Heavy metals accumulation in brinjal and tomato under Bachaoli Bujurg region of Jhansi 
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Abstract
A field experiment was conducted during 2022–23 and 2023–24 at Bachaoli Bujurg, Jhansi, to evaluate the effect of different organic amendments on heavy metal accumulation and phytoremediation potential of brinjal (Solanum melongena L.) and tomato (Solanum lycopersicum L.) grown under contaminated soil conditions. Treatments included farmyard manure (FYM), kitchen waste compost, vermicompost, and their combinations, along with contaminated and uncontaminated controls. In brinjal, the lowest leaf metal concentrations were recorded under T1 (Contaminated + FYM 5 t ha⁻¹) with values of 0.064 and 0.063, followed by T2 (Contaminated + FYM 10 t ha⁻¹; 0.083 and 0.064) and T11 (Contaminated + FYM 5 t + Kitchen waste compost 5 t + Vermicompost 5 t ha⁻¹; 0.096 and 0.099) during 2022–23 and 2023–24, respectively. The highest leaf concentrations were observed in the contaminated control (T12: 1.135 and 1.137) and the uncontaminated control (T13: 2.310 and 2.487).
In tomato, minimum leaf concentrations were also recorded under T1 (0.058 and 0.059), followed by T2 (0.072 and 0.061) and T11 (0.088 and 0.089), while the uncontaminated control (T13: 2.015 and 2.102) and contaminated control (T12: 0.982 and 0.985) showed maximum accumulation.
Stem concentration data revealed that in brinjal, the lowest accumulation occurred under T10 (Contaminated + Kitchen waste compost 5 t + Vermicompost 5 t ha⁻¹) with values of 0.065, 0.068 and pooled 0.0665, followed by T11 (0.064, 0.065 and 0.0645). The highest stem concentration was recorded in T12 (0.807, 0.109 and pooled 0.458). In tomato, T10 recorded the lowest stem concentrations (0.057, 0.060 and pooled 0.0585), while the highest accumulation was observed in T13 (0.692, 0.098 and pooled 0.395). Overall, combined organic amendments were more effective than single amendments in reducing heavy metal accumulation and internal translocation in both crops. Brinjal consistently exhibited higher accumulation in leaves and stems than tomato, indicating greater translocation efficiency. The study highlights the effectiveness of integrated organic amendment strategies in minimizing food-chain contamination while enhancing phytoremediation potential under the agro-climatic conditions of the Jhansi region.
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INTRODUCTION
Environmental pollution resulting from rapid industrialization, urbanization, and intensive agricultural practices has become a major global concern Liang et al., (2019). Among various pollutants, heavy metals and other toxic contaminants persist in soil and water ecosystems, posing serious risks to human health, food safety, and environmental sustainability. Conventional remediation techniques such as excavation, soil washing, and chemical treatments are often expensive, environmentally disruptive, and impractical for large-scale applications Liu et al., (2018). As a result, eco-friendly and cost-effective alternatives are increasingly being explored.
Phytoremediation is an emerging green technology that utilizes plants to remove, stabilize, or detoxify contaminants from polluted environments Sharma et al., (2023). This approach offers several advantages, including low cost, minimal environmental disturbance, aesthetic benefits, and potential for large-scale application Bramsiepe et al., (2023). Different plant species exhibit varying capacities for contaminant uptake, accumulation, and tolerance, making the selection of suitable crops a critical factor in phytoremediation studies. Brinjal (Solanum melongena L.) and tomato (Solanum lycopersicum L.) are widely cultivated vegetable crops with high biomass production and well-developed root systems. Their adaptability to diverse agro-climatic conditions and fast growth rates make them promising candidates for phytoremediation research Al-Lahham et al., (2007). Moreover, as commonly consumed food crops, understanding their ability to accumulate pollutants is essential for assessing potential health risks and ensuring food safety, (Leblebici and Kar,2018). 
Organic amendments such as farmyard manure (FYM), compost derived from kitchen waste, and vermicompost are widely acknowledged for their role in improving and restoring soil health (Birghila et al., 2023). These materials enhance soil organic carbon levels, which in turn improve soil structure, water-holding capacity, and microbial activity (Cobb et al., 2000). They also help moderate soil pH toward neutral conditions, thereby minimizing the negative impacts of extreme acidity or alkalinity (Bramsiepe et al., 2000; Liang and Wang, 2019).Additionally, organic amendments lower electrical conductivity by diluting soluble salts, leading to better nutrient availability for plants (Esther et al., 2023). By supplying nutrients in a slow-release form, they promote sustained plant growth over extended periods (Shaji et al., 2021). In polluted soils, these amendments not only improve fertility but also contribute to the stabilization or breakdown of contaminants, reducing their bioavailability (Lwin et al., 2018). Applying a combination of different organic amendments often results in synergistic benefits, producing greater improvements in soil quality than the use of individual amendments alone (Fatoba et al., 2012).
Bachaoli Bujurg, similar to many agricultural areas, is experiencing issues related to soil contamination and declining fertility (Hashem et al., 2018). This highlights the need to assess sustainable and environmentally friendly approaches for restoring soil quality and ensuring long-term agricultural productivity (Sharma et al.,2023). Physicochemical analysis of soil before and after the application of organic amendments offers important insights into how these materials influence soil characteristics (Al-Lahham et al., 2007; Murtic et al.,2018; Sharma, 2023). 
 The present study focuses on evaluating the phytoremediation potential of brinjal and tomato plants grown under contaminated conditions. By examining their growth performance, tolerance levels, and contaminant uptake and accumulation patterns, this research aims to assess their suitability for use in phytoremediation strategies. The findings of this study are expected to contribute to the development of sustainable remediation approaches and provide insights into the safe cultivation of vegetable crops in polluted environments.


MATERIALS AND METHODS
The study,“Heavy metals accumulation in brinjal and tomato under Bachaoli Bujurg region of Jhansi”was conducted at the Institute of Environment and Development Studies, Bundelkhand University, Jhansi, during the Rabi season (2023–24). The experiment was conducted using a Completely Randomized Design (CRD) with 13 treatments and 3 replications, totaling 39 pots. Pots measured 2 ft × 1 ft × 1 ft, with a net plot size of 0.16 m² and a gross pot area of 0.36 m², making the total experimental area 14.04 m². Spacing included 1.0 m between replications, 0.5 m between pots, and 0.5 m between rows per pot. Each pot contained 4 plants, with a seed rate of 1.01 g per pot and a planting distance of 60 × 60 cm. Soil samples (0–15 cm) collected from location-Bachaoli Bujurg, taken into labeled zippered polyethylene (PE) bags to prevent them from further contamination and immediately taken to the laboratory for further analysis. The soil samples were dried in air at room temperature to attain a constant weight and ground using mortar and pestle to obtain f ine-textured powder. However, in case of vegetables, the collected edible parts were first cut into small pieces using a pre-cleaned stainless steel knife and then dried in the laboratory oven at 75°C for 3days. The dried vegetable samples were uniformly ground using mortar and pestle to fine-textured powder. The grounded fine-textured samples were stored in clean PE bags at room temperature for heavy metals. This site had red-loamy soil, with fine sand (52–56%), silt (23–27%), and clay (20–22%), determined through the international pipette method. Soil reaction was slightly alkaline (pH 7.3–7.7) with EC ranging from 0.44–0.49 dS m⁻¹. Nutrient status indicated available nitrogen (190–202 kg ha⁻¹), phosphorus (4.0–4.6 kg P₂O₅ ha⁻¹), and potassium (175–190 kg K₂O ha⁻¹) assessed through standard laboratory procedures (KMnO₄, Olsen’s, and flame photometry methods) and (ASTM procedures) and heavy metal deposition lead Pb (mg/kg).  The heavy metals contents were analyzed by atomic absorption spectrometry method using Perkin-Elmer A Analyst 400, USA model after digestion of samples. The digestion (wet oxidation) process for soil and vegetables samples was done with the help of solution which was prepared by mixing one part of per chloric acid (HClO4) and three part of conc. Nitric acid (HNO3) (Gupta et al.,2019).
RESULTS AND DISCUSSION
The data presented in Table 1 reveal significant variation in the phytoremediation potential of brinjal and tomato crops grown under contaminated soil conditions with different organic amendments during the year 2022–23. Leaf pooled data were used for brinjal to assess the extent of contaminant uptake under each treatment. The lowest values were consistently recorded with T1 (Contaminated + FYM 5 t ha⁻¹), which registered 0.064 and 0.063 during 2022–23 and 2023–24, respectively. This was followed by T2 (Contaminated + FYM 10 t ha⁻¹) with values of 0.083 and 0.064, and T11 (Contaminated + FYM 5 t + Kitchen waste compost 5 t + Vermicompost 5 t ha⁻¹) recording 0.096 and 0.099 in the respective years. The highest leaf concentration was observed in the contaminated control (T12) with values of 1.135 and 1.137 during both years. The uncontaminated control (T13) also recorded very high values (2.310 and 2.487). 
 Leaf pooled data were used for tomato to Lowest leaf concentration: The lowest leaf concentration was recorded with T1 (Contaminated + FYM 5 t ha⁻¹) with values of 0.058 and 0.059 during 2022–23 and 2023–24, respectively. This was followed by T2 (Contaminated + FYM 10 t ha⁻¹) which recorded 0.072 and 0.061, and T11 (Contaminated + FYM 5 t + Kitchen waste compost 5 t + Vermicompost 5 t ha⁻¹) with values of 0.088 and 0.089. The uncontaminated control (T13) recorded the highest leaf concentration (2.015 and 2.102), followed by the contaminated control (T12) with values of 0.982 and 0.985. Among the amended treatments, T5 (Contaminated + Vermicompost 5 t ha⁻¹) showed comparatively higher leaf concentration (0.142 and 0.159). The present result is in accordance to Leblebici, Z., & Kar, M. (2018).
Overall, the results indicate that although FYM-amended contaminated soils enhanced heavy metal accumulation in fruits, the application of combined organic amendments effectively reduced metal translocation to edible parts. Brinjal consistently accumulated higher metal concentrations in fruits compared to tomato, suggesting greater translocation efficiency. These findings highlight the importance of organic amendment selection in minimizing food-chain contamination while enhancing phytoremediation potential under the agro-climatic conditions of the Bachaoli Bujurg region of Jhansi as per (Sharma et al.,2023 and Shafi et al.,2023) who stated the mechanism of removal of heavy metals from contaminated soil.
The data presented in Table 2 reveal significant variation in stem concentration of brinjal crop grown under contaminated soil conditions with different organic amendments during the years (2022–23 & 2023–24) and pooled analysis. Brinjal was assess the extent of contaminant accumulation under each treatment. The lowest accumulation were consistently recorded with T10 (Contaminated + Kitchen waste compost 5 t + Vermicompost 5 t ha⁻¹), which registered (0.065, 0.068 and 0.0665) during 2022–23 and 2023–24, respectively. This was followed by T9 (Contaminated + FYM 5 t + Vermicompost 5 t ha⁻¹) with values of (0.073, 0.066 and 0.0695) T11 (Contaminated + FYM 5 t + Kitchen Waste Compost 5 t + Vermicompost 5 t ha⁻¹) recording (0.064, 0.065 and 0.0645) in the respective years. The highest stem concentration was observed in T12 (Contaminated + FYM 5 t ha⁻¹) with values of (0.807, 0.109 and 0.458) during (2022–23&2023–24 and pooled respectively. This was followed by T13 (Contaminated + FYM 10 t ha⁻¹) which recorded comparatively higher stem values of (0.207, 0.184 and 0.195) during the (2022–23&2023–24 and pooled).
However, tomato crop grown under contaminated soil conditions with different organic amendments during the years 2022–23 and 2023–24, along with pooled analysis, was assessed to determine the extent of contaminant accumulation in the stem under each treatment. The lowest stem accumulation was consistently recorded in T10 (Contaminated + Kitchen waste compost 5 t + Vermicompost 5 t ha⁻¹), registering values of (0.057, 0.06 and 0.0585) during 2022–23, 2023–24 and pooled analysis, respectively. This was followed by T11 (Contaminated + FYM 5 t + Kitchen waste compost 5 t + Vermicompost 5 t ha⁻¹) with stem concentrations of 0.056, 0.057 and 0.0565, and T9 (Contaminated + FYM 5 t + Vermicompost 5 t ha⁻¹) which recorded (0.064, 0.058 and 0.061) during the respective years and pooled analysis. However, similar observation were revealed by (Miteva et al.,2001 and Liu et al.,2018). 
In contrast, the highest stem contaminant concentration was observed in T13 (Contaminated + FYM 10 t ha⁻¹), with values of (0.692, 0.098 and 0.395) during 2022–23, 2023–24 and pooled analysis, respectively. This was followed by T12 (Uncontaminated control), also recorded (0.181, 0.130 and 0.155) during the corresponding years and pooled analysis.
Overall, the results indicate that combined organic amendments were more effective in reducing contaminant accumulation in stems compared to single amendments. Brinjal showed relatively higher stem accumulation than tomato, indicating greater translocation or retention capacity as per Nitu et al.,(2018). The consistent reduction observed under integrated organic amendment treatments highlights their role in minimizing internal metal movement within plant tissues, thereby supporting safer crop production and improved phytoremediation efficiency under the agro-climatic conditions of the Bachaoli Bujurg region of Jhansi. Similar, findings have been furnished by (Murtic et al.,2018;Naz et al.,2019;  and Shafi et al.,2023) who stated the mechanism of removal of heavy metals from contaminated soil.
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Table-1:To evaluate the phytoremediation potential in brinjal and tomato for morphological characters under Bachaoli Bujurg region of Jhansi
	Treatments
	Description
	Brinjal
	
Pooled data
	Tomato
	
Pooled data

	
	
	2022-23
	2023-24
	
	2022-23
	2023-24
	

	
	
	Leaf 
	Leaf
	
	Leaf
	Leaf
	

	T1
	Contaminated + FYM 5 t ha⁻¹
	0.064
	0.063
	0.0735
	0.058
	0.059
	0.0585

	T2
	Contaminated + FYM 10 t ha⁻¹
	0.083
	0.064
	0.147
	0.072
	0.061
	0.0665

	T3
	Contaminated + Kitchen Waste Compost 5 t ha⁻¹
	0.146
	0.148
	0.126
	0.132
	0.134
	0.133

	T4
	Contaminated + Kitchen Waste Compost 10 t ha⁻¹
	0.125
	0.127
	0.167
	0.113
	0.115
	0.114

	T5
	Contaminated + Vermicompost 5 t ha⁻¹
	0.157
	0.177
	0.138
	0.142
	0.159
	0.1505

	T6
	Contaminated + Vermicompost 10 t ha⁻¹
	0.137
	0.139
	0.1215
	0.125
	0.127
	0.126

	T7
	Contaminated + FYM 5t + Kitchen Waste Compost 5t ha⁻¹
	0.123
	0.120
	0.128
	0.112
	0.113
	0.1125

	T8
	Contaminated + FYM 10 t + Kitchen Waste Compost 10 t ha⁻¹
	0.127
	0.129
	0.106
	0.115
	0.116
	0.1155

	T9
	Contaminated + FYM 5 t + Vermicompost 5 t ha⁻¹
	0.105
	0.107
	0.116
	0.096
	0.097
	0.0965

	T10
	Contaminated + Kitchen Waste Compost 5 t + Vermicompost 5 t ha⁻¹
	0.114
	0.118
	0.0975
	0.104
	0.107
	0.1055

	T11
	Contaminated + FYM 5 t + Kitchen Waste Compost 5 t + Vermicompost 5 t ha⁻¹
	0.096
	0.099
	1.136
	0.088
	0.089
	0.0885

	T12
	Contaminated control                             
   (no ammendment)
	1.135
	1.137
	2.3985
	0.982
	0.985
	0.9835

	T13
	Uncontaminated control
	2.310
	2.487
	0.0735
	2.015
	2.102
	2.0585

	
	S.Em. ±
	0.056
	0.015
	0.018
	0.049
	0.013
	0.018

	
	C.D (p=0.05) 
	0.164
	0.043
	0.049
	0.143
	0.038
	0.045



Table-2: Heavy metal accumulation and phytoremediation potential grown in brinjal and tomato for morphological characters under Bachaoli Bujurg region of Jhansi
	Treatments
	Description
	Brinjal
	
Pooled data
	Tomato
	
Pooled data

	
	
	2022-23
	2023-24
	
	2022-23
	2023-24
	

	
	
	Stem
	Stem
	
	Stem
	Stem
	

	T1
	Contaminated + FYM 5 t ha⁻¹
	0.075
	0.075
	0.075
	0.066
	0.066
	0.066

	T2
	Contaminated + FYM 10 t ha⁻¹
	0.078
	0.066
	0.072
	0.068
	0.058
	0.063

	T3
	Contaminated + Kitchen Waste Compost 5 t ha⁻¹
	0.117
	0.081
	0.099
	
	
	

	T4
	Contaminated + Kitchen Waste Compost 10 t ha⁻¹
	0.087
	0.080
	0.0835
	0.076
	0.071
	0.0735

	T5
	Contaminated + Vermicompost 5 t ha⁻¹
	0.105
	0.097
	0.101
	0.091
	0.085
	0.088

	T6
	Contaminated + Vermicompost 10 t ha⁻¹
	0.095
	0.088
	0.0915
	0.083
	0.078
	0.0805

	T7
	Contaminated + FYM 5t + Kitchen Waste Compost 5t ha⁻¹
	0.085
	0.077
	0.081
	0.074
	0.068
	0.071

	T8
	Contaminated + FYM 10 t + Kitchen Waste Compost 10 t ha⁻¹
	0.083
	0.076
	0.0795
	0.072
	0.067
	0.0695

	T9
	Contaminated + FYM 5 t + Vermicompost 5 t ha⁻¹
	0.073
	0.066
	0.0695
	0.064
	0.058
	0.061

	T10
	Contaminated + Kitchen Waste Compost 5 t + Vermicompost 5 t ha⁻¹
	0.065
	0.068
	0.0665
	0.057
	0.06
	0.0585

	T11
	Contaminated + FYM 5 t + Kitchen Waste Compost 5 t + Vermicompost 5 t ha⁻¹
	0.064
	0.065
	0.0645
	0.056
	0.057
	0.0565

	T12
	Contaminated control                             
   (no ammendment)
	0.807
	0.109
	0.458
	0.181
	0.130
	0.155

	T13
	Uncontaminated control
	0.207
	0.184
	0.1955
	0.692
	0.098
	0.395

	
	S.Em. ±
	0.026
	0.015
	0.022
	0.023
	0.013
	0.025

	
	C.D (p=0.05) 
	0.075
	0.044
	0.053
	0.066
	0.038
	0.055



