U\ plants

Article

Nitric Oxide and Strigolactone Alleviate Mercury-Induced
Oxidative Stress in Lens culinaris L. by Modulating Glyoxalase
and Antioxidant Defense System

Riti Thapar Kapoor 1, Ajaz Ahmad 2, Awais Shakoor 3, Bilal Ahamad Paray  and Parvaiz Ahmad >*

check for
updates

Citation: Kapoor, R.T.; Ahmad, A ;
Shakoor, A.; Paray, B.A.; Ahmad, P.
Nitric Oxide and Strigolactone
Alleviate Mercury-Induced Oxidative
Stress in Lens culinaris L. by
Modulating Glyoxalase and
Antioxidant Defense System. Plants
2023,12,1894. https://doi.org/
10.3390/plants12091894

Academic Editors: Anelia Dobrikova

and Michael Moustakas

Received: 29 November 2022
Revised: 30 January 2023
Accepted: 6 February 2023
Published: 5 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Plant Physiology Laboratory, Amity Institute of Biotechnology, Amity University Uttar Pradesh,

Noida 201313, Uttar Pradesh, India

Department of Clinical Pharmacy, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia
Department of Environment and Soil Sciences, University of Lleida, 25198 Lleida, Spain

Zoology Department, College of Sciences, King Saud University, Riyadh 11451, Saudi Arabia

Department of Botany, Govt. Degree College, Pulwama 192301, Jammu and Kashmir, India
Correspondence: parvaizbot@yahoo.com

[ S N

Abstract: Developmental activities have escalated mercury (Hg) content in the environment and
caused food security problems. The present investigation describes mercury-incited stress in Lens culi-
naris (lentil) and its mitigation by supplementation of sodium nitroprusside (SNP) and strigolactone
(GR24). Lentil exposure to Hg decreased root and shoot length, relative water content and biochemical
variables. Exogenous application of SNP and GR24 alone or in combination enhanced all of the afore-
mentioned growth parameters. Hg treatment increased electrolyte leakage and malondialdehyde
content, but this significantly decreased with combined application (Hg + SNP + GR24). SNP and
GR24 boosted mineral uptake and reduced Hg accumulation, thus minimizing the adverse impacts
of Hg. An increase in mineral accretion was recorded in lentil roots and shoots in the presence of SNP
and GR24, which might support the growth of lentil plants under Hg stress. Hg accumulation was
decreased in lentil roots and shoots by supplementation of SNP and GR24. The methylglyoxal level
was reduced in lentil plants with increase in glyoxalase enzymes. Antioxidant and glyoxylase enzyme
activities were increased by the presence of SNP and GR24. Therefore, synergistic application of nitric
oxide and strigolactone protected lentil plants against Hg-incited oxidative pressure by boosting
antioxidant defense and the glyoxalase system, which assisted in biochemical processes regulation.
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1. Introduction

Anthropogenic activities, industrialization, urbanization, mining and application of
synthetic fertilizers have accelerated the release of toxic metals into the environment [1].
Mercury (Hg) toxicity has been recognized as the most serious threat to agricultural produc-
tivity, and may become more frequent in the next few years [2,3]. The increased accretion
of heavy metals in environment beyond the threshold level has shown negative impacts
on soil texture, microbes and plants, and reaches animals and human beings via the food
chain [4,5]. Heavy metals are stable elements that tend to accumulate in the tissues of
living organisms [6]. Hg is present on the earth’s surface in very low amounts; however,
industries such as cement and fluorescent lamp factories, geothermal power plants and coal
mines, and their activities, such as mining and fossil fuel burning, release wastes/effluents
which escalate Hg levels in the environment [7,8]. Hg is hazardous non-essential element
which adversely affects the growth of plants [9,10]. Hg is commonly known as quicksilver
because of its silvery tinge and swift motion. It has been considered as an environmental
contaminant because of its pernicious nature, persistence and widespread pollution [11,12].
It is found in different forms, such as elemental, methyl mercury, ionic, mercury sulfide and

Plants 2023, 12, 1894. https:/ /doi.org/10.3390/plants12091894

https://www.mdpi.com/journal /plants


https://doi.org/10.3390/plants12091894
https://doi.org/10.3390/plants12091894
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-2734-4180
https://doi.org/10.3390/plants12091894
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants12091894?type=check_update&version=3

Plants 2023, 12, 1894

2 of 20

hydroxide [13]. The hazardous nature of Hg in soil depends on its chemical speciation [11].
It has been ranked third in the category of injurious materials by the Agency for Toxic
Substances and Disease Registry [14]. The safe limit of Hg ions in potable water is 10 nM to
prevent ailments in human beings, as per the guidelines of the Environmental Protection
Agency of the United States [15].

Mercuric ion has more affinity for the sulfthydryl group, and it binds to -SH groups
of proteins, damages protein structure and shows expulsion of essential elements [16]. In
the year 1955, residents of Minamata Bay, Japan suffered from Hg poisoning after con-
sumption of Hg-contaminated fish and seafood; more than four hundred people died due
to Minamata disease [17]. Hg toxicity induces mental retardation, abnormal behavior,
muscular weakness, lesions in the colon, abdominal pain and problems in the gastroin-
testinal tract of affected humans [15]. Piscopo et al. [18] and Tortora et al. [19] reported
that Hg induced structural and metabolic alterations in erythrocytes, with changes in the
oxygen-binding capacity of hemoglobin and membrane proteins. Henriques et al. [20]
stated that Hg adversely affects the reproductive and endocrine systems of both male and
female human beings.

Reactive oxygen species (ROS) such as superoxide and hydroxyl ions, hydrogen per-
oxide and singlet oxygen can be naturally produced in plant cells during metabolism,
directly by metal stress through Haber-Weiss reactions, indirectly by NADPH oxidase
stimulation or by inhibiting enzymes via essential cation displacement [21]. Excessive free
radical generation occurs in plant cells under stress conditions, which disrupts the balance
between ROS and antioxidant activity, damages biomolecules and disturbs the functional
and structural integrity of cells [22]. The imbalance between oxidants and antioxidants
leads to a disruption of redox signaling and molecular damage [22]. The plants absorb Hg
from soil and water by their roots and also from the surfaces of leaves [23]. Hg is deleterious
for plants, which causes redox imbalance and changes in photosynthetic activity, as well as
impaired crop productivity [24]. Hg shows adverse impacts on plants even when present
in very minute quantities, such as growth retardation, photosynthesis inhibition [25], imbal-
ance of nutrients [26], free radical production, lipid peroxidation [27] and genotoxicity [28].
Plants have indigenous resistance mechanisms, such as osmolytes, antioxidants and the
glyoxylase system, to mitigate metal-incited stress. The complex multilevel network of the
antioxidative defense system operates to counteract harmful reactive oxygen species and
maintain homeostasis within the plant cell [27]. Antioxidants represent molecules capable
of quenching free radical reactions and delaying or preventing cell damage. Antioxidant
enzymes not only protect various components of the cells from damage, but also play
a pivotal role in plant growth and development by modulating cellular processes such
as mitosis, cell elongation and differentiation, conjugation of metabolites, synthesis of
proteins and nucleotides and expression of stress-responsive genes [27]. The antioxidative
defense system is made up of enzymatic constituents such as superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR), as well as
non-enzymatic components such as reduced ascorbate and oxidized glutathione, which can
neutralize ROS and protect cellular machinery [27]. Glutathione (GSH) is key component
in metal scavenging due to its high affinity with thiol groups of metals; it acts as precursor
for the formation of phytochelatins. Nitric oxide (sodium nitroprusside is a donor of NO), a
multifunctional gaseous molecule, plays significant role in decreasing heavy metal stress by
means of the antioxidant defense mechanism in plants to reduce oxidative pressure [5,29].
Asgher et al. [30] found NO function in mitigation of abiotic pressure. Utilization of nitric
oxide decreased cadmium-incited oxidative pressure in Vigna radiata [31]. Sodium nitro-
prusside (SNP), an established NO donor used in plant science research as an iron-nitrosyl
derivative, releases cyanide and iron in solution at high concentrations, which limits its
application [32]. Strigolactones (GR24), a multifunctional butenolide molecule, functions as
molecular cue with significant function in seed germination, plant development, signaling
and defense to combat abiotic stresses [33,34]. Strigolactones are produced in very low
amounts in plants, and they perform a dual role as both an exogenous and endogenous



Plants 2023, 12, 1894 30f20

signaling molecule. Strigolactones promote root and root hair length and repressed lateral
root development, which may help in nutrient uptake and enhanced plant growth [35].
Rehman et al. [36] reported that GR24 application promoted nodulation and increased
nitrogen acquisition in legume plants such as alfalfa, pea and soybean. Strigolactone ac-
cretion has been reported in the stressed cells of plants, and this incites the generation of
osmolytes and antioxidants for the maintenance of homeostasis [33]. Strigolactones work
with other phytohormones and assist in regulatory networks for survival of plants under
harsh conditions [37].

Lentil (Lens culinaris L.; family: Fabaceae) is one of the major pulses, as its annual
global production is approximately 4.5 million tons. Lentil is a rich protein source and
contains less lipids; because of this, its consumption reduces the risk of diabetes, heart
disease and obesity, which are fatal diseases [38]. Lentil is an economically important
crop, as it has a lower price as compared to another pulses and it can be used as main
source of protein in developing nations. The aim of the present investigation was to
analyze the response of Lens culinaris to Hg stress and to alleviate the impact of individual
and synergistic application of SNP (a donor of nitric oxide) and GR24 on the growth,
physiological process and antioxidant enzymes activities of lentil. As per our information,
the combined treatment of SNP and GR24 on the antioxidant and glyoxalase systems of
lentil to combat Hg stress have not yet been reported. We hypothesize that synergistic effects
of nitric oxide and strigolactone can improve the morphological and biochemical attributes
of lentil to increase its resistance against Hg toxicity. The results of the present investigation
can be used for its further application in crop production in metal-contaminated areas.

2. Results
2.1. Growth Parameters

The exposure of Hg caused decrease in length of roots and shoots and biomass of
lentil seedlings as compared to the controls. Lentil seedlings reflected 66.4, 51.5, 71.9 and
89.2% reductions in their length, fresh weight and dry weight with Hg compared to the
control (Table 1). However, SNP and GR24 application induced an increase in the length of
the seedlings, and SNP + GR24 combined application registered 21.6 and 10.13% increases
in root and shoot length over the control lentil seedlings. As compared to Hg-exposed
seedlings, Hg + SNP + GR24 treatment showed 187.6 and 607.4% enhancements in fresh
and dry weight, respectively. A maximum reduction of 68.3% in relative water content was
observed in Hg-treated seedlings, and RWC was increased to 89.8, 92.5 and 97% in SNP-,
GR24- and SNP + GR24-treated lentil seedlings as compared to Hg-exposed seedlings.
Supplementation of SNP and GR24 improved relative water content in lentil seedlings
under Hg stress. Relative water content was also increased by 91.7% in lentil seedlings
treated with Hg + SNP + GR24 in comparison to Hg-treated seedlings (Table 1).

Table 1. Impact of Hg on length of seedlings, biomass and relative water content of Lens culinaris L.
variety NDL-2, with or without SNP and GR24.

T Root Length Shoot Length Fresh Weight Dry Weight Relative Water
reatment

(cm) (cm) (g (g Content (%)
Control 12.76 + 0.36 @ 2615+ 0.172 8.95+0.05P 24940232 97.58 +0.152
Hg 4294+ 024°¢ 12.69 + 0.36 2.51 4+ 0.06 4 0.27 +0.05°¢ 68.29 +0.35°¢
SNP 13.81 £0.232 26.46 +0.392 9.344+0.342 2.5540.192 89.81 4+ 0.06 °
GR24 14.92 +0.09 2 27.70 +0.352 10.02 4+ 0.03 @ 2,67 +0.182 92.45 +0.042
SNP + GR24 1551 £0.352 28.80 +£0.242 10.54 4 0.32 2 2.8 +0.07°2 96.99 + 0.352
Hg + SNP 8.69 +0.13P 15.37 + 0.45° 5.76 + 0.29 € 1.35+0.09° 83.84 + 0.38 P
Hg + GR24 9.58 +0.37 b 16.73 +£0.33 P 6.61 +0.09 P 1.54 4+ 0.03 P 88.32 + 0.07°
Hg + SNP + GR24 11.63 +0.22° 19.87 +£0.15° 7.224+0.19°P 1.91 4+ 0.07° 91.71 +0.08 2

Data presented are mean =+ sem (1 = 3). Different letters on values show significant variation among treatments at

a p < 0.05 significance level, as per ANOVA and DMRT.
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2.2. Pigment Content

Hg stress adversely affected pigment content in lentil seedlings, whereas foliar treat-
ment of SNP and GR24 showed a significant increase in chlorophyll content. The co-
application of SNP and GR24 significantly enhanced total chlorophyll content by 5 and
10.6%, and carotenoids by 8.2 and 14.3%, respectively, over the control (Table 2). The
total chlorophyll and carotenoid contents were significantly increased by 14.8 and 18.4%,
respectively, in the combined treatment with SNP + GR24 in comparison to the control. A
maximum carotenoid content of 34.9% was reported in lentil seedlings with SNP + GR24
treatment for Hg stress. Thus, SNP and GR24 application decreased the decline in pigment
content, with maximum amelioration observed with the combined treatment (SNP + GR24),
in lentil seedlings.

Table 2. Impact of Hg on composition of pigment in Lens culinaris L. variety NDL-2, with or without

SNP and GR24.
Total
Chlorophyll a Chlorophyll b Chlorophyll Carotenoids
Treatment (mg g~ 1 FW) (mg g~ 1 FW) (@a+b) (mg g~ 1 FW)
(mg g~ 1 FW)

Control 1.61 +£0.01° 0.76 £0.03 2 237 +£0.032 0.49 +0.01P
Hg 1.17 +0.08 ¢ 022 40.01¢ 1.39+0.01°¢ 043 +0.02°
SNP 1.72£0.032 0.77 £0.012 249 +0.012 0.53 £0.032
GR24 1.8 £0.072 0.82+0.022 2.62+0.042 0.56 +£0.022
SNP + GR24 1.86 +0.04° 0.86 £0.032 2.72+£0.022 0.58 £0.01°
Hg + SNP 1.2 40.07° 048 £0.01°¢ 1.68 +0.02°¢ 0.48 +0.04°
Hg + GR24 123 +0.11P 0.63 £0.01°¢ 1.86 4+ 0.03 P 0.51+£0.01°
Hg + SNP + GR24 1.45 +0.03P 0.71+0.012 2.16 +£0.04° 0.524+0.012

Data presented are mean + sem (n = 3). Different letters reflect significant differences among treatments at a
p < 0.05 significance level, as per ANOVA and DMRT.

2.3. Osmolytes Content

Sodium nitroprusside (NO donor) and strigolactone (GR24) application individually
and synergistically improved accumulation of sugar, proline, glycine betaine and protein
in lentil seedlings. The increase in sugar content in lentil seedlings in Hg + SNP + GR24
treatment may be due to the increase in photosynthesis. Hg-treated seedlings showed
increases of 26.7 and 164.81% in proline and glycine betaine content compared to the
control. Proline and glycine betaine act as osmolytes. Proline accumulates in plant cytosols
when they are exposed to metals, and also participates in osmotic adjustment, biomolecule
stabilization, chelation of metals and removal of free radicals, whereas glycine betaine
improves plant growth by combating metabolic dysfunction during stress. Increases in
the accumulation of these osmolytes protect lentil seedlings under Hg stress. Significant
stimulation in osmolyte content, namely 72.5, 215.5, 234.8 and 8.83% in sugar, proline,
glycine betaine and protein, respectively, were reported in lentil seedlings with Hg + SNP
+ GR24 treatment as compared to the control (Table 3). Protein content was significantly
affected by Hg exposure, as a maximum reduction of 38.9% in protein content was observed
in lentil seedlings over the control, but protein content was enhanced to 46.3 and 59.6%
with SNP and GR24 treatment, respectively, under Hg stress.

2.4. Oxidative Stress Markers

Hg stress enhanced electrolyte leakage by 79.7, production of H,O, by 139.8 and
superoxides by 80.8% in Lens culinaris L. in comparison to the control. The supplementation
of SNP and GR24 reduced electrolyte leakage by 49.3 and 47.8%, respectively, in comparison
to Hg treatment. Synergistic application of SNP + GR24 significantly reduced electrolyte
leakage, hydrogen peroxide and superoxide production, and thus decreased oxidative
pressure in lentil seedlings (Figure 1).
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Table 3. Impact of Hg on sugar, proline, glycine betaine and protein contents of Lens culinaris L.

variety NDL-2, with or without SNP and GR24.

Treatment Sugar Proline Glycine Betaine Protein
(mg g~1 DW) (uM g~1 DW) (ug g~1 DW) (mg g~1 FW)
Control 4.15+0.03¢ 15.25 + 0.16 d 233+0.16°€ 1529 +0.102
Hg 3.06 £0.04°¢ 19.32 + 0.09 4 6.17 + 0.08 @ 9.34 +0.11°¢
SNP 489 +0.07b 2542 +0.36 € 277 £0.48°¢ 13.66 + 0.20 P
GR24 513 +0.04P 27.33 £0.22°¢ 313+0.11P 1491 £ 0.05b
SNP + GR24 6.75 & 0.16 2 34.69 +£0.19° 3.67 +£0.10° 17.14 £0.032
Hg + SNP 543 +0.17b 37.38 +£0.29P 6.5+0.322 12.95 + 0.06 b
Hg + GR24 5.94 + 0.05b 40.29 £0.272 69 +021% 14.17 £ 0.08 b
Hg + SNP + GR24 7.16 +0.042 48.11 £0.132 784+0372 16.64 +0.252
Data presented are mean + sem (1 = 3). Different letters on the values show variation among treatments at the
p < 0.05 significance level, as per ANOVA and DMRT.
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Figure 1. Electrolyte leakage (A), hydrogen peroxide (B) and superoxide contents (C) in Lens culinaris
L. grown under Hg stress with and without SNP and GR24. Various letters on bars show variation
among treatments at a p < 0.05 significance level according to ANOVA and DMRT. SNP = 100 uM
and GR24 = 100 uM concentrations.
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MDA is marker of oxidative stress, and a higher MDA content was observed under Hg
stress. However, its content was reduced with SNP and GR24 treatment and lipoxygenase
activity in lentil seedlings compared to the control. Lentil seedlings treated with SNP and
GR24 exhibited a decrease in lipoxygenase activity, with a maximum decline of 71.6% with
SNP + GR24 treatment and Hg treatment (Figure 2).

Figure 2. Lipid peroxidation (A) and lipoxygenase (B) activityin Lens culinaris L. grown under Hg
stress, with and without SNP and GR24. Values above the bars with different letters show variation
among treatments at a p < 0.05 significance level according to ANOVA and DMRT. NO = 100 uM and
GR24 =100 uM concentrations.

2.5. Accumulation of Hg and Other Inorganic Elements

Hg accumulated both in roots and shoots after treatment. In our investigation, a 60-fold
rise in the amount of Hg was reported in lentil roots, in contrast to a 56-fold enhancement
in shoots, as compared to the control. A significant reduction in translocation factor
value 0.75 occurred in combined treatment with SNP + GR24, and reflected a reduction in
Hg translocation from roots to shoots (Table 4). Treatment of SNP and GR24 reduced Hg
accumulation in roots by 45.4 and 48.6%, respectively, over Hg stress. A greater uptake of
minerals such as nitrogen, phosphorus, potassium, magnesium and calcium was recorded
by lentil roots in comparison to shoots (Table 5). The following trend was observed in
uptake of minerals by lentil roots and shoots: K > N > P > Mg > Ca. The results revealed
that in the presence of Hg, the contents of N, K, P, Mg and Ca declined in lentil roots by
36.6, 68.5, 46.8, 69.5 and 68.6%, respectively, compared to the control seedlings. Application
of SNP and GR24 enhanced the growth parameters of plants, which may possibly be due
to the improvement in uptake of nutrients.

Table 4. Accumulation of Hg in different parts of lentil seedlings, with and without SNP and GR24.

Hg Content Concentration Index .
Treatment (ug g~1 DW) (C) Translocaf;c;n Factor
Root Shoot Root Shoot

Control 0.16 £ 0.01 ¢ 0.13 4 0.004 © 3.06 3.06 0.81
Hg 9.63 £0.04° 729 £0.07 %2 60.19 56.08 0.76
SNP 5.26 +0.01° 419 £ 0.06° 32.88 32.23 0.79
GR24 495 +0.03° 3.82+0.19° 30.94 29.38 0.77
SNP + GR24 412 +0.09° 3.11+0.07° 25.75 23.92 0.75
Hg + SNP 6.03+0.032 527 4+0.05% 37.69 40.54 0.87
Hg + GR24 6.82 +0.09 2 6.11+0.012 42.63 47 0.89
Hg + SNP + GR24 595£0.04° 5.08 +0.07 2 37.19 39.08 0.85

Data presented are mean + sem (n = 3). Different letters in the data reflect significant variation among treatments

at a p < 0.05 significance level, according to ANOVA and DMRT.
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2.6. Methylglyoxal Content and Glyoxalase Enzyme Activity

Hg stress induced high methylglyoxal production (94%) in comparison to the control. The
exogenous supply of SNP and GR24 reduced methylglyoxal content, with maximum reduction
of 46%, in SNP + GR24 treatment under Hg stress, individually as well as synergistically
(Figure 3). Methylglyoxal, an important biomarker for plant stress responses, was produced
two to six times more under metallic stress in comparison to non-stress conditions [39].
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X Q\Q;( X X
N Q
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&

Methylglyoxal content (umolg™ FW)
o wv 5
o —
% )

Figure 3. Methylglyoxal content in Lens culinaris L. grown under Hg stress, with and without SNP
and GR24. Values above the bars with different small letters show significant differences among
treatments at a p < 0.05 significance level, according to ANOVA and DMRT. SNP = 100 uM and
GR24 =100 uM concentrations.

Hg treatment increased glyoxylase I activity by 76.9%, but decreased glyoxylase II
by 62.5%, in lentil plants compared to the control. Supplementation of SNP and GR24 in
lentil seedlings containing Hg significantly enhanced Gly I activity by a maximum of 13%
in Hg + SNP + GR24 treatment as compared to Hg alone. The exogenous SNP and GR24
supplementation along with Hg stimulated 100% of the Gly II activities in Hg-treated lentil
seedlings (Figure 4).

2.7. Antioxidant Enzymes

After exposure to SNP and GR24, either individually or in combination, antioxidant
enzymes such as SOD, CAT, APX and GR reflected different trends in the lentil seedlings. Hg
stress enhanced antioxidant enzymes activities significantly compared to the control, and a
further increase was observed when SNP and GR24 were supplemented to Hg-treated seedlings.
The synergistic application of SNP + GR24 enhanced SOD and GR by 14 and 12.3%, respectively,
in lentil seedlings under Hg treatment. However, 3.5 and 15.5% reductions in CAT and APX
content were reported in lentil seedlings. Lentil seedlings treated with Hg + SNP + GR24
showed increases in SOD, CAT, APX and GR of 214, 6.6, 36.3 and 74.2%, respectively, as
compared to Hg y-treated lentil plants (Figure 5). The synergistic impact of SNP and GR24 was
more pronounced in comparison to the individual treatment.

Hg stress reduced the accumulation of ascorbate, but increased glutathione content. How-
ever, SNP and GR24 enhanced the amounts of ASA and GSH in Hg-treated seedlings. Synergistic
treatment with SNP and GR24 enhanced ascorbate by 10.5% and glutathione by 11% in lentil
seedlings compared to the control (Figure 6). The oxidized glutathione content (GSSG) was
enhanced by 184.2% with Hg treatment as compared to the control. The significant inhibition
of 62% in the GSH/GSSG ratio was observed with Hg treatment, over the control. However,
SNP and GR24 supplementation increased the GSH/GSSG ratio, with 72% stimulation with
Hg + SNP + GR24 treatment compared to Hg-stressed seedlings (Figure 6).
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Figure 4. Glyoxalase I (A) and Glyoxalase II (B) activities in Lens culinaris L. grown under Hg stress,
with and without SNP and GR24. Values above the bars with different small letters show significant
differences among treatments at a p < 0.05 significance level, according to ANOVA and DMRT.
SNP =100 uM and GR24 = 100 uM concentrations.
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Figure 5. Superoxide dismutase (A), catalase (B), ascorbate peroxidase (C), and glutathione reductase
(D) enzymes in Lens culinaris L. grown under Hg stress, with and without SNP and GR24. Values
above the bars with different small letters show significant differences among treatments at a p < 0.05
significance level, according to ANOVA and DMRT. SNP =100 uM and GR24 = 100 uM concentrations.
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Table 5. Effects of different treatments on uptake of minerals by lentil roots and shoots.

Lentil Minerals Treatment
Plant  (ugg™! DW) Control Hg SNP GR24 SNP+GR24  Hg+SNP  Hg+GR24  Hg+SNP + GR24
N 827 +1.41° 524 £216° 884 £2.16° 903 +£1.63? 933 £2.16% 653 +4.972 567 £1.41°% 689 +2.122
P 384 +1.78¢ 121 +0.824 420 £0.71° 424 + 334" 452 +2.94° 346 +£3.94° 321 £15° 366 & 3.54°
Root K 1324 £ 3.63° 705 + 1.87° 1365 +15.20 2 1406 4 3.56 2 1416 £5.722 1219 £0.41° 1172 +£2.48° 1294 £ 3.56 *
Ca 203 +1.77° 62 +0.41¢ 218 +0.41°¢ 222+432°  2294+449% 158 +£255¢ 1424+ 082° 164 +147°¢
Mg 264 +1.08° 83+ 1.08 269 £1.1°¢ 274 +041° 281 +2.16° 198+ 0.71 ¢ 155 +1.22°¢ 203 +2.04°
N 7314+0.822 421+ 178" 778 £3.19° 804 +2.867 833 £255% 689 £6.727 632+11°2 703 +1.082
P 285 4 2.27° 93 +0.414 289 £5.21°¢ 296 4+ 0.82° 308 £5.72° 252 4 147° 248 4-1.08° 268 +1.41°
Shoot K 906 £1.12 432 4+ 147° 873 +1.08? 996 +£1.77 2 1013 £5.09 2 862 +£4.97* 721 +0412 675+4322
Ca 175 £ 0.41°¢ 54 +1414 186 +0.82 ¢ 194 £3.89 ¢ 205 4 1.47° 153 £1.78 ¢ 137 £3.54¢ 145 £3.54 ¢
Mg 214 £0.71° 63 +0.40¢ 222 +1.87°¢ 237 £ 147° 244 +2.04° 172 £1.77 ¢ 139 £248°¢ 181 £041°¢
Data are presented are mean + sem (n = 3). Different letters in the data show significant differences among
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Figure 6. Contents of ascorbate (A), reduced glutathione and oxidized glutathione (B) and ratio of
GSH/GSSG (C) in Lens culinaris L. grown under Hg stress with and without SNP and GR24. Values
above the bars with different small letters represent significant differences among treatments at a p < 0.05
significance level, according to ANOVA and DMRT. SNP = 100 uM and GR24 = 100 uM concentrations.

3. Discussion

The exposure of Hg significantly reduced the growth and biochemical parameters of
lentil plants. In this investigation, Hg showed inhibition in length and biomass of lentil
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seedlings as compared to the control. Seedling growth is a significant marker for analyzing
plants’ responses under stress conditions. Hg + SNP + GR24 treatment induced 187.6 and
607.4% enhancements in fresh and dry weight, respectively, in comparison to Hg-treated
lentil seedlings. Iqgbal et al. [40] reported phytotoxic effects of Hg on seed germination and
seedling growth of Albizia lebbeck. Accumulation of ROS depletes ATP and adversely affects
respiration rate and plant growth [41]. The Hg-mediated inhibition of growth was due to
the interaction of Hg with sulfthydryl groups of proteins, which form S-Hg-S bridges and
show alterations in enzymatic activities and protein structures [42]. Hg induced a decline
in mitotic activity, reduced elongation in cells and caused loss of cell turgidity. Due to the
complex dissociation constant of ATP-Hg as compared to ATP-Mg, it also decreased the
growth of plants under metal stress [3]. Mei et al. [13] reported that Hg is able to bind with
proteins of water channels in root cells, creating a barrier to the flow of water and thus
affecting transpiration and inhibited uptake and transport of nutrients in cotton seedlings.
An Hg-induced loss of function of aquaporin was recorded by Magistrali et al. [43]. A
maximum reduction of 68.3% in RWC was observed in Hg treated seedlings; however, it
escalated to 89.8, 92.5 and 97% with SNP, GR24 and SNP + GR24 treatments, respectively.
The decline in relative water content in the presence of Hg was due to a reduction in
hydraulic conductivity and cell turgor [44]. Nitric oxide and strigolactone induced an
enhancement to the water content and improved the extensibility of the cell wall, with an
increase in cell division and physiological variables, in lentil seedlings (Table 1).

In our study, Hg was accumulated more significantly in roots, and less was translo-
cated towards shoots [13]. Higher accumulation of Hg was recorded in lentil roots, because
the roots are the primary organs to have contact with Hg. However, a significant reduction
in translocation factor value 0.75 was observed with SNP + GR24 treatment, which showed
inhibition in the transfer of Hg from roots to shoots and protected lentil seedlings from
Hg stress (Table 4). Hg indirectly affected plant growth by interrupting nutrient absorp-
tion. There are very few studies available on the relationship between Hg and uptake of
nutrients by plants. It has been reported that Hg may affect nitrogen assimilatory enzymes
and nitrate uptake, and may decrease the concentration of nitrogen in plants. Potassium
is a stress-resistant nutrient that assists plants with adapting under adverse conditions.
Magnesium has a significant function in the photosynthesis process, as it is an important
component for chlorophyll synthesis. Supplementation of SNP- and GR24-enhanced lentil
plant growth may be due to escalation in mineral uptake (Table 5). The same results were
recorded by Ahmad et al. [27]. Nitric oxide improved N, P and K uptake in wheat under
cadmium treatment [45]. Nitric oxide promoted Ca®* influx, increased calcium transporters
and maintained the level of calcium in cells [46]. Uptake of Ca and K was enhanced with a
reduction in Na/K ratio by the application of nitric oxide [47].

Nitric oxide is generated from sodium nitroprusside, which promotes defensive re-
sponses and regulates biochemical processes in plants under harsh conditions [48,49]. Nitric
oxide functions as an endogenous signaling molecule and assists in the coordination of the
signaling network [50]. The utilization of NO decreased heavy metal aggregation in plant cells,
such as chromium in maize [51], nickel in rice [52] and cadmium in barley [53]. Strigolactones
play a significant role in the regulation of biochemical processes for plants’ survival under
abiotic stresses [34]. Kolbert [54] observed that exogenous strigolactone application increased
nitric oxide content. Similar findings have been reported in our experiments (Table 1). Strigo-
lactones acted as rhizosphere signals and promoted plant and arbuscular mycorrhizal fungi
symbioses by increasing the germination of spores and hyphal branching [55]. They may
provide moisture and nutrients to plants under nutrient deprivation.

The pigment content and rate of photosynthesis were decreased in plants due to
their exposure to high Hg levels [56]. A significant reduction of 41% was recorded in the
total chlorophyll content of lentil seedlings under Hg stress as compared to the control.
However, combined treatment of SNP and GR24 enhanced the total chlorophyll content
in lentil seedlings under Hg treatment. The decrease in the chlorophyll amount by HgCl,
was due to a decrease in Mg?* and Fe?" absorption or metal ion displacement by Hg [16].
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Hg can reduce chlorophyll content by enhancing chlorophyllase enzyme activity, oxida-
tion/reduction of chlorophyll molecules by metal-induced free radicals and replacement of
Mg?* in the porphyrin ring of chlorophyll molecules by Hg [57]. It has been predicted that
Hg binds to cystein residues with high affinity. Therefore, all enzymes that contain cystein
residue in their catalytic centers are affected. The thioredoxin-dependent redox control of
enzyme activity is also affected, thus affecting most of the light-controlled catalytic events.
High concentrations of mercuric chloride adversely affected growth, chlorophyll and antiox-
idant enzymes of Lemna gibba, Lemna minor and Spirodela polyrhiza [58]. Min et al. [59] found
decreased chlorophyll in Vitis vinifera under drought stress, whereas GR24 supplementation
maintained chlorophyll content.

MDA is a marker of lipid peroxidation and its content reflects oxidative pressure
in plants [60]. Hg exposure incited oxidative strain, which was reflected by increased
MDA and H;O; levels. However, SNP and GR24 application reduced H,O, and MDA
levels. In this study, the results revealed that escalated H,O, generation was consistent
with electrolyte leakage and lipid peroxidation in Hg-treated lentil seedlings [61]. The
significant enhancement in H,O, levels was observed in lentil seedlings under Hg stress,
but combined treatment (SNP + GR24) significantly reduced H,O, levels. Kaya and
Ashraf [62] observed NO function in tomato plants against boron-incited oxidative pressure
by reducing free radicals.

The AsA-GSH cycle inhibits the accumulation of hydrogen peroxide in the cells, and
ascorbate peroxidase reduces it to water [63,64]. Combined treatment with SNP + GR24
maintained water potential by enhancing proline and sugar contents by 79.6 and 120% under
Hg treatment. Hg treatment increased proline content, but a marked increase was observed
with SNP and GR24 co-supplementation to lentil seedlings (Table 3). Reddy et al. [65]
stated that proline protects photosynthetic machinery and preserves cellular integrity under
oxidative damage. In the present study, utilization of SNP and GR24 showed enhancement
in non-enzymatic antioxidants, which were reduced in the presence of mercury. To avoid
the deleterious impacts of mercury, osmolytes accumulated for maintenance of cellular
function by increasing water content in cells, which assists in scavenging ROS and maintains
enzyme function [66].

Less synthesis of proteins in presence of Hg might be due to a deficiency in the
sugars or nutrients essential for protein synthesis, such as magnesium and potassium,
or to increased protease activity or damage to the photosynthetic system [58]. In the
present investigation, protein content was significantly reduced by Hg exposure, as a
maximum reduction of 38.9% in protein content was observed in lentil seedlings compared
to the control (Table 3). Hg rapidly attacks different biomolecules and interrupts cell
metabolism [24]. The osmolytes, glyoxylase and antioxidant defense system are present
in plant cells, which ensures the detoxification of free radicals, reduces membrane lipid
peroxidation and prevents the breakdown of protein and nucleic acids by delaying oxida-
tion under stress [67]. Methylglyoxal is formed via the glycolytic pathway in plant cells,
but its excessive generation retards the growth of cells and promotes the deterioration of
protein and lipids [68]. Suhartono et al. [69] observed two to six times greater production of
methylglyoxal under metal toxicity. Apart from antioxidants, the glyoxalase system plays a
great role in the detoxification of methylglyoxal via glyoxalase I and II enzymes [68]. Our
study reflected that Hg treatment enhanced the activity of glyoxalase I and reduced that of
glyoxalase II (Figure 4). The combined application of SNP and GR24 regulated the function
of both glyoxalase enzymes and showed that methylglyoxal was efficiently detoxified in
lentil seedlings (Figure 4).

Accretion of enzymatic and non-enzymatic antioxidants has been reported in Brassica
juncea under cadmium stress [70]. Nitric oxide acts as an antioxidant, and NO-treated
plants eliminate free radicals by up-regulation of the antioxidant system and enhance cell
membrane stability [48]. Our results demonstrated that SNP and GR24 mediated a rise
of 21.4, 6.6, 36.3 and 74.2% in SOD, CAT, APX and GR activities, respectively, which was
associated with stress resistance and decreased intensity of the oxidative stress generated
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by Hg [27]. Ascorbate is a water-soluble antioxidant, similarly toas reduced glutathione,
and these check for cell damage caused by free radical aggregation. Xu et al. [71] found
that NO induced ascorbate and reduced glutathione accumulation under cadmium stress
in groundnut plants. APX plays a pivotal role in the ascorbate-glutathione pathway for
plant defense by scavenging hydroxyl radicals with ascorbate expenditure. SOD removes
superoxide ions, while catalase converts hydrogen peroxide into water and oxygen [72]. The
AsA-GSH cycle regulates hydrogen peroxide levels. Pirzadah et al. [73] observed that APX
and GR activities were enhanced with Hg treatment, whereas SOD and CAT were reduced
in Fagopyrum tataricum with a high concentration of Hg. Figure 6C revealed that nitric
oxide and strigolactone up-regulated GSH/GSSH ratio [47]. The balance between GSH and
GSSG is an important factor in maintaining the redox condition of the cell, as under metal
stress, reduced glutathione is converted into an oxidized form. Ascorbate and reduced
glutathione act as redox buffering agents, maintain cellular redox state and preserve plasma
membrane integrity. Hg-treated lentil seedlings with SNP and GR24 application enhanced
reduced glutathione content (Figure 6B). Glutathione reductase converts GSSG to GSH and
regulates the GSH/GSSG ratio, which is required for cellular homeostasis.

Hg treatment showed excessive generation of free radicals and disrupted protein
molecules in Melissa officinalis [16]. Supplementation of SNP reduced oxidative pressure
and lipid peroxidation by reduction in lipoxygenase activity and increased activity of
antioxidant enzymes [74]. Nitric oxide maintained pigment synthesis, redox homeostasis
and antioxidant defense system enzymes by inhibiting copper toxicity in barley [74]. Nitric
oxide and strigolactone can mitigate Hg toxicity by maintaining a glutathione—ascorbate
cycle and an antioxidant defense system which protects proteins by modulating redox
homeostasis in cells [74]. The protective role of SNP and GR24 against an Hg-inspired
oxidative strain might be because of the modulation of antioxidant and glyoxalase enzyme
activities. The increase in GR activity under SNP and GR24 treatment converted ascorbate
and glutathione into their reduced form, which inhibited Hg-induced oxidative damage
and ensured normal growth. Hence, synchronized regulation of glyoxalase and antioxidant
pathway enzymes was recorded for notable resistance in lentil plants to counter oxidative
stress generated by Hg. Figure 7 displays a summary of the negative effects triggered
by Hg stress in lentil seedlings and how the exogenous application of NO and GR24 can
reverse/palliate these damages.

Sodium Nitroprusside
b Strigolactone (GR24)

(Donor of NO)
C SNP+GR24 ;
l R(\ l
generation +  Seed germination,

R *  Plant growth
P + Uptake of water and
*  Reductionin | nY 4 ":t:e:tos wateran
growth - . |
*  Oxidative stress | @ Membranest-abillty
* Redox imbalance * Osmoprotection
* Photosynthesis *+

* Electrolyte leakage *

* Lipid peroxidation * Antioxidant defense
* Degradationin  + ‘ system
pigment and
protein contents | 4

Effect of Mercury Stress

Figure 7. Schematic presentation of effect of Hg stress on lentil plants and the alleviating role of
SNP and GR24 for plant protection. Arrow (1) indicates increase whereas (|) indicates reduction in
physiological processes.
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4. Materials and Methods
4.1. Procurement of Chemicals

Mercuric chloride (HgCl,; molecular weight: 271.52 g-mol 1), sodium nitroprusside
(SNP; C5FeNgNapO; molecular weight: 261.918 g-mol~!) and synthetic strigolactone analog
(GR24; C17H140s5; molecular weight: 298.29 g-mol_l) were purchased from Merck, India.
Analytical grade reagents were used for the experiments.

4.2. Cultivation of Plants and Stress Treatment

Lentil seeds (Lens culinaris L. variety NDL-2) were purchased from the seed agency of
Noida, India. Lentil seeds were treated with 10% sodium hypochlorite solution for five min-
utes, then cleaned with deionized water. Lentil seeds were sown in nutrient-rich substrate
(N:P:K 4:2:1) in a tray for 10 days and irrigated properly, and then 2 groups of pots were pre-
pared and supplemented with mercuric chloride (HgCl,) (0 mg for control and 150 mg/kg
soil) for Hg treatment. In treatment, each plastic pot (14 cm height x 8 cm diameter)
contained 150 gm soil and around 22.5 mg mercuric chloride. A single lentil seedling
(10 days old) was transferred to each plastic pot, and these were kept under 150 pmol pho-
tons m~2-s~! photosynthetically active radiation for a 16-hour day and 8-hour night regime
at 23 &£ 2 °C under 90% relative humidity. Strigolactone (GR24) solution was prepared
in ethanol. After 4 days of seedling establishment, a solution of 100 pM SNP (donor of
NO) and 100 uM GR24 (10 mL per pot) was sprayed individually onto the lentil seedlings
with a hand sprayer (manually operated with pressure 25 psi, kept 20 cm above the plants)
5 times in a week until 15 days had passed. Approximately 100 mL of SNP and GR24
solution, respectively, were given to lentil seedlings as per their treatment, and untreated
seedlings were sprayed with distilled water. After repeated experiments with a wide range
of concentrations of SNP and GR24, concentrations and application methods were opti-
mized for SNP and GR24 for further experiments [75]. The experimental scheme contained
the following seven combinations: (1) Control; (2) Hg; (3) 100 uM SNP; (4) 100 uM GR24;
(5) Hg +100 uM SNP; (6) Hg +100 uM GR24; (7) Hg +100 pM SNP +100 utM GR24. Hence,
at the vegetative stage, twenty-five-day-old lentil seedlings (after SNP and GR24 treatment
for two weeks) were harvested and analyzed for biochemical variables, as given below:

4.3. Growth and Relative Water Content

The length and biomass of lentil seedlings were measured in both the control and
treated plants by the method described by Alsahli et al. [76]. For RWC, lentil leaves were
cut into uniform sizes, fresh weight was taken and a disc was placed in distilled water at
25 £ 2 °C for 12 h under dark conditions. After measurement of the turgid weight, dry
weight was analyzed by placing the discs into the oven at 80 °C for 48 h.

RWC = (FW — DW)/(TW — DW) )

4.4. Pigment Content

Leaves from the control and treatment plants were grounded with 80% acetone and
centrifuged. The supernatant’s optical density was measured with a spectrophotometer at
663, 646 and 470 nm for estimation of total chlorophyll and chlorophylla, b and carotenoids,
as per the method of Lichtenthaler [77].

Total chlorophyll (mg/g) = (20.2 x ODg4s5 + 8.02 x ODgg3) x V/100 x W

Chlorophyll a (mg/g) = (12.7 X ODgg3 — 2.69 x ODgg5) x V/100 x W
Chlorophyll b (mg/g) = (22.9 x ODgg5 — 4.68 X ODgg3) x V/100 x W
Carotenoid (mg/g) = (1000 ODyyy — 1.82 Chl, — 85.02 Chl,)/198

where V = volume of the supernatant in ml, W = fresh weight of the leaves in g Chl, = chlorophyll a,
Chly, = chlorophyll b and OD = optical density.



Plants 2023, 12, 1894

14 of 20

4.5. Evaluation of Sugar, Proline, Glycine Betaine and Protein Contents

Total soluble sugar was analyzed with the Hedge and Hofreiter [78] procedure. Lentil
leaves were crushed in ethyl alcohol, and an anthrone reagent was added into the super-
natant and kept boiling for ten minutes. The absorbance was taken at 620 nm, and the
amount of sugar was assessed by standard curve of glucose.

Proline content was analyzed with the procedure of Bates et al. [79]. Sulphosalicylic
acid (3%) was used for the crushing of leaves; filtrate was incorporated with acetic acid
and acid ninhydrin and kept at 100 °C for one hour. After the addition of toluene into the
mixture, absorbance was taken at 520 nm.

Glycine betaine amount was analyzed by Grieve and Grattan [80]. After the reaction
with the potassium iodide—iodine reagent at a low pH, periodide crystals were determined
at 365 nm and the amount was calculated by the standard curve of glycine betaine.

Lentil leaves were crushed with 1 mL of 1N NaOH and kept at 100 °C for five minutes.
The alkaline copper reagent was mixed and kept at room temperature for ten minutes; after
that, a Folin—Ciocalteau reagent was added. After half an hour, at 650 nm, absorbance was
measured and the protein amount was assessed with a BSA standard curve [81].

4.6. Measurement of Electrolyte Leakage, Hydrogen Peroxide, Superoxide Radical

The method of Dionisio-Sese and Tobita [82] was applied for electrolyte leakage
assessment. Lentil leaf discs 5 millimeters in size (100 mg) were kept in a water bath in test
tubes containing deionized water (10 mL), maintained at 32 °C. After two hours, initial
electrical conductivity of the medium (EC;) was measured using an electrical conductivity
meter. Then samples were autoclaved at 121 °C for 20 min to completely kill the tissues and
release all electrolytes. Samples were then cooled to 25 °C and final electrical conductivity
(EC,) was measured.

The electrolyte leakage was calculated by following the formula:

EL = EC; /EC, x 100 )

Hydrogen peroxide content was measured by Velikova et al. [83]. At 390 nm, ab-
sorbance was taken and a standard curve was used for estimation of the hydrogen peroxide
concentration. This was denoted as nmol g~ FW.

For the measurement of superoxide concentration, lentil leaves were crushed with
65 mM potassium phosphate buffer and centrifugation was performed at 5000x g. The
hydroxylamine hydrochloride (10 mM) was mixed in the supernatant, and after twenty min-
utes, sulfanilamide and naphthylamine were added. At 530 nm, optical density was mea-
sured and a sodium nitrite standard curve was used to calculate the superoxide content [84].

4.7. Lipid Peroxidation and Lipoxygenase Activity

Lipid peroxidation analysis was conducted in lentil leaves by the method of Zhou and
Leul [85]. Lipid peroxidation was measured as the malondialdehyde (MDA) content based
on the production of thiobarbituric acid reactive substances (TBARS). Leaves (0.5 g) were
homogenized with 0.5% TBA (10 mL) and the homogenate was kept at 95 °C for half an
hour and centrifuged at 5000 rpm for 8 min after cooling. The optical density of the filtrate
was measured at 532 and 600 nm.

The content of malondialdehyde was calculated by the given formula:

MDA (n mol/g FW) = (ODs3; — ODggp) X A x V/a x Ex W 3)

where A = reaction solution volume, V = phosphate buffer solution volume, a = enzyme
extract volume, W = leaves fresh weight and E = MDA constant (1.55 x 1071).

Lipoxygenase activity was measured by the method of Doderer et al. [86]. The sub-
strate was linoleic acid. At 234 nm, absorbance was measured, and a 25 mM ! cm ™!
extinction coefficient was applied for analysis.
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4.8. Assessment of Hg and Other Inorganic Elements

Dry roots and shoots of lentil seedlings (500 mg) were treated with H,SO4 and HNOj3
(1:5,v/v) at 60 °C for one day. The digested substance was analyzed again with a mixture
of HNOj3 and HCIO; (5:1, v/v). After that, the contents of Hg and minerals in the roots
and shoots were analyzed by an atomic absorption spectrophotometer and expressed
as ug-g~ ! DW.

The concentration of Hg in tissues and its translocation can be calculated by the
following formulae:

Concentration Index = Hg content in treatment/Hg content in control 4)
Translocation Factor = Hg content in shoot/Hg content in root ®)

4.9. Antioxidant Enzymes

Enzyme extracts were prepared by crushing lentil leaves with 0.1 M sodium phosphate
buffer and polyvinylpyrrolidone. After centrifugation (14,000x g) at 4 °C for half an hour,
the supernatant was taken for analyses.

4.10. Superoxide Dismutase Assay

Superoxide dismutase was evaluated with the NBT photochemical procedure [87].
The mixture was composed of EDTA (0.15 mM), methionine (20 mM), riboflavin (13 pM),
NBT (0.12 mM), sodium carbonate (0.05 M) and enzyme (0.4 mL). Test tubes were kept
under light for half an hour, and a similar set of unilluminated assay mixtures was treated
as blank. At 560 nm, nitroblue tetrazolium photoreduction was determined and analyzed
with a blank sample. Superoxide dismutase (1 unit) activity can be considered an enzyme
needed for 50% reduction in NBT.

4.11. Catalase Assay

Catalase activity was assessed by H,O, degradation for 1 min at 240 nm by applying
the extinction coefficient 39.4 mM~! cm—! [88].

4.12. Ascorbate Peroxidase Assay

APX estimation was performed by the method of Nakano and Asada [89]. The mixture
contained 0.1 mM EDTA, 0.25 mM ascorbate, 25 mM potassium phosphate buffer, 1 mM
hydrogen peroxide and 0.2 mL enzyme extract. The optical density was taken at 290 nm
for 1 min with a 2.8 mM~! em ™! extinction coefficient.

4.13. Glutathione Reductase

Glutathione reductase was assessed by analyzing the variation in optical density at
340 nm, up to 3 min. The mixture was formed with 1 mM EDTA, 50 uM NADPH, 100 mM
potassium phosphate buffer, 100 pM oxidized glutathione and 100 puL enzyme. Activity
was denoted by U mg~! protein by the procedure of Foster and Hess [90].

4.14. Assay of Glyoxalase I and II

Glyoxalase I activity was analyzed by the method described by Hasanuzzaman [91].
The mixture was made up of K;HPOy buffer (100 mM), reduced glutathione (1.7 mM),
methylglyoxal (3.5 mM) and magnesium sulphate (15 mM), and optical density was de-
termined at 240 nm for 1 min by 3.37 mM~! cm~! extinction coefficient. The procedure
described by Kaya et al. [92] was used to measure glyoxalase II activity. The solution con-
tained 100 mM Tris-hydrochloride buffer, 0.2 mM DTNB and 1 mM S-D-lactoylglutathione.
Activity was measured by applying a 13.6 mM~! cm~! extinction coefficient.
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4.15. Methylglyoxal Content

Lentil leaves were fused with 5% HCIO4, and after centrifugation at 11,000x g, the
supernatant was treated with charcoal and nullified by adding potassium carbonate, N-
acetyl-L-cysteine and sodium dihydrogen phosphate. Synthesis of N-x-acetyl-S-(1-hydroxy-
2-oxo-prop-1-yl) cysteine was noted at 288 nm by the method of Wild et al. [93].

4.16. Determination of Ascorbate and Reduced Glutathione

The ascorbate amount was measured by mashing lentil leaves in TCA (6%), and
2% dinitrophenylhydrazine and 10% thiourea were mixed in the supernatant. After heating
for 15 min, proper cooling was carried out at room temperature; then, 80% sulfuric acid
was incorporated. Absorbance was measured at 530 nm and the analysis was conducted by
the standard curve of ascorbate [94].

The reduced glutathione content was analyzed by the Ellman [95] procedure. Lentil
leaves were crushed in phosphate buffer and 5,5-dithiobis-2-nitrobenzoic acid was mixed
in filtrate. Absorbance was measured at 412 nm and reduced glutathione content was
estimated with the reduced glutathione standard curve.

4.17. Statistical Analysis

Treatments were arranged with three replicates in a randomized block design. Data
were determined using ANOVA and SPSS software. The treatment mean was assessed by
DMRT at p < 0.05.

5. Conclusions

The results of this study clearly indicate the potential function of exogenously applied
SNP and GR24 in alleviation of adverse effects of Hg on lentil plants. SNP and GR24
have emerged as promising signaling molecules which have the ability to mitigate the
deleterious impacts of Hg stress. Hg accumulation was decreased in lentil roots and
shoots, and increased activities of antioxidant and glyoxylase enzymes by SNP and GR24
supplementation were responsible for the protection of lentil plants against Hg stress. The
processes regulated by the stimulatory effects of SNP and GR24, related to their multi-
faceted nature, could work separately or incorporated into one strategy to promote the
growth of lentil plants in response to Hg stress. Nitric oxide and strigolactones have
potential agronomical applications and, hence, can be used for crop growth in metal-
contaminated areas. However, it is recommended that toxicological tests be conducted.
The detailed molecular mechanism of crosstalk between SNP and GR24, as well as the fine-
tuning of the complex signaling networks in response to Hg stress tolerance in lentil plants,
needs to be further investigated in the future. Therefore, in-depth research is required
on genetic engineering approaches to modulate the endogenous levels of SNP and GR24,
which can serve to mitigate stresses in plants.
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