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Abstract Salinity is a major factor negatively affecting
plant growth and agricultural productivity. To gain a better
insight into Basella alba responses to different salt stress,
some physiological parameters were investigated on this
species after 15-day exposure to 200 mM NaCl or 100 mM
Na,SO, stress. Plant growth was significantly suppressed
under salinity and a more pronounced impairment induced
by NaCl instead of Na,SO, was observed. A high level of
water content was maintained in salt-treated shoot. Salinity
stress caused marked increase in Na™, Ca”, Cl™ and SO427
concentrations and decrease in K™ level and K*/Na™, Ca®t/
Na™ and Mg®*/Na™ ratios in plants. The absorptive abilities
of K*, Ca®* and Mg®" in plants were improved signifi-
cantly under salinity. Plants suffered a deeper oxidative
stress in the presence of NaCl than Na,SO, as evidenced by
the higher increase in foliar superoxide anions (O3 ) and
malondialdehyde (MDA) production as well as electrolyte
leakage. No salt-induced alterations were observed on foliar
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hydrogen peroxide (H,O,) level. B. alba responded to the
oxidative stress by enhancing antioxidant capacity involv-
ing ascorbate, reduced glutathione as well as antioxidant
enzymes. Superoxide dismutase (SOD), ascorbate peroxi-
dase (APX) and glutathione reductase (GR) were all
involved in the detoxification of reactive oxygen species
(ROS) in plants exposed to salt stress, whereas catalase
(CAT) only functioned in the Na,SOy-treated plants. The
ability of water maintenance in shoot and improvement of
cation absorbability as well as enhanced foliar antioxidant
capability all contribute to the salt adaptation of B. alba,
whereas a more efficient cation transport system and
antioxidant mechanisms may be responsible for the better
acclimation of this species to Na,SO,4 than NaCl.

Keywords Basella alba L. - Salt stress - Antioxidative
enzymes - Ascorbate - Glutathione

Introduction

Salinity imposes a severe threat on plant growth and global
food security. In saline conditions, soil salinity is normally a
mixture of different salts where NaCl and Na,SO, often
dominate (Devinar et al. 2013). High concentrations of Na™*
and CI™ impose osmotic stress, ionic toxicity, nutritional
stress and oxidative damage on the plants, which lead to a
series of metabolic disorders. Till now, much of the
research concerning salt tolerance of plant species has been
based on experiments in which NaCl is the predominant
salt, whereas Na,SQO, has received little attention (Colla
et al. 2012). In normal conditions, sulfur toxicity is rare, but
can occur in saline soils with high levels of sulfate salts
(Maathuis 2009) due to accumulation of toxic metabolites
in plant tissues (Shevyakova 1981).
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It is indicated that chloride and sulfate types of salinities
differ in their effects on growth, development and other
physiological processes of the plant (Reinoso et al. 2005).
Chloride salt inhibited plant yield, shoot and root biomass
production more than sulfate salt in cucumber (Colla et al.
2012). With salinity level at the same equimolar concen-
tration, sulfate is less toxic to jack pine (Franklin et al.
2002), pea (Hamdia and Shaddad 1996) and lucerne
(Medicago sativa L.) (Rogers et al. 1998). On the contrary,
growth of Cornus stolonifera Michx (Renault et al. 2001),
Ocimum basilicum (Tarchoune et al. 2010) and Prosopis
strombulifera (Devinar et al. 2013) decreased strongly in
plants treated with Na,SO, than in plants treated with NaCl
of the same molar concentration.

Basella alba L., a member of the Basellaceae family, is
extensively cultivated as an annual ornamental, edible or
important medicinal plants in the tropics. The fruit of B.
alba had been identified as a rich source of betalains (Lin
et al. 2010), which is a good antioxidant component and is
well correlated with plant salt tolerance (Chauhan et al.
2013). In fact, B. alba had been listed as a halophyte
species in the Haloph database (Aronson 1989). Despite
that a large body of work has been carried out on this
species for its medicinal purposes (Dong et al. 2011), few
information exists on its salt tolerance.

Because different salts occur in soils worldwide, and the
plant species B. alba is important for multiple purposes and its
good antioxidant traits, we conducted this study to know in
more detail how this plant responds and adapts to saline
conditions. We hypothesized that B. alba plants may respond
differently to NaCl and Na,SO, in growth and other physio-
logical processes. The biomass production, inorganic ions
uptake, membrane permeability as well as antioxidant defense
capabilities in B. alba were investigated under NaCl or Na,.
SO, stress in terms of equimolar concentrations of Na*.

Materials and methods
Plant material and salinity treatments

Seeds of B. alba were allowed to germinate in trays and
irrigated daily with distilled water. After germination,
10-day-old seedlings were transplanted to plastic pots filled
with sand. The seedlings were grown in a plant incubator
under controlled environmental conditions with a relative
humidity of 60-80 %, temperature 30/20 °C (day/night)
and 14/10 h photoperiod at 480 pmol m™2 s~ '. Plants
were arranged in a randomized block design with three
replicates per treatment, which consisted of 45 single plant
pots (15 pots per replicate). The seedlings received half-
strength Hoagland solution (Hoagland and Arnon 1950)
which was renewed every 2 days. Twenty-five days after
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transplanting, salinity stress was imposed by adding NaCl
or Na,SO, at the 200 mM Na™ level, which is equivalent to
200 mM NacCl or 100 mM Na,SQO,, respectively. Nutrient
solution without salt addition served as the control. Plants
were harvested after 15 days of salt treatments.

Measurements of growth parameters

Twelve plants were randomly selected for growth mea-
surements. At harvest, plants were immediately washed
with distilled water and separated into shoots and roots to
determine the fresh weights. Subsequently, shoots and
roots were dried in an aerated oven at 75 °C to constant
weight. The dry weights of roots and shoots were recorded
and prepared for inorganic ion content analysis. The water
content (WC, %) of the plant was calculated with the
following formula: WC (%) = (FW — DW) x 100/FW.

Analysis of inorganic ions and calculation of ion
selectivity ratio of absorption and translocation

Dried plant tissues (roots and shoots) were ground to a fine
powder for the determination of KT, Na™, Ca*", Mg*™,
Cl1™ and SO,*~. A 50 mg sample of root or shoot was ashed
in a muffle stove, then the ash was dissolved in concen-
trated nitric acid and diluted to 100 mL with distilled water
(Zheng et al. 2009). The concentrations of K™ and Na™
were determined with a digital flame photometer (Cole-
Parmer Instrument Company Model 2655-00, Chicago),
while Ca®" and Mg®" concentrations were measured using
an atomic-absorption spectrometer (Hitachi Z-5000,
Japan). Analysis of CI~ and SO,>~ contents was performed
according to the method of Kalbasi and Tabatabai (1985)
with some modifications. A sample (50 mg) of oven-dried
plant material was extracted with 20 ml deionized water in
boiling water for 1.5 h. After cooling, the extraction was
filtered and then added with deionized water to 50 ml. CI™
and SO,>~ were determined using an ion chromatograph
(DX-120 ion chromatograph, DIONEX).

The selectivity ratio of absorption (AS) and translocation
(TS) for K*, Ca*" and Mg*" over Na™ was calculated
according to the formula of Flower and Yeo (1988) with
some modifications: AS [X/Na] = ([XTV[Xt + Na't])
whole plant/([X*T)/[X' + Na™]) medium, TS [X/Na] =
(XTU[XT 4+ Nat]) shoot/([X)/[X" + Na™]) root, where
[X™] represents K, Ca®" or Mg>" in concentration of
mmol g~' DW.

Analysis of electrolyte leakage, malondialdehyde
(MDA), O3 and H,0,

The foliar electrolyte leakage was estimated as described
by Dionisio-Sese and Tobita (1998). Six randomly chosen
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plants per treatment (one mature leaf per plant) were taken
and cut into 1-cm segments which were then placed in
individual test tube containing 25 ml distilled water. The
tubes were incubated in a water bath at 25 °C for 2 h, and
the initial electrical conductivity (EC1) of the solution was
measured with a DDS-11A conductivity meter (Hongyi
Company, Shanghai, China). The same samples were then
autoclaved at 120 °C for 20 min and a second reading of
the EC (EC2) was recorded after cooling the solution to
room temperature (25 °C). Electrolyte leakage was calcu-
lated as EC1/EC2 and expressed as percentage.

The degree of membrane lipid peroxidation can be
reflected by malondiadehyde (MDA) content, which was
determined with the method of Madhava Rao and Sresty
(2000). MDA was extracted from fresh leaf samples with
0.1 % trichloroacetic acid and calculated using an extinc-
tion coefficient of 155 mM ™' ecm ™.

The H,O, content was measured with the colorimetric
method at 415 nm (Murkherje and Choudhuri 1983) and
the result expressed as pmol g~ .

The reduction of nitroblue tetrazolium (NBT) method
was adopted to determine the O; level in the leaf sample
(Kubis 2008). The absorbance was measured at 580 nm
and the O3~ content was defined as nmol g~ ' protein.

Extraction and determination of antioxidant
enzymes

All manipulations were performed under ice bath condi-
tions. Fresh leaves (0.5000 g) were ground to fine powders
with liquid nitrogen and extracted with prechilled 50 mM
phosphate buffer (pH7.8), containing 1 mM EDTA-Na,
and 1 % polyvinylpyrrolidone (PVP). The homogenates
were centrifuged at 10,000x g for 20 min at 4 °C and the
supernatants were prepared for the determination of protein
content and enzyme activities. Total soluble protein con-
tents in the crude extracts were measured according to the
method of Bradford (1976) employing bovine serum
albumin as a standard. Five replicates per treatment were
performed for analysis of antioxidant enzymes.

The superoxide dismutase (SOD) activity was assayed
with the nitroblue tetrazolium (NBT) method (Dionisio-
Sese and Tobita 1998). A final volume of 3 ml reaction
mixture contained 50 mM potassium phosphate buffer (pH
7.8), 13 mM L-methionine, 75 pM nitroblue tetrazolium
(NBT), 0.1 mM EDTA-Na,, 2 uM riboflavin and 0.1 ml of
the enzyme extract. To start the reaction, the glass test
tubes were exposed to 300 pmol m~> s~ ' light intensity at
25 °C for 20 min and the absorbance was measured at
560 nm. One unit of SOD was defined as the amount of
enzyme that induced 50 % inhibition in the photochemical
reduction of NBT. The SOD activity was expressed as the
SOD units min~" mg~" protein.

Peroxidase (POD) activity was measured based on the
guaiacol oxidation method (Polle et al. 1994). The reaction
solution in a total volume of 3 ml consisted of 50 mM
phosphate buffer (pH 7.0), 20 mM guaiacol, 10 mM H,0,
and 0.15 ml crude enzyme. The increase of absorbance was
measured at 470 nm. A unit POD activity was defined as
the POD units min~' mg~" protein.

The activity of catalase (CAT) was determined by mon-
itoring the degradation of H,O, at 240 nm based on the
method of Aebi (1984) with some modifications. The assay
mixture (3 ml) consisted of 50 mM phosphate buffer (pH
7.0), 15 mM H,0; and 0.1 ml enzyme extract. One enzyme
unit was recorded as CAT units min~' mg~"' protein.

The determination of APX activity depends on the
decrease in absorbance at 290 nm during the process of
ascorbate oxidation. According to the method described by
Nakano and Asada (1981), the assay medium of 3 ml
contained 50 mM phosphate buffer (pH 7.0), 0.5 mM
ascorbate, 0.1 mM EDTA and 1.2 mM H,0,. The enzyme
activity was expressed as APX units min~' mg~' protein.

Measurement of glutathione reductase (GR) activity was
conducted following the modified method of Foyer and
Halliwell (1976). The reaction system (1 ml) contained
100 mM phosphate buffer (pH 7.5), 1 mM EDTA, 0.5 mM
oxidized glutathione (GSSG), 0.12 mM NADPH-Na, and
0.1 ml crude enzyme. The decrease of absorbance was
determined at 340 nm. One unit of GR was defined as GR
units min~' mg~" protein.

Measurement of nonenzymatic antioxidants
Ascorbate (ASA) and dehydroascorbate (DHA)

2 g of fresh leaf samples was extracted in 4 ml of 5 % (w/v)
trichloroacetic acid in an ice bath followed by centrifugation at
10,000 g for 30 min at 4 °C. The supernatant was used for
determination of ascorbate and total ASA (ASA + DHA)
content according to the modified method of Wang et al.
(1991). For ASA analysis, a final reaction mixture of 2.5 ml
contained 0.5 ml absolute ethanol, 0.06 M trichloroacetic
acid, 3 mM bathophenanthroline, 4 mM H3;PO,, 0.18 mM
FeCl; and 0.5 ml of the sample extract. The mixture was
allowed to react for 60 min under 30 °C and the produced red-
colored solution was assayed at 534 nm. As for total ASA
determination, the reaction mixture contained 0.5 ml of the
extracted supernatant, 0.75 ml 3.89 mM dithiothreitol and
1.75 ml of absolute ethanol in a total volume of 3 ml. The
reaction solution was placed in room temperature for 10 min
to allow the reduction of DHA to ASA. After DHA was fully
reduced, the following reagents were added in the sequence:
1 ml of 20 % trichloroacetic acid, 0.75 ml of 0.4 % (v/v)
H;PO4—ethanol, 1.5 ml of 0.5 % (w/v) bathophenanthroline—
ethanol and 0.75 ml of 0.03 % (w/v) FeCls—ethanol. The final
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reaction volume was 7.0 ml which was then incubated at
30 °C for 60 min and the absorbance was read at 534 nm. The
content of DHA was calculated from the difference of the total
ASA and ASA. The results were expressed as pmol g~ of
fresh weight (FW).

Reduced and oxidized glutathione

Measurements of the reduced glutathione (GSH) and oxi-
dized glutathione (GSSG) were carried out with the mod-
ified method of Smith (1985) as reported by Akbari et al.
(2011). Leaf samples (0.5 g) were homogenized in 5 ml of
5 % (w/v) sulfosalicylic acid in an ice bath followed by
centrifugation at 10,000xg for 30 min at 4 °C. The
supernatant (1 ml) was taken and neutralized by adding
1.5 ml of 0.5 M potassium phosphate buffer (pH 7.5),
which was prepared for the determination of total glu-
tathione. An additional sample (1 ml) of neutralized
supernatant was added to 0.2 ml of 2-vinylpyridine and
incubated for 90 min at 25 °C to determine the GSSG.
Both samples were extracted twice with 5 ml diethylether.
The incubated solution consisted of the following compo-
nents: 0.5 ml of 0.1 M sodium phosphate buffer (pH 7.5)
containing 5 mM EDTA, 0.2 ml of 6 mM 5, 5'-dithiobis-
(2-nitrobenzoic acid), 0.1 ml of 2 mM NADPH, 0.1 ml
glutathione reductase type III (sigma) and 0.1 ml extract.
The change in the absorbance at 412 nm was measured at
25 °C. The amount of GSH was calculated by subtracting
GSSG from total glutathione concentrations. A standard
curve was prepared from varying concentrations of GSH.

Statistical analysis

All data were presented as mean value £ SD. One-way
analysis of variance (ANOVA) was applied to examine the
salinity effects on each parameter using the SAS 9.2 sta-
tistical software package. Significant differences between

means were determined by Fisher’s least-significant dif-
ference test (LSD) at P < 0.05.

Results
Biomass and water content

All plants survived after a 15-day duration of 200 mM
NaCl or 100 mM Na,SO, stress. Growth of plants was
significantly impaired under salt treatments and a more
pronounced inhibition induced by NaCl instead of Na,SO,
was observed (Table 1). As compared to the control, NaCl
decreased the shoot weight by 70 and 57 % on fresh and
dry basis, whereas the weight reduction in shoot induced by
Na,SO,4 was 43 and 16 %, respectively. Similarly, NaCl
stress caused 75 and 55 % decrease of root biomass (based
on fresh and dry weight), while 29 and 9 % reductions
were recorded in Na,SQO, treatments when compared to
their controls. The root water content showed significant
reduction of 16 and 8 % under NaCl and Na,SQO, treat-
ments, respectively (Table 1). However, shoot water con-
tent maintained 93 % of fresh weight in salinity treatments,
although significant reduction relative to the control was
observed (Table 1).

Ion uptake and transportation

The K™ content in the plants decreased significantly under
salt treatments, and the reductions of 44 and 40 % in root
and 59 and 56 % in shoot were recorded in the treatment of
NaCl and Na,SO,, compared to the control (Fig. 1). Con-
versely, salt stress caused remarkable increase in Na*t
content in plant tissues (Fig. 1). As compared to the con-
trol, the content of Na™ was increased to 7.2 and 18.6 times
in root and shoot with the treatment of NaCl, whereas the
increment of Na™ in root and shoot was 7.4 and 14.7 times

Table 1 Fresh weight, dry matter and water content of B. alba under salt treatments

1

1

Treatments Fresh weight (g plant™ ") Dry weight (g plant™ ") Water content (%)

Shoot Root Shoot Root Shoot Root
Control 1293 £ 245 a 0.69 £ 0.13 a 0.63 £0.12a 0.11 £0.02 a 95.13 £ 042 a 8355+t 441 a
200 mM NaCl 394+ 043¢ 0.17 £ 0.03 ¢ 0.27 £ 0.03 ¢ 0.05 £0.01b 93.09 £ 051 b 69.78 £ 4.68 ¢
100 mM Na,SO,4 743 £ 1.63b 049 £ 0.11 b 0.53 £ 0.09 b 0.10 £ 0.03 a 9277 £0.21b 76.46 £4.70 b

Plants cultured in sand were irrigated with half-strength Hoagland solution with or without additional salt (200 mM NaCl or 100 mM Na,SOy)
for 15 days (see details in “Materials and methods”). In each treatment, all the roots and shoots were harvested from 12 plants for growth
parameter analysis. The data in the table represent mean + SD. Different letters in the same column indicate statistical difference according to
Fisher’s least-significant difference test (P < 0.05)

Data in the table represent mean + SD (n = 12). Data followed by different letters in the same column are statistically different according to
Fisher’s least-significant difference test (P < 0.05)
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Fig. 1 Concentrations of inorganic ions in shoot (a) and root (b) of B.
alba under salt treatments. Plants cultured in sand were irrigated with
half-strength Hoagland solution with or without additional salt
(200 mM NaCl or 100 mM Na,SO,4) for 15 days (see details in
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“Materials and methods”). Six plants in each treatment were selected
for salt ion analysis. The data in the figure represent mean + SD.
Different letters in the same cluster indicate statistical difference
according to Fisher’s least-significant difference test (P < 0.05)

Table 2 Ratios of K™/Na™, Ca>™/Na™ and Mg?*/Na™ in shoot and root of B. alba under salt treatments

Treatments Shoot Root

K*/Na* Ca>*/Na* Mg>*/Na* K*/Na* Ca**/Na*t Mg>*/Na*
Control 1744 £3.90 a 0.090 + 0.010 a 2.66 + 027 a 7.85+ 398 a 0.137 £ 0.02 a 0.49 £+ 0.07 a
200 mM NaCl 0.39 £0.10 b 0.010 & 0.001 b 0.13 £ 0.01 b 0.56 £ 0.10 b 0.022 + 0.01 b 0.08 + 0.01 b
100 mM Na,SO, 0.53 £0.10 b 0.010 & 0.001 b 0.11 £ 0.01 b 0.59 £ 0.17 b 0.015 £+ 0.01 b 0.04 £ 0.01 b

Plants cultured in sand were irrigated with half-strength Hoagland solution with or without additional salt (200 mM NaCl or 100 mM Na,SOy)
for 15 days (see details in “Materials and methods”). Six plants in each treatment were selected for salt ion analysis. The data in the table
represent mean + SD. Different letters in the same column indicate statistical difference according to Fisher’s least-significant difference test

(P <0.05

Data in the table represent mean £ SD (n = 6).Within each column, the data followed by different letters in the same column are statistically
different according to Fisher’s least-significant difference test (P < 0.05)

under Na,SO, stress. A higher Na' content in shoot of
NaCl treatment than the Na,SO, treatment was observed
(Fig. 1). The Ca®" content in shoot showed significant
increase of 143 and 86 % in the treatment of NaCl and
Na,S0O,, respectively (Fig. 1), whereas no significant dif-
ference was observed for Ca®" content in root, irrespective
of the treatment. The salinity of Na,SO, decreased the
Mg2+ concentration both in root and shoot, while NaCl
showed no inhibition on Mg>" content compared to the
control group (Fig. 1). The C1™ content both in shoot and
root increased significantly under NaCl stress (Fig. 1),
which was 4.78 and 4.95 times that of control. Similarly, a
considerable amount of SO427 in plants treated with Na,.
SO, stress was observed (Fig. 1). The SO427 level in the
shoot and root was 5.08 and 3.47 times that of control. As
compared to the control, plant C1™ content was not affected
by Na,SO, stress and plant SO42_ level was also

unaffected by NaCl stress. A higher content of inorganic
jons (K, Na™*, Ca**, Mg>", CI™ and SO,>7) in shoot than
in root was recorded irrespective of treatment.

The ratios of K*/Na*, Ca>*/Na™* and Mg**/Na™ both in
roots and shoots were reduced considerably by two salin-
ities (Table 2). Particularly, the ratio of K*/Na™* decreased
to 2 and 3 % of the control in shoot and 7 and 8 % of the
control in root on treatment with NaCl and Na,SO,,
respectively.

Salinity stress significantly increased the AS ratio of K™,
Ca’" and Mg®" over Na™ (Fig. 2). A stronger selective
absorption capability of K* over Na* in plants treated with
Na,SO, than NaCl was recorded, whereas, for AS ratio of
Mg*" over Na™, the higher selective ability was found in
NaCl-treated plant than in Na,SOy-treated one. There was
no significant difference for AS ratio of Ca>™ over Na™
between treatment of NaCl and Na,SO,.
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Fig. 2 The selectivity ratio of absorption (a) and translocation (b) for
K™, Ca>" and Mg”" over Na™ in B. alba under salt treatments. Plants
cultured in sand were irrigated with half-strength Hoagland solution
with or without additional salt (200 mM NaCl or 100 mM Na,SO,)
for 15 days (see details in “Materials and methods”). Six plants in

Selectivity ratio of translocation

Control  NaCl Na,SO, | Control NaCl Na,SO, [Control NaCl Na,SO,

K'/Na" Ca”'/Na’ Mg”"Na"

each treatment were selected for salt ion analysis. The data in the
figure represent mean £ SD. Different letters in the same cluster
indicate statistical difference according to Fisher’s least-significant
difference test (P < 0.05)

Table 3 Electrolyte leakage and contents of MDA, H,O, and O5 in leaves of B. alba under salt treatments

Treatments MDA (nmol g71 FW) Electrolyte leakage (%) H,0, (umol g71 FW) 05 (nmol mgf1 protein FW)
Control 0.94 £ 0.18 b 26.06 £ 3.02 ¢ 1239 £ 0.58 a 9.9 £202c
200 mM NaCl 143 £ 044 a 4756 £3.78 a 11.88 £ 0.82 a 38.63 £ 4.80 a
100 mM Na,SO, 1.16 + 0.05 ab 3982 +£249b 12.13 £ 2.55 a 23.89 £ 321b

Plants cultured in sand were irrigated with half-strength Hoagland solution with or without additional salt (200 mM NaCl or 100 mM Na,SOy)
for 15 days (see details in “Materials and methods™). Six fully expanded leaves of comparable physiological age in each treatment were
collected for MDA, H,0, and O3 analysis. The data in the table represent mean 4 SD. Different letters in the same column indicate statistical
difference according to Fisher’s least-significant difference test (P < 0.05)

Data in the table represent mean £ SD (n = 6).Within each column, the data followed by different letters in the same column are statistically

different according to Fisher’s least-significant difference test (P < 0.05)

The TS ratio for K™ and Mg?" over Na™ decreased
significantly under NaCl stress (Fig. 2). It showed no sig-
nificant difference for the TS ratio of K™ and Mg*" over
Na™ between control and Na,SO, treatment. The TS ratio
of Ca*" over Na™ for translocation was not affected by
NaCl or Na,SO, salinity.

Lipid peroxidation, electronic leakage, hydrogen
peroxide and active oxygen

The foliar MDA content increased significantly in plants
treated with NaCl, while no significant difference was
observed in plants with Na,SO, treatment when compared
with the control (Table 3). The foliar electrolyte leakage

@ Springer

increased significantly on treatment with two types of
salinity (Table 3). However, a higher value of electrolyte
leakage was recorded in NaCl stress than with Na,SOy4
stress. In contrast, H,O, concentration was not affected by
NaCl or Na,SO, stress in comparison with the control
(Table 3). The considerable increase of 290 and 141 % in
O5 content was observed under treatment of NaCl and
Na,S0,, respectively (Table 3).

Enzyme activities
Salinity led to significant increase of SOD activity compared

to the control (Fig. 3), which was more remarkable in the
presence of Na,SO,4 (70 %) than in the presence of NaCl
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(33 %). In comparison with the control, the activity of POD
exhibited a significant decrease of 51 % in the NaCl medium
(Fig. 3), whereas no significant difference of POD was
observed for plants treated with Na,SO,4. A marked increase
of 40 % in CAT activity was induced by Na,SO, stress
(Fig. 3); however, no significant change in CAT was mea-
sured in the NaCl treatment relative to that of the control. For
APX (Fig. 3), remarkable increase either in the medium of
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500 1 I Nac
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b
c
b ab a
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Fig. 3 Activities of SOD, POD, CAT, GR and APX in leaves of B.
alba under salt treatments. Plants cultured in sand were irrigated with
half-strength Hoagland solution with or without additional salt
(200 mM NaCl or 100 mM Na,SO,4) for 15 days (see details in
“Materials and methods”). The fresh leaves were harvested from five
plants in each treatment for analysis of enzyme (SOD, POD, CAT,
GR and APX) activities. The data in the figure represent mean + SD.

Different letters in the same cluster indicate statistical difference
according to Fisher’s least-significant difference test (P < 0.05)
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Fig. 4 Contents of ASA, total ascorbate (ASA + DHA), GSH, total
glutathione (GSH + GSSG) and ratios of ASA/DHA and GSH/GSSG
in leaves of B. alba under salt treatments. Plants cultured in sand were
irrigated with half-strength Hoagland solution with or without
additional salt (200 mM NaCl or 100 mM Na,SO,) for 15 days

NaCl (32 %) or Na,SO,4 (80 %) was shown compared to the
control. Similarly, GR activity also showed increase in plants
exposed to salinity stress (Fig. 3).

Nonenzymatic antioxidants

The foliar ASA content appeared to be 38 and 73 % higher
in plants treated with NaCl and Na,SO, (Fig. 4), respec-
tively, when compared with the control. Similarly, a
marked increase of total ascorbate (ASA + DHA) level
was also recorded under the salinity treatments (Fig. 4).
Salt treatment increased the foliar total glutathione
(GSH + GSSG) level markedly (Fig. 4). However, the
GSH content showed significant increase of 42 % in Na,.
SO, treatment and no significant change in GSH content
was observed in NaCl treatment as compared to the control
(Fig. 4). The ratio of ASA/DHA and GSH/GSSG both
decreased significantly in the presence of salinity; more-
over, a more pronounced reduction in the GSH/GSSG ratio
was observed with NaCl stress than with Na,SO, stress
(Fig. 4).

Discussion

A number of plant species showed high salt tolerance traits,
such as Cynara cardunculus (Benlloch-Gonzalez et al.
2005), Gypsophila oblanceolata (Sekmen et al. 2012),
Plantago crassifolia (Vicente et al. 2004) and Centaurea
tuzgoluensis (Yildiztugay et al. 2011). Aronson (1989)
defined B. alba as a halophyte species based on the

B 6o- [ ]Control
[ Nacl
I \a,SO,

ASA/DHA GSH/GSSG

before being sampled for determinations of antioxidant molecules.
The fresh leaves were collected from five plants in each treatment.
Data in the figure represent mean + SD. Different letters in the same
cluster indicate statistical difference according to Fisher’s least-
significant difference test (P < 0.05)
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criterion in plants that survive to complete their life cycles
in at least 80 mM NaCl. In the present study, B. alba
survived under 200 mM NaCl or 100 mM Na,SO, stress
conditions with low growth rate, indicating it to be a salt-
tolerant species. However, significant growth suppressions
were observed in plants under salinity stress (Table 1),
which could be partly due to osmotic stress. The results
showed that the water content of salinity-stressed plants
decreased significantly as compared to that in control
plants implying an osmotic effect. In addition, a lower root
water content in NaCl treatment than that of Na,SO, can be
explained by a difference in osmotic potential in growing
medium (Table 1), as the osmotic potential of 200 mM
NaCl was lower than that of 100 mM Na,SO,. There were
no significant differences for shoot water content between
the two salinity treatments (Table 1). Especially, the suc-
culent shoot was able to maintain a water content of about
93 % of fresh weight under salinity (Table 1), which may
contribute to the salt tolerance of this species through
diluting the toxic effect of accumulated salt ions (Vicente
et al. 2004).

Under saline conditions, high concentrations of N at, ClI™
or SO,*~ could produce a high uptake of these ions, showing
that B. alba was unable to prevent the transport of these salt
ions from the root to the shoot (Fig. 1). Growth reduction
induced by salinity stress (Table 1) was likely associated
with the toxicity of Na™, Cl™ and/or SO42_ that accumulated
in plant tissues. Particularly, B. alba accumulated 2.79 and
221 mmol g=' Na™ after 15 days of treatment with
200 mM NaCl or 100 mM Na,SO, (Fig. 1), a higher Na*t
accumulating level compared to that of other halophyte
species such as Plantago crassifolia (Vicente et al. 2004)
and Centaurea tuzgoluensis (Yildiztugay et al. 2011). It was
found that Na* content was higher in the shoots stressed by
NaCl than that stressed by Na,SO, at equimolar Na™
(Fig. 1). Similar observations were reported in dogwood
(Renault et al. 2001) and Gleditsia tricanthos (Dirr 1974).
The data suggested that Cl~ may affect Na™ uptake by
altering plasma membrane lipid composition and thus
changes in membrane permeability, according to the mem-
brane response to chloride reported by Kuiper (1968). As
compared with Na*, C1~ was reported to be more injurious
in some cases (Kalaji and Pietkiewicz 1993). Xu et al.
(2000) suggested that the normally nontoxic CI™ level in
plants range from 1 to 20 mg g~ ', being equivalent to 0.03
to 0.56 mmol g~'. The CI™ content in shoot and root of
NaCl treatment was 1.85 and 0.61 mmol g~' (Fig. 1),
respectively, which was probably reaching a toxic level in
plant tissues especially in the shoots, whereas the C1™ levels
in plants, both of control (0.12-0.39 mmol g_l) and Na,SO,
treatment (0.19—0.39 mmol g_l), were within the normal
range. The requirement of sulfur for plant optimal growth
varies between 0.1 and 0.5 % of the plant dry weight

@ Springer

(Marschner 1995). In 100 mM Na,SOy-stressed plants
(Fig. 1), the content of SO,*~ was 0.33 mmol gf1 in shoot
and 0.06 mmol g~ in root, being equivalent to a sulfur
content of 1.04 % in shoot and 0.19 % in the root, respec-
tively. It was indicated that shoot SO,*~ level exceeded the
normal requirement of plant optimal growth. However, it
could not be determined whether the shoot suffered toxic
effect under 100 mM SO4>~ stress. According to Shevya-
kova (1981), the excess of SO,>~ induces the synthesis of
useful secondary-type S-metabolites such as 3’-phospho-
adenosine 5'-phosphosulphate (PAPS) which is responsible
for the survival of plants under sulfate salinity. Besides,
some toxic metabolites can be degraded to the inorganic
sulfate in the medium of moderately high sulfate ion con-
centration (50-100 mM Na,SO,) (Shevyakova 1981). In the
current study, plant growth responded differently to NaCl
and Na,SO, stress (Table 1), which appeared to be species
specific as observed in previous studies (Franklin et al. 2002;
Colla et al. 2012; Devinar et al. 2013). It was found that CI™
posed a greater interfering effect on plant development and
water balance than SO427 (Rogers et al. 1998). The greater
biomass reduction in NaCl than in Na,SO, was probably
caused by higher Na* content in the shoot as well as the
higher toxicity of C1~ than SO,*~.

As reported in previous studies concerning other plant
species (Renault et al. 2001; Pagter et al. 2009), tissue
concentrations of cationic nutrients were generally reduced
in salt-treated plants. Differing from the K* content in the
plant, the root Ca’®" remained constant and shoot Ca’*
increased significantly in response to salt stress (Fig. 1).
Similar results were found in jack pine (Franklin et al.
2002), Vica faba (Gadallah 1999) and Plantago crassifolia
(Vicente et al. 2004). Our data indicate that the presence of
Cl™ or SO, may impede the ability of the plant to restrict
the movement of Ca®", supporting the fact that anions play
an important role in the absorption and transportation of
Ca”** (Fouldrin and Limami 1993; Halperin et al. 1997).
The higher reduction of Mg " either in shoot or root treated
with Na,SO, than that with NaCl may be attributed to the
antagonistic action between Mg”>" and SO,*~ rather than
Cl™ (Grattan and Grieve, 1999). Similar results were also
observed in dogwood (Renault et al. 2001).

High salt uptake disrupts ionic homeostasis and leads to
nutrient deficiency. The decreased ratios of K™/Na™t, Ca**/
Na™ and Mg>"/Na™ (Table 2) in plant were largely due to
the excessive accumulation of Na™. As a result, the Na™-
induced K™ deficiency and ion imbalance could be a major
factor that resulted in growth inhibition. To alleviate the
specific ion toxicity induced by Na™, B. alba developed
strong selectivity for K™, Ca?* and Mg>" absorption under
salinity stress (Fig. 2). Moreover, the normal selective
translocation ability for different cations over Nat was
maintained in plants with Na,SO, treatment (Fig. 2). The
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results indicated that a more efficient transport system for
K™, Ca>" and Mg existed in Na,SO,-stressed plants than
in NaCl-stressed plants.

Lipid peroxidation and the consequent increase in MDA
levels are frequently reported in studies related to salinity
toxicity (Panda and Khan 2009; Sekmen et al. 2012). The
observed increase in MDA level and EL ratio (Table 2) in
this study suggested that lipid peroxidation occurred as a
result of ROS formation induced by NaCl or Na,SOy stress.
The rate of Oz increased significantly under salinity
whereas H,O, remained stable irrespective of the treatment
(Table 3), indicating that oxidative damage occurred in the
O3 burst stage before H,O, generation. In accordance with
the observations on growth parameters (Table 1), NaCl
induced a higher production of O3 and lipid peroxidation
rate measured as MDA level and EL ratio compared to
samples treated with Na,SO,4 (Table 2).

SOD, in particular, constitutes the first line of defense
against oxidative damage by catalyzing the detoxification of
O3 to H,0O, and O, in chloroplast, mitochondrion and other
organelles (Gill and Tuteja 2010). The enhanced activity of
this enzyme under salinity implies that this species had
efficient capacity for the removal of O radicals, thus
reducing its oxidative damage and cellular toxicity (Sabra
et al. 2012). A more efficient O; scavenging ability was
recorded in Na,SOy-stressed plants than in NaCl-stressed
ones (Fig. 3). As the product of SOD activity, H,O, is then
eliminated by two groups of enzymes: catalases and per-
oxidases. CAT is suggested to be involved in mass scav-
enging of H,O, whereas POD, APX and GR are suggested
to be involved in fine regulation of H,O, (Abogadallah
2010). Particularly, APX plays a key role in scavenging
H,0, through the ascorbate—glutathione cycle in the cytosol
and chloroplast. The increased activity in APX was associ-
ated with the tolerance to oxidative stress in various plant
species (Amor et al. 2006; Yildiztugay et al. 2011). In the
current study, the activities of APX and GR were induced by
salinity in contrast to POD that was inhibited (Fig. 3). CAT
activity increased in plants treated with Na,SO,4, whereas it
remained unchanged in plants treated with NaCl (Fig. 3).
Our data indicated that a co-operation is activated between
CAT, APX and GR for establishing a proper H,O, or other
ROS in plants exposed to Na,SO, stress. In contrast, in
plants treated with NaCl, the removal of H,O, mainly
depended on the function of APX and GR. The low basal
rate and decreased POD activity in this species seem to
indicate that this enzyme is not crucial in detoxification of
ROS damage under salt stress. Additionally, it would be
interesting to link the antioxidant capacity of B. alba with its
Ca®" status. Calcium has been suggested to increase the
activities of antioxidant enzymes and reduce cell membrane
lipid peroxidation, likely in relation with its cytosolic con-
tents and its role in signal transduction (Amor et al. 2005).

Overall, the detoxification of H,0, is extremely important in
regulating the levels of other ROS within plant systems
(Hodges and Forney 2001), and the low level of HO, may
act as a signal molecule involved in acclimatory signal
triggering tolerance to salinity stress (Gill and Tuteja 2010).

Scavenging of ROS depends on both enzymatic and
nonenzymatic components. In the ASA-GSH cycle, APX
catalyzes the detoxification of H,O, to water in the first
step by using ASA as a reductant (Tarchoune et al. 2010).
The increased foliar ASA and ASA 4 DHA level observed
under salinity treatments (Fig. 4) indicated that ASA syn-
thesis was stimulated or ASA catabolism was inhibited.
The ASA or ASA + DHA in two types of salinity-stressed
plants had no significant difference (Fig. 4). More impor-
tant than the total ascorbate is the ASA/DHA ratio, which
is considered as an index of the cell redox status and one of
the first signs of oxidative stress. Significant reduction in
ASA/DHA ratio in salt-stressed plants (Fig. 4) might be an
indication of APX participation in ROS detoxification
(Fig. 3). This is because sufficient ASA concentration is
important for maintaining APX activity, which can be
inactivated when ASA level drops down (Asada 1999).

Glutathione (GSH) is involved in both the direct and the
indirect control of ROS concentrations. The protective and
regulatory roles of GSH are based on changes in its redox
state and the half-cell reduction potential of the GSH/GSSG
couple (Szalai et al. 2009). In the leaves of plants grown in
NaCl medium, the GSH level (Fig. 4) was not induced,
although the GR activity (Fig. 3) and total glutathione
(Fig. 4) increased, indicating that the reduction of GSSG by
GR was not sufficient to counterbalance GSH oxidation
(Fig. 3). In contrast, the GSH content increased markedly in
leaves of the Na,SOy-treated plants (Fig. 4), which was
mainly attributed to the function of sulfate as the synthesis of
GSH is regulated by the sulfur-assimilatory pathway (Fatma
et al. 2013). According to Fatma et al. (2014), excess sulfur
supplementation improved salt tolerance of mustard through
increased production of glutathione. The decrease of GSH/
GSSG ratio in leaves of plants treated with NaCl or Na,SO,
could be due to GSH degradation. A higher GSH level and
GSH/GSSG ratio in Na,SOy-stressed plant than in NaCl-
treated plant indicates once more that B. alba reacted better
to Na,SO, than to NaCl.

Conclusions

The current study showed that B. alba was tolerant both to
NaCl and Na,SOy stress. Growth suppression was observed
due to osmotic and ion-specific effect as well as oxidative
damage induced by salinity, with NaCl being more toxic
than Na,SO,. Several defensive strategies including the
ability of water maintenance in succulent shoot, increased
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absorptive capability for cations (K*, Ca*" and Mg*") as
well as the enhancement of enzymatic and nonenzymatic
components all contributed to the salt adaptation of B. alba,
allowing it to withstand high salinity conditions. In general,
a more efficient cation transport system and ROS scav-
enging capacity and protection mechanism may be
responsible for the better adaptation of this species to
Na,SO, than NaCl.
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