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ABSTRACT

Grangea maderaspatana is a valuable medicinal plant growing in salt-affected areas, but its tolerance capability, physiological
and biochemical responses to salinity is still unclear. To understand these traits, this study examined effects of salinity
at different levels (50-400 mM NaCl) on plant growth and its responses. The results shown that the plant’s dry biomass
decreased with increasing salinity levels of 100-400 mM NaCl, but its growth was maintained at 400 mM NaCl level with a
dry biomass equal to 0.45 times that of the control, indicating that G. maderaspatana had a tolerance ability to high salinity.
The plant also had adaptive responses to the salinity. The content of leaf chlorophylls and carotenoids were retained,
even enhanced by 50-200 mM NaCl, suggesting a high adaptation of photosynthesis. Proline, Na*, and Cl-was highly
accumulated while the accumulation of K* and NO; was maintained with 200-400 mM NaCl, indicating that the plant
had adaptive mechanisms for osmotic adjustment and ion homeostasis. Antioxidative activities of catalase, superoxide
dismutase, and peroxidase were enhanced by the salinity. These findings are useful information for understanding salt
tolerance mechanisms and for utilization of this medicinal plant in saline agriculture.
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years due to climate changes and anthropogenic activities
(Hopmans et al. 2021). This will be a threat to sustainable
agriculture production and food security in the world. Thus,

Introduction

Soil salinization, mainly caused by predominant

accumulation of NaCl, is becoming a serious environmental
problem affecting global agricultural production as it causes
serious reduction in the yield and productivity of most
crops (Garcia-Caparros et al. 2023). According to a recent
estimation, salt-affected land accounts for approximately 1
billion hectares (about 7%) of the earth’s land surface, and
the area of salt-affected soil is predicted to increase over

both salt tolerance improvement of crops and developing
salt-tolerant plants as alternative crops are considered to
effective solutions for sustainable agriculture production
in saline areas (also referred as saline agriculture) (Panta
et al. 2014). For developing tolerant crops, it is necessary
to understand how plants are affected by salinity and their
tolerance mechanisms (Zhao et al. 2020).
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Salinity inhibits growth, physiological and biochemical
processes of plants by imposing two major detrimental
effects (Safdar et al. 2019). First, an abundant amount of
salt in the environment will lower the extracellular water
potential, leading to an osmotic stress that reduces water
uptake of plants. As a result, plants fall into the status of
physiological drought that interrupts physiological processes
such as transpiration, water uptake, photosynthesis (Sudhir
& Murthy 2004; Hnili¢kova et al. 2019). The second effect is
ionic stress caused by the intrusion of Na* and Cl”through
cell membrane channels/transporters (Shabala & Mackay
2011; Flowers et al. 2015). These ions will compete with
other microelement ions such as K* and NOj, leading
to the nutrient deficiency and loss of ion homeostasis
(Kumar et al. 2021; Alharbi et al. 2022). In addition, the
excessive salt accumulation in cytosol is detrimental to
cellular metabolisms, which is attributed to its inhibitory
effects on catalytic activity of enzymes (Zhao et al. 2020).
When physiological functions such as photosynthesis and
respiration are disturbed by the salt-induced stresses,
reactive oxygen species (ROS) is overproduced, and the ROS
accumulation at a certain level will induce cellular oxidative
stress (Taibi et al. 2016; Kiani et al. 2021). It is reported
that salt-tolerant plants possess various sophisticated
mechanisms at both tissue and cellular level to deal with
salt stress (Liang et al. 2018; Van Zelm et al. 2020). The cells
can trigger osmotic adjustment by osmolyte accumulation
for resisting the osmotic stress, while salt sequestration
into vacuoles or exclusion from the cells are also utilized to
maintain ion homeostasis and avoid ionic stress (Shabala
& Mackay 2011). Enhancing non-enzymatic and enzymatic
antioxidant activity are also effective strategies to reduce
the ROS accumulation (Zhao et al. 2020). In tissue level,
salt is sequestrated into non-photosynthetic tissues or
senescent organs to eliminate the stress on other parts
of plants (Munns et al. 2016). Despite great advances in
understanding salt tolerance mechanisms of salt-tolerant
plants, itis a complex process and varies from plant species
to species.

It is suggested that salt-tolerant medicinal plants have
a high potential to become effectively alternative crops for
the development of saline agriculture due to their values
(Banerjee & Roychoudhury 2017). Grangea maderaspatana
(syn. Artemisia maderaspatana), belongs to the Asteraceae
family, is a hairy, branched, bud-woolly and annual
herbaceous species with a heigh of up to 70 cm. Its leaves
are alternate, stalkless, and in a tooth-lobed shape; the
flower heads are small (6-10 mm) in diameter, with yellow
florets (Galani 2015). This species is widely distributed
in Africa and Asia’s tropical and subtropical regions
(Chaudhary et al. 2023). The whole plant is commonly
utilized as a valuable medicinal herb in traditional medicines
for treating diarrhea, antipyretic, headache, paralysis,
dyspepsia, hysteria, rheumatics, obstructed menses, snake
bikes, and especially earache and eyesore (Dodiya & Jain
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2017). The therapeutic values are also established through
phytochemical and pharmacological studies. It is reported
that the plant extracts exhibited analgesic (Ahmed et al.
2001), antiphlogistic and antiarthritic (Rachchh & Galani
2015), cytotoxic (Ruangrungsi et al. 1989), antioxidant
and antimicrobial (Singh et al. 2013), and oestrogenic
(Jain et al. 1993) activities. The phytochemical screenings
also identified a variety of bioactive compounds such
as flavonoids, diterpenes, sesquiterpenes, steroids, and
essential oils, and their pharmacological activities was
documented in a recent review (Aruna & Kumar 2020). In
addition, this plantis used as an edible vegetable and spice in
raw or cooked preparations (Burkill 1995). Despite its great
medicinal values and usages, G. maderaspatana has not yet
been cultivated on a large scale for economic and commercial
purposes. Besides, it is proposed that the plant have high
adaptability to salinity due to its natural distribution on
coastal sandy and wet lands (Galani 2015), but its capability
and salt tolerance mechanisms are still unclear. We proposed
that G. maderaspatana may become a potential crop and
a useful genetic resource for the development of saline
agriculture if its salinity adaptation is elucidated.

Thus, the present study aimed to elucidate the salt
tolerance capacity of G. maderaspatana and its responses
in terms of photosynthesis, osmotic adjustment, ion
homeostasis, water uptake, and antioxidant activity, to
the salt-induced stresses. The findings would be useful
to understand salinity adaptation mechanisms of G.
maderaspatana in particular and of plants in general. For
these purposes, the young plants were exposed to different
salinity levels (50, 100, 200, and 400 mM NacCl), and the
related growth, physiological and biochemical parameters
were analyzed.

Materials and Methods

Plant material and culture conditions

G. maderaspatana seeds were collected from the
plants growing on coastal sandy areas (N15°56’08.9”,
E108°1840.2”) in Quang Nam province (Vietnam) in the
summer of 2021. The young plants were prepared by culture
method as described by Tran and Pham (2023). In brief, the
seed was surface-sterilized and sown in a tray filled with
a mixture of coco peat, vermiculite, and perlite by a 2:1:1
volume ratio. The two-week-old seedlings were transplanted
into a 0.5 L pot contained the same mixture. The pots were
placed in a growth chamber (CMP6010-Conviron, Canada)
with following growing condition: photoperiod/temperature
regime of 14 hlight at 28 °C and 10 h dark at 25 °C; relative
humidity of 75 %; and light intensity of 10,000 lux. The half-
strength Hoagland nutrient solution (No. 2) was used for the
seedling irrigation for 4 weeks prior to the salt treatments.
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Salt treatment

For the salt treatments, the six-week-old seedlings in
uniform sizes were irrigated with the nutrient solutions
containing 50, 100, 200, and 400 mM NaCl. The irrigation
was carried out according to a procedure as described by
Sahin et al. (2018), by which the plants were treated with
increasing salt concentrations to avoid osmotic shocks.
In brief, the plants were irrigated with the salt solutions
of increasing concentrations before the treatment
of designated level. The plants were under the saline
conditions for totally 14 days after the onset of 50 mM
NaCl treatment. The irrigation was repeated every day
during the period of salt treatment. In order to maintain
soil salinity, the salt solutions were applied continuously
to the pot until the out-flow from the bottom reached a
minimum amount equal to the pot’s volume. In addition
to the salt treatments, the plants were also irrigated with
the nutrient solution without NaCl for the control. For
the study’s purpose, the growth parameters of the plant
were measured on day 14 of the treatment; meanwhile,
the physiological and biochemical parameters of young
leaves were determined on the day 7.

Growth measurement

The whole plant, aerial parts (assigned as shoots), and
roots were determined the fresh weight (FW) after removed
from the treatments. Then, the samples were dried at 70 °C
for 48 h in a drying oven prior to the dry weight (DW)
measurement (Sahin et al. 2018). Length of the shoots and
roots was also measured using a metric ruler.

Determination of photosynthetic pigment content

The content of chlorophyll a (chl a), chlorophyll b (chl
b), and carotenoids were determined according to the
method established by Wellburn (1994). In brief, the leaf
samples (ca. 100 mg) were homogenized in 80 % acetone.
The homogeneous mixture was centrifuged at 5,000x g for
10 min. The supernatant’s absorbance at 645, 663, and 470
nm was measured using a spectrometer (Jasco V730 UV-VIS)
to determine the content of chl a, chl b, and carotenoids.

Determination of relative water content, proline and
total phenolic contents

The relative water content (RWC) was determined
according to the method established by Gonzalez and
Gonzalez-Vilar (2001). In brief, after measured the EW,
the leaf discs were floated on deionized water for 4 h at
cool temperature before measuring the turgid weight (TW).
Then, the DW was measured after drying for 48 h at 70 °C.
The FW, TW, and DW were used for the RWC calculation.

©

The content of proline was determined according to a
method as described by Bates et al. (1973). In brief, the
leaf sample (ca. 50 mg) was homogenized in 10 mL of 3%
sulfosalicylic acid, then centrifuged at 12,000x g at 4 °C, for
15 min. A mixture of each 2 mL of supernatant, ninhydrin
acid, and acetic acid was mixed to react at 95-100 °C for
60 min. Then, the reacted mixture was mixed with 4 mL of
toluene, and the solvent fraction’s absorbance at 520 nm
was measured. The content was calculated using a standard
curve of concentrated proline solutions.

The total phenolic content (TPC) was determined by the
Folin-Ciocalteu method as described by Kiani et al. (2021),
with minor modifications. In brief,the dried leaf sample (ca.
100 mg) was homogenized in 10 mL of 80 % methanol, and
then incubated in an orbital-shaking incubator (150 rpm)
at 25 °C for 24 h. A mixture of 0.5 mL of the extract, 2.5
mL of 10-fold-diluted Folin-Ciocalteu reagent, and 2 mL
of 7.5 % sodium carbonate was mixed to react at 45 °C for
15 min, and the reacted mixture’s absorbance at 765 nm
was measured. Gallic acid was used as a standard for the
TPC quantification.

Determination of malondialdehyde and hydrogen
peroxide content, and electrolyte leakage

The content of malondialdehyde (MDA) was determined
according to a method as described by Senthilkumar et al.
(2021), with some minor modifications. In brief, the leaf
sample (ca. 50 mg) was homogenized with 2 mL of 0.1 %
trichloracetic acid (TCA) and centrifuged at 12,000x g for
10 min. A mixture of 1 mL of the supernatant and 4 mL of
0.5 % thiobarbituric acid was mixed to react at 95 °C for 25
min, and the reacted mixture’s absorbance at 532 and 600
nm was measured. The MDA content was determined with
an extinction coefficient of 155 mmol L ! cm™.

The content of hydrogen peroxide (H,0,) was determined
as described by Alexieva et al. (2001), with some minor
modifications. In brief, the leaf sample (ca. 50 mg) were
homogenized in 2 mL of 0.1 % TCA on ice and centrifuged
at 12,000x g, 4 °C for 15 min. A mixture of 0.5 mL of the
supernatant, 0.5 mL of 10 mM potassium phosphate buffer,
and 1 mL of 1 M KI was mixed to react for 1 h in darkness
at room temperature, and the maximum absorbance at 350
nm was measured (Junglee et al. 2014). The content was
calculated using a standard curve of concentrated H,0,
solutions.

The electrolyte leakage (EL) was measured according to
the procedure as described by Sahin et al. (2018). In brief,
ten leaf discs (ca. 10 mm in diameter) were detached from
three plants in a pot and washed with deionized water. Then,
the sample was incubated with 30 mL of freshly deionized
water in darkness for 24 h at room temperature. After the
incubation, the sample was heated to 95 °C for 20 min, and
then cooled down to room temperature to determine EL.
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Determination of ion content

The content of cations (Na*, K*) and anions (Cl-, NO5")
were determined using the ion chromatography as reported
by Tran et al. (2020). The dried leaf sample (ca. 50 mg) was
finely ground and soaked in 10 mL of deionized water for
24 h at room temperature. The extract was filtered using
a 0.45-pum syringe filter, and centrifuged at 18,000x g
for 20 min to eliminate particles. The supernatant’s ion
concentration was determined using Dionex ICS-3000
ion chromatography system (USA). The ion concentration
was calculated using a standard curve of concentrated ion
solutions.

Assays for enzymatic activity of catalase (CAT),
peroxidase (POD), and superoxide dismutase (SOD)

The crude leaf extracts were prepared according to a
procedure as reported by Poli et al. (2018), with minor
modifications. The frozen leaf sample (ca. 50 mg) was
homogenized with 2 mL of an extraction buffer including
0.1 M sodium phosphate buffer (pH 7.5) added with
0.5 mM EDTA. The extract was centrifuged at 12,000x g
for 15 min at 4°C. The supernatant was used for assaying
enzymatic activity.

The CAT activity was measured according to a procedure
as reported by Poli et al. (2018). A mixture of the extract
(0.05 mL), 0.1 M sodium phosphate buffer (pH 7.0)
(1.5 mL), 30 mM H,0, (0.5 mL), and distilled water (0.95
mL) was mixed to react at room temperature. Decrease of
the reacting mixture’s absorbance at 240 nm within 30 s
was recorded. The CAT activity was expressed on the basic
of the absorbance decrease (units) per time and sample
weight (units s* g* FW).

The POD activity was assayed according to a method as
described by Castillo et al. (1984). A mixture of the extract
(0.1 mL), 60 mM sodium phosphate buffer (pH 6.1) (1 mL),
16 mM guaiacol (0.5 m L), 2 mM H,0, (0.5 mL), and distilled
water (0.9 mL) was mixed to react at room temperature.
Increase of the reacting mixture’s absorbance at 470 nm
within 30 s was recorded. The POD activity was expressed
on the basic of the absorbance increase (units) per time
and sample weight (units s g* FW).

The SOD activity was assayed using a procedure as
described by Dhindsa et al. (1981). A mixture of the 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 (NBT) (0.1 mL), and 60
uM riboflavin (0.1 mL) was mixed to react under the light
condition for 15 min at room temperature. The reacted
mixture’s absorbance at 560 nm was measured. One SOD
activity unit was defined as enzyme content inhibiting 50 %
the photochemical reduction of NBT. The SOD activity was
expressed in units g* FW.
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Experimental design and statistical analysis

Each the treatment was repeated randomly with five
pots (replicates). Data was expressed as means and standard
deviations (a = 0.05). The statistically significant difference
between the treatments was determined according to
Duncan’s multiple range test with p-value < 0.05. The
statistical analyses were conducted using the R software
(Rstudio Cloud version).

Results and Discussion

Effects of salinity on the growth characteristics

The data shown that the salt treatments had effects
on the growth of G. maderaspatana. The plant tended to
reduce its growth with increasing salinity levels, but it still
grown with new young leaves and exhibited no signs of
the death (Fig. 1). Both the FW and DW of the salt-treated
plants gradually decreased with increasing salinity levels,
excepting for the 50 mM NaCl-treated plants that their
FW and DW increased by 1.20 and 1.19 times compared to
the control, respectively (Fig. 2A, 2B). The plant’s biomass
started to be reduced by 100 mM NaCl, which their FW
and DW decreased by 0.82 and 0.81 times compared to the
control, respectively. A maximum reduction of biomass
was observed in the 400 mM NaCl-treated plants that
their FW and DW were 0.34 and 0.45 times compared
to the control, respectively (Fig. 2A, 2B). It was reported
that salinity seriously inhibits growth of salt-sensitive
plants, even threatens their survival when soil salinity
level is greater than 100 mM (Khan et al. 2022). Our study
showed that G. maderaspatana could survive although
its growth was significantly reduced by 400 mM NacCl.
This trait indicated that the plant had an adaptability to
high salinity, and it could be classified as a salt-tolerant
plant (Khan et al. 2022). Similar adaptability was also
reported for salt-tolerant plants such as Amaranthus tricolor
(Kronzucker et al. 2013), Portulaca sp. (Borsai et al. 2020),
and Beta burgaris (Yamada et al. 2016). Remarkably, G.
maderaspatana significantly increased its biomass with
50 mM NaCl (Fig. 2A, 2B). This result suggested that
salt promoted the plant’s growth, which is usually found
in halophytes (Flowers et al. 2015). With its salinity
adaptability, G. maderaspatana would be a great potential
to become a medicinal crop in saline agriculture. It is
hypothesized that salt tolerance capacity of plants varies
depending on its stage of life cycle (Van Zelm et al. 2020),
and the salt stress may reduce their medicinal quality
(Banerjee & Roychoudhury 2017). Thus, it is necessary
to clarify these hypotheses for G. maderaspatana because
of its application.
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Figure 1. Effect of salinity on appearance of G. maderaspatana at 14 days after the onset of NaCl treatments. Bar = 2 cm.

Different parts of plants may have different responses in
growth to salinity (Munns et al. 2016). To examine whether
there was any difference in salinity tolerance between G.
maderaspatana shoots and roots, changes in their biomass
and length were also examined. The data showed that both
the shoots and roots had similar trends in their biomass
reduction (Fig. 2C-F). Under the 50 mM NaC(l treatment,
the shoot’s FW and DW increased by 1.19 times compared to
the control, but decreased by 0.82-0.35 times and 0.82-0.45
times with the higher salinity levels, respectively (Fig. 2C,
2D). Also, the root’s FW and DW increased by 1.17-1.20
times under the 50 mM NaCl treatment compared to the
control, and decreased by 0.81-0.30 times and 0.84-0.52
times with the higher salinity levels, respectively (Fig. 2E,
2F). However, under the 400 mM NaCl condition, both the
root’s DW and shoot’s DW decreased by 0.45-0.52 times,
but their FW reduced only 0.30-0.35 times compared to
the control (Fig. 2C-F). This result indicated that the plant’s
dry matter was less affected by this salinity level than their
fresh biomass. The plant might reduce water uptake and
suffer an osmotic stress (Safdar et al. 2019). Moreover, our
data also shown that the shoot’s length and root’s length

©

decreased in similar pattern to their biomass, except for
the roots under the 50 mM NaCl condition (Fig. 2G, 2H).
Under this saline condition, the root’s biomass increased
(Fig. 2E, 2F), but its length remained unchanged (Fig. 2H).
It could be explained by an increase in number of the roots
(Fig. 1) although it was difficult to exactly measure this
parameter due to the hairy roots.

Effects of salinity on photosynthetic pigments

The data shown that the salinity had effects on the
contents of chlorophylls and carotenoids (Fig. 3). The chl
(a+b) content increased in the plants under the 50-200
mM NaCl treatments, by 1.10-1.11 times compared to the
control; meanwhile, it was unchanged in the plants treated
with 400 mM NaCl (Fig. 3C). A similar pattern was observed
for the chl a content with higher increases (1.01-1.16 times)
(Fig. 3A). In contrast, the chl b content slightly reduced in
the salt-treated plants, by 0.91-0.98 times compared to
the control (Fig. 3B). On the other hand, the carotenoid
content in the salt-treated plants increased by 1.10-1.18
times compared to the control (Fig. 3D).
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Figure 2. Effect of salinity on growth parameters of G. maderaspatana at 14 days after the onset of NaCl treatments. The plant fresh
weight (A), plant dry weight (B), shoot fresh weight (C), shoot dry weight (D), root fresh weight (E), root dry weight (F), shoot length

(G), and root length (H). Error bars indicate standard deviations.

Chlorophylls and carotenoids play vital roles in absorb-
ing and converting solar energy into chemical energy in
plant photosynthesis. As a result, any changes in their
accumulation may affect photosynthetic activity of plants
(Gongetal. 2018). It was reported that salinity can change
the accumulation of photosynthetic pigments, depending
on plant species and stress level (Sudhir & Murthy 2004;
Hnilickova et al. 2021). Our study shown that the salinity
also had effects on the accumulation of total chlorophylls
and carotenoids in G. maderaspatana (Fig. 3). The contents
of these pigments were significantly increased in the plants
treated with 50-200 mM Nac(Cl, and it was maintained
with 400 mM NaCl (Fig. 3C, 3D). Many previous studies
reported reduction in chlorophyll content of salt-sensitive
plants under salt stress, such as Triticum aestivum (Saddiq
etal. 2021), Phaseolus vulgaris (Taibi et al. 2016), Capsicum
annuum (Taffouo et al. 2017). However, increased accu-
mulation was found in salt-tolerant plants, such as Beta
vulgaris (Jamil et al. 2007), Kalidium foliatum (Gong et al.
2018), and Oenanthe javanica (Kumar et al. 2021). It was
suggested that the increase of chlorophylls could be due
to an increased number of photosystems in cells (Rabhi
et al. 2012), and the chlorophyll accumulation is required
to enhance energy production for salt tolerance although
the mechanism is poorly understood (Gong et al. 2018;
Van Zelm et al. 2020). These suggestions might also sup-
port for G. maderaspatana. Among the two assayed chloro-
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phylls, chl a showed main contribution to total chlorophyll
accumulation (Fig. 3A, 3B), suggesting that chl a had an
important role in the plant’s salt tolerance which could
be explained by its prominent presence in photosystems
(Gonget al. 2018). In addition to being a photon-absorbing
pigments, carotenoids are antioxidants that can protect
photosynthetic machinery from ROS (Sudhir & Murthy
2004). Due to these roles, increased accumulation of carot-
enoids was found in salt-tolerant plants under salt stress
(Rabhi et al. 2012; Kumar et al. 2021). It might be due to
its similar roles, G. maderaspatana increased accumulation
of carotenoids under the salt stress (Fig. 3D). Remarkably,
although it did not increase, the plant still maintained the
accumulation of both pigment types under the 400 mM
NaCl condition (Fig. 3C, 3D), an adaptive characteristic of
many halophytes (Flowers & Colmer 2008). Together, the
pigment accumulation suggested that G. maderaspatana
might evolve photosynthetic mechanisms adapting to high
salinity. Thus, further studies are necessary to examine
photosynthetic activity and related factors under the salt
stress for understanding the adaptive mechanisms.

Effects of salinity on water status and osmotic
adjustment

Leaf RWC is considered as an indicator that reflects
water status of plants under salinity (Kotagiri & Kolluru
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Figure 3. Effect of salinity on photosynthetic pigment contents
of Grangea maderaspatana. The content of chl a (A), chl b (B),
chl (a+b) (C), and carotenoids (D) at 7 days after the onset of
NaCl treatments. Error bars indicate standard deviations.

2017). Our data shown that the plant treated with 50 mM
NaCl did not change its RWC compared to the control, but
it gradually decreased 9.28-16.02% with increasing salinity
levels of 100-400 mM NacCl (Fig. 4A), indicating that the
plant’s water content was reduced by the salt stress. It could
be explained that abundant accumulation of 100-400 mM
NaCl in the soil decreased the soil water potential to the
level that interfered the plant’s water uptake. The plant
might suffer osmotic stress under these saline conditions
(Zhao et al. 2020). Notably, although the plant’s water
uptake decreased, the reduction was only 9.28-16.02%
(Fig. 4A), suggesting adaptive mechanisms that maintain
its water uptake.

It is found that plants have mechanisms of adjusting
osmotic pressure in cells, which increases cell’'s water
potential to retain water uptake. In salt-tolerant plants, the
osmotic adjustment is achieved by enhanced accumulations
of both compatible solutes and salt ions (Shabala &
Shabala 2011; Munns et al. 2020). Glycine betaine, proline,
polyamines, and soluble sugars are compatible osmolytes
that are popularly utilized by various plants for the osmotic
adjustment under salt stress (Flowers et al. 2015; Munns
et al. 2020). In our study, the proline content in the salt-
treated plants was significantly increased with increase
of salinity levels, by 3.18-33.00 times compared to the

Figure 4. Effect of salinity on content of relative water (A) and
proline (B) of G. maderaspatana at 7 days after the onset of NaCl
treatments. Error bars indicate standard deviations.

control (Fig. 4B). This result suggested that G. maderaspatana
triggered an osmotic adjustment, and proline was involved
in this response. Proline was highly accumulated in the
plants under the 400 mM NaCl condition. In addition to
being an osmolyte, it was suggested that proline could
also play a role as an osmoprotectant under the salt stress
(Adolf et al. 2013).

Effects of salinity on ion accumulation

Accumulation of ions Na*, K*, CI", and NO;™ in plant
cells was found to be affected by salinity (Shabala &
Shabala 2011; Flowers et al. 2015). Our data also indicated
effects of salinity on the accumulation of these ions in G.
maderaspatana (Fig. 5A-F). The Cl” content in the salt-
treated plants gradually increased with increasing salinity
levels, by 4.10-7.50 times compared to the control (Fig. 5A).
Meanwhile, the NO;™ content also increased by 2.65-2.80
times in the plants treated with 50-100 mM NaCl, but it
was significantly unchanged with the higher salinity levels
(Fig. 5B). Consequently, the NO;7/Cl" content ratio in the
salt-treated plants gradually decreased with increasing
salinity levels, by 0.12-0.61 times compared to the control
(Fig. 5C). The Na* content in the salt-treated plants increased
in a similar pattern to the Cl-, by 2.42-4.79 times compared
to the control (Fig. 5D). Meanwhile, the K* content shown
a similar trend to the NO;™. The K* content increased by
2.23-2.76 times in the plants treated with 50-100 mM
NacCl, but unchanged with 200-400 mM NaCl (Fig. 5E). As
aresult, the K*/Na* content ratio in the salt-treated plants
decreased by 0.19-0.64 times compared to the control,
except for an increase by 50 mM NaCl (Fig. 5F).

It is found that Na* and Cl" passively pass through
ion channels or transporters in plasma membrane if they
present with a certain amount in soils, leading to their
accumulation in plant cells (Shabala & Mackay 2011; Flowers
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Figure 5. Effect of salinity on ion accumulation of G. maderaspatana. The content of Cl-(A), NO3~(B), NO37/Cl" ratio (C), Na* (D), K*
(E), and K*/Na‘*ratio (F) at 7 days after the onset of NaCl treatments. Error bars indicate standard deviations.

et al. 2015). The enhanced accumulation of these ions was
observed for salt-tolerant plants grown under salinity (Amiri
etal. 2010; Ashrafi et al. 2018; Hnilickova et al. 2021). Our
study indicated that G. maderaspatana also increased the
Na* and CI"accumulations with increasing salinity levels
(Fig. 5A, 5D). This result suggested that the plant might
suffer the ionic stress and operate adaptive mechanisms
at cellular level to withstand the effects of ions. It was
explained that salt-tolerant plants have a tolerance to certain
level of the salt accumulation in the cytosol. If the cytosolic
accumulation is excessive, the salt will be sequestered into
the vacuoles to avoid its effects and contribute to the osmotic
adjustment (Flowers et al. 2015). Similar mechanisms might
be involved in the salt tolerance of G. maderaspatana, and
it is needed to elucidate by further studies.

It is reported that the salt accumulation can interfere
the absorption of K*and NO; by plants due to their
antagonistic competition for membrane channels/
transporters. The K* and NO;™ effluxes are also induced
to balance membrane potential. These events lead to
the decrease of K* and NO;™in plants (Amiri et al. 2010;
Shabala & Mackay 2011). However, our study indicated
that the K* and NO;™ accumulations of G. maderaspatana
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were not decreased by the salinity, even significantly
increased with 50-100 mM NaCl (Fig. 5B, 5E). Similarly,
the retention of K* and NO;~ accumulation was observed
for salt-tolerant plants, such as Chenopodium quinoa (Adolf
et al. 2013) and Beta vulgaris (Kaburagi et al. 2014). The
enhanced accumulations even occurred in halophytes,
such as Salicornia bigelovii (Yamada et al. 2016) and
Mesembryanthemum crystallinum (Tran et al. 2020). Due
to important roles of K* and NO;™in growth of plants,
their retention of accumulation might be an important
response required for salt tolerance of G. maderaspatana.
We propose that further studies are needed to clarify how
these plants act to eliminate the antagonistic competition
and membrane potential imbalance under salt stress.
Plants need to maintain an optimal ratio of the an-
tagonistic ions for its growth under salt stress (Adolf et
al. 2013). Previous studies reported that the K*/Na* and
NO37/Cl ratios were reduced in salt-tolerant plants grown
under salt stress (Amiri et al. 2010; Hnili¢kova et al. 2019;
Kumar et al. 2021). Also, our study indicated that G. mader-
aspatana decreased its K*/Na*and NO,;7/Cl ratios (Fig. 5C,
5F). These changes suggested that the plant might have ion
homeostasis mechanisms for its salt tolerance.
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Effects of salinity on oxidative stress and antioxidant
activity

The data shown that the MDA content in the salt-treated
plants was gradually increased with increasing salinity
levels, by 1.13-1.30 times compared to the control (Fig. 6A).
Similarly, the H,0, content increased to 1.08-1.13 times
with 100-400 mM NacCl, but unchanged with 50 mM NaCl
(Fig. 6B). On the other hand, the plants gradually increased
its EL with increasing salinity levels, by 1.65-4.91 times
compared to the control (Fig. 6C).

The MDA, H,0,, and EL accumulation are considered
as useful indicators to identify salt-induced oxidative
stress and examine its effect on membrane integrity in
plants under salt stress (Sarker & Oba 2020). In this
study, the salt stress increased the H,0, accumulation
in G. maderaspatana (Fig. 6B), suggesting that the plant
might suffer the oxidative stress. It was reported that
salt-tolerant plants are still exposed to oxidative stress
despite they have a high ability to control salt-induced
ROS formation (Zhao et al. 2020). H,0O, acts as a signaling
molecule in plant cells, but its excessive accumulation can
injure membrane structures through lipid peroxidation
(Zhao et al. 2020; Alharbi et al. 2022). Here, the increased
accumulations of MDA were found in the salt-stressed
plants (Fig. 6A), indicating that the H,0, accumulation also
induced membrane injuries in the plant. Notably, the MDA
content was also increased in the plants that positively
grown with 50 mM NacCl (Fig. 6A), suggesting the lipid
peroxidation might not affect the growth of the plant
under this saline condition. Previous reports suggested
that salt-tolerant plants exhibit less lipid peroxidation than
salt-sensitive plants due to their high membrane stability
and ROS scavenging capacity (Kumar et al. 2021). However,
G. maderaspatana increased its EL with increasing salinity
levels (Fig. 6C), indicating that the plant’s membrane
integrity was reduced by the salinity (Demidchik et al.
2014; Kiani et al. 2021).

Maintaining an optimal level of ROS accumulation
is required for salt tolerance in salt-tolerant plants, and
it can be achieved by non enzymatic and/or enzymatic
antioxidant systems (Zhao et al. 2020). Our data indicated
that the enzymatic activities of POD, SOD, and CAT were
increased different levels by the salinity (Fig. 7A-C). The
SOD activity in the salt-treated plants was unchanged by 50
mM NaCl, but it was increased by 100-400 mM NaCl with
the increase of 0.30-0.41 times compared to the control
(Fig. 7A). Similarly, the POD activity increased (0.06-1.01
times) with increasing salinity levels (Fig. 7B). Meanwhile,
the CAT activity was increased (0.07-0.23 times) with
increasing salinity levels of 50-100 mM NaCl, but it was
unchanged by 400 mM NaCl (Fig. 7C).

The enhancement of POD, SOD, and CAT activities are
reported to be involved in scavenging salt-induced ROS
(Liang et al. 2018). The Mehler reaction in the photosystem
I and over-reduction of ubiquinone pools allows energy-
high electrons moving to O, to form superoxide anion
(O,+7). The SOD plays a role in converting O,+ to H,0O,,
while both CAT and POD are required for the conversion
of H,O,to O, (Zhao et al. 2020). Thus, the increased activity
of these enzymes might play important roles for reducing
the ROS accumulation in G. maderaspatana (Fig. 6B).
Similar roles of POD, SOD, and CAT were found in many
salt-tolerant plants, such as Chenopodium quinoa (Adolf
et al. 2013) and Portulaca sp. (Borsai et al. 2020). On the
other hand, antioxidative metabolites are also effective
factors contributing to the salt-induced ROS scavenge. It
was reported that phenolic compounds have high capacity
in reducing the salt-induced ROS formation (Adolf et al.
2013; Kiani et al. 2021). However, in our study the phenolic
compounds were only increased by 400 mM NaCl (Fig. 7D),
suggesting that they might have role in the ROS scavenge
when G. maderaspatana was under the stressful condition.
In addition to the antioxidants tested, the plants could
utilize other factors which needs to be identified to better
understand the plant’s control for the oxidative stress.

Figure 6. Effect of salinity on accumulation of oxidative stress markers in G. maderaspatana. The content of MDA (A), H,0, (B), and
electrolyte leakage (C) at 7 days after the onset of NaCl treatments. Error bars indicate standard deviations.
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Figure 7. Effect of salinity on enzymatic antioxidant activities
of G. maderaspatana. The SOD (A), POD (B), CAT (C) activity,
and total phenolic content (D) at 7 days after the onset of NaCl
treatments. Error bars indicate standard deviations.

Conclusions

For the first time, the present study evidenced that G.
maderaspatana had a high salt tolerance capacity, and it
could be considered as a salt-tolerant plant. The plant could
grow and survive under the examined saline conditions,
even obtained a promoted growth under 50 mM NaCl.
The plant tended to gradually reduce its growth with
increasing salinity levels of 100-400 mM NaCl. Under
these stress conditions, the plant might suffer osmotic
stress, ion imbalance, and oxidative stress, which was
indicated by decreased RWC and increased accumulation
of salt ions, MDA, H,0,, and EL. To reduce the salt-
induced stresses, the plant highly accumulated proline,
maintained the uptake of K* and NO;~, and enhanced the
antioxidant activities of POD, CAT, and SOD. Notably,
the salt stress did not reduce the accumulation of total
chlorophylls (a+b) and carotenoids in the plant, even
these pigments were increased under moderate saline
conditions. Together, these adaptive responses revealed
evolved tolerance mechanisms that are associated with
photosynthesis, ion homeostasis, osmotic adjustment, and
antioxidant defense. The findings are useful information
for future works to elucidate the mechanisms and apply
this medicinal plant to saline agriculture.
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