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ABSTRACT

Possible involvement of calcium (Ca) and zinc (Zn) in mitigation of salt (NaCl) stress-induced oxidative
damage in Brassica juncea was investigated. Salt stress (200 mM NaCl) reduced leaf pigment synthesis
and some key photosynthetic attributes including stomatal conductance and internal CO,
concentration. Exogenous application of Ca and Zn resulted in enhanced growth possibly by
induction of the antioxidant defense system, resulting in improved redox state thereby favoring
growth improvement. Proline accumulation (3.39-fold) was stimulated by exogenous application of
Zn and Ca causing improvement in growth through enhancement in relative water content
(78.46%) and increased flavonoid accumulation (86.19%). NaCl stress enhanced the hydrogen
peroxide (H,0,), malondialdehyde and methylglyoxal content by 3-fold, 1.51-fold, and 2.98-fold,
respectively, however, supplementation of Ca and Zn individually as well as in combination
reduced the accumulation to an appreciable level. Ca and Zn treatment helped Brassica juncea
plants to strengthen the antioxidant system and glyoxalase system and also enzymes of ascorbate-
glutathione (AsA-Glu) cycle for better protection to membranes from reactive oxygen species.
Moreover, Ca and Zn supplementation reduced the salt-induced damage by maintaining Na/K ratio
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through improved K uptake.

1. Introduction

Of several abiotic stresses prevalent on the globe, salinity
stress is important to study because it is spreading at a very
high speed, leading to the conversion of fertile land to derelict
lands. Increased salinity has affected approximately 7% of
total land surface globally and 20% of the agricultural land
(Munns and Tester 2008, Cabot et al. 2014). Salinity is
known to decrease plant growth and productivity due to
ionic and osmotic stresses. Salinity stress decreases the yield
and yield components in rice seedlings (Mohammadi et al.
2013). Kumar and Khare (2016) also reported reduced grain
yield and quality of yield in rice seedlings under NaCl stress.
Accumulation of Na" has been reported to hamper many
important biological functions such as photosynthesis, respir-
ation, and uptake of nutrients (Ahmad et al. 2015, Ahmad
et al. 2016b, Ahanger and Agarwal 2017). Like other stresses,
high salinity leads to overproduction of reactive oxygen
species (ROS) leading to oxidative effects on key and sensitive
biomolecules, including membrane lipids, proteins, and
nucleic acids, etc. (Ahmad et al. 2010). Plants counteract the
stress-induced changes by regulating their defense systems
such as compatible solutes and antioxidants. The antioxidants
are enzymatic and non-enzymatic, while compatible osmo-
lytes include proline, sugars, and amino acids, which provide
protection to the biomolecules (Ahanger et al. 2015). Such
protective mechanisms protect plants from salinity-induced
oxidative and ionic effects, minimizing the excess generation
of ROS, and hence protecting cellular functioning (Ahmad

et al. 2010, Ahmad et al. 2015). Ascorbate-glutathione cycle
(AsA-Glu cycle) is playing a major role in cell detoxification
under abiotic stress (Noctor and Foyer 1998). AsA-Glu
cycle uses ascorbate as electron donor and reduces H,O, to
H,O (Smirnoff 2000). Methylglyoxal (MG) is highly reactive
and is elevated under abiotic stress (Yadav et al. 2005,
Hoque et al. 2012, Hoque et al. 2016). Plants are equipped
with glutathione (GSH)-dependent glyoxalase (Gly) system
to tackle this MG stress. Antioxidant system in collaboration
with glyoxalase system enhanced the abiotic stress tolerance
in plants (Nahar et al. 2015).

Application of mineral nutrients is a very potential strategy
for the maintenance of plant growth and development. Various
nutrient elements result in alleviation of abiotic stresses in
plants and help the plant to flourish well under stressful con-
ditions (Ahanger et al. 2015, Ahmad et al. 2015, Siddiqui
et al. 2015). Zinc (Zn) and calcium (Ca) are important
elements, which play a leading role in plant stress avoidance
(Rezaei and Abbasi 2014, Ahmad et al. 2015). Zinc is an impor-
tant component of DNA binding proteins, the Zn-fingers, and
is also involved in enzyme activity, stability of membranes, and
proteins structure (Aravind and Prasad 2004, Tavallali et al.
2009). Apart from being an important component of antioxi-
dant enzyme, Cu/Zn-SOD (superoxide dismutase) (Ahmad
et al. 2010), Zn acts as cofactor of many enzymes and is also
associated with protein synthesis, cell division and other meta-
bolic activities of the cell. Due to the low solubility of Zn in the
soil solution, it becomes unavailable to roots leading to its
deficiency in plants.
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Calcium, being a macronutrient, is essential for the normal
growth and development of plants, because it plays an impor-
tant role in stabilization of membrane structures, enhances
uptake of nutrients, and activates metabolic processes
(Tuna et al. 2007, Sarwat et al. 2013). Calcium also alleviates
the deleterious stress effects by modulating the antioxidant
metabolism (Zorrig et al. 2012, Ahmad et al. 2015). Wu
and Wang (2012) have ascribed the alleviatory role of exogen-
ously applied Ca to its ability to induce ionic homeostasis.
However, the role of Ca and Zn in the regulation of salinity
stress has not been elucidated properly, and thus it needs to
be studied in detail.

Mustard (Brassica juncea L.) is an important and major
oil-yielding crop worldwide. The oil content of mustard seed-
lings is decreasing due to salinity stress. Apart from having
medicinal properties, mustard (residual part) is also used as
a fertilizer and fodder for cattle. The production of mustard
is adversely affected by salinity stress (Ashraf and McNeilly
2004). Considering the increasing salinity problem and lim-
ited use of micronutrients in mitigating the stress, the present
study aimed to investigate the effect of Ca and Zn, either indi-
vidually or in combination, for improving tolerance of mus-
tard plants against NaCl stress.

2. Material and methods
2.1. Plant materials and growth conditions

Brassica juncea (Czern. & Cross.) seeds were kept in Petri-
plates lined with Whatmanl filter paper in seed germinator
(temperature = 25 + 0.5°C, photoperiod = 16 h, light intensity
=175 umol m™ s7") for 4 days. The germinated seedlings
were transferred to pots containing peat, perlite, and sand
(1:1:1) and were given full strength Hoagland’s nutrient sol-
ution (200 mL per pot) for 2 weeks on every alternate day.
After 15 days of seedling growth, the pots were irrigated with
modified Hoagland’s nutrient solution containing 0 (control)
or 200 mM NaCl. Exogenous application of zinc (ZnSO,-7H,.
O, 1 mM) and calcium (CaCl,, 50 mM) was started 25 days
after sowing (DAS) (i.e. 10 days after stress imposition) indivi-
dually or in combination. The control plants were applied with
equal amount of distilled water. Plants were maintained under
controlled conditions at day/night temperature of 26/16°C,
with five replicates laid in a randomized block design. Plants
were harvested for analysis after 60 days after treatment (85
days old plants) and some seedlings in the pots were allowed
to grow till maturity to obtain the yield parameters.

2.2. Growth and dry weight (DW)

Shoot and root lengths were measured using a manual scale.
The samples were oven-dried for 72 h at 65°C for estimation
of shoot and root DWs.

2.3. Yield attributes

At maturity (110-day-old plant) plants were harvested and
the data related to the yield were recorded.

2.4. Oil content estimation

Solvent extraction methods were used for the estimation of oil
content. Mustard seeds (3 g) were grinded in the presence of

sodium sulfate (Na,SO,) and the powder was kept in a test
tube. Hexane (20 mL) was added to the test tube as mobile
phase. Elute containing oil was taken in a vial and hot water
bath was used to evaporate hexane. Then the oil collected
was weight and its percentage was calculated by the formula:

oil percentage = oil content / seed weight x 100.

2.5. Estimation of pigment content

For estimation of leaf chlorophyll pigments, fresh leaf samples
(100 mg) were immersed in tubes containing dimethyl sulfox-
ide (DMSO, 10 mL) and kept at 65°C for 40 min. Thereafter,
1 mL aliquot was mixed with 2 mL of DMSO, and the absor-
bance of the solution was recorded at 480, 510, 645, 663 nm
spectrophotometrically (Beckman 640 D, USA) using DMSO
as blank (Hiscox and Israelstam 1979).

2.6. Estimation of gas exchange parameters

Measurement of gas exchange parameters, including net CO,
assimilation rate (A), stomatal conductance (g;), and transpira-
tion rate (E), were measured in intact leaves using a portable
infrared gas analyzer (LCA-4 model, Analytical Development
Company, Hoddesdon, England).

2.7. Determination of leaf relative water content
(LRWC) and electrolyte leakage

LRWC was determined in fresh leaves by employing the
method of Smart and Bingham (1974). Briefly fresh leaf
discs were taken and their fresh weight (FW) recorded, and
subsequently, they were floated on water for 4 h. The turgid
weight (TW) was then noted. Thereafter, leaf discs were
oven-dried at 75°C, and the DW recorded. Percent LRWC
was calculated using the following formula:

LRWC (%) = FW — DW /TW — DW x 100.

For electrolyte leakage determination, fresh leaf discs were
transferred into deionized water (10 mL) and the electrical
conductivities (ECs) were recorded after incubating the con-
tents at 0 (EC,), 60°C (EC,), and 100°C (EC,) in a water bath
(Dionisio-Sese and Tobita 1998). Calculations were done as
per following formula:

Electrolyte leakage (%) = (EC; — ECy)/(EC, — ECy) x 100.

2.8. Estimation of proline content

Plant tissue weighing 300 mg was extracted in 10 mL of sulfo-
salicylic acid (3%). The homogenate was centrifuged at 10,000
x g for 15 min. The supernatant (2 mL) was incubated at 100°C
for 1 h after mixing with equal quantity of glacial acetic acid
and acid ninhydrin. Thereafter, the tubes were removed, and
the reaction was terminated on ice bath. The proline was sep-
arated with 4 mL toluene (Bates et al. 1973). The absorbance
was measured at 520 nm using toluene as a blank.

2.9. Estimation of hydrogen peroxide (H,0,),
malondialdehyde (MDA) and MG

For hydrogen peroxide (H,O,) measurement, fresh leaf
samples (500 mg) were macerated in 0.1% trichloroacetic



acid (TCA), and the homogenate was centrifuged at 12,000 x
g for 15 min. The supernatant (0.5 mL) was mixed with equal
volume of 10 mM potassium phosphate buffer (pH 7.0) fol-
lowed by addition of 1 mL potassium iodide (1 M) solution.
Optical density was recorded at 390 nm (Velikova et al. 2000).

Lipid peroxidation was estimated by measuring the MDA
content formation following the procedure of Rao and Sresty
(2000). Fresh leaves (500 mg) were homogenized in 0.1% (w/
v) TCA and centrifuged at 10,000 x g for 10 min. The super-
natant (1 mL) was reacted with 20% TCA (4 mL) containing
0.5% (w/v) thiobarbituric acid and subsequently heated for 30
min at 95°C. The samples were removed and cooled on ice,
followed by centrifugation at 10,000 x g for 15 min. Optical
densities of the supernatants were recorded at 532 and
600 nm.

The method of Wild et al. (2012) was employed for the
determination of MG content. The absorbance was recorded
at 288 nm. MG content was calculated using a standard curve
of known MG concentrations.

2.10. Antioxidant enzymes

2.10.1. Extraction of enzymes

Extraction was carried out by grinding 500 mg fresh leaves in
50-mM sodium phosphate buffer (pH 7.0) containing 1%
polyvinyl pyrrolidone. The homogenate was centrifuged at
10,000 x g for 15 min at 4°C, and the supernatant was used
as an enzyme source. For extraction of ascorbate peroxidase
(APX), the buffer was supplemented with 2.0-mM ascorbate.
The method of Bradford (1976) was employed for protein
estimation by using bovine serum albumin as a standard.

2.10.2. Enzyme assay
Superoxide dismutase: activity of SOD (ECI.15.1.1) was
measured following the photoreduction of nitroblue tetrazo-
lium at 560 nm. The amount of protein able to cause 50%
decline in SOD-inhabitable Nitro Blue Tetrazolium Chloride
reduction was considered as one unit of enzyme activity. The
activity was expressed as unit mg ™' protein (van Rossum et al.
1997). The method of Luck (1971) was adopted to assay cat-
alase (CAT, EC 1.11.1.6) activity and change in the absor-
bance was monitored at 240 nm. CAT activity was
expressed as EU mg ' protein. The assay of APX (EC
1.11.1.11) activity was used for measuring the change in the
absorbance at 290 mm for 3 min and the activity was
expressed as EU mg ™' protein (Nakano and Asada 1981).

For estimation of glutathione reductase (GR, EC 1.6.4.2)
activity, the method of Foyer and Halliwell (1976) was fol-
lowed. The change in optical density was measured at
340 nm, and the activity was expressed in pmol nicotinamide
adenine dinucleotide phosphate (NADPH) oxidized/unit
mg~' protein. The activity of monodehydroascorbate
reductase (MDHAR, EC 1.6.5.4) was assayed following the
method described by Miyake and Asada (1992), the change
in the absorbance recorded at 340 nm for 3 min, and
expressed as pumol NADPH oxidized/unit mg™" protein.
Dehydroascorbate reductase (DHAR, EC: 1.8.5.1) activity
was assayed using the method suggested by Nakano and
Asada (1981). The change in optical density was measured
at 265 nm and the activity was expressed as Units mg~"
protein.

For estimation of guaiacol peroxidase (GPX, EC: 1.11.1.9)
activity, the method of Elia et al. (2003) was employed. The
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change in the absorbance was monitored at 340 nm for 2
min, and the activity was expressed as EU mg™"' protein.
The activity of glutathione S-transferase (GST, EC: 2.5.1.18)
was determined following the procedure described by Hasa-
nuzzaman and Fujita (2013). The change in the absorbance
was recorded at 340 nm for 2 min, and the activity was
expressed as EU mg_1 protein.

2.11. Estimation of ascorbic acid (AsA), glutathione,
and a-tocopherol

For estimation of AsA and reduced GSH, 500 mg fresh leaf
tissues were extracted in 5% meta-phosphoric acid and
1 mM EDTA followed by centrifugation at 11,500 x g for
15 min at 4°C. The supernatant was collected and estimation
of AsA and GSH was carried out following the methods
described by Huang et al. (2005) and Yu et al. (2003), respect-
ively. Standard curves with known concentrations of AsA and
GSH were used. The content of GSH was calculated by sub-
tracting GSSG (oxidized glutathione) from total GSH. The
method of Baker et al. (1980) was followed for determination
of a-tocopherol, and the absorbance was recorded at 520 nm.
Calculations were done using a standard curve of a-
tocopherol.

2.12. Estimation of glyoxalase I (Gly 1) and glyoxalase
11 (Gly 1)

The method of Hossain et al. (2009) was used for the deter-
mination of activity of Gly I (EC 4.4.1.5) using an extinction
co-efficient of 3.37 mM™!

The activity of Gly II (EC 3.L 2 6) was estimated according
to the method of Mostofa and Fu]lta (2013) by employing an
extinction co-efficient of 13.6 mM™*

2.13. Estimation of flavonoids

Flavonoid contents were estimated following the method of
Zhishen et al. (1999) using catechin as standard. Optical den-
sity was recorded at 510 nm and expressed as mg catechin
equivalents g~' of extract.

2.14. Elemental analysis

Dried leaf samples (100 mg) were digested in an appropriate
acid mixture and the content of mineral elements, Na, K, and
Ca were estimated following the method of Wolf (1982) by a
flame photometer. The plant material (0.5 g) were dried in
oven and then digested in nitric acid and sulfuric acid mixture
(5:1, v/v) at 60°C for 24 h. The digested material was treated
with HNO;/HCIOy (5/1, v/v). Atomic absorption spectro-
photometer (Perkin-Elmer, Analyst Model 300) was used
for the estimation of Zn.

2.15. Statistical analysis

The data presented is means of five replicates. Shapiro-Wilk’s
test (P>.05) for normality and parametric Levene’s test (P
>.05) for data homogeneity assumption were met. Standard
analysis of variance for parametric data was employed for
all statistical analyses, and least significant differences were
calculated at P<.05 following the Duncan test in SPSS
program.
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Table 1. Effect of Zn and Ca on growth and biomass yield in mustard seedlings under NaCl stress. Data presented are the means + SE (n =5). Means following

different letters differ significantly at P <.05.

0 mM Nadl 0mM+Zn 0mM+Ca

0mM+Zn+Ca 200 mM Nacl

200mM+2Zn  200mM+Ca 200 mM+Zn+Ca

Shoot length (cm plant™) 35.73 +0.3b
Root length (cm pIant’1) 9.46 +0.205b 9.54+0.21b 10.11+0.235b
Dry weight (g plant™)  11.5120.104b 11.91£0.108b 12.11+0.114b

36.2+0.308b 36.07 +0.304b 38.52+0.344a

2155+0.17f 2517 £0.224e 27.21+0.236d  31.22 +0.258¢
11.22 +0.26a 569+0.09¢ 6.94+0.08d 7.12+0.13d 7.75+0.175¢
13.72+0.132a  547+0.032f 6.27£0.046e 6.69 +0.056d 7.01 £0.068¢

3. Results
3.1. Growth and biomass yield

The results related to effects of NaCl, Zn, and Ca on
growth and biomass yield are presented in Table 1. Shoot
and root lengths decreased by 39.68% and 39.85%, respect-
ively, with 200 mM NaCl treatment. Application of Zn
enhanced the shoot length by 16.79% and root length by
21.96%. Salt (NaCl)-treated plants supplemented with Ca
also enhanced shoot length by 26.26% and root length by
25.13%. Zinc+Ca in combination showed 44.87% and
36.20% increase in shoot and root length, respectively, com-
pared to that of NaCl-treated plants. The combined appli-
cation of Ca and Zn was found to be more beneficial
than when Ca and Zn applied individually. The shoot
DW also decreased by 52.47% with 200 mM NaCl treat-
ment. However, shoot DW increased with NaCl + Zn + Ca
by 28.15%. When Zn and Ca were applied individually
an increase in shoot DW by 14.62% with NaCl+ Zn and
22.30% with NaCl + Ca treatments compared with NaCl-
treated plants were observed. The control plants sup-
plemented with Zn and Ca also showed an increase in
DW and the maximum increase of 19.20% was recorded
with NaCl + Zn + Ca treatment compared to when Zn and
Ca were applied individually (Table 1).

3.2. Yield parameters

The results related to the effect of NaCl, Zn, and Ca in mus-
tard seedlings are depicted in Table 2. NaCl stress decreased
silique per plant, seeds per silique, 1000 seeds weight and seed
yield by 43.45%, 45.29%, 33.44%, and 32.73%, respectively as
compared to control. However, supplementation of Zn and
Ca individually enhanced the upper yield parameters to
appreciable level. But combination of Zn + Ca proved to be
more beneficial as it enhanced the silique per plant by
49.37%, seeds per silique by 51.82%, 1000 seeds weight by
22.70% and seed yield by 29.68% over the plants treated
with NaCl alone.

3.3. Oil content

NaCl stress decreased the oil content of seeds by 23.32% over
the control plants (Figure 1). However, minimum decline in
oil content was recorded by the application of Zn (18.75%),
Ca (17.15%), and Zn + Ca (14.66%) to NaCl-stressed seed-
lings in respect to control. Control seedlings treated with
Zn and Ca showed insignificant increase in oil content.

3.4. Leaf pigments

The leaf total chlorophyll (Chl) content declined by 44.65%
with 200 mM NaCl treatment (Table 3). Increases in total
Chl content recorded were 12.41% with Zn application,
16.55% with Ca, and 24.82% with Zn + Ca relative to that
of the plants irrigated with NaCl. The concentration of caro-
tenoids was reduced by 42.55% with NaCl stress relative to
the control treatment (Table 1). However, with the appli-
cation of Zn and Ca, carotenoid content increased and the
maximum increase of 44.44% was recorded with NaCl + Zn
+ Ca over the plants treated with NaCl only.

3.5. CO, assimilation, transpiration rate, and stomatal
conductance

CO, assimilation rate (A) and transpiration rate (E)
decreased by 45.60% and 35.58%, respectively, with NaCl
treatment (Table 3). Salt-treated plants supplemented with
Zn and Ca showed an increase in the above-mentioned par-
ameters. Maximum increases of 23.17% in A and 22.09% in E
were observed with NaCl + Zn + Ca treatment compared to
those of the plants treated with only NaCl. Stomatal conduc-
tance (g;) increased by 42.10% with NaCl stress. However,
combined application of Zn + Ca decreased g, to 20.37% rela-
tive to that of the NaCl-treated plants.

3.6. LRWG, electrolyte leakage and proline content

Salt (200 mM) brought down the LRWC from 90.12% to
57.62% (Table 3) in the present study. Salt-treated plants sup-
plemented with Zn and Ca enhanced the LRWC by 72.31%,
73.15%, and 78.46% with NaCl + Zn, NaCl + Ca, and NaCl
+ Zn + Ca, respectively, compared to that of the NaCl-treated
plants. Electrolyte leakage also increased to 74.71% with
200 mM NacCl stress. Supplementation of Zn and Ca indivi-
dually or in combination (Zn + Ca) decreased the electrolyte
leakage by 66.91%, 58.12%, and 46.52%, respectively, relative
to that of the plants treated with NaCl (Table 2). Proline
accumulation in leaf tissues enhanced by 2.47-fold with
200 mM NaCl treatment. Further accumulations of proline,
2.95-fold, 3.08-fold, and 3.39-fold were recorded for NaCl
+ Zn, NaCl + Ca, and NaCl + Zn + Ca, respectively, compared
to that of the NaCl-treated plants (Table 2).

3.7. Hydrogen peroxide, MDA, and MG content

Salt increased the production of H,O, causing considerable
increase in MDA content, which however declined with Zn

Table 2. Effect of Zn and Ca on yield attributes in mustard seedlings under NaCl stress. Data presented are the means + SE (n = 5). Means following different letters

differ significantly at P < .05.

Yield data 0 mM Nadl 0mM+Zn OmM+Ca OmM+Zn+Ca 200 mM NaCl  200mM+Zn 200 mM+Ca 200 mM+Zn+Ca
Silique plant™ 101+£0.382b 103 +0.286b 103 + 0.386b 105+0.598a 57.11+£047f 7221+051e 77.25+0.522d  85.31+0.544c
Seeds silique™ 13.51+£0.324b 14.12+0.03b  1449+0.134a 15.27+0.342a  7.39+0.068e 9.1+0.082d 9.15+0.086d 11.22+0.1c
1000 seeds weight (g) 5.89+0.052c 6.13+0.062b  6.35+0.066b 6.88+0.076a 3.92+0.022g 4.23+0.032f  4.42+0.036e 4.81+0.042d
Seed yield (g plant™)  6.11+£0.062c  6.31+0.034bc  6.39+0.042b 693+0.108a 4.11+£0.028g 4.98+0.044ef 5.12+0.048e 5.33 +0.056d
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Figure 2. Effect of Zn and Ca on (A) H,0, and MDA content and (B) MG in mus-
tard seedlings under NaCl stress. Data presented are the means + SE (n=5).
Means following different letters differ significantly at P <.05.

Zn + Ca showed increases of 11.34% in MDHAR and 6.66%
in DHAR relative to that in the control plants.

The GPX activity increased by 53.33% with NaCl stress,
and further increases of 8.69%, 8.69%, and 34.78% were
observed with treatments NaCl + Zn, NaCl + Ca, and NaCl
+ Zn + Ca, respectively, relative to that in the NaCl-treated
plants. The control plants treated with Zn + Ca also showed
a 13.33% increase in the GPX activity (Table 4).

Salt (200 mM)-treated plants showed an increase of
88.24% in the GST activity. Relative to that in the NaCl-trea-
ted plants, application of Zn and Ca further enhanced the
GST activity by 14.07%, 16.72%, and 55.34% with NaCl +
Zn, NaCl + Ca, and NaCl + Zn + Ca, respectively. An increase
0f 20.50% in the GST activity was also recorded when control
plants were treated with Zn + Ca alone (Table 4).

AsA content decreased by 45.83% with NaCl treatment.
However, increases of 10.34%, 13.33%, and 18.75% in AsA
were observed with NaCl + Zn, NaCl + Ca, and NaCl + Zn
+ Ca, respectively, in comparison with that in the NaCl-trea-
ted plants (Table 4). Glutathione (GSH) increased by 73.04%
with 200 mM NaCl treatment (Table 4). Salt-treated plants
supplied with Zn and Ca showed a further enhancement of
12.56%, 14.57%, and 37.68% with NaCl+ Zn, NaCl + Ca,
and NaCl + Zn + Ca, respectively, over that of the NaCl-trea-
ted plants. The control plants treated with Zn + Ca showed
10.43% increase in GSH relative to that of the control plants.

5). Means following different letters differ significantly at P <.05.

Table 4. Effect of Zn and Ca on SOD, CAT, APX, GR, MDHAR, DHAR, GPX, GST, AsA, GSH, and tocopherol under NaCl stress. Data presented are the means + SE (n

200 mM + Zn 200 mM + Ca 200 MM +Zn +Ca
167 +0.87b
133 +£0.862e

7.01+0.216b
7.74 £0.254a

0mM +Zn 0mM+Ca 0mM+Zn+Ca 200 mM Nadl
43.36 + 0.326f

125+0.79%

0 mM Nadl

186 +0.938a
149 + 0.856d
8.51+0.254a
8.29+0.272a
54.66 + 0.364d

165 + 0.866b
134£0.828e
7.21£0.23b

7.68 £ 0.22a

151 + 0.844c
127 + 0.796f
6.53 = 0.198bc
6.51+0.19b
32.27 +0.282g
61.11+0.382g

131+ 0.816d
165 + 0.878a
5.17£0.186d
6.14 £ 0.168bc
61.43 + 0.374a

126 £ 0.792e
159 + 0.866b
4.91 £0.164de
5.94 +0.152bc

59.11+0.37b

120 £ 0.782f
155+ 0.862¢
4.5+0.144e

5.21+0.13¢

SOD (EU mg‘1 protein)

157 + 0.864bc
491 £0.174de
5.32+0.142c

57.32+0.37c

CAT (EU mg™" protein)

APX (EU mg™" protein)

GR (EU mg™" protein)

48.52 + 0.342e

55.17 + 0.364d

MDHAR (EU mg‘1 protein)

95.22 £ 0.482e 134+0.81a

84.36 + 0.464f

128 £ 0.766b
0.17 £ 0.0008d

25.33+0.25d

125+ 0.718c
0.14 £+ 0.0003f

22.06 +0.238e

122 +£0.754d
0.14 £ 0.0004f

21.95 + 0.232ef
4890 + 15.062b
117 £ 0.634fg

27.16 + 0.258g

120+ 0.75d
0.15 + 0.0006e

21.02 +0.23f

DHAR (EU mg~" protein)
GPX (EU mg™' protein)

0.31 £ 0.0004a

61.47 £ 0.358a

0.25+0.0018b
46.19£0.312b

0.25 +0.0028b
45.14 £ 0.308b
2900 + 11.452f

0.23 +0.0014c
39.57 £ 0.29¢

GST (EU mg™" protein)
AsA (nmol g‘1 Fw)

3200 + 13.088d
274 +097a

3000 £ 12.14e

2600 £ 10.022g

5000 + 15.07a

4900 + 15.064b
118 + 0.634f
29.15 £ 0.262f

4800 + 15.044c

228 £0.938b
225 +0.864b

224 +0.928¢
215+ 0.822¢

199 +0.91d

127 + 0.648e
31.22+0.27e

115 + 0.628g
2509 +0.252h

GSH (nmol g~' FW)

249 + 0.902a

175+ 0.864d

Tocopherol (umol g~ FW)
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Figure 3. Effect of Zn and Ca on (A) Gly | and Gly Il activity and (B) flavonoid
content in mustard seedlings under NaCl stress. Data presented are the means
+ SE (n=5). Means following different letters differ significantly at P <.05.

Accumulation of tocopherol of 6.97-fold was recorded with
200 mM Na(Cl treatment (Table 4). Relative to that in the
NaCl-stressed plants, further increases of 8.56-fold, 8.96-
fold, and 9.92-fold were observed with NaCl + Zn, NaCl +
Ca, and NaCl + Zn + Ca treatments, respectively. An increase
of 1.24-fold was registered at application of Zn + Ca.

3.9.Gly I and Gly Il

Gly I activity enhanced by 67.74% in NaCl-stressed seedlings
as compared with control. Further increase by 17.30%,
26.92%, and 38.40% over NaCl-alone treated seedlings was
recorded by the supplementation of Zn, Ca, and Zn + Ca,
respectively, to NaCl-treated seedlings (Figure 3(A)).

Gly II decreased by 47.61% with NaCl stress over control.
Application of Zn, Ca, and Zn + Ca enhanced the Gly II by
100%, 163.63%, and 236.36%, respectively, over the NaCl-
treated seedlings alone (Figure 3(A)).
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3.10. Flavonoids

The control plants supplemented with Zn + Ca exhibited an
increase of 20.44% in flavonoid content over the control
plants supplied with no Zn or Ca. Salt (200 mM) application
increased the flavonoid content by 45.36%, and further
increases of 53.32%, 62.85%, and 86.19% with NaCl + Zn,
NaCl+ Ca, and NaCl+Zn+ Ca treatments, respectively,
were recorded over that of the control plants (Figure 3(B)).

3.11. Nutrient uptake

Salt (200 mM NaCl)-treated plants showed decreased
accumulation of Zn by 48.20% (Table 5). Application of Zn
and Ca enhanced the accumulation of these nutrients in
plant tissues by 475%, 14.93%, and 520% with NaCl + Zn,
NaCl + Ca, and NaCl+Zn+Ca treatments, respectively,
over that of the control plants. Accumulation of Ca and K
also decreased by 75.38% and 53.69%, respectively, with
NaCl stress. However, NaCl-treated plants supplied with Zn
and Ca showed enhanced accumulation of these nutrients,
and maximum accumulation recorded was 232% of Ca and
62.74% of K with NaCl + Zn + Ca treatment over NaCl-trea-
ted plants. The control plants supplied with Zn + Ca showed
21.06% and 3.89% increases in Ca and K accumulation,
respectively, relative to that in the control plants. Sodium
(Na") accumulation increased by 468% with 200 mM NaCl
treatment. However, application of Zn and Ca decreased
Na® accumulation by 37.99%, 48.38%, and 61.62% with
NaCl+Zn, NaCl+Ca, and NaCl+Zn+Ca treatments,
respectively, compared to that in the NaCl-treated plants
(Table 5). Na/K ratio also increased by 12.80-fold under
200 mM NaCl stress. Salt-treated plants supplied with Zn
and Ca showed 6.93-fold, 5.20-fold, and 3.00-fold with
NaCl+Zn, NaCl+Ca, and NaCl+Zn+ Ca treatments,
respectively, relative to that of the control plants (Table 5).

4. Discussion

In the present study, salt stress (200 mM) caused a consider-
able retardation in plant growth, reducing plant height, root
length, and shoot DW in Brassica juncea plants. However,
foliar spray of Zn or Ca or Zn and Ca decreased the impact
of NaCl on these parameters. Weisany et al. (2014) and
Ahmad et al. (2015) have also reported the growth promoting
effect of Ca, likely due to its significant influence on the
uptake and partitioning of important mineral elements such
as magnesium and potassium. Zinc is believed to regulate
growth as it is essential for the formation of natural auxin
indole-3-acetic acid, thereby controlling cell division and cel-
lular expansion (Ali and Mahmoud 2013). Besides this, Zn is
involved in the maintenance of structural integrity of bio-
membranes (Weisany et al. 2012), accumulation of phospho-
lipids, up-regulation of protein synthesis, and the free radical
scavenging (Jiang et al. 2014). Rockenfeller and Madeo (2008)

Table 5. Effect of Zn and Ca on Na, Zn, Ca, K, and Na/K ratio under NaCl stress. Data presented are the means + SE (n = 5). Means following different letters differ

significantly at P < .05.

(mg g" DW) 0 mM Nadl 0mM+Zn 0mM+Ca OsmM+2Zn+Ca 200 mM NaCl 200 mM + Zn 200mM+Ca 200 MM +Zn+Ca
Na 5.17 £ 0.086e 4.87 +0.062f 4.75 + 0.054f 4.02+0.004g 2937+0.622a 18.21+0.266b 15.16 +0.242¢ 11.27 +£0.178d
Zn 3.95+0.048¢ 12.15+0.168d 1.99 +0.018g 14.22 +0.178¢ 1.01+0.008h 22.71+0.236b  3.54 +0.04f 24.48 + 0.244a
Ca 4,51 +0.08c 4.89 +0.088b 5.12+0.13ab 5.46 +0.144a 1.11+0.01g 1.75 +0.016f 245+ 0.032e 3.69 +0.074d
K 32.87+0.254b 3324+0.358ab 33.75+0358ab  34.15+0.364a  15.22+0226f 17.35+0.242e 19.29 +0.26d 24.77 +0.288c
Na/K ratio 0.15 + 0.006e 0.14 + 0.005e 0.14 £ 0.005e 0.11 £ 0.003f 1.92 £ 0.009a 1.04 + 0.006b 0.78 £ 0.003c 0.45 +0.002d
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have suggested that Zn mediates nutrient translocation
towards developing cells with subsequent reduction in the
uptake of toxic ions such as Na* and CI~ (Ibrahim and Faryal
2014, Jiang et al. 2014). On the other hand, Ca is an active reg-
ulator of several cellular functions such as cell division and
elongation, the cytoplasmic streaming, photomorphogenesis,
and, more importantly, has been reported to protect plants
against environmental stresses (Kader and Lindberg 2010,
Sarwat et al. 2013, Ahmad et al. 2015, Ahmad et al. 2016b).
Calcium in interaction with calmodulin regulates key func-
tions such as gene regulation, ion transport, cell motility,
growth, proliferation, apoptosis, and stress tolerance (Yang
and Poovaiah 2003, DalCorso et al. 2010). It is evident that
salt stress leads to improved accumulation of Na and signifi-
cant reduction in the uptake of other mineral ions like K,
leading to increased Na/K ratio. In the present study, Ca
and Zn supplemented plants not only responded by exhibit-
ing their increased accumulation but also enhanced the
uptake of essential ion K, thereby reducing the Na/K ratio.
Such effects were much obvious when Ca and Zn were sup-
plemented in combination compared to their individual
treatments. Improved K uptake coupled with reduced
uptake of Na led to ion homeostasis in Zn- and Ca-treated
mustard plants. Rubio et al. (2003) have reported that Ca
reduces the negative impact of salinity stress by restricting
the uptake and transport of Na and its binding to cell
wall. Improved Ca and Zn uptake was associated with
enhanced K uptake in the mustard plants. Such finding sup-
ports their involvement in maintaining the hydraulic con-
ductance, tissue water balance, and the membrane
functioning leading to improved growth under NaCl treat-
ments (Ahanger and Agarwal 2016). It has been reported
that enhanced NaCl boosts the mobility of Zn (Acosta
et al. 2011; Novo et al. 2014) making it available to roots
in abundance under stress. Calcium and Zn supplemented
plants in the present study maintained lower Na/K ratio
depicting the much selective absorption of Na at the root
plasma membrane level. Earlier, Arshi et al. (2010) also
observed a significant reduction in Na/K in salt-stressed
Glycine max as a result of Ca supplementation and it has
been suggested that calcium and potassium show much
similarity in behavior during the selective transport of
ions across the membranes (Boursier and Lauchli 1990).

Decreases in yield attributes by NaCl stress in the present
study corroborates with the findings of Kumar and Khare
(2016) in rice. Size of grain and its shape is very important
as it determines its quality. Rao et al. (2013) observed negative
impact of salt stress on grain length and thickness and Lutts
et al. (1995) reported the loss of grain weight due to salinity.
Salinity stress decreases the photosynthetic rate thus
decreases the crop yield (Rubio et al. 2003). Another main
reason of decrease of the yield is due to the salinity-induced
nutrient deficiency in plants (Ahmad et al. 2016b). Appli-
cation of Zn enhanced the yield attributes and the results
are in coherence with Ma et al. (2017) in wheat. Grain yield
was enhanced by the supplementation of Zn was also
reported by Karim et al. (2012) in wheat seedlings under
drought stress. The enhancement in grain yield may be due
to the reason that plants are able to absorb more Zn through
soil or leaf when given externally (Ma et al. 2017). External
supplementation of Ca enhances the yield in the present
study may be because it helps in uptake of nutrients
(Ahmad et al. 2015, Ahmad et al. 2016a).

The oil yield content is also decreasing by NaCl stress in
mustard seedlings. Similar results were observed in our pre-
vious study with Cd toxicity (Ahmad et al. 2015). The
decrease in oil content may be due to NaCl inhibits the
fatty acid biosynthesis. Another reason may be retarded
seed development due to salinity (Ashraf and Tufail 1995,
Boem et al. 1997, Akhtar et al. 2002). The supplementation
of Zn and Ca enhanced the oil yield content in the present
study and the reason might be Zn and Ca enhanced the
uptake of mineral elements, Zn is also a part of the antioxi-
dant enzyme SOD (ZnSOD) thus enhances the activity of
quenching the ROS.

Chlorophyll content and the related photosynthetic
characteristics including stomatal conductance and internal
CO, concentration in Brassica juncea leaves subjected to
saline condition considerably declined. Such results have
also been reported in mustard plant (Fatma et al. 2014,
Igbal et al. 2015). It is widely known that higher NaCl concen-
tration has the potential to hamper the synthesis of enzymes
mediating the synthesis and protection of photosynthetic pig-
ments (El-Tayeb 2005, Fatma et al. 2014) and, more impor-
tantly, it impedes the uptake of ions like Mg that forms the
central core of the chlorophyll molecule. It is believed that
higher salt concentrations cause destruction in the structure
and stability of pigment-protein complex, with significant
increases in the chlorophyllase activity leading to chlorophyll
degradation (Fang et al. 1998). Calcium- and Zn-mediated
improvement in the photosynthetic pigments and photosyn-
thetic attributes as observed in the present study seems to
have a significant role in improving growth of B. juncea
plants under stress conditions. Xu et al. (2013) reported miti-
gation of drought-induced reduction in stomatal conduc-
tance, chlorophyll fluorescence, and net photosynthetic rate
in Zoysia japonica due to foliar application of Ca. Ahmad
etal. (2015) and Rahman et al. (2016) have also demonstrated
improved pigment synthesis due to Ca supplementation in
mustard and rice respectively. Our results showing an
increase in chlorophyll after Zn application support the find-
ings of Samreen et al. (2017) for Vigna radiata. Zinc is known
to prevent salt stress-induced drastic decline in chlorophyll
likely because of its protective role for the sulthydryl group
(Weisany et al. 2011). Enhanced protection to photosynthetic
attributes after Ca and Zn application may have been partly
due to improved accumulation of osmolytes such as proline,
glycine, and betaine (Igbal et al. 2015) or improvement in the
uptake of ions, such as K, which significantly contribute
towards the maintenance of tissue water potential.

Brassica juncea plants supplemented with Zn and Ca
exhibited relatively higher accumulation of proline under
normal and stressed conditions, causing improvement in
the osmotic strength of plants leading to significant increases
in water uptake by plants and hence to photosynthetic effi-
ciency. In barley and Brassica juncea, Unal et al. (2014) and
Igbal et al. (2015), respectively, also demonstrated increased
proline accumulation after NaCl treatment. It is possible
that Zn and Ca have regulated proline accumulation through
their cumulative contribution in gene expression and amino
acid degradation and, hence, to metabolism of proline result-
ing in greater stress tolerance. Proline is known to provide
protection to enzyme activity and can bring neutralization
of free radicals (Hare and Cress 1997). Improved accumu-
lation of proline due to Zn and Ca application may cause
improvement in uptake of water from the soil by regulating



the solute potential. Many studies have observed that crop
species accumulating greater contents of osmolytes show
improved growth under stress environments (Kawakami
et al. 2008, Ahanger et al. 2015, Ahanger and Agarwal 2016,
Ahanger and Agarwal 2017). Increased osmolyte accumu-
lation imparts tolerance to salt stress thereby protecting
major metabolic structures and pathways by reducing the
ROS formation and the ROS triggered damage (Ahanger
et al. 2015, Ahmad et al. 2015).

Increase in the production of ROS is the key response of
plants to stressful environments. In the present study, salinity
triggered over-accumulation of H,O, in B. juncea, which,
however, was reduced by the application of Ca and Zn
under both growth conditions. When H,O, productivity is
kept within certain threshold levels, it can lead to protection
of plants by mediating the signaling events for quick trigger-
ing of tolerance mechanisms. Nevertheless, NaCl-induced
overproduction of ROS, which causes peroxidation of mem-
brane fatty acids, protein denaturation, and can also harm
DNA ultrastructure (Tuteja et al. 2009). Increased accumu-
lation of H,0, in NaCl-stressed B. juncea leaf tissues may
be probably due to reduced RWC that limited the diffusion
of H,O, from its generation site (Weisany et al. 2012). Salt-
induced upsurge in H,0O, production may have imparted
direct effects on the peroxidation rates of membrane lipids
leading to membrane damage and leakage of cellular constitu-
ents. Our observations are in line with those of Arshi et al.
(2010) and Ahmad et al. (2015) who also demonstrated
reduced membrane damage in Ca supplemented mustard
plants. Stress-mediated production of H,0,, and subsequent
membrane leakage and MDA formation determine the inten-
sity of oxidative stress (Tavallali et al. 2009, Ahmad et al.
2015), and its subsequent reduction in Ca and Zn sup-
plemented plants depicts their potential to prevent oxidative
damage under NaCl stress. Transient increase in ROS pro-
duction during stressful conditions causes severe alterations
in membrane fatty acid composition and pose stern effects
on their functioning and of the cell overall (Abd_Allah
et al. 2015). During the exposure to stress, protein degra-
dation is enhanced, which is often evident under increased
protease activity but is reduced due to optimal supplemen-
tation of mineral elements (Ahanger and Agarwal 2016).
Many researchers have advocated strong correlation between
ROS production and the structural and functional integrity of
membranes (Tavallali et al. 2009, Ahmad et al. 2010, Arshi
et al. 2010, Fatma et al. 2014, Ahmad et al. 2015, Igbal et al.
2015). Reduction in lipid peroxidation, reflecting increased
membrane stability in Ca and Zn supplemented plants, jus-
tifies their positive role in amelioration of the ROS-induced
oxidative damage, thereby protecting the important mol-
ecules under salinity stress.

Several research reports have advocated the increased pro-
duction of ROS as the more often elicited response to the
stresses. Evolution of defense mechanisms, existing in differ-
ent cellular compartments, work in close coordination to
cause neutralization of ROS beyond the critical threshold
levels. In this study, supplementation of Zn and Ca resulted
in up-regulation of antioxidant system by improving the
activity of enzymes with concomitant improvement in the
content of non-enzymatic components thereby mediating
the quick elimination of ROS. Simultaneous and abrupt
increase in the generation rate of ROS leads to activation of
the defense system for counteracting their subsequent
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negative effects. Earlier studies conducted by Ahanger and
Agarwal (2016), Ahmad et al. (2016b), Ahmad et al. (2015),
Igbal et al. (2015), also supported the significant role of up-
regulated antioxidant metabolism in growth maintenance
and stress tolerance of plants. The present investigation also
confirms an increase in activities of antioxidant enzymes
studied, except catalase that showed a decreasing trend with
increasing salt concentration. In the present study, salt stress
up-regulated the activities of antioxidant enzymes, which
were further enhanced due to supplementation of Zn and
Ca, thereby mediating better ROS neutralization. Supplemen-
tation of optimal mineral concentrations has been reported to
keep ROS under non-toxic levels (Igbal et al. 2015, Ahanger
and Agarwal 2016). Among these defensive enzymes, SOD
functions as the frontline protector against superoxide rad-
icals which are further scavenged either by catalases (CATs)
or APX through ascorbate-glutathione pathway, resulting in
its removal which avoids the subsequent more toxic radical
formation (Ahmad et al. 2010, Bose et al. 2013). Our results
of improved antioxidant metabolism due to Ca supplemen-
tation corroborate the findings of Arshi et al. (2010) and
Dolatabadian et al. (2013). Exogenous application of Ca to
Festuca arundinacea and Poa pratensis resulted in mitigation
of heat stress by improving SOD activity (Jiang and Huang
2001). Zinc is reported to form the cofactor of SOD and it
prevents the metal-mediated formation of toxic OH™ radical.
APX, GR, MDHAR, DHAR, GSH, and AsA are the key mem-
bers of ascorbate-glutathione pathway. Siddiqui et al. (2015)
also demonstrated increased activity of different antioxidant
enzymes in Vicia faba resulting in improved cadmium
tolerance.

Up-regulated activities of APX and GR and production of
GSH in this study could be related to better stress tolerance in
B. juncea seedlings through maintaining the redox homeosta-
sis of cells, in addition to better ROS scavenging. APX, GR,
GSH, and AsA in ascorbate-glutathione pathway mediate
removal of H,O, by transferring electrons from NADPH to
H,O0,, utilizing GSH and AsA as mobile redox buffers. GSH
and AsA are involved in many cellular processes, including
their key roles in plant tolerance and in activation of enzymes
involved in plant growth and development at different onto-
genic stages (Hajiboland 2014, Fatma et al. 2014). The find-
ings of the present study suggest that Zn and Ca
application caused an increase in GSH concentration, which
might have contributed to efficient H,O, scavenging, lower-
ing lipid peroxidation through increased activity of GR and
maintaining the optimal concentrations of GSH. Under
stressed conditions, Igbal et al. (2015) observed that increased
GR activity and GSH content in wheat helped to protect
photosynthetic apparatus from ROS. Improved GR activity
in Ca and Zn supplemented B. juncea plants led to optimiz-
ation of MDHAR and DHAR activities by way of enhanced
GSH production. GST helps in the detoxification of herbi-
cides and neutralization of toxic xenobiotics through their
conjugation with the non-enzymatic antioxidant, the tripep-
tide glutathione (Ahmad et al. 2010). In addition to the
obvious role in detoxification of radicals like hydroperoxides,
maintaining higher activity of GST also causes hormone
homeostasis, vacuolar sequestration of anthocyanins, cell
apoptosis, and stress responses (Dixon et al. 2010). Our
results of increased activity of GST in salt-stressed B. juncea
concur with the findings of Gapinska et al. (2007) for Lyco-
persicon esculentum. Our results that Ca and Zn
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supplementation induced improvement in antioxidant
metabolism, suggest that these mineral elements can be
used as effective tools to protect photosynthesis from the
injurious effects of ROS.

The production of MG is eliminated by the coordinated
action of Gly I, Gly II, and GSH (Racker 1951). Gly I activity
has been reported to upregulate in response to different abio-
tic stresses (Veena and Sopory. 1999). Espartero et al. (1995)
also reported enhanced Gly I activity in tomato under NaCl
stress. In glyoxalase system, MG reacts with GSH and pro-
duces hemithioacetal which is then converted to S-D-lactoyl-
glutathione (SLG) catalyzed by Gly I enzyme. SLG is then
converted to D-lactate by hydrolysis catalyzed by Gly II and
later GSH regenerates (Kaur et al. 2014). Thus overexpression
of glyoxalase system will enhance the salt tolerance (Kaur
et al. 2014). Reddy and Sopory (1999) reported that overex-
pression of Gly I gene decreased the endogenous MG and
enhanced the tolerance against MG and salt stress. Singla-
Pareek et al. (2007) reported that overexpression of Gly II
gene in rice enhances tolerance to MG and salt stress.
Enhanced activities of Gly I and Gly II reduces MG levels
under different abiotic stresses (Rahman et al. 2015a, Nahar
et al. 2016). Supplementation of Ca further enhanced the
Gly I and Gly II activity and the results corroborates with
the findings of Rahman et al. (2016). External supplemen-
tation of Ca stimulates glyoxalase enzyme activity and reduces
MG content (Rahman et al. 2015a, Rahman et al. 2015b).

AsA and GSH function as a major redox buffer. AsA also
functions as a cofactor for many enzymes involved in regu-
lation of phytohormone metabolism, photosynthesis, regen-
eration of antioxidants, cellular division, and hence growth
(Athar et al. 2008, Gallie 2013). In addition, non-enzymatic
antioxidants protect cells and the organelles from the ROS-
induced oxidative damage (Conklin and Barth 2004). Flavo-
noids and other secondary metabolite compounds, pigments
such as anthocyanins, AsA, and GSH get accumulated in
plants following stress exposure and impart an array of pro-
tective functions (Brunetti et al. 2013, Brunetti et al. 2015).
Calcium and Zn supplementation provoked the synthesis of
flavonoids in B. juncea plants under normal as well as
NaCl-treated conditions thereby preventing the damage to
major cellular functions including membrane structure. Fla-
vonoids are the bioactive compounds that provide protection
to the photosynthesizing cells and have the potential to pro-
tect plants from the highly energetic UV radiations, thereby
inhibiting the ROS generation and can also mediate their
quenching (Brunetti et al. 2013). It has been observed that
improved photosynthetic efficiency is due to flavonoid
induced quick scavenging of superoxide radicals (Majer
et al. 2014). Plants exposed to stress conditions accumulate
higher contents of polyphenols for promoting defensive
mechanisms, and supplementation of mineral elements has
been reported to promote their synthesis for maintaining
the optimal cellular functioning (AbdElgawad et al. 2016).
Optimal supplementation of mineral elements optimizes the
accumulation of polyphenols reflecting growth maintenance
as observed in Avena sativa (Ahanger et al. 2015) and Triti-
cum aestivum (Ahanger and Agarwal 2016). Nevertheless, fla-
vonoids regulate plant metabolism and are believed to be
involved in signaling mechanisms by way of the interactions
with a wide range of protein kinases like mitogen-activated
protein kinases reflecting the growth and cellular differen-
tiation initiation (Brunetti et al. 2013). Our results support

the optimal application of Ca and Zn for enhancing the
NaCl-stress tolerance through their involvement in the syn-
thesis of flavonoids. It has been proposed that flavonoids act
as chelators under salt stress (Winkel-Shirley 2002). Thus,
improved antioxidant metabolism and glyoxalase system
through supplementation of Ca and Zn may have contributed
to the redox balance thereby exerting a positive influence on
the growth performance of B. juncea under salt stress.

5. Conclusion

Calcium (Ca) and Zn supplementation significantly reversed
the NaCl-induced oxidative damage by up-regulating the
antioxidant metabolism and glyoxalase system. Our results
strongly support the positive interactive role of Ca and Zn
in averting the NaCl stress that led to deleterious changes
in B. juncea. Improved antioxidant metabolism and glyoxa-
lase system, reduced Na/K ratio and redox homeostasis due
to Ca and Zn supplementation confers protection of cellular
functioning under salt-induced oxidative stress.
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