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Ascorbic acid improves the tolerance of wheat plants to lead toxicity

Saud A Alamri®, Manzer H Siddiqui ©2, Mutahhar YY Al-Khaishany®, M. Nasir Khan®, Hayssam M Ali?,
Ibrahim A. Alaraidh?, Abdulaziz A. Alsahli?, Hala Al-Rabiah® and Mohammed Mateen®

RESEARCH ARTICLE
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ABSTRACT

Among the heavy metals (HMs), lead (Pb) is considered as a toxic HM which adversely affects growth
and development of crop plants. The present experiment was aimed to investigate the potential role
of ascorbic acid (ASC) in the reversal of Pb-inhibited nitrogen and sulfur assimilation enzymes activity
and activity of photosynthesis enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
and growth response in wheat plants. Wheat seedlings were subjected to 0 mM (control) and 0.2
mM and 0.6 mM of ASC with and without 2 mM of Pb. Plants treated with Pb exhibited the
following reduced growth characteristics (root length, shoot length, root fresh weight (FW), shoot
FW, root dry weight (DW) and shoot DW). A decrease was also observed in the activity of Rubisco
and ATP sulfurylase (ATP-S), relative water content (RWC), accumulation of total chlorophyll (Total
Chl) and content of nutrients [nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and
magnesium (Mg)] in Pb-treated plants. However, an increase in Chl degradation and in the activity
of O-acetylserine(thiol)lyase (OAS-TL) and accumulation of cysteine (Cys), malondialdehyde (MDA)
and hydrogen peroxide (H,0,) was observed in plants under Pb stress. On the contrary, exogenous
application of ASC mitigated the Pb-toxicity-induced oxidative damage by enhancing the activities
of antioxidant enzymes, such as superoxide dismutase, catalase and glutathione reductase.
Improved activity of antioxidant enzymes suppressed the formation of MDA and H,0,, which was
reflected in the form of improved growth characteristics. Moreover, ASC induced improvement in
plants defense systems by reduced Chl degradation and improved the content of essential
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nutrients (N, P, K, Ca and Mg) and Cys, RWC and the activity of Rubisco, ATP-S, NR and OAS-TL.

Introduction

The toxicity of heavy metals (HMs) has become a prevalent
global threat to the environment. Anthropogenic activities
have been considered as the worst culprit of HMs toxicity.
Increasing urbanization and industrialization add HMs to
the environment and cause disruption of pristine ecosystems
(Ross, 1994; Fan et al., 2016). Furthermore, agriculture inten-
sification through excessive use of fertilizers and insecticides,
and wastewater discharge also add HMs to the environment
(Shen et al, 2002; Sharma and Dubey 2005; Khan et al.,
2017). Heavy metals adversely affect animals and humans.
Being sessile in nature, plants are primary victims of HM-tox-
icity. Heavy metals-rich soil disturbs nutrients homeostasis in
plants and depresses plant growth by affecting the uptake and
distribution of certain nutrients in plants (Lamhamdi et al.,
2013; Upadhyay, 2014; Massoud et al., 2018). Non-essential
HMs [lead (Pb), cadmium, Mercury, and silver] enter the
cell and limit cellular functions by generating reactive oxygen
species (ROS). Of these, Pb is a toxic HM that adversely
affects plant growth and metabolism (Sharma and Dubey
2005; Dogan et al., 2009). Lead enters the plants via their
roots and alters their morphological, physio-biochemical
and molecular mechanisms (Fan et al, 2016; Mahdavian
et al.,, 2016; Malar et al., 2016; Simonetti et al., 2016). Lead
limits seed germination, biomass production and also causes
nutrients imbalance in plants (Sharma and Dubey 2005;
Malar et al., 2016). It damages cell membranes and suppresses

photosynthetic capacity and stomatal conductance of the
plant by inhibiting biosynthesis of chlorophylls, activity of
Rubisco and water uptake (Lunde et al., 2008; Rossato et al.,
2012; Leal-Alvarado et al., 2016). Also, Pb induces oxidative
stress by overproducing ROS, such as singlet oxygen ('0,),
superoxide radical (O,"), hydroperoxy radical (HO,"),
hydrogen peroxide (H,0,) and hydroxyl radical (OH").
Excessive generation of ROS causes deterioration of macro-
molecules, resulting in decreased physiological and biochemi-
cal processes (Mahdavian et al., 2016; Amari et al., 2017),
leading to reduced growth and productivity of crop plants.
To overcome the adverse effects of abiotic stresses, plants
possess various systems of defense, such as enzymatic and
non-enzymatic antioxidants. The enzymatic antioxidant sys-
tem include superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), glutathione reductase (GR)
and non-enzymatic antioxidants (glutathione, ascorbate),
which continuously scavenge harmful ROS. To counter abio-
tic stress-induced osmotic stress, plants accumulate osmo-
lytes, such as trehalose, polyols (glycerol, inositols, sorbitols
etc.), amino acids (proline, glycine betaine and taurine),
which maintain normal water status of the plant. In addition,
plants counter metal stress by synthesizing metal-chelates,
organic acids and polyphosphates that cause restriction and
sequestration of toxic metals either in apoplasm or symplasm.
Besides, one of the important detoxification mechanisms of
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HMs is carried out by sulfur (S) containing peptides, which
cause chelation by binding with metals in cytosol, and
metal-phytochelatin complex are sequestrated into the vacu-
ole (Mendoza-Cozatl et al.,, 2005). Cysteine (Cys), the key
product of S assimilation (Siddiqui et al., 2012a), affects var-
ious biomolecules including antioxidants and other com-
pounds involved in detoxification of HMs. In plants, Cys is
synthesized from O-acetylserine (OAS) and sulfide (Khan
et al,, 2017) by the action of ATP-sulfurylase (ATP-S; a pre-
cursor enzyme) and O-acetylserine(thiol)lyase (OAS-TL)
enzymes. In addition, nitrate reductase (NR), a crucial N-
assimilation enzyme, is activated by sulphate and ATP-S
activity, and ATP-S is induced by nitrate (Smith 1980; Bru-
nold and Suter 1984). Therefore, S-assimilation and nitrogen
(N) assimilation are coordinated pathways that play impor-
tant role in plant growth and development under abiotic
stress (Kopriva and Rennenberg, 2004, Siddiqui et al., 2008,
2012a). However, timely and precise activation of these
defense systems in response to stress stimulus prior to the
onset of damage is crucial for plants growth and develop-
ment. The stress stimulus and specific response to the stimu-
lus is transmitted by a network of signaling molecules.

It is well established that ascorbic acid (ASC) is one of
the important non-enzymatic antioxidants and plays vital
role in the growth and normal functioning of plants. ASC
regulates a number of cellular processes, such as cell div-
ision, cell differentiation and senescence (Venkatesh and
Park 2014). Furthermore, ASC protects lipids and proteins
and improves tolerance against various abiotic stresses,
induces plant growth, photosynthesis, transpiration, oxi-
dative defense potential and photosynthetic pigments
(Khan et al.,, 2010; Naz et al., 2016, Akram et al., 2017).
However, none or meager information is available on
ASC mediated S- and N-assimilation pathway involved in
detoxification of Pb in plants. Therefore, the objective of
the present study was to investigate the role of ASC in S
and N-assimilation and their role in the tolerance of
wheat plants to Pb toxicity.

Materials and methods

Uniform sized seeds of wheat (Triticum aestivum var.
Yecora Rojo) were surface sterilized with 1% sodium hypo-
chlorite. The sterilized seeds were sown in plastic pots (6 cm
in diameter) containing sterile acid washed sand and sup-
plied with nutrient solution (Smith et al., 1983). The salts
used to prepare the nutrient solution were as follows:
Macronutrient stock solution A (g LY Mg(NO3),.6H,0,
4.94; Ca(NO;),.4H,0, 16.78; NH,NO3, 8.48; KNOj, 2.28.
Macronutrient stock solution B (gL') KH,PO, 2.67;
K,HPO,, 1.64; K,SO,4 6.62; Na,SO, 0.60; NaCl, 0.33.
Micronutrient supplement (mg LY H;BO,; 128.80;
CuCl,.2H,0, 4.84; MnCl,.4H,0O, 81.10; (NH,)6Mo0,0,,.-
4H,0, 0.83; ZnCl,, 23.45; ferric citrate pentahydrate,
809.84. The composition of the nutrient solution applied
to the plants was prepared by mixing 200 mL of each of
the macronutrient stock solution with 100 mL of the micro-
nutrient supplement and diluting to 4.5 L with double dis-
tilled water (DDW). The pH was maintained at 6.0 by
adding a solution of H,SO, or KOH. After one week of
sowing, treatments were administered to the plants. The
treatments were comprised of (i) 0 mM ASC+0 mM Pb
(control), (ii) 0.2 mM ASC+0 mM Pb, (iii)) 0.6 mM ASC

+0 m Pb, (iv) 0 mM ASC+2 mM Pb, (v) 0.2 mM ASC
+2 mM Pb and (vi) 0.6 mM ASC+2 mM Pb. To keep
the sand moist, pots were irrigated every 3 days with
DDW. After 9 weeks, full-grown plants with true leaves
were used to measure plant growth attributes [root length
(RL) plant™, shoot length (SL) plant™, root fresh weight
(RFW) plant™, shoot fresh weight (SFW) plant™, root dry
weight (RDW) plant”, and shoot dry weight (SDW)
plant”'] and physiological and biochemical characteristics
including total chlorophyll (Total Chl), Chl degradation,
leaf relative water content (RWC), concentration of malon-
dialdehyde (MDA), hydrogen peroxide (H,O,), and Cys
content, and enzymes activities (NR, OAS-TL, Rubisco,
ATP-S, SOD, CAT and GR).

Measurement of growth characteristics

Plant height was recorded through a meter scale. After
measuring the FW, the experimental plants were then kept
in an oven run at 60°C. After 48 h, the DW of the plants
was weighed.

Determination of physiological and biochemical
parameters

Chlorophylls content were recorded by adopting the dimethyl
sulfoxide method of Barnes et al. (1992).

Chl degradation was expressed as the ratio between its
absorbance at 435 and that at 415 nm (Aus/Ass), as
suggested by Ronen and Galun (1984).

Leaf relative water content (LRWC) was estimated accord-
ing to the method of Yamasaki and Dillenburg (1999) and
calculated by adopting the following formula: RWC (%) =
[(FW-DW)/(TW-DWO0] x 100, where FW- leaf fresh weight,
DW- leaf dry weight was taken after drying the leaves at
80 °C for 24 h; and turgid weight (TW) was measured after
keeping the leaves in deionized water for 4 h.

Electrolyte leakage (EL) was measured according to the
method of Lutts et al. (1995).

Malondialdehyde (MDA) content was quantified accord-
ing to the method of Heath and Packer (1968). Leaves were
homogenized in a solution containing 10% trichloroacetic
acid and 0.65% 2-thiobarbituric acid. The extract was heated
at 95°C for 60 min. after centrifuging at 10,000xg for 10 min.
The absorbance of the supernatant was read at Ass, and Agg
against a reagent blank.

Endogenous hydrogen peroxide (H,O,) content in the
leaves of treated and non-treated plants was measured as
described by Velikova et al. (2000).

Estimation of nutrients and Pb content in plants

For leaf N and P content, dried-leaf material of wheat
plants was powdered and digested by a Kjeldahl method.
Digested material was stored for the analysis of N and P
in leaf. Leaf N and P contents were measured by the
method of Lindner (1944) and Fiske and Subba Row
(1925), respectively. Some mineral elements such as potass-
ium (K), calcium (Ca) and magnesium (Mg), and heavy
metal Pb were determined according to the Association of
Official Analytical Chemistry methods (AOAC, 1984)
using Atomic Absorption Spectrophotometer AA-675
Series.



Determination of nitrogen-assimilation enzyme
activity

The activity of NR in fresh leaf was assayed using a method
of Jaworski (1971). Fresh leaves were sampled and frozen in
liquid nitrogen, and then stored at — 80 °C. Samples were
weighed and transferred to plastic vials containing 2.5 mL
phosphate buffer (pH 7.5), 0.2 M potassium nitrate and
5% isopropanol solutions. After incubation of samples for
2h in the dark at 30 °C, a mixture of 1% sulphanilamide
and 0.2% NED-HCI (N-1-naphthylethylene-diamine dihy-
drochloride) was added to each vial. The absorbance was
read at 540 nm after 20 min and then compared with that
of the calibration curve. The activity of NR was expressed
as nM NO, h'g™" leaf FW.

Determination of activity of OAS-TL enzyme and Cys
content

The activity of O-acetylserine (thiol) lyase (OAS-TL) and Cys
content in leaves were determined spectrophotometrically
according to the method of Riemenschneider et al. (2005)
and Gaitonde (1967), respectively with slight modification.
Soluble protein extract was prepared by homogenizing 100
mg leaf tissues with 1 mL of 20 mM Tris-HCI (pH 8.0). The
homogenates were centrifuged at 13,000 xg for 10 min.
Enzyme extract (50 pL) was added to the reaction mixture (1
mL) containing OAS-TL activity (5 mM O-acetyl serine, 5
mM Na,S, 33.4 mM dithiotreitol, 100 mM TRIS/HCI (pH
7.5) Schmidt (1990). The Cys concentration was estimated
by adding Na,S to the reaction mixture and incubated for 30
min at 37 °C. After addition of acidic ninhydrin reagent, the
samples were incubated at 100 °C for 10 min to allow color
development and then cooled on ice. The absorbance was
read at 560 nm after the stabilization of color complex by add-
ing 900 mL 70% ethanol to the samples. The content of Cys in
leaves was calculated using calibration curve obtained for pure
Cys and the result was given as nmol g"' FW.

Determination of sulfur-assimilation enzyme activity

The activity of ATP-S was determined according to the
method of Lappartient and Touraine (1996). Fresh leaves
were homogenized in a reaction buffer containing 10 mM
Na,EDTA, 20 mM Tris-HC1 (pH 8.0), 2 mM DTT, and
approximately 0.01 g/mL insoluble PVP. After the centrifu-
gation of homogenates at 20,000 xg for 10 min at 4 °C, the
supernatant was used for in vitro ATP-S assays by adding
0.1 mL of the enzyme extract to 0.5 ml of the reaction mix-
ture, which comprised of 7 mM MgCl,, 5 mM Na,MoOy, 2
mM Na,ATP, and 0.032 units/mL of sulfate — free inor-
ganic pyrophosphatase (Sigma) in an 80 mM Tris-HCl
buffer (pH 8.0). In parallel, the same enzymes extract was
added to the same reaction solution except that Na,MoO,
was excluded, after which side-by-side incubations were
carried at 37 °C for 15 min and then phosphate was deter-
mined calorimetrically.

Determination of enzyme activity involved in
photosynthesis

Rubisco activity was determined by measuring NADH oxi-
dation at 340 nm using a UV-vis spectrophotometer
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(SPEKOL 1500; Analytik Jena AG, Jena, Germany) (Usuda
1985). Ice-cold extraction buffer solution (100 mM Hepes -
KOH, pH 7.5, 0.5 mM EDTA, pH 8.0, 10 mM potassium acet-
ate, 5 mM DTT, 20 mM O-mercaptoethanol, 5% [v/v] gly-
cerol, 1% [w/v) PVP, 0.05% [w/v] Triton X-100, and 0.5
mM PMSF) and a mortar pestle were used for enzyme extrac-
tion by homogenizing of fresh leaf samples. To remove debris,
centrifugation of the extract was done at 10,000 xg for 10 min
at 4 °C. Supernatant was added to the reaction mixture, which
included 100 mM Tris-HCI (pH 8.0), 10 mM NaHCOs3;, 10
mM MgCl, 0.2 mM NADH, 1 mM ATP, 1 mM EDTA, 5
mM DTT, 4 units of glyceraldehyde-3-phosphate dehydro-
genase, and 4 units of 3-phosphoglycerate phosphokinase.
NADH oxidation was initiated by adding the enzyme extract
to 1 mM ribulose-1,5-bisphosphate (RuBP). The absorbance
was read for 1 min after the reaction was stopped. Enzyme
activity was presented in pmol CO, fixed min' mg™ protein.
The quantification of protein was done using the method of
Bradford (1976).

Determination of antioxidant enzymes

To determine the activity of the antioxidant enzymes, using a
pre-chilled mortar and pestle, fresh leaf samples were hom-
ogenized in a pre-cooled buffer (0.5% Triton X-100 and 1%
polyvinylpyrrolidone in 100 mM potassium phosphate
buffer, pH 7.0). The supernatant was stored at — 20 °C for
the enzymatic assays after centrifugation of the homogenates
at 15,000 x g for 20 min at 4°C. The following activities were
determined using the methods of the listed authors: SOD by
Giannopolitis and Ries (1977); CAT by Aebi (1984) and GR
by Foyer and Halliwell (1976). Enzyme activities were
expressed as units of enzyme activity mg™' protein.

Statistical analysis

Statistical analysis of the data was analyzed using SPSS, stat-
istical software version 22.0 for Mac. A one-way analysis of
variances (ANOVA) was used to compare the means, fol-
lowed by Duncan’s multiple-range test (DMRT) to find sig-
nificance (P < 0.05) differences between the individual
means of the treatments.

Results

Under non-stress conditions, the growth performance of
wheat plants in terms of RL, SL, RFW, SFW, RDW and
SDW was gauged and recorded maximum with the appli-
cation of both doses of ASC (0.2 and 0.6 mM) as compared
to the plants treated with Pb and control plants (Table 1).
However, the application of 0.6 mM ASC proved better by
yielding higher values for these attributes than did 0.2 mM
ASC. Under the Pb toxicity condition, the growth character-
istics of the wheat plant were significantly decreased (Table 1).
However, both levels of ASC substantially improved growth
attributes but 0.6 mM ASC was more effective in alleviating
Pb toxicity.

The data in Table 2 reveal that application of ASC
increased the content of essential nutrients (N, P, K, Ca and
Mg) and Cys in plants under non-stress conditions. The
maximum content of these nutrients was recorded in plants
treated with 0.6 mM of ASC. However, the concertation of
these essential nutrients decreased and Cys and heavy metal
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Table 1. Effect of ASC on root length (RL) plant™, shoot length (SL) plant™, root fresh weight (RFW) plant™, shoot fresh weight (SFW) plant™, root dry weight (RDW)
plant” and shoot dry weight (SDW) plant” of wheat plants under Pb-toxicity condition.

Parameters

Treatments RL (cm) SL (cm) RFW (mg) SFW (mg) RDW (mg) SDW (mg)
Control 09.14 + 0.57° 21.46 + 0.48° 51322479 367.14 + 6.86° 08.55 + 0.44¢ 2848+ 1.76%
ASCo2mm 11.26 +0.735 25.43 +0.68° 65.63 + 2.43 470.03+9.13¢ 10.91 +0.37 37.95 +1.67°
ASCo6mm 1472 +0.87° 3047 +0.29° 81.95 +2.23? 61140 +7.27° 12.17 £0.23° 52,69 + 1.67°
Pbym 06.23 + 0.64° 15.42+0.83¢ 38.84 +2.05¢ 280.00 + 8.33¢ 07.77 + 0.42¢ 23.70 + 1.60°
ASCo5 +Pb 09.22 +0.70° 1931 +0.54¢ 58.47 + 2,89 466.43 +9.35° 09.96 + 0.36 3173+ 1.96°
ASCos+ Pb 1237 +£0.69° 20.78 + 0.63 7292 +263° 498.40 +9.01° 11.14+0.27%° 40.65 + 1.53°

Note: Mean (£SE) was calculated from four replicates for each treatment. Bars with different letters are significantly different at P < .05, applying a Duncan Multiple

Range Test.

Pb concentration increased under Pb exposure. On the con-
trary, application of ASC significantly improved the content
of these nutrients and Cys and decreased Pb in leaf of Pb-trea-
ted wheat plants. However, application of 0.6 mM ASC was
found more effective than 0.2 mM ASC in increasing the con-
tents of nutrients and Cys and also in suppressing the concer-
tation Pb in leaf of wheat plants (Table 2).

Total Chl content was markedly enhanced in the leaves of
wheat plants subjected to ASC (0.2 and 0.6 mM), while Chl
degradation was decreased for both levels of ASC under
non-stress condition (Fig. 1 A&B). The application of 0.6
mM of ASC yielded a higher total Chl value than did 0.2
mM of ASC. Wheat plants subjected to Pb had the lowest
value for total Chl and highest value for Chl degradation;
both differences were significant. However, total Chl content
and Chl degradation were substantially affected at both the
levels of ASC. A distinct enhancement in total Chl content
and a decrease in Chl degradation were seen in response to
0.6 mM of ASC under Pb toxicity.

An increase in the activity of Rubisco and ATP-S was
observed with the applications of 0.2 mM and 0.6 mM of
ASC under non-stress condition (Fig. 1 C&D). However, a
higher increase in the activity of both enzymes was observed
with the application of 0.6 mM of ASC than with 0.2 mM of
ASC. A considerable decrease in the activity Rubisco and
ATP-S was noted in the plants subjected to Pb (Fig. 1 C&D).
On the other hand, a substantial improvement in the activity
of these enzymes was recorded in the plants that received
any of the two doses of ASC under Pb toxicity. The maximum
improvement in the activity of enzymes was observed in
response to 0.6 mM of ASC rather than to 0.2 mM of ASC.

Under non-stress conditions, the activity of N and S -
assimilation enzymes, NR and OAS-TL, respectively increased
with the increasing dose of ASC as compared to the control
(Fig. 2 A&B). Whereas, under Pb-stressed conditions, the
activity of NR decreased, while OAS-TL increased as com-
pared to the control. However, application of ASC improved
the activity of NR and further enhanced OAS-TL activity in

the plants exposed to Pb toxicity. Under Pb stress, the highest
activity of both the enzymes was recorded in the plants treated
with 0.6 mM of ASC as compared to 0.2 mM under Pb stress.

A significant increase in LRWC was observed in the plants
treated with 0.2 and 0.6 mM of ASC under non-stress con-
ditions (Fig. 3 A), but the effect was most notable with the
application of 0.6 mM of ASC. Plants subjected to Pb had
the lowest LRWC. However, plants that received both levels
of ASC exhibited improved LRWC under Pb stress. The
maximum improvement was recorded in Pb-stressed plants
treated with 0.6 mM of ASC under Pb toxicity (Fig. 3 A).

Under non-stress conditions, lower levels of EL and the
accumulation of MDA and H,O, were observed in the leaves
of plants (Fig. 3 A-C), while, plants grown in growth medium
containing Pb had the highest levels of EL, MDA, and H,0,.
On the contrary, plants exhibited decreased EL and the con-
tent of MDA and H,O, at both the levels of ASC under Pb-
toxicity. Lower levels of EL, MDA, and H,0, were observed
with the application of 0.6 mM of ASC than with the appli-
cation of 0.2 mM of ASC (Fig. 3 A-C).

A slight increase in the activity of SOD and CAT was
observed in response to 0.2 mM ASC applications except
for GR activity under non-stress condition, which showed a
decrease compared to respective controls (Fig. 4 A-C). How-
ever, the activity of antioxidant enzymes was enhanced when
plants were grown in a growth medium containing Pb. The
activity of SOD, CAT, and GR was further enhanced in the
plants treated with ASC under Pb toxicity. However, the
highest enhancement in the activity of these enzymes was
observed at 0.6 mM of ASC (Fig. 4 A-C).

Discussion

The growth parameters are important factors used to deter-
mine growth performance and crop productivity. In the pre-
sent experiment, wheat plants exhibited enhanced growth
attributes, such as RL, SL, RFW, SFW, RDW, and SDW
with applied ASC doses (Table 1). These results are consistent

Table 2. Effect of ASC on the content of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), cysteine (Cys) and lead (Pb) in wheat plants

under Pb-toxicity condition.

Treatments

Parameters Control ASCo, ASCos Pb ASCy,+Pb ASCy6+Pb
N (mg g~' DW) 23.38+0.80° 34.27 +0.63° 4444 +0.81° 11.39+0.33¢ 19.95 + 1.08¢ 24.85+051°
P (mgg~' DW) 6.94 +0.53¢ 9.91+0.34° 14.42+037° 3.19+0.26° 545 +0.34° 7.16 +0.28°
K (mg g~' DW) 26.65 + 0.74° 34.47 +0.69° 46.50 + 0.58° 18.35 +0.65° 23.58+0.64° 27.58 +0.65°
Ca(mgg™' DW) 1632 + 0.46° 2447 +0.69° 36.50 + 0.58° 8.69+0.58° 13.58 + 0.64 17.58 +0.65°
Mg (mg g~' DW) 444 +0.28° 554+0.17° 6.18+0.19° 241+0.14f 3.04+0.10° 3.87 +0.06¢
Cys (nMg™" FW) 4180+2.12° 64.47 +3.57° 78.28 +2.68° 55.21+3.43¢ 86.13+2.35° 97.03+3.17°
Heavy metal concentration in plant

Pb (mg g~' DW) 0000.00 00000.00 000000,00 34.43 +0.86° 23.98+0.76-b 15.97 + 0.54°

Note: Mean (£SE) was calculated from four replicates for each treatment. Bars with different letters are significantly different at P < .05, applying a Duncan Multiple

Range Test.
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Figure 1. Effect of ASC on (A) Total Chl content, (B) Ch/ degradation, (C) Rubisco activity and (D) ATP-S activity in wheat plants under Pb-toxicity condition. Mean
(£SE) was calculated from four replicates for each treatment. Bars with different letters are significantly different at P < 0.05, applying a Duncan Multiple Range Test.

with the findings of Sofy et al. (2016). However, plants sub-
jected to Pb showed reduced growth parameters compared
with the control. This may be due to the toxic effect of Pb,
which disturbs several physiological and biochemical pro-
cesses such as ion toxicity, enzymes activity, respiration,
and photosynthesis (Stevens et al., 1997; Hadi, 2015). Inter-
estingly, under Pb toxicity, both levels of ASC improved
growth characteristics (Table 1). Under Pb stress, the restor-
ation of growth parameters by the application of ASC may be
because ASC acts as an antioxidant and stimulates cell div-
ision and cell expansion by regulating the physiological and
biochemical processes of plants (Ivanov, 2014; Kaviani,
2014;).

A balanced supply of nutrients is vital for normal plant
growth and development under both stress and non-stress
conditions. In the present experiment, content of Pb in leaf
of wheat plants was higher under Pb stress (Table 2).
Under Pb stress, plants had minimum content of essential
nutrients. It may be due to the physical damage of absorption
sites of roots which are unable to uptake many ions (Lam-
hamdi et al., 2013). However, application of ASC increased
nutrients (N, P, K, Ca and Mg) content in both stressed
and non-stressed plants (Table 2). These essential nutrients
are the key growth limiting essential nutrients, which alleviate
the adverse effect of different environmental stresses by
improving physiological and molecular mechanisms of plants
(Marschner 2002, Siddiqui et al., 2012a; Arshad et al., 2016).
The increased concentrations of N, P, K, Ca and Mg in Pb-
stressed plants treated with ASC might be one of the reasons

for improved growth by increasing tolerance of wheat plants
to Pb toxicity (Table 1). As we know that N, P, K, Ca and Mg
play important roles directly or indirectly in cell division, cell
enlargement and differentiation because all nutrients are the
key constituents of many metabolically active compounds
that regulate various physiological functions (Marschner
2002). Alone, K plays an important role in the activation of
more than 50 enzymes ((Bhandal and Malik 1988). In this
study, increased uptake of nutrients may be one of the reasons
for decreased uptake of Pb by supporting plants to develop
different types of physical barrier against uptake of Pb, result-
ing in better plants growth and development (Table 1). Siddi-
qui et al. (2012b) reported that increased content of Ca and K
in faba bean inhibited the uptake and deleterious effects of
heavy metal cadmium. An increase in the content of nutrients
may be responsible for the improvement of tolerance of
plants to Pb toxicity by inducing mechanisms for detoxifica-
tion and excretion of Pb to extra-cellular space (Siddiqui
et al., 2012b; Ashraf et al., 2017).

Cys is one of the important metabolic precursors of essen-
tial biomolecules, such as vitamins, co-factors, antioxidants
and defense compounds (Alvarez et al., 2012). Under Pb
stress and non-stress conditions, ASC supplied to wheat
plants increased Cys content (Table 2). Increased Cys might
be due to the increased activity of OAS-TL in plants sup-
plemented with ASC (Fig. 2B). The enzyme OAS-TL, com-
partmentalized in mitochondria, chloroplast and cytosol,
plays an important role in the first step of Cys biosynthesis
(Noda et al,, 2016). Cys is formed in plants by the sequential
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Figure 2. Effect of ASC on the activity of (A) nitrate reductase (NR) and (B) O-acetylserine (thiol) lyase (OAS-TL) in wheat plants under Pb-toxicity condition. Mean
(£SE) was calculated from four replicates for each treatment. Bars with different letters are significantly different at P < .05, applying a Duncan Multiple Range Test.

reactions catalyzed by enzymes serine acetyl transferase and
OAS-TL through incorporating a sulfide molecule into OAS
molecule (Alvarez et al., 2012). An increase in the concen-
tration of Cys due to the increased activity of OAS-TL
might be responsible for tolerance of plant to Pb stress by ser-
ving as a donor of sulfur for sulfur-containing compounds
that act as various antioxidants and defense compounds
(Alvarez et al., 2012; Khan et al., 2017).

Chloroplast pigments are the key components for photo-
synthesis, and are responsible for biomass production in
plants. We observed that supplied doses of ASC enhanced
total Chl in plants under non-toxic conditions. However,
plants subjected to Pb exhibited reduced biosynthesis of
total Chl and increased Chl degradation (Fig. 1 A&B). A
decrease in total Chl in plants subjected to Pb might be due

to Chl degradation (Fig. 1 A) by enhanced activity of chloro-
phyllase, the disruption of chloroplast stroma volume
induced by ROS (Stefanov et al., 1995; Hadi, 2015), or due
to an imbalance in the supply of nutrients, such as Mg and
iron (Burzynski, 1987). When ASC was added to the growth
medium, the biosynthesis of total Chl was improved and Chl
degradation decreased (Fig. 1 A&B). An increase in Chl in the
leaves of plants may be due to the increased content of Mg
induced by the application of ASC (Table 2). Mg is an essen-
tial element that attached as a central atom of the porphyrin
ring of the photosynthetic pigments. Under Pb toxicity,
increase in total Chl and decrease in Chl degradation by the
application of ASC might be due to ASC’s effective role in
the suppression of MDA and membrane permeability (EL)
(Fig. 2 A&B). Additionally, ASC protects chloroplasts from
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oxidative damage by stimulating IAA and GAj; synthesis and
by inhibiting ABA formation (Saeidi-Sar et al., 2013; Gul
et al,, 2015).

Rubisco is the first enzyme that participates in carbon
fixation (the process by which plants convert atmospheric car-
bon dioxide to energy-rich macromolecules). Plants subjected
to Pb had a significant reduction in the activity of Rubisco (Fig.
1C). However, the addition of ASC in the growth medium sig-
nificantly improved the activity of Rubisco under Pb stress.
Also, a substantial increase in Rubisco activity in plants was
found with the application of ASC under non-stress con-
ditions. This increase in the activity of Rubisco could be
responsible for improved growth attributes (Table 1) because
Rubisco is the most abundant enzyme that constitutes half of
the soluble proteins in the leaves of almost all plants and also
regulates photosynthesis (Parry et al., 2007). Therefore, we
postulated that exogenous application of ASC restored plant
growth by improving the activity of Rubisco.

It is well established that ATP-S is the first enzyme
involved in sulfate assimilation pathway (the process through
which Cys is formed), resulting in the formation of S-contain-
ing compounds, such as glutathione, amino acids, and meth-
ionine (Giordano and Raven, 2014; Prioretti et al., 2014). In
this experiment, plants treated with Pb showed reduced
activity of ATP-S (Fig. 1 D). However, the application of
ASC vyielded significantly better results for the enzyme
ATP-S over the control under non-stress and Pb stress con-
ditions. Under Pb toxicity, the application of ASC mitigated
the adverse effect of Pb by improving ATP-S activity, which

could be responsible for the enhancement of S-containing
compounds. These compounds might be the reason for the
improved tolerance of plants to Pb toxicity. According to
Couturier et al. (2013), Cys and glutathione improve plant’s
resistance to abiotic stress by regulating metabolic redox.

NR, a primary precursor for N-assimilation pathway, is
induced by sulfate and the activity of ATP-S, an S-assimila-
tion enzyme. Similarly, OAS-TL is a key enzyme for S-assim-
ilation to produce Cys. In the present experiment, application
of ASC increased both enzymes (NR and OAS-TL) under Pb
stress and non-stress conditions (Fig. 2 A & B). Enhanced
activity of NR and OAS-TL with the application of ASC
(Fig. 2 A&B) might have served in boosting N and S -assim-
ilation and antioxidant system (Fig. 4). Both enzymes activity
could be helpful in improving the tolerance of wheat plants to
Pb-toxicity. It is reported that NR induced nitric oxide (NO)
synthesis that protects plants against abiotic stress (Sun et al.,
2014; Khan et al,, 2017).

The growth and physiological mechanisms of plants are
directly or indirectly regulated by the supply of water. The
exogenous application of Pb decreased LRWC (Fig. 2A),
which may be due to inhibition of root growth or the altera-
tion of cell wall extensibility and cell wall elasticity (Poschen-
rieder and Barcel6, 1999). However, the application of ASC
enhanced LRWC in both the groups of plants, the plants
exposed to Pb and plants under non-toxic conditions.
Enhanced LRWC provided sufficient amount of water
required for various cellular activities leading to enhanced
levels of total Chl and nutrients content, and activity of
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several enzymes. All these improved physiological processes
together contributed to enhanced resistance of wheat plants
to Pb toxicity. Our results are further supported by the
finding that exogenous application of ASC enhanced the util-
ization and uptake of water in cucumber plants under
drought stress (Naz et al., 2016).

Excessive generation of ROS is one of the fatal conse-
quences of abiotic stress that causes denaturation of DNA,
proteins, and carbohydrates, resulting in disordered physio-
logical and biochemical processes. The accumulation of
MDA and H,0, were significantly greater in plants subjected
to Pb (Fig. 2 B&C). These parameters indicate the level of oxi-
dative damage induced by Pb toxicity. The formation of H,0O,
causes membrane damage and induces a Haber-Weiss reac-
tion, resulting in lipid peroxidation by forming hydroxyl rad-
ical in plants (Mittler, 2002). In order to perform normally
under toxic conditions, plants must minimize the levels of
ROS in cells by activating enzymatic and non-enzymatic anti-
oxidant defense systems. In this investigation, the application
of ASC was found to be effective in lowering the levels of
MDA and H,0O, by improving plant immune systems associ-
ated with enhanced activity of SOD, CAT, and GR (Fig. 4 (A-
C). These results validate the findings of Saeidi-Sar et al.
(2013) and Younis et al. (2010). On the other hand, the
exogenous application of ASC might be responsible for the
inhibition of ROS formation due to its antioxidant properties.
Increased activity of antioxidant enzymes (SOD, CAT, GR) in
plants treated with ASC might be due to increased activity of
N and S -assimilation enzymes (NR and OAS-TL) (Fig. 2
A&B). Increased activity of antioxidant enzymes could be
responsible for improved tolerance to Pb-toxicity by protect-
ing membrane functions (Abd_Allah et al., 2017). According
to Lu et al. (2014), NR induces production of NO that is
responsible for the activity of antioxidant enzyme. Similarly,
ASC-induced OAS-TL activity might be involved in main-
taining S-assimilation and thiols levels, resulting in improved
tolerance of plants to Pb stress. Therefore, it is clear that ASC
is involved in the quenching of excess of ROS induced by Pb
toxicity by enhancing the activity of antioxidant enzymes.

Conclusion

The present study describes that the application of ASC sig-
nificantly countered Pb-induced ROS generation through
enhancing the activities of antioxidant enzymes, N and S
-assimilation by increasing the activity of NR and OAS-TL,
content of essential nutrients (N, P, K, Ca and Mg) and
Cys. Also, the activity of Rubisco and ATP-S and total Chl
were increased in plants treated with ASC under Pb stress.
Application of ASC mitigated the toxic effects of Pb-induced
generation of ROS and causes reduction in H,O, content and
electrolyte leakage that caused reduction in lipid peroxidation
and improvement in LRWC. Improved water status assisted
stressed plants in enhancing Chl content and Rubisco activity
that caused higher accumulation of organic matter, resulting
in better growth of ASC treated plants even under Pb stress
(Fig. 5).
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