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Abstract

Present study was performed in order to explicate whether added sulphur (S; 60 mg S kg™' sand) and calcium (Ca; 250 mg
Ca kg™! sand) alone and in combination could modulate arsenic-induced (As;; 15 mg As kg~! sand and As,; 30 mg As kg~!
sand) toxicity in Brassica juncea L. seedlings. To study this, growth and growth regulating processes i.e. status of oxidative
stress biomarkers (H,0, generation and lipid peroxidation), enzymes and metabolites of AsA-GSH cycle and S-metabolism
were examined. Both the doses of As significantly reduced the growth as evident from diminishing dry weight and increased
lipid peroxidation as a consequence of excess H,O, accumulation. Arsenic also altered the redox status of the cell thereby
depleting the AsA and GSH pool that consequently decreased AsA/DHA, AsA/H,0, and GSH/GSSG ratios. Neverthless,
APX, DHAR and GR activities were enhanced under similar conditions. Contrary to this, additional S and/ or Ca maintained
the redox status of the cell that improved AsA/DHA and GSH/GSSG ratios, and further enhanced the enzymatic activities
in both root and leaves of the test seedlings. Upon As exposure, test seedlings exhibited an increase in S assimilation as a
result of increased enzyme activities of ATPS, OASTL and y-ECS, which were further enhanced upon S and/ or Ca addition
to stressed seedlings. Due to increment in S assimilation, PCs synthesis was also increased that restricted As translocation
from root to shoot. Collectively, our result provides an insight for protective role of S and Ca alone and more efficiently in
combination (S+Ca) to As-stressed Brassica seedlings suggesting that S and Ca together could be a promising candidates
in managing As toxicity in crops.

Keywords Arsenic stress - Ascorbate—glutathione (AsA-GSH) cycle - Brassica - Calcium - Native-PAGE - Sulphur
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Introduction

Everyday about 200,000 individuals are being added to the
world population and it is expected that by 2050 the world
Rachana Singh and Parul Parihar have contributed equally to this population will surpass 9+ billion. To meet the demand of
work, food for over-increasing population, enormous pressure is
Electronic supplementary material The online version of this being put on world’s agricultural resources that cause min-
article (https://doi.org/10.1007/s10725-020-00601-8) contains eral nutrients’ deficiency in soils. On the other hand, atmos-
supplementary material, which is available to authorized users. pheric sulphur (S) emissions caused by industrial practices
have been reduced by ~80% hence, limiting the deposition
of soil S (McNeill et al. 2005). This reduction in anthropic S
inputs along with the repeated cropping practices decreases
S availability in soils, thereby it is detrimental for S-demand-
ing crops such as Brassica (Grant et al. 2012). Sulphur is
present in all the soil and is mainly derived from the atmos-
phere (through deposition of S on soil from marine aerosols,
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in earth’s crust). Sulphur assimilation starts with the uptake
of sulphate ion which then transforms into S containing
compounds: cysteine (Cys) and methionine (met) through
the cascade of reactions catalyze by the activities of ATP
sulfurylase (ATPS), O-acetylserine (thiol)lyase (OASTL)
and y-glutamylcysteine synthetase (y-ECS) (Rausch and
Wachter 2005; Noctor et al. 2012; Capaldi et al. 2015; Liang
et al. 2016). These enzymes are crucial in bridging disulfide
(S-S) and sulfhydryl (-SH) bonds, which make functional
to enzymes and proteins having thiol group in their active
sites (Saito et al. 1994). Glutathione (GSH), a S containing
compound scavenges ROS through the AsA-GSH cycle and
it is also used as a substrate in the biosynthesis of phyto-
chelatins (PCs) (Rausch and Wachter 2005), which chelate
heavy metals in cellular system.

On the other hand, calcium (Ca) is also receiving atten-
tion as it is not only a signalling agent but also participates
in regulating a variety of cellular activities like cytoplasmic
streaming, cell division and elongation, pH of cells and pre-
vents solute leakage from cytoplasm (Kader and Lindberg
2010; Xu et al. 2013). It has been reported that exogenous
Ca”* is capable of improving growth, ion homeostasis by
inhibiting Na* influx and K* leakage and ROS detoxifica-
tion in plants exposed to abiotic stresses (Tan et al. 2011;
Huang et al. 2012; Rahman et al. 2016). Calcium has also
been reported to regulate the superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX), glutathione
reductase (GR) to defend plants against different environ-
mental stresses (Tan et al. 2011; Ahmad et al. 2016; Singh
et al. 2018a). The major sources of calcium in the soil are
gypsum, lime (CaCO;), calcium nitrate, calcium chloride,
eggshells, etc.

In current scenario, As contamination in South and
South-East Asia especially in India and Bangladesh have
become the matter of great concern (Singh et al. 2015).
Arsenic concentration in these countries exceeds (up to
3200 pg As L) the safe limit (10 pg As L") in drinking
water, and when this water is used for irrigation of crops it
enters into the food chain and causes serious injuries to the
living beings (McCarty et al. 2011). The major sources of
As in the environment are synthetic chemicals (herbicides,
insecticides, phosphate fertilizers), timber preservatives and
semi-conductor industries, coal combustion, burning of fos-
sil fuels, mining and smelting, etc. (Bundschuh et al. 2011).
Of the two inorganic forms of As i.e. arsenate (As") and
arsenite (As'"); AsV predominates in aerobic environment
and rapidly reduces into As'! by arsenate reductase activity
in root cells (Dhankher et al. 2002; Dixit et al. 2015). Inside
the cell, As¥ generates reactive oxygen species (ROS),
which damage cell membranes and biomolecules, photosyn-
thetic pigments, affects PS II photochemistry and inhibits
activities of important enzymes (Ahsan et al. 2010; Gupta
and Ahmad 2014; Singh et al. 2018a, b). Being a chemical
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analogue of inorganic phosphate (iP), As" disturbs energy
metabolism by replacing inorganic phosphate in ATP and
forms adenosine-5-diphosphate-arsenate (ADP-As).

Brassica with 47 million ton production worldwide in
2007 (FAO), occupied top rank amongst major agro-eco-
nomic crops. It is considered as an excellent rotation crop for
cereals as it facilitates the suppression of soil-borne patho-
gens either by improving subsoil macro porosity through its
deep tap rooting system or by releasing biocidal compounds
(Kirkegaard et al. 1997). But presently in India and Bangla-
desh, this commonly grown Brassica is facing As challenges
when irrigated with As laden water. Therefore, keeping in
mind the persuasive role of S and Ca under stress conditions,
present study was conducted to investigate whether the two
important mineral nutrients i.e. S (its deficiency is fairly
recent in agriculture) and Ca (an important signalling agent),
when applied alone and in combination (as researches on the
combined effect of plant nutrients still lags far behind) can
help the Brassica seedlings to withstand against As toxicity.
Further, to form a clear view on above argued facts, different
objectives: growth, cellular accumulation of As, oxidative
biomarkers and As detoxification by coordinated function-
ing of different components of AsA-GSH cycle and enzyme
activities of S metabolism, were set forth.

Materials and methods
Experimental design and As, S and/ or Ca treatments

Healthy seeds of Brassica juncea L. were soaked in 2% (v/v)
sodium hypochlorite solution for 15 min for surface steriliza-
tion and kept in darkness. After 48 h, equal sized germinated
seeds were sown in plastic cups having 150 g acid washed sand
and kept in dark for germination at 25+ 2 °C. After that, ger-
minated seedlings were transferred to growth chamber (CDR
model GRW-300 DGe, Athens) with photosynthetically active
radiation (PAR): 150 pmol photons m~2 s~!, day-night regime:
16:8 h at 22+2 °C and relative humidity: 65-70%. During
growth phase (30 days from the day of sowing), seedlings
were irrigated with half strength (50%) Hoagland solution
(Hoagland and Arnon 1950) alternating with distilled water.
Thereafter, seedlings at secondary leaf stage were treated with
varying concentrations of As (Na,HAsO,-7H,0) dissolved in
nutrient solution containing additional S (K,SO,) and/ or Ca
(CaCl,). It is noticeable that solubility level of K,SO, and
CaCl, is 12 g/100 ml and 74.5 g/100 ml at 25 °C, respectively.
To carry out the experimental work, two doses of Asi.e. As;;
15 mg As kg™! sand and As,; 30 mg As kg™! sand and single
doses of Si.e. 60 mg S kg™' sand and Ca i.e. 250 mg Cakg™!
sand were selected on the basis of screening experiments. Fol-
lowing combinations were made for the present study: control
(C)-nutrient solution alone; C+ additional S, C+ additional Ca
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and C+ additional S+Ca with and without As (As; and As,),
and the experiments were performed in quintuplicates (n=>5).
After 7 days of treatment, untreated and treated seedlings were
harvested and different parameters were analyzed.

Effect of S and/ or Ca on growth attributes
of As-challenged Brassica seedlings

Growth of Brassica seedlings was measured in terms of dry
weight (DW), root and shoot length and sensitivity index (SI).
The sensitivity index was calculated as:

SI treatment (%) = 100 x [(FW — FWona) /FW,

treatment comml] .

Estimation of cellular accumulation of As, S and Ca

The contents of As, S and Ca in untreated and treated samples
of Brassica plant were assayed following the method of Allen
et al. (1986).

Effect of S and/ or Ca on oxidative stress biomarkers
in As-challenged Brassica seedlings

The contents of hydrogen peroxide (H,0,) and lipid peroxida-
tion [malondialdehyde (MDA) equivalents] in root and leaves
were assayed following the methods of Velikova et al. (2000)
and Heath and Packer (1968), respectively.

Effect of S and/ or Ca on contents of ascorbate
of As-challenged Brassica seedlings

The contents of reduced ascorbate (AsA) and oxidized ascor-
bate (DHA) were assayed as described by Gossett et al. (1994).

Effect of S and/ or Ca on contents of thiol
compounds of As-challenged Brassica seedlings

The contents of reduced glutathione (GSH) and oxidized
glutathione (GSSG) were determined by Brehe and Burch
(1976). The contents of cysteine (Cys) and non-protein thiols
(NPTs) were estimated by the methods of Gaitonde (1967)
and Ellman’s (1959), respectively. The content of phytochela-
tins (PCs) was calculated as PCs =NPTs—total GSH as per the
equation of Hartley-Whitaker et al. (2001).

Effect of S and/ or Ca on enzyme activities
of ascorbate and glutathione metabolism
of As-challenged Brassica seedlings

The activities of ascorbate peroxidase (APX; EC 1.11.1.11)
and dehydroascorbate reductase (DHAR; EC 2.5.1.18) were
assayed following the methods of Nakano and Asada (1981)

while glutathione reductase (GR; EC 1.6.4.2) activity was
assayed according to Schaedle and Bassham (1977). One
unit (U) of APX, DHAR and GR activities have been defined
as 1 nmol ascorbate oxidized min~!, 1 nmol DHA reduced
min~! and 1 nmol NADPH oxidized min~", respectively.

Further, the isoenzymes detection for APX, DHAR and
GR was performed on irregular polyacrylamide gels (PAGE)
having 4.5 and 10% polyacrylamide in stacking and sepa-
rating gels, respectively. Proteins from each sample were
loaded in gels for their electrophoretic separation excep-
tionally for APX; where gels were pre-runned in 2.0 mM
ascorbate for 30 min. The bands of APX and GR isoen-
zymes were stained following the methods of Mittler and
Zinlinkas (1993) and Ye et al. (1997), respectively; while
that of DHAR isoenzymes were stained as per De Tullio
et al. (1999) and Tommasi et al. (2001).

Effect of S and/ or Ca on enzyme activities of sulphur
assimilation pathway of As-challenged Brassica
seedlings

The activities of ATP sulfurylase (ATPS; EC 2.7.7.4),
O-acetylserine (thiol)lyase (OASTL; EC 4.2.99.8) and
y-glutamylcysteine synthetase (y-ECS; EC 6.3.2.2) were
determined by the methods of Lappartient and Touraine
(1996), Riemenschneider et al. (2005) and Nagalakshmi and
Prasad (2001), and the activities were expressed in terms of
nmol PPi mg~! protein min~!, nmol cysteine mg~! protein
min~! and nmol Pi mg™! protein min~!, respectively.

Statistical analyses

The independent experiments were carried out in quintupli-
cates (n=5) and results presented as figures and tables are
the mean =+ standard error. Since results showed normal dis-
tribution, therefore comparison between the mean of control
and treatment along with the comparison among the treat-
ments was performed by using a one-way ANOVA to test
significance level (Tukey alpha test) at P <0.05. The SPSS-
16 software was used for Tukey test. Before Tukey test, a
multivariate test was used for the assumptions of homoge-
neity of variances. All the data sets satisfied assumptions of
ANOVA based on homogeneity of variances, normality of
errors and independence of errors.

Results
Growth
Results showed that both the doses of As i.e. As; and As,,

notably declined the DW of root by 15 and 35% and length
by 22 and 47%, and the corresponding decrease in the DW
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of the shoots was 10 and 23% while in length, it was 10
and 26%, respectively as compared to control (Fig. 1).
Contrastingly, exogenous application of S, Ca and S+Ca,
counteracted the negative effect of As on growth attributes;
where S+Ca supplementation found to be more efficient.
The results for sensitivity index (indicates the sensitivity of
Brassica seedlings to As showing highly sensitive in absence
of additional S and/ or Ca and less sensitive in presence of
S and/ or Ca) also showed similar trend to that of growth
parameters.

Cellular accumulation of arsenic

Arsenic accumulation in Brassica seedlings was increased
in As dose dependent manner (Table 1). Contrary to this,
upon exogenous supplementation of S, Ca and S+Ca to As
stressed seedlings, a decrease in cellular accumulation of
As was noticed. Amongst, S+Ca was found to be more effi-
cient in reducing As accumulation in test seedlings, being
12.94+0.26 and 27.23+0.61 pg As g~! DW, respectively,
under As, and As, stress as compared to the values of As
treated samples.

Mineral nutrient status

Cellular accumulation of S and Ca in test seedlings was
increased with increasing doses of As (Table 1). Under As
(As, and As,) stressed condition, test seedling exhibited an
increment in the contents of S by 47 and 97% and Ca by 40
and 77%, respectively over the values of control. Further-
more, upon exogenous application of S, Ca and S+Cato As;
stressed seedlings, a sharp rise in the contents of S (176,
172 and 190%) and Ca (135, 142 and 152%), respectively
as compare to untreated control was found and under similar
treatment the contents of S and Ca were further increased in
As, treated seedlings.

Oxidative stress markers: H,0, and MDA equivalents
contents

The results showed that the content of H,0, was raised by 36
and 73% and MDA equivalents by 13 and 29%, respectively
under As,; and As, stress in root as compared to control and
the corresponding increase was also observed in leaves but
with lesser extent in comparison to roots (Table 1). On the
other hand, exogenous S and Ca alone and in combination
(S+Ca) to As; and As, stressed seedlings lowered the levels
of H,0O, and MDA equivalents contents as compared to those
observed in As stressed seedlings alone (without additional
S and Ca). Though, the application of additional S and Ca
(alone and together) caused decreasing trend in H,O, and
MDA equivalents contents; however with Ca and S+Ca
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combination the levels of MDA equivalents content in As,
stressed root and leaves was even less than that of control.

Metabolites of AsA-GSH cycle

The metabolites of AsA-GSH cycle i.e. ascorbate (AsA,
DHA, AsA+DHA and AsA/DHA), and glutathione (GSH,
GSSG, GSH+GSSG and GSH/GSSG) in both root and
leaves showed varied results under As stress (Tables 2 and
3). Both the doses of Asi.e. As; and As, sharply declined
the content of AsA by 14 and 29% and GSH by 30 and 49%
in root and the corresponding decrease in AsA of leaves was
12 and 26% while in case of GSH it was by 21 and 35%,
respectively with respect to the control values. Under similar
conditions, the contents of DHA and GSSG were increased
thereby decreasing the ratios of AsA/DHA, AsA/H,0, and
GSH/GSSG. On the other hand, exogenous supplementation
of S, Ca and S+Ca, markedly improved the AsA and GSH
contents and thus the values for AsA/DHA, AsA/H,0, and
GSH/GSSG under both the doses of As were found to be
improved.

Enzyme activities of AsA-GSH cycle

The enzymes of ascorbate—glutathione cycle i.e. APX,
DHAR and GR responded differentially to As challenged
Brassica seedlings (Fig. 2a). Under As, stress, the activi-
ties of APX, GR and DHAR were increased by 26, 52 and
24% in root and by 25, 42 and 14% in leaves, respectively
over the values of control. Further increase in APX and
GR activities was also noticed under As, treatment, except
DHAR activity which was decreased by 9 and 5% in root
and leaves, respectively as compared to control. Upon S, Ca
and S+Ca application, a further rise in the activities of these
enzymes was noticed with more pronounced effect under
S+Ca treatments.

Furthermore, the isoenzyme profiling of APX, DHAR
and GR in leaves confirmed the biochemical results under
tested conditions (Fig. 2b). The results regarding isoenzyme
profiling of GR, APX and DHAR revealed single, three
and five bands, respectively and the intensity of the bands
(except in case of DHAR) was increased with the increasing
doses of As. Upon S and Ca application either individually
or in combination to As stressed seedlings, the expression of
these bands (as indicated by intensity) was further increased.

Compounds of thiol pool

The results pertaining to contents of thiol pool i.e. NPTs,
Cys and PCs have been presented in Table 4 and all the
three contents showed an increasing trend under As stress.
Under As,; and As, stress, the content of NPTs was raised
by 128 and 164%, Cys by 93 and 163% and PCs by 179
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Fig. 1 Impact of exogenous sulphur and calcium applied alone and
in combination on dry weight and length of root and shoot and sen-
sitivity index of Brassica juncea L. seedlings grown under arsenic
(As; As;:15 mg As Kg~! sand and As,: 30 mg As Kg! sand) stress.

and 233% in root, and the corresponding increase in the
contents of NPTs was 8 and 16%, Cys was 45 and 71%
and in PCs it was by 143 and 260% in leaves, respectively
over the values of control (Table 4). On the other hand,

Data represent the mean value +standard error from quintuplicates
(n=35). Bars followed by different letters showing significant differ-
ence at P<0.05 significance level among the treatments according
to Tukey test

S, Ca and S+Ca supplementation further raised these
contents in both root and leaves of As stressed Brassica
seedlings, where maximum rise was observed after S+Ca
application.
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Table 1 Impact of exogenous sulphur and calcium applied alone and
in combination on As, S and Ca accumulation and oxidative stress
markers: hydrogen peroxide (H,0,) and malondialdehyde (MDA)

equivalents content in Brassica juncea L. seedlings grown under
arsenic (As; As;:15 mg As Kg~! sand and As,: 30 mg As Kg~! sand)
stress

Treatments Metal accumulation in plant Oxidative stress biomarkers

(ug g*1 DW) (% of control)

Arsenic Sulphur Calcium H,0, content MDA equivalents content

Root Leaf Root Leaf

Control (C) nd 311+5° 365 +6° 100.0+1.5¢ 100.0+1.5° 100.0+1.5¢ 100.0+ 1.5
As, 25.70+0.47¢ 455+ 8¢ 498+9¢ 136.1£2.0° 1282+ 1.9° 112.5+£1.7° 109.2 1.6
As, 53.55+1.11° 613 +13° 646+ 13° 173.2+2.6 166.1 +£2.5° 128.8+1.9° 122.1+1.8*
+S nd 438 +10¢ 404 +9° 87.6+1.3° 88.7+1.3 90.6+ 1.3 92.6+1.4"
As;+S 14.67 +£0.25° 857+ 17° 856+ 17° 119.0+ 1.8 117.9+1.7¢ 101.9+1.5% 102.9+1.5%
As,+S 29.55+0.66° 1433 +£32° 1316 £30° 143.3+2.1° 140.1+2.1° 1123+1.7° 1113+1.6°
+Ca nd 420+ 8¢ 426+ 8% 86.2+1.3° 88.0+ 1.3 89.1+1.3"% 89.0+1.3"
As,+Ca 15.79+0.31° 844+ 18° 882+ 15° 116.4+1.7° 115.6£1.79 97.2+1.4% 99.0+1.5°
As,+Ca 31.59+0.56 1392 +25° 1342 +24° 141.7+2.1° 134.4+2.0% 103.5+1.6% 109.1 1.6
+S+Ca nd 463+ 10 443 +10% 83.6+1.2° 859+ 1.3 81.8+1.2¢8 84.1+£1.2"
As;+S+Ca 12.94+0.26 901 +18° 919+19° 113.9+1.7° 110.3+1.6° 91.1+1.3% 94.6+1.4%
As,+S+Ca 27.23+0.61 1464 +32* 1385+30° 136.2£2.0° 130.2+£1.9¢ 102.9+1.5% 103.4+1.5%

The 100% values of H,0, correspond to 2197 +37 nmol H,0, g~! FW for root and 1206 +20 nmol H,0, g~! FW for leaves; while 100% values
of MDA equivalents content correspond to 47.8 +0.8 nmol MDA equivalents content g~' FW for root and 12.9+0.2 nmol MDA equivalents

content g~! FW for leaves

Data represent the mean value + standard error from quintuplicates (n=5). Bars followed by different letters showing significant difference at

P <0.05 significance level among the treatments according to Tukey test

Enzymes of sulphur assimilation pathway

To find the deeper insight of thiol metabolic response in As
stressed Brassica seedlings, the activities of enzymes par-
ticipating in synthesis and consumption of thiol compounds
were also assayed (Fig. 3). Under As, stress, the activities
of ATPS, OASTL and y-ECS were increased by 21, 13 and
11% in root and by 33, 40 and 20% in leaves, respectively
as compare to control. Under As, stress the corresponding
increase in the activities of ATPS, OASTL and y-ECS was
32,25 and 19% in root and 54, 73 and 34% in leaves, respec-
tively, and the activities were further accelerated when As
stressed Brassica seedlings were treated with exogenous S,
Ca and S+Ca.

Discussion

Brassica is a strong bioremediant, nutritional supplement of
livestock and an excellent source of different phytochemicals
of medicinal importance, vitamins, oil, etc. (Xin et al. 2013).
Therefore, it becomes mandatory to examine the impact of
As, a burning problem of South-East Asia on growth and
chief components concerned with the maintenance of cell
integrity like oxidative stress markers, AsA-GSH cycle as
well as S-assimilation pathway of Brassica seedlings. From
the results, it is clear that As at its both the doses (As; and
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As,) declined the growth in dose dependent manner (Fig. 1).
Growth reduction is an important indicator of As toxicity in
test seedlings, which could be attributed to higher As accu-
mulation in tissues (Table 1) that leads to excessive ROS
generation (Table 1). These ROS might have imbalanced
the delicate equilibrium between ROS (H,0,) generation
and antioxidant defense system principally those involved in
AsA-GSH cycle and S-assimilation pathway, altered the cell
wall structures, damaged the plasma membranes (Table 1)
and cellular biomolecules. Our results are in agreement with
the earlier findings (Yadav 2010; Sharma 2012; Gupta and
Ahmad 2014), where As exhibited severe damaging effect on
growth parameters. Furthermore, As induced growth reduc-
tion in Brassica seedlings might also be due to the damaging
effect on light harvesting pigments and therefore reduction
in the performance of PS II (data not shown) (Singh et al.
2018b). Moreover, roots were found to be affected more
which could be explained on the basis of: (i) roots being in
direct contact with As and (ii) roots might have lowered the
rate of As translocation to shoots thereby arresting As in
roots (Singh et al. 2018a). The results are in harmony with
those recorded by Singh et al. (2017) in Solanum melongena
and Ahmad et al. (2016) in Cicer arietinum seedlings.

The exogenous application of S and/ or Ca significantly
reduced As accumulation in root and shoots thereby counter-
acting the inhibitory effects of As stress on the growth per-
formance of test seedlings (Fig. 1) that might be due to: (i)
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Table 3 Impact of exogenous sulphur and calcium applied alone and
in combination on the contents of reduced glutathione (GSH), oxi-
dized glutathione (GSSG) and total glutathione (GSH+GSSG) and

ratio of GSH/GSSG in root and leaves of Brassica juncea L. seed-
lings grown under arsenic (As; As;:15 mg As Kg! sand and As,:
30 mg As Kg~! sand) stress

Treatments Contents (nmol g—! FW) Ratio

GSH GSSG GSH+GSSG GSH/GSSG

Root Leaf Root Leaf Root Leaf Root Leaf
Control (C) 846+14.1° 765128 102.6x1.7%  967+1.7"  948+158% 862+14.4> 825+0.13°  7.91+0.13¢
As, 588+10.8"7  607+11.2°7  117.0+22%  1150+£2.2%  705+13.0"  722+13.3° 5.03+0.09¢  5.17+0.09"
As, 435+9.08  496+103%  130.4+2.7°  129.9+2.7°  566+11.70  626+13.0° 3.34+0.06"  3.82+0.07!
+S 1007 £23.2%  885+20.4% 96.1+2.2%  847+22"  1103+£254® 970+224°  1048+0.24° 10.45+0.24°
As;+S 7894154 718+14.1°¢  1055+2.1°F  103.9+2.17  895+17.5% 822+16.1°  7.48+0.14% 6.91+0.13
As,+S 664149  632+14.2°7  119.8+2.7%°  114.0+£2.7%  784+17.68" 746+16.8%  554+0.12% 5.55+0.12¢
+Ca 941+17.9°  839+159®  98.1+19%  89.7+1.98" 1039+£19.7* 929+17.7®  9.59+0.18"°  9.59+0.18°
As; +Ca 748+£15.9%  675+14.4%  108.8+23%  107.1+£2.37  857+18.3°7 782+16.7%  6.87+0.14% 6.24+0.13
As,+Ca 626+ 1127 58341047  124.4+22® 119.5422%®  750+13.4%"  703+12.5%  5.03+0.088 4.83+0.08"
+S+Ca 1047+23.5° 909 +20.4 93.4+2.18  80.6+2.1" 1140£25.6° 989+22.2%  11.20+0.25" 11.28+0.25"
As;+S+Ca  837£169°  755+152° 103.3+2.0"  992+2.1%  940+19.1¢  854+17.2"  8.10+0.16°  7.61+0.15%
As,;+S+Ca  713+15.6% 669+14.6% 1149425 109.2+25%  828+18.6% 779+17.0%  620+0.13" 6.13+0.13"%

Data represent the mean value + standard error from quintuplicates (n=5). Bars followed by different letters showing significant difference at

P <0.05 significance level among the treatments according to Tukey test

improvement in cell wall thickness of roots thereby hinder-
ing the absorption of As by root cells (Ahmad et al. 2016),
(i1) improvement in the activities of S assimilating enzymes
that are crucial in maintaining cellular redox status by pro-
viding reducing power (Sebastian and Prasad 2014) (Fig. 3;
Table 4), (iii) favouring cell elongation and expansion (Her-
nandez and Almansa 2002) that ultimately increases growth
and (iv) up-regulation of antioxidant defence system such as
AsA-GSH cycle (Figs. 2 and 3; Tables 2, 3 and 4). Sulphur
and Ca treatment also highlights low lipid peroxidation (less
MDA production) rate in root and leaf tissues as a result of
decreased H,O, accumulation (Table 1), that obviously led
towards betterment of growth of As stressed seedlings. Inter-
estingly, S accumulation in As stressed plants was increased
with increasing concentration of As (Table 1), which could
be linked with its role in As chelation by strong ligands like
GSH and PCs conjugation (As-PCs complex) (Tuli et al.
2010). It was also suggested that S might be involved in the
arsenic precipitation as As,S; or FeAsS, which decreases
arsenic availability (Newman et al. 1997). The increased
Ca accumulation in As stressed condition suggests: (i) its
crucial role in free radicals scavenging and (ii) facilitates
the complexation of As with Cys-rich proteins and metal-
lothionein (Song et al. 2004).

For the removal of excess level of H,O, and to mitigate
and repair the damage caused by H,O,, a major pathway i.e.
AsA-GSH cycle consisting a network of specific enzymes:
APX, DHAR and GR and metabolites: ascorbate and glu-
tathione, efficiently operates in chloroplasts. During the

@ Springer

present investigation, a noteworthy increase in APX activ-
ity was observed in test seedlings exposed to toxic levels
of As (Fig. 2). Further, on S and Ca application to stressed
seedlings, a sharp rise in APX activity was noticed thereby
indicating high efficiency of APX for H,0, detoxification
as it is also evident from decreased level of MDA equiv-
alents content (Table 1). Our results are in harmony with
Dixit et al. (2015), where an increase in APX activity after
S treatment to As-stressed rice plants have been found. This
increment in APX activity might have occurred due to: (i)
improvement in AsA and GSH contents (Tables 2 and 3) and
(ii) alteration in important enzymes involved in synthesis of
amino acids and thiol metabolism (Fig. 3) (Dixit et al. 2015).

Further, APX activity oxidises AsA into MDHA, which
rapidly disproportionates into AsA and DHA. This DHA is
reduced/ recycled into AsA by the activity of DHAR enzyme
in the presence of an electron donor GSH. In the present
study, DHAR activity was found to increase under As,
stress while it was decreased under As, stress (Fig. 2). The
decrease in DHAR activity justifies the inadequate regen-
eration of AsA from DHA under As, treatment. Hossain
and Asada (1984) have reported that under high H,O, level,
DHAR enzyme is very prone to its structural changes; there-
fore, increased H,O, level could be a reason for decreased
DHAR activity under As, treatment that might have altered
the rate of AsA-GSH cycle; thereby disturbing the redox
status of the cell, i.e. decreased AsA/DHA ratio (Table 2).
Contrastingly, S and Ca application to As treated test plants
improved the level of AsA by keeping higher activity of
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Fig.2 a Impact of exogenous sulphur and calcium applied alone
and in combination on enzyme activities of AsA-GSH cycle: ascor-
bate peroxidase (APX), dehydroascorbate reductase (DHAR) and
glutathione reductase (GR) in root and leaves of Brassica juncea
L. seedlings grown under arsenic (As; As;:15 mg As Kg™' sand
and As,: 30 mg As Kg~! sand) stress. Data represent the mean
value + standard error from quintuplicates (n=>5). Bars followed by
different letters showing significant difference at P<0.05 signifi-

cance level among the treatments according to Tukey test. b Impact
of exogenous sulphur and calcium applied alone and in combination
on isoenzyme profiling (native-PAGE) of APX (A), DHAR (B) and
GR (C) in leaves of Brassica juncea L. seedlings grown under arsenic
(As; As;:15 mg As Kg~' sand and As,: 30 mg As Kg™' sand) stress. ¢
control; lane 1: As|; lane 2: As,; lane 3: S; lane 4: Ca; lane 5: S+Ca;
lane 6: As;+S; lane 7: As;+Ca; lane 8: As;+S+Ca; lane 9: As,+S;
lane 10: As,+Ca; lane 11: As,+S+Ca
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Fig.2 (continued)

DHAR enzyme and obviously a higher AsA/DHA ratio was
noticed (Table 2). From these findings it can be speculated
that S and Ca application either individually or in combina-
tion to As stressed Brassica seedlings have effective role in
AsA recycling and greater turnover rate of AsA-GSH cycle.
Greater AsA recycling accounts more H,O, detoxification
so, increased AsA/H,0, ratio was observed (Table 2), as was
also suggested by Markovska et al. (2009) in earlier finding
on Cd stressed B. juncea seedlings. Glutathione (reduced
form; GSH) serves as redox buffering agent in protoplast,
and indicates the redox status of cell and the degree of oxi-
dative stress experienced (Noctor et al. 2012). As discussed
above, that DHA is reduced to AsA at the expense of two
molecules of GSH and oxidized to glutathione disulphide
(GSSG), which in turn is re-reduced to GSH by NADPH, a
reaction catalyzed by GR enzyme (Foyer and Noctor 2005).
In the present study, an observable decrease in GSH content
and consequent increase in GSSG content was found under
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both the tested doses of As (As; and As,), leading to a sharp
decline in GSH/GSSG ratio (Table 3). The decrease in GSH
content upon As exposure have also been reported in Allium
sativum L. seedlings (Ruiz-Torres et al. 2017), which pos-
sibly could be due to: (i) its involvement in the PCs (a metal
chelator protein) synthesis (Yadav 2010; Ruiz-Torres et al.
2017), (ii) utilization as substrate for GST enzyme, which is
directly involved in the removal of endogenous xenobiotics
(Marrs 1996), (iii) major reservoir of reduced non-protein-
aceous S and (iv) involvement in the membrane protection
by maintaining a-tocopherol and zeaxanthin in reduced form
(Ruiz-Torres et al. 2017). The increase in GSSG content
under As stress might be due to: (i) decline in the rate of
GSH recycling and (ii) increase in degradation rate of GSH
during stress, as DHA to AsA conversion also needs exces-
sive utilization of GSH (Foyer and Noctor 2005).
Glutathione reductase is an important enzyme involved
in the maintenance of GSH pool in AsA-GSH cycle (Foyer
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Table 4 Impact of exogenous

. . Treatments
sulphur and calcium applied

Contents of non-protein thiol compounds (nmol g ' FW)

alone and in combination on Cysteine (Cys) Non-protein thiols (NPTs) Phytochelatins (PCs)

the contents of cysteine (Cys),

non-protein thiols (NPTs) and Root Leaf Root Leaf Root Leaf

phytochelatins (PCs) inrootand 1) 5524000 482+0.8° 37604630 1014+170 28124471 151.7+2.59

leaves of Brassica juncea L.

seedlings grown under arsenic As, 106.8+2.0°  69.7+1.3¢ 8562+ 158" 1092420 7857+ 145" 369.4+6.5°

(As; As;:15 mg As Kg~! sand As, 145.1+3.0°  824+1.7° 9918 +206° 1173+24%  93524194%546.0+11.3°

. -1

and As,: 30 mg As Kg™' sand) +S 835+19%  66.8+1.6 4922 +114% 1151427 3818+88¢ 180.3+4.1

stress As; +S 1347427 907+1.8% 12,306+242° 1211+24% 11,411+224° 388.6+7.6"
As,+S 156.4+3.5°  107.0£24*  13,704+309"  1281+29% 12,920+291° 313.0+12.0°
+Ca 746+14%  569x1.1° 4542 +87¢" 1097 +£21°f 3503 +678"167.9+3.2%¢
As,+Ca 113.7+24°  932+2.0° 9706+207° 1145+24°¢ 8849+ 189° 362.3+7.7°
As,+Ca 131.2+2.4%  108.9+2.0°  10,988+197¢ 1217+22% 10,238+ 1839 513.6+9.1%
+S+Ca 88.4+2.00  71.5+1.64 522441188 118427 4083 +928 194.8+4.3¢
As;+S+Ca 146.0+£2.0 96.8+2.0°  12,882+260™ 1253+25® 11,942+241°398.4+8.0°
As,+S+Ca 170.7+3.8% 111.3+£2.4*  15326+336°  1317+29° 14,498 +318* 537.8+11.8

Data represent the mean value + standard error from quintuplicates (n=5). Bars followed by different let-
ters showing significant difference at P<0.05 significance level among the treatments according to Tukey

test

and Noctor 2005). It is directly linked with the reduction of
GSSG into GSH that’s why any alteration in the GR activity
may alters the GSH/GSSG ratio, which is very important in
maintaining the redox status of the cell (Dixit et al. 2016;
Singh et al. 2016). In the present study, the activity of GR
enzyme was found to be improved under As, stress whereas
decreased under As, stress (Fig. 2). Although, there was
increase in GR activity but it was not enough to cope up
with the massive GSH utilization [directs metalloid-GSH
binding, GSH oxidation, glutathione-S-transferases (GST)
and PCs synthesis (As-PCs complex)] for metalloid detoxi-
fication (Jozefczak et al. 2012). On the other hand, S and
Ca application either alone or in combination to As-stressed
Brassica seedlings, further increased the GR activity over
the As-stressed seedlings alone, hence keeping GSH level
high and consequently improved GSH/GSSG ratio (Fig. 2;
Table 3). The results further reveal that addition of S and
Cato As-stressed Brassica seedlings significantly improved
the levels of GSH pool, which is in harmony with the earlier
findings of Liang et al. (2016) on Cd treated Brassica chin-
ensis L. seedlings. The possibility behind this increment in
GSH content could be as GSH plays major role in protect-
ing cells from arsenic either by directly conjugating with
the electrophilic arsenic or by providing substrate for the
synthesis of PCs (Dicxit et al. 2015; Liang et al. 2016), that
indirectly will also quench/scavenge the xenobionts. Simi-
larly, Ca induced GSH accumulation have also been reported
by Tian et al. (2011) in Cd stressed Sedum alfredii H. The
native-PAGE isoenzyme separation for GR, APX and DHAR
and detected single, three and five bands, respectively in all
the treatments (Fig. 2b), but were greatly expressed under

As and S+Ca treatment, which are in conformity with the
biochemical findings of the present study.

To survive in a metal(loid) rich environment, a wide
range of adaptive mechanisms operate in the cell including
sulphate assimilation. Being the final product of assimi-
latory sulfate reduction; Cys is a source of reduced S
and plays crucial role in the biosynthesis of a number of
S-containing compounds including GSH and PCs (Ander-
son 2014). Apart from Cys, NPTs are also known to be
involved in the internal detoxification of metal(loids)
through PCs formation (Table 4). In the present study,
Cys, NPTs and PCs were found to be increased particu-
larly in roots followed by leaves under tested doses of As
and further a sharp rise in these contents was noticed fol-
lowing S and Ca application (Table 4), which could be to
promote the compartmentalization of As in roots ensuring
lesser load (translocation, as reported in earlier finding,
Singh et al. 2018a) to the shoots of the test seedlings. The
possible explanation for the increment of Cys might be:
(i) its involvement in di-sulfide bonding in proteins for
their proper functioning as well as for protein synthesis
(Rochaix 2011), (ii) its crucial role for the formation of
Fe-S cluster in the photosynthetic apparatus and electron
transport chain (Rochaix 2011) and (iii) it serves as pre-
cursor for a range of S-containing defense compounds such
as GSH and PCs (Liang et al. 2016). A further rise in
Cys content following S and Ca treatment to As-stressed
seedlings suggests that they might have induced the activi-
ties of key enzymes of S-assimilation pathway (Fig. 3)
(Dhankher et al. 2002).

Phytochelatins are the oligomer of GSH, act as chela-
tor and functions as first fence against As and reduces the
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Fig.3 Impact of exogenous sulphur and calcium applied alone and
in combination on enzyme activities of S-assimilation pathway:
ATP sulfurylase (ATPS), O-acetylserine (thiol)lyase (OASTL) and
y-glutamyl cysteine synthetase (y-ECS) in root and leaves of Brassica
juncea L. seedlings grown under arsenic (As; As;:15 mg As Kg‘1
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sand and As,: 30 mg As Kg~! sand) stress. Data represent the mean
value + standard error from quintuplicates (n=35). Bars followed by
different letters showing significant difference at P <0.05 significance
level among the treatments according to Tukey test
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detrimental oxidative effects of As on plants (Ruiz-Torres
et al. 2017). Under As toxicity, on one side high PCs syn-
thesis demands higher GSH, and on the other side As accu-
mulation induces NPTs to chelate cellular As using most
of the available GSH pool therefore; GSH content got low-
ered under As stress in both root and leaves of test seedlings
(Tables 2 and 3). Similar findings regarding the role of Ca in
metal detoxification mechanisms have also been reported by
Lu et al. (2017), where Ca induced the NPTs accumulation
by decreasing the GSH levels in Amaranthus hypochondria-
cus L. seedlings.

Glutathione (GSH) biosynthesis mainly depends on the
rate of S-assimilation. According to Phartiyal et al. (2006),
the first enzyme i.e. ATP synthase of S-assimilation path-
way involves the formation of adenosine phosphosulfate;
while OASTL catalyzes the last step of S-assimilation path-
way and resulted into the formation of Cys. In the present
study, ATPS and OASTL activities were sharply raised in
As stressed test plants, which were more pronounced in root
than that of leaves and the activities of these enzymes were
further intensified following S and Ca supplementation to
As stressed Brassica seedlings (Fig. 3). These finding can be
explained on the basis that S and/ or Ca interaction with As
might have prompted the assimilation of sulphate in order to
fulfill the increasing demand of Cys under As stress, which
is necessary for maintaining the pool of GSH, PCs and
methionine because Cys acts as a precursor in the synthesis
of these compounds as suggested by Khan et al. (2009). Our
results are in harmony with the earlier findings on heavy
metal stressed B. chinensis L. (Liang et al. 2016) and S.
melongena L. (Singh et al. 2017) seedlings. The y-ECS is
a rate-limiting enzyme of GSH synthesis as the activity is
regulated by GSH and dependent on Cys availability (feed-
back-inhibition mechanism). The activity of y-ECS enzyme
was increased with increasing doses of As, which could be
linked with the increasing demand for the sulthydryl group
requiring compounds as well as increased utilization of Cys
and GSH; and upon S and Ca application, y-ECS activity
was further raised in both root and leaves thereby signifying
the enhancement of GSH and PCs synthesis that might have
relaxed the plant from being stressed (Fig. 3; Tables 3 and
4). Indeed, Dixit et al. (2015) have also supported this fact
in As stressed O. sativa and explained that higher activity
of y-ECS catalyses the ATP-dependent ligation of Cys and
GSH to form y-EC.

Supplementary Table 5 shows correlation between arse-
nic and mitigating effect of mineral nutrients on growth
behavior of B. juncea L. seedlings. Growth, AsA, AsA/
DHA, GSH, GSH/GSSG were found to be negatively cor-
related with arsenic stress while H,0,, APX, DHAR, GR,
ATPS, OASTL and y-ECS were found to be positively
correlated. Upon exogenous supplementation of mineral
nutrients either alone (S or Ca) or in combination (S+Ca),

growth and important growth regulating processes (AsA,
GSH and their ratios, APX, DHAR and GR) were found to
be positively correlated while Pearson correlation values for
H,0, was found to be lesser in comparison to As. Moreover,
upon application of these mineral nutrients to As stressed
seedlings further values for all the studied parameters were
found to be less negatively correlated in comparison to As
stress alone.

Conclusion

The overall study concluded that, arsenic has severe damag-
ing effect on growth of Indian mustard (B. juncea L.) seed-
lings thereby increasing the oxidative stress biomarkers, and
the antioxidant defense system of test plant was inefficient
to counteract the As induced oxidative damage, which dis-
turbed the redox status of the cell as manifested by decreased
AsA/DHA, AsA/H,0, and GSH/GSSG ratios. By contrast,
exogenously applied S, Ca and their combined exposure
i.e. S+Ca, alleviated As-induced toxicity and improved the
AsA and GSH contents thereby enhancing the activities of
enzyme participating in AsA-GSH cycle and S-assimilation
as well as maintain the redox status of the cell as evident by
the increased Cys, NPTs and PCs contents. Present study
mainly focuses on the ameliorating role of S and Ca simul-
taneously, that provided significant protection against As
induced toxicity suggesting that it could be used as a promis-
ing tool for the farmers in managing As-toxicity and perhaps
other heavy metals, in future.
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