


Effect of Pb×Ca interaction on the growth and dry biomass of Fenugreek (Trigonella foenum-graecum L.) grown in contaminated soil
Abstract
A pot experiment was carried out during the Rabi season in 2024-25 at the Sheila Dhar Institute (SDI) experimental farm, University of Allahabad, Prayagraj, Uttar Pradesh, to study the effect of Pb×Ca interaction on fenugreek (Trigonella foenum-graecum L.) grown in Pb-contaminated soil. The pot experiment was set up using a completely randomized design (CRD) with nine treatments, which included three levels of Ca (0, 60, 120 mg/kg) and three levels of Pb (0, 20, 40 mg/kg), along with a control. The results revealed that Pb stress significantly reduced the shoot and root length as well as their dry biomass, while simultaneously increasing Pb uptake in both plant parts. In contrast, the application of Ca exhibited a mitigating effect on Pb toxicity. Among the treatments, 120 mg/kg Ca with 0 mg/kg Pb (T3) recorded the maximum shoot length (40.92 cm) and root length (8.95 cm), along with the highest biomass (10.02 g shoot and 3.11 g root per pot), and the lowest Pb uptake. In contrast, the treatment with 40 mg/kg Pb and no Ca (T7) exhibited the most severe toxic effects. Calcium application significantly enhanced plant growth and reduced Pb accumulation, as evident from lower TF and BCF values. These findings suggest that using calcium can help in reducing Pb toxicity in fenugreek grown in Pb-contaminated soils, providing a promising way to improve plant health and yield in heavy metal-polluted soils. 
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Introduction
  Soil contamination through heavy metals has emerged as a serious global environmental concern owing to their persistence in soil, non-biodegradable nature, and their potential to enter the food chain, thereby posing significant risks to ecosystem stability and human health. Heavy metals can build up in the soil over time since they don't break down easily. In some cases, they can be taken up by plants and then enter humans through the food chain (Song et al., 2019; Sigamani et al., 2024).  Additionally, potentially toxic elements (PTEs) have a long  half-life in environmental bodies and are not biodegradable, which increases their detrimental effects on the environment and ecosystem (Shen et al., 2022). Furthermore, given the growing human fertiliser input into urban water bodies, it is critical to comprehend how various types of phosphorus and nitrogen affect the dynamic behaviour of heavy metals (Wang et al., 2024). In another study, it has been determined that lead is the most dangerous and widespread pollutant on earth (Kulaz et al., 2021). Due to its ability to react with sulfide, carboxyl, and amine groups, lead disrupts the structure of many enzymes used in the cosmetic industry and in such plant-based products as herbal teas, spices, toothpaste, soap, leather, paint, ornamental plants and a wide range of insecticides. Lead causes yield losses by disrupting microbial activity in soil (Majer et al., 2002).
 Lead (Pb) is one of the most abundant heavy metal in the roots of plants. It reduces root development and distorts anion and cation exchange (Sharma and Dubey, 2005). One of the heaviest divalent metals, lead can have a substantial impact on the germination, physiological processes and development of plant seeds, such as photosynthesis and respiration (Gupta et al., 2024). Lead is one of the most widespread and highly toxic heavy metal present in contaminated soils. Therefore, the present study focuses on the phytoremediation of lead using fenugreek. Fenugreek (Trigonella foenum-graecum L.) is an herbaceous plant belonging to the family Leguminosae. The ability of fenugreek to tolerate and accumulate heavy metals has been reported by Sinha et al. (2007). 
Phytoremediation is an eco-friendly and cost-effective approach that uses metal-accumulating plants to remove toxic metals from lead contaminated soil. Due to their unique genetic, physiological traits and biochemical, plants act as efficient agents for environmental remediation (Lone et al., 2008). Fenugreek (Trigonella foenum-graecum L.), a widely consumed legume, is valued for its nutritional and medicinal properties. However, its cultivation in Pb-contaminated soils could threaten both yield and food safety. Addressing this, researchers have explored the use of ameliorative agents, particularly essential nutrients like calcium to reduce heavy metal bioavailability in soils. Calcium, being a divalent cation like Pb²⁺, competes for uptake and adsorption sites, thereby potentially reducing Pb uptake in plants. Additionally, Ca plays a critical role in maintaining cell wall integrity, signal and stress tolerance, which may further mitigate Pb toxicity (Hussain et al., 2019). Understanding the Pb × Ca interaction is therefore essential in assessing how calcium supplementation might alter Pb uptake, accumulation and toxicity responses in fenugreek. Such research is not only critical for sustainable crop production in contaminated areas but also contributes to safe food production and soil remediation strategies.
Therefore, the present study was undertaken to (i) investigate the effect of different Pb concentrations on the growth of fenugreek (ii) evaluate the role of Ca supplementation in mitigating Pb-induced toxicity and improving biomass production and (iii) assess Pb uptake, translocation factor and bio-concentration factor in fenugreek under varying Pb and Ca levels to understand their interaction effect under heavy metal stress conditions.
  

Methods and Materials
Site and design of pot experiment
The study was carried out using Pb-contaminated soil at the experimental farm of the Sheila Dhar Institute (SDI), Mumfordganj. The geographical location of this site is 20°20′N latitude and 81°52′E longitude and an elevation of approximately 101 m above mean sea level. Completely randomized design (CRD) was used in this experiment during the Rabi season in 2024-25. Air-dried soil samples were collected from SDI farm and subsequently 5 kg soil filled in pots. Fenugreek (Trigonella foenum-graecum) seeds were used as a test crop having 85% germination capacity and this plant grow easily throughout the year. After 15 days of germination thinned dense growing seedling for maintaining proper spacing across the treatments. The experimental design consisted of the following treatments: (a) Control (without Ca and Pb application), (b) Calcium at three levels: 0, 60 and 120 mg/kg, and (c) Pb at three levels: 0, 20 and 40 mg/kg. This experiment contained a total 9 treatments with a control and three replications.
Soil sampling and analysis
Collecting soil samples from SDI experimental farm at surface layer in the depth of 0-20 cm to analysis of lead (Pb) content and physico-chemical properties. The soil samples were gently ground after being air-dried at room temperature and sieved through a 2 mm mesh before the analysis. The organic carbon, nitrogen and phosphorus contents in the soil were determined using the Walkley and Black method, the Micro-Kjeldahl method, and the Olsen method, respectively. The BaCl₂ method, as given by Hendershot and Duquette (1986), was used to analysis the cation exchange capacity. The total Pb concentration in the soil was measured using the di-acid digestion method with a mixture of concentrated HNO3 and HClO4 in a 1:4 volume ratio (Kumar and Mani, 2010). The Pb concentration in the digested soil samples was then analyzed using an Atomic Absorption Spectrophotometer (AAS) at BHU, Varanasi.
Plant sampling and analysis
Plant height was recorded 60 days after germination, whereas shoot and root lengths were measured after harvest. Plant samples, like roots & shoots, were thoroughly cleaned with tap water to remove adhering soil particles, treated with a 2% CaCl₂ solution to eliminate surface contaminants, and lastly rinsed with double distilled water to ensure complete removal of external impurities. After cleaning, the samples were oven-dried for 48 hours at 70°C in a thermostatically controlled hot air oven to obtain the dry biomass of root & shoot. The drying samples were ground into a fine powder using a mechanical grinder. One gram of each powdered sample (root and shoot) was separately digested in a tri-acid mixture comprising H2SO4, HClO₄ and HNO₃ in the ratio of 1:2:5 (v/v/v) for metal analysis, following the procedure outlined by (Luo et al., 2020). The digested samples were then analyzed for total Pb concentration by Atomic Absorption Spectrophotometry (AAS) at Banaras Hindu University (BHU), Varanasi, Uttar Pradesh.
Bioconcentration factor
The bio-concentration factor (BCF) is a key indicator used to evaluate the efficiency of heavy metal accumulation in plant roots from the soil (Coelho et al., 2020). It represents the ability of a plant to absorb metals from the soil and retain them within its tissues.
 The formula for calculating the BCF:
 BCF = Metal Concentration in root / Metal Concentration in soil
It helps us understand the capacity of plant roots to absorb and store heavy metals, and it also assists in plant species selection for phytoremediation purposes.
Translocation factor
         The translocation factor for metals in plants is defined as the ratio of the   concentration of a particular metal in the shoot tissues to its concentration in the root tissues. This factor indicates the potential of the plant to transfer metals from the roots to the aerial parts, especially the shoots (Stoltz and Greger, 2002). A higher TF value indicates efficient metal translocation from root to shoot, reflecting a plant's potential for phytoremediation. 
The formula for calculating the TF: 
TF = Metal concentration in shoot / Metal concentration in root
 

Statistical analysis
Each value is indicated by ±, which represents the standard error (SE) for three replications. GraphPad Prism (version 8.0.1) was used to create the figures.

Result and discussion
Physico-chemical properties of soil used in pot culture studies
 The physico-chemical properties of the soil used for the pot experiment are presented in Table 1. The soil texture analysis revealed that the percentages of sand, silt, and clay in the samples were 48.67 ± 5.61%, 27.49 ± 2.28%, and 23.84 ± 3.20% respectively, indicating a loamy texture favorable for root development and plant growth. The soil pH was found to be 7.52 ± 0.50, suggesting a near-neutral condition. Soils with such pH levels generally facilitate the availability of most essential nutrients and reduce the solubility and mobility of toxic heavy metals. The electrical conductivity (EC) at 25°C was 0.27 ± 0.06 dS/m, indicating the non-saline nature of the soil, which is suitable for optimal crop performance. The organic carbon (OC) content was recorded at 0.52 ± 0.09%, which reflects moderate organic matter status, supporting microbial activity and nutrient retention. The CEC of the soil was 22.03 ± 1.43 cmol(p+)/kg, indicating a good capacity for nutrient holding and exchange. The total nitrogen and phosphorus contents were 0.16 ± 0.05% and 0.11 ± 0.03% respectively, representing low to moderate fertility levels. The total lead (Pb) content in the soil was 0.38 ± 0.05 mg/kg, which is within safe permissible limits and indicates minimal contamination risk. Overall, the physico-chemical properties of the pot experimental soil, mostly pH, EC and organic carbon, may significantly affect nutrient availability and the nature of heavy metals in the soil; similar results were found by (Edogbo et al., 2020).
Table 1. Physico-chemical properties of soil used in the pot experiment
	Parameters
	Units
	Result

	Sand
	%
	48.67±5.61

	Silt
	%
	27.49±2.28

	Clay
	%
	23.84±3.20

	pH
	-
	7.52±0.50

	EC at 25°C
	dS/m
	0.27±0.06

	CEC
	cmol(p+ )/ kg
	22.03±1.43

	Organic Carbon
	%
	0.52±0.09

	Total Nitrogen
	%
	0.16±0.05

	Total Phosphorus
	%
	0.11±0.03

	Total Lead (Pb)
	mg/kg
	0.38±0.05


Note: Every value has three replicates (n=3) and is shown as mean ± SD. EC refers to Electrical Conductivity and CEC denotes Cation Exchange Capacity.
Effect of Ca×Pb on the growth and dry biomass yield of Fenugreek
 The results presented in Figures 1&2 which clearly demonstrate the effect of Ca on the growth & dry biomass yield of fenugreek under Pb treatment. In the absence of Pb (T2 and T3), the application of calcium significantly enhanced shoot and root growth, as well as shoot and root dry biomass. The highest values for shoot length (40.92 ± 3.26 cm), root length (8.95 ± 1.48 cm), shoot biomass (10.02 ± 0.38 g/pot) and root biomass (3.11 ± 0.29 g/pot) were recorded in the treatment with 120 mg/kg calcium (T3). These results indicate the positive effect of calcium in promoting plant growth and biomass production under non-stress conditions. The applications of Pb in the soil lead to a significant reduction in plant growth. The application of 40 mg/kg Pb (T7) resulted in a substantial decrease in shoot length (17.35 ± 1.86 cm) and root length (3.84 ± 0.84 cm), as well as a reduction in shoot biomass (3.99 ± 0.27 g/pot) and root biomass (1.17 ± 0.16 g/pot). These results clearly demonstrated the inhibitory effect of Pb on fenugreek growth. However, when Pb was combined with calcium, a partial recovery in plant growth was observed. For example, the treatment with 20 mg/kg Pb and 120 mg/kg Ca (T6) showed improved growth parameters compared to the Pb-only treatment (T4). Specifically, shoot length (34.23 ± 3.01 cm) and root length (7.44 ± 1.21 cm) were significantly higher in T6 with notable increases also observed in shoot biomass (8.08 ± 0.40 g/pot) and root biomass (2.46 ± 0.26 g/pot). Similarly, the combination of 40 mg/kg Pb and 60 mg/kg Ca (T8) also showed improvements in growth and biomass, although these effects were not as pronounced as those observed in T6. These results clearly indicate that calcium has a protective effect against the toxic effects of Pb on fenugreek plants. Calcium, particularly at higher doses (120 mg/kg), helps mitigate Pb-induced growth inhibition, promoting better plant vitality and biomass accumulation. This is reflected in the improved shoot weight (Dere and Doğan, 2020) and root weight (Kulaz et al., 2021) observed in the study.


 Fig. 1: Effect of Ca in combination with Pb on length of shoot and root of Fenugreek.  Every value has three replicates (n=3) and is shown as mean ± SD.
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 Fig. 2: Effect of Ca in combination with Pb on dry biomass of shoot and root in Fenugreek.  Every value has three replicates (n=3) and is shown as mean ± SD.

	

Effect of Calcium on the uptake of Lead by Fenugreek
The results presented in Figure 3 clearly showed that Pb uptake in fenugreek shoots and roots varied significantly across different treatments, demonstrating the distinct effects of both Pb and Ca levels. In the control treatment (T1) Pb accumulation was minimal, with only 0.16 ± 0.04 mg/kg in shoots and 0.18 ± 0.06 mg/kg in roots. However, with increasing Pb concentration, a substantial rise in Pb uptake was observed. Under the treatment with 20 mg/kg Pb without calcium (T4), Pb content in shoots and roots sharply increased to 4.52 ± 0.24 mg/kg and 9.03 ± 0.28 mg/kg, respectively. When 60 mg/kg Ca was applied (T5), Pb uptake decreased slightly to 4.06 ± 0.36 mg/kg in shoots and 8.09 ± 0.29 mg/kg in roots, indicating a moderate mitigating effect of calcium. The maximum Pb accumulation was observed under the treatment with 40 mg/kg Pb without Ca (T7), with shoots containing 9.01 ± 0.42 mg/kg and roots containing 13.02 ± 0.49 mg/kg of Pb. With the application of 60 mg/kg Ca (T8) Pb uptake slightly declined to 8.54 ± 0.46 mg/kg in shoots and 12.53 ± 0.52 mg/kg in roots. In T9 (40 mg/kg Pb + 120 mg/kg Ca), Pb content further reduced to 7.49 ± 0.38 mg/kg in shoots and 11.56 ± 0.41 mg/kg in roots, suggesting that higher calcium levels may help limit Pb translocation or accumulation; similar findings were reported by Pandey et al. (2011). Overall, the data confirm that Pb accumulation in fenugreek increases with Pb dosage, with roots consistently accumulating more Pb than shoots. The presence of calcium, particularly at higher doses, appears to moderately reduce Pb uptake, but the most pronounced Pb accumulation was still observed under the highest Pb treatments (T7, T8 and T9), highlighting the severe impact of Pb stress on the plant's metal uptake pattern. 




Fig. 3: Effect of Ca on Pb uptake and distribution in Fenugreek root and shoot. Every value has three replicates (n=3) and is shown as mean ± SD.
Effect of Calcium on transfer factor and bioconcentration factor of Pb in Fenugreek
     The translocation factor and bioaccumulation factor values for different treatments are presented in Figure 4. The highest TF was recorded as 0.888±0.040 under T1 (0 mg/kg Pb, 0 mg/kg Ca), while the lowest TF was 0.512±0.026 under T6 (20 mg/kg Pb, 120 mg/kg Ca). In all treatments, the TF values remained below 1, indicating that Pb was not effectively translocated from the roots to the shoots. This suggests that Trigonella foenum-graecum primarily retains lead in its roots, showing an excluded-type behavior (Lasat et al. 2000). The low TF values may be attributed to the complexation of lead by calcium in the rhizosphere. Calcium can compete with lead for binding sites or form stable Pb-Ca complexes, reducing the mobility and availability of free Pb ions for uptake and translocation within the plant system. This reduces the amount of lead that can move from roots to shoots. Similarly, the bioaccumulation factor values ranged from a maximum of 0.421 ± 0.018 in T1 to a minimum of 0.187 ± 0.031 in T9 (40 mg/kg Pb, 120 mg/kg Ca). Similar findings were reported by (Malik et al., 2010). All BCF values were less than 1, indicating relatively low overall lead accumulation in the plant tissues. However, a trend of decreasing BCF with increasing Ca levels was observed, likely due to reduced Pb bioavailability caused by Ca-induced precipitation or complexation. The consistent reduction in both TF and BCF values with increased Ca application highlights calcium’s role in limiting Pb uptake and translocation; similar findings were reported by (Ernst et al., 1992). These findings suggest that Trigonella foenum-graecum L. may be more suitable for phytostabilization than phytoextraction, as it confines Pb accumulation primarily to the root zone and limits translocation to aerial parts under combined Pb and Ca exposure. 


 Fig. 4: Effect of Ca on transfer factor and bioconcentration factor of Pb in Fenugreek. Every value has three replicates (n=3) and is shown as mean ± SD.
Conclusion
 The interaction between lead (Pb) and calcium (Ca) interacts in various types of ways in plant systems, such as competition at membrane transport sites, calcium-binding proteins, and calcium-regulated physiological processes. It is well recognized that lead disrupts calcium homeostasis, which in turn affects vital cellular functions and plant growth. The present study clearly demonstrates that lead toxicity has an adverse impact on the growth and biomass of fenugreek (Trigonella foenum-graecum L.), as demonstrated by reduced root and shoot lengths when increased Pb accumulation in plant tissues. However, the application of calcium significantly alleviated the negative effects of Pb stress. Higher calcium levels decreased Pb uptake, as seen by lower bio-concentration factor and translocation factor values, while simultaneously promoting plant growth. These results showed that calcium important protective role plays by reducing Pb accumulation and its movement within the plant systems. Therefore, calcium supplementation can serve as an effective agronomic strategy to mitigate Pb toxicity in fenugreek crops grown in Pb-contaminated soils. Future studies should focus on field validation of these results and additional exploration of calcium's contribution to sustainable crop production in soils contaminated with heavy metals.
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