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Measurement of Photosynthetic Performance and Gas-Exchange Parameters
Gas-exchange measurements were taken on the fully expanded third leaf from each treatment. Net photosynthesis rate (Pn), stomatal conductance (gs), and intercellular CO2 concentration (Ci) were measured with an infrared gas analyzer (CID-340 Portable Photosynthesis System; Bio-Science, Washington, USA). Measurements were performed between 11:00 and 12:00 h under ambient CO2 (~380 ± 5 µmol-1), relative humidity of ~70%, photosynthetically active radiation (PAR) of 780 µmol m -2 s-1, and an air temperature of 28% ℃. Leaf chlorophyll content was estimated using a SPAD chlorophyll meter (SPAD-502 DL PLUS; Konica Minolta, Japan). Chlorophyll fluorescence was recorded with a chlorophyll fluorometer (Junior PAM; Heinz Walz, Germany). Leaves were dark-adapted for 30 min prior to determination of minimum fluorescence (Fo), maximum fluorescence (Fm), variable fluorescence (Fv = Fm - Fo), and the maximal quantum efficiency of photosystem II (Fv/Fm), which was calculated as (Fm – Fo)/Fm. Following dark-adapted measurements, leaves were exposed to actinic light for approximately 10 min to attain a steady-state photosynthetic condition. Subsequently, the photochemical quenching (qP) was recorded across a photosynthetic photon flux density (PPFD) gradient ranging from 0 to 2000 µmol photons m-2 s-1. The effective quantum efficiency of photosystem II (ΦPSII) was estimated using the relationship ΦPSII = (Fm′ - Fs)/Fm′, in which Fs corresponds to the steady-state fluorescence yield and Fm′ denotes the maximum fluorescence in the light-adapted state. Photochemical quenching (qP) was calculated as (Fm - Fm′)/ (Fm′ - Fo).
Determination of Oxidative Stress Markers
The quantity of hydrogen peroxide (H2O2) was measured following extraction from fresh leaf tissue. Approximately 500 mg of leaf material was homogenized in ice-cold 200 Mm perchloric acid (HCLO4) and centrifuged at 12,000 × g for 10min. The collected supernatant was neutralized using 4M KOH and centrifuged again at 500 × g for three minutes to expel residues of insoluble potassium perchlorate residue. 1 mL of the extract eluate, 80 µL of 3- methyl-2-benzothiazoline hydrazone, 400 µL of 12.5 Mm 3-(dimethylamino) benzoic acid prepared in 0.375 M phosphate buffer (pH 6.5), and 20 µL of peroxidase solution (0.25 unit) made up the test combination (1.5 mL total volume). The addition of peroxidase started the reaction and incubated at 25℃. The absorbance increase was subsequently recorded at 590 nm using a spectrophotometer.
Lipid peroxidation was quantified by determining the accumulation of thiobarbituric acid-reactive substances (TBARS). Approximately 500 mg of fresh leaf tissue was thoroughly homogenized in 10% (w/v) trichloroacetic acid (TCA) supplemented with 0.25% (w/v) thiobarbituric acid (TBA). The homogenate was incubated at 95℃ for 30 min to facilitate color development and then rapidly chilled in an ice bath to terminate the reaction. Following centrifugation at 10,000 × g for 10 min, 1 mL of the clarified extract was combined with 4 mL of 20% (w/v) TCA containing 5% (w/v) TBA. The absorbance of the reaction mixture was recorded at 532 nm, and the value obtained at 600 nm was subtracted to eliminate interference arising from non-specific turbidity. TBARS concentration was subsequently calculated using the molar extinction coefficient of 155 mM-1 cm -1.
Localization of H2O2
The in-situ localization of hydrogen peroxide (H2O2) leaf tissues was performed according to the method described by Kumar et al. (2014) with slight modifications. The staining solution was prepared by dissolving 50 mg of 3,3-diaminobenzidine (DAB) in approximately 45 mL of distilled water in an amber-colored bottle. The pH was carefully adjusted to 3.8 using 0.1 N HCL under continuous stirring with a magnetic stirrer, and the final volume was made up to 50 mL to obtain a concentration of 1 mg mL-1.
Lead samples were immersed in the DAB solution and incubated for 5-6 h. Following the appearance of brown precipitated spots indicating H2O2 accumulation, the leaves were transferred to ethanol for chlorophyll removal. The decolorized leaves were then photographed for visual documentation of H2O2 localization.
Determination of Na+ and Cl¯ contents
Na+ and Cl¯ concentrations in root and leaf tissues were determined from plant samples digested with a tri-acid mixture (TAM) consisting of nitric acid, sulfuric acid, and perchloric acid (10:5:4, v/v/v). Ionic constituents were extracted by boiling the digested samples in distilled water for 30 min, followed by filtration. Na+ concentration was measured using a flame photometer (Khera-391, Khera Instruments, New Delhi, India), whereas Cl¯ concentration was quantified by argentometric titration with 0.02 N silver nitrate using 5% potassium chromate (K2CrO4) as the endpoint indicator.
ATP-S activity
(1.0 g) of fresh leaf tissue was processed at 4℃ in an ice-cold extraction medium composed of 20 mM Tris-HCL (pH 8.0), 10 mM Na2 EDTA, 2 mM dithiothreitol (DTT), and polyvinylpyrrolidone (PVP; 0.01 g mL-1). The extraction was carried out using a tissue-to-buffer proportion of 1:4 (w/v). The resulting homogenate was clarified by centrifugation at 20,000 × g for 10 in at 4℃, and the clear supernatant was recovered and used as the enzyme extract for subsequent in vitro analysis of ATP sulfurylase activity.
ATP-S activity was quantified according to the molybdate-dependent production of pyrophosphate. The reaction mixture (0.5 mL total volume) consisted of 5 mM Na2MoO4, 2 mM Na2ATP, 7 mM MgCl2, and sulphate-free inorganic pyrophosphatase (0.032unit mL-1) prepared in 80 mM Tris-HCL buffer (pH 8.0). The reaction was initiated by adding 0.1 mL of enzyme extract. A parallel reaction lacking Na2MoO4 served as the control for each sample. The reaction mixture were incubated at 37℃ for 15 min. Subsequently, the released phosphate was quantified spectrophotometrically at 660 nm, and ATP-S activity was derived from a standard calibration curve generated using accurately prepared concentration of PO43- .
Sulfur content
100 mg of oven-dried leaf powder was placed in a 75 mL digestion tube and treated with a digestion mixture consisting of concentrated HNO3 and HClO4 at a volumetric ratio 85:1. Selenium dioxide (7.5mg) was added to each sample to facilitate complete digestion. The mixture was heated until the digest became transparent and free of visible color, indicating complete mineralization. After cooling, the digest was diluted to a final volume of 75 mL with distilled water and passed through filter paper to remove insoluble silica.
For turbidimetric determination, an aliquot 5.0 mL of the digested sample was quantitatively dispensed into a 25mL volumetric flask. Gum acacia solution (2.5 mL, 0.25%) and 1.0 g of (BaCl2; particle size 40-60 mm sieve) were subsequently introduced, and distilled water was added to reach the calibration mark. The contents were mixed thoroughly to facilitate uniform dispersion and complete dissolution of BaCl2. The suspension was left undisturbed for 2 min to allow full development of turbidity after which absorbance was measured at 415 nm within 10 min. A reagent blank prepared under identical conditions was analyzed concurrently with each batch of samples. Sulphate concentration was estimated using a freshly prepared standard curve generated from known concentration of K2SO4.
Cysteine content
500 mg of fresh leaf tissue by homogenization in chilled 5% (w/v) perchloric acid using an extraction ratio equivalent to 4.0 mL g-1 fresh tissue. The crude extract was clarified by centrifugation at 28,000 × g for 60 min at 5℃, and the resulting supernatant was subsequently passed through Whatman No.1 filter paper to obtain a particle-free filtrate. For cysteine estimation 1.0 mL of the clarified extract was then incubated with acid ninhydrin reagent for color development, and the absorbance of the reaction product was determined spectrophotometrically at 580 nm. Cysteine concentration was quantified using a standard calibration curve prepared with known concentration of cystine ranging from 5 to 20 nmol under identical assay conditions.
Antioxidant Metabolism
SOD
Superoxide dismutase (SOD) activity was determined using 5.0 mL reaction mixture containing HEPES buffer (5 mM; pH 7.6), EDTA (0.1 mM), Na2CO3 (50 mM; pH 10.0), methionine (13 mM), Triton X-100 (0.025%, v/v), nitro blue tetrazolium (63 µmol), riboflavin (1.3 µmol), and the enzyme preparation. Photochemical generation of the reaction was   achieved by illuminating the mixture at a light intensity of 360 µmol m-2 s-1 for 15 min, allowing NBT reduction to proceed. A non-illuminated reaction mixture served as the control for background correction. Enzyme activity was quantified by recording the absorbance at 560 nm. One unit of SOD was defined as the quantity of enzyme capable of producing 50% suppression of NBT.
APX
Ascorbate peroxidase (APX) activity was assayed in a final reaction volume of 1.0 mL comprising 50 mM potassium phosphate buffer (pH 7.0), 0.1 mM EDTA. 0.5 mM ascorbate, 0.1 mM hydrogen peroxidase (H2O2), and an appropriate volume of enzyme extract. Enzymatic activity was quantified by following the decline in absorbance resulting from the oxidation of ascorbate using a spectrophotometer. Activity values were derived using the molar extinction coefficient of 2.8 mM-1 cm-1. One unit of APX activity was expressed as the quantity of enzyme catalyzing the oxidation of 0.1 µmol of ascorbate per minute at 25℃.
GR
Glutathione reductase (GR) activity was quantified using a reaction system with a final volume of 3.0 mL composed of 25 mM phosphate buffer (pH 7.8), 0.5 mM oxidized glutathione (GSSG), 0.2 mM NADPH, and an appropriate amount of enzyme extract. Enzyme activity was evaluated by recording the progressive decline in NADPH absorbance during the reaction. The rate of catalysis was determined using the molar extinction coefficient of 6.2 mM-1 cm-1. One unit of GR activity was expressed as the amount of enzyme capable of oxidizing 1.0 µmol of NADPH per minute at 25℃.
DHAR
Dehydroascorbate reductase (DHAR) activity was quantified following the procedure describes by Foyer et al. (1989) with the formation of reduced ascorbate (AsA)) from dehydroascorbate (DHA) in the presence of glutathione (GSH) serving as the basis of the assay. The reaction was carried out in 0.1 M potassium phosphate buffer (pH 6.2) supplemented with 2 mM GSH and 50-100 µg of protein extract. Enzyme catalysis was initiated by introducing DHA to a final concentration of 1 mM, and the increase in absorbance at 265 nm, corresponding to AsA formation, was recorded spectrophotometrically. DHAR activity was finally expressed as nmol AsA generated g-1 dry weight min-1.
MDHAR
Monodehydroascorbate reductase (MDHAR) activity was quantified using the protocol of Hossain et al. (1984) with appropriate assay conditions. The enzyme assay was performed in a total reaction volume of 700 µL containing 50 mM Tris-HCl buffer (pH 7.5), 0.2 mM NADPH, 2.5 mM ascorbate (AsA), 0.5 unit of ascorbate oxidase, and the enzyme preparation. Catalysis was initiated by introducing ascorbate oxidase into the reaction mixture. The rate of enzyme activity was evaluated from the change in absorbance at 340 nm over a 1-min interval, and activity was calculated using the molar extinction coefficient of 6.2 mM-1 cm-1.
Assessment of Nitrogen (N) Assimilation and Nitrate Reductase (NR) Activity
N content
The procedure of Lindner (1944) was employed to determine the leaf nitrogen (N) content. Briefly a 10 mL aliquot of the digested sample was placed into a 50 mL volumetric flask. 2 mL of 2.5 N sodium hydroxide and 1 mL of 10% sodium silicate were added. Sodium hydroxide was introduced to neutralize the remaining acid while sodium silicate was used to avoid turbidity. Then the solution was diluted to the required volume with deionized water. After that, 5 mL of the diluted extract was placed into a 10 mL graduated test tube and Nessler’s reagent was added (0.5 mL). The volume was adjusted to 10 mL with deionized water and the mixture was allowed to react for 5 minutes. Finally, the absorbance of the solution was measured at 525 nm using a spectrophotometer, and N content was calculated accordingly.
NR
For nitrate reductase (NR) analysis, 1.0 g of fresh leaf tissue was ground to a fine powder using a chilled mortar and pestle and preserved at -80℃ until enzyme extraction. Before analysis, the frozen material was allowed to equilibrate at 4℃ for 10 min and subsequently extracted with 250 mM Tris-HCL buffer (pH 8.5) supplemented with 10 mM cysteine, 1 mM EDTA, 20 mM FAD, 1 mM dithiothreitol (DDT), and 10% (v/v) glycerol. The crude extract was clarified by centrifugation at 10,000 × g for 30 min at 4℃, and the clear supernatant served at the enzyme preparation for subsequent assays, The enzyme assay was carried out in a final volume of 1.5 mL containing 10 mM KNO3, 0.065 M HEPES buffer (pH 7.0), 0.5 mM NADH dissolved in 0.04 M phosphate buffer (pH 7.2), and the extracted enzyme solution. Catalytic activity was initiated by introducing NADH, and the reaction was maintained for 15 min under the assay conditions, Enzyme activity was terminated by sequential addition of 1.0 mL of 1 N HCL containing 1% sulfanilamide followed by 1.0 mL of 0.02% aqueous N-1-napthylethylenediamine dihydrochloride (NED). After 10 min, absorbance was measured spectrophotometrically at 540 nm.
Evaluation of proline metabolism and its metabolic enzymes.
Proline
Proline concentration was determined following the method of Bates et al. (1973). Briefly, 1.0 g of fresh leaf tissue was homogenized in 10 mL 0f 3% sulfosalicylic acid and the homogenate was filtered. An aliquot of the filtrate was reacted with 4 mL of acid ninhydrin and 4 mL of glacial acetic acid, incubated in a water bath at 100℃ for 1 hour, then rapidly chilled on ice. The chromophore was extracted into toluene and the absorbance of the upper organic phase was recorded at 520 nm. Proline content was quantified against an L-proline standard for quantification.
Activities of P5CS, GK and PROX
Pyrroline-5-carboxylate synthetase (P5CS) activity was assayed indirectly by measuring its γ-glutamyl kinase (GK) activity, following the method of Hayzer and Leisinger (1980). The reaction mixture contained L-glutamate (50 mM), ATP (10 mM), MgCl₂ (20 mM), hydroxylamine-HCl (100 mM), and Tris-HCl buffer (50 mM, pH 7.0). The mixture was incubated at 37 °C for 30 min, after which the reaction was terminated by addition of FeCl₃–trichloroacetic acid reagent.
Under these conditions, glutamate is phosphorylated by ATP in the presence of Mg²⁺, and the resulting γ-glutamyl phosphate intermediate is trapped by hydroxylamine to form γ-glutamyl hydroxamate, which develops a reddish-brown color with Fe³⁺. This color complex was measured spectrophotometrically at 535 nm, and both P5CS and γ-glutamyl kinase activity were calculated from the amount of γ-glutamyl hydroxamate formed, using its molar extinction coefficient (250 L mol⁻¹ cm⁻¹).
Proline oxidase (PROX) activities, enzyme extracts were prepared by homogenizing 500 mg of fresh leaf tissue in 0.1 M Tris-HCl buffer (pH 7.5) at 4 ℃. The homogenate was centrifuged at 30,000 × g for 30 min, and the resulting pellet was collected for subsequent GK and PROX assay. For GK analysis, the pellet stored at 20 ℃ until use.
PROX activity was assayed according to the method of Huang and Cavalieri (1979) with slight modifications. The pellet was resuspended in 1 mL of Tricine-KOH buffer (pH 7.5) containing 6 M sucrose and used as the enzyme extract. The assay mixture (final volume 3 mL) consisted of 1.2 mL of 50 mM Tris-HCl buffer (pH 8.5), 1.2 mL of 5 mM MgCl2, 0.1 mL of 0.5 mM NADP, 0.1 mL of 1 mM KCN, 0.1 mL of 1 mM phenazine methosulfate (PMS), 0.1 mL of 0.06 mM 2,6-dichlorophenol indophenol (DCPIP), and 0.1 mL of 0.1 M proline. The reaction was initiated by the addition of proline, and the increase in absorbance was monitored at 600 nm at 25 ℃. PROX activity was expressed as U mg-1 protein, where one unit (U) was defined as the reduction of 1 mM DCPIP min-1mg-1 protein.

	Table S1 Chlorophyll content (SPAD value), stomatal conductance, net photosynthesis, intercellular CO2, leaf area, plant dry weight, content of H2O2, and thiobarbituric acid reactive substance (TBARS) of mustard (Brassica juncea L. cv. Pioneer-45S46) grown with 0, 50, 100, 200 or 300 mg nS kg⁻¹ soil (nano-sulfur). 

	Treatment (mg nS kg⁻¹soil)
	Chlorophyll content (SPAD value)
	Stomatal conductance (mmol CO2 m⁻² s⁻¹)
	Net photosynthesis (μmol CO2 m⁻² s⁻¹)
	Intercellular CO2 conc. (μmol CO2 mol−1)
	Leaf area (cm2 plant-1)
	Plant dry weight (g plant-1)
	H2O2 content (nmol g−1FW)
	TBARS content (nmol g−1FW)

	0
	33.6 ± 1.2d
	316 ± 12.04c
	17.1 ± 0.65c
	218 ± 8.30d
	119.8 ± 4.56d
	1.82 ± 0.06d
	14.4 ± 0.54a
	5.6 ± 0.21a

	50
	42.3 ± 1.6c
	360 ± 13.72b
	19.6 ± 0.74c
	261 ± 9.94bc
	162.5 ± 6.19bc
	2.01 ± 0.07bc
	8.2 ± 0.31c
	4.5 ± 0.17bc

	100
	46.8 ± 1.7b
	366 ± 13.95b
	22.1 ± 0.84b
	272 ± 10.36b
	167.1 ± 6.36ab
	2.12 ± 0.08b
	7.5 ± 0.28cd
	3.5 ± 0.13c

	200
	51.4 ± 1.9a
	375 ± 14.29a
	26.2 ± 0.99a
	283 ± 10.78a
	174.4 ± 6.64a
	2.21 ± 0.08a
	6.8 ± 0.25d
	2.5 ± 0.09d

	300
	40.1 ± 1.5bc
	356 ± 13.57b
	18.3 ± 0.69cd
	253 ± 9.64c
	154.2 ± 5.87c
	1.97 ± 0.07c
	12.3 ± 0.46b
	4.9 ± 0.18b


Data are presented as means ± SE (n=4). Data followed by same letter are not significantly different by LSD test at p < 0.05.
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