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Abstract

:

The present study assessed the accumulation and distribution of metals in tomato (Lycopersicon esculentum L.) fruits grown with wastewater. The concentrations of nine metals (Co, Cd, Mn, Cu, Ni, Fe, Zn, and Pb) were analyzed in wastewater collected from the study site. Four metals with substantially higher concentrations in wastewater, namely Fe, Zn, Mn, and Pb, were selected for further analysis in soil, plant organs, and parts of tomato fruits. In addition, the concentrations of essential nutrients (Na, K, Ca, P, and N) in all samples were also analyzed. Concentrations of Zn (0.77 mg L−1) and Pb (0.44 mg L−1) were found to be the maximum, and Mn concentration was the minimum (0.16 mg L−1) in wastewater samples. However, in soil samples, the concentrations of Fe (35.88 mg kg−1) and Pb (29.62 mg kg−1) were the highest, which ultimately led to their higher accumulation in plant tissues. When metal accumulation in the whole plant and tomato fruit was compared with the WHO permissible limits, the accumulated concentrations of Zn (16.35, 12.98, and 23.85 mg kg−1 d.wt. in peri-, endo-, and mesocarp, respectively), Mn (7.08, 7.75, and 4.6 mg kg−1 d.wt. in peri-, endo-, and mesocarp, respectively), and Pb (30.05, 29.42, and 34.95 mg kg−1 d.wt. in peri-, endo-, and mesocarp, respectively) exceeded the safe limits except for Fe (13.6, 32.3, and 63.43 mg kg−1 d.wt. in peri-, endo-, and mesocarp, respectively). Thus, the irrigation of tomato fruits with wastewater can cause health risks to humans under prolonged consumption, and the regular monitoring of metals is necessary to reduce the health risks from human consumption.
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1. Introduction


Due to growing urbanization and population, the demand for food crops is increasing rapidly, and it is in fact exerting pressure, particularly on peri-urban agriculture. Increasing anthropogenic activities contribute to metal pollution in marginal places of agricultural land, resulting in a severe environmental cue [1]. Sources of metal pollution include natural (volcanic eruptions), agricultural (fertilizers, pesticides, wastewater), and anthropogenic (industrial and household effluents, traffic emission, mining, and smelting) activities that release high amounts of metals in soil, water, and the biosphere [2]. Thus, the presence of metal pollutants in marginal places of agricultural land is the most alarming matter as vegetables being contaminated with harmful metals cause easy entry into the food chain. Although certain metals such as Cu, Zn, Mn, Co, Cr, etc., are essential micronutrients for microbes, plants, and animals, they are of considerable concern due to their toxicity at higher concentrations [3].



Wastewater irrigation to agricultural land is also a contributing factor in the increase in metal elements in the soil. In Pakistan, polluted water (industrial effluents or untreated sewage water) is directly discharged into croplands being used for growing vegetables and other crops [4]. Faisalabad is one of the industrial cities where there is no proper treatment facility for wastewater disposal [5]. Due to the shortage of canal water for irrigation, untreated wastewater taken out from the nearby wastewater stabilization ponds is used to irrigate the agricultural land of Chakera village. This is a direct example of untreated wastewater irrigation in Chakera lands [6].



Large quantities of industrial effluents and sewage sludge are potential sources of metal contamination in water and soil environments due to their direct discharge into surface water bodies [7]. As a result, vegetables grown with wastewater irrigation accumulate metals from the polluted soil and water, thus exceeding safe limits [8,9]. The use of effluents/wastewater over a long period of time to grow vegetables results in the uptake of toxic metals by crops with a possibility of their excess in the food chain. One of the effects of these toxic metals in soil is the eventual inhibition of many physiologic and metabolic pathways in plants [10]. These metals reduce the uptake of water and nutrients in plants by damaging the root system [11]. Chlorosis and enzymatic disturbances are also mainly caused by increasing concentrations of metals [12,13].



The persistence of metals in soils and their assimilation depends on their form and uptake by plants [14]. For instance, some metal ions like Pb are absorbed by soil but are rarely translocated to plants, while Cd is less mobile in soil but can be easily absorbed by plants [11]. Moreover, metal uptake by plants largely depends on soil type, plant species, and growth stage, and they passively transport from roots to shoots via xylem vessels [15]. Some metals are poorly mobile in the phloem, and they do not accumulate in storage organs, i.e., fruits and seeds, due to low transpiration rates. According to Zheljazkov and Nielsen [16], the accumulated concentration of metals in vegetables per unit of dry matter is in the following order: leaves > fresh fruits > seeds. Metals are readily taken up from the soil and accumulate in edible parts of vegetables and fruits. Therefore, the metal-induced contamination of the human food chain occurs via the direct consumption of those edible parts by humans [17,18]. The ingestion of vegetables contaminated with metals through foodstuffs over a long period results in higher metal concentrations in humans that may cause several disorders such as kidney, liver, and cardiovascular problems [19].



Certain heavy metals pose health risks in humans when they enter the human body. Most of these metals affect multi-organ systems, where they prove to be very toxic. For example, lead (Pb) toxicity is commonly known to have adverse effects on the brain development of children, causing learning disabilities, decreased intelligence, and behavioral problems. In adults, high blood pressure, kidney damage, and reproductive issues occur from lead exposure [19]. Similarly, cadmium metal accumulates in the kidneys and causes kidney damage, leading to kidney disease over time. Certain health issues like lung and kidney problems have been reported upon exposure to high Cd levels [20]. The health effects of copper include nausea, vomiting, abdominal pain, and liver damage. High aluminum levels can lead to bone and brain toxicity, especially in individuals with impaired kidney function. Long-term exposure to high levels of nickel has been associated with lung and nasal cancers. However, the extent of damage to human health depends on exposure dose and time and the type of metals prevailing in the surrounding environment [11].



In view of all the abovementioned reports, the present study was undertaken to quantify the metal contents in tomato plants and particularly in fruit that can impose serious health risks for humans over prolonged consumption.




2. Materials and Methods


2.1. Study Site


A field study on tomato plants was carried out in the peri-urban area of Faisalabad, Pakistan. Chakera village was selected as the study site since canal water is scarce, and wastewater is mostly used for irrigation. The village is located on the northwestern side of Faisalabad (31°27′38.99″ N, 73°00′10.39″ E) at an elevation of 588 feet above sea level. The land is mainly used to grow seasonal vegetables. Crops grown there are irrigated with wastewater discharged from a polluted drain originating from the nearby wastewater stabilization ponds (Figure S1) that carry the wastewater from Faisalabad city and surrounding industrial units.




2.2. Sampling


Soil, water, and plant (tomato) samples were randomly collected from five different sites within a field (replicates). Wastewater samples (five) were taken from an irrigation canal at a depth of 15 cm using a measuring cylinder and were stored in plastic bottles. Soil samples (five) at 0–20 cm depth were collected using a stainless steel auger. The water and soil sampling was carried out at 15-day intervals from the same sampling points during the entire crop growth period, and averages were used to generate replicated data. Five mature tomato plants with ripened fruits were randomly picked. All soil and plant samples were stored in paper bags and oven-dried at 70 °C. A similar sampling procedure was performed for all control samples from the site where canal water was used for irrigation. The sampling was carried out following a completely randomized design (CRD), with five replications.




2.3. Water Analysis


Water samples were filtered using filter paper (Whatman No. 41) for measuring EC, pH metals, and nutrients. One drop of concentrated HCl was added to each wastewater sample and kept in the dark in a refrigerator until metal analysis [21]. The concentrations of nine metals (Co, Cd, Mn, Cu, Ni, Fe, Zn, Pb, and Cr) in wastewater samples were determined using an atomic absorption spectrophotometer (AAnalyst 300, PerkinElmer, Germany). Four metals with the highest concentrations (Fe, Mn, Zn, and Pb) were selected for detailed analysis in soil, plant organs (root, stem, and leaves), and tomato fruit (peri-, meso-, and endocarp). The atomic absorption spectrophotometer (AAS) was calibrated with appropriate standards and run with the following specifications: oxidant flow rate, 4 L min−1; fuel (C2H2) flow rate, 3 L min−1, read replicates, 5; read time for each replicate, 60 s; detection sensitivity, 5.0 μg L−1; and standard read accuracy, ±0.05 mg L−1. The concentrations of Na, K, and Ca in water samples were determined with a flame photometer (Jenway, PFP-7, Cadmus, Essex, UK), whereas the concentration of P and N were determined following Jackson [22] and Bremner [23], respectively.




2.4. Soil Analysis


Oven-dried soil samples were passed through a 2 mm sieve to remove debris and coarse particles. For ECe analysis, 50 g of soil was dissolved in 50 mL of distilled water. The solution was shaken thoroughly and left for 30 min. ECe was measured using an EC meter (WTW series InoLab pH/Cond 720) [24]. For soil pH, 10 g of soil was dissolved in 100 mL of distilled water. The solution was shaken for 10 min, and pH was measured with a pH meter (WTW series InoLab pH/Cond 720). For metal and nutrient analyses, the acid digestion method by Wolf [25] was followed. The concentrations of Fe, Zn, Mn, and Pb in acid-digested soil samples (0.1 g) were determined using an atomic absorption spectrophotometer (AAnalyst 300, PerkinElmer, Germany), with specifications as outlined in Section 2.3. The concentrations of Na, K, Ca, P, and N were also estimated in the acid-digested soil samples following appropriate methods and apparatuses similar to those of water and plant nutrient analyses.




2.5. Plant Analysis


The tomato plant was cut into edible (fruit) and nonedible (root, stem, and leaves) parts. Fruit samples were further grouped into pericarp, mesocarp, and endocarp samples. All samples were oven-dried prior to analysis. The oven-dried samples were ground, and 0.1g of this material was digested using the wet digestion method developed by Wolf [25]. The concentrations of four metals, i.e., Fe, Zn, Mn, and Pb, in acid-digested plants and fruit were determined using an atomic absorption spectrophotometer (AAnalyst 300, Perkin-Elmer, Germany), with specifications as outlined in Section 2.3. The concentrations of Na, K, and Ca in plant and fruit samples were determined with a flame photometer (Jenway, PFP-7, UK), whereas the concentration of P was determined following Jackson [22]. Then, 4 ml of Barton reagent was added to 1 mL of the acid-digested extract, and the total volume was brought up to 50 mL using distilled water. The samples were kept for half an hour, and optical density was measured at 460 nm using a spectrophotometer (Hitachi-220 model). The actual amount of P was calculated using a standard curve developed using the known concentrations of K2HPO4. The amount of N was estimated using the Kjeldahl method [23], with the help of a micro-Kjeldahl ammonia distillation unit (Behr Labor-Technik GmbH, Behrotest® InKjel, Germany).




2.6. Statistical Analysis


Analysis of variance (ANOVA) of the collected data was computed using the COSTAT computer package (CoHort Software v 6.303, 2004, Monterey, CA, USA). The data thus obtained were also subjected to an LSD (least significant difference) test at a 5% probability level to determine the differences among treatment means [26]. Heatmap clustering, Pearson’s correlation coefficient, and principal component analysis (PCA) were carried out with R Studio (Version 1.1.463, RStudio, Inc., Boston, MA, USA) to determine the distribution pattern of various minerals and metals within different plant organs and fruit parts.





3. Results


3.1. Mineral and Metal Contents in Soil and Water


Table 1 shows the summary of EC, pH, and other metals observed in wastewater. The concentrations of all observed metals in the wastewater were generally higher than those of the water samples collected from the uncontaminated control site. The concentrations of the four predominated metals were in the decreasing order of Zn > Pb > Fe > Mn, with 131, 68, 95, and 69% increases over those of the control site, respectively (Figure 1a). In comparison, the soil being irrigated with wastewater had the highest amount of Fe, followed by Pb, Zn, and Mn (Figure 1b). Similarly, it was also observed that all the nutrients were higher in the wastewater and wastewater-irrigated soil. Of all the nutrients, Na was found to be in the highest amount, followed by Ca, K, P, and N with 54, 22, 56, 210, and 45% increases compared with the nutrient contents found in canal water (Figure 1c). Likewise, Na reached its maximum value in soil irrigated with wastewater, followed by K. However, Ca was found to be the least among all the nutrients analyzed, whereas P and N were found in almost equal concentrations in wastewater-irrigated soil, with a 39 and 53% increase compared with those in soil irrigated with canal water (Figure 1d).




3.2. Mineral and Metal Contents in Plant Organs and Fruit Parts


Plants receiving wastewater irrigation accumulated high mineral contents in their parts as compared to the plants irrigated with canal water. Of the edible parts of wastewater-irrigated plants, the mesocarp accumulated a high amount of Na, with a 19% increase over control, while among the nonedible parts, the root accumulated a maximum amount of Na, with a 42% increase over control. In contrast, no significant differences were found in stem and leaf Na contents, where a 34% increase in Na over control was recorded. The order of decreasing Na concentration in wastewater-grown plant organs was: mesocarp > root > pericarp > endocarp > stem > leaves (Figure 2a).



The comparison of K accumulation in different plant organs showed that the stem (nonedible part) had a high accumulation of K, followed by the endocarp (edible part), and they showed an increase of 20% and 38% compared with that in the organs of plants irrigated with canal water. Leaves and the mesocarp accumulated an equal amount of K. The decreasing order of K concentration in edible and nonedible parts of plants grown with wastewater was stem > endocarp > mesocarp > leaves > root > pericarp (Figure 2b).



Wastewater-irrigated plants accumulated a higher amount of Ca than plants irrigated with canal water. By comparing its accumulation in different plant organs, it was found that leaves accumulated higher Ca content, followed by stems, with 39% and 31% increases compared with plants grown with canal water irrigation. The minimum accumulation of Ca was found in the endocarp, which differed nonsignificantly from the control. The decreasing order of Ca concentration in wastewater-irrigated plants was leaves > stem > root > pericarp > mesocarp > endocarp (Figure 2c).



The plants irrigated with wastewater had higher N content than canal-water-irrigated plants, in all their parts. The maximum N content was found in leaves, followed by the endocarp, while no significant difference was found in leaf N content compared with control plants. On the other hand, N was found in almost equal amounts in the stem and mesocarp. N concentration in different organs of wastewater-grown plants was in the following decreasing order: leaves > endocarp > root > mesocarp > pericarp > stem (Figure 3a).



The phosphorus (P) accumulated in edible parts in higher quantities than that in nonedible parts. Phosphorus accumulation was higher in the endocarp, followed by the mesocarp, with 21% and 58% increases over that in control plants. However, P accumulation was found to be the minimum in the pericarp, which differed nonsignificantly from P in the stem. Among the nonedible parts, leaves showed a higher accumulation of P, with a 48% increase over control plants. The decreasing concentration of P in all plant organs was found to be in the following order: endocarp > mesocarp > leaves > stem > root > pericarp (Figure 3b).



The order of metal concentration in both soil and plant was Fe > Pb > Zn > Mn. When considering the accumulation of metals in various plant parts, there was a substantial accumulation of Mn in roots among all the studied edible and nonedible parts, where it increased by 57% over the control (canal water irrigated). The minimum value of Mn content with a nonsignificant difference compared with the control was found in the endocarp (fruit organ). However, Mn content in the leaves was also found to be markedly higher than that in the edible parts of plants (mesocarp and endocarp). Mn concentration in all plant organs was found to be in the following decreasing order: root > leaves > stem > mesocarp > pericarp > endocarp (Figure 4a).



The plants grown on soil irrigated with metal-polluted water accumulated higher Fe content in the pericarp than in any other studied organ. The accumulation of Fe in the pericarp was found to be 76-fold more than that in control plants. On the other hand, its accumulation in the endocarp was found to be the minimum, which differed nonsignificant from control plants. In contrast to Mn accumulation in nonedible parts, Fe was found more in the leaves with a 17% increase over plants grown with canal water. Fe concentration in all plant organs was found to be in the following order: pericarp > leaves > root > stem > mesocarp > endocarp (Figure 4b).



Similar to the Fe accumulation in nonedible plant parts, Zn accumulation was higher in the leaves, followed by the root and stem, with 26%, 38%, and 33% increases compared with the nonedible parts of control plants. Considering the edible plant parts, the accumulation of Zn in the mesocarp was considerably high, with a 56% increase over that in the mesocarp of the control plant. A similar trend for Zn accumulation was noted in the endocarp as for Mn and Fe contents. Zn concentration in plants supplied with wastewater was found to be in the following decreasing order: Leaves > mesocarp > root > endocarp > stem > pericarp (Figure 5a).



Lead (Pb) accumulation in edible and nonedible parts also showed highly significant differences. Similar to the results for Mn accumulation, the accumulation of Pb was the highest in roots, where the Pb content increased by 30% compared with that in plants irrigated with canal water. In contrast to the other metals (Mn, Fe, and Zn) in the edible parts of the wastewater-irrigated plants, Pb was the maximum in the endocarp, with a 49% increase over the control. The order of decreasing Pb concentration in all studied plant organs was found to be root > leaves > endocarp > stem > pericarp > mesocarp (Figure 5b).




3.3. Heatmap Clustering


At the control site irrigated with canal water, heatmap clustering for metal and mineral composition of water indicated strong, positive interactions with plant attributes for Na and Ca contents. Strong negative interactions were observed for water Pb, Zn, and Mn concentrations. The interactions for freshwater Pb, N, and K contents were the weakest. Soil Pb, Mn, and Zn showed medium positive interactions, while soil K had a strong negative influence. Mostly weak interactions were observed between metals and mineral accumulation in plant organs and fruit parts as evidenced by an abundance of light-yellow–light-blue shades in heatmaps. Leaves showed a positive interaction with Fe, while the endocarp of fruit showed some tendency of metal accumulation. The pericarp and endocarp did not show any significant tendency to accumulate metals under control conditions (Figure 6).



For wastewater used for irrigation in contaminated soils of Chakera, mineral nutrients (K, P, and N) and metals (Fe, Pb, Zn, and Mn) in soil and water showed a negative influence, while Pb had the most negative effect. A strong, positive interaction of all metals and minerals in plant organs and fruit parts was observed. The red color (indicating positive interaction) was lighter in roots but became darker in stems and was the darkest in leaves. Within fruit parts, the endocarp and mesocarp accumulated the most metals that were directly linked to metal concentration in stems and leaves. The pericarp generally exhibited light-yellow to light-red color except for Fe content, indicating the least tendency of metal accumulation within the pericarp. The toxicity of most metals (Fe, Pb, and Zn) in fruit parts was directly associated with their concentration in different plant organs, which was in turn proportionally influenced by metal and mineral concentrations in soil and water (Figure 6).




3.4. Pearson’s Correlation Coefficients


At the control site, most of the metals were not correlated with nonmetal mineral elements, indicating a nonsignificant connection between their uptake and accumulation. Weak, positive correlations were observed between metals like Zn:Fe, Mn:Zn, Pb:Mn, and Na:Ca. Weak, negative correlations were observed between N:K, Na:Pb, Mn, Zn, and Fe (Figure 7a). At the contaminated Chakera site, lead (Pb) in particular did not show any correlation with Na and Ca, but it was strongly positively correlated with other metals like Zn and Fe but weakly with Mn. Similarly, P was not correlated with Ca but was strongly positively correlated with N, Zn, and Pb. The accumulation of other mineral nutrients and metals exhibited a strong, positive correlation except for Mn:Na and Mn:Ca, possibly because of competing behavior (Figure 7b).




3.5. Principal Component Analysis (PCA)


The strength of the contribution (Contrib) of all principal components (metals and nonmetal mineral elements) was quite high (ranked to the maximum, i.e., 14 on the strength scale). PC1 contributed 61.8% and PC2 16.9%, while the remaining 21.3% was attributed to the other seven principal components. The PCA analysis showed a significant influence of sites on the distribution of metals and minerals, as two distinct groups were observed. The only two components attributed to the control site were Na and Mg. All other minerals (Ca, P, N, and K) and metals (Fe, Zn, and Pb) were attributed to the contaminated site in Chakera, indicating a significant association between metal availability at these sites and distribution in the plant body (Figure 8).





4. Discussion


4.1. Soil and Water Analyses


The electrical conductivity (ECe) of the wastewater used for irrigation at the Chakera site was above the critical limits (0.70 dS m−1) as documented by the FAO [27]. High ECe value could be due to the fact that soluble salts are added to water as a result of laundry activities, textile milling, and residential and factory wastes [34]. However, pH ranged between the permissible limits for irrigation purposes as documented by the FAO [27] and WWF [28] for Pakistan. Similarly, the mean ECe value of the soil of the study site was above the critical limits as documented by Ayers and Westcot [27] (Table 1). The increase in ECe of agricultural soil could be attributed to the addition of dissolved salts through effluents. However, the pH of the sampled soil fell within the limits (6.5–8.4) [28]. These findings show that the ECe and pH of the soil are not significantly problematic even after long-time irrigation with raw effluents, most likely because of the regular addition of organic matter and the calcareous nature of the soil in most parts of Pakistan [35].




4.2. Metal Uptake and Distribution within Plant Organs


The continuous supply of wastewater has caused considerable changes in physicochemical properties in soils at Chakera and has ultimately led to enhanced uptake of metal ions by vegetables [36]. It is now well evident that most plants, particularly vegetables, require metals in trace amounts for their nutritional values [37]. As roots are in direct contact with soil to absorb water, dissolved nutrients and trace elements are taken up and finally accumulate in vegetables [38]. Some metal elements like Fe and Mn are less mobile and tend to remain in roots [39]. Furthermore, metals are mostly sequestered in the roots of most horticultural crops [40]. Variations exist in metal contents in plant organs concerning metal distribution, and the metal content in different plant parts is indicative of their presence in waste-polluted soils [41]. However, differential levels of the accumulation of metals have already been reported in a number of vegetables grown on metal-contaminated soils [8]. The tendency of metal accumulation in edible parts of vegetables shows their direct incorporation into the food chain, which poses health risks [42]. In our study, the concentrations of metals were several times higher in tomato plants sampled from the study site, which was supplied with wastewater, than those in the plants grown in a metal-free environment. These results are in line with previous studies reporting similar findings in wastewater-grown vegetables [41].



In the present study, wastewater irrigation resulted in increased Fe and Pb accumulation in different plant organs of tomato plants as well as tomato fruit. High Pb concentration in tomato plants may be related to the high accumulation of this metal in soil due to industrial activities and vehicular emissions, as well as its possible aerial deposition and absorption. Higher Fe content in tomato plants compared with other micronutrients (Zn and Mn) could be because it accumulates more in plants than any other metal ion [43]. These findings are similar to those of Kansal and Singh [44] and Schirado and Pratt [45], who studied the effect of wastewater irrigation on cauliflower, spinach, maize, and berseem. These researchers found a substantial accumulation of Fe and Pb in different plant tissues of the abovementioned crops. A comparison of the levels of metals found in tomato plants with permissible limits reported by the WHO [46,47] and Asaolu [48] in plants and edible portions of vegetables (Table 2) showed that, unlike Fe, the levels of Zn, Mn, and Pb were well above the permissible limits. However, a comparison of metals in different plant parts with metal limits revealed that concentrations of Mn and Zn in the roots and leaves were much higher than those in the tomato fruit. Fe and Mn are immobile in plants. As seen in our results, these metals were mostly sequestered in roots and, due to little mobility, caused nonsignificant differences in Endocarp. In contrast to the other metals, a higher Pb concentration was observed in the leaves and fruit of tomato. The results of the present study are analogous to those Khan et al. [2], who reported a similar pattern of metal accumulation in tomato plants. These results are also in agreement with some previous studies that reported elevated concentrations of different metals in edible parts of most food crops subjected to continuous irrigation with wastewater [20]. The results of the present study also support the findings of other researchers [49,50] indicating that the accumulation of such metals above permissible limits poses a major health concern in humans.




4.3. Health Risk Assessment of Metals Accumulated in Plant Organs


Metals with higher concentrations in wastewater, namely Fe, Zn, Mn, and Pb, were compared with permissible limits of metals set by different authorities. According to the Health Guidelines for the Use of Wastewater in Agriculture and Aquaculture [47], the concentrations of Fe, Zn, Mn, and Pb in the wastewater used at Chakera were found below the permissible limits. However, Zn and Pb concentrations when compared with the recommendations of the WWF [28] and USEPA [29] were found to be above the critical limit (Table 1). The increase in wastewater metal elements might have resulted from the discharge or metal-containing effluents from battery (Mn, Cd, Pb, and As), fabric (Zn, Cr, Cu, Ni, and Cd), and paint (Pb, Cu, Zn, and Cd) industries [51]. A continuous application of wastewater to the soil resulted in a high accumulation of metals in the soil. As compared to metal concentrations in wastewater, Fe was found to be the maximum, and Mn concentration was the minimum in the soil. When their concentration was compared with the safe limits of metals in soil, the concentrations of Zn and Pb were below the permissible limits [31]. However, their continuous addition to the soil through polluted effluents could result in the accumulation of trace elements in higher amounts, which may become phytotoxic [52]. The present results showed that soil macronutrients (N, P, and K) increased as a result of wastewater irrigation. A number of other studies also reported the accumulation of N, P, and K in polluted soil, which was attributed to the original content of these nutrients in wastewater used for irrigation [53]. It is documented that the amount of N, P, and K in wastewater in the soil can range up to 4, 10, and 8 times the fertilizers needed by forage crops [54]. The high accumulation of these macronutrients in wastewater and soil ultimately leads to an increase in plant mineral contents. The present findings agree with those already reported by different researchers [55], who found high P content in wastewater-irrigated plants.




4.4. Relationship between Soil and Water Metal Concentrations and Tomato Fruit Parts Based on Multivariate Analysis


Heatmap clustering for the control site irrigated with canal water mostly showed weak, negative interactions within roots and stems, indicating that plants mostly translocated essential minerals and metals towards leaves or developing fruits to meet the needs in physiological processes. In leaves, a weak, positive interaction was observed, as they are the final site of mineral metabolism [56]. Within fruit parts, the endocarp showed a weak, positive interaction with most minerals and metals, while the mesocarp and endocarp exhibited a weak, negative association. When compared with the original results of this study, these findings suggested that, in control conditions, fruits retained sufficient quantities of essential minerals and metal ions within permissible ranges [57]. In the wastewater of the contaminated site in Chakera, mineral nutrients (K, P, and N) and metals (Fe, Pb, Zn, and Mn) mostly showed strong, negative associations, and Pb had the most negative association. In soil, all mineral elements and metals in soil showed a weak, negative association except for Mn. These findings indicate higher availability of these minerals for absorption and translocation in plants [58]. Within plant parts, a strong, positive interaction of all metals and minerals in plant organs and fruit parts was observed, indicating high health risks when consumed. The red color (indicating a positive interaction) was darker in roots but became lighter in stems, and it was the darkest in leaves. These results suggest that tomato plants grown with wastewater sequester metals in roots and avoid possible translocation to stems but still accumulate substantial quantities of metal ions within leaves [59]. Within fruit parts, the pericarp, endocarp, and mesocarp accumulated the most metals, which is directly linked to metal translocation through stem and accumulation within leaves. These results confirm that most metals accumulate within fruit parts in significantly higher quantities, and fruits exhibit a strong potential for metal toxicity when consumed by humans [60].





5. Conclusions


High concentrations of metals in wastewater and soil at Chakera led to their high accumulation in the tomato plant. However, the levels of these metals varied among various plant parts, which reflects differences in their uptake and translocation within the plant body. Generally, irrigation water is considered the primary determining factor for evaluating the metal concentration in vegetables. The irrigation with wastewater led to the accumulation of metals in the soil and ultimately in the tomato plant. Zinc (0.77 mg L−1) and Pb (0.44 mg L−1) were found to be considerably high in wastewater, but the pattern of metal accumulation showed that high concentrations of Zn (28.84 mg kg−1) and Pb (29.62 mg kg−1) in the soil resulted in the high accumulation of these metal ions in all the plant parts analyzed. Furthermore, considering the recommended safe limits for metal concentrations in plants set by the WHO, the concentrations of Zn, Mn, and Pb in the whole plant and tomato fruit (12.98, 7.75, and 29.42 mg kg −1 d.wt. in mesocarp) sampled from the contaminated site were beyond the safe limits (5 mg kg−1 d.wt. for all three metals), thus posing a major health threat in the regular consumption of tomato fruit by the inhabitants of the area.
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Figure 1. Concentrations of different metals and mineral nutrients in wastewater (a,c) and soil being irrigated with wastewater (b,d); *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively; ns = nonsignificant. 
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Figure 2. Concentrations of Na (a), K (b), and Ca (c) in different organs of tomato plants and fruits grown with wastewater; *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively; ns = nonsignificant. 
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Figure 3. Concentrations of N (a) and P (b) in different organs of tomato plants and fruits grown with wastewater; *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively; ns = nonsignificant. 
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Figure 4. Concentrations of Mn (a) and Fe (b) in different organs of tomato plants and fruits grown with wastewater; *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively; ns = nonsignificant. 
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Figure 5. Concentrations of Zn (a) and Pb (b) in different organs of tomato plants and fruits grown with wastewater; *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively; ns = nonsignificant. 
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Figure 6. Heatmap clustering constructed for concentrations of different minerals elements and metals against soil, water, plant organs, and fruit parts of tomato plants grown at (a) control and (b) contaminated sites. The increasing color intensity towards red indicates a strong, positive influence while the increase towards blue indicates a strong negative influence of minerals ions and metals on plant organs and fruit parts. 
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Figure 7. Pearson’s correlation coefficient for concentrations of different minerals elements and metals in plant organs and fruit parts of tomato plants grown at control site (a) and contaminated Chakera site (b). 
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Figure 8. Principal component analysis (PCA) for concentrations of different minerals elements and metals in plant organs and fruit parts of tomato plants grown at the control and contaminated Chakera sites. 
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Table 1. Heavy metals in wastewater and soil and their comparison with standards set by various organizations/researchers.
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Attribute

	
Water

(mg L−1)

	
Permissible Limit in Water (mg L−1)

	
Soil

(mg kg−1)

	
Permissible Limits in Soil (mg kg−1)




	
a

	
b

	
c

	
d

	
e

	
f






	
EC (dS m−1)

	
2.5

	
0.7

	
1.5

	
n.a.

	
1.9

	
n.a.

	
n.a.

	
n.a.




	
pH

	
7.11

	
6.5-8.4

	
6.5-8.4

	
n.a.

	
7.41

	
n.a.

	
n.a.

	
n.a.




	
Co

	
0.00

	
-

	
-

	
-

	
ND

	
-

	
-

	
-




	
Cd

	
0.00

	
-

	
-

	
-

	
ND

	
-

	
-

	
-




	
Mn

	
0.16

	
0.20

	
n.a.

	
0.05

	
19.00

	
n.a.

	
n.a.

	
n.a.




	
Cu

	
0.10

	
-

	
-

	
-

	
ND

	
-

	
-

	
-




	
Ni

	
0.05

	
-

	
-

	
-

	
ND

	
-

	
-

	
-




	
Fe

	
0.46

	
5.0

	
5.0

	
1.0

	
35.88

	
n.a.

	
n.a.

	
n.a.




	
Zn

	
0.77

	
2.0

	
2.0

	
1.0

	
28.84

	
80.0

	
150–300

	
300–600




	
Pb

	
0.44

	
5.0

	
0.1

	
0.05

	
29.62

	
50.0

	
300–600

	
250–500








ND = not determined due to very low concentration in wastewater; n.a. = not reported by the agency. a FAO [27]; b [28]; c [29]; d [30]; e [31]; f Indian standards [32,33].













 





Table 2. Mean levels of concentrations of heavy metals (mg kg−1 DW) in different organs of tomato (Lycopersicon esculentum L.).
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	Plant Organs
	Mn
	Fe
	Zn
	Pb





	Roots
	16.5
	137.32
	26.13
	28.5



	Stem
	7.7
	65.03
	12.78
	22.7



	Leaves
	13.99
	121.03
	33.03
	39.08



	Pericarp
	7.08
	13.6
	16.35
	30.05



	Mesocarp
	7.75
	32.3
	12.98
	29.42



	Endocarp
	4.6
	63.43
	23.85
	34.95



	WHO limit [47]
	5
	150
	5
	5



	Revised limit
	5 WHO/FAO
	1 WHO/FAO
	50 is
	0.1 ell, 2.5 is







WHO = World Health Organization, FAO = Food and Agriculture Organization, is = Indian standards; ell = European legislation limit [11].
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