
Original Research Article 
ROS-Induced Lipid Peroxidation and Upregulated Antioxidant activity in Lemna minor under Heavy Metal and Herbicide Stress
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ABSTRACT 
	An increase in the concentration of contaminants such as heavy metals and herbicides in aquatic systems through runoff disturbs aquatic ecosystems. The present in vitro study investigates oxidative stress and antioxidant responses in Lemna minor after 96 h of exposure to graded concentrations of cadmium (Cd) (0, 0.1, 0.5, 1, 1.5 and 2 mg/L) and paraquat dichloride (0, 0.5, 1, 1.5, 2 and 2.5 mg/L). Lipid peroxidation, expressed as malondialdehyde (MDA) equivalents, increased under both stressors in a dose-dependent manner (cadmium: +42% to +121%; paraquat: +28% to +200%), indicating increased production of reactive oxygen species (ROS). Activities of major antioxidant enzymes, including superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX) and glutathione reductase (GR), generally increased with pollutant concentration, indicating an induced enzymatic defence response. SOD activity was elevated under both cadmium and paraquat exposure, while APX and GR activities gradually increased during treatment. CAT activity increased at low to moderate cadmium concentrations and decreased at the highest cadmium concentration (2 mg/L), which may indicate enzyme inhibition or an overloaded scavenging capacity under severe metal stress. Paraquat caused a consistent increase in CAT activity. Overall, the results show that L. minor initiates a coordinated antioxidant response to diminish ROS generated by cadmium and paraquat exposure, but very high metal stress may impair specific defences. These results suggest the potential of L. minor as a bioindicator of pollutant-induced oxidative stress. Furthermore, the antioxidant responses to Cd and paraquat dichloride may inform its use in phytoremediation studies.
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1. INTRODUCTION 
Water is crucial for agriculture, industry and human well-being. However, over the last few decades, industrialisation, urbanisation, wastewater discharge and unchecked agricultural activities have led to overexploitation of natural resources and serious water pollution. Human activities continuously introduce heavy metals and pesticides at levels that are harmful to human health (Zhang et al., 2009; Ishaq & Khan, 2013; Arora et al., 2018). Point-source contaminants are generated by industrial activities, such as metal smelting and mining, whereas non-point-source pollutants are derived from agricultural runoff, including fertilisers and pesticides (D. Kumar et al., 2018). Each pollutant affects plants and animals in different ways, but the entry of heavy metals and pesticides into aquatic ecosystems is an increasing problem. Flora and fauna assimilate highly toxic heavy metals such as lead (Pb), mercury (Hg), arsenic (As), copper (Cu), zinc (Zn) and cadmium (Cd). Heavy metals in soils, aquatic systems and biota are naturally derived through rock degradation, volcanic activity, wildfire, biological processes and marine salts from the oceans (Shahzad et al., 2024; Zaynab et al., 2022). However, anthropogenic activities such as mining, industrial processes, agriculture, waste disposal, biosolid addition, pesticide application, coal-burning residues and petrochemical compounds have increased the levels of these metals, causing considerable worldwide concern (Wuana & Okieimen, 2011). The amounts of heavy metals in volcanic rocks or ash vary. Copper, lead and zinc are generally found at concentrations of 1.2–47.8 μg g−1, 8.4–36 mg kg−1 and 15–73 mg kg−1, respectively. Cadmium concentrations in volcanic rocks are in the range of 0.1-0.5 ppm, while those in oceanic waters span from <5 to 110 ng L−1 (Novoselov et al., 2022; Torres et al., 2023). Anthropogenic sources release higher concentrations of heavy metals because they emit large volumes of these pollutants in more dangerous and mobile forms. This is especially relevant in aquatic ecosystems, where heavy metals can remain for long periods in suspended matter, sediment layers, aquatic vegetation and fish (Kolarova & Napiórkowski, 2021). Most metals introduced into an aquatic system are adsorbed onto suspended particles and precipitated into sediments. Cadmium is ranked third on the 2025 ATSDR Substance Priority List (Agency for Toxic Substances and Disease Registry [ATSDR], 2026). Bioremediation is an eco-friendly decontamination method that uses microorganisms (Andreazza et al., 2011), mainly plants (phytoremediation) (Afonso et al., 2019; Xin et al., 2020), or a combination of both methods (Islam et al., 2014) to remove metals from soil and water. Aquatic plants such as Lemna minor (Jayasri & Suthindhiran, 2017) and Hydrocotyle ranunculoides (Demarco et al., 2023) are suitable species for phytoremediation. Recent work with aquatic macrophytes has likewise demonstrated cadmium removal and accumulation from contaminated water, supporting their use in metal phytoremediation (Maurya et al., 2025). Under ideal conditions, Lemna minor can double its biomass within a few days, is highly adaptable to a wide pH range and shows considerable tolerance to abiotic factors (Sosa et al., 2024). Lemna minor has demonstrated potential for removing heavy metals from liquids, producing bioethanol and contributing to a circular economy (Shafiq et al., 2026; Obando et al., 2026). Additionally, it thrives in nutrient-rich waters and plays a major role in regulating the pH of aquatic systems (Sharba et al., 2024). Pesticides, including endosulfan, dichlorodiphenyltrichloroethane (DDT), mevinphos, ethion and copper sulfate, are highly harmful to flora and fauna (D. Kumar et al., 2016; N. Kumar et al., 2018). Duckweeds can help address a major modern environmental problem, namely contamination of the hydrosphere with harmful substances (Ziegler et al., 2016). Duckweeds are macrophytes that can take up heavy metals from water and are used to remove heavy metals from aquatic environments (Rai, 2009). Cadmium (Cd) pollution is a major global environmental problem because of rapid industrial development and the extensive use of chemical fertilisers, pesticides and herbicides in agriculture (Folgar et al., 2009). The contaminants indicated above could biomagnify in food and may be harmful to human health (Miretzky et al., 2004). Metals such as lead (Pb), mercury (Hg) and cadmium (Cd) are non-essential and highly toxic even at low concentrations (Nagajyoti et al., 2010; Prasad, 2011; Chibuike & Obiora, 2014; Rezania et al., 2016). Cadmium toxicity leads to oxidative stress, which damages cell membranes and electron transport, disrupts enzyme activity, and interferes with nucleic acids and photosynthesis, ultimately reducing development (Sarkar et al., 1998; Lu et al., 2010). Consistent with this response pattern, cadmium-stressed duckweeds have shown increased malondialdehyde and antioxidant enzyme activities together with inhibited growth and reduced chlorophyll content (Cao et al., 2025). Recent work in L. minor under combined contaminant exposure further reported increased ROS markers and antioxidant enzyme activities alongside reduced biomass and photosynthetic pigments (Farid et al., 2026). Oxidative stress is usually associated with excessive accumulation of reactive oxygen species such as the superoxide ion (O2-), hydrogen peroxide (H2O2) and hydroxyl radical (OH-), which facilitate the conversion of fatty acids into harmful lipid peroxides and endanger biological membranes (Weckx et al., 1996; Martín-Closas et al., 2017; Marron, 2015; Rai et al., 2016). A recent synthesis also identifies excessive ROS formation relative to antioxidant capacity as a central mechanism of pollutant-associated oxidative stress (Marcel et al., 2025). In contrast, non-radical reactive oxygen species (ROS), such as hypochlorous acid (HOCl), hydrogen peroxide (H2O2), singlet oxygen (1O2) and peroxynitrite (ONOO-), are generally stable and have a long half-life. The most reactive type of oxygen species is the superoxide anion (O2-). Hydrogen peroxide (H2O2) is produced by the rapid one-electron reduction of molecular oxygen, either spontaneously or through the dismutation of the superoxide anion catalysed by superoxide dismutase (SOD) (Balakhnina et al., 2005; Zhang et al., 2009). Herbicides also increase ROS levels. Methyl viologen, also known as 1,1′-dimethyl-4,4′-bipyridinium dichloride, is an organic broad-spectrum herbicide generally referred to as paraquat (PQ) and used to manage weeds and grasses. It acts rapidly in plants but is highly dangerous to humans and animals (Peacock, 1978). PQ is harmful to cellular health because it disrupts the redox cycle by accepting and donating electrons (Homer et al., 1960). Reactive oxygen species (ROS) accumulate in chloroplasts and damage proteins, enzymes and lipid membranes. PQ also limits the availability of NADPH, an essential component of the Calvin Cycle in plants (Perales-Vela et al., 2021). PQ inhibits photosynthesis, creates severe oxidative stress in cells, alters the enzymatic framework, causes cell death and ultimately causes plant death. A specific gap addressed in this study is the limited comparative characterisation, within a common short-term experimental framework, of lipid peroxidation and SOD, POD, CAT, APX and GR responses in L. minor exposed to graded cadmium and paraquat dichloride. In the present study, we investigated changes in antioxidant enzyme activity and oxidative stress generated by cadmium and paraquat dichloride in the duckweed species Lemna minor, a plant used in the phytoremediation of polluted surface waters.

2. Material and methods
2.1. Plant material 
Samples of Lemna minor were collected from the surface water of a pond at Roxburgh Botanical Garden, Department of Botany, University of Allahabad, Prayagraj, Uttar Pradesh, India (25° 27’ 42.2352” N, 81°5’ 7.278” E). The plant samples were authenticated by the Botanical Survey of India, Central Regional Center, Prayagraj, Uttar Pradesh, India.
The plants were then washed several times to ensure thorough cleaning before the roots and fronds were transferred into 250 ml flasks containing half-strength Hutner's medium (Brain & Solomon, 2007). The pH was adjusted to [ 6.5 ± 0.1] using KOH/HCl before sterilization and use in the experiment with 10 g of sucrose. Cultures were incubated in the growth chamber at 25°C under cold fluorescent light (constant light intensity 6,800 lux; ASTM International, 1998) for 24–48 h. A stock solution of 1000 ppm cadmium was prepared as CdCl2 (MW=183.32 g mol-1; purity=99%; Sigma Aldrich). Paraquat dichloride (24% SL) was purchased as All Clear (chemical fertilizer) from HPM Chemicals & Fertilizers Ltd, Pitampura, New Delhi. From this stock solution, aliquots of different concentrations of cadmium (0.1, 0.5, 1.0, 1.5 and 2.0 mg/L) and paraquat dichloride (0.5, 1.0, 1.5, 2.0 and 2.5 mg/L) were prepared in 100 ml flasks containing nutrient medium. The flasks containing the plants were then incubated in a plant growth chamber for 4 days. After 4 days, the plants were screened for changes in metabolic activity, including oxidative stress and antioxidant activity.
2.2. Oxidative stress 
2.2.1. Lipid peroxidation assay
Lipid peroxidation was evaluated as malondialdehyde (MDA) equivalents according to the method of Heath and Packer (1968). One hundred milligrams of plant material were ground into a fine powder and extracted in 1 mL of 0.1% trichloroacetic acid (TCA). The extract was centrifuged in an Eppendorf centrifuge 5920 R for 15 min at 10,000 × g at 4 °C. The supernatant was then mixed with 0.5% TBA and 20% TCA. The mixture was heated at 95°C for 30 min and then rapidly cooled on ice. Absorbance at 532 and 600 nm was measured using a UV-VIS spectrophotometer (Schimadzu, Japan). The concentration of MDA equivalents was calculated using an extinction coefficient of 155 mM-1 cm-1 and expressed as nmol g-1 FW.
2.3. Antioxidant enzyme activity
2.3.1. Superoxide dismutase (SOD) activity
The activity of superoxide dismutase (SOD; EC 1.15.1.1) was estimated by measuring the inhibition of nitro blue tetrazolium-chloride (NBT) reduction using the method described by Giannopolitis and Ries (1977). Each sample (100 mg of plant material) was homogenised with 100 mM EDTA—phosphate buffer (pH 7.8) under ice-cold conditions for the extraction and assay of the SOD enzyme. The homogenate was centrifuged at 10,000 g for 20 min, and the supernatant was used for the enzyme assay. The assay was carried out in a total volume of 3 ml containing 1.3 mM riboflavin, 13 mM L-methionine, 0.05 M Na2CO3 (pH 10.2), 63 µM NBT and 0.1 ml crude extract. Test tubes containing a similar reaction mixture were irradiated (100 mol photon m-2 s-1) for 20 min, and absorbance was recorded at 560 nm.

2.3.2. Catalase (CAT) activity

The plant material (100 mg) was homogenised in 1 ml of 50 mM PPB + 1 mM EDTA (pH 7.0). The supernatant was collected and used for the catalase activity assay after centrifugation at 10,000 g for 15 min. The reaction mixture consisted of 0.5 ml 40 mM H2O2 and 1.3 ml 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA. The reaction was started by adding 0.2 ml crude extract. The absorbance of the solution was measured at 240 nm after one minute at room temperature. The amount of H2O2 consumed was determined using the extinction coefficient (ε=39.4 mM-1 cm-1). One unit of CAT activity is defined as the amount of enzyme decomposing 1 nmol H2O2 min-1 (Aebi, 1984).

2.3.3. Peroxidase (POD) activity

One hundred milligrams of fresh plant material was homogenised in 2 ml of 50 mM PPB, pH 6.1. The crude enzyme extract was obtained from the supernatant after centrifugation of the homogenate at 10,000 g. Peroxidase activity was measured using guaiacol as the substrate in a total volume of 3 ml. The reaction mixture contained 50 mM PPB (pH 6.1), 1% guaiacol, 0.4% H2O2 and enzyme extract. The increase in absorbance at 470 nm was due to the oxidation of guaiacol (ε=25.5 mM-1 cm-1). One unit of POD activity corresponds to the amount of enzyme needed to oxidise 1 nmol of guaiacol min-1 (Zhang, 1992).

2.3.4. Ascorbate peroxidase (APX) activity

Plant material (100 mg) was homogenised in 1 ml of ice‐cold 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA and 1 mM ascorbate. The mixture was centrifuged for 15 min at 10,000 g. The resulting supernatant was stored in potassium phosphate buffer and used to estimate ascorbate peroxidase activity. The reaction mixture consisted of 0.5 ml 0.4 mM H2O2, 0.5 ml 2 mM ascorbate, 0.8 ml 50 mM potassium phosphate buffer, pH 7.0 and 0.2 ml crude extract. The reaction was initiated by adding the enzyme extract. The absorbance of the solution was recorded at 290 nm for one minute at 25°C using a UV—VIS spectrophotometer (Schimadzu, Japan). Ascorbate peroxidase activity was quantified using the extinction coefficient (ε=2.8 mM-1 cm-1). One unit of APX activity was defined as the amount of enzyme that oxidises 1 nmol of ascorbate min-1 (Nakano & Asada, 1981).

2.3.5. Glutathione reductase (GR) activity

The activity of glutathione reductase (GR; EC 1.6.4.2) was determined as described by Schaedle and Bassham (1977). Homogenised leaves (100 mg), treated and untreated, were kept at 4 °C with 1 ml of cooled potassium phosphate buffer (2 mM EDTA, pH 7.8), and the leaves were centrifuged for 15 min at 10,000 g. The resulting supernatant was used for the assay of glutathione reductase activity. The reaction mixture contained 0.8 ml of 50 mM potassium phosphate buffer (pH 7.8) containing 2 mM EDTA, 0.5 ml of 2 mM GSSG, 0.2 ml of crude extract and 0.5 ml of 0.6 mM NADPH. The reaction began with the addition of NADPH. The decrease in absorbance was followed at 340 mM for 1 min at 25 oC using a UV-VIS spectrophotometer (Schimadzu, Japan). GR activity was calculated using the extinction coefficient of 6.2 mM-1 cm-1. One unit of GR activity is the amount of enzyme required to oxidise one nmol of NADPH per minute.

2.4. Statistical analysis
The significance of differences between the control and treatment means was analysed using one-way ANOVA followed by Tukey’s post hoc analysis in SPSS version 16 (SPSS Inc., 2007), and graphs were prepared using SigmaPlot version 10 (Systat Software, Inc., 2006).

3. Results and discussion

3. Results
3.1. Oxidative stress 
3.1.1. Lipid peroxidation
We measured the malondialdehyde (MDA) equivalents in the duckweed species Lemna minor to determine the extent of ROS-induced lipid peroxidation. Duckweed was exposed to various concentrations of cadmium for 96 h (Figure (1A)). After 96 h of treatment, the MDA equivalent content in Lemna minor increased with increasing cadmium concentration. The MDA equivalent content of Lemna minor increased by 42%, 67%, 79.17%, 100% and 121% in the presence of cadmium concentrations of 0.1, 0.5, 1.0, 1.5 and 2 mg/L, respectively. Figure (1B) showed an increase in MDA equivalent content in Lemna minor after 96 hours of exposure to the herbicide paraquat dichloride (0 mg/L to 2.5 mg/L). The MDA equivalent content in Lemna minor increased by 28%, 96%, 175%, 196% and 200% at paraquat dichloride concentrations of 0.5 mg/L, 1 mg/L, 1.5 mg/L, 2 mg/L and 2.5 mg/L, respectively.
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Figure. 1 Malondialdehyde (MDA) Activity (nmol/gm FW (Fresh weight) after 4th day of treatment) in Lemna minor (A) cadmium (Tukey HSD p value for non-homogenous group a = 0.138, b = 0.238, c = 0.589, and d = 0.056 whereas e < 0.05 represent homogenous group) (B) paraquat dichloride (Tukey HSD p value for non-homogenous group a = 0.679, and c = 0.538 whereas b < 0.05 represent homogenous group). Data are means ± SE.


3.2. Antioxidant activity 

3.2.1. Superoxide dismutase (SOD) activity
Figure (2A) shows the results of the SOD activity assay in the duckweed species Lemna minor after 96 hours of exposure to different cadmium concentrations. SOD activity in Lemna minor increased by 45%, 53%, 60%, 68% and 80% at cadmium (Cd) concentrations of 0.1, 0.5, 1, 1.5 and 2 mg/L, respectively, within the 0 to 2 mg/L range. After 96 hours of treatment with different concentrations of the herbicide paraquat dichloride, Lemna minor showed higher SOD activity, as shown in Figure (2B). At paraquat dichloride concentrations of 0.5, 1, 1.5, 2 and 2.5 mg/L, SOD activity in Lemna minor increased by 4%, 8%, 35%, 31.25% and 47%, respectively.
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Figure. 2 Superoxide dismutase (SOD) Activity (units/mg FW (fresh weight after 4th day of treatment) in Lemna minor (A) cadmium (Tukey HSD p value for non-homogenous group b = 0.266, c = 0.143, and d = 0.141 whereas a and e = <0.05 represent homogenous groups) (B) paraquat dichloride (Tukey HSD p value for non-homogenous group a = 0.091, and b = 0.088). Data are means ± SE.

3.2.2. Peroxidase (POD) activity
Figure (3A) shows the data for POD activity. Different cadmium concentrations in the duckweed species Lemna minor after 96 hours of treatment led to a marked increase in POD activity. POD activity in Lemna minor increased by 0.17%, 57.49%, 75%, 92.30% and 97.56% at cadmium concentrations of 0.1, 0.5, 1, 1.5 and 2 mg/L, respectively, over the 0 to 2 mg/L range. Figure (3B) shows that different concentrations of the herbicide paraquat dichloride in the duckweed species Lemna minor after 96 hours of treatment led to higher POD activity. At higher concentrations, i.e., 2 and 2.5 mg/L, POD activity increased significantly in Lemna minor. POD activity in Lemna minor increased by 3%, 4.01%, 8.40%, 27% and 41.44% at paraquat dichloride concentrations of 0.5 mg/L, 1 mg/L, 1.5 mg/L, 2 mg/L and 2.5 mg/L, respectively.
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Figure. 3 POD (Peroxidase) Activity (units/gm FW (fresh weight) after 4th day) in Lemna minor (A) cadmium (Tukey HSD p value for non-homogenous group e = 0.997 whereas a, b, c, and d < 0.05 represent homogenous groups) (B) paraquat dichloride (Tukey HSD p value for non-homogenous group c = 0.428 whereas a and b < 0.05 represent homogenous groups). Data are means ± SE.
3.2.3. Catalase (CAT) activity 
[image: ]Figure (4A) shows the results for CAT activity in the duckweed species Lemna minor after 96 hours of treatment with different cadmium concentrations. The results indicated increased activity at cadmium concentrations of 0.1, 0.5, 1 and 1.5 mg/L in Lemna minor; however, at 2 mg/L, activity declined. At cadmium concentrations of 0.1, 0.5, 1, 1.5 and 2 mg/L in Lemna minor, activity increased by 12%, 71%, 85% and 86.36%, but then decreased by 25%. Figure (4B) shows that the duckweed species Lemna minor had higher CAT activity after exposure to different concentrations of the herbicide paraquat dichloride for 96 hours. The findings demonstrate that at paraquat dichloride concentrations of 0.5 mg/L, 1 mg/L, 1.5 mg/L, 2 mg/L and 2.5 mg/L in Lemna minor, activity increased by 16.39%, 18%, 52.05%, 80.44% and 85%, respectively.
Figure. 4 Catalase (CAT) Activity (units/gm FW (fresh weight) after 4th day of treatment) in Lemna minor (A) cadmium (Tukey HSD p value for non-homogenous group b = 0.879 whereas a, c, d, and e < 0.05 represent homogenous groups) (B) paraquat dichloride (Tukey HSD p value for non-homogenous group d = 0.498 whereas a, b, c, and e < 0.05 represent homogenous groups]). Data are means ± SE.
3.2.4. Ascorbate peroxidase (APX) activity 
Figure (5A) shows the results for APX activity in the duckweed species Lemna minor. Changes in cadmium concentration had a marked effect on Lemna minor. Across the cadmium concentration range of 0 to 2 mg/L, APX activity increased as cadmium levels rose. After 96 hours of treatment, activity increased significantly by 4%, 7%, 40.29%, 49.27% and 64.16% at concentrations of 0.1, 0.5, 1, 1.5 and 2 mg/L, respectively. A similar upward trend was observed in Lemna minor exposed to paraquat dichloride concentrations between 0 and 2.5 mg/L, with activity increasing at higher paraquat dichloride concentrations, as shown in Figure (5B). After 96 hours of treatment, activity increased significantly by 5.09%, 40%, 46%, 68% and 99% at concentrations of 0.5, 1, 1.5, 2 and 2.5 mg/L, respectively.
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Figure. 5 Ascorbate peroxidase (APX) Activity (nmol H2O2 decomposed/gm (fresh weight) FW/min *103 after 4th day of treatment) in Lemna minor (A) cadmium (Tukey HSD p value for non-homogenous group d = 0.999 whereas a, b, c, and e < 0.05 represent homogenous groups) (B) paraquat dichloride (Tukey HSD p value for a, b, c, d, e, and f < 0.05 represent homogenous groups). Data are means ± SE.

3.2.5. Glutathione reductase (GR) activity
Figure (6A) shows the results for GR activity in the duckweed species Lemna minor. Different cadmium concentrations had a marked effect on Lemna minor. Across the cadmium concentration range of 0 to 2 mg/L, GR activity increased as cadmium levels rose. After 96 hours of treatment, activity increased significantly by 23%, 26%, 36.11%, 37% and 65% at concentrations of 0.1, 0.5, 1, 1.5 and 2 mg/L, respectively. Lemna minor exhibited a comparable upward trend under herbicide exposure, as shown in Figure (6B). Across the paraquat dichloride concentration range of 0 to 2.5 mg/L, GR activity increased with increasing paraquat dichloride levels. After 96 hours of treatment, activity increased significantly by 6.11%, 10.29%, 25%, 49% and 51.12% at concentrations of 0.5 mg/L, 1 mg/L, 1.5 mg/L, 2 mg/L and 2.5 mg/L, respectively.
[image: ]Figure. 6 Glutathione Reductase (GR) Activity (units/mg FW (fresh weight) after 4th day of treatment) in Lemna minor (A) cadmium (Tukey HSD p value for non-homogenous group b = 0.979, and c = 0.789 whereas a, and d < 0.05 represent homogenous groups) (B) paraquat dichloride (Tukey HSD p value for non-homogenous group a = 0.490, and c = 0.092 whereas b, and d < 0.05 represent homogenous groups). Data are means ± SE.

Table 1. Cadmium stress on Lemna minor antioxidant activity and oxidative stress.

	Concentration
(mg/L)
	Superoxide dismutase (SOD) Activity (units/mg FW)
	Peroxidase (POD) Activity (units/g FW)
	Catalase (CAT) Activity (units/g FW)
	Ascorbate peroxidase (APX) Activity (nmol H₂O₂/g FW/min ×10³)
	Glutathione Reductase (GR) Activity (Units/mg FW)
	Malondialdehyde MDA (nmol/g FW)

	0
	0.040
±0.01
	2037.47
±5.30
	1124.0
±18.84
	17.492
±0.10
	0.144
±0.01
	51.6
 ±3.73

	0.1
	0.058
±0.01
	2041
±7.98
	1255.4
±3.38
	18.111
±0.27
	0.177
±0.02
	73.1
±2.15

	0.5
	0.061
±0.01
	3208.71
±4.61
	1918.7
±15.50
	18.650
±0.14
	0.181
±0.02
	86.00
±2.15

	1.0
	0.064
±0.02
	3557.298
±11.42
	2074.4
±16.14
	24.539
±0.29
	0.196
±0.01
	92.45
±2.15

	1.5
	0.067
±0.01
	3918.08
±2.30
	2094.7
±11.84
	26.111
±0.29
	0.197
±0.02
	103.2
±3.72

	2.0
	0.072
±0.01
	4025.27
±7.13
	846.02
±6.77
	28.714
±0.25
	0.237
±0.01
	113.95
±2.15



[bookmark: _Hlk211453303]Table 2. Paraquat dichloride stress on Lemna minor antioxidant activity and oxidative stress. 

	Concentration
(mg/L)
	Superoxide dismutase (SOD) Activity (units/mg FW)
	Peroxidase (POD)Activity (units/g FW)
	Catalase (CAT) Activity (units/g FW)
	Ascorbate peroxidase (APX) Activity (nmol H₂O₂/g FW/min ×10³)
	Glutathione Reductase (GR) Activity (Units/mg FW)
	Malondialdehyde       (MDA)
(nmol/g FW)

	0
	0.026
±0.002
	2626.58
±4.611
	2879.865
±16.141
	17.142
±0.164
	0.177
±0.001
	53.75
±2.15

	0.5
	0.027
±0.000
	2698.039
±10.884
	3351.95
±11.844
	18.015
±0.057
	0.187
±0.001
	69.000
±2.15

	1.0
	0.028
±0.002
	2732.026
±12.354
	3390.86
±8.792
	23.984
±0.183
	0.195
±0.001
	105.35
±5.688

	1.5
	0.035
±0.003
	2847.059
±90.448
	4379.02
±22.383
	25.333
±0.072
	0.220
±0.001
	148.35
±14.098

	2.0
	0.034
±0.001
	3323.747
±174.345
	5196.277
±4.476
	28.777
±0.082
	0.263
±0.001
	159.1
±5.688

	2.5
	0.038
±0.003
	3715.033
±5.442
	5323.181
±19.948
	34.063
±0.082
	0.267
±0.002
	161.25
±9.852



Discussion 
The present study demonstrates that both cadmium (Cd) and paraquat dichloride (PQ) induce a dose-dependent enzymatic response in Lemna minor. Heavy metals cause substantial lipid peroxidation that can be initiated by reactive oxygen species (O•−2, OH• and 1O2) or lipoxygenase (Singh et al., 2006). The highest MDA content was observed in Lemna plants treated with Cd on the 4th day of the experiment. This indicates that the metal caused oxidative damage. Cd toxicity leads to oxidative stress, as previously reported (Singh et al., 2006; Gratão et al., 2008; Tkalec et al., 2008). The marked increase in MDA equivalents observed here after exposure to paraquat suggests the possibility of an oxidative mode of phytotoxicity for this herbicide. Increased MDA levels are an indicator of membrane damage, which can lead to functional impairment of the cell, growth arrest and potentially plant death if antioxidant defences are overwhelmed (Haro Girón et al., 2023). Monitoring MDA levels may help in assessing environmental risk and the effects of agrochemicals on aquatic ecosystems through oxidative stress. Plant responses to ROS are governed by various pathways involving antioxidant enzymes. Superoxide dismutases (SODs) catalyse the dismutation of superoxide (O2•−) to molecular oxygen and hydrogen peroxide, protecting cells against superoxide toxicity (Cakmak, 2005). In Lemna minor, short-term Cd exposure strongly inhibits CAT relative to other antioxidant enzymes, and total antioxidative potential collapses at higher Cd levels, consistent with a transition from compensated to decompensated oxidative stress. Microalgae and other aquatic plants show comparable trends, with initial upregulation of CAT followed by suppression as Cd accumulates and cellular damage progresses (Farias et al., 2024; Razinger et al., 2008). Catalases (CAT) and peroxidases (APX and GPX) decompose H2O2 to H2O and O2. GR activity was significantly increased at high Cd concentrations, in agreement with recent data in duckweed and other aquatic plants, where GR activity is strongly enhanced as part of a general antioxidative response. The ability of the plant to cope with acute oxidative stress caused by metals is associated with increased GR activity (Li et al., 2018; Yang et al., 2023; Moravčíková & Žiarovská, 2023). The dose-dependent increase in antioxidant enzyme activities indicates that Lemna minor is efficient in scavenging reactive oxygen species (ROS). The marked elevation of SOD in Lemna minor confirms its role as a sensitive biomarker of herbicide toxicity (Manna et al., 2020). Paraquat induces oxidative stress through redox cycling and reactive oxygen species (ROS) generation (Donaher & Van den Hurk, 2023). An increase in SOD activity from 6.25% to 47% was observed. This is compatible with the sensitivity of aquatic plants (EC50 = 28–280 μg/L). A high SOD response at low paraquat concentrations (0.5-2.5 mg/L) indicates the high toxicity of this chemical (Donaher & Van den Hurk, 2023). At higher paraquat concentrations (2 and 2.5 mg/L), significant increases in POD activity were observed in Lemna minor, indicating an active antioxidant response to reduce cellular damage caused by reactive oxygen species (ROS). The increase in POD activity is probably an attempt to protect the plant from oxidative damage caused by paraquat. As the concentration of paraquat dichloride increased, CAT activity in Lemna minor increased significantly (16.39%-85%). According to Tagun (2014), increased CAT activity is a common self-protection mechanism in plants. It catalyses the breakdown of hydrogen peroxide, a by-product of reactive oxygen species (ROS), thereby protecting cells from oxidative damage. Lemna minor has been found to be very sensitive to paraquat, and its growth is rapidly inhibited with the occurrence of physiological changes (Tagun, 2014). Increasing paraquat dichloride exposure in Lemna minor increased ascorbate peroxidase (APX) activity. APX expression is differentially regulated during normal plant growth and development and in response to environmental stresses (Pandey et al., 2017). Cellular stress causes a rapid disturbance of the redox balance and accumulation of reactive oxygen species (Halliwell, 2006). The level of APX expression (Tang et al., 2006) is directly related to the duration and intensity of stress and to different types of stress. GR plays a very important role in the cellular scavenging system that eliminates reactive oxygen species (ROS) in plants. It uses NADPH as an electron donor to reduce oxidised glutathione or glutathione disulfide (GSSG) to reduced glutathione (GSH). This process is required to maintain cellular redox levels by keeping the GSH/GSSG ratio low in cells under normal or oxidative stress (Anjum et al., 2012). The present study suggests an increase in GR activity, which is consistent with the findings of other studies.

4. Conclusion

The present work shows that the oxidative balance of Lemna minor is substantially disrupted by exposure to cadmium and paraquat. This is evidenced by the high level of lipid peroxidation and the significant changes recorded in antioxidant enzyme activity. Pollutants may cause the accumulation of malondialdehyde (MDA), a marker of serious membrane damage. This damage results from the overproduction of reactive oxygen species (ROS) under stress conditions. Elevated levels of malondialdehyde (MDA) may indicate the breakdown of membrane lipids, which can affect membrane integrity, cellular compartmentalisation, nutrient transport and general physiological function. The activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), peroxidase (POD), glutathione peroxidase (GPX) and glutathione reductase (GR) are considerably enhanced in L. minor, demonstrating the activation of a coordinated enzymatic defence system. CAT, APX, GPX and POD are responsible for detoxifying hydrogen peroxide into water and oxygen or other molecules with lower reactivity. In contrast, SOD forms the first line of defence by converting highly harmful superoxide radicals into hydrogen peroxide. Increased glutathione reductase (GR) activity also contributes to maintaining reduced glutathione pools, which are important for scavenging reactive oxygen species (ROS), redox control and protecting cellular macromolecules. To summarise, L. minor employs an integrated antioxidative mechanism to protect itself against oxidative damage and restore redox homeostasis under cadmium and paraquat exposure. However, the simultaneous increases in MDA concentration and antioxidant activity indicate that the induced defence mechanisms may not fully prevent cellular damage. The results obtained in the present study demonstrate the sensitivity of L. minor and support its use as a feasible bioindicator for monitoring contaminant toxicity and oxidative stress in aquatic media. 

Limitations
This study was limited to a 96 h in vitro exposure of Lemna minor to graded concentrations of cadmium and paraquat dichloride and focused on lipid peroxidation and selected antioxidant enzymes. Therefore, the findings represent short-term biochemical responses under controlled conditions and do not establish longer-term responses, recovery patterns, or performance under natural field conditions. Further work would be needed to determine how these responses translate to more complex aquatic environments.
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