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Abstract: This study aimed to test the role of hydrogen sulfide (H;,S) in the responses regarding the ni-
tric oxide- (NO) and sulfur (S)-mediated improvement in photosynthesis and growth under cadmium
(Cd) stress in mustard (Brassica juncea L. cv. Giriraj), and integrate the mechanisms of S, nitrogen (N),
and antioxidant metabolism. The plants grown with Cd (200 mg Cd kg~! soil) exhibited reduced
assimilation of S and N and diminished photosynthetic performance, which was associated with
higher Cd accumulation-induced excess reactive oxygen species (ROS) production. The application
of 100 uM of sodium nitroprusside (SNP, a NO donor) together with a more prominent concentration
of S resulted in increased photosynthetic S- and N-use efficiency, production of non-protein thiols and
phytochelatins, efficiency of enzymatic (superoxide dismutase, ascorbate peroxidase, and glutathione
reductase), non-enzymatic antioxidants (ascorbate and glutathione) limiting Cd accumulation and,
thus, reduced oxidative stress (superoxide radical, hydrogen peroxide, and thiobarbituric acid re-
active species content). The benefit of NO together with S was manifested through a modulation
in H,S production. The use of 100 uM of hypotaurine (HT; H,S scavenger) or 100 uM of cPTIO
(2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) in plants treated with NO plus S
reversed the action of NO plus S, with a higher reduction in photosynthesis and growth with the use
of HT, suggesting that H,S plays a significant role in the NO- and S-mediated alleviation of Cd stress.
The interplay of NO and ES with H,S may be used in augmenting the photosynthesis and growth of
Cd-grown mustard plants.
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1. Introduction

The continuous increase in the demand for agricultural products by an ever-growing
human population is perpetually compromising the environment and has exacted a signifi-
cant price. To this end, heavy metal pollution has emerged as a growing concern across a
wide range of terrestrial ecosystems in recent years, posing a threat to both the environ-
ment and public health worldwide [1,2]. For plants, heavy metal stress is well-recognized
as a potentially hazardous form of abiotic stress. It has generated significant concerns
among environmentalists and biologists around the world about the possible impact on
cultivated land area, crop quality, and agricultural productivity [1-3]. Cadmium (Cd) is
placed among the top ten toxic metals in the World Health Organization’s (WHO) report
on chemicals of major health concern for humans and other organisms [3,4]. The principal
sources of Cd contamination in agricultural soils are mainly anthropogenic, including
pigment processing, electroplating, leather tanning, metal polishing, steelmaking, phos-
phatic fertilizers, and wastewater irrigation [2,3]. Cadmium exerts its detrimental effects on
plants by producing excessive reactive oxygen species (ROS), which include free oxidants
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such as singlet oxygen (10,), hydroxyl radicals (OH ™), superoxide radicals (O,*~), and
hydrogen peroxide (H,O,) [5]. Once Cd enters the plant cell, it induces necrosis, stunted
growth, altered enzyme activities, chlorosis, and, eventually, cell death [4]. The detrimental
impacts of Cd on photosynthesis are directed towards the impaired photosynthetic electron
transport chain, chlorophyll biosynthesis, stomatal movements, and enzymes/proteins of
light and dark reactions [2,3,5,6]. To confront the cellular ROS levels under stress, plants
tend to employ the antioxidant system, which minimizes ROS-accrued consequences in-
cluding protein and lipid oxidation and maintains cellular redox homeostasis [7]. The
major antioxidant enzymes, namely, superoxide dismutase (SOD), ascorbate peroxidase
(APX), and glutathione reductase (GR), as well as non-enzymatic antioxidants, including
ascorbate (AsA) and reduced glutathione (GSH), alone or cumulatively scavenge several
ROS [8-10].

Nitric oxide (NO) is a gaseous signaling molecule and a component of the nitrogen
cycle widely known as a “jack of all trades” [11-13]. It regulates diverse biological functions
in plants, ranging from seed germination to flowering and fruit development [11,13,14].
Under stressed conditions, both exogenously applied or endogenously produced NO
modulates the expression of several genes involved in signal transduction, stress sensing,
photosynthesis, ROS detoxification, primary metabolism, and apoptosis, thus activating
the adaptive stress response of plants. [15,16]. Nitric oxide transmits its bioactivity largely
through NO-dependent post-translational modification signaling such as S-nitrosylation
(SNO), which regulates important processes through different mechanisms, including cel-
lular localization, enzymatic activity, three-dimensional conformational changes, apoptosis,
and protein—protein interaction [14,16,17].

Sulfur (S)—as the fourth essential macronutrient after nitrogen (N), phosphorus (P),
and potassium (K)—supports diverse plant responses in both normal and stressful envi-
ronments [18]. In the S-metabolism pathway, sulfate (SO4%7) from soil is assimilated into
cysteine (Cys) with the help of the enzymes ATP-sulfurylase (ATP-S) and O-acetylserine
(thiol) lyase (OAS-TL). Cysteine synthesis is regarded as the transitional step and branch
point for the synthesis of various S metabolites. Moreover, Cys is the primary product
of reduced S and serves as a connecting link between S and N metabolism, whereas its
precursor O-acetyl serine (OAS) is derived from N and C assimilation pathways [17]. After
assimilation, sulfur becomes a constituent of vitamins, cofactors, Fe-S clusters, secondary
metabolites (glucosinolates and allyl cysteine sulfoxides), and a large number of S-defensive
compounds such as GSH, phytochelatins (PCs), methionine, and hydrogen sulfide (H;S)
that have been identified to play an imperative role in combating adverse environmental
stresses [9,12,18]. S deficiency in agricultural soils has been reported to be a limiting factor
that reduces crop yields and quality as this nutrient is often overlooked by farmers [19].
The persistence of Cd in S-deficient soils further worsens the problem for plants [20].
Since S is an immobile nutrient, a continuous supply of S is needed for the proper growth
and development of plants, which can be met by using an effective and inexpensive S
source [21].

Several plant species in the Brassica genus are resistant to the toxic effects of heavy
metals and thus can be potentially used in phytoremediation [22]. Brassica species can
phytoremediate heavy metals via physiological mechanisms such as phytovolatilization,
phytostabilization, and phytoextraction [23]. Brassica juncea is an oilseed crop that requires
relatively higher S amounts for the synthesis of essential amino acids, oils, and S-rich
secondary metabolites (glucosinolates and glycosides) [18]. Indian mustard is also known
as leaf mustard or vegetable mustard. Moreover, B. juncea also has many sub-species, such
as B. juncea subsp. napiformis (root mustard), B. juncea subsp. tsatsai (big-stem mustard),
and B. juncea subsp. integrifolia var. stromata (large-petiole mustard). Due to its greater
biomass proportion, B. juncea can hyperaccumulate heavy metals in its vegetative parts.
For this reason, it is an excellent hyperaccumulator and chelator of heavy metals such as
Cd; however, its phytoextraction capability is genotypically dependent [21]. Moreover, B.
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juncea plants are capable of synthesizing PCs, GSH, and metallothionines, which aid in
metal translocation and chelation [23,24].

In addition to NO, HjS is another gaseous signaling molecule that has received
considerable attention in recent years due to its dynamic role in strengthening plants’
defense capabilities under abiotic stress [25-27]. H,S is a volatile reduced S compound and
its biosynthesis is directly related to the S-related nutritional status of plants [28]. The H,S
biosynthetic pathway in plants is parallel to S assimilation, and involves five enzymes of S
assimilation, namely, L-cysteine desulfhydrase (L-DES), D-cysteine desulfhydrase (D-DES),
sulfite reductase (SiR), cyanoalanine synthase (CAS), and O-acetly-L-serine lyase (OAS-
TL) [11]. The H,S in plants plays multiple roles, such as in seed germination, senescence,
organogenesis, flowering, root development, and abiotic stress tolerance [25,29]. The
putative role of the interplay between NO and H,S under a myriad of environmental
conditions is well documented [11-13]. H,S may work either upstream or downstream
of NO depending on its involvement in processes such as the regulation of stomatal
movements under abiotic stresses [6]. NO and H,S have a family of derived molecules
known as reactive nitrogen species (RNS) and reactive sulfur species (RSS), respectively,
that can interact with a variety of biomolecules such as nucleic acids, proteins, and lipids,
and modulate their activity [11]. In recent years, the coordinated action of the two signaling
molecules has received considerable attention for its role in metal stress tolerance [5,6,11,12].
However, the direct link between their mode of action and the regulation of plant growth
and photosynthetic dynamics in response to Cd stress is largely unknown. On the other
hand, major advances in S research in relation to plants, particularly the role of NO in
the regulation of S uptake and assimilation under various types of stresses, are well
documented [30-32], but their interactive impact under Cd stress needs more evidence.
Recent research has shown that S and NO interact in plants via H,S, which plays multiple
roles in plant responses to drought stress [33]. Despite the extensive research on the roles
of NO, S, and H,S in abiotic stress tolerance, little effort has been made to investigate the
role of their crosstalk in various physiological and biochemical processes underlying Cd
stress tolerance in plants. Therefore, in consideration of these postulations, the current
study intends to highlight the impacts and mechanisms underlying the NO- and S-induced
regulation of plant growth, photosynthesis, antioxidant potential, S and N assimilation,
and Cd accumulation and translocation, as well as the involvement of H;S in the presence
of NO and S in the mitigation of Cd stress impacts in plants.

2. Material and Methods
2.1. Plant Material and Growth Conditions

Healthy and uniform mustard (Brassica juncea cv. Giriraj) seeds were procured from
the Indian Agricultural Research Institute, New Delhi. Seeds were surface-sterilized with
diluted 0.5% sodium hypochlorite solution (v/v) and were later rinsed repetitively with
double-distilled water. The experiment was performed in 23 cm diameter earthen pots
filled with 5 kg of reconstituted soil with sand: peat: compost (1:4:1, w/w) mixture at
the Department of Botany, Aligarh Muslim University, Aligarh, India. Plants were fed
with 200 Cd kg~ ! soil at the time of seed sowing, while S at 200 mg kg~! soil was given
15 days prior to sowing in the form of elemental sulfur (ES) and ammonium sulphate
(AS). The concentrations of Cd and S are based on the findings of our earlier work [21].
Following the establishment of the seedlings, four plants per pot were maintained. A
concentration of 100 uM of NO as sodium nitroprusside (SNP) was applied as foliar spray
with a hand sprayer 15 days after sowing (DAS). The treatments included control, Cd
(200 mg Cd kg~! soil), SNP (100 uM), ES (200 mg S kg~ ! soil), AS (200 mg S kg~! soil),
Cd +SNP, Cd + ES, Cd + AS, Cd + SNP + ES, and Cd + SNP + AS. Further, to substantiate
the role of H,S in NO with S-mediated responses and Cd stress mitigation, another set of
experiments was performed wherein 30 mL of 100 uM cPTIO 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; NO scavenger) or 100 uM of hypotaurine
(HT; H,S scavenger) were applied to the plants that received Cd plus S at 15 DAS. The
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experimental design is given in Table 1. The concentrations of NO and H,S scavengers
were selected based on the study of Gautam et al. [27]. The pots were kept in a naturally
illuminated net-house with day/night temperatures of 23/16 £ 2 °C, 16/8 h light/dark
periods, and relative humidity of 60 £ 4%. Recommended basal doses of S, N, phosphorus
(P), and potassium (K) (40 mg S + 60 mg N + 17.9 mg P and 17.9 mg K per kg of soil)
were supplied at the time of sowing for both the experiments. The treatments in all the
experiments were arranged in a factorial, randomized block design with four (n = 4)
replicates for each treatment. At 30 DAS, determinations were made regarding various
growth and photosynthetic attributes, oxidative stress, antioxidant responses, S and N
metabolism, and H;S biosynthesis. For the purpose of determining photosynthetic and
growth parameters, one plant per pot was chosen. The same samples in dried form were
used to determine concentrations of Cd, N, and S. The remaining plants per pot were used
to study various physio-biochemical and histochemical parameters.

Table 1. Experimental design.

Treatments Concentration Experiment 1 Experiment 2
Control 0 Yes Yes
Cadmium (Cd) 200 mg Cd kg_1 soil Yes Yes
SNP 100 uM SNP Yes No
ES 200 mg S kg~ ! soil Yes No
AS 200 mg S kg~ ! soil Yes No
SNP + Cd 100 uM SNP +200 mg Cd Yes No

kg™ soil

200 mg S kg~ ! soil + 200 mg

ES+Cd Cd kg1 soil Yes No
200 mg S kg~ ! soil + 200 mg

AS +Cd Cd kg1 soil Yes No
100 uM SNP +200 mg S kg~

SNP +ES + Cd soil + 200 mg Cd kg~ soil Yes Yes
100 uM SNP +200 mg S kg~

SNP +AS +Cd soil + 200 mg Cd kg~ soil Yes No
100 1M + 200 mg S kg~ ! soil

SNP + ES + Cd + HT +200 mg Cd kg~ soil + No Yes

100 uM HT

100 uM + 200 mg S kg ! soil

SNP + ES + Cd + cPTIO +200 mg Cd kg~ soil + No Yes

100 uM cPTIO

2.2. Plant Growth and Relative Water Content (RWC)

To determine the growth parameters, plants were gently uprooted from pots and
washed carefully to remove soil debris from the roots. Plants were kept for drying in a hot
air oven at 80 °C until achieving a constant weight to record plants’ dry biomass. Leaf area
was measured using a leaf area meter (LA211, Systronics, New Delhi, India).

To determine RWC, fifteen leaves collected from each treatment were weighed to
determine their fresh weight (FW). The leaves were then placed in distilled water for 4 h to
obtain turgid weight (TW). Later, the same leaves were dried in an oven at 80 °C for 24 h to
measure dry weight (DW). The leaf RWC was calculated using the following formula:

RWC (%) = [(FW — DW)/(TW — DW] x 100

2.3. Measurement of Photosynthesis and Related Variables

An Infra gas analyzer (CID-340, Photosynthesis system, Bio-science, Camas, Wash-
ington, USA) was used to measure gas exchange parameters, net photosynthesis (Py),
stomatal conductance (gs), and intercellular CO, concentration (C;) in fully expanded and
intact topmost leaves in various treatments and replicates of the plants. The measurements
were made on a sunny day between 10:00 and 11:30 h at light-saturating intensity, under
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photosynthetically active radiation (PAR), above 760 pumol m~2 s~ !, and at 360 4- 5 umol !
atmospheric CO, concentration. A SPAD chlorophyll meter was used to calculate the
chlorophyll content (SPAD values) in the totally expanded uppermost leaves (502 DL PLUS,
Spectrum Technologies, Plainfield, IL, USA).

The activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) was ascer-
tained by adopting the method of Usuda [34]. The details are provided in our earlier work
with Mir et al. [21].

Chlorophyll fluorescence was measured with a Mini-PAM chlorophyll fluorometer
(Heinz Walz, GmbH, Effeltrich, Germany) and using WinControl-3.29 software with the
instructions provided by the manufacturer. All samples were dark-adapted for 30 min
prior to fluorescence measurements. Minimal fluorescence (F,) and maximum fluorescence
(Fm) were measured in dark-adapted leaves with a low-measuring beam light intensity,
whereas under light-adapted conditions, minimal fluorescence (F/) and maximum fluo-
rescence (F, /) were measured in the same leaves with a saturating light intensity together
with steady-state fluorescence (Fs). The difference between F, and F, was automatically
calculated by software as variable fluorescence (Fy). The maximum quantum yield of PS
II photochemistry was calculated as a ratio of F to Fy,. Photochemical quantum yield of
photosystem II [Y(II)] and electron transfer rate (ETR) were generated automatically in the
dark-acclimated and light-exposed states of the sample using WinControl-3.29 software
and a saturation pulse.

2.4. Assessment of Oxidative Damage
2.4.1. In Vitro Estimation of H,O, and O,°~

The H,O, content was determined via assay following the method of Okuda et al. [35].
Using a mortar and pestle, fresh leaves were ground in ice-cold 200 mM perchloric acid,
and then centrifuged at 1200 x g for ten min. Peroxidase was used to start the reaction, and
the resulting increase in absorbance was measured at 590 nm for 3 min.

The method of Wu et al. [36] was used to determine the O,*~ content. Fresh leaves
(1 g) were ground in 65 mM phosphate buffer containing 1% polyvinylpyrrolidone (PVP)
and centrifuged at 5000 x g for 15 min. Absorbance was recorded spectrophotometrically
at 530 nm, and the O,*~ content was accessed from the standard curve.

2.4.2. In Vivo Localization of H,O, and O,*~ and Lipid Peroxidation

The localization of H,O, and O,°~ in leaves was validated via the histochemical
method of Kumar et al. [37] with small modifications. To detect the aggregation of
H,O, and O,°~, fresh leaves were stained with nitro blue tetrazolium (NBT) and 3,3-
diaminobenzidine (DAB), respectively. Leaves from different treatments were incubated in
DAB solution for 8 h. After DAB staining, samples were soaked in absolute ethanol and
boiled in a water bath for 15 min to discolor leaf pigments and make the stain visible.

The localization of lipid peroxidation was performed by the method demonstrated
by Awasthi et al. [38]. Freshly collected leaf and root samples were washed and immersed
in Schiff reagent solution. Afterwards, the samples were rinsed with a sulfite solution to
retain the stain’s color. The images were captured using a digital camera.

2.4.3. In Vitro Measurement of Leaf Lipid Peroxidation

Lipid peroxidation in leaves was measured by estimating the content of thiobarbi-
turic acid reactive species (TBARS) following the method of Dhindsa et al. [39] by reading
absorbance at 532 nm and correcting for non-specific turbidity by subtracting the ab-
sorbance at 600 nm. TBARS content was then calculated using the extinction coefficient
(155 Mm~lem™1).

2.5. Assay of Antioxidant Enzymes

Fresh leaf tissues (0.5 g) were homogenized in chilled mortar and pestle with an
extraction buffer containing 0.05% (v/v) Triton x 100, and 1% (w/v) polyvinylpyrrolidone
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in 100 mM potassium phosphate buffer of pH 7.0. The homogenate was centrifuged at
15,000 g for 20 min at 4 °C. The aliquot obtained from centrifugation was used for enzyme
assays of SOD and GR. Ascorbate (2 mM) was added to the supernatant to determine the
activity of APX.

2.5.1. SOD (EC 1.15.1.1)

The SOD activity was determined using Giannopolitis and Ries’s [40] procedure by
studying the inhibition of photochemical reduction of NBT. At 560 nm, one unit of SOD is
the amount of enzyme that inhibits NBT reduction by 50%.

2.5.2. GR (EC 1.6.4.2)

GR was determined based on the detection of GSH-dependent oxidation of NADPH
following the protocol of Foyer and Halliwell [41]. The reaction mixture consisted of
0.5 mM of oxidized GSH, 0.2 mM of NADPH, and phosphate buffer (25 mM with pH 7.8).
GR activity was calculated by using the extinction coefficient at 6.2 mM~'em~!. At 25 °C,
one unit of enzyme is required to decompose 1.0 mol of NADPH per minute.

2.5.3. APX (EC 1.11.1.11)

The activity of APX was determined using Nakano and Asada’s method [42] by
detecting a decrease in ascorbate absorbance at 290 nm. The 1 ml reaction mixture included
enzyme extract along with 0.5 mM ascorbate, 0.1 mM H,O,, 0.1 mM EDTA, and 50 mM
phosphate buffer of pH 7.0. APX activity was calculated using the extinction coefficient
of 2.8 mM~lem~!. At 25 °C, one unit of enzyme is described as the amount needed to
decompose 1 mol of substrate per min.

2.6. Assay of Non-Protein Thiol (NPT) and Phytochelatin (PC) Content

The NPT content was determined using the method provided by De Vos et al. [43].
NPTs were extracted by homogenizing 0.2 g of the samples in 2 mL of 5% sulfosalicylic
acid and then centrifuging it for 15 min at 4 °C at 10,000x g. For NPTs’ determination, the
reaction mixture consisted of 0.2 mL of the supernatant, 0.15 mL of 10 mM 5,5'-Dithiobis
[2-nitrobenzoic acid] (DTNB), and 0.2 M of Tris- HCI (pH 8.2). After incubating the reaction
mixture for 20 min, the absorbance at 412 nm was determined spectrophotometrically. The
NPT content was determined from the remaining aliquot used for the GSH determination.

The PC content of leaves was calculated by subtracting the GSH content from the total
amount of NPTs.

PCs (nmol g~! FW) = NPT — GSH

2.7. Estimation of Leaf N Content, Nitrate Reductase (NR) Activity, Photosynthetic Sulfur Use
Efficiency (p-SUE), and Photosynthetic Nitrogen Use Efficiency (-NUE)

Kjeldahl’s acid—peroxide digestion method was used to determine N content as de-
scribed by Linder [44]. A 10 mL aliquot of digested leaf material was transferred to a
50 mL volumetric flask and to it 1.0 mL of 10% NaSiO3 and 2.0 mL of 2.5 N NaOH were
added to neutralize acid excess and avoid turbidity. A separate 10 mL graded test tube was
employed and to it 5 mL of aliquot from solution and 0.5 mL of Nessler’s agent was added.
The content were allowed to settle for 10 min for color development and optical density
was recorded spectrophotometrically at 525 nm.

NR (EC 1.6.6.1) activity was determined by adopting the procedure of Kuo et al. [45]
by preparing an enzymatic extract. Using liquid nitrogen, fresh leaves (1.0 g) were ground
to powder in a chilled mortar and pestle and kept at a storage temperature of —80 °C. After
thawing the powder for 10 min at 4 °C, it was homogenized in a blender in 250 mM Tris-HCI
buffer of pH 8.5 containing 1 mM of DTT, 10 mM of Cys, 20 uM FAD, 10% (v/v) glycerol,
and 1 mM EDTA, and the homogenate was subjected to centrifugation at 10,000 g for
30 min at 4 °C. After 10 min of incubation, spectrophotometric absorbance at 540 nm
was measured.
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p-SUE was calculated by the ratio of net photosynthesis to S content per unit leaf area.
The ratio of net photosynthesis to N content per unit leaf area was used to calculate p-NUE.

2.8. Quantification and Histochemical Localization of Cd

Samples were dried in an oven for two days at 80 °C. The dried tissue was weighed,
ground into powder, and the resulting powder was digested with concentrated HNO3 /HCIO,4
(3/1; v/v). Cd content was determined by an atomic absorption spectrophotometer (GBC,
932 Plus; GBC Scientific instruments, Braeside, Australia). The tolerance index (T I as
%) was calculated as ratio of dry weights of plants exposed to Cd to those under control
conditions.

The histochemical localization of Cd was visualized using dithizone (diphenyl-
thiocarbazone) dye (Himedia, India) according to procedure conducted by Seregin and
Kozhevnikova, [46] with slight modifications. Tangential sections of roots, stems, and
leaves of 30-day-old plants were taken from different treatments. A dithizone staining
solution was prepared by dissolving 30 mg of dithizone in 60 mL of acetone and 20 mL of
deionized water. To this, one or two drops of glacial acetic acid were added to improve
the reaction sensitivity. The sections were reacted with a few drops of dithizone for half
an hour and then examined under a light microscope equipped with an Optikam PRO6
digital camera (Optica C-P6, Ponteranica, Italy).

2.9. Assay for S-Assimilating Enzymes, S, Cys, GSH, and AsA Content

The method of Lappartient and Touraine [47] was adopted to determine ATP-S (EC
2.7.7.4) activity in fresh leaves by measuring the molybdate-dependent formation of py-
rophosphate. Fresh leaves from each plant’s uppermost whorl were ground at 4 °C in a
buffer containing 2 mM of dithiothreitol (DDT), 20 mM of Tris-HCI (pH 8.0), 10 mM of
Na,EDTA, and 0.01 g mL~! of PVP. The homogenate formed was centrifuged at 2000x g
for 10 min at 4 °C. The supernatant was used for ATP-S assay. A reaction mixture was
created by adding 7 mM of MgCl,, 5 mM of NayMoQOy, 2 mM of Nay ATP, and 0.032 units
mL~! of sulfate-free inorganic pyrophosphate in 80 mM Tris-HCI buffer (pH 8.0). The
reaction mixture was incubated for 15 min and phosphate concentration was determined
spectrophotometrically at 340 nm.

Content of S was determined in oven-dried samples digested in a mixture of con-
centrated HNOj3 and 60% strength HCIOy (85:15; v/v) using the turbidimetric method of
Chesnin and Yien [48]. A 5 mL reaction mixture was prepared by combining 1.0 g BaCl,
and 2.5 mL gum acacia; then, the final volume was increased to 25 mL by adding distilled
water, and the contents were thoroughly shaken to completely dissolve BaCl,. The values
were recorded spectrophotometrically at 415 nm from the time of turbidity development,
and a blank was run after determining each set simultaneously.

Leaf Cys content was determined spectrophotometrically using the method of
Gaitonde [49]. Fresh leaves (500 mg) were homogenized in ice-cold perchloric acid (5%
w/v). The obtained suspension was centrifuged at 2800 g for 1 h at 5 °C. The supernatant
was filtered through Whatman No.1 filter paper. The extinction was recorded at 580 nm and
Cys content was determined with reference to a calibration curve obtained under similar
conditions for standard Cys.

For the determination of GSH and AsA concentrations, the enzyme-recycling proce-
dure was adopted following the method of Law et al. [50]. The details have been provided
earlier by Mir et al. [24]. The extract prepared from grinding of 5 g fresh leaf material using
3.0 mL of 5% (w/v) sulfosalicylic acid with 6.3 mM diethylenetriamine pentacetic acid
(DTPA, pH < 1.0) at 4 °C was used for the determination of GSH and NPTs concentrations.

2.10. Determination of Endogenous NO and H»S Content

The endogenous NO content was determined by estimating the nitrite content [51].
The leaf samples (1 g) were homogenized in a chilled mortar using a chilled pestle
with extraction buffer (6 mL of 50 mM ice-cold acetic acid buffer (pH 3.6) containing
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4% zinc acetate). The enzyme assay sample was centrifuged at 11,500 g for 15 min
at 4 °C. After washing twice with extraction buffer, the pellet was again subjected to
centrifugation. The supernatant obtained was neutralized with 100 mg of charcoal and
then placed on a vortex for filtration. Greiss reagent (1% sulphanilamide and 0.1% N-
1napthylethylenediaminedihydrochloride in a 5% HyPOy solution) was added to ImL of
each filtrate and mixed in equal proportion (1:1). The mixture was then allowed to settle
for incubation at room temperature for 30 min. The absorbance of mixture was measured
spectrophotometrically at 540 nm and the NO content was calculated using a calibration
curve plotted with sodium nitrate as standard.

H5S content was measured in fresh leaves by adopting the method of Nashef et al. [52].
The reaction mixture (2 mL) was prepared with 1.88 mL of extraction phosphate buffer
(0.1M; pH 7.0) by adding 20 pL of 5,5'-dithiobis (2-nitrobenzoic acid). The assay mixture
was then incubated for two minutes at room temperature. The optical density of the assay
mixture was determined at 412 nm. The values were compared with the standard curve
of Naz‘S.

2.11. Determination of L-DES and OAS-TL Activity

The enzymatic activity of L-DES and OAS-TL was determined by taking frozen leaf
discs and grinding them in liquid nitrogen following the method of Bloem et al. [53]. The
soluble protein for assay of L-DES and OAS-TL activity was extracted by adding 1ml of
20 mM TRIS/HCI (pH 8.0) to 100 mg leaf material and centrifuging it at 7000x g.

The L-DES activity was measured by monitoring the release of sulfide from Cys in a
reaction mixture consisting of 1 mL of 0.8 mM L-Cys, 2.5 mM of dithiothreitol, 100 mM of
TRIS/HCI (pH 9.0), and enzyme extract. L-cysteine was added to assay mixture to start
the reaction. After incubating the enzyme assay for 15 min, the reaction was stopped by
adding 10 puL of 20 mM N, N-dimethyl-p-phenylenediamine dihydrochloride dissolved
in 7.2 N HCI and 100 pL of 30 mM FeClj dissolved in 1.2 N HCI. The absorbance was
recorded spectrophotometrically at 670 nm to determine L-DES activity.

For the OAS-TL assay, the reaction mixture consisted of 50 uL of enzyme extract
with 1 mL of each of 5 mM of Na,S, 5 mM of OAS, 100 mM of TRIS/HCI (pH 7.5), and
3.33 mM of dithiothreitol. By adding Na,S, the reaction was started, and the samples were
left for incubation at 35 °C. After 30 min, the reaction was stopped by adding 1 mL of
acidic ninhydrin reagent (0.8% ninhydrin (w/v) in 1:4 concentrated HCI:HOAC) in order to
determine the Cys concentration [49]. The samples were then heated at 100 °C for 10 min,
and to stabilize color formation, 2 mL of ethanol was added. The absorption was recorded
at 560 nm using a spectrophotometer for OAS-TL determination.

2.12. Statistical Analysis

Data were analyzed statistically by analysis of variance (ANOVA) using SPSS v18.0 for
Windows (IBM Corporation, New York, NY, USA). Pearson correlation between different
variables was performed using OriginPro (v 9.8) for windows. Least significant difference
(LSD) was calculated for mean separation for significant differences among treatments at
p <0.05 levels.

3. Results
3.1. Effect of SNP and/or S on Plant Growth, Water Status, and Cd Accumulation

We first examined the plants’ growth metrics including their dry mass and leaf area in
order to determine how the exogenous SNP and S forms affected the plants” development
under Cd stress. As shown in Figure 1A,B, Cd200 (200 mg Cd kg~! soil) substantially
reduced the plants” dry mass (39.2%) and leaf area (11.5%) compared to the control plants.
Under non-stressed conditions, the supplementation of 100 uM of SNP, ES, and AS in-
creased the plants’ dry mass by 89.4, 56.1, and 44.2%, and leaf area by 66.7, 59.2, and 51.1%,
respectively, compared to the control. However, under Cd stress, the combined SNP, ES,
and AN treatment increased the plants’ dry mass over the control plants by 51.4, 44.3, and
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41.4%, and leaf area by 13.4, 10.3, and 8.7%, respectively. The collective treatment of SNP
plus ES was most effective in moderating the Cd-induced reductions in plant growth and
increased the plants’ dry mass by 72.9% and leaf area by 42.5% compared to the control
plants (Figure 1A,B).
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Figure 1. Plant dry weight (A), leaf area (B), relative water content (C), leaf Cd content (D), root Cd
content (E), and Cd translocation factor (F) in mustard (Brassica juncea L. cv. Giriraj) treated with
100 uM of SNP (NO donor) and 200 mg S kg_1 soil of elemental sulfur (ES) or ammonium sulfate
(AS) in presence or absence of 200 mg Cd kg~ soil at 30 days after sowing. Data are presented
as treatment mean + SE (n = 4). Data followed by the same letter are not significantly different as
determined via LSD test at p < 0.05. C, control; Cd, cadmium; cv., cultivar; SNP, sodium nitroprusside.

The water status of the plants was analyzed by calculating the RWC of leaves. As a
consequence of Cd toxicity, the treated plants showed a marked reduction in RWC by 56.5%
compared to the control plants. From Figure 1C, it is clear that the SNP-treated plants under
unstressed conditions had the highest RWC (66.7%) followed by ES and AS compared to
the controls. The individual supplementation of SNP, ES, and AS to the Cd-treated plants
partially improved the RWC of their leaves. In particular, the SNP treatment combined
with ES maximally increased the RWC by 24.3% compared to the controls (Figure 1C).

The accumulation of Cd was higher in the roots (395.61 ug Cd g~! DW) than in the
leaves (252.4 ug Cd g’1 DW) (Figure 1D,E). The individual treatment of plants with SNP,
ES, and AS reduced Cd accumulation in their roots and leaves; however, the greatest
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reduction was noted with the combined application of SNP with S sources. The collective
application of SNP with S sources showed the highest Cd sequestration in the roots and
leaves resulting in lower Cd content (Figure 1D,E). The supplementation of SNP plus
ES significantly reduced Cd concentration in the roots by 85.4% and in leaves by 84.2%,
while SNP + AS treatment accounted for a reduction of 78.3 and 76.6% in the roots and
leaves, respectively, compared to the Cd-stressed plants. This was also confirmed by the
translocation factor (T F), as only the Cd-treated plants had the highest T F values (0.780)
while the plants that received SNP and ES together possessed a 29.6% decline in T F values
over the Cd-stressed plants (Figure 1F).

The histochemical localization of Cd in the root, stem, and leaf tissues was revealed
through histochemical detection via dithizone dye. The reagent dithizone reacts with
Cd and forms an insoluble red salt (Cd-dithizonate) that can be seen as a dark-reddish
coloration in various plant tissues. The deep-red coloration was found to vary significantly
between the tissues and treatments. As shown in Figure S1A-], the plants treated with
Cd showed an intense Cd accumulation in the roots, stems, and leaves as a result of the
reaction of Cd with dithizone and the formation of Cd-dithizone complexes. The metal
was mainly accumulated in the cell walls and inter-cellular spaces of the apoplast, as the
cytoplasm was slightly colored. On the other hand, the control plants showed no such
coloration (Figure S1A,D,G). In line with the quantitative data, the plants co-treated with
SNP and ES in the presence of Cd presented a weak reaction with dithizone and a low level
of red color development, indicating lower levels of Cd in the root, stem, and leaf tissues
when compared to those of the Cd-treated plants (Figure S1C,EI).

3.2. Effect of SNP and/or S on Photosynthetic Traits under Cd Stress

Under Cd stress, a substantial reduction in chlorophyll content (35.4%), Py (32.3%),
G (29.9%), g5 (21.9%), and Rubisco activity (36.5%) was observed compared to the control
plants (Table 2).

Table 2. Effect of 100 uM of SNP (NO donor) and 200 mg S kg~ soil of elemental sulfur (ES) or
ammonium sulfate (AS) in the presence or absence of 200 mg Cd kg~! soil on net photosynthesis,
intercellular CO, concentration, chlorophyll content (SPAD values), Rubisco activity, and electron
transfer rate (ETR) in mustard (Brassica juncea cv. Giriraj) at 30 days after sowing. Data are presented
as treatment mean + SE (n = 4). Data followed by same letter are not significantly different as
determined by LSD test at p < 0.05. Cd; Cadmium; SNP, sodium nitroprusside.

Net Photosynthesis Intercellular CO, Stomatal Rubisco Activity

Treatment SPAD Value (umol Concentration Conductance (umol CO,; mg™1
CO, m—2s1) (umol CO;, mol—1) (mmol m—2s-1) Protein min—1)

Control 26.7 + 1.3f 22.2 + 0.9f 278.4 4+ 13d 2314 +11.3i 32.6 & 1.6f
Cd 16.8 £ 0.8g 14.5 + 0.6g 197.2 + 9.6e 180.6 £ 8.8j 21.3 +£1.0g
SNP 44.6 +2.23a 29.6 + 1.3a 404.6 4+ 19.8a 568.5 + 27.8a 67.1 + 3.4a
ES 41.54+2.0b 284 +1.2b 392.3 4+ 18ab 521.6 4+ 25.8b 61.4 £+ 3.1b
AS 40.9 4+ 2b 27.9 4+ 1.3bc 390.3 £+ 19ab 496.7 £ 24.6¢ 59.3 +2.9b
SNP + Cd 30.4 £+ 1.5e 244+ 1.1e 318.9 £+ 15¢ 342.6 + 16.8f 40.4 £+ 2.0e
ES+Cd 28.6 + 1.4ef 23.5 + 1.1ef 306.2 + 15.3cd 304.4 + 14.8¢g 39.7 +1.9e
AS+Cd 28.14 + 1.4ef 23.2 + 1.0ef 303.4 + 14.9cd 298.8 + 13.8h 384 + 1.9
SNP+ES+Cd 36.5+1.8c 26.3 £+ 1.3¢ 356.8 + 17.2b 438.7 +21.4d 52.9 + 2.6¢
SNP + AS+Cd 334+1.7d 25.6 +£1.2d 354.2 + 16.8cd 394.6 £ 19.3e 46.3 + 2.3f

In the absence of Cd, the plants that received SNP, ES, or AS individually showed
higher values with respect to photosynthetic traits compared to the control plants. Fur-
thermore, the plants that received individual doses of SNP, ES, and AS together with Cd
ameliorated the Cd inhibition of photosynthesis and partially improved the photosynthetic
attributes over the Cd-stressed plants. Notably, the combined treatment of SNP and ES
was most effective in countering the photosynthetic repression by Cd and augmented
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the aforesaid parameters by 66.9, 81.5, 80.8, and 148.1%, respectively, compared to the
Cd-treated plants.

The effect of the SNP and S sources (ES and AS) with or without Cd on the chlorophyll
fluorescence attributes are given in Table 3. A significant decline (p < 0.05) in F,/Fpy,
(29.4%), Y (II) (38.5%), and ETR (66.7%) was observed in the plants exposed to Cd over
the control plants (Table 3). Under stress-free conditions, the application of SNP, ES, or AS
improved these fluorescence parameters, with SNP-treated plants showing the greatest
increase (Table 3). Further, in comparison to the control plants, the SNP plus ES application
maximally increased F, /Fn, Y (II), and ETR by 1.1, 2.7, and 6.1-fold in in the presence of
Cd (Table 3).

Table 3. Effect of 100 uM SNP (NO donor) and 200 mg S kg*1 soil of elemental sulfur (ES) or
ammonium sulfate (AS) in the presence or absence of 200 mg Cd kg ! soil on maximal PSII efficiency
(Fv/Fm), photochemical quantum yield of photosystem II [Y(II)], and electron transfer rate (ETR)
of mustard (Brassica juncea cv. Giriraj). Data are presented as treatment mean =+ SE (n = 4). Data
followed by same letter are not significantly different as determined by LSD test at p < 0.05. cv.,
cultivar; Cd; Cadmium; SNP, sodium nitroprusside.

Treatment Fv/Fm YII ETR
Control 0.78 = 0.01d 0.306 + 0.01f 83.3 = 1.0e
Cd 0.58 £ 0.01g 0.188 £ 0.01g 27.8 £ 1.0f
SNP 0.86 + 0.03a 0.528 + 0.03a 188.3 & 3.0a
ES 0.82 £ 0.03b 0.491 4+ 0.02b 172.8 + 3.0°
AS 0.81 + 0.02¢ 0.479 4+ 0.01bc 158.4 4+ 3.0c
SNP + Cd 0.67 £ 0.02ef 0.405 £ 0.02d 102.1 £ 3.0d
ES + Cd 0.63 £ 0.02f 0.372 4+ 0.01e 96.9 £ 2.1de
AS+Cd 0.63 £ 0.02f 0.368 + 0.01e 94.7 £ 2.0de
SNP + ES + Cd 0.81 4 0.03bc 0.525 + 0.03a 155.4 + 3.0c
SNP + AS + Cd 0.71 4 0.02d 0.433 4+ 0.01c 119.8 & 3.0bc

3.3. Effect of SNP and/or S on Cd-Induced Oxidative Stress

The plants grown with Cd exhibited a significant increase in the content of O,*~
(2.2 times), H,O, (2.1 times), and TBARS (3.2 times) in their leaves when compared to
the control plants (Figure 2A-C). The individual treatment of plants with SNP, ES, or AS
alleviated Cd-induced oxidative stress; however, the maximum reduction was observed
with the combined application of SNP with S sources. The combined application of SNP
and ES to the Cd-stressed plants decreased the content of O,*~, H,O, and TBARS by 63.7,
60.1, and 70.6%, respectively, compared to the Cd-treated plants (Figure 2A-C).

The representative images of the control, Cd-stressed, SNP + ES + Cd-treated, and SNP
+ AS + Cd-treated plants are presented in Figure 3A-L. The level of O,°~ was visualized
with NBT staining, which revealed the presence of a dark-blue-colored formazan formation
in the Cd-stressed leaves (Figure 3B). The effect of SNP with AS showed fewer dark-blue
stains on the leaves in contrast to the Cd-stressed plants (Figure 3D). However, the plants
that received SNP plus ES or AS with Cd showed the presence of few spots and were
similar to the control (Figure 3C). The degree of H,O, accumulation was visualized by DAB
staining, which clearly indicated the formation of deep-brown spots on the leaves of the Cd-
treated plants. The spots were less apparent in the Cd-stressed plants treated with SNP + ES
and SNP plus AS (Figure 3G,H). Further, the leaves from the Cd-treated plants exhibited
an enhanced level of pink-colored formazan staining, indicating an enhanced level of
lipid peroxidation (Figure 3]). However, the leaves of the plants treated with SNP + ES
and SNP + AS showed less coloration than the Cd-treated plants, and thus lower lipid
peroxidation (Figure 3K,L). The absence of dark-blue, deep-brown, and pink coloration in
the leaves strongly suggested the ameliorative role of the cumulative effect of SNP with
S sources and, particularly, SNP + ES in reducing the Cd-induced oxidative burden in
the plants.
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Figure 2. Superoxide content (A), HyO, content (B), and TBARS content (C) in mustard (Brassica
juncea L. cv. Giriraj) treated with 100 pM SNP (NO donor) and 200 mg S kg~ ! soil of elemental sulfur
(ES) or ammonium sulfate (AS) in the presence or absence of 200 mg Cd kg~ soil at 30 days after
sowing. Data are presented as treatment mean + SE (n = 4). Data followed by the same letter are not
significantly different as determined by LSD test at p < 0.05. C, control; Cd, cadmium; cv., cultivar;
FW, fresh weight; H,O,, hydrogen peroxide; SNP, sodium nitroprusside; TBARS, thiobarbituric acid

reactive substances.
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Figure 3. Histochemical detection of: superoxide anion (O,°*~) with NBT (A-D); hydrogen peroxide
(H,0O,) with DAB (E-H), and lipid peroxidation using Schiff’s reagent (I-L) in leaves of mustard
(Brassica juncea L. cv. Giriraj) treated with control (A,E,I) 200 mg Cd kg~ soil; (B,F,J) 100 1M of SNP
(NO donor) + 200 mg S kg*1 soil of elemental sulfur (ES) in presence of Cd (C,G,K); and 100 uM
of SNP + 200 mg S kg_1 soil of ammonium sulfate (AS) in presence of Cd (D,H,L) at 30 days after
sowing. Cd; Cadmium; cv., cultivar; DAB, 3,3'-diamiobenzidine; ES, elemental sulfur; H;DCFDA,
27 -dichlorodihydrofluorescein diacetate; NBT, nitro blue tetrazolium; SNP, sodium nitroprusside.

3.4. Effect of SNP and/or S on Antioxidants under Cd Stress

Compared to the controls, the plants grown with Cd showed a subtle but significant
increase in SOD and APX activity, as well as an increase in AsA content (Figure 4A—C).
The increase in the activity of SOD and APX and in AsA content was 19.7, 44.2, and
70.5%, respectively, over the untreated controls. The activity of the antioxidant enzymes
and AsA content increased further with the individual application of SNP, ES, and AS in
the Cd-stressed condition. Meanwhile, the maximum increment was observed with the
co-treatment of SNP with S sources in the presence of Cd.
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Figure 4. Activity of SOD (A), APX (B), GR (C), and content of AsA (D) in mustard (Brassica juncea
L. cv. Giriraj) treated with 100 pM SNP (NO donor) and 200 mg S kg*1 soil of elemental sulfur
(ES) or ammonium sulfate (AS) in the presence or absence of 200 mg Cd kg~! soil at 30 days
after sowing. Data are presented as treatment mean + SE (1 = 4). Data followed by the same
letter are not significantly different as determined by LSD test at p < 0.05. AsA, ascorbate; APX,
ascorbate peroxidase; C, control; Cd, cadmium; cv., cultivar; GR, glutathione reductase; SNP, sodium
nitroprusside; SOD, superoxide dismutase.

The plants that received SNP and ES together in the presence of Cd increased the SOD,
APX, GR, and AsA content by 2.1, 6.3, 2.9, and 2.0 times, respectively, compared to the
Cd-treated plants. Likewise, the plants treated with SNP + AS under Cd stress increased
the activity of SOD, APX, and GR by 1.9, 5.7, and 3.2 times, respectively, and the AsA
content by 1.6 times compared to the stressed plants (Figure 4A-C).

3.5. Effect of SNP and/or S on S-Assimilation under Cd Stress

The effects of Cd on the enzymes of S assimilation and the content of foliar S, Cys,
and GSH are given in Table 3. The activity of ATP-S and OASTL increased in response to
Cd stress by 18.1 and 32.1%, respectively, while GR activity exhibited a decrease of 6.9%
compared to the controls (Table 4). The individual treatment of the plants with SNP, ES, or
AS showed increased activity of all the S-metabolism enzymes both in stressed and non-
stressed conditions. However, the co-supplementation of SNP + ES or SNP + AS with Cd
generated the maximum increase. The plants supplied with SNP plus AS with Cd increased
the activity of ATP-S and OASTL by 1.5 and 2.1 times with respect to the Cd-treated plants.
On the other hand, the plants that received SNP plus ES with Cd maximally enhanced the
activity of ATP-S and OASTL enzymes by 1.7 and 2.6 times compared to the Cd-stressed
plants (Table 4).
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Table 4. Effect of 100 uM SNP (NO donor) and 200 mg S kg*1 soil of elemental sulfur (ES) or
ammonium sulfate (AS) in the presence or absence of 200 mg Cd kg ™! soil on activity of ATP-S,
OAS-TL, and content of S, cysteine, and GSH in mustard (Brassica juncea L. cv. Giriraj) at 30 days
after sowing. Data are presented as treatment mean =+ SE (n = 4). Data with the same letter are not
significantly different as determined by LSD test at p < 0.05. ATP-S, ATP-sulfurylase; Cys, cysteine;
Cd, cadmium; DW, dry weight; FW, fresh weight; GSH, reduced glutathione; OAS-TL, O-acetylserine
(thiol) lyase; S, sulfur; SNP, sodium nitroprusside.

Treatment

ATP-S Activity OAS-TL Activity Sulfur Content Cysteine Content GSH Content

(U mg~1 Protein min—1) (mg g1 DW) (nmol g~1 FW)

Control 1.42 £+ 0.07i 0.53 £ 0.02h 4.33 £ 0.19g 18.33 £ 0.91 250.1 & 12.5h
Cd 1.86 £ 0.09h 0.70 £ 0.03g 3.09 £ 0.15h 22.09 = 1.1h 189.6 &+ 9.51
SNP 2.51 £ 0.12fg 0.88 £ 0.04f 5.47 + 0.27f 31.47 £ 1.5¢g 511.4 £ 25.5¢
ES 2.81 + 0.14f 1.04 £ 0.05de 9.64 £ 0.48a 39.64 + 1.9f 570.6 £ 28.5a
AS 2.39 £ 0.12fg 1.19 + 0.05d 8.55 + 0.42b 38.55 + 1.9f 506.4 + 25.3cd
SNP + Cd 3.15 £ 0.15e 1.02 £ 0.05de 429+ 0.21g 49.29 + 2.46de 460.4 £ 23.1e
ES + Cd 3.52 +0.17bc 1.35 £ 0.07bc 6.67 + 0.33e 55.89 £ 2.8¢ 417.1 4+ 20.8f
AS +Cd 3.29 £ 0.16bcd 1.21 + 0.06d 6.18 + 0.3e 51.67 £ 2.6d 368.5 + 18.4g
SNP + ES + Cd 4.36 £ 0.21a 1.67 £ 0.09a 7.75 £ 0.38¢c 65.81 £ 3.29a 559.2 & 27.9ab
SNP + AS + Cd 3.88 £ 0.19b 1.49 + 0.08b 7.38 £ 0.36cd 60.38 £ 3.0b 511.2 £ 25.5¢

The foliar content of S, Cys, and GSH showed differential responses towards Cd. The
content of S and GSH declined by 28.2% and 24.1%, respectively, whereas the Cys content
increased by 20.5% with respect to the control (Table 4). Applying SNP, ES, or AS increased
the content of S, Cys, and GSH to a greater extent under normal conditions. Under Cd
stress, the individual treatment of SNP, ES, or AS amended the content of S, Cys, and GSH
and recovered the losses relative to the Cd-treated plants. The cumulative effect of SNP
with ES or AS modulated the negative impact of Cd on the content of S, Cys, and GSH
and improved it maximally by 2.5, 2.9, and 3.0 times in comparison to the Cd-exposed
plants. The combined effect of SNP and AS also showed a similar trend, but the increase in
S-containing metabolites was lower than the combined SNP plus ES treatment (Table 4).

3.6. Effect of SNP and/or S on N Assimilation, p-SUE, p-NUE, and NPT and PC Content

The content of N and NR activity diminished significantly by 31.6 and 33.9%, respec-
tively, with Cd compared to the respective control (Table 5). The application of SNP or S
individually to stress-free plants enhanced N content and NR activity conspicuously with
respect to the control. Similarly, in the Cd-stressed plants, SNP or supplemental S sources
reduced the impacts of Cd. The SNP treatment provoked a maximum increase, whereas
both S sources did not differ significantly. The simultaneous application of SNP and ES
provoked the greatest responses and increased N content and NR activity by 2.5 times and
4.4 times, respectively, with respect to the Cd-stressed plants (Table 5).

The p-NUE and p-SUE displayed a reduction of 27.7 and 22.9%, respectively, under
the influence of Cd (Table 5). The p-NUE and p-SUE were highest in the ES-treated
plants under non-stressed conditions, showing increases of 2.1 and 2.4 times, respectively,
compared to the SNP and AS treatments with respect to the control. Generally, in the Cd-
stressed plants, the supplementation of SNP or S sources, individually or in combination,
improved the P-NUE and P-SUE prominently when compared to the Cd-stressed plants.
With the SNP + ES treatment, P-NUE and P-SUE displayed notable increments of 2.3-fold
and 2.2-fold, respectively, compared to the stressed plants (Table 5).

Only the Cd-treated plants showed a small increase in NPT and PC content when
compared to the controls (Table 5). NPT content increased further with SNP, ES, or AS
treatment both in optimal as well as stressed plants compared to the control. However, the
SNP, ES, or AS treatments individually could not increase the PC content in the unstressed
plants. The maximum increase in the NPT and PC content was observed under the collective
treatment of SNP with S sources. In particular, the SNP plus ES treatment led to a maximum
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increase in NPT (2.3 times) and PC (1.9 times) content when compared to the Cd-treated
plants (Table 5).

Table 5. Effect of 100 uM SNP (NO donor) and 200 mg S kg ™! soil of elemental sulfur (ES) or
ammonium sulfate (AS) in the presence or absence of 200 mg Cd kg*1 soil on nitrogen content, NR
activity, photosynthetic-NUE, photosynthetic-SUE, NPT content, and PC content in mustard (Brassica
juncea L. cv. Giriraj). Data are presented as treatment mean + SE (1 = 4). Data followed by the same
letter are not significantly different as determined by LSD test at p < 0.05. Cd, cadmium; DW, dry
weight; FW, fresh weight; NR, nitrate reductase; NPT, non-protein thiol; NUE, nitrogen use efficiency;
PCs, phytochelatins; SNP, sodium nitroprusside; SUE, sulfur use efficiency.

Treatment Nitrogen NR Activity p-NUE p-SUE NPT Content PCs Content
Content
-1
(mg g~1 DW) (urggtl:g;?l% (gm~2) (nmol g~1 FW)
Control 40.2 £+ 2.0f 198.1 +9.9¢g 453 +2.3g 17.7 £ 0.8h 3443 +£17.2g 94.1 + 4.7f
Cd 27.5+1.3g 130.8 + 6.5g 32.6 £ 1.6h 3.09 £ 0.15i 407.5 £ 20.3f 160.6 + 8e
SNP 75.6 £ 3.8a 683.1 £34.1a 39.2 £1.9b 19.9 + 0.95¢ 588.7 £ 29.4e 60.4 £ 3.0g
ES 714 £ 3.6b 581.2 4+ 29.0b 53.7 £2.7a 355+ 1.7a 625.7 £31.2de  55.6 &+ 2.60g
AS 66.9 £ 3.4c 515.3 £25.7¢ 41.7 £2.3b 31.9 £ 1.6b 567.8 £ 28.3e 614 +31g
SNP + Cd 56.6 = 2.8d 3824+ 19.1e 43.5 £ 2.2f 14.2 £ 0.6g 676.4 & 33.8d 250.4 & 12.5d
ES+Cd 49.5 + 2.5e 338.6 & 16.9ef 475+ 2.4e 25.5 + 1.23f 711.6 £ 35.5¢ 294.1 +14.7c
AS+Cd 48.2 £+ 2.4e 332.1 & 16.6ef 38.3 + 1.8f 23.0+11g 621.8 +£31.0de  253.5+12.8d
SNP+ES+Cd 703 +3.5b 577.0 £ 28.8b 41.6 +2.3c 259 £1.2d 974.7 £ 48.7a 415.2 +20.7a
SNP + AS+Cd  64.8 £3.2cd 421.3 £21.1d 39.8 £1.9d 249 £+ 1.2e 833.1 £ 41.6b 321.2 £ 16b

3.7. Confocal Laser Microscopy

Cd-induced HyO, accretion was visualized in the roots of the plants stained with
H,;DCFDA, an indicator for ROS, predominantly H,O,, in cells (Figure 5A-D). H,DCFDA
enters passively inside the cells and, on oxidation with H,O,, the non-fluorescent H,DCFDA
turns into the highly fluorescent 2’,7-dichlorofluorescein (DCF).

From our results, the root cells of the Cd-stressed plants exhibited a higher intensity
of green fluorescence (Figure 5B), while, compared to the Cd-stressed plants, the plants
supplemented with SNP and S sources exhibited a lower intensity of green fluorescence
and were more or less identical to the control plants (Figure 5C,D). Pl is a staining dye that
penetrates damaged cell membranes and stains nucleic acids, which become visible inside
the dead cells as red fluorescent spots. In the current study, the root cells of the Cd-stressed
plants were less viable. However, Cd-induced cell death was reversed by SNP + ES and
SNP + AS application, and the plants exhibited a similar response as that of the control
plants (Figure 5E-H).

3.8. How SNP and/or S Influence Endogenous NO and HS Production

Table 4 shows that the plants grown with Cd displayed a significant reduction in
NO content by 47.4% compared to the control plants. The application of SNP, ES, and
AS increased the endogenous NO content both in the stressed and non-stressed plants,
with the maximum content observed in non-stressed plants in comparison to the control.
Further, the combined application of SNP and ES in the Cd-stressed plants remarkably
increased NO generation; specifically, NO generation was increased by 3.5 times when
compared to only the Cd-treated plants (Table 6).
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Figure 5. Confocal microscopic images of H,O, formation in roots using H,DCFDA staining (A-D)
and cell viability test (E-H) by propidium iodide staining in roots of mustard (Brassica juncea cv.
Giriraj) in control (A,E), in 200 mg Cd kg*1 soil (B,F), in 100 uM of SNP (NO donor) + 200 mg S kg*1
soil of elemental sulfur (ES) in presence of Cd (C,G), and in 100 uM SNP + 200 mg S kg*l soil of
ammonium sulfate (AS) in presence of Cd (D,H) at 30 days after sowing. C, control; Cd, cadmium,;
cv., cultivar; HyDCFDA, 2’,7’-dichlorodihydrofluorescein diacetate; SNP, sodium nitroprusside.

Table 6. Effect of 100 uM SNP (NO donor) and 200 mg S kg*1 soil of elemental sulfur (ES) or
ammonium sulfate (AS) in the presence or absence of 200 mg Cd kg~! soil on NO content, H,S
content, and L-DES activity in mustard (Brassica juncea L. cv. Giriraj) at 30 days after sowing. Data
are presented as treatment mean + SE (n = 4). Data followed by the same letter are not significantly
different as determined by LSD test at p < 0.05. Cd, cadmium; FW, fresh weight; H,S, hydrogen
sulfide; L-DES, L-cysteine dedulfhydrase; NO, nitric oxide; SNP, sodium nitroprusside.

Treatment NO Content H,S Content L-DES Activity
(ug g~ 1 FW) (ug g~ 1 FW) (nmol mg~1 Protein)

Control 3.08 £ 0.15g 2.33 + 0.11f 10.71 4+ 0.53i

Cd 6.67 + 0.33e 5.83 + 0.29¢ 19.82 4+ 0.99¢

SNP 9.56 + 0.47c 452 +0.22d 15.52 + 0.77f

ES 5.62 + 0.28f 412 +£0.21d 14.83 + 0.74fg

AS 5.55 4+ 0.27f 4.08 4= 0.19de 13.65 4 0.68h

SNP + Cd 9.81 4 0.49¢ 7.61 £+ 0.38b 28.61 + 1.43c¢

ES + Cd 8.19 +£0.4d 7.48 £+ 0.34b 24.50 + 1.22d

AS+Cd 8.15 +0.38d 7.44 4+ 0.33b 24.01 +1.2d

SNP + ES + Cd 13.7 £ 0.7a 9.83 + 0.48a 3429 + 1.7a

SNP + AS+Cd 11.6 £+ 0.68b 9.59 + 0.45a 31.520 + 1.57b

The plants” H,S metabolism increased with the application of SNP and S sources by
increasing the endogenous H)S content and activity of L-DES (Table 6). Compared to the
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respective controls, Cd stress induced a 21% increase in H,S content and a 18.4% increase
in L-DES activity. H,S metabolism was found to be highest in the non-stressed plants, and
SNP treatment generated greater responses than ES or AS in comparison to the controls.
The inclusion of SNP, ES, or AS individually in stressed plants showed a slight increase in
H,S and L-DES activity. HpS formation and L-DES activity increased even further under
combined treatment, particularly for the SNP plus ES treatment with Cd, which showed an
increment of 3.5 and 2.0 times, respectively, relative to the Cd-treated plants (Table 6).

3.9. Validation of Role of H,S in SNP plus S-Mediated Response by Inhibiting NO and H,S under
Cd Stress

As a part of the analysis to confirm the potential involvement of H,S in NO and
S uptake (as ES, the most responsive S source) in stress acclimation, HT (H,S synthesis
inhibitor) and cPTIO (NO scavenger) were used (Table 7). The Cd-stressed plants exhibited
a significant reduction in dry weight (40.1%), Py (29.3%), P-SUE (50.2%), and NO content
(49.9%); however, there was a slight increase in endogenous H,S content (36.7%) compared
to the control plants (Table 7). The SNP + ES treatment—even in the presence of Cd—
exhibited maximal increases in dry weight, Py, P-SUE, NO content, and H2S content
compared to the respective control plants. The inclusion of HT and cPTIO significantly
reduced dry weight by 100 and 72.8%, Py by 88.9 and 50.8%, and p-SUE by 85.6 and 33.2%,
respectively, when compared to the control plants (Table 7). From the results, it is clear that
the inhibition of H,S inhibited photosynthesis and growth more prominently even in the
presence of NO. The inhibition of NO using cPTIO had lesser impacts.

Table 7. Effect of 100 uM SNP (NO donor) and 200 mg S kg*1 soil of elemental sulfur (ES) in the
presence of 200 mg Cd kg*1 soil on plant dry weight, net photosynthesis, photosynthetic-SUE, H,S
content, and NO content in mustard (Brassica juncea L. cv. Giriraj) treated with 100 uM hypotaurine
(HT) or 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) at 30 days after
sowing. Data are presented as treatment mean + SE (n = 4). Data followed by the same letter are not
significantly different as determined by LSD test at p < 0.05. FW, fresh weight; H,S, hydrogen sulfide;
NO, nitric oxide; SUE, sulfur use efficiency.

Plant Dry Weight = Net Photosynthesis _ H;S Content NO Content
Treatment (g plant 1) (umol CO, m-25-1) p-SUE (gm~—2) (ug g~ 1 FW) (ug g ' FW)
Control 2.16 + 0.10b 18.01 £ 0.90b 16.85 £ 0.84b 3.92 £0.19f 4.33 £ 0.21f
Cd 1.28 £ 0.06¢ 12.78 £ 0.63c 8.37 £ 041e 5.37 £ 0.26g 6.51 &= 0.32¢g
SNP + ES + Cd 3.05 + 0.15a 26.57 + 1.32a 23.57 £ 1.17a 10.56 £ 0.52a 14.63 £ 0.73e
SNP + ES + Cd + HT 1.08 £ 0.05d 9.53 + 0.47e 9.08 £ 0.45d 1.08 £ 0.05f 2.69 + 0.13d
SNP + ES + Cd + cPTIO  1.25 £ 0.06¢ 11.94 £ 0.6d 12.65 £ 0.63¢ 512 +0.23b 1.65 + 0.08a

3.10. Relationship

A Pearson correlation analysis was conducted to investigate the relationship between
the different variables evaluated in the present study (Figure 6). The Cd concentration
in the roots and leaves showed an emphatically strong correlation with oxidative stress
parameters such as O,°~, HyOy, and TBARS content. The oxidative stress indicators (O,°~,
H,0,, and TBARS content) were negatively correlated (p > 0.05, p > 0.01, and p > 0.001)
with plant dry biomass, leaf area, chlorophyll content, Py;, C;, Rubisco activity, and ETR.
On the other hand, the antioxidants (SOD, APX, GR, GSH, and AsA), NPTs, and PCs
showed a significant (p > 0.05, p > 0.01, and p > 0.001) positive correlation with plant
growth and photosynthetic attributes. Above all, endogenous NO and H,S showed a strong
positive correlation with leaf S content, photosynthetic SUE and NUE, and the enzymes
and metabolites of S and N assimilation. Thus, the correlation depicted a close association
between NO, S, and H,S and plant growth, photosynthesis, antioxidant potential, and N
and S-assimilation under Cd stress (Figure 6).
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Figure 6. Pearson correlation matrix represents correlations at p < 0.05, p < 0.01, and p < 0.001
between different growth, photosynthesis, oxidative stress, antioxidant metabolism, and S and N
metabolism parameters in mustard (Brassica juncea L. cv. Giriraj) treated with 100 uM SNP (NO
donor) and 200 mg S kg_1 soil of elemental sulfur (ES) or ammonium sulfate (AS) in the presence or
absence of 200 mg Cd kg~ !. Scale represents Pearson correlation (r) values that range from —1 to +1.
Net photosynthesis (Pyy), intercellular CO, concentration (Cint), Rubisco activity, reduced glutathione
(GSH), ATP-sulfurylase (ATP-S), O-acetylserine (thiol) lyase (OAS-TL) nitrate reductase (NR), fresh
weight (FW), dry weight (DW), glutathione reductase (GR), non-protein thiols (NPT), nitric oxide
(NO), H,S, hydrogen sulfide; L-DES, L-cysteine dedulfhydrase; ascorbate (AsA), dehydroasorbate
reductase (DHAR), superoxide dismutase (SOD), ascorbate peroxidase (APX), phytochelatins (PCs),
cadmium root (Cd R), cadmium leaf (Cd L), H,O, content, electrolyte leakage (EL), superoxide
content (O,), and thiobarbituric acid reactive substances (TBARS) content.

3.11. Principal Component Analysis (PCA)

A PCA was carried out to determine the degree of data variability and the relationship
between the different treatments and parameters in the B. juncea cultivar Giriraj (Figure 7).
The two components (PC1 and PC2) described 89.3% of the data variability under the
influence of different treatments (Figure 7). PC1, the first component, contributed 59.0%
of the total variation, and the second component, PC2, accounted for 30.3% of the total
variation. The oxidative stress biomarkers such as O,*~, H,O,, and TBARS and were
clustered together with Cd content in the root and leaves. The loading plot showed a
positive relationship between the parameters of plant growth; photosynthesis; chlorophyll
fluorescence; the activity of GR and NR; the content of N, S, and GSH; and P-SUE and P-
NUE (Figure 7). The biplot was divided into three clusters. Plant growth and photosynthetic
attributes were negatively correlated with each other, and antioxidants were in between
them, suggesting their role in mitigating Cd stress. Moreover, endogenous NO and H,S
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PC2 (30.3%)

showed a positive correlation with antioxidants. Among the treatments, Cd was close to
oxidative stress and Cd accumulation, whereas SNP + ES + Cd showed a strong correlation
with antioxidants, indicating the role of the SNP + ES + Cd treatment in mitigating Cd
stress (Figure 7).
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Figure 7. Biplots of principal component analysis (PCA) represent the relationship among different
variables and treatments in mustard (Brassica juncea L. cv. Giriraj) treated with 100 uM SNP (NO
donor) and 200 mg S kg*1 soil of elemental sulfur (ES) or ammonium sulfate (AS) in the presence
or absence of 200 mg Cd kg~! soil. The variables included net photosynthesis (Py), intercellular
CO; concentration (Cint), Rubisco activity, reduced glutathione (GSH), ATP-sulfurylase (ATP-S),
O-acetylserine (thiol) lyase (OAS-TL) nitrate reductase (NR), fresh weight (FW), dry weight (DW),
glutathione reductase (GR), non-protein thiols (NPT), nitric oxide (NO), hydrogen sulfide (H;S),
L-cysteine dedulfhydrase (L-DES), ascorbate (AsA), dehydroasorbate reductase (DHAR), superoxide
dismutase (SOD), ascorbate peroxidase (APX), phytochelatins (PCs), cadmium root (Cd R), cadmium
leaf (Cd L), HyO, content, electrolyte leakage (EL), superoxide content (O;), and thiobarbituric acid
reactive substances (TBARS) content.

4. Discussion

Cadmium is a well-known soil pollutant that harms plants by inhibiting their growth
and photosynthesis owing to the excessive degree of ROS aggregation caused by its pres-
ence [2]. In recent years, studies on the roles of plant growth regulators and mineral
nutrients in managing Cd toxicity have grown exponentially [4,6,9,17]. Both NO and S
play promising roles in synthesizing various metabolites that activate downstream signal
transduction pathways and eradicate Cd toxicity [54,55]. As a sustainable approach, this
study revealed synergism between NO with S that mitigated Cd phytotoxicity in mustard
plants via H,S participation and, thus, modulated various physiological and biochemical
mechanisms associated with Cd tolerance. The combined application of SNP with ES (as
an S source) maximally protected the plants against Cd-induced damage. Many sulfate-
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based fertilizer sources provide SO42~ in a readily available form to crops during their
initial growth, but they are prone to leaching and may not be available at later stages of
growth [56]. Therefore, there is a need for an inexpensive and more responsive source of
S, which can be met by using ES. ES, as an S fertilizer, has higher S content, can stay in
soil for longer periods, and improves plant tolerance to environmental stresses by trans-
forming into volatile sulfur species and reactive sulfur species. On the other hand, when
compared to other NO donors, SNP provides superior NO generation and supplies NO for
a significantly longer period of time [56,57].

The sacrifice of plant growth in response to metal stress is a common phenomenon
during a plant’s life cycle [1]. The accumulation of Cd in plant tissues reduces growth as Cd
interferes with the activity of many enzymes associated with carbon and N assimilation [10].
Hence, minimizing Cd uptake and accumulation is critical for maintaining proper growth
and reducing Cd phytotoxicity in plants. In our study, the reduction in growth after Cd
exposure can be linked to Cd stress, as diminished plant growth in Cd-polluted soils is a
direct measure of Cd toxicity [4]. The maximum plant dry mass and leaf area were recorded
in the plants grown with the combined application of SNP and ES in the presence of Cd
(Figure 1A,B). ES is known to decrease the pH of the soil by microbial oxidation, which leads
to the production of HySO4 [56]. This process precipitates divalent cations such as Cd [57],
and makes sulfate available for plant uptake, which could be one of the reasons for the
higher plant growth observed with ES supplementation through increased S-assimilation
in our study. The growth of plants is largely regulated by the target of rapamycin (TOR)
pathway, which depends on the availability of amino acids, such as Cys, and glucose. The
availability of S regulates plant growth largely by the glucose-TOR signaling pathway [58].
Nitric oxide, on the other hand, is also an efficient growth promoter under various abiotic
stresses, as previously reported in salt stress [30], heat stress [8], Cr stress [12], and Cu
stress [13]. NO shows functional crosstalk with cytokinin and increases plant growth
by enhancing the rate of cell division, cell wall extensibility, and the production of new
tissues [59]. NO-mediated plant growth can also be correlated to an increased antioxidant
response that reverses the inhibitory effect of Cd on plant growth [54]. Additionally, both
NO and ES are involved in the uptake of essential mineral nutrients required for plant
growth [31,54,55,60]. One of the first symptoms of Cd toxicity in plants is the perturbance
of plant-water relations, which causes osmotic stress [1]. Both NO and ES induce the
synthesis of various osmolytes, such as proline and glycine betaine, which improve the
RWC of plants [55]. The enhanced RWC contributes to plant growth through increasing
photosynthesis by enhancing stomatal conductance and the transpiration rate. Thus, NO
and ES are involved in improving plant growth by increasing mineral nutrient acquisition,
reducing cellular ROS content, and regulating the water status of plants under higher
Cd regimes.

Since chloroplasts constitute one of the prime sites of ROS formation, they are com-
monly more sensitive organelles to Cd-induced damage [2]. The modulation of photosyn-
thetic efficacy in response to Cd stress is critical for plant survival, and a plant accepts this
challenge by activating the antioxidant response, which limits the severity of ROS towards
photosynthetic organelles and improves gas exchange attributes, chlorophyll content, and
chlorophyll fluorescence to counter Cd stress. The results pertaining to photosynthesis
showed that photosynthetic (chlorophyll content, Py, C;, g5, and Rubisco activity) and
chlorophyll fluorescence (Fv/Fm, Y (II), and ETR) attributes were severely affected by the
Cd treatment (Tables 2 and 3). Exogenously applied SNP and/or S sources modulated the
Cd-induced inhibition of photosynthetic parameters. A maximum increase in photosynthe-
sis was achieved with the combined treatment of NO plus ES under Cd-stressed conditions
(Tables 2 and 3). The reason for the increased degree of photosynthesis under Cd stress with
ES involves an S-mediated increase in N assimilation that allocates more N to Rubisco and
other enzymes of the Calvin cycle, which is parallel to the results of the study conducted
by Per et al. [55]. NO, on the other hand, regulates stomatal movements, increases Rubisco
activity, maintains PSII integrity, and improves chlorophyll biosynthesis in normal as well
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as stressed conditions [10,12,13,27]. Plants that cannot sufficiently biosynthesize NO exhibit
an increased upregulation of genes associated with chlorophyll degradation, which can
be reversed by exogenous NO application [61]. Both NO and ES lead to an increase in Py
and C; under Cd stress by maintaining gs and thus increasing the activity of the Rubisco
enzyme under Cd stress [54]. The decline in Py may be linked to decreased sub-cellular
gs, which can be reversed after NO and ES supplementation [31]. Thus, the increased
carboxylation in our study is the sum of stomatal and non-stomatal limitations by main-
taining gs and increasing the activity of the Rubisco enzyme. Furthermore, the combined
application of ES and SNP maximized GSH production, which provides a shielding effect
to the photosynthetic apparatus and an important regulatory loop for NO bioactivity via
GSNO formation [62]. Notably, NO and S applications have also shown positive roles in
improving chlorophyll fluorescence parameters such as Fv/Fm, Y (II), and ETR, which
indicates the higher activity of the reaction center under Cd stress [63].

The process of S assimilation ensures an adequate flux of important growth and defen-
sive metabolites that are required for metal detoxification, growth, and photosynthesis [18].
Reduced S absorption or S insufficiency in plants can cause alterations in physiological and
biochemical processes, resulting in a slew of changes in plant growth and photosynthetic
responses [20]. In the present study, the plants grown under Cd-stressed conditions ex-
hibited a significant decrease in the enzymes of S assimilation (ATP-S, OASTL, and GR), S
metabolites (GSH, Cys, NPTs, and PCs), and leaf S content (Tables 3 and 4). However, the
combined treatment of NO + ES generated the maximum increase in the above parameters
in the presence of Cd (Table 3). Both NO and/or S were observed to be effective in enhanc-
ing S assimilation in some previous studies focused on salt stress [31], Cd stress [54,55],
As stress [28], and Cr stress [12]. Elemental S is a slow-releasing S fertilizer with high S
content [57]. Notably, when compared with other S forms, it makes more SO42~ available
in the soil due to microbial oxidation, which could be a reason for the rapid S uptake
resulting in higher S assimilation as reported in our study [60]. NO is known to increase
S assimilation by modulating the activities of enzymes related to S assimilation via the
post-translational modification of Cys residues [64]. This biosynthetic pathway is essential
to plants and cannot be separated from general metabolism because it produces essential
amino acids such as Cys and methionine, which are then used to synthesize a variety of
S metabolites such as GSH, ethylene, NPTs, and PCs that contribute to the biochemical
adaptation mechanisms to metal stress [18]. Cysteine, a product of S assimilation, acts as
precursor for the synthesis of GSH. The enhanced synthesis of GSH and PCs reduces the
bioaccumulation and translocation of Cd in roots and leaves [9]. Despite the fact that B.
juncea is a hyperaccumulator of heavy metals, the toxicity of the Cd 200 mg kg ~! soil was
obvious in the different studied variables. From our results, the plant receiving NO and ES
had a lower degree of TF and Cd accumulation in its roots and shoots, respectively, with
higher content of NPTs and PCs, suggesting the Cd chelation capacity of these metabolites.
The S-assisted reduction in Cd toxicity could be attributed to regulatory mechanisms of
S assimilation towards uptake, translocation, and detoxification, thus establishing metal
homeostasis in the B. juncea plants [20,55]. Moreover, ES is an ideal amendment for reduc-
ing Cd accumulation by reducing its bioavailability in soil and increasing the microbial
activity in Cd-polluted soils [57]. As observed in ES, sulfate must be activated before the S
assimilation process can begin, which is accomplished by ATP-5. A study by Wangeline
et al. [65] showed that overexpression of ATP-S improved the phytoextraction capacity of
B. juncea plants for twelve heavy metals, including Cd. Cys acts as a substrate and branch
point for the biosynthesis of methionine, glucosinolates, camalexin, polyamines (spermine,
spermidine, and putrescine), H,S, and ethylene, which play a broad role in regulating
various plant abiotic stress responses [18,23]. OAS-TL is the precursor enzyme for Cys
biosynthesis that shows enhanced activity in the presence of NO and S [55].

Cysteine forms a connecting link between S and N metabolism, wherein S assimilation
shows a close relationship with N requirement and N metabolism; thus, the availability of
one element affects the other [5,17,24]. Both S and NO have been reported to increase N
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content, NR activity, and N metabolism, which corroborates our results [21,23]. Soil-applied
S increases nutrient uptake, including N [17]. Additionally, a deficiency of S inhibits the
N-assimilatory pathway, as reported in barley plants [66]. As N forms the backbone for
various metabolites of S assimilation, the S assimilation pathway relies on N metabolism
for incorporating an N skeleton into S-containing amino acids and proteins [24]. NR is
the rate-limiting enzyme of N assimilation and plays a key role in NO biosynthesis by
reducing nitrate to NO [67]. A perusal of the relevant data reveals that the application of
NO and ES to Cd-stressed plants enhances NR activity and endogenous NO content, which
is parallel to the results of our study [55]. GSH, via GSNO formation, regulates the activity
of various target enzymes such as NR [68]. The higher levels of S and N assimilation
after NO and ES application in our study can also be substantiated by the corresponding
increased levels of photosynthetic S and NUE (Table 4). The results revealed that the B.
juncea cultivar Giriraj used in this study is also a highly photosynthetic SUE and NUE
cultivar by exhibiting greater inherent S and N assimilation capacity and showing more
responsiveness to NO and ES. Hence, our results imply that S and NO upregulated S- and
N-assimilatory pathways and increased the levels of their metabolites, which played a
prominent role in eradicating Cd-induced stress.

In the present study, oxidative stress parameters (O,*~ and HyO;) and TBARS levels
were found to be increased in the leaves of the Cd-treated plants (Figures 2 and 3). The
altered oxidative stress biomarkers and TBARS levels influenced by Cd may perturb the
membrane capacity for ion exchange, cellular redox homeostasis, and overall cellular
functioning [17]. Reports suggest that NO and ES mediate several antioxidant enzyme
expressions, such as SOD, APX, and GR, that detoxify excess O,°*~ and H,O, and decrease
lipid peroxidation [31,54]. The increase in antioxidants with ES could be related to improved
S assimilation, which increases the pool of S-containing amino acids required for their
biosynthesis [55]. Either exogenous or endogenous NO induces antioxidant expression,
presenting NO as a specific regulator, an anti-stress manager, and a master regulator of
plants under various environmental cues [4]. Since the level of antioxidant formation was
maximal in the combined application of SNP + ES, it has become clear that NO and ES
respond to oxidative stress in a coordinated manner under Cd stress. Additionally, our
results also demonstrated that the SNP + ES supplementation led to an increase in the AsA
and GSH content that kept cellular ROS under check and the cells free from Cd toxicity
via the AsA-GSH pathway (Figure 5C, Table 3). This pathway detoxifies the excessive
concentration of HyO, via APX and forms H;O, and its regenerating systems maintain the
cellular AsA and GSH pools [24]. Importantly, GSH is a product of S assimilation and a
powerful antioxidant that maintains cellular redox homeostasis and quenches excessive
ROS levels under stressed conditions [55,63]. Therefore, SNP + ES-mediated oxidative
stress resilience might be due to the combined function of antioxidants in B. juncea plants.

H,S mitigates the syndromes associated with heavy metal toxicity, such as those
caused by Cd, B, Cu, As, Cr, and Al [5,6,69,70]. Under Cd stress, H,S regulates an array
of plant responses, including stomatal movements, seed germination, root growth, pho-
tosynthetic functions, ROS homeostasis, and underlying signal transduction pathways
for Cd detoxification [6,11,71]. The molecular mechanism of H,S involves the PTMs of
Cys residues of proteins through persulfidation, which regulates the antioxidant system
(GR, SOD, and APX) and other stress-responsive proteins [72]. In the present study, the
endogenous content of HyS was maximal in the plants treated simultaneously with SNP
+ ES under Cd stress (Table 5). The increase may be due to demand-driven enhanced
activities of enzymes of H,S biosynthesis (OAS-TL and L-DES) (Table 5). Cys accumulation
in plant cells is directly linked to H,S biosynthesis and serves as a catabolite during HjS
release [28]. Since ES can supply sulphate for longer periods of time in soil, it is not sur-
prising that under stress, Cys and H,S content were highest with this treatment alone and
in combination with NO. On the other hand, Khan et al. [73] deduced that GSNO (a NO
donor) application improved the activities of HyS-synthesizing enzymes and Cys content,
which maintained Cys homeostasis for the enhanced synthesis of H,S for the proper func-
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tioning of cellular machinery under stressful conditions. However, this effect of NO on H,S
formation was reversed by the application of an NO scavenger (cPTIO), thereby confirming
the involvement of NO as an upstream signal to H,S. Other authors [12,26,63] have also
validated the NO-induced biosynthesis of H,S using the NO scavenger (cPTIO) or H,S
scavenger/inhibitor (HT and PAG) that reduced the activities of H,S biosynthesis enzymes
and H,S content. Both NO and H,S are equally efficient ROS scavengers and act either
directly or indirectly by strengthening the antioxidant system through increasing the levels
of antioxidant enzymes (SOD, APX, and GR), GSH content, and the metabolism of ROS
(H20; and O,°7), and reducing membrane lipid peroxidation by regulating intercellular
responses [11].

H,S biosynthesis and signaling is completely dependent on the availability of S [12].
The availability of sufficient sulfate directly affects the amount of H,S generated [28]. Sulfur
deprivation under stressed conditions in plants can halt the biosynthesis of H,S and plants’
capability to counter stress [26]. Noteworthily, S played an interim regulatory role in NO
and H,S crosstalk to fortify the plants” defense capabilities in order to fight Cd stress in the
current study. Shreds of evidence describe that H,S requires endogenous NO to activate
the Cd detoxification system by mediating signal transduction [12,27]; however, it has not
yet been described how exogenous S amendment functions as an intermediary. Moreover,
the modus operandi of NO and H,S-mediated Cd phytotoxicity regulation is unclear and
requires further investigation. Our findings suggest that an optimal supply of S and NO
under stressed conditions in plants can result in the enhanced production of H,S and that
its crosstalk with NO can help plants counter environmental challenges such as Cd stress. It
can be inferred from our results that NO, S, and H,S work in harmony and play a decisive
role in withstanding and countering Cd toxicity by upregulating antioxidant potential and
PCs formation, which lowers oxidative burden and improves growth and photosynthesis.

The involvement of H,S in NO- and S-mediated stress responses was validated
through the use of the scavengers of NO (cPTIO) and the H;S biosynthesis inhibitor
(HT). The supplementation of cPTIO and HT to plants reduced their dry weights, Py,
and P-SUE, and the reduction was greater in the plants treated with HT, showing the
importance of H,S. The plants grown with SNP plus S and treated with HT exhibited a
greater decrease in photosynthesis and plant dry weight. This suggests the essentiality of
H,S for the maintenance of photosynthesis and growth. In contrast, inhibiting NO with
cPTIO did not maximally inhibit photosynthesis and growth. From the results, it is clear
that the NO- and S-mediated alleviation of Cd toxicity requires the optimization of H,S
generation, wherein H;S acts as a downstream signal in inducing N and S assimilation and
improving the antioxidant potential of mustard plants.

5. Conclusions

In the present study, the NO- and ES-induced endogenous roles of H,S were evaluated
with respect to overcoming the toxic effects of Cd in mustard plants. The cadmium in soil
potentiated its toxicity by suppressing plant growth, photosynthesis, and the antioxidant
capacity of the plants. Together, NO and ES regulate Cd accumulation, growth, photo-
synthetic efficiency, and the antioxidant mechanism of plants by modulating the S and N
metabolism pathways that provide resilience from Cd phytotoxicity. Further, the activities
of L-DES and OAS-TL were increased, Cys content was enriched, and the biosynthesis of
H,S was greatly improved when SNP and ES were given simultaneously. By functioning
as a downstream signal to NO and S, it was discovered that H;S is involved in protecting
plants from Cd-induced stress. It was observed that H,S acted as a downstream signal in
the NO- and S-mediated alleviation of Cd stress in mustard plants. Thus, the triad of NO,
ES, and H;S effectively alleviated the harmful effects of Cd in mustard plants.
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