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IMPACT OF HERBICIDES ON BIOCHEMICAL AND ANTIOXIDANT TRAITS OF MOTH BEAN (VIGNA ACONITIFOLIA L.)”

ABSTRACT 
Herbicides are widely used for effective weed control in legume crops, and their application may alter physiological and biochemical attributes. In the present investigation, the impact of pre and post emergence herbicides on major biochemical and antioxidant traits of Vigna aconitifolia L. was evaluated under field conditions during the Kharif seasons of 2024–25. The experiment was conducted in a Randomized Block Design with three replications using two genotypes viz., MH-65 and MH-45 and under the application of pendimethalin, imazethapyr, and quizalofop individually and in different combinations. The biochemical responses revealed that control plants maintained the highest levels of water soluble carbohydrates, protein, and leghemoglobin. In MH-65 and MH-45, it showed variation in the carbohydrate content (73.20 and 69.80 mg g-1 FW), protein content (29.80 and 26.90 mg g-1 FW), and leghemoglobin (1.80 and 1.15 mg g-1), respectively. Herbicide application, particularly in combination, resulted remarkable reductions in tested parameters whereas proline showed accumulation and superoxide dismutase activity increased significantly under herbicide exposure, with maximum values of 5.35 μmol g⁻¹ FW for proline and 30.20 U mg⁻¹ protein for SOD. Overall, genotype MH-65 exhibited greater metabolic stability, whereas MH-45 showed stronger stress-responsive biochemical activation.
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INTRODUCTION
Weed infestation during the developmental phase are the serious constraints affecting the productivity of legumes crops. Weeds compete with crops generally for water, nutrients, light, and space and resulting reductions in yield and resource use efficiency (Bagale, 2022). Herbicides can control weed infestation but also affect biochemical metabolic activities (Jat & Singh, 2021). Pre-emergence herbicides are applied after sowing but before the emergence of crops and act primarily in the soil, inhibiting weed seed germination or early seedling development by interfering with cell division, root elongation, and coleoptile membrane integrity (Granero et al., 2025). Whereas, post- emergence herbicides, are applied after crop and weed emergence and target amino acid biosynthesis, lipid metabolism, and photosynthetic processes but these act as selective weed control chemicals (Krähmer et al., 2021; Naveed et al., 2024). 
Moth bean (Vigna aconitifolia L.) is cultivated in arid and semi-arid regions of India and contributes significantly to human nutrition due to its high protein content, essential amino acids, and dietary fiber (Chandora & Rana, 2023; Saxena et al., 2023). In addition to its nutritional importance, moth beans improve soil health through biological nitrogen fixation, enhancing soil fertility and reducing dependence on synthetic nitrogen fertilizers (Huang, 2023). The crop exhibits slow preliminary growth and narrow canopy coverage, which allows weeds to grow rapidly and dominate the crop agro-ecosystem (Lacroix, 2024). Traditional weed control practices, such as hand weeding and mechanical methods, are often labor-intensive, time consuming, and uneconomical under current agricultural scenario (Gatkal et al., 2025). So, the use of pre-and post-emergence herbicides has become an integral component of weed management in pluses cultivation (Kumar et al., 2025; Khare et al., 2024). 
Herbicides, generally fabricated to target weed species but also influence crop metabolism either directly or indirectly (Tandathu et al., 2025). Exposure to herbicides may disrupt normal metabolic pathways, leading to alterations in photosynthesis, respiration, nitrogen metabolism, and antioxidant defense systems by altering the enzymatic pathway, membrane integrity, cellular redox balance and ultimately degradation of key biomolecules (Huchzermeyer et al., 2022; Fathy et al., 2025). This biochemical disruption resulted in oxidative stress due to the overproduction of reactive oxygen species (ROS), which can damage proteins, lipids, and nucleic acids if not adequately detoxified (Zandi & Schnug, 2022).  Herbicide applications can influence carbohydrate accumulation by affecting photosynthetic efficiency and carbon partitioning. Changes in water-soluble carbohydrate content in moth bean may indicate alterations in energy balance and osmotic adjustment under herbicide stress (Meena et al., 2023). Legumes, protein synthesis is closely linked to symbiotic nitrogen fixation and enzymatic functioning (Goyal et al., 2021). Leghemoglobin, a key oxygen-binding protein in legume root nodules, plays a crucial role in regulating oxygen availability for nitrogen-fixing bacteria (Yang et al., 2025). Reduction in leghemoglobin content due to herbicide application can impair nodule function and nitrogen fixation efficiency, ultimately affecting plant growth and yield (Burul et al., 2022). Increased proline content in moth bean plants under herbicide treatment may therefore serve as an indicator of stress perception and adaptive response (Gaur & Kamakshi, 2025). Enhanced SOD activity under herbicide application reflects the activation of antioxidant defense mechanisms aimed at mitigating oxidative stress (Caverzan et al., 2019). Keeping the above-cited literature in mind, the present investigation was undertaken to assess the changes in biochemical traits of moth bean (Vigna aconitifolia L.) in response to the application of pre and post emergence herbicides, and their influence on metabolic pathway, oxidative responses, and leg hemoglobin content.
MATERIALS AND METHODS 
Seed procurement and crop establishment: The field experiment was conducted during the Kharif seasons of 2024–25 at the research farm of the Department of Botany, Baba Mastnath University, Asthal Bohar, Rohtak, Haryana, India (28.87° N, 76.64° E). Two genotypes of moth bean (Vigna aconitifolia L.) were procured from the ICAR–National Bureau of Plant Genetic Resources (NBPGR), Pusa Campus, New Delhi. Before sowing, seeds were surface sanitized with 0.1% (w/v) mercuric chloride. The experiment was laid out in a Randomized Block Design with three replications in plot of 2×1m dimension. The experimental field supported a natural population of weeds, predominantly Chenopodium album, Dactyloctenium aegyptium, Portulaca oleracea, Digera arvensis, Cyperus rotundus, and Trianthema portulacastrum.
Herbicide treatments and application schedule: The study involved the use of pendimethalin 30% EC as a pre-emergence herbicide, imazethapyr 10% SL as a post-emergence herbicide, and quizalofop 10% EC applied at both pre- and post-emergence stages. These herbicides were tested individually and in various combinations, along with untreated control. The treatment layout consisted of T0 (no herbicide), T1 (pendimethalin applied within 10hr after sowing), T2 (imazethapyr applied at 30 days after sowing), T3 (quizalofop applied within 10hr after sowing and again at 30 days after sowing), T4 (pendimethalin + imazethapyr), T5 (pendimethalin + quizalofop), and T6 (imazethapyr + quizalofop).
All herbicides were applied as per recommended dose suggested by the respective manufacturers. Pendimethalin 30% EC (Dhanutop) was applied at 5ml L⁻¹ of water, equivalent to 1.0L per acre diluted in 200L of water and sprayed immediately after sowing as a pre-emergence treatment. Imazethapyr 10% SL (Lagaam) was applied at 1.5ml L⁻¹ of water (300ml per acre in 200L of water) during the early crop growth stage after germination. Quizalofop 10% EC (Bango) was applied at 0.9ml L⁻¹ of water, corresponding to 180ml per acre in 200L of water, after crop emergence. An ASPEE portable 2L handheld pressure sprayer was used to ensure uniform spray coverage across the experimental plots. Herbicide application was carried out under favorable environmental conditions, with soil moisture maintained at field capacity and sampling was carried out at the time flowering and 10 days after herbicide application.
Water-soluble carbohydrates (mg g-1 FW): Water-soluble carbohydrate content was estimated by the method of Yemm and Willis (1954). Fresh plant tissue (100 mg) was homogenized in 80% ethanol and centrifuged at 10,000 rpm for 10 min. The supernatant was collected, and anthrone reagent was added. The mixture was heated in a boiling water bath for 10 min, cooled to room temperature, and absorbance was recorded at 620 nm using LABMAN Double Beam UV-VIS Spectrophotometer (LMSP-UV1000B). Glucose was used as the standard, and WSC content was expressed as mg g⁻¹ fresh weight (FW).
Protein content (mg g-1 FW): Total soluble protein content was determined according to the Lowry et al. (1951). Fresh leaf samples were homogenized in phosphate buffer (pH 7.0) and centrifuged at 12,000 rpm for 15 min. The supernatant was mixed with alkaline copper reagent followed by Folin-Ciocalteu reagent. After incubation, absorbance was measured at 660 nm using LABMAN Double Beam UV-VIS Spectrophotometer (LMSP-UV1000B). Bovine serum albumin (BSA) was used as the standard.
Leghemoglobin (LHb) content (mg g-1 FW): Root-nodule leghemoglobin content was estimated using Wilson & Reisenauer (1963) method. Freshly collected nodules were homogenized in chilled phosphate buffer and centrifuged at 10,000 rpm for 15 min at 4 °C and absorbance of supernatant was recorded at 540 nm and 556 nm using LABMAN Double Beam UV-VIS Spectrophotometer (LMSP-UV1000B). Leghemoglobin concentration was calculated using the extinction coefficient and expressed as mg g-1 fresh weight.
Proline content (μmol g-1 FW): Proline content was estimated by the acid-ninhydrin method suggested by Bates et al. (1973). Leaf tissue (0.5 g) was homogenized in 3% sulfosalicylic acid. The filtrate was reacted with acid-ninhydrin and glacial acetic acid, followed by incubation in a boiling water bath for 1hr and then reaction mixture was cooled at room temperature, and chromophore was extracted using toluene. Absorbance was measured at 520 nm using LABMAN Double Beam UV-VIS Spectrophotometer (LMSP-UV1000B), and proline concentration was calculated from a standard curve and expressed as μmol g-1 fresh weight.
Superoxide dismutase (SOD) activity (Unit mg-1 protein): SOD activity was assayed by the method of Asada et al. (1974) based on the inhibition of nitroblue tetrazolium (NBT) photoreduction. Fresh leaf tissue was homogenized in ice chilled phosphate buffer and centrifuged at 15,000 rpm using Remi Centrifuge Machine, R-8C for 20 min at 4 °C. The reaction mixture contained phosphate buffer, methionine, NBT, riboflavin, and enzyme extract. The reaction was initiated by illumination, and absorbance was recorded at 560 nm using LABMAN Double Beam UV-VIS Spectrophotometer (LMSP-UV1000B). One unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of NBT reduction and expressed as U mg⁻¹ protein.
Data analysis- The experimental data were analyzed for analysis of variance (ANOVA) appropriate for a Randomized Block Design (RBD). Differences among treatment means were tested for statistical significance at the 5% probability level.
Result 
Water soluble carbohydrates (WSC): Water-soluble carbohydrate content showed significant variation among herbicide treatments in both genotypes (MH-65 and MH-45) and indicating differential metabolic responses to weed management practices (Table-1). In the control treatment (T0), the highest WSC content was recorded in both genotypes, with MH-65 exhibiting 73.20 mg g-1 and MH-45 showing 69.80 mg g-1. Among single herbicide applications, pendimethalin (T1) maintained relatively higher WSC levels compared to other treatments, particularly in MH-65 (72.10 mg g-1), and Quizalofop (T3) had moderate level of WSC content in MH-65 (71.00 mg g-1), whereas a marked reduction was observed in MH-45 (61.80 mg g-1). Combined herbicide treatments resulted lowest carbohydrate accumulation under the imazethapyr + quizalofop combination (T6), with values of 60.50 mg g-1 in MH-65 and 65.10 mg g-1 in MH-45. The observed differences exceeded the critical difference (C.D.) values at the 5% significance level, confirming the statistical reliability of treatment effects. Finally, MH-65 maintained higher WSC levels than MH-45 across treatments, indicating superior metabolic resilience significant genotype.
Table- 1. Effect of different pre and post emergence herbicide in the water soluble carbohydrates and protein content of moth bean genotype
	Treatment
	Water Soluble Carbohydrates (mg/g)
	Protein Content (mg/g FW)

	
	MH-65
	MH-45
	MH-65
	MH-45

	T0 – Control
	73.20 ± 0.025
	69.80 ± 1.743
	29.80 ± 0.000
	26.90 ± 0.562

	T1 – Pendimethalin
	72.10 ± 0.862
	65.20 ± 0.779
	28.12 ± 0.191
	25.10 ± 0.119

	T2 – Imazethapyr
	68.00 ± 0.250
	67.40 ± 1.017
	26.50 ± 0.303
	25.90 ± 0.214

	T3 – Quizalofop
	71.00 ± 1.145
	61.80 ± 0.675
	27.40 ± 0.187
	22.80 ± 0.224

	T4 – Pendi + Imaza
	64.50 ± 1.275
	63.90 ± 1.561
	24.00 ± 0.036
	23.95 ± 0.574

	T5 – Pendi + Quiza
	66.50 ± 1.523
	58.40 ± 1.154
	25.45 ± 0.396
	21.30 ± 0.443

	T6 – Imaza + Quiza
	60.50 ± 1.448
	65.10 ± 1.228
	22.50 ± 0.515
	24.60 ± 0.327

	C.D.
	3.606
	3.618
	0.815
	1.122

	SE(m)
	1.157
	1.161
	0.262
	0.360

	SE(d)
	1.637
	1.642
	0.370
	0.509

	C.V.
	2.950
	3.118
	1.726
	2.561


C.D.- Critical Difference, SE(m)- Standard Error Mean, SE(m)- Standard Error deviation, C.V.- Coefficient of Variation, Pendi- Pendimethalin, Imaza- Imazethapyr and Quiza- Quizalofop
Protein content: A significant reductional pattern was observed in protein content with herbicide treatments in tested genotypes, reflecting alterations in nitrogen metabolism pathway (Table-1). The control treatment (T₀) recorded the highest protein concentration, with MH-65 accumulating 29.80 mg g-1 FW and MH-45 accumulating 26.90 mg g-1 FW. Among individual herbicides application, pendimethalin (T1) showed a marginal reduction in protein content, particularly in MH-65 (28.12 mg g-1 FW) whereas, imazethapyr (T2) and quizalofop (T3) induced sharp reductions, especially in MH-45, where protein content declined to 25.90 and 22.80 mg g-1 FW, respectively. Combined applications exerted stronger negative effects on protein synthesis. The pendimethalin + imazethapyr (T4) and pendimethalin + quizalofop (T5) treatments resulted in moderate protein depletion, whereas the imazethapyr + quizalofop combination (T6) caused the maximum reduction in MH-65 (22.50 mg g⁻¹ FW). The treatment-induced variations were statistically significant as indicated by low SE and CV values and MH-65 exhibited higher protein stability under most treatments.
Leghemoglobin content (LHb): Leghemoglobin content showed significant variation among treatments and genotypes. Under control conditions (T0), the highest LHb content was recorded, with MH-65 showing 1.80 mg g⁻¹ and MH-45 had 1.15 mg g⁻¹. Single herbicide application, pendimethalin (T1) caused a moderate reduction, particularly in MH-65 (1.30 mg g-1), whereas MH-45 showed greater sensitivity with a sharper decline (0.78 mg g-1). Imazethapyr (T₂) exerted a stronger suppressive effect on MH-65 (0.84 mg g-1) compared to MH-45 (0.96 mg g⁻¹), indicating genotype specific responses to post-emergence herbicide stress. Combined herbicide applications showed lowest values under the imazethapyr + quizalofop treatment (T6), with MH-65 recording only 0.54 mg g-1, indicating substantial impairment of nodular oxygen buffering capacity. Similarly, pendimethalin + quizalofop (T5) caused a severe decline in MH-45 (0.48 mg g-1). These reductions exceeded the critical difference (C.D.) values at the 5% level, confirming statistically significant treatment effects.
Table- 2. Effect of different pre and post emergence herbicide in the leghemoglobin content and proline content of moth bean genotype
	Treatment
	Leghemoglobin Content (mg/g)
	Proline Content (μmol/g FW)

	
	MH-65
	MH-45
	MH-65
	MH-45

	T0 – Control
	1.80 ± 0.021
	1.15 ± 0.016
	2.48 ± 0.036
	3.85 ± 0.062

	T1 – Pendimethalin
	1.30 ± 0.013
	0.78 ± 0.021
	3.50 ± 0.062
	4.30 ± 0.012

	T2 – Imazethapyr
	0.84 ± 0.012
	0.96 ± 0.021
	3.94 ± 0.092
	4.05 ± 0.009

	T3 – Quizalofop
	1.14 ± 0.024
	0.60 ± 0.009
	3.67 ± 0.030
	5.10 ± 0.062

	T4 – Pendi + Imaza
	0.68 ± 0.015
	0.71 ± 0.017
	4.58 ± 0.098
	4.75 ± 0.078

	T5 – Pendi + Quiza
	0.79 ± 0.011
	0.48 ± 0.012
	4.20 ± 0.057
	5.35 ± 0.068

	T6 – Imaza + Quiza
	0.54 ± 0.009
	0.88 ± 0.018
	4.78 ± 0.026
	4.45 ± 0.078

	C.D.
	0.046
	0.037
	0.211
	0.196

	SE(m)
	0.015
	0.017
	0.068
	0.063

	SE(d)
	0.021
	0.017
	0.096
	0.089

	C.V.
	2.691
	3.714
	3.028
	2.392


C.D.- Critical Difference, SE(m)- Standard Error Mean, SE(m)- Standard Error deviation, C.V.- Coefficient of Variation, Pendi- Pendimethalin, Imaza- Imazethapyr and Quiza- Quizalofop
Proline content: Proline accumulation had a significant and consistent increase under application of post and pre-emergence herbicide in both genotypes. The lowest proline levels were recorded in the control (T0), with MH-65 showing 2.48 μmol g-1 FW and MH-45 showing 3.85 μmol g-1 FW, representing a non-stressed metabolic state. Imazethapyr (T2) and quizalofop (T3) induced proline accumulation, particularly in MH-45, ranged up to μmol g-1 FW under quizalofop application. Combined herbicide application showed highest proline content in MH-65 under imazethapyr + quizalofop (T6) at 4.78 μmol g-1 FW, whereas MH-45 exhibited maximum accumulation under pendimethalin + quizalofop (T5), reaching 5.35 μmol g-1 FW. Across applied treatments, MH-45 consistently accumulated higher proline than MH-65, suggesting high stress tolerance.
Table- 3. Effect of different pre and post emergence herbicide in the SOD Activity (U/mg protein) of moth bean genotype
	Treatment
	SOD Activity (U/mg protein)

	
	MH-65
	MH-45

	T0 – Control
	22.50 ± 0.464
	26.20 ± 0.244

	T1 – Pendimethalin
	24.50 ± 0.588
	28.10 ± 0.422

	T2 – Imazethapyr
	27.30 ± 0.241
	26.80 ± 0.432

	T3 – Quizalofop
	24.80 ± 0.078
	29.40 ± 0.396

	T4 – Pendi + Imaza
	28.00 ± 0.015
	29.10 ± 0.244

	T5 – Pendi + Quiza
	27.95 ± 0.684
	30.20 ± 0.250

	T6 – Imaza + Quiza
	28.60 ± 0.089
	27.60 ± 0.170

	C.D.
	1.251
	0.934

	SE(m)
	0.401
	0.300

	SE(d)
	0.568
	0.424

	C.V.
	2.650
	1.841


C.D.- Critical Difference, SE(m)- Standard Error Mean, SE(m)- Standard Error deviation, C.V.- Coefficient of Variation, Pendi- Pendimethalin, Imaza- Imazethapyr and Quiza- Quizalofop
Superoxide dismutase (SOD): Superoxide dismutase activity exhibited significant variation in response to different applications of herbicide in both moth bean genotypes. Under control conditions (T₀), basal SOD activity was comparatively lower, recording 22.50 U mg-1 protein in MH-65 and 26.20 U mg-1 protein in MH-45, indicating minimal oxidative load in the absence of chemical stress. Application of individual herbicides resulted in a significant increment of SOD activity with application of pre and post herbicide. Pendimethalin (T1) increased SOD activity to 24.50 U mg-1 protein in MH-65 and 28.10 U mg-1 protein in MH-45, while imazethapyr (T2) induced a stronger response in MH-65 (27.30 U mg-1 protein), suggesting higher oxidative signaling in this genotype. Quizalofop (T3) showed elevated SOD activity in MH-45, achieving 29.40 U mg⁻¹ protein, indicating a genotype-specific antioxidant response. Combined herbicide applications highlight cumulative effects such as pendimethalin + imazethapyr treatment (T4) led to a substantial increase in both genotypes (MH-65 and MH-45 recording 28.00 and 29.10 U mg⁻¹ protein), respectively. The highest SOD activity in MH-45 was observed under pendimethalin + quizalofop (T5; 30.20 U mg⁻¹ protein), whereas MH-65 showed maximum activity under imazethapyr + quizalofop (T6) 28.60 U mg⁻¹ protein.
DISCUSSION
Herbicide application imposed measurable biochemical and oxidative stress on moth bean plants, as reflected by coordinated changes in water soluble carbohydrates, protein content, leghemoglobin concentration, proline accumulation, and superoxide dismutase activity (Boulahia et al., 2023). In the present investigation these parameters collectively represent the plant’s carbon metabolism, nitrogen assimilation, nodular functioning, osmotic adjustment, and antioxidant defense capacity, thereby providing an integrated view of physiological tolerance under chemical weed management. Imazethapyr and quizalofop impair chloroplast structure and reduce carotenoid levels, rendering chlorophyll level and impose photooxidative damage, ultimately diminishes photosynthetic efficiency and leads to a decline in water soluble carbohydrate synthesis (Twitty & Dayan, 2024; Shivani et al., 2022). Water-soluble carbohydrates (WSC) declined under trinexapac ethyl treatments, particularly under combined applications, indicating disruption of photosynthetic carbon assimilation and altered partitioning of assimilates (Agwa et al., 2021). Herbicides are known to interfere with photosystem activity, membrane integrity, and enzymatic processes, leading to reduced synthesis or enhanced utilization of carbohydrates to meet increased energy demands under stress (Hasan et a., 2021). Herbicide induced oxidative stress can impair ribosomal function, enzyme stability, and amino acid biosynthesis, resulting in reduced protein accumulation (Baćmaga et al., 2024). The inhibition of enzyme Acetolactate Synthase by imazethapyr directly limits the availability of valine, leucine, and isoleucine (Salunkhe et al., 2025).  In studies involving pulse crops, imazethapyr treatment showed significant correlation with increase in the free amino acid pool and decrease in total soluble protein content in the foliage (Shivani et al., 2022). The pronounced reduction under imazethapyr treatments suggests enhanced protein degradation or inhibition of synthesis due to higher metabolic activities (Kumar et al., 2024). LHb plays a crucial role in regulating oxygen supply to nitrogenase while preventing oxidative damage in nodules. Reduced LHb levels under terbutryn and paraquat suggest impaired nodulation efficiency, inhibition of Rhizobium activity and on photosystem II and I, respectively (Dayan et al., 2010). Application of imazethapyr reduced plant growth parameters, thereby limiting photosynthate availability to bacteroids and consequently resulting in decreased leghaemoglobin content (Singh & Singh, 2021). Proline accumulation is widely recognized as a protective mechanism that stabilizes proteins and membranes, scavenges reactive oxygen species (ROS), and contributes to osmotic adjustment. Herbicide application induces proline accumulation as an adaptive response to stress, as evidenced by increased proline levels in Triticum aestivum treated with 5–25 mg kg⁻¹ chlorotoluron (Song et al., 2007) and in Vicia faba exposed to 10⁻⁵, 10⁻⁶, and 10⁻⁷% metosulam (Badr et al., 2013). The highest proline levels observed under bentazon treatments indicate intensified stress perception and metabolic reprogramming toward survival rather than growth (Ould said et al., 2021). The activities of superoxide dismutase decreased proportionally with increasing paraquat concentrations (0.1, 1, and 2µM) in Lactuca sativa, Phaseolus coccineus, and Pisum sativum (Štajner et al., 2003). Herbicides induced oxidative stress either directly or indirectly by disrupting electron transport chains and membrane integrity and the higher SOD activity shown by the clopyralid application caused oxidative pressure (Ghahremani et al., 2022). These findings underscore the importance for genotype selection and optimizing the herbicide combinations to minimize metabolic disruption and ensure sustainable weed management in moth bean cultivation. 
CONCLUSION
The present study demonstrates that herbicide application modulates biochemical and antioxidant attributes in the evaluated moth bean genotypes, with the magnitude of response varying among herbicide treatments. Water-soluble carbohydrates, protein content, and leghaemoglobin were highest under control conditions and declined progressively following herbicide exposure, particularly under combined applications, whereas proline accumulation and superoxide dismutase activity increased under herbicide stress. Among the genotypes, MH-65 maintained relatively higher levels of biochemical traits and nodulation, indicating a comparatively greater degree of physiological tolerance within the scope of this study. These findings provide limited but relevant evidence of genotype-specific responses to herbicide stress and underscore the need for further validation before extrapolating implications for sustainable weed management.
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