


Analysis of the effects of Cadmium-induced oxidative stress on Brassica juncea plantations 
Abstract: - Increased contaminants and greater enriched ratios of not essential toxic substances such as cadmium (Cd) cause a variety of harmful responses in plants. The impacts on growth and development responses are genotypes and Cd-dependent. A research study was done to investigate the effects of Cadmium toxicity in Brassica juncea by selecting its five different varieties RH-725 (V1), 45S46 (V2), PM-25 (V3), PM-31 (V4) and PM-33 (V5) exposed to four different concentration of cadmium (0.5, 1, 1.5 or 2 mg). In the present study, we proved the effect of cadmium on cultivars' morphological parameter such as: root length and shoot length, photosynthetic pigments like chlorophyll-a, chlorophyll-b and total chlorophyll and physiological growth including superoxide dismutase, ascorbate peroxidase and glutathione reductase. A reduction in the plant length, chlorophyll content and SOD content was observed with 2mg Cd in all cultivars; however significant rise in APX activity and GR contents was noted. Our findings demonstrate that cultivar PM-25 is more resistant to Cd stress, with longer plant length, a greater net photosynthetic rate and increased antioxidant activity. The five mustard cultivars were graded according to their resistance to Cd: PM-25 (V3) > 45S46 (V2) > RH-725 (V1) > PM-33 (V5) > PM-31 (V4).  
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1. Introduction: -
The massive rise in urbanisation and widespread industrialization has resulted in the release of very dangerous levels of heavy metals, as well as many other hazardous components into the environment, whether inorganic or organic (Fulke, et. al., 2024). Heavy metals (HMs) such as Cr, Ni and Cd exposure in the environment could result in persistence, bio-magnification and toxicity in the food chain (Jalali and Karimi Mojahed, 2020). The majority of heavy metals have a negative impact on physiological functions including photosynthesis, and water transport in plants (Balzano et. al., 2020). Plants exhibit a variety of symptoms under HM stress, including root browning, chlorosis, and reduced height. HMs dramatically boosted the production of reactive oxygen species (ROS) after interacting with proteins and enzyme complexes causing oxidative stress (Faizan, et. al., 2023). Higher congestion of HMs causes acute toxicity, growth inhibition and eventually plant death (Dinu, et. al., 2021). 
Cadmium (Cd) is a heavy metal that is frequently utilized in numerous industrial processes, including electroplating, dyes, batteries, and fertilizers (Kumar et al., 2021). It is the fifth harmful metal for vertebrates and fourth most hazardous metal to vascular plants.  The disposal of city waste, Cd-containing fertilizers and sewage sludge increases the Cd content in soils and water (Koupaie, H. and eskicioglu, 2015). Cd is not a necessary element for plants; it plays no physiological role in plants and is considered severely poisonous even at low quantities 0.04mM (El Rasafi, et. al., 2020). It causes oxidative stress in plants, resulting in DNA damage, photosynthetic apparatus inhibition and protein denaturalization. It hinders the development of seeds and significantly reduces root and shoot growth (Małkowski et al., 2020). Cd exposure increases ROS production in plants. In responses to this oxidant burst, various enzymatic (Catalase, superoxide dismutase, ascorbate peroxidase and glutathione reductase) systems are stimulated in plants to scavenge these ROS molecules (Chowardhara, B. et. al., 2020). Cd-induced effects in aerial tissues are visible as wilting, chlorosis and changes in leaf orientation, all of which are caused by the suppression of chlorophyll production (Berni et al., 2019).
The species Brassica juncea belonging to the Brassicaceae family, a major oilseed crop that has been shown to tolerate significant amounts of Cd (Bashir, H. et. al., 2015). The oil of mustard is one of India's most popular culinary oils, and it also has significant therapeutic properties. The residual seed is utilized as livestock feed and fertilizer. As a rapidly expanding plant, it yields high biomass even in heavy metal-polluted conditions (Ahmad, P. et. al., 2015). It is widely grown in UP, Rajasthan, MP, Gujarat and Haryana. The crop can be grown successfully in irrigated and rain-fed circumstances. Mustard is grown largely in temperate areas. It is also cultivated as a cold winter crop in some tropical and subtropical locations. Indian mustard can endure 500 to 4200 mm of annual rainfall, temperatures ranging from 6 to 27°C, and a pH levels between 4.3 and 8.3 (Shekhawat, K. et. al., 2012). It requires well-drained sandy loam soil. Mustard needs around 240-400 mm of water, which makes it ideal for rain-fed cropping systems (Ahmad, P. et. al., 2015). 
Indian mustard can extract, sequester, or detoxify heavy metals from polluted soils. The factors, such as biomass of plant, addition of organic materials, inclusion of legumes in the cropping system and intercropping promote phyto-extraction through mustard by stimulating soil metal dissolution and growth (Rathore, S.S. et. al., 2019). Brassicaceae is a known family containing almost eighty Brassica spp. as metal hyper-accumulators, including Alyssum murale, Thlaspi rotundifolium, Dicoma niccolifera and Thalspi caerulescens for particular HMs uptake, such as Ni, Zn, Cr, Cd, and Pb (Ansari, M.K. et. al., 2015). Mustard plant cells contain enzymatic systems that remove or minimize damage from oxidation induced by heavy metal accumulation. These defensive enzymes are catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase (GPX), glutathione reductase (GR) and superoxide dismutases (SOD) (Mani, D. et. al., 2013).
Metal hyper-accumulator plants can reduce the toxicity of HMs by synthesizing phytochelatins (Ghuage, et. al., 2023). The B. juncea cultivars could be classified as sensitive or resistant depending on their sensitivities to Cd toxicity (Ahmad, P. et. al., 2015). Keeping these aspects in mind the current study to investigate the impact of cadmium stress on the morphological and physiological parameter of mustard plant. We selected five high yielding mustard cultivars named as: RH-725 (V1), 45S46 (V2), PM-25 (V3), PM-31 (V4) and PM-33 (V5). Our investigation provides an in-depth overview of morphological, physiological and biochemical alterations caused by Cd toxicity in five cultivated genotypes during germination and early seedling stages. 	                 
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Fig.1: Germinating seedlings of mustard: A. Seeds were sown in petri-dishes. B. Seedlings were transferred into germinating sheets on seventh day of sowing. C. Germinating sheets were placed in Cadmium solution. D. Seedlings of different cultivars under Cd treatment.
2. Material and methods: -
2.1 Plant material and sowing of seeds: -
The seedlings of five cultivars of B. juncea L., RH725 (V1), 45S46 (V2), PM-25 (V3), PM-31 (V4) and PM-33 (V5) were obtained from Indian Agricultural Research Institute (IARI), New Delhi. Ten seeds were sown in each petri-dish at four different concentration of cadmium chloride (CdCl2) and a control (with no treatment) as shown in Table-1. 
	S.No
	Cd-treatment
	No. of seeds per dishes

	1
	0 (Control)
	10

	2
	0.5mg
	10

	3
	1mg
	10

	4
	1.5mg
	10

	5
	2mg
	10


                                                   Table-1: Different treatment groups
2.2 Seed Germination and Seedling Growth: -
Seeds were surface sterilized for 5 minutes with a 1% sodium hypochlorite solution before being thoroughly washed with distilled water. Seed germination was analysed in petri-dishes at third day of sowing. After germination, seedlings were transferred to the germinating sheets on seventh day. 
2.3 Morphological Parameter Measurement: -
Root length and Shoot length were measured at third, fifth and seventh day of treatment.  Root lengths and Shoot height was measured from the base of the stem to the apical bud using a ruler. 
2.4 Photosynthetic Pigment Analysis: -
The Arnon (1949) method was used to determine the amount of chlorophyll a, chlorophyll b, and total chlorophyll. Leaf samples were taken from each treatment group, and pigments were extracted using 80% acetone. Absorbance readings were taken at 663, 645 and 670nm wavelengths using a spectrophotometer (Chahid et al., 2015).
2.5 Plant extracts preparation: -
Fresh leaf tissues (200mg) were homogenized with a cold mortar and pestle in an extraction buffer comprising lOOmM K-phosphate buffer (pH 7.0), 0.5% Triton X-100, and 1% polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 15,000x g for 20 minutes at 4 °C. The enzyme extract had been used to detect ascorbate peroxidase, glutathione reductase and superoxide dismutase.
2.6 Determination of superoxide dismutase: -
The superoxide dismutase (SOD) activity was evaluated using the Dhindsa et al. (1981) procedure. The assay mixture, consisting of 1.5ml, 0.1M K phosphate buffer (pH 7.8), 0.2ml of methionine, 0.1ml of enzyme extract with equal amount of IM NaCo, 2.25mM NBT solution, 3mM EDTA, 60µM riboflavin, and 1.0ml of deionized water, was taken in test tubes and incubated under the light of a 15W inflorescent lamp for 10 minutes at 25°C. The samples' absorbance was measured at 560 nm.
2.7 Ascorbate peroxidase activity: -
The activity of ascorbate peroxidase (APX) was determined using the method developed by Nakano and Asada (1981). For ascorbate peroxidase, the extraction buffer was added with 2mM ascorbate. Ascorbate peroxidase activity was evaluated by measuring the decrease in absorbance of ascorbate at 290nm caused by enzymatic breakdown. 1.0ml of 50mM K-phosphate buffer (pH 7.2) included 0.5mM ascorbate, 0.1mM H2O2, 0.1mM EDTA, and 0.1ml enzyme extract. The reaction was allowed to proceed for 5 minutes at 25°C. 
2.8 Glutathione reductase: -
The Glutathione reductase (GR) method was adapted from Foyer and Halliwell (1976). The reaction mixture included 50 mM K-phosphate buffer (pH 7.6) (1.45 mL), 3 mM EDTA (0.3 mL), 0.1 mM NADPH (0.3 mL), 1 mM oxidized glutathione (0.3 mL), and 150 µL of enzyme extract. The absorbance was measured at 340 nm. 
2.9 Statistical Analysis: -
Analysis of variance was used to find significant differences between treatments and varieties. Tukey's HSD test was used to compare means at a p-value < 0.05 level. Statistical analyses were carried out with the appropriate statistical software, Graph Pad Prism 10.

3. Results: -	
3.1 Effect of CdCl2 on plant growth parameters: -
The results reveal that regardless of the dose, Cd substantially hampers germination and retards early seedling growth in mustard cultivars. Significant decreases in viability of seeds were seen with the increase in doses of CdCl2 in all five varieties of mustard (RH-725, 45S46, PM-25, PM-31 and PM-33) as shown in Fig-2. During the initial stage of germination there was slow decrease in the germination rate in comparison to the control however, eventually a rapid decrease in germination was seen in PM-31 and PM-33 varieties, while it still remained low when the concentration was further increased. The maximum germination rate was observed in PM-25 under Cd stress while the least rate of germination was counted at PM-31 cultivar. While amongst the five varieties PM-25 showed the highest germination of about 95 per cent at 0.5mg CdCl2, 80 per cent at 1mg CdCl2, 60 per cent at 1.5mg and 55 per cent at 2mg CdCl2 concentration which was followed by RH-725 and 45S46 with 80 per cent of germination rate and PM-31 or PM-33 with least germination of 60 per cent at different concentration of CdCl2. The overall findings on germination demonstrated that the effect of CdCl2 on seed germination was dosage and variety contingent, i.e. the germination decreased with higher level of CdCl2 above threshold. PM-25 reduced seedling growth less than RH-725, 45S46, PM-31 and PM-33.





   
Fig. 2: Effect of different concentration of CdCl2 on seed germination of mustard cultivars (RH-725, 45S46, PM-25, PM-31 and PM-33) on 3rd day of sowing. The values are shown as Mean ± SE (n=3). Tukey's multiple comparison tests indicated a significant difference at p < 0.05. 
3.2 Morphological parameters: - Raising the concentration of CdCl2 in the soil detrimental effect on the growth of plants in all five varieties. The growth characteristics like root length and shoot length, were maximally reduced with increasing concentration of CdCl2 in all five varieties of mustard (Table-1 and 2). The maximum root and shoot length was observed to be 6.5, 15.3 and 22.3cm and 4.5, 9.5 and 14.4cm in PM-25 variety at intervals of time third, fifth and seventh day of germination which was followed by control and it continuously decreased with increasing concentration of CdCl2 and the least growth was seen in PM-33. A change in the length of shoot and root was seen upon exposure to cadmium chloride. 
1. Root length: -
	CdCl2 concentration
	Varieties
	3rd day
	5th day
	7th day

	0 (Control)
	RH-725
	5.4±3.067**
	10.2±1.476*
	17.2±2.872*

	0.5mg
	,,
	4.6±1.607**
	9.5±0.089**
	14.3±3.672**

	1mg
	,,
	4.1±0.391**
	8.9±1.748*
	12.7±1.763***

	1.5mg
	,,
	3.6±1.789*
	7.3±2.008**
	9.6±2.034**

	2mg
	,,
	3.1±1.083**
	6.5±1.936*
	8.2±2.136**

	0 (Control)
	45S46
	6.3±3.250*
	13.1±3.928**
	20.5±4.761*

	0.5mg
	,,
	5.8±2.022*
	11.4±1.965**
	17.2±1.622*

	1mg
	,,
	5.2±1.906**
	10.7±2.456**
	16.4±1.768***

	1.5mg
	,,
	4.7±2.739***
	9.3±3.021**
	14.7±2.458**

	2mg
	,,
	3.9±3.928**
	8.2±2.561*
	13.6±1.326*

	0 (Control)
	PM-25
	6.5±0.505*
	15.3±2.267*
	22.3±2.256*

	0.5mg
	,,
	6.1±2.028**
	13.6±3.148*
	19.5±1.649***

	1mg
	,,
	5.5±1.522**
	12.5±2.684*
	18.1±2.065**

	1.5mg
	,,
	4.9±1.823***
	10.8±1.328**
	17.4±2.685**

	2mg
	,,
	4.1±2.267**
	10.1±0.867**
	15.5±1.731*

	0 (Control)
	PM-31
	4.1±2.361**
	9.6±2.871*
	15.8±3.651**

	0.5mg
	,,
	3.6±1.161***
	9.1±2.006***
	14.3±0.890**

	1mg
	,,
	3.1±2.865*
	8.3±1.976**
	13.6±3.541*

	1.5mg
	,,
	2.8±1.200**
	7.5±2.582***
	11.9±2.971**

	2mg
	,,
	2.3±1.704*
	6.9±2.009**
	10.1±1.541*

	0 (Control)
	PM-33
	3.8±1.428*
	8.5±0.968**
	13.1±1.278*

	0.5mg
	,,
	3.2±1.983***
	7.9±2.578**
	12.7±1.833**

	1mg
	,,
	2.9±2.698*
	7.2±3.441**
	11.5±0.931**

	1.5mg
	,,
	2.5±3.421**
	6.7±2.812*
	10.1±1.468***

	2mg
	,,
	1.9±1.261**
	6.1±2.057**
	9.5±1.298**



[bookmark: OLE_LINK2]Table-2: Effect of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2mg) on root length (RL), of five mustard cultivars at 3rd, 5th and 7th day of germination. The values are shown as Mean ± SE (n=3). Tukey's multiple comparison tests indicated a significant difference at p < 0.05. *, **, and *** indicate significant values (p < 0.05, 0.01, and 0.001, respectively).
2. Shoot length: -
	CdCl2 concentration
	Varieties
	3rd day
	5th day
	7th day

	0 (Control)
	RH-725
	3.9±2.511**
	9.2±1.139*
	13.9±1.621*

	0.5mg
	,,
	3.6±1.633***
	8.9±3.866**
	13.4±2.346**

	1mg
	,,
	3.1±2.772**
	8.5±1.094*
	12.8±1.876*

	1.5mg
	,,
	2.8±1.450*
	8.1±2.589**
	12.3±1.478**

	2mg
	,,
	2.5±3.683**
	7.7±2.028***
	11.8±1.983*

	0 (Control)
	45S46
	3.8±0.872*
	8.8±2.034**
	13.5±1.685*

	0.5mg
	,,
	3.4±1.678***
	8.3±3.667***
	12.9±1.425**

	1mg
	,,
	2.9±1.822*
	7.7±2.146*
	12.3±1.567**

	1.5mg
	,,
	2.6±1.965*
	7.2±1.956**
	11.9±1.248**

	2mg
	,,
	2.2±2.745**
	6.9±2.102*
	11.6±1.245**

	0 (Control)
	PM-25
	4.9±1.172**
	9.5±2.528**
	14.4±3.278**

	0.5mg
	,,
	4.4±2.133*
	9.1±2.796*
	13.7±1.156**

	1mg
	,,
	3.8±2.956***
	8.6±1.189**
	13.1±3.175*

	1.5mg
	,,
	3.3±1.144**
	8.1±2.035**
	12.5±1.085**

	2mg
	,,
	2.9±1.193*
	7.5±1.185**
	11.4±0.932*

	0 (Control)
	PM-31
	3.7±1.094**
	7.9±2.769*
	9.7±4.882*

	0.5mg
	,,
	3.3±2.881*
	7.4±3.045***
	8.5±4.657**

	1mg
	,,
	2.9±1.789*
	6.8±2.755**
	7.8±3.652**

	1.5mg
	,,
	2.6±3.728***
	5.3±2.381**
	7.1±1.973**

	2mg
	,,
	2.3±1.939**
	4.8±2.565*
	6.7±2.034**

	0 (Control)
	PM-33
	3.4±1.288*
	7.1±2.538**
	9.2±3.189*

	0.5mg
	,,
	2.8±1.911*
	5.2±1.472**
	7.4±2.550**

	1mg
	,,
	2.4±1.961**
	4.7±0.593**
	6.8±2.037*

	1.5mg
	,,
	2.1±0.683**
	3.9±1.278***
	5.3±1.794**

	2mg
	,,
	1.6±2.639**
	3.2±1.069*
	4.7±2.231*



Table-3: Effect of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2mg) on shoot length (SL), of five mustard cultivars at 3rd, 5th and 7th day of germination. The values are shown as Mean ± SE (n=3). Tukey's multiple comparison tests indicated a significant difference at p < 0.05. *, **, and *** indicate significant values (p < 0.05, 0.01, and 0.001, respectively).
3.3 Effect on photosynthetic pigments:
The impact of CdCl2 on chlorophyll a, chlorophyll b and total chlorophyll was investigated in selected varieties of mustard seedlings after fifteenth, thirty and forty fifth day of germination as shown in the Fig.3, 4 and 5. On initial exposure to CdCl2 the content of photosynthetic pigments chlorophyll a and b was found to decrease at regular interval in all five varieties. The chlorophyll a was observed 6.39, 5.66, 7.82, 3.82, 3.56 mg g1 FW and chlorophyll b was seen 14.21, 7.21, 6.88, 6.41, 6.11 mg g1 FW in RH-725, 45S46, PM-25, PM-31 and PM-33. The response of total chlorophyll on CdCl2 exposure dependent upon the concentration used. The level of total chlorophyll in PM-25 is 25.6, 32.4 and 35.6 which showed the maximum tolerant in low level of CdCl2 (Fig.4). Seedlings of various cultivars were exposed to high concentrations of CdCl2 on the 45th day of germination showed a drop in chlorophyll content when the dosage was increased to 1.5 and 2 mg in all five types. 


  


      


Fig.3: The effect of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2 mg) on chlorophyll a content on five varieties of mustard plantlets (RH-725, 45S46, PM-25, PM-31 and PM-33) after 15th, 30th and 45th day of germination. The values are shown as Mean ± SE (n=3). Tukey's multiple comparison tests showed a significant difference (p < 0.05). 








Fig.4: Effect of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2 mg) on chlorophyll b content on five varieties of mustard plantlets (RH-725, 45S46, PM-25, PM-31 and PM-33) after 15th, 30th and 45th day of germination. Values are reported as Mean ± SE (n=3). Significant difference at p<0.05 was identified by tukey’s multiple comparison test. 





   


Fig.5: Impact of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2 mg) on total chlorophyll, on five varieties of mustard plantlets (RH-725, 45S46, PM-25, PM-31 and PM-33) after 15th, 30th and 45th day of germination. The values are shown as Mean ± SE (n=3). Tukey's multiple comparison tests showed a significant difference (p < 0.05). 
3.4 Physiological parameters:
Cadmium stress caused significant modifications in the antioxidant defence mechanism of mustard plants. Exposing mustard plants to elevated levels of CdCl2 resulted in a significant increase (p≤0.05) in antioxidant enzyme activity (APX, GR and SOD).
Cadmium stress produces reactive oxygen species (ROS), and plants have a well-developed defence system against ROS. Superoxide dismutase (SOD) acts as the initial stage of defence towards ROS. The SOD activities ascended in all the varieties with the concentration (0.5mg, 1mg, 1.5mg and 2mg) at fifteen, thirty and forty fifth day after sowing (DAS) (Fig.6). A progressive decrease in SOD activity was observed depending on concentration of CdCl2 up to 1.5mg, however when concentration was further increased SOD was decreases. Cultivars of PM-31, PM-33 and RH-725 showed decreased SOD activity with the treatment 1.5mg above 2mg for the entire experimentation period, except the cultivars PM-25 and 45S46. The maximum reduction in the SOD activity was seen in the cultivars PM-31 and PM-33 respectively, while least decrease in the cultivar PM-25, followed by RH-725 and 45S46 over respective controls. 


  





Fig.6: Impact of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2mg) on superoxide dismutase level on five varieties of mustard plantlets (RH-725, 45S46, PM-25, PM-31 and PM-33) after 15th, 30th and 45th day of germination. The bars show the mean value of three independent replicates and a significant difference (p≤0.05) as demonstrated by one-way ANOVA with Least Significant Difference (LSD) and followed by Tukey’s test. 
When plants undergo exposure to cadmium chloride, they produce more free radicals which cause oxidative damage to their cells. Ascorbate peroxidase (APX) reactions play a direct role in protecting plant cells from harsh conditions. APX activities were enhanced in all the cultivars with the treatments 0.5 and 1mg at all the periods studied (Fig.7). The cultivar PM-25 had the highest increase in APX activity, followed by 45S46, while the cultivar PM-31 had the lowest increase compared to the corresponding controls. 


    





Fig.7: Effect of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2mg) on ascorbate peroxidase level on five varieties of mustard plantlets (RH-725, 45S46, PM-25, PM-31 and PM-33) after 15th, 30th and 45th day of germination. The bars show the mean value of three independent replicates and a significant difference (p≤0.05) as demonstrated by one-way ANOVA with Least Significant Difference (LSD) and followed by Tukey’s test. 
Due to overproduction of ROS glutathione protects plant cells from cadmium toxicity by directly quenching ROS and acting as a precursor for the formation of phytochelatins (PCs). Glutathione reductase (GR) activity were continued to increase significantly under Cd exposure in B.juncea L. cultivars (Fig.8). The rise in GR activity varied from 12 to 35%, 14–36% and16–37% with the treatments 0.5mg at fifteen, thirty and forty fifth DAS, respectively with an elevated in PM-25 and low level in PM-31. In PM-31 and PM-33, the GR activity decreased with the progressive raised concentration of Cd at fifteen, thirty and forty fifth DAS, respectively over their respective controls. 





  


Fig.8: Effect of different concentration of CdCl2 (0, 0.5, 1, 1.5 and 2mg) on glutathione reductase level on five varieties of mustard plantlets (RH-725, 45S46, PM-25, PM-31 and PM-33) after 15th, 30th and 45th day of germination. The bars show the mean value of three independent replicates and a significant difference (p≤0.05) as demonstrated by one-way ANOVA with Least Significant Difference and followed by Tukey’s test. 
4. Discussion: -
Plant genotypes differ in their capacity to absorb and transfer soil-amended Cd from roots to shoots (Meng, et. al., 2012). In our current work, we evaluated genotypic variability among Brassica juncea L. cultivars in terms of differential tolerance to the different concentrations of Cd stress. The Cd-stress was found to possess a negative effect on plant growth and metabolism in all B. juncea cultivars. The most prevalent effects of Cd poisoning in plants include leaf chlorosis, stunted development and changes in the function of numerous important enzymes involved in diverse metabolic pathways (Berni, R. et. al., 2019). In the experiments we conducted, plant height and biomass reduced with Cd treatments, which is consistent with previous research on Cd-induced impacts. The negative impact of Cd on plant height was more noticeable in seedlings of cultivar PM-31 (V4) and less in PM-25 (V3). 
Previous studies indicated that the considerable decrease in root length with the progressive increase of CdCl2 concentrations (Singh, P. K. et. al., 2024). These findings are comparable with the results reported by Waheed et al. in 2022, who found that heavy metal deposition in Eruca sativa leaves leads to impaired root and shoot growth. Our results also demonstrated that when plants were subjected to higher cadmium concentrations in mustard cultivars, there was a significant decrease in shoot and root length. Roots are more impacted than other plant organs because they come into direct touch with heavy metals.
[bookmark: bbib0002]Chlorophylls have been recognized to be crucial components of chloroplast pigment systems, which directly influence plant growth and development (Aysin et. al., 2020). Chlorophyll content was significantly reduced in PM-31 compared to RH-725, 45S46, PM-25 and PM-33. Heavy metal stress may accelerate chlorophyll degradation and block enzymes involved in chlorophyll biosynthesis, leading to a decrease in chlorophyll concentration (Xue, J. et. al., 2024). Similarly, Qadir et al. (2014) found that cadmium (Cd) has a detrimental impact on photosynthetic rates, nutrient transport, and increases radical production, potentially harming plant health. Heavy metal starts disturbing plant growth including altered water and nutrient balance and a loss in many active enzymes and chlorophyll. However, the present study investigated that cadmium consequently decreases in chlorophyll content. Previous studies has evidenced that higher concentrations of Cd altered plant physiology and metabolomics, including lower biomass and photosynthetic characteristics (Wang, J. et. al., 2024). 
[bookmark: bbib0063][bookmark: bbib0047][bookmark: bbib0026]Heavy metal stress frequently stimulates the build-up of ROS production in plant cells, while in excess Cd causes damage from oxidative stress (Zhang, T. et. al., 2023). Plants evolved antioxidant defence mechanism consisting of enzyme dependent antioxidants (e.g., GR, APX, CAT, POD, and SOD, etc.) to scavenge excess ROS, thus regulating plants' redox state (Sun et al., 2023). In our investigation, following cadmium exposure, APX, GR and SOD levels were increased with certain level of time period. Oxidative stress as measured by ascorbate peroxidase (APX), glutathione reductase (GR) and superoxide dismutase (SOD) was found to be significantly less in PM-31 than PM-33. A previous study indicated that in Cd-stressed Arabidopsis roots lowered the activities of CAT and SOD (Jia et al., 2016).
  
5. Conclusion: -
Based on the current investigation, it is concluded that at higher concentration of cadmium caused toxic effect and lead to decline of all the morphological and photosynthetic parameters. Cd poisoning has a deleterious impact on seedlings, even at low concentrations as described earlier (0.5 mg), by increasing ROS generation and negatively impacting the photosynthetic pigment system. The five different mustard varieties (RH725, 45S46, PM-25, PM-31 and PM-33) respond differentially to Cd-induced oxidative stress. PM-25 proved to be more resistant to damage than the other four different types. An increase in antioxidant enzyme activity protects plant development in a genotype-dependent manner. Moreover, the Cd treatment inhibited seedling growth. The current outcomes of our investigation may indicate that an activated antioxidant system resulted in improved Cd tolerance in seedlings. 
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