B). In addition, the NO3~ /Cl™ content ratio in the 50 mM NaCl-treated plants
increased by 0.2 times compared to the control, whereas the NO3 ™~ /CI™ ratios in the salt-
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stressed plants sharply reduced with the salt stress, ranging 0.19-0.06 times compared to
the control (Figure 5C).
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Figure 5. Ion content of L. sarmentosa leaves at 7 days after the onset of NaCl treatments. (A) C1~;
(B) NO3;~; (C) NO3;~ /Cl™ ratio; (D) Na*; (E) K*; and (F) K*/Na™ ratio. Error bars indicate stan-
dard deviations. Error bars indicate standard deviations. Different letters represented significant
differences between the treatments with p-values < 0.05.

Similar trends were observed for the Na* and K* accumulations (Figure 5). The
Na* content was significantly increased with increasing salt concentrations, ranging
5.23-14.54 times compared to the control (Figure 5D). Meanwhile, the K* content in the
salt-treated plants decreased with increasing salt concentrations, ranging 1.54-3.2 times
compared to the control (Figure 5E). Also, the K*/Na* content ratio was strongly decreased
by the salt treatments, ranging 8.11-16.19 times lower in the salt-treated plants than that in
the control (Figure 5F).

3.5. Responses of L. sarmentosa to Oxidative Stress and Antioxidative Activity to Salinity

Our data showed that the MDA content did not significantly change in the plants
treated with 50-200 mM NaCl compared to the control, but it increased 1.14 times in
the 400 mM NaCl-treated plants (Figure 6A). A similar trend was observed for the HyO,
content, which increased 1.34 times in the 400 mM NaCl-treated plants compared to that in
the control (Figure 6B). Moreover, the EL was also unchanged in the 50 mM NaCl-treated
plants compared to the control. The EL value gradually increased in the plants treated
with increasing salt concentrations, and it reached a maximum value with 400 mM NaCl,
ranging 1.88-3.41 times compared to the control (Figure 6C).
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Moreover, the TPC in the salt-treated plants was gradually increased with increasing
salt concentrations, ranging 1.23-1.68 times compared to that in the control (Figure 4C).
Also, the enzymatic activity of POD, SOD, and CAT was enhanced with increasing salt
concentrations (Figure 7). The SOD activity was 1.1-2.0 times higher in the salt-treated
plants than the control, although the increase was not significant at 100 mM NaCl levels
(Figure 7A). Meanwhile, the salt-treated plants obtained significant increases in POD and
CAT activity (1.24-2.50 times) and (1.70-2.62 times) compared to the control, respectively
(Figure 7B,C). The maximum values of enzymatic activities were observed for the 400 mM
NaCl treatment.

@
e
=)
S
o0

B .006

-

e

0.004 A

o
e

0.004 A ¢

0.002 4 ¢

POD activity (units s' g1 FW)
(@)
=
CAT activity (units s g1 FW)

0

NaCl treatments (mM)

50

T 0.000 - T T T T 0.000 - T T T T

100 200 400 0 50 100 200 400 0 50 100 200 400

NaCl treatments (mM) NaCl treatments (mM)

Figure 7. Enzymatic activities of antioxidant enzymes in L. sarmentosa leaves at 7 days after the onset
of NaCl treatment. (A) SOD; (B) POD; and (C) CAT. Error bars indicate standard deviations. Different
letters represented significant differences between the treatments with p-values < 0.05.

4. Discussion

It was reported that soil salinity seriously reduced the growth of salt-susceptible plants
and that they could not survive with salinity levels above 100 mM NaCl [30]. In our study,
the L. sarmentosa plant’s biomass was also reduced by the salt treatments, but the salt stress
only affected their biomass at high salinity levels above 100 mM NaCl (Figure 2). Moreover,
the plants also survived with 400 mM NaCl, although their growth was reduced (Figure 1),
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indicating that L. sarmentosa was a salt-tolerant species with a high adaptation to salinity.
Notably, the plant’s biomass was enhanced by 50 mM NaCl, which was also commonly
observed in halophyte species [31]. In addition, the result showed that the plant’s dry
biomass was under a less significant effect of the salt stress than the fresh biomass (Figure 2),
which was explained by a serious reduction in water uptake caused by the osmotic effect
of salt [10]. The plant’s salt tolerance capacity and growth response to salinity were similar
to those of many salt-tolerant plants, e.g., sugar beet (Beta bulgaris) [32], sweet alyssum
(Lobularia maritima) [33], lettuce (Lactuca sativa L.) [34], etc. We assumed that the plant
may become a potential crop for salt-affected areas that have soil salinity equivalent to
50-200 mM NaCl because a higher salt tolerance of the plant can be achieved at its later
growth stages [35]. The plant may also become a model plant to study the mechanisms of
salt tolerance in plants.

Salinity has effects on photosynthetic components, leading to changes in the photo-
synthesis activity of plants [35]. Chlorophylls and carotenoids are two main groups of
photosynthetic pigments with important roles in absorbing photon energy from sunlight,
which is later converted to chemical energy in the form of organic compounds. As a result,
changes in the content of these pigments may affect photosynthetic activity [4,6]. Our
results showed that the chl (2 + b) content in L. sarmentosa was enhanced by salinity up
to 200 mM NaCl while it was deceased at the higher level (Figure 3A). Previous studies
reported different responses to accumulating chlorophyll in plants under salt stress, which
is considered to depend on plant species, stages in the life cycle, and stress level [35]. Under
salt stress, a reduction in chlorophyll accumulation was observed for salt-susceptible plants,
such as wheat cultivars (Triticum spp.) [36], beans (Phaseolus vulgaris) [37], and peppers
(Capsicum annuum) [38]. Meanwhile, the accumulation was enhanced in salt-tolerant plants,
such as halophytes (Kalidium foliatum) [39] and water dropwort (Oenanthe javanica) [6]. Our
study also indicated the increased accumulation of total chlorophyll in the salt-stressed
plants (Figure 3A), suggesting that it may be a typical trait in salt-tolerant plants. Re-
markably, among the two tested chlorophylls, chl 2 mainly contributed to the increase
in chl (2 + b) content, whereas the contribution was not observed for chl b (Figure 3B,C).
It was suggested that the salt stress could increase the number of chloroplasts in cells
to improve energy production or to reduce ROS formation, which are required for salt
adaptation [35,39,40]. However, if plants are under serious salt stress, the chlorophyll
content may be reduced due to the increased activity of chlorophyllase, which promotes
chlorophyll degradation [39]. We suggested that a similar response might occur in the
plants stressed with 400 mM NaCl. Our results also showed that the carotenoid content
was significantly enhanced in the salt-stressed plants (Figure 3D). In addition to their role
as photon-absorbing pigments, carotenoids are also antioxidants that can protect chloro-
plasts from ROS-induced damage. Thus, the increased accumulation of carotenoids might
also contribute to the plant’s salt adaptation, suggesting an important role of carotenoids
that was also observed for many salt-tolerant plants [6,39,41]. The changes in pigments
suggested an adaptive mechanism of photosynthesis in L. sarmentosa to salinity.

RWLC is considered to be an indicator for the water status of plants [22]. The abundant
presence of salt in soils will reduce the water potential of soil solutions, leading to the inhi-
bition of water uptake that induces osmotic stress in plants [10]. In the present study, the
RWC in the salt-stressed plants decreased with increasing salt stress (Figure 4A), indicating
that the water uptake of L. sarmentosa was reduced by the salt stress. It was also suggested
that the plants were under salt-induced osmotic stress. To cope with osmotic stress, plants
trigger osmotic adjustment to maintain intercellular osmotic pressure that retains their
water uptake. The osmotic adjustment is achieved by accumulating compatible osmolytes
through de novo synthesis and/or by accumulating inorganic ions [2,7,8]. Among com-
patible osmolytes, glycine betaine, proline, polyamines, and soluble sugars are popularly
utilized by various plant species for osmotic adjustment under salt stress [2,8,32,38,41]. Our
results also showed an increasing accumulation of proline in L. sarmentosa shoots under
salt stress, particularly in cases of high salt stress. This result also indicated the osmotic
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adjustment in the plant for reducing the osmotic effects (Figure 4B). In addition, proline
might also contribute to osmoprotection as an antioxidant that reduces ROS formation
caused by the salt stress [41].

It was reported that the accumulation of ions, including Na*, K*, C1~, and NO3~
in plant cells is affected by salinity through changes in membrane transport [2,32]. High
salt concentrations in soils induce Na* and Cl~ uptake in plant cells through passive
transport by voltage-dependent/independent ion channels and/or cation transporters
in the plasma membrane [2,42]. Na* influx will interrupt K* uptake by competing for
cation transporters and by promoting K* efflux for electrochemical balance, reducing K*
accumulation and K*/Na* ratios that may cause K* deficiency in plants. This response
was observed for both salt-susceptible plants and salt-tolerant plants grown under salinity,
but the ion accumulation may be different depending on plant species [6,7,36,43,44]. In our
study, the Na* accumulation also increased in the salt-treated plants, while an opposite
trend was observed for the K* accumulation (Figure 5D,E). We suggested that the reduction
of K* accumulation might lead to nutrient deficiency that significantly inhibited the growth
of plants under stress at 200-400 mM NacCl (Figure 2). An increase in Na* accumulation
in the cytosol may contribute to osmotic adjustment, but the abundance will be toxic to
metabolisms [2]. To overcome this constraint, salt-tolerant plants have evolved mechanisms
to reduce the Na* accumulation, by which Na* is secreted out of cells and/or sequestrated
in vacuoles [2,8]. Thus, the high Na* accumulation in the salt-stressed plants indicated a
high tolerance to the ion’s detrimental effects at the cellular level. In addition, the K* /Na*
ratio also indicates the plant’s response to salinity. Reduction of K* /Na* ratios in leaves
under salinity was reported for many plants [7,8,43,44], and mechanisms that maintain the
K*/Na" ratio are considered to be important for salt tolerance. Our study also observed
decreases in the K* /Na™ ratio in the salt-treated plants (Figure 5F).

Excess of Cl™ in the cytosol is also detrimental to cells, although its effect level
and mechanisms are poorly understood [10]. An impact of Cl~ is the inhibition of ab-
sorbing NO3;~, by competition of CI™ for nonselective anion transporters that cause
NO;~deficiency [7,8,10]. Also, a decrease in NO3~ accumulation leads to a reduction
of the NO3;~ /Cl™ ratio in plants under salt stress [43]. In our study, a similar response
was observed in the salt-stressed plants, in which the C1™ uptake was increased and the
NO3z ™ accumulation was reduced (Figure 5C). It was reported that the C1~ exclusion from
shoots could be associated with the salt tolerance of salt-susceptible plants, but it does
not hold for salt-tolerant plants that are capable of accumulating C1~ ions at high levels
in shoots [10]. We assumed that L. sarmentosa may have a high adaptation to toxic effects
due to the CI™ accumulation. Moreover, the NO3;~ /Cl™ ratio in the salt-stressed plants
was also accompanied by a decrease in NO3; ™~ content (Figure 5C). Remarkably, there was a
reduction in C1~ accumulation and an increase in the NO3; ™ /Cl™ ratio in the plants under
50 mM NaCl (Figure 5A,C), the level at which the plant’s growth was enhanced (Figure 2).
This result suggested an involvement of Cl1~ in the growth promotion of L. sarmentosa.
In addition, the decrease in K* and NO3; ™~ uptake may be the key factors influencing the
plant’s growth under salt stress.

Accumulations of MDA, H,O,, and EL in plants are considered physiological parame-
ters indicating salt-induced oxidative stress [45]. Both osmotic and ionic stress caused by
salinity can impair photosynthetic and respiratory machinery, which leads to ROS forma-
tion in plants and, thus, oxidative stress [10]. At low accumulation, ROS acts as signaling
molecules involved in many biological processes, but excessive ROS accumulation has
several impacts on cellular structure and functions, such as lipid peroxidation in the cellular
membrane, ion homeostasis, photosynthesis, respiration, and impairment of enzymatic
activities [10,46]. HyO, is one of the major ROS produced in plants under salt stress. In our
study, the unchanged contents of HO, were observed in plants with stress by 50-200 mM
NaCl (Figure 6B), but a significant increase of HyO, occurred at the higher stress. This
result suggested that L. sarmentosa effectively managed ROS formation, which reduced
their effects on photosynthetic tissues. The MDA accumulation was also in a similar trend
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to that of H,O, (Figure 6A), suggesting that the membrane lipid peroxidation was only
induced by the 400 mM NaCl stress. It has been reported that salt-tolerant plants exhibit
less lipid peroxidation compared to salt-susceptible plants, which is attributed to protective
mechanisms or the high ROS scavenging capacity of salt-tolerant plants [6]. Nevertheless,
the EL value increased with increasing salinity levels above 100 mM (Figure 6C), indicat-
ing that membrane stability was affected by the salt stress. It was reported that the EL
increase is mainly related to K* efflux from plant cells, which is mediated by ROS-activated
outwardly rectifying K* channels [24,47]. The ion channel-mediated K* efflux can lead
to K* loss and thus limit the growth of plants. A similar mechanism may be available in
L. sarmentosa, which was supported by the H,O, accumulation and decreased K* content
(Figures 5E and 6B).

It is reported that enzymes such as POD, SOD, CAT, and phenolic metabolites are
involved in scavenging ROS formation induced by environmental stress in plants [8,10].
To scavenge ROS, increased accumulation of non-enzymatic antioxidants is an effective
strategy contributing to ROS homeostasis in plants under salinity. Among antioxidant
metabolites, phenolic compounds are reported to have high effectiveness in scavenging
ROS in salt-stressed plants because of the presence of double covalent links in phenolic
radicals [24,41,46,47]. Our results also showed high TPC accumulation in the salt-stressed
plants (Figure 4A), suggesting its involvement in ROS scavenging in the adaptive response
to oxidative stress. In addition, the accumulation of these metabolites might also contribute
to the salt-induced osmotic adjustment of the plant. The Mehler in the PSI of chloroplast
and the reduction of the ubiquinone pool during salt stress allow energy-high electrons to
transfer to O,, resulting in the superoxide anion (O°*~). The enzyme SOD catalyzes O,*~
to HyO,, while CAT and POD are required for the conversion of H,O, into O, [10]. In our
study, the enzymatic activity of SOD, CAT, and POD was enhanced by salt (Figure 7), indi-
cating that these enzymes might be involved in reducing ROS formation due to their high
antioxidative activity. High enhancement of these non-enzyme and enzyme antioxidant
systems was reported to increase salt stress tolerance in many salt-tolerant plants, such as
Aegilops cylindrica [24], Portulaca spp. [41], and Lobularia maritima [33].

5. Conclusions

For the first time, the growth, physiological, and biochemical responses of L. sarmentosa
to salinity were elucidated. The findings indicated that L. sarmentosa was a salt-tolerant
plant that could survive salinity levels up to 400 mM NaCl, and its growth was even
promoted by mild salinity (50 mM NaCl). Plant growth gradually decreased with increasing
salt concentrations above 100 mM NaCl. The shoots and roots showed similar growth
patterns, but their dry and fresh biomass was different in response to salinity. The plant had
typical physiological and biochemical responses that could indicate the plant’s tolerance
to salt stress. In summary, the synthesis of chl a and carotenoids in leaves was enhanced
for maintaining photosynthetic activity under salinity. The plant’s water uptake slightly
decreased with the salt stress, which might be due to the osmotic adjustment caused by
proline accumulation. The salt stress changed the ion accumulation, in which the Na* and
Cl™ contents increased but the K™ and NO; ™~ contents decreased, leading to the reduction
of the K*/Na* and NO3; ™~ /Cl™ ratios. These changes suggested that the plant had a high
capacity for adaptation to ion stress and ion homeostasis. Moreover, the salt stress might
also impact membrane stability through lipid peroxidation and electrolyte leakage caused
by salt-induced ROS accumulation. To cope with this constraint, the ROS-scavenging
systems, phenolic metabolites, and antioxidant enzymes such as POD, CAT, and SOD
were enhanced.
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