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Salt stress is an important environmental limiting factor. Water dropwort (Oenanthe
javanica) is an important vegetable in East Asia; however, its phenotypic and physiological
response is poorly explored. For this purpose, 48 cultivars of water dropwort were grown
hydroponically and treated with 0, 50, 100, and 200 mm NaCl for 14 days. Than their
phenotypic responses were evaluated, afterward, physiological studies were carried out
in selected sensitive and tolerant cultivars. In the present study, the potential tolerant
(V11E0022) and sensitive (V11E0135) cultivars were selected by screening 48 cultivars
based on their phenotype under four different levels of salt concentrations (0, 50, 100,
and 200 mm). The results depicted that plant height, number of branches and leaves
were less effected in V11E0022, and most severe reduction was observed in V11E0135in
comparison with others. Than the changes in biomass, ion contents, accumulation of
reactive oxygen species, and activities of antioxidant enzymes and non-enzymatic
antioxidants were determined in the leaves and roots of the selected cultivars. The potential
tolerant cultivar (V11E0022) showed less reduction of water content and demonstrated
low levels of Na* uptake, malondialdehyde, and hydrogen peroxide (H,O,) in both leaves
and roots. Moreover, the tolerant cultivar (V11E0022) showed high antioxidant activities
of ascorbate peroxidase (APX), superoxide dismutase, peroxidase, catalase (CAT), reduced
glutathione (GSH), and high accumulation of proline and soluble sugars compared to the
sensitive cultivar (V11E0135). These results suggest the potential tolerance of V11E0022
cultivar against salt stress with low detrimental effects and a good antioxidant defense
system. The observations also suggest good antioxidant capacity of water dropwort
against salt stress. The findings of the present study also suggest that the number of
branches and leaves, GSH, proline, soluble sugars, APX, and CAT could serve as the
efficient markers for understanding the defense mechanisms of water dropwort under
the conditions of salt stress.
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INTRODUCTION

Salinity is one of the major abiotic stresses that has been
significantly affecting the plant growth and yield (Gharsallah
et al., 2016). The continuous increase in salinity in arable land
due to poor cultivation practices and climate change have
devastating global effects, and it is estimated that about 50%
of arable land will be lost by the middle of the 21st century
(Islam et al., 2019). To date, about 1,125 million hectares of
agricultural lands have already been seriously affected by salinity,
thus it is considered a serious threat to agriculture (Islam
et al., 2019; Sanower-Hossain, 2019). In China, a total of 36.7
million hectares of land has been greatly affected by
salinity, of which 12.3 million hectares is agricultural land
(Li-ping et al., 2015).

A high level of salt results ionic imbalance and osmotic
stress in plants which causes severe effects on morphology,
biomass, and biochemical processes of the plants, and ultimately
result in plant damages (Zhang et al., 2013; Rahneshan et al,,
2018). Soil salinity enhances the Na* and Cl~ contents in plants
which then increases the ratio of Na*/K*, which ultimately
affects the regular ionic activities in plants (Singh et al., 2014).
Several plants have developed different strategies to overcome
these challenges. Among these, the first one is the maintenance
of homeostasis by the osmotic adjustment that carries out the
excessive Na* ions to the vacuole, and the second is the synthesis
of osmolyte to cope with this situation (Queirds et al., 2009;
Silva et al., 2015; Rahneshan et al,, 2018). A high K*/Na* ratio
also plays a vital role in maintaining membrane potential as
well as osmotic and turgor pressures. It also helps in enzyme
activation and tropisms (Rahneshan et al., 2018). Plants produce
osmolytes, such as proline and soluble sugars protect the plant
cells against the adverse effects of salt stress. These help in
osmotic adjustment, and their higher production can increase
the salinity tolerance (Rahneshan et al., 2018). Similarly,
antioxidant molecules including glutathione (GSH) and proteins
have the role in control of concentration of reactive oxygen
species (ROS), which ultimately help in salinity tolerance.
Proteins can also help in osmotic adjustment under salt stress
(Zhang et al., 2013; Hasanuzzaman et al., 2018).

Salt stress also leads to increasing the level of ROS which
results in oxidative stress, which in turn affects the plants
both at cellular and metabolic levels (Ali et al.,, 2017; Sahin
et al,, 2018). The plants overcome the oxidative damage through
activation of antioxidants through enzymatic and non-enzymatic
mechanisms. The enzymatic component includes superoxide
dismutase (SOD; EC 1.15.1.1), peroxidase (POD; EC 1.11.1.7),
catalase (CAT; EC 1.11.1.6), and ascorbate peroxidase (APX;
EC 1.11.1.1; Shaheen et al., 2013; Shafeiee and Ehsanzadeh,
2019; Soares et al., 2019; Sarker and Oba, 2020b). Moreover,
the ROS, such as superoxide radicals (O3 ), hydrogen peroxide
(H,0,), and small amounts of transition metals, also increases
the concentration of OH~. Therefore, plants carry out
detoxification to avoid the oxidative damage where these
antioxidant enzymes play an important role. A study reported
that the antioxidant enzymes positively correlate with the plant
tolerance in drought and salt stress (Wang et al, 2009).

Moreover, the higher antioxidant activities can help improving
death in plants (Khan et al., 2017).

Oenanthe javanica (Blume) DC (also known as water
dropwort) is an aquatic perennial herb belonging to the
family Apiaceae. It is mainly cultivated in East Asian countries,
such as China, Japan, Korea, Thailand, Malaysia, and Australia
(Jeon et al., 2007; Lee and Kim, 2009; Lu and Li, 2019).
Water dropwort contains high contents of minerals and
vitamins, and demonstrates medicinal properties (Jiang et al,,
2015; Lu and Li, 2019; Kumar et al., 2020, 2021). It has
been traditionally used as a vegetable in China. Various
researchers have suggested that persicarin, isorhamnetin, and
hyperoside are the three important compounds present in
O. javanica, which possess the pharmacological activities
for curing various ailments (Jiang et al., 2015; Chan et al,,
2017; Lu and Li, 2019). Therefore, all these properties make
the water dropwort a popular edible plant in China. The
previous studies reported that O. javanica is sensitive to
drought and salt stress, and these are the key limiting factors
for its growth and production (Jiang et al., 2015; Kumar
et al., 2020). There is only limited information available
related to the salt tolerance mechanism of water dropwort
concerning the regulation of free radicals quenching pathway
with the antioxidative defense.

The present study is designed to access phenotypic responses
of different water dropwort cultivars under salt stress and to
select salt-tolerant and sensitive cultivars based on phenotype
among them. Secondly, it aims to study some physiological
parameters including enzymatic and the non-enzymatic
antioxidant defense system, chlorophyll content, and ionic
homeostasis regarding the salt tolerance in selected tolerant
and sensitive cultivars of water dropwort. For these objectives,
various parameters, such as plant growth, fresh and dry biomass,
relative water content (RWC), chlorophyll content, Na* and
K* content, production rate of ROS, osmolytes and antioxidant
molecules concentration, and activities of antioxidant enzymes,
were studied.

MATERIALS AND METHODS

Plant Culture and Salt Treatment

Seeds of 48 cultivars of Oenanthe javanica were kept in wet
sand for 1 month and then shifted to the wet filter paper
and placed in the growth chamber (12/12 h) at 25°C. After
germination for 7-10 days, seeds were transferred to Hoagland
nutrient solution (Hoagland and Arnon, 1950) and grown for
44 days in greenhouse condition at 20-25°C for 16 h photoperiod.
The composition of media was 3.59 mm Ca(NO;),, 8.7 mm
KNO;, 0.713 mm N,H,0;, 1.516 mm MgSO,, 1314 mm
KH,PO,, 62.5 pm FeSO,, 44.6 pm EDTA, 48.5 pm H,BO;,
13.2 pm MnSOy, 1.36 pm ZnSO,, 0.501 pm CuSO,, and 2.55 pm
(NH,),Mo00O,. Initially, the plants were grown hydroponically
for 30 days than these plants were treated with 0 (control),
50, 100, and 200 mm NaCl for 14 days. Afterward, these
treated plants were used for further analysis. All experiments
were conducted in biological triplicates.
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Morphological Parameters and Chlorophyll
Content

After harvesting, morphological parameters, such as plant height,
stem length, root length, and number of branches and leaves,
were measured. The total chlorophyll content was determined
using the SPAD-502Plus (Konica Minolta, Japan). The fresh
and dry biomass of selected cultivars was also measured. The
shoots biomass and roots biomass were determined after washing
with distilled water and drying them gently on a paper towel.
The dry weight (DW) was determined after drying for 72 h
at 70°C.

Determination of RWC

Relative water content (RWC) of leaves was measured according
to the method described by Sarker and Oba (2018) and Kumar
et al. (2020). After determining the fresh weight (FW), leaves
were immersed in distilled water in a closed Petri dish for
4 h, and the turgor weight (TW) of each leaf was noted.
Thereafter, the leaf samples were placed in a pre-heated oven
at 70°C for 24 h to obtain dry weight (DW). Afterward, RWC
was calculated using the following formula:

RWC (%):MXIOO
(T

W—DW)

Determination of Na* and K* Contents

For determination of Na* and K' contents, approximately
100 mg of dried leaves and roots was digested with 6 ml
nitric acid in a microwave digestion system (Multiwave 3000,
Anton Paar, Austria) for 90 min. The digested samples were
diluted up to 10 ml with ultra-deionized water. The ions
concentrations were determined by using the inductively coupled
plasma-atomic emission spectroscopy ICP-OES (Optima8000,
PerkinElmer, United States; Colomer-Winter et al., 2018).

Determination of Photosynthetic Pigments
For determination of chlorophyll and carotenoid concentrations,
approximately 100 mg of fresh leaves was homogenized with
80% acetone and centrifuged at 7,000 x g for 10 min. The
supernatant was collected, and the absorbance (A) was measured
at 663 nm for chlorophyll a4, 646 nm for chlorophyll b, and
470 nm for carotenoid using an ELISA plate reader (i3x
molecular devices, United States; Sarker and Oba, 2020a; Kumar
et al., 2021). The concentration of chlorophyll and carotenoids
was calculated as follows:

Chlorophyll a =12.21(A663) — 2.81( A646)

Chlorophyll b = 20.13(A646) — 5.03( A663)

Total chlorophyll (a + b) = chla + chl b

Carotenoids =[1000(A470) — 3.27(chl a) — 104(chl b)| / 229

Determination of Lipid Peroxidation

For determination of malondialdehyde (MDA), approximately
50 mg of fresh leaves and roots was homogenized with 450 pl
phosphate buffer saline (PBS; pH 7.4, 0.1 M) with a glass
homogenizer. The samples were then centrifuged three times
at 4,000 x g for 15 s with intervals of 30 s. Afterward, the
homogenate was centrifuged at 3500 x g for 10 min. After
centrifugation, the supernatant was used for the MDA analysis
with a commercially available test kit (A003-1-1, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Finally,
absorbance was measured at 530 nm (Dai et al., 2018).

Assays for Hydrogen Peroxide, Proteins,
GSH, and Antioxidant Enzymes

For determination of H,0,, GSH, and antioxidant enzymes,
approximately 200 mg of fresh leaves was homogenized with
1.8 ml of PBS (pH 7.4, 0.1 M) with a glass homogenizer and
then centrifuged at 3,500 x g for 12 min. The supernatant
was used for determination of total protein, H,0,, GSH contents,
and antioxidant enzymes activities including APX, SOD, POD,
and CAT with commercially available test kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China; Zhang et al., 2015;
Hussain et al., 2016; Dai et al, 2018; Yang et al., 2018).

The Coomassie brilliant blue method was used for determining
the total protein content with a commercially available total
protein assay kit (A045-2; Nanjing Jiancheng Bioengineering
Institute, China), and the absorbance was measured at 595 nm.
H,0, forms a complex with molybdate whose absorbance was
measured at 405 nm. The GSH content was determined with
a glutathione assay kit (A006-1; Nanjing Jiancheng Bioengineering
Institute, China) according to the DTNB [5,5-dithiobis
(2-nitrobenzoic acid)] method. The absorbance was measured
at 420 nm, and GSH content was expressed as mg g~' protein
(Zhang et al., 2015; Hussain et al., 2016; Dai et al, 2018;
Yang et al., 2018).

The activity of APX was determined with the APX assay
kit (A123-1-1; Nanjing Jiancheng Bioengineering Institute,
China). APX catalyzed the oxidation of ascorbate at 290 nm
and expressed as U mg™ FW. One unit activity of APX is
the amount of enzyme, which oxidizes 1 pmol ascorbate per
min in 1 mg fresh sample (Nakano and Asada, 1981). The
activity of SOD was determined with SOD assay kit (A001-1;
Nanjing Jiancheng Bioengineering Institute, China) and was
presented as U mg™ FW. One unit of SOD activity is the
amount of extract that gives 50% inhibition in reducing xanthine
monitored at 550 nm (McCord and Fridovich, 1969). The
activity of POD was measured by using a POD assay kit
(A084-3-1; Nanjing Jiancheng Bioengineering Institute, China)
on the basis of guaiacol oxidation at 470 nm by H,O, and
expressed as U mg™'. The change in absorbance at 470 nm
was recorded every 20 s (Chance and Maehly, 1955). One
unit of POD activity is the amount of enzyme, which causes
the decomposition of 1 pg substrate per minute in 1 mg fresh
sample at 37°C. Similarly, the activity of CAT was measured
with a CAT assay kit (A007-1; Nanjing Jiancheng Bioengineering
Institute, China) and was presented as U mg™ FW. One unit

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 660409


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Kumar et al.

Effect of Salinity on Water Dropwort Cultivars

of CAT activity is the amount of enzyme which causes the
decomposition of 1 pmol H,O, per minute in 1 mg fresh
sample at 37°C (Beers and Sizer, 1952).

Determination of Concentrations of Proline
and Soluble Sugars

Approximately 100 mg of fresh leaves and roots was homogenized
for determination of proline content following the manufacturer’s
instructions (A107-1-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), and the absorbance was measured
at 520 nm. For the analysis of soluble sugars, approximately
0.1 g of fresh samples was homogenized in 1 ml ddH,O with
a glass homogenizer. The tubes were boiled at 95°C for 10 min
and cooled with tap water. After cooling, the homogenate
was centrifuged at 4,000 x g for 10 min. Thereafter, the
supernatant was diluted with ddH,O at 1:9. The diluted extracts
were used for determination of soluble sugar content using
a commercially available test kit (A145-1-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Finally, the absorbance
was measured at 620 nm and the soluble sugar concentration
expressed and the results expressed in the fresh weight (FW)
basis (Dai et al.,, 2018; Kumar et al., 2021).

Statistical Analysis

All experiments were performed in triplicates, and SPSS 25.0
statistical program (IBM Crop. Armonk, NY, United States)
was used for statistical analysis. Tukey tests were performed
for determining the significant differences (p < 0.05) among
treatments. GraphPad Prism 7 (San Diego, California,
United States) was used for figures, and significant differences
were indicated by different letters. All data are presented as
mean * standard error (SE).

RESULTS

Growth and Biomass of Water Dropwort
The growth properties of 48 cultivars were strongly influenced
by the salt stress. The phenotypic parameters of water dropwort,
such as plant height, stem length, root length, number of branches,
and number of leaves in all treatments, were significantly lower
than the control (p < 0.05; Supplementary Table S1). The plant
growth showed an inverse relation with the different level of salt
stress imposed. Moreover, a high reduction in the plant height,
root length, stem length, and number of branches, and leaves
was observed in all cultivars at 200 NaCl (Supplementary Table S1).
Beside the plant height, the drastic effects of salinity were found
in the number of branches and leaves of all cultivars. Furthermore,
an increase in salt concentration caused a decline in the number
of branches and leaves. Based on the phenotypic results, we identified
V11E0022 as the potential tolerant cultivar, whereas the V11E0135
as the most sensitive cultivar among the 48 cultivars under
consideration in the present study (Supplementary Table S1).
The growth parameters of selected tolerant and sensitive
cultivars were greatly affected by the salt stress (Figure 1). A
gradual decrease in the plant height, and root and stem length

of both cultivars were observed under all treatments (50, 100,
and 200 mm) in comparison with the control, and a maximum
reduction was detected at 200 mm NaCl (Table 1). The plant
height of V11E0135 was decreased by 28.5 and 31.4% by exposure
of 100 and 200 mm NaCl, respectively, while it decreases only
16.5 and 22.7% in V11E0022 under 100 and 200 mm NaCl,
respectively. Similarly, the number of branches and leaves of
both cultivars were significantly reduced under different levels
of NaCl compared to the control (p < 0.05). The number of
branches in V11E0135 was reduced by 68.5 and 76.7% by
exposure of 100 and 200 mm NaCl, respectively, whereas the
reduction in V11E0022 was only 33.7 and 37.5% under 100
and 200 mm NaCl, respectively. Similarly, the number of leaves
of V11E0135 decreased by 74.5 and 84.7% under 100 and
200 mm NaCl, respectively. However, V11E0022 showed only
31.3 and 34.9% reduction in number of leaves under 100 and
200 mm NaCl, respectively. The salt stress also significantly
reduced the fresh and dry weight of the shoot and root (p < 0.05),
and a maximum reduction was observed under 200 mm NaCl
in V11E0135 when compared with the control (Table 2). The
shoot fresh weight of V11E0135 was decreased by 70% at 100 mm
and 80.3% at 200 mm NaCl. On the other hand, V11E0022
showed 40.7 and 45.3% decrease in shoot fresh weight under
100 and 200 mm NaCl, respectively. Furthermore, root fresh
weight of V11E0135 decreased by 61.9 and 71.63% under 100
and 200 mm NaCl, respectively. In contrast, V11E0022 showed
reduction of 47.5 and 51.1% at 100 and 200 mm NaCl, respectively.
Overall, the shoot and root (fresh and dry) weight of the
VI11EO0135 cultivar was reduced more than that of V11E0022.
Overall, V11E0135 showed drastic effects for different growth
parameters compared to the V11E0022 cultivar (Table 1).

Relative Water Content

Similarly, RWC decreased in both cultivars with the increase
of NaCl compared to the control, except for 50 mm, where
RWC was increased to 7.99 and 6.06% in V11E0022 and
V11E0135, respectively (Table 1). Moreover, a relatively higher
reduction of RWC was observed in V11E0135 compared to
the V11E0022.

Na* and K* Concentrations

The salt stress significantly enhanced the Na* content in the
roots and leaves of both cultivars under all treatments (50,
100, and 200; p < 0.05). Furthermore, the leaves and roots
of V11E0135 showed high uptake of Na* ion than its counterpart,
and the highest Na* content was detected under 200 mm NaCl
(Table 3). Similarly, the K* content in the roots and leaves
of both cultivars decreased with increasing NaCl concentration,
and the lowest level of K* uptake was observed in V11E0135
at 200 mm NaCl. Moreover, a negative relationship was found
between the salt stress and K*/Na* ratio in both cultivars
(Table 3).

Photosynthetic Pigments
A zigzag trend of chlorophyll content was found in the leaves
under different salt concentrations of all 48 cultivars
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(V11E0135).

FIGURE 1 | Effect of salt stress on the tolerant and sensitive cultivars of water dropwort. (A) potential tolerant cultivar (V11E0022) and (B) sensitive cultivar

TABLE 1 | Effect of salt stress on morphological parameters and relative water content (RWC) of two cultivars of water dropwort.

Cultivars NaCl (mm) Plant height (cm) Root length (cm) Stem length (cm) Number of branches = Number of leaves RWC (%)
0 68.3 +1.5° 23.0+1.0° 45.3 +0.6° 8.0+ 0.0° 63.0 + 3.0° 86.1 + 4.2

V11E0022 50 61.3+1.5° 21.0+ 1.0 40.3 +1.2° 6.3 + 0.6° 51.3+1.5° 93.0 + 3.8°
100 57.0 £ 2.0 19.3+0.6° 37.7 £ 1.5%® 5.3 + 0.6® 43.3+1.5° 85.9 +2.3°

200 52.8+1.3° 16.5 +0.5% 36.3+1.52 5.0 +0.07 41.0+1.72 75.4 + 3.4%

0 58.3 +1.5° 21.3+0.6° 37.0+1.0° 7.3+£0.6° 64.3 + 1.5¢ 88.9 + 4.6°

VA1E0135 50 46.3 +1.2° 19.0 £ 0.5° 27.3+0.8% 3.7 +0.6° 27.3+0.6° 94.3 + 3.8°
100 41.7 £1.5% 15.0 £ 0.5% 26.7 +0.3° 2.3 £ 0.6® 16.3 + 0.6° 81.2 +3.8°

200 40.0 + 1.5% 14.0 + 0.5% 26.0 +1.0% 1.7 +0.6% 9.7+1.5° 67.9 +2.42

Different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. The values are means + SE.

(Supplementary Table S1). Interestingly, the chlorophyll content
was increased in many cultivars of water dropwort. Similarly,
the concentration of photosynthetic pigments,
chlorophyll a (chl a) and chlorophyll b (chl b) as well as total

including

chlorophyll (chl a+b) and carotenoids (Car), was higher in the
salt-treated plants compared to the non-treated plants of both
selected sensitive and tolerant cultivars (p < 0.05; Figures 2A-D).
Specifically compared to the control, the concentration of chl
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TABLE 2 | Effect of salt stress on fresh (FW) and dry weight (DW) of the shoot and root of two water dropwort cultivars.

V11E0022 V11E0135
NaCl (mm)
FW DW FW DW
0 50.93 + 0.59¢ 3.69 + 0.04° 46.51 + 1.07¢ 3.58 + 0.09¢
Shoot biomass (mg plant-") 50 38.99 +1.72° 2.90 + 0.14° 22.43 +0.80° 1.80 + 0.09°
9P 100 30.19 + 1.02° 2.34 £ 0.05% 13.93 + 0.67° 1.14 + 0.05°
200 27.85 + 0.06° 2.19 +£0.012 9.16 + 0.36% 0.72 £ 0.03*
0 5.62 + 0.35° 0.338 + 0.017° 4.83 £ 0.31° 0.255 +0.02¢
Root biomass (mg plant-) 50 3.16 £ 0.19° 0.239 +0.022 2.95+0.18° 0.187 £ 0.01°
100 2.95+0.192 0.234 +0.02* 1.84 +0.132 0.150 + 0.01°
200 2.75+0.212 0.225 +0.01° 1.37 + 0.09° 0.108 + 0.012
Different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. The values are means + SE.
TABLE 3 | Changes in leaf and root ionic contents of two water dropwort cultivars under salt stress.
Leaf ions (mg g~' DW) Root ions (mg g~ DW)
Cultivars NaCl
Na* K* K*/Na* Na* K* K*/Na*
0 3.27 £ 0.156° 70.93 + 1.16° 21.70 + 1.26° 1.05 + 0.05% 54.05 + 1.93¢ 51.50 + 3.93°
V11E0022 50 19.23 £ 0.17° 69.36 + 0.84° 3.61 + 0.042 10.94 + 0.52° 40.80 + 1.00° 3.74 £ 0.252
100 28.13 £ 0.32° 69.59 + 0.94° 2.44 +0.05° 14.01 £ 0.66° 23.19 £ 1.10° 1.66 + 0.05°
200 33.57 + 0.44¢ 64.83 + 1.042 1.93 +0.03* 16.10 + 0.78¢ 17.57 + 0.67° 1.09 + 0.05%
0 4.47 £ 0.10° 75.80 + 0.96° 16.94 + 0.23° 0.98 + 0.042 50.01 +2.23° 50.85 + 2.05°
V11E0135 50 27.57 +0.38° 74.54 + 1.06° 2.71 +0.04° 13.33 £ 0.45° 47.32 +1.25° 3.55 +0.10°
100 30.29 + 0.46° 68.93 + 1.07° 2.28 +0.02° 18.32 £ 0.80° 27.58 + 0.79° 1.51 £0.10°
200 45.27 +1.22¢ 63.59 + 0.892 1.40 + 0.052 26.16 + 1.59¢ 14.76 + 0.62° 0.57 + 0.042

Different letters indicate a significant difference (p < 0.05) among the four treatments according to the Tukey test. The values are means + SE.

(a+b) and chl b was higher in both cultivars, and maximum
concentration was present at 200 mm NaCl treatment. Although
higher than in the control situation, a comparable concentration
of chl a and Car was present in all treatments.

Lipid Peroxidation and H,O, Content
The salt stress significantly induced lipid peroxidation in terms
of MDA content in both leaves and roots of water dropwort
cultivars (p < 0.05). Moreover, high MDA content was present
in V11E0135 compared to the V11E0022. Compared to the
control, the MDA content was increased maximally up to 100 mm
in leaves of V11E0022 and V11E0135 (Figure 3A), whereas in
the roots of both cultivars were found significantly higher under
all salt treatments compared to the control (p < 0.05; Figure 3B).
The H,O, production rate was significantly increased in
leaves and roots of both cultivars as compared to the control
(p < 0.05). Moreover, a significantly higher content of H,O,
was present in V11E0135 compared to the V11E0022 (p < 0.05).
Compared to untreated plants, maximum H,O, content was
present at 200 mm NaCl concentration in leaves and roots of
both cultivars (Figures 3C,D).

Osmolytes and Antioxidant Molecules

The proline concentration was found higher in V11E0022 compared
to V11E0135. The proline content increases significantly in the
leaves and roots of V11E0022 in all NaCl treatments compared

to the control (p < 0.05). The V11E0135 showed a gradual rise
in content of proline in leaves and roots up to 100 mm NaCl
Thereafter, a significant decline was observed at 200 mm NaCl
(p < 0.05; Figures 4A,B). The concentration of soluble sugars
was found higher in V11E0022 compared to the V11E0135. In
leaves and roots of both cultivars, the concentration of soluble
sugar was found to be significantly increasing up to 100 mm NaCl
concentration compared to the control (p < 0.05; Figures 4C,D).

The results showed that the protein content was increased
with the increasing of NaCl concentration in both selected
cultivars. A significant difference was observed in protein
concentration with the increasing salt concentration in leaves
and roots of V11E0022 as compared to the control (p < 0.05;
Figures 4E,F). In contrast, the leaves of V11E0135 showed a
significant increase in all treatments (p < 0.05; Figure 4E).
However, protein content in roots of V11E0135 was significantly
decreased by 21.09% at 50 mm in comparison with its respective
control (p < 0.05), and thereafter increased at 100 and 200 mm
NaCl concentrations (Figure 4F).

GSH content was increased in both leaves and roots of
V11E0022 with the increasing NaCl concentration, and the
highest GSH content was found at 200 mm NaCl concentration
(Figures 4G,H). The V11E0022 showed higher GSH content
than the V11E0135 in roots. Interestingly, the leaves of V11E0135
showed higher content of GSH compared to its counterpart,
but its roots showed maximum GSH content at 100 mm
NaCl concentration.
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Antioxidant Enzymes

APX activity was found higher in V11E0022 compared to the
V11E0135. The activity increased significantly with the increasing
salt concentration in leaves and roots of V11E0022 compared
to its counterpart (p < 0.05; Figures 5A,B). In contrast, the
APX activity decreased gradually in leaves of V11E0135 with
the increasing salt concentration (Figure 5A). However, APX
activity decreased up to 10.68% at 50 mm NaCl concentration
in roots; nevertheless, comparatively higher activity was observed
at 100 and 200 mm NaCl concentration (p > 0.05; Figure 5B).

A similar pattern was observed for SOD and POD in both
cultivars under different NaCl treatments. Compared to the
control, the activities of SOD and POD were increased
significantly up to 100 mm in the leaves of V11E0022 (p < 0.05;
Figures 5C,E), while decreased under 50 mm NaCl in the
leaves of V11E0135. Furthermore, SOD and POD activities
were decreased after 50 mm NaCl in roots of both cultivars.
Interestingly, the POD activity in V11E0135 at 200 mm was
6.53% higher than the control (Figures 5D,F). When compared
based on the difference in activities with their respective controls,
V11E0022 was found comparatively higher than V11E0135 in
both antioxidant enzyme.

A significantly higher CAT activity was observed in V11E0022
compared to the VI11E0135 (p < 0.05). The CAT activity
increased up to 100 mm NaCl concentration in leaves and
roots of V11E0022 (Figures 5G,H). In contrast, the CAT activity
was decreased significantly with the increasing salt concentration
in leaves of V11E0135. In contrast, the CAT activity was found
significantly higher in roots at 50 mm and thereafter decreased
gradually at 100 and 200 mm NaCl concentrations (p < 0.05;
Figures 5G,H).

DISCUSSION

Salinity is a major abiotic stress that significantly affects the
plant growth by causing osmotic stress, and inducing ionic
and nutrient imbalance. Such imbalances adversely affect different
physiological and biochemical mechanisms related to the plant
growth and development (Zhang et al, 2013). The present
study investigated the phenotypic effects of salt stress on 48
water dropwort cultivars at different NaCl concentration
(0-200 mm). The study proposed the tolerant and sensitive
cultivars based on their performance against salt stress, and
different components of the antioxidant defense system depicted
the salt tolerance mechanism in selected sensitive and tolerant
cultivars of water dropwort.

The results of the present study show that the plant growth
(total height, stem and root lengths, and number of branches
and leaves) was decreased significantly with the increasing NaCl
concentration in all 48 cultivars of water dropwort, indicating
that salt stress suppressed their growth. The growth reduction in
V11E0135 was very pronounced in comparison with other cultivars,
whereas V11E0022 showed better adaptation as compared to
others. Similar studies were previously conducted on different
plants also support our findings (Shaheen et al., 2013; Okkaoglu
et al, 2015; Menezes et al, 2017; Rahneshan et al, 2018;

Sahin et al, 2018). Furthermore, the fresh and dry biomass of
shoot and root was significantly decreased in both selected cultivars
of water dropwort under all treatments of NaCl, whereas V11E0135
showed more reduction than the V11E0022. Previous studies on
different plants showed the reduction of fresh and dry weights
of root and shoot under NaCl stress (Inal et al., 2009; Shaheen
et al, 2013; Kapoor and Pande, 2015). According to Meriem
et al. (2014), a higher reduction in biomass was observed in
sensitive cultivars than tolerant cultivar of coriander under different
NaCl treatments. It is suggested that this decrease in the length
and biomass of water dropwort could be due to the negative
effect of NaCl treatment. The salinity increases the osmotic stress
that inhibits absorption and transport of water. This inhibition
leads to hormones-induced sequential reactions, which can reduce
the stomatal opening, CO, assimilation, and photosynthetic rate
(Odjegba and Chukwunwike, 2012; Menezes et al, 2017;
Sarker and Oba, 2020b). Another reason for reduction in growth
might be the diversion of energy from growth to the
homeostasis of salinity stress and a reduction in carbon gains
(Atkin and Macherel, 2009; Sarker and Oba, 2020b).

Based on all phenotypic results of the current study, it is
suggested that the decrease in growth and biomass could be due
to the adverse effects of salinity on cell division and elongation.
Moreover, salinity also causes the nutrient imbalance,
overproduction of ROS, and inhibition of enzymatic activities,
which significantly affect the cellular components and biological
membranes and cause a decrease in biomass production
(Ali et al., 2017; Alzahrani et al., 2019).

A high concentration of NaCl affects photosynthesis, and
the exposure to salt stress for longer time causes a reduction
in biosynthesis of chlorophyll protein-lipid complex (Akbari
Ghogdi et al, 2012). Different opinions about the salinity
effect on the chlorophyll content have been reported, and
among these many studies have reported a significantly
decreased in chlorophyll content under salt stress (Celik and
Atak, 2012; Meriem et al., 2014; Sharif et al., 2017). However,
the results of higher chlorophyll g, b, and the total chlorophyll
content in the present study are in agreement with the studies
previously conducted on amaranth (Amaranthus tricolor),
sugar beet, and cabbage (Wang and Nii, 2000; Jamil et al.,
2007). These mentioned studies suggest that an increase in
the chlorophyll content under salt stress could be due to
the increased number of chloroplasts. Similar results on
lettuce suggest that the increased chlorophyll content could
be due to the accumulation of NaCl in the chloroplast (Ekinci
et al., 2012). According to Jamil et al. (2007), tolerance of
photosystem II (PSII) to high salt stress and increased
chlorophyll content had played important in salinity tolerance
of cabbage and sugar beet; therefore, it might be possible
that PSII can play important role in salinity stress tolerance
of water dropwort, but it needs further studies. Our results
indicate that increased in chlorophyll content under salt stress
could be helpful to grow water dropwort in the saline soils.
Carotenoid is a type of antioxidant which helps in developing
tolerance against salt stress in plants by reducing the free
oxygen radicals (Ali et al., 2017). In the current study, the
carotenoid concentration was slightly increased under NaCl
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FIGURE 5 | Changes in activities of antioxidant enzymes in fresh leaves and roots of two water dropwort cultivars under salt stress. (A) APX activity in the leaves,
(B) APX activity in the roots, (C) SOD activity in the leaves, (D) SOD activity in the roots, (E) POD activity in the leaves, (F) POD activity in the roots, (G) CAT activity
in the leaves and (H) CAT activity in the roots of water dropwort. Means followed by different letters indicate a significant difference (o < 0.05) among the four
treatments according to the Tukey test. Error bars show mean + SE.

As an antioxidant, carotenoids help reducing the singlet
oxygen for preventing the oxidative damage.

Salt stress induces the concentration of Na* ions in the
plant cells. The excess accumulation of Na* in the cytosol

stress in both selected cultivars compared to the control,
where VI11E0022 showed relatively high concentration.
A previous study also reported an increase in the carotenoids
concentration under salt stress (Celik and Atak, 2012).
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is concomitant with salt-induced K* efflux, and the cytosolic
K*/Na* ratio decreases dramatically under salinity stress
conditions (Silva et al., 2015; Sarker and Oba, 2020b). This
might be linked with the fact that Na* enters the roots
passively through voltage-independent or weakly voltage-
dependent nonselective cation channels. This could be also
linked with other Na* transporters, such as members of the
high-affinity K* transporters. Thus, increase in the level of
external Na* will sensibly rise the accumulation of Na* in
the plants with concomitant decrease in K* uptake (Odjegba
and Chukwunwike, 2012; Silva et al., 2015; Sarker and Oba,
2020b). Several authors have suggested that low uptake of
Na® and high uptake of K* signifies salinity tolerance in
higher plants (Yassin et al., 2019). In the present study, a
significant increase in Na* uptake and decrease in the K*
uptake was observed in leaves and roots of both cultivars
with increasing NaCl concentration, whereas the leaves showed
more ionic uptake than the roots. Furthermore, high uptake
of Na* was observed in the V11E0135 cultivar as compared
to V11E0022. Previous studies on pistachio, paper mulberry,
and wheat also showed a higher uptake of Na* in sensitive
cultivars, which support the findings of the current study
(Zhang et al., 2013; Rahneshan et al, 2018; Yassin et al,
2019). Roots and shoots of the carrot and amaranth also
showed high Na' uptake and decreased K' uptake under
salt stress; moreover, the roots showed a considerably low
concentration of Na® and K* compared to the shoots (Inal
et al., 2009; Menezes et al., 2017). In the current study,
we found the higher level of Na* in the leaves as compared
to the roots, and the reason is that leaves are most porn
to Na* than roots because Na* and Cl~ accumulate more in
shoots than the roots. Roots maintain constant level of NaCl
over time and can regulate NaCl levels by export to the
shoots or to the soil. Na* is transported to shoots in the
rapidly moving transpiration stream in the xylem (Tester
and Davenport, 2003). Different studies reported that salinity-
tolerant plants either limit the excess salt in the vacuole or
compartmentalize essential ions in different plant tissues.
This compartmentalization of Na* into the vacuoles or its
efflux across the plasma membrane is controlled by
the expression and activity of Na*/H* antiporters, V-type
H*-ATPase, and H*-PPase, which ultimately increased the
K*/Na* ratio (Tiirkan and Demiral, 2009; Tsujii et al., 2019).
The results of these parameters in the present study suggest
that a low-level uptake of Na* in V11E0022 might be due
to these antiporters and membrane transporters, which can
help to stand against the salt stress. RWC is considered a
useful and reliable parameter to check the salt stress (Sharif
et al., 2017; Sarker and Oba, 2020b). V11E0022 showed the
low uptake of Na* and less reduction in K* under salt stress
enabled the plant to retain more RWC compared to the
V11E0135. Thus, V11E0022 is able to keep a high salt
concentration and can absorb more water and consequently
has high RWC to adjust osmotic pressure.

Lipid peroxidation is an indicator of oxidative damage caused
by salt stress, and the higher concentration of MDA under
stress represents the degree of cell membrane damage and it

is a common physiological indicator for evaluating plant exposed
to biotic or abiotic stress (Sarker and Oba, 2020b). In general,
the salt-tolerant cultivars exhibit less lipid peroxidation and
ROS production (H,0,) compared to their sensitive counterparts,
which is attributed to efficient protection mechanisms and
predominantly high scavenging capacity of the tolerant cultivar
(Yassin et al., 2019). The results of the present study showed
a significantly higher concentration of MDA and H,O, in
V11E0135 compared to V11E0022 under salt stress, which is
in agreement with the previous studies on different plants
(Wang et al., 2009; Shafeiee and Ehsanzadeh, 2019; Yassin
et al., 2019; Sarker and Oba, 2020b). In the current study, a
minor decrease in MDA concentration was observed at 200 mm
NaCl in the leaves of both cultivars. 200 mm NaCl might
induces salt stress-related genes in the leaves of water dropwort
(Kumar et al., 2020). Sustained decreases in MDA accumulation
might be due to the activation of PSII core proteins and Rubisco
(Morales and Munné-Bosch, 2019). A negative correlation
between MDA content and electron transport was described
by Morales and Munné-Bosch, which implies a feedback of
PSII and lower MDA in salt-stressed plants. From the current
study, we assume that the higher accumulation of MDA and
H,0, has severely affected the phenotype of V11E0135 as
compared to the V11E0022. To cope with this situation, the
plants have a defense system in the form of osmolytes, antioxidant
molecules, and antioxidant enzymes.

To regulate the osmotic potential, different compatible
solute, such as proline, soluble sugars, proteins, and GSH,
was accumulated in plants. The higher level of these compounds
helps in selecting the tolerant cultivar under stress conditions
(Torabi et al.,, 2013; Sharif et al, 2017; Sarker and Oba,
2019). Accumulation of proline and soluble sugars under
stress conditions protects the cell by maintaining the osmotic
strength of cytosol with that of vacuole and external
environment. In addition to its osmoprotection role, proline
is prominently used against ROS as well as provide protection
to enzymes and stabilize their structures (Rahneshan et al.,
2018; Alzahrani et al., 2019). Previous studies reported that
the salinity tolerant cultivars of canola, coriander, and tobacco
showed an increment in the proline content and soluble
sugars, which is in agreement with the current results (Celik
and Atak, 2012; Meriem et al., 2014; Sharif et al., 2017).
Proline content increased with increasing NaCl stress in both
roots and leaves of tolerant cultivar, whereas, in sensitive
cultivar it starts to decrease after 100 mm NaCl. The decrease
at 200 mm NaCl stress might be due to the low activity of
enzymes (P5CS and glutamine dehydrogenase) of the proline
biosynthetic pathway in V11E0135 (Chun et al., 2018). Another
reason might be proline dehydrogenase (ProDH), which is
one of the key enzymes that regulates proline accumulation.
Therefore, it might be possible that ProDH genes (ProDHI
and ProDH2) expression has been decreased at higher
concentration of NaCl in V11E0135 (Funck et al., 2010;
Chun et al., 2018).

The reason for the increment of soluble sugars might
be the higher enzymatic activities that help in the regulation
of cellular structures and functions through the interaction
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with macromolecules (Sharif et al., 2017; Ibrahimova et al.,
2019). The tolerant cultivars retain more water due to proline
and sugars, and the present study also showed that the
higher RWC of V11E0022 is due to the elevated concentrations
of proline and soluble sugars, which improves the osmotic
adjustment in water dropwort. Different studies revealed
that the salt stress reduced the RWC in the plants, and a
direct consequence of higher osmolytes in tolerant cultivar
is the maintenance of comparatively higher RWC (Karlidag
et al, 2009; Alzahrani al., 2019; Shafeiee and
Ehsanzadeh, 2019).

Furthermore, proteins act as osmotin and their accumulation
play a potential role developing tolerance against the salt stress
(Qados, 2011; Zhang et al., 2013; Sarker et al., 2018). Results
of the current study showed that the protein content in leaves
and roots of both cultivars was increased significantly under
salt stress. The current results are in agreement with the previous
studies conducted on Vicia faba, Broussonetia papyrifera, and
Amaranthus tricolor, which showed an increment in the protein
content in both roots and shoots under salt stress (Qados,
2011; Zhang et al., 2013; Sarker et al, 2018). According to
Yan et al. (2018), the synthesis and accumulation of GSH can
improve tolerance against biotic and abiotic stresses. Moreover,
GSH helps in ROS scavenging by detoxifying the superoxide
and hydroxyl radical (Ashraf, 2009; Hussain et al., 2016). In
the present study, a higher level of GSH was found in both
cultivars of water dropwort under salt stress compared to the
control. The roots of V11E0022 showed a higher level of GSH
in comparison with its counterparts, it could help in developing
salt tolerance. Likewise, studies carried out on wheat and onion
showed the positive effect of GSH by improving cell viability
under salt stress (Aly-Salama and Al-Mutawa, 2009; Ahanger
et al, 2019). Surprisingly, the leaves of V11E0135 showed
higher GSH than the V11E0022, and this increase in leaves
could be due to respiration, which plays a vital role in biosynthesis
of GSH. Metabolites, such as glycine, are produced during the
respiration that could be used in the biosynthesis of GSH
(Aly-Salama and Al-Mutawa, 2009). This higher GSH content
is concomitant with a higher respiration rate in V11E0135.
All these osmolytes and antioxidants might be responsible for
osmotic adjustment as well as the reduction of ROS and
oxidative stress, which enhance the tolerance of V11E0022
under salt stress.

Higher activities of antioxidant enzymes (SOD, POD,
CAT, and APX) provide tolerance against salt stress by
scavenging ROS, and the tolerant plants possess higher
enzyme activities than the sensitive counterparts (Ali et al.,
2017; Polash et al., 2019). In a defense mechanism, the
first line of defense is SOD that transforms the superoxides
into H,0,. Thereafter, CAT further converts this H,O, into
H,O and oxygen. Likewise, APX converts the H,O, into
H,O. In addition to these, POD is also used to scavenge
H,0, from the chloroplast efficiently (Jalali-e-Emam et al.,
2011; Polash et al, 2019). Similarly, GR converts the
glutathione (GSSG) into reduced GSH which regulates the
ROS removal (Elsawy et al., 2018; Polash et al, 2019).
Previous studies reported the higher activities of APX, SOD,

et

POD, and CAT in response to salinity in tomato, cabbage,
amaranth, and wheat (Li, 2009; Ali et al., 2017; Sahin et al.,,
2018; Sarker and Oba, 2020b).

Considering biomass and growth as the indicators for
salt tolerance, we deduce that V11E0022 is more tolerant
than the V11E0135, and this high tolerance could be attributed
to better antioxidant enzyme activities viz SOD, POD, CAT,
and APX, which reduced the H,O, and lipid peroxidation
level in roots and leaves. SOD and POD of V11E0022 showed
higher activity up to 100 mm in the leaves, whereas V11E0135
starts to decrease after 50 mm NaCl. The activity of SOD
and POD in roots of both cultivars decreased after 50 mm
NaCl, but comparatively higher activities were found in
V11E0022. APX activity in the leaves of V11E0022 was
increased with increasing NaCl concentration, whereas
V11E0135 showed inverse relation with salt stress. Similarly,
APX activity in roots was also found significantly higher
in V11E0022 in comparison with V11E0135. CAT showed
higher activities up to 100 mm in both leaves and roots
of V11E0022; however, leaves of V11E0135 showed decrease
in CAT activity with increasing NaCl concentration, whereas
roots start to decrease after 50 mm NaCl. The observation
of augmented antioxidant capacity of water dropwort up to
100 mm NaCl stress. Previous studies also reported the
decreased antioxidant capacities after 100 and 150 mm NaCl
stress in Vigna unguiculata, Brassica juncea, Oryza sativa,
Morus alba, Broussonetia papyrifera and many other plants
(Verma and Mishra, 2005; Ahmad et al., 2010; Maia et al.,
2010; Zhang et al., 2013; Garcia-Caparros et al., 2019).
Moreover, the present study also suggests that the different
parts of water dropwort may behave differently against the
salt stress, which depend on the type of cellular metabolism
of the plant part. The findings of antioxidant capacity also
reveal that APX and CAT could be efficient markers for
understanding the potential defense mechanisms of water
dropwort under NaCl stress conditions compared to
other enzymes.

CONCLUSION

Based on the phenotypic and physiological studies, we found
that VI1E0022 cultivar is tolerance against salt stress among
the 48 cultivars, whereas V11E0135 is the most sensitive.
Moreover, the tolerance of water dropwort could be due to
the higher content of osmolytes and antioxidants, and better
activities of APX, SOD, POD, and CAT, which reduced the
level of H,0,, and MDA in roots and leaves of water dropwort.
Comparatively higher K*/Na* ratio and higher concentration
of proline and soluble sugars, which acts as osmoregulators
helped in retaining higher water content in V11E0022. Based
on the antioxidant defense system, it is suggested that this
cultivar could efficiently tolerate the salt stress up to 100 mm
NaCl. Furthermore, proline, GSH, APX, and CAT could play
efficient roles in water dropwort under NaCl stress conditions
compared to others and help to understand the salinity tolerance
mechanism in water dropwort.
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