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Abstract

:

This study aimed to assess the concentrations of Pb, Cr, Cd, and Ni in the edible parts of grapefruit and kinnow fruit irrigated with sewage water, tube-well water, and canal water. Preparation of the samples used in the study for metal analysis was carried out by the wet acid digestion method. Atomic absorption spectrometry was used for metal determination. All of the studied metals were more abundant in water, soil, and fruit samples from sites irrigated with sewage water than from those irrigated with tube-well and canal water. The concentrations of Pb were established in the range of 0.047 to 0.175 mg/L in water, 12.652 to 47.863 mg/kg in soil, and 0.023 to 0.124 mg/kg in fruit samples of both varieties. The range of Cr varied from 0.107 to 0.741 mg/L in water, from 1.121 to 5.835 mg/kg in soil, and from 0.054 to 0.784 mg/kg in fruit samples of both varieties. The range of Cd varied from 0.004 to 0.028 mg/L in water, from 1.258 to 4.246 mg/kg in soil, and from 0.012 to 0.131 mg/kg in fruit samples of both varieties. The range of Ni varied from 0.384 to 1.815 mg/L in water, from 5.367 to 18.658 mg/kg in soil, and from 0.028 to 1.475 mg/kg in fruit samples of both varieties. The pollution load index indicated that Pb exceeded a value of 1, while Cd and Ni exceeded 1 only in sewage-water-irrigated sites. The bioconcentration factor, enrichment factor, daily intake of metal, and health risk index values for all metals were below 1, within permissible limits, indicating no immediate health risks associated with consuming these fruits.
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1. Introduction


Citrus is a genus of flowering trees and shrubs belonging to the family Rutaceae, native to subtropical and tropical regions of Asia, Australia, and the Americas [1]. Citrus species are known for their diverse range of fruits, including oranges, lemons, limes, grapefruits, and tangerines. The kinnow and grapefruit are two of the most popular citrus fruit species that are widely cultivated and consumed worldwide. Kinnow is a hybrid cultivar that was made with a cross between Citrus nobilis and Citrus deliciosa [2]. It was first produced by a researcher named H. B. Frost working at the Citrus Research Centre, USA [3]. Kinnow, a readily available and inexpensive crop, contains significant amounts of antioxidant, anticancer, and antimicrobial compounds in both its juice and its peel [4]. Grapefruit is a subtropical citrus cultivar that is renowned for its taste and nutritional value, and it contains bioactive compounds with antioxidant, anticancer, and nutraceutical properties, including vitamin A and lycopene [5].



Irrigation water quality is very important for plant growth, as it can affect soil properties and, ultimately, impact mineral uptake in the plants [6]. In water-stressed countries like Pakistan, where a significant portion of the population is dependent on agriculture for their livelihood, the use of wastewater (e.g., sewage water, polluted canal water, or industrial wastewater) for irrigation is becoming increasingly common due to the depletion of freshwater supplies [7]. However, wastewater can contain increased levels of salts and organic compounds that can contribute to increased electrical conductivity in the soil and promote crop productivity [8,9]. Studies have shown that the use of reclaimed wastewater can lead to increased productivity and improved physiology in citrus crops [10].



The flood irrigation method, commonly used in citrus orchards, is sub-economical due to water loss and the potential introduction of disease to healthy trees [11]. Citrus does not use a lot of water in its production, but still, proper irrigation is necessary for high-quality fruit. Grapefruit also requires adequate water for its normal growth, as does mandarin, with an average water requirement ranging from 900 to 1200 mm depending on environmental conditions and soil characteristics [12]. When using wastewater for the irrigation of citrus fruit trees, strict monitoring of heavy metal and salinity levels is necessary [13]. Mixing wastewater with fresh water can be a practical approach to mitigate the risks of high boron concentration and salinity in the irrigation of citrus fields [14].



Heavy metals (HMs) pose serious health risks to humans and affect food chains. Some HMs, like Zn, Cu, Fe, Ni, and Mn, are beneficial micronutrients in lower quantities, but their toxicity causes harm to several important metabolic processes and reduces the antioxidant qualities of fruits at higher levels [15,16,17]. Heavy metals are much more abundant in wastewater than in groundwater, and the use of wastewater for irrigation results in an increase in HMs in soil, plants, and animals [18,19,20]. Reactive oxygen species generated in response to heavy metals can harm plant growth and cause metal toxicity, which can interfere with reproductive growth [21]. The buildup of heavy metals in the liver and kidneys can lead to serious illnesses, including kidney problems, nervous disorders, bone diseases, and cardiovascular diseases [22,23].



Accumulation of HMs in edible plant parts or fruits may render them unsuitable for human consumption, impacting the fruit’s taste and aroma [24]. Consequently, plants grown in contaminated soil accumulate heavy metals in various organs, posing a health risk to humans if consumed. Given the importance of fruits in our diet and the risk posed by heavy metal contamination, strict monitoring of heavy metals in plants and their products is necessary [25]. It is essential to ensure that heavy metals are checked in products and kept within permissible limits to maintain human health and safety.



Lead (Pb) and copper (Cu) are the main pollutants among all heavy metals that contaminate the soil, and Pb is particularly toxic to both food items and humans [26]. Heavy metals like Pb have adverse effects on plants’ growth, physiological and biochemical processes, water potential, and molecular activities. Exposure to lead can cause miscarriage, anemia, brain injury, and learning disabilities in children [27]. Similarly, excessive amounts of chromium (Cr) in food can lead to skin rashes, stomach upset, liver and kidney damage, and lung cancer. Cr is significantly accumulated in the citrus pulp, and in small quantities it can be crucial for the maintenance of human health, while its deficiency can lead to diabetes [28]. Cadmium (Cd) in soil inhibits productivity and decreases important plant processes, such as photosynthesis, mitosis, and the absorption of water. Pb and Cd may cause toxicity symptoms like dark green leaves, older leaves wilting, stunted foliage growth, and short brown roots. Nickel (Ni) is very important for the active sites of many important metalloenzymes. High concentrations of Ni can cause deficiencies in zinc or iron, malfunctioning of many enzymes, and mutations above the permissible limits, potentially leading to cancer [29].



Because of all of this, it is crucial to address the problem of heavy metal contamination in fruits, especially in terms of irrigation sources and monitoring techniques, in order to protect both the reputation of fruit exports and the health of the general population. This study aims to evaluate the impacts of various irrigation sources on the levels of HMs (Pb, Cr, Cd, and Ni) in the edible sections of fruits in order to resolve these problems. The goal is to make sure that the contents of these fruits comply with the guidelines established by the Food and Agriculture Organization (FAO) and the World Health Organization (WHO), thus ensuring consumer food safety.




2. Materials and Methods


2.1. Study Area


Sargodha, a city in Pakistan’s Punjab Province, is situated at 32° 4′ 56.8776″ N latitude and 72° 40′ 8.8608″ E longitude and has a total area of 5854 km2 (Figure 1). Summers in Sargodha are hot and muggy, whereas winters there are brief, dry, and chilly, with often clear skies. Sargodha has earned the moniker “California of Pakistan” because of its reputation for producing very high-quality kinnow. Additionally, the region is also known for various citrus fruits that are exported to other nations, including oranges, limes, grapefruit, and lemons.




2.2. Sample Collection


The samples of water, soil, and fruits were collected from three different locations randomly. All samples were taken from Chak No. 39 N.B (Site-SW, irrigated with sewage water), Chak No. 37 N.B (Site-CW, irrigated with canal water), and Chak No. 67 N.B (Site-TW, irrigated with tube-well water). Fruit samples of Kinnow (Citrus reticulata) and grapefruit (Citrus paradisi) were collected from orchards located at all three sites (Figure 1).



Soil samples were taken from all three orchards to examine the soil properties in citrus orchards. Each soil sample was a composite combination of four components obtained from depths of 0–15 cm, 15–30 cm, 30–45 cm, and 45–60 cm. The sampling required digging to a depth of 60 cm using an auger. These samples were meticulously collected and labelled before being placed in airtight plastic bags. The soil samples were then taken to the laboratory for detailed examination. The sites chosen for soil sampling were also used for the collection of water samples. These water samples were collected in 500 mL plastic bottles, capped, and stored in an ice box at 5 °C to preserve their integrity on the way to the laboratory. Following the steps described by Al-Lahham et al. [30], the water samples were analyzed in the lab to assess their electrical conductivity (EC) and other physicochemical parameters. The water samples were filtered and kept in a refrigerator prior to metal analysis. Additionally, using the proper laboratory procedures, the physical properties of the soil and water samples were measured [31].



Citrus reticulata and Citrus paradisi fruit samples were gathered from orchards situated at each of the three sites. Three replicates from each site were randomly chosen for the fruit sample collection. The samples were hand-selected, packaged in marked envelopes, and delivered to the lab for additional examination. The fruits were properly cleansed in water in the lab to get rid of any contaminants from the outside. To make it easier to analyze the mineral components found in the fruits, the edible parts of both types of fruit were then air-dried and baked in an oven.




2.3. Sample Preparation


Soil samples were taken from three different places and dried in the air for a few days. The dried samples were then heated to 72 °C in an oven for 72 h. The samples were dried up completely to remove any remaining moisture. These samples were then taken out of the oven and weighed using a digital balance. The materials were digested using the wet acid digestion procedure in order to conduct further analyses. Additionally, water samples were collected in 500 mL polypropylene bottles from three chosen sites. These samples were correctly packaged and kept in a refrigerator. Three specific locations provided samples of the fruits’ edible parts. The samples were dried completely by air-drying for a few days. The dried samples were then heated in an electric oven at 72 °C for 48 h to remove any remaining moisture. After being thoroughly crushed into a fine powder, the samples were kept in a desiccator at room temperature. The wet acid digestion procedure was used to digest the materials [32].




2.4. Digestion of Samples by the Wet Acid Digestion Method


For further investigation, three replicate powdered samples were precisely weighed at 1 g each and put into crucibles. The fruits’ edible parts were used for the examination of minerals and metals. To guarantee full solubilization, acid mixtures were used to digest samples of both soil and fruit. The digestion process adhered to the methodology outlined by Khan et al. [33]. Initially, 10 mL of concentrated (65%) HNO3 was added to 1 mL of water sample or 1 g of powdered soil/fruit sample, and the mixture was allowed to sit undisturbed for an entire night. Following that, the mixture was heated on a hot plate at 70 °C until evaporation took place. After the mixture had cooled to a normal temperature (25 °C), 5 mL of concentrated HClO4 (70%) was added. The mixture was then heated once more at 70 °C until dense white vapors were seen, indicating full digestion. The sample was cooled down to room temperature once more, and Whatman filter paper #42 was used to filter the digested samples. The filtered samples were then transferred to 50 mL volumetric flasks and fully topped up with 0.1 N HNO3 [34].




2.5. Standard Preparation and Metal Analysis


An atomic absorption spectrophotometer was used to generate standard solutions for the examination of Pb, Cr, Cd, and Ni in water, soil, and fruit samples. Before usage, the glassware and equipment were carefully cleaned and dried. The materials were weighed using an analytical balance before being dissolved in either water or a suitable solvent. The dissolution process was sped up by heating on a hot plate. Then, to ensure thorough dissolution, the solutions were quantitatively transferred to volumetric flasks. After shaking the flask to ensure thorough mixing, deionized water was gradually added until the lower meniscus met the mark on the flask. The meniscus was examined to confirm the solution’s concentration and that it was the same at the bottom, where the 100 mL mark was located. Using atomic absorption spectroscopy (AAS), the metals (Pb, Cr, Cd, and Ni) were analyzed. Specific curves were established using standard solutions. Table 1 lists the instrument’s operating conditions.




2.6. Statistical Analysis


The statistical program SPSS (Statistical Program for Social Sciences) was utilized. The mean values were calculated using one-way ANOVA, with significance levels of 0.001, 0.01, and 0.05. Following the method outlined by Steel et al. [35], Tukey’s pairwise comparison test was used to evaluate differences between means, and lettering was used to highlight similarities between means.




2.7. Bioconcentration Factor


The bioconcentration factor is the metal concentration that is transmitted from the soil to the plant’s edible parts. It was computed using the following formula by the bioconcentration factor (BCF) index:


  B C F =   M e t a l   v a l u e   i n   e d i b l e   p a r t   o f   p l a n t   M e t a l   v a l u e   i n   s o i l    












2.8. Enrichment Factor


The method and reference values used by Ahmad et al. [36] were utilized to compute the enrichment factor. This evaluation used the following formula:


  E F =   ( M e t a l   v a l u e   i n   f r u i t s / M e t a l   v a l u e   i n   s o i l )   S a m p l e   ( M e t a l   v a l u e   i n   f r u i t s / M e t a l   v a l u e   i n   s o i l )   S t a n d a r d    












2.9. Daily Intake of Metals


The DIM index was created to calculate the quantities of metals consumed by individuals through a plant-based diet. Sajjad’s [37] definition was used to derive the DIM values in this study.


  D I M =   C × F ×   D   f o o d   i n t a k e     W    








where C represents the concentration of a metal in plants, Dfood intake represents the daily intake of fruits, F is the conversion factor, and W is the average weight of the human body.




2.10. Health Risk Index


The HRI evaluates the possible dangers to human health posed by consuming fruits that are contaminated by metals [38].


  H R I =   D I M     R   f   D    








where DIM is the daily intake of the metal, and RfD is the oral reference dose of the metal. The RfD values for Cu, Fe, Ni, Pb, Zn, and Mn, as reported by the USEPA [39], are 0.04, 0.7, 0.3, and 0.04 mg/kg/day, respectively.





3. Results


3.1. Metal Concentrations in Water Samples


The results from ANOVA showed a significant effect (p < 0.01) of site on Pb in water. The mean concentration of Pb in water varied from 0.062 ± 0.012 mg/L at the TW site to 0.131 ± 0.024 mg/L at the SW site in C. reticulata. The mean concentration of Pb in water varied from 0.075 ± 0.006 mg/L at the TW site to 0.128 ± 0.027 mg/L at the SW site in C. paradisi. The highest quantity of Pb was seen in water samples of C. reticulata (Table 2).



The ANOVA showed a non-significant effect (0.05 < p) of location on Cr in water. The mean concentration of Cr in water used for irrigation purposes was 0.524 ± 0.057 to 0.586 ± 0.095 mg/L at the SW site. The mean concentration of Cr in water used for irrigation purposes was 0.255 ± 0.032 to 0.259 ± 0.029 mg/L at the CW site. At the TW site, the mean concentration of Cr in water used for irrigation purposes was 0.18 ± 0.037 to 0.21 ± 0.019 mg/L. The maximum value of Cr was present in C. reticulata at the SW-irrigated site (Table 2).



The ANOVA displayed a significant effect (0.001 > p) of site on Cd in water samples. The mean quantity of Cd varied from 0.007 ± 0.001 to 0.023 ± 0.004 mg/L in C. reticulata. The mean amount of Cd varied from 0.008 ± 0.001 to 0.022 ± 0.003 mg/L in C. paradisi. The maximum quantity of Cd was present at the SW site of C. reticulata. The minimum quantity of Cd was present at the TW site of C. reticulata. The highest quantity of Cd was present in the water of SW-irrigated sites (Table 2).



The ANOVA results exhibited a non-significant effect (0.05 < p) of site on Ni in water. The mean quantity of Ni fluctuated from 0.569 ± 0.049 to 1.394 ± 0.211 mg/L in water samples of C. reticulata, while the mean quantity of Ni in water samples of C. paradisi was different, ranging from 0.54 ± 0.119 to 1.38 ± 0.175 mg/L. The levels of Ni were significantly higher in the water of both varieties of citrus at the SW site (Table 2).




3.2. Metal Concentrations in Soil Samples


The outcomes from ANOVA of the data displayed that sites had a significantly effect (0.001 > p) while plants and sites × plants had non-significant effects (0.05 < p) on the Pb concentration in soil samples (Table 3). The quantity of Pb in the soil irrigated with SW was significantly greater than at the CW and TW sites. At the SW site, the mean concentration of Pb was 37.2 ± 5.716 mg/kg in C. reticulata and 37.188 ± 7.582 mg/kg in C. paradisi. At the CW site, the mean quantity of Pb was 19.044 ± 1.927 mg/kg in C. reticulata and 18.778 ± 1.558 mg/kg in C. paradisi. At the TW site, the mean concentration of Pb was 16.883 ± 2.129 mg/kg in C. reticulata and 17.486 ± 0.877 mg/kg in C. paradisi. The maximum concentration of Pb was present in the soil of C. reticulata at the SW-irrigated site (Table 4).



The outcomes from ANOVA of the data revealed that sites had a significant effect (0.01 > p) while plants and sites × plants had non-significant effects (0.05 < p) on the Cr concentration in soil samples (Table 3). At the SW-irrigated site, the mean values of Cr in the soil used for the cultivation of the two citrus varieties ranged from 4.463 ± 0.528 to 4.73 ± 0.629 mg/kg. For the CW-irrigated site, the mean value of Cr in the soil was 2.646 ± 0.629 to 3.21 ± 0.413 mg/kg. For the TW-irrigated site, the mean quantity of Cr in the soil was 2.151 ± 0.723 to 2.639 ± 0.340 mg/kg. The largest amount of Cr was present in C. reticulata at the SW-irrigated site. The minimum concentration of Cr was present at the TW-irrigated site of C. reticulata, while significantly higher concentrations of Cr were present at the SW-irrigated sites of both varieties (Table 4).



The results from ANOVA of the data exhibited that sites had significant effects (0.001 > p) while plants and sites × plants had non-significant effects (0.05 < p) on the Cd concentration in soil samples (Table 3). The quantity of Cd in soil samples of C. reticulata ranged from 1.665 ± 0.302 to 3.606 ± 0.283 mg/kg. The quantity of Cd in soil samples of C. paradisi varied from 1.808 ± 0.274 to 3.684 ± 0.292 mg/kg. Overall, the maximum concentration of Cd was present at the SW-irrigated sites of both varieties. The largest amount of Cd was present in the soil of C. paradisi at the SW-irrigated site (Table 4).



The results from ANOVA of the data displayed that sites had significant effects (0.01 > p) while plants and sites × plants had non-significant effects (0.05 < p) on the Ni concentration in soil samples (Table 3). The amount of Ni was significantly higher in the soil from the SW-irrigated site. The concentration of Ni varied from 8.177 ± 1.804 to 15.4 ± 2.171 mg/kg in C. reticulata, while in C. paradisi it varied from 8.642 ± 1.068 to 15.296 ± 1.582 mg/kg. The maximum amount of Ni was present in C. reticulata soil irrigated with SW (Table 4).




3.3. Metal Concentrations in Fruit Samples


The results from ANOVA of the data exhibited that sites had a significant effect (0.001 > p) while plants and sites × plants had non-significant effects (0.05 < p) on the Pb concentration in fruit samples (Table 5). The mean value of Pb at the TW site for both varieties ranged from 0.031 ± 0.003 to 0.037 ± 0.012 mg/kg. The mean value of Pb at the CW site for both varieties ranged from 0.038 ± 0.005 to 0.049 ± 0.013 mg/kg. The mean value of Pb at the SW site for both varieties ranged from 0.095 ± 0.015 to 0.081 ± 0.008 mg/kg. The maximum amount of Pb (0.095 ± 0.015 mg/kg) was present in C. reticulata at the SW site (Table 6).



The results from ANOVA of the data displayed that sites (0.05 > p) and plants had significant effect (0.001 > p) while sites × plants had non-significant effects (0.05 < p) on the Cr concentration in fruit samples (Table 5). The mean values of Cr varied from 0.137 ± 0.068 to 0.72 ± 0.049 mg/kg in both of the fruit varieties. The maximum concentration of Cr was present at the SW-irrigated site of C. paradisi. The minimum concentration of Cr was present in C. reticulata at the TW site. Overall, significantly higher amounts of Cr were present in C. paradisi samples than in C. reticulata samples (Table 6).



The outcomes from ANOVA of the data revealed that plants and sites had significant effects (0.001 > p) as did sites × plants (0.05 > p), on the Cd concentration in fruit samples (Table 5). The concentration of Cd in C. reticulata fruit varied from 0.049 ± 0.008 to 0.113 ± 0.014 mg/kg, while in C. paradisi it varied from 0.015 ± 0.002 to 0.033 ± 0.004 mg/kg. Overall, a significantly higher concentration of Cd was present in the fruit of C. reticulata than in those of C. paradisi. The maximum concentration of Cd was present in the fruit of C. reticulata irrigated with SW (Table 6).



The outcomes from ANOVA of the data revealed that sites (0.05 > p) and Plants had significant effects (0.001 > p) while sites × plants had non-significant effects (0.05 < p) on the Ni concentration in fruit samples (Table 5). The mean value of Ni varied from 0.033 ± 0.003 to 1.273 ± 0.122 mg/kg in both citrus varieties. The concentration of Ni was significantly higher in fruit samples of C. paradisi than in those of C. reticulata. The maximum concentration of Ni (1.273 ± 0.122 mg/kg) was found in SW-irrigated C. paradisi (Table 6).




3.4. Pollution Load Index


The maximum PLI of Pb was 4.5644 and 4.5629 in C. reticulata and C. paradisi at the SW site, respectively. The minimum PLI of Pb was 2.0715 and 2.1455 in C. reticulata and C. paradisi at the TW site, respectively. The sequence of PLI in both citrus fruit varieties was SW > CW > TW (Table 7).



The maximum PLI of Cr was observed in C. reticulata at the SW site, i.e., 0.5215, while the minimum PLI of Cr was in C. reticulata at the TW-irrigated site, i.e., 0.2372. The sequence of PLI in C. reticulata and C. paradisi was SW > CW > TW (Table 7).



The PLI of Cd was significantly high at the SW-irrigated sites of both varieties. In both varieties, it ranged from 0.5946 to 1.3157. The maximum PLI was observed in C. paradisi irrigated with SW, i.e., 1.3157. The minimum PLI (0.5946) was observed at the TW-irrigated site in C. reticulata. The sequence of PLI in C. reticulata and C. paradisi was SW > CW > TW (Table 7).



The PLI for Ni was significantly higher at the SW-irrigated sites of both fruit varieties. The maximum PLI was observed at the SW site of C. reticulata (1.6998), while the minimum was observed at the TW site of C. reticulata (0.9025). The sequence of PLI in both fruit varieties was SW > CW > TW (Table 7).




3.5. Bioconcentration Factor


The BCF for Pb for both citrus varieties varied from 0.0018 to 0.0026. The highest BCF was found at the CW-irrigated site of C. paradisi, while the lowest BCF was observed at the TW-irrigated site of C. reticulata (Table 8).



The range of bioconcentration factor for Cr in the present study was 0.0637–0.1842. The bioconcentration factor of Cr was highest in C. paradisi irrigated with TW. The lowest BCF was observed in C. reticulata at the TW-irrigated site. Overall, C. paradisi showed a higher BCF than C. reticulata (Table 8).



The BCF for Cd fluctuated from 0.0083 to 0.0313 in the current study. A significantly higher BCF was present in C. reticulata than in C. paradisi. The lowest concentration of BCF was present in C. paradisi irrigated with TW, while the highest was in C. reticulata irrigated with SW (Table 8).



In the current study, the BCF for Ni ranged from 0.0040 to 0.1033 in both citrus varieties. The bioconcentration factor of Ni was highest at the TW-irrigated site for C. paradisi, while it was lowest in C. reticulata irrigated with TW. Overall, higher BCF was observed in C. paradisi than in C. reticulata (Table 8).




3.6. Enrichment Factor


The EF concentration for Pb fluctuated from 0.1496 to 0.2127. The peak EF level was observed in C. paradisi watered with CW, while the lowest level of EF was found in C. reticulata irrigated with TW (Table 9).



The concentration of EF for Cr ranged from 0.2512 to 0.7262. A higher EF was found in C. paradisi irrigated with TW. Overall, the EF of Cr was higher in C. paradisi than in C. reticulata. The minimum EF was observed in C. reticulata at the TW site (Table 9).



The concentration of EF for Cd varied from 0.1236 to 0.4669 in both citrus varieties. The largest EF was seen in C. reticulata (0.4669) at the SW site, while the lowest was present in C. paradisi (0.1236) at the TW site (Table 9).



The EF of Ni varied from 0.0183 to 0.4681 in both fruit varieties. The highest EF level was found at the TW-irrigated site for C. paradisi, while the lowest EF level was found in C. reticulata at the TW site. Overall, higher EF was observed in C. paradisi than in C. reticulata (Table 9).




3.7. Daily Intake of Metals


The DIM of Pb was 3.6338 × 10−6 and 3.0982 × 10−6 at the SW site in C. reticulata and C. paradisi, respectively. The DIM of Pb was 1.4535 × 10−6 and 1.8742 × 10−6 at the CW site in C. reticulata and C. paradisi, respectively. The DIM of Pb was 1.1858 × 10−6 and 1.4152 × 10−6 at the TW site in C. reticulata and C. paradisi, respectively. The sequence of DIM in C. reticulata and C. paradisi was SW > CW > TW (Table 10).



The DIM of Cr was greatest in C. reticulata at the TW site, i.e., 5.2402 × 10−6, while the minimum DIM was present in C. paradisi at the SW site, i.e., 2.7540 × 10−5. The DIM of C. reticulata was less than the DIM of C. paradisi (Table 10).



The DIM of Cd showed an upper peak concentration in C. reticulata at the SW site (4.3222 × 10−6), while the lowest value was observed in C. paradisi at the TW site (5.7375 × 10−7). The sequence of DIM was SW > CW > TW (Table 10).



The DIM of Ni indicated an upper peak value of 4.8692 × 10−5 in C. paradisi at the SW site, while the lowest value of DIM was found in C. reticulata irrigated with TW (1.2622 × 10−6). The sequence of DIM was SW > CW > TW (Table 10).




3.8. Health Risk Index


The HRI values of both citrus varieties ranged between 3.3879 × 10−4 and 1.0382 × 10−3. The maximum HRI value was observed in C. reticulata irrigated with SW (1.0382 × 10−3), while the minimum HRI was observed at the TW-irrigated site of C. reticulata. In C. reticulata and C. paradisi, SW > CW > TW was the order of HRI (Table 11).



The upper peak value of the HRI for Cr (0.0918) was found in C. paradisi at the SW site, while the lowest value of HRI was found in C. reticulata at the TW site. Overall, the HRI of C. reticulata was lower than the HRI of C. paradisi (Table 11).



The upper peak value of HRI for Cd (0.0086) was found in C. reticulata at the SW site, while the lowest HRI (0.0012) was found in C. paradisi at the TW site. The order of HRI in C. reticulata and C. paradisi was SW > CW > TW (Table 11).



The maximum HRI value for Ni was observed in C. paradisi irrigated with SW (0.0024), while the lowest HRI was observed in C. reticulata irrigated with TW (6.3112 × 10−5). Overall, a higher HRI was observed in C. paradisi than in C. reticulata. The order of HRI was SW > CW > TW in both citrus varieties (Table 11).





4. Discussion


The aim of the current study was to gain more knowledge about the environmental conditions in citrus orchards, particularly with regard to heavy metal pollution. It is crucial to keep an eye on the amounts of heavy metals, given the export value of these fruits. Lead has adverse effects on health. Higher concentrations of lead can cause cancer, mental retardation, brain problems, and behavioral disorders [40]. The quantity of Pb varied from 0.062 to 0.128 mg/L. The quantity of Pb was higher at the SW sites. The concentration of Pb in all of the samples was more than the maximum tolerable limit of 0.065 mg/L [41]. Khan et al. [42] presented similar results, where the concentration of Pb in GW, CW, and SW was 0.233 + 0.014, 0.268 + 0.007, and 0.337 + 0.017 mg/L, respectively. Khan et al. [43] reported that the quantity of Pb in GW, CW, and SW was 0.214 ± 0.017, 0.245 ± 0.016, and 0.301 ± 0.008 mg/L, respectively. Our results are comparable with the results of Ahmad et al. [36], who reported that the concentration of Pb in GW, CW, and SW was 0.27 ± 0.01, 0.28 ± 0.01, and 0.29 ± 0.001 mg/L, respectively. Different sources of contamination increased the concentration of Pb in the sewage water.



Cr is an essential element for the complete metabolism of carbohydrates, which are essential for the brain and body. It is involved in the metabolism of glucose and insulin functioning. Its deficiency may cause diabetes and many other malfunctions [44]. The recommended dosage for men varies between 14 and 35 µg/day [45]. The amount of Cr in water samples ranged from 0.18 to 0.586 mg/L. The amount of Cr in the water of C. reticulata at the SW site was above the maximum permissible value of 0.55 mg/L [41]. Perveen et al. [46] described Cr concentrations in sewage water in Peshawar ranging from 0.01 to 0.10 mg/L, with a mean quantity of 0.03 mg/L across various localities. Wastewater has higher concentrations due to contamination from various sources.



The results exhibited that the quantity of Cd in water samples varied from 0.007 to 0.023 mg/L. The concentration of Cd in SW was higher than the maximum permissible limit of 0.1 mg/L [41]. Our findings were consistent with those of Almeelbi et al. [18], who reported that the quantity of Cd in citrus fruits irrigated with SW was 0.036b ± 0.002 while in potable water it was 0.014 ± 0.003 μg mL−1. A similar study by Perveen et al. [46] showed that the Cd levels in sewage water in Peshawar ranged from 0.06 to 1.43 mg/L in various localities.



Ihesinachi and Eresiya [47] reported that nickel (Ni) is present in the environment only at very low levels. This metal is vital in small doses; however, it can be hazardous when the maximum tolerable limits are exceeded. In our study, the results revealed that the quantity of Ni for the water samples ranged between 0.54 and 1.394 mg/L. A higher concentration of Ni was present in SW. The amount of Ni in the water samples was less than the maximum permissible limit of 1.40 mg/L [41]. Khan et al. [43] reported similar findings, where the concentration of Ni in GW, CW, and SW was 0.091 ± 0.012, 0.108 ± 0.010, and 0.154 ± 0.007 mg/L, respectively. Almeelbi et al. [18] reported that the quantity of Ni in SW was 0.112 ± 0.015 while in potable water it was 0.045 ±0.006 μg mL−1. Ahmad et al. [36] reported that the amount of Ni in GW, CW, and WW was 0.04 ± 0.01, 0.06 ± 0.01, and 0.07 ± 0.01 mg/L, respectively. The presence of a high amount of Ni in the SW was due to contamination from different sources.



The results indicated that the amount of Pb was between 16.883 and 37.188 mg/kg. The concentration of Pb in soil irrigated with SW was higher than the mean quantity of Pb in all soil samples and was much less than the maximum permissible limit of 200 mg/kg [48]. Mbong et al. [49] reported similar findings, where soil samples from urban and rural Citrus reticulata orchards contained the following: Zn, 26.3 and 14.3; Pb, 16.2 and 10.7; Mn, 54.4 and 52.8; Fe, 1014.0 and 143.2; Cd, 4.3 and 3.6; and Cr, 13.8 and 11.7 ppm, respectively. Ahmad et al. [36] described similar values of Pb in soil irrigated with GW, CW, and SW (24.13 ± 2.71, 27.25 ± 1.78, and 30.74 ± 0.81 mg/kg, respectively). Khan et al. [42] stated that the concentrations of Pb in GW-, CW-, and SW-irrigated soil were 28.17, 30.43, and 36.95 mg/kg, respectively. Sebastian et al. [50] reported that the concentrations of Cd and Pb in the soil of C. sinensis orchards along the roadside were 0.157 ± 0.014 and 0.568 ± 0.088 mg/kg, respectively.



In this research, the concentration of Cr in soil ranged from 2.151 to 4.73 mg/kg. A higher quantity of Cr was present in soil samples irrigated with SW. The amount of Cr in all of the soil samples was far less than the maximum allowable limit of 200 mg/kg [48]. Our findings were consistent with those of Ahmad et al. [36], who reported that the quantity of Cr in soil irrigated with wastewater ranged from 0.07 ± 0.01 to 0.09 ± 0.04 mg/kg. Our results are dissimilar to the results reported by Ahmad et al. [36], who reported that the amount of Cr in soil irrigated with domestic wastewater ranged from 0.063 ± 0.002 to 0.076 ± 0.003 mg/kg in soil.



The results showed that the concentration of Cd in soil varied from 1.665 to 3.684 mg/kg. The quantity of Cd in all soil samples was less than the maximum allowable limit of 10 ppm [48]. Almeelbi et al. [18] stated that the concentration of Cd in citrus fruits irrigated with SW was 6.14 b ±1.12, while in potable water it was 1.91 ± 0.15 μg g−1. Elbagermi et al. [51] reported that the concentrations of Co, Ni, Cd, and Pb in oranges were 0.763, 1.099, 0.030, and 0.200 mg/kg, respectively. A similar study by Ahmad et al. [36] reported that the quantity of Cd in soil irrigated with wastewater ranged from 10.9 ± 0.54 to 15.4 ± 0.29 mg/kg. Ogunkunle et al. [52] reported that the heavy metal concentrations in soils were 2.27 ppm for Cu, 0.25 ppm for Pb, and 3.9 ppm for Cd. Sewage water had greater amounts of Cd due to contamination from various sources.



In our research, the amount of Ni in soil ranged from 8.177 to 15.4 mg/kg. The quantity of Ni in all soil samples was less than the highest permissible limit of 100 mg/kg [48]. Khan et al. [42] reported that the quantities of Ni in GW-, CW-, and SW-irrigated soil were 6.368 ± 0.127, 7.136 ± 0.079, and 8.245 ± 0.203 mg/kg, respectively. Our findings were different from the readings of Almeelbi et al. [18], who found that the concentration of Ni in fruits irrigated with SW was 76.12 ± 11.91, while in potable water it was 18.21 ± 3.27 μg g−1. Ahmad et al. [36] reported that the concentrations of Ni in soil irrigated with GW, CW, and WW were 26.25 ± 1.74, 31.54 ± 1.72, and 33.23 ± 2.68 ppm, respectively.



The amount of Pb in fruit samples ranged from 0.031 to 0.095 mg/kg. A higher amount of Pb was present in fruits irrigated with SW. Only a small amount of Pb was present in the citrus fruit. The concentration of Pb was far below the maximum allowable limit of 0.1 mg/kg [53]. Thus, there were no health risks posed by the consumption of these fruits. Our results were dissimilar from the findings of Brima and Mohamed [54], who reported that the concentrations of Pb in the fruit juice of C. reticulata and C. paradisi were 0.29 ± 0.16 and 0.10 ± 0.004 mg/kg, respectively. Elbagermi et al. [51] described similar mean concentrations of the metals Pb and Cd, with values of 0.20 ± 0.04 and 0.03 ± 0.02 mg/kg, respectively, in orange fruit samples. Rahim et al. [55] reported that the mean concentrations of Pb and Cd in oranges were 0.0392 ± 0.0071 and 0.0106 ± 0.0003 mg/kg, respectively. Despite the presence of Pb in the soil and water samples, only a small quantity of Pb was present in the fruits’ edible parts. This is because plants mainly accumulate these metals in the roots and translocate only a small fraction to other parts of the plants.



The amount of Cr in the fruit samples ranged between 0.137 and 0.72 mg/kg. A higher concentration of Cr was present in C. paradisi than in C. reticulata. The amount of Cr in the fruit samples was far below the maximum allowable limit of 2.3 mg/kg [51]. Our results were consistent with the findings of Brima and Mohamed [54], who reported that the concentrations of Cr in the fruit juice of C. reticulata and C. paradisi were 0.20 ± 0.08 and 0.77 ± 0.05 mg/kg, respectively. Ghani et al. [26] showed that the concentration of Cr fluctuated from 0.031 to 0.342 mg/kg in different tehsils of the Sargodha district. The highest concentration of Cr was present in the tehsil of Kotmomin. A similar study by Rasool et al. [56] reported that the Cr content in C. paradisi was 0.08 ± 0.01 mg/kg in Sargodha, while in C. reticulata it was 0.22 ± 0.03 mg/kg in Sargodha. These findings show that heavy metal accumulation in citrus fruits grown in the Sargodha region generally have approximate values, but in some studies very high metal values were also found. For example, Rashid et al. [57] stated that high metal values in orange samples may be caused by the use of inorganic fungicides that contain toxic compounds containing heavy metals.



Our results showed that the quantity of Cd ranged between 0.015 and 0.113 mg/kg. The quantity of Cd in fruit samples of C. reticulata irrigated with SW was above the maximum permissible limit of 0.10 mg/kg [53]. The concentrations of Cd in the fruits of C. paradisi were far below the maximum permissible limit. Almeelbi et al. [18] reported that the concentration of Cd in orange fruit samples irrigated with SW was 0.104 ± 0.008, while at the potable water site it was 0.034 ± 0.003 mg/kg. A similar study by Brima and Mohamed [54] reported that the concentrations of Cd in the fruit juice of C. reticulata and C. paradisi were 0.06 ± 0.07 and 0.01 ± 0.0002 mg/kg, respectively. A significantly higher concentration was reported by Sebastian et al. [50], who showed that the concentrations of Cd and Pb in the fruit of C. reticulata orchards along the roadside were 0.45 ± 0.04 and 1.34 ± 0.09 mg/kg, respectively. Although Cd was present in the samples of water and soil, the fruit samples had small concentrations of Cd due to limited translocation.



The quantity of Ni in fruit samples ranged from 0.033 to 1.273 mg/kg. Larger amounts of Ni were present in C. paradisi as compared with C. reticulata. The concentration of Ni in all fruit samples was less than the maximum allowable limit of 2 mg/kg [40]. Our findings were similar to the results of Brima and Mohamed [54], who reported that the concentrations of Ni in the fruit juice of C. reticulata and C. paradisi were 0.08 ± 0.02 and 0.87 ± 0.26 mg/kg, respectively. A similar study by Almeelbi et al. [18] showed that orange fruit samples irrigated with SW had a Ni concentration of 0.112 ± 0.011, while at the potable water site the concentration was 0.061 ± 0.006 mg/kg. Similar research by Galal et al. [58] reported that the average value of Ni in the pulp of navel oranges from the SW-irrigated site was 0.275 mg/kg, while it was not detected in the pulp of navel oranges irrigated with fresh water. Elbagermi et al. [51] reported that the mean concentration of Ni was 1.099 ± 0.368 mg/kg in orange fruit samples. Rahim et al. [55] reported that the mean amount of Ni in oranges was 0.1608 ± 0.0043 mg/kg. Ni was only present in the fruit samples in negligible amounts, due to the limited translocation of Ni in the edible portion of the fruits.



Rashid et al. [57] conducted a study on the presence of potentially hazardous metals in oranges collected from eleven farms in Sargodha, Punjab, Pakistan. As a result of the study, the heavy metal intervals detected in the sample oranges were as follows: 0.0745–1.36 for Pb, 0.0092–1.351 for Cd, 0.71–2.0978 for Ni, and 0.001–1.572 for Cr. The heavy metal values in the samples taken from different orange groves were higher than the values found in kinnow and grapefruit samples in this study. Rashid et al. [57] stated that high metal values in orange samples may be caused by the use of inorganic fungicides that contain toxic compounds containing Hg, Pb, Cd, and Cr. Atta et al. [59] conducted a study in Sargodha to assess the impact of air pollution on the growth of Citrus limon (lemon) and Citrus sinensis (kinu), as well as the accumulation of heavy metals in their leaves within the industrial areas of the tehsil Shahpur Sadar. The metal values obtained from the above study for lemon and kinu samples were higher than the values obtained in this study. The fact that the sampling points were selected from the roadsides and industrial areas in the aforementioned study may be one of the reasons for this situation.



The PLI values for Pb at all of the sites were greater than 1, which shows that there is risk associated with the contamination of Pb. The highest values of PLI were observed at the SW site. The bioconcentration factor values were less than 1, which shows no risk associated [60,61,62,63,64]. The EF values were less than 1. Only a small fraction of Pb was accumulated in the fruits. The DIM was negligible. There were no health risks posed by the consumption of these citrus fruits. The HRI values were much less than 1, which shows that consumption of these citrus fruits is safe. The values of PLI for Cr were less than 1 for all of the samples studied. There was no pollution due to the Cr concentration. A higher BCF was present in C. paradisi than in C. reticulata. The values of BCF were less than 1. The EF of C. paradisi was greater than that of C. reticulata. The values of EF were less than 1. The DIM values were very small, which indicates that there were no health effects associated with the consumption of these citrus fruits. The HRI values were less than 1 for all of the studied fruits.



The PLI values for Cd were greater than 1 for the SW site. There were hazards of Cd pollution due to the irrigation with the SW. The BCF values were less than 1. The EF values were higher for C. reticulata than for C. paradisi. The EF values were less than 1 for all of the samples. The DIM of Cd was negligible. The HRI values of Cd were far less than 1, so there was no health risk due to the use of these citrus varieties. The PLI values for Ni were greater than 1 for the SW and CW sites. It was evident that Ni could cause pollution. The BCF value was less than 1 for all of the sites. The EF values were higher for C. paradisi than for C. reticulata. The EF values were less than 1. The DIM values were very small. The HRI values were less than 1, so there were no health risks associated with Ni toxicity posed by the consumption of these citrus fruits.




5. Conclusions


The different sources of irrigation used did not have a significant impact on the mineral contents of the fruits. The pollution load index for Pb was more than 1, but for Cr it was less than 1. The PLI for Cd was more than 1 only at sewage water sites, while for Ni the PLI was more than 1 at the sewage and canal water sites. The BCF, EF, DIM, and HRI for all metals were less than 1 and within the permissible limits. There were no health risks associated with the consumption of these fruits, as the concentrations of all metals in both fruit varieties were less than the maximum permissible limits recommended by the WHO and FAO. Still, there is a need for controlled monitoring of these metals, as a long-term application of sewage water may change the soil properties and cause health hazards.







Author Contributions


Formal analysis, R.H. and H.M.; investigation, R.H., S.A. and K.A.; methodology, I.U., K.A. and Z.I.K.; project administration, Z.I.K., K.A., A.F.A. and I.U.; resources, A.F.A.; software, I.U. and A.F.A.; supervision, Z.I.K. and K.A.; validation, N.M.; visualization, A.F.A. and I.U.; writing—original draft, I.U. and Z.I.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We extend our appreciation to the Researchers Supporting Project (no. RSP2023R218), King Saud University, Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nicolás, E.; Alarcón, J.J.; Mounzer, O.; Pedrero, F.; Nortes, P.A.; Alcobendas, R.; Romero-Trigueros, C.; Bayona, J.M.; Maestre-Valero, J.F. Long-term physiological and agronomic responses of mandarin trees to irrigation with saline reclaimed water. Agric. Water Manag. 2016, 166, 1–8. [Google Scholar] [CrossRef]

	



FAO (Food and Agriculture Organization of the United Nations). Citrus Fruit Statistical Compendium 2020. Rome. 2021. Available online: http://www.fao.org/economic/est/est-commodities/citrus-fruit/en/ (accessed on 27 May 2023).

	



Hui, Y.H.; Pilar Cano, M.; Barta, J. (Eds.) Handbook of Fruits and Fruit Processing; Wiley, John & Sons: Hoboken, NJ, USA, 2006; p. 312. ISBN 978-0-8138-1981-5. [Google Scholar]

	



Mahato, N.; Sharma, K.; Sinha, M.; Cho, M.H. Citrus waste derived nutra-/pharmaceuticals for health benefits: Current trends and future perspectives. J. Funct. Foods 2018, 40, 307–316. [Google Scholar] [CrossRef]

	



Hazarika, T.K.; Hazarika, B.N.; Shukla, A.C. Genetic variability and phylogenetic relationships studies of genus Citrus L. with the application of molecular markers. Genet. Resour. Crop Evol. 2014, 61, 1441–1454. [Google Scholar] [CrossRef]

	



Zhang, B.; Song, X.; Zhang, Y.; Ma, Y.; Tang, C.; Yang, L.; Wang, Z.L. The interaction between surface water and groundwater and its effect on water quality in the Second Songhua River basin, northeast China. J. Earth Syst. Sci. 2016, 125, 1495–1507. [Google Scholar] [CrossRef]

	



Riaz, N.; Khan, M.S.; Sabeen, M.; Zeb, B.S.; Shaheen, S.; Hayat, T. Wastewater Irrigation and Plant Growth: An Insight into Molecular Studies. In Sustainable Plant Nutrition under Contaminated Environments; Springer: Cham, Switzerland, 2022; pp. 57–74. [Google Scholar]

	



Khan, Z.I.; Nisar, A.; Ugulu, I.; Ahmad, K.; Wajid, K.; Bashir, H.; Dogan, Y. Determination of Cadmium Concentrations of Vegetables Grown in Soil Irrigated with Wastewater: Evaluation of Health Risk to the Public. Egypt. J. Bot. 2019, 59, 753–762. [Google Scholar] [CrossRef]

	



Tariq, F.; Xiukang, W.; Saleem, M.H.; Khan, Z.I.; Ahmad, K.; Malik, I.S.; Munir, M.; Mahpara, S.; Mehmood, N.; Ahmad, T.; et al. Risk Assessment of Heavy Metals in Basmati Rice: Implications for Public Health. Sustainability 2021, 13, 8513. [Google Scholar] [CrossRef]

	



Ugulu, I.; Baslar, S.; Dogan, Y.; Aydin, H. The determination of colour intensity of Rubia tinctorum and Chrozophora tinctoria distributed in Western Anatolia. Biotechnol. Biotechnol. Equip. 2009, 23, 410–413. [Google Scholar] [CrossRef]

	



Savita, G.S.V.; Nagpal, A. Citrus diseases caused by Phytophthora species. GERF Bull. Biosci 2012, 3, 18–27. [Google Scholar]

	



Kourgialas, N.N.; Karatzas, G.P. Groundwater contamination risk assessment in Crete, Greece, using numerical tools within a GIS framework. Hydrol. Sci. J. 2015, 60, 111–132. [Google Scholar] [CrossRef]

	



Grattan, S.R.; Díaz, F.J.; Pedrero, F.; Vivaldi, G.A. Assessing the suitability of saline wastewaters for irrigation of Citrus spp.: Emphasis on boron and specific-ion interactions. Agric. Water Manag. 2015, 157, 48–58. [Google Scholar] [CrossRef]

	



Pedrero, F.; Alarcón, J.J. Effects of treated wastewater irrigation on lemon trees. Desalination 2009, 246, 631–639. [Google Scholar] [CrossRef]

	



Ugulu, I.; Khan, Z.I.; Rehman, S.; Ahmad, K.; Munir, M.; Bashir, H.; Nawaz, K. Trace metal accumulation in Trigonella foenum-graecum irrigated with wastewater and human health risk of metal access through the consumption. Bull. Environ. Contam. Toxicol. 2019, 103, 468–475. [Google Scholar] [CrossRef] [PubMed]

	



Barnes, J. Mixing waters: The reuse of agricultural drainage water in Egypt. Geoforum 2014, 57, 181–191. [Google Scholar] [CrossRef]

	



Ugulu, I.; Unver, M.C.; Dogan, Y. Potentially toxic metal accumulation and human health risk from consuming wild Urtica urens sold on the open markets of Izmir. Euro-Mediterranean J. Environ. Integr. 2019, 4, 36. [Google Scholar] [CrossRef]

	



Almeelbi, T.; Ismail, I.; Basahi, J.M.; Qari, H.A.; Hassan, I.A. Hazardous of waste water irrigation on quality attributes and contamination of citrus fruits. Biosci. Biotechnol. Res. Asia 2014, 11, 89–97. [Google Scholar] [CrossRef]

	



Ugulu, I.; Ahmad, K.; Khan, Z.I.; Munir, M.; Wajid, K.; Bashir, H. Effects of organic and chemical fertilizers on the growth, heavy metal/metalloid accumulation, and human health risk of wheat (Triticum aestivum L.). Environ. Sci. Pollut. Res. 2021, 28, 12533–12545. [Google Scholar] [CrossRef]

	



Satarug, S.; Garrett, S.H.; Sens, M.A.; Sens, D.A. Cadmium, environmental exposure, and health outcomes. Environ. Health Perspect. 2010, 118, 182–190. [Google Scholar] [CrossRef]

	



Kaur, M.; Kumar, A.; Mehra, R.; Kaur, I. Quantitative assessment of exposure of heavy metals in groundwater and soil on human health in Reasi district, Jammu and Kashmir. Environ. Geochem. Health 2020, 42, 77–94. [Google Scholar] [CrossRef]

	



Chatterjee, S.; Mukherjee, D.; Sharma, S.; Choudhuri, P. Managing boron and zinc deficiency in vegetable crops. Innov. Farming 2018, 3, 72–76. [Google Scholar]

	



Khan, Z.I.; Ugulu, I.; Zafar, A.; Mehmood, N.; Bashir, H.; Ahmad, K.; Sana, M. Biomonitoring of heavy metals accumulation in wild plants growing at soon valley, Khushab, Pakistan. Pak. J. Bot. 2021, 53, 247–252. [Google Scholar] [CrossRef]

	



Abdel-Rahman, G.N.; Ahmed, M.B.; Sabry, B.A.; Ali, S.S. Heavy metals content in some non-alcoholic beverages (carbonated drinks, flavored yogurt drinks, and juice drinks) of the Egyptian markets. Toxicol. Rep. 2019, 6, 210–214. [Google Scholar] [CrossRef] [PubMed]

	



Soetan, K.O.; Olaiya, C.O.; Oyewole, O.E. The importance of mineral elements for humans, domestic animals and plants-a review. Afr. J. Food Sci. 2010, 4, 200–222. [Google Scholar]

	



Ghani, A.; Hussain, M.; Ikram, M.; Nadeem, M.; Imran, M.; Majid, A.; Ahmad, I.; Imtiaz, A. Comparative analysis of elemental profile of Citrus sinensis collected from five different tehsils of District Sargodha, Pakistan. Pak. J. Sci. 2017, 69, 343–350. [Google Scholar]

	



Ugulu, I.; Akhter, P.; Khan, Z.I.; Akhtar, M.; Ahmad, K. Trace metal accumulation in pepper (Capsicum annuum L.) grown using organic fertilizers and health risk assessment from consumption. Food Res. Int. 2021, 140, 109992. [Google Scholar] [CrossRef] [PubMed]

	



Shahid, M.; Sardar, A.; Anwar, H.; Khalid, S.; Shah, S.H.; Shah, A.H.; Bilal, M. Effect of co-application of wastewater and freshwater on the physiological properties and trace element content in Raphanus sativus: Soil contamination and human health. Environ. Geochem. Health 2021, 43, 2393–2406. [Google Scholar]

	



Amer, M.M.; Sabry, B.A.; Marrez, D.A.; Hathout, A.S.; Fouzy, A.S. Exposure assessment of heavy metal residues in some Egyptian fruits. Toxicol. Rep. 2019, 6, 538–543. [Google Scholar] [CrossRef] [PubMed]

	



Al-Lahham, O.; El Assi, N.M.; Fayyad, M. Impact of treated wastewater irrigation on quality attributes and contamination of tomato fruit. Agric. Water Manag. 2003, 61, 51–62. [Google Scholar] [CrossRef]

	



Hassan, I.A.; Basahi, J.M. Assessing roadside conditions and vehicular emissions using roadside lettuce plants. Polish J. Environ. Stud. 2013, 22, 387–393. [Google Scholar]

	



Ugulu, I.; Bibi, S.; Khan, Z.I.; Ahmad, K.; Munir, M.; Malik, I.S. Potentially Toxic Metal Accumulation in Spinach (Spinacia oleracea L.) Irrigated with Industrial Wastewater and Health Risk Assessment from Consumption. Bull. Environ. Contam. Toxicol. 2022, 109, 1117–1125. [Google Scholar] [CrossRef]

	



Khan, Z.I.; Ugulu, I.; Sahira, S.; Mehmood, N.; Ahmad, K.; Bashir, H.; Dogan, Y. Human health risk assessment through the comparative analysis of diverse irrigation regimes for Luffa (Luffa cylindrica (L.) Roem.). J. Water Sanit. Hyg. Dev. 2020, 10, 249–261. [Google Scholar] [CrossRef]

	



Parveen, R.; Abbasi, A.M.; Shaheen, N.; Shah, M.H. Accumulation of selected metals in the fruits of medicinal plants grown in urban environment of Islamabad, Pakistan. Arab. J. Chem. 2020, 13, 308–317. [Google Scholar] [CrossRef]

	



Steel, R.G.D.; Torrie, J.H.; Dickey, D.A. Principles and Procedures of Statistics: A Biometrical Approach; McGraw-Hill Companies: New York, NY, USA, 1997. [Google Scholar]

	



Ahmad, K.; Ashfaq, A.; Khan, Z.I.; Ashraf, M.; Akram, N.A.; Yasmin, S.; Batool, A.I.; Sher, M.; Shad, H.A.; Khan, A.; et al. Health risk assessment of heavy metals and metalloids via dietary intake of a potential vegetable (Coriandrum sativum L.) grown in contaminated water irrigated agricultural sites of Sargodha, Pakistan. Hum. Ecol. Risk Assess. Int. J. 2016, 22, 597–610. [Google Scholar] [CrossRef]

	



Sajjad, K.; Farooq, R.; Shahbaz, S.; Khan, M.A.; Sadique, M. Health risk assessment of heavy metals for population via consumption of vegetables. World Appl. Sci. J. 2009, 6, 1602–1606. [Google Scholar]

	



Stephens, S.R.; Alloway, B.J.; Carter, J.E.; Parker, A. Towards the characterisation of heavy metals in dredged canal sediments and an appreciation of ‘availability’: Two examples from the UK. Environ. Pollut. 2001, 113, 395–401. [Google Scholar] [CrossRef] [PubMed]

	



USEPA. Exposure Factors Handbook; Volume II-Food Ingestion Factors; EPA/600//P-95/002Fa; Office of Research and Development, US Environmental Protection Agency: Washington, DC, USA, 1997. [Google Scholar]

	



World Health Organization. Guidelines for Drinking-Water Quality, 3rd ed.; Incorporating the First and Second Addenda; WHO Press: Geneva, Switzerland, 2008. [Google Scholar]

	



Chiroma, T.M.; Ebewele, R.O.; Hymore, F.K. Comparative assessment of heavy metal levels in soil, vegetables and urban grey waste water used for irrigation in Yola and Kano. Int. Ref. J. Eng. Sci. 2014, 3, 1–9. [Google Scholar]

	



Khan, Z.I.; Ahmad, K.; Akram, N.A.; Mehmood, N.; Yasmeen, S. Heavy metal contamination in water, soil and a potential vegetable garlic (Allium sativum L.) In Punjab, Pakistan. Pak. J. Bot. 2017, 49, 547–552. [Google Scholar]

	



Khan, N.; Khan, A.A.; Ahmad, M.; Nouman, M.; Islam, B. Evaluation and screening of sweet orange cultivars for vegetative growth and citrus canker. Sarhad J. Agric. 2016, 32, 121–126. [Google Scholar] [CrossRef]

	



Mason, J.B. Vitamins, Trace Minerals, and Other Micronutrients. Cecil Textbook of Medicine, 24th ed.; Goldman, L., Ausiello, D., Eds.; Elsevier Saunders: Philadelphia, PA, USA, 2011; p. 225. [Google Scholar]

	



Institute of Medicine. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Potassium, Iron, Manganese, Zinc, Molybdenum, Nickel, Silicon, Vanadium and Cobalt; National Academy Press: Washington, DC, USA, 2001. [Google Scholar]

	



Sahin, I.; Akcicek, E.; Guner, O.; Dogan, Y.; Ugulu, I. An investigation on determining heavy metal accumulation in plants growing at Kumalar Mountain in Turkey. EurAsian J. BioSci. 2016, 10, 22–29. [Google Scholar]

	



Ihesinachi, K.; Eresiya, D. Evaluation of heavy metals in orange, pineapple, avocado pear and pawpaw from a farm in Kaani, Bori, Rivers State Nigeria. J. Issues ISSN 2014, 2360, 8803. [Google Scholar]

	



Adagunodo, T.A.; Sunmonu, L.A.; Emetere, M.E. Heavy metals’ data in soils for agricultural activities. Data Brief 2018, 18, 1847–1855. [Google Scholar] [CrossRef]

	



Mbong, E.O.; Akpan, E.E.; Osu, S.R. Soil-plant heavy metal relations and transfer factor index of habitats densely distributed with Citrus reticulata (tangerine). J. Res. Environ. Sci. Toxicol. 2014, 3, 61–65. [Google Scholar]

	



Sebastian, U.N.; Godwin, O.O. Heavy metal concentrations of citrus species (Citrus reticulata and Citrus sinensis) cultivated on road sides in Uyo Metropolis in Akwa Ibom State, Nigeria. Int. J. Ecol. Sci. Environ. Eng. 2017, 4, 86–92. [Google Scholar]

	



Elbagermi, M.A.; Edwards HG, M.; Alajtal, A.I. Monitoring of heavy metal content in fruits and vegetables collected from production and market sites in the Misurata area of Libya. Int. Sch. Res. Not. 2012, 2012, 827645. [Google Scholar] [CrossRef]

	



Ogunkunle, C.O.; Oyedeji, S.; Olafimihan, N.A.; Fatoba, P.O. Levels and mobility of Cu, Pb and Cd in citrus orchards of two contrasting ages in north-central region of Nigeria. Agric. Conspec. Sci. 2020, 85, 51–59. [Google Scholar]

	



JEFCA. Joint FAO/WHO Expert Committee on Food Additives. In Proceedings of the Seventy-Third Meeting, Geneva, Switzerland, 8–17 June 2010; Volume 73, pp. 1–17. Available online: http://www.fao.org/3/a-at862e.pdf (accessed on 15 June 2023).

	



Brima, E.; Mohamed, H. Distribution of minerals between orange juice and orange flesh in various cultivars. Czech J. Food Sci. 2021, 39, 419–425. [Google Scholar] [CrossRef]

	



Rahim, M.; Saqib, N.U.; Wahid, F.; Khan, N.; Alrawi, L.I. Analysis of toxic heavy metal content of the most widely consumed fruits. J. Phys. Sci. 2020, 31, 61–73. [Google Scholar] [CrossRef]

	



Rasool, A.; Hussain, M.; Ahmad, I.; Ghani, A.; Nadeem, M.; Ikram, M.; Imran, M. 28. Mineral profile of some selected citrus fruits collected from different localities of District Sargodha. Pure Appl. Biol. (PAB) 2020, 9, 2489–2496. [Google Scholar]

	



Rashid, U.A.; Bhutto, S.; Jalbani, N.; Perveen, F.; Ismail, S.; Nazir, F. Health Risk and Metal Contamination Assessment in Orange (Citrus aurantium) of Pakistan: A Multivariate Study. Biol. Trace Elem. Res. 2023, 201, 4558–4566. [Google Scholar] [CrossRef]

	



Galal, H.A. Long-term effect of mixed wastewater irrigation on soil properties, fruit quality and heavy metal contamination of citrus. Am. J. Environ. Prot. 2015, 3, 100–105. [Google Scholar]

	



Atta, A.; Masood, A.; Sarwar, G.; Manzoor, M.Z. Accumulation of toxic metals in citrus plants due to heavy traffic pollution in industrial areas. J. Pure Appl. Agric. 2022, 7, 42–50. [Google Scholar]

	



Rasheed, M.J.; Ahmad, K.; Khan, Z.I.; Mahpara, S.; Ahmad, T.; Yang, Y.; Wajid, K.; Nadeem, M.; Bashir, H.; Ashfaq, A.; et al. Assessment of trace metal contents of indigenous and improved pastures and their implications for livestock in terms of seasonal variations. Rev. Chim. 2020, 71, 347–364. [Google Scholar] [CrossRef]

	



Yang, Y.; Khan, Z.I.; Ahmad, K.; Arshad, N.; Rehman, S.U.; Ullah, M.F.; Wajid, K.; Mahpara, S.; Bashir, H.; Nadeem, M.; et al. Does the chromium element in forages and fodders grown in contaminated pasture lands cause toxicity in livestock: Assessing the potential risk. Rev. Chim. 2020, 71, 397–405. [Google Scholar] [CrossRef]

	



Siddique, S.; Ahmad, K.; Khan, Z.I.; Wajid, K.; Nadeem, M.; Ugulu, I.; Ghazzal, M.; Akhter, P.; Bashir, H.; Noorka, I.R.; et al. Variation in contamination status of cadmium in forages and blood plasma of livestock in different districts of Punjab, Pakistan. Pure Appl. Biol. 2019, 8, 2143–2152. [Google Scholar] [CrossRef]

	



Ugulu, I.; Bibi, S.; Khan, Z.I.; Ahmad, K.; Munir, M.; Malik, I.S.; Ejaz, A.; Alrefaei, A.F. Biomonitoring of Heavy Metal and Metalloid Contamination in Industrial Wastewater Irrigated Areas Using Sugar Beet (Brassica oleracea L.). Sustainability 2023, 15, 9694. [Google Scholar] [CrossRef]

	



Wajid, K.; Ahmad, K.; Khan, Z.I.; Nadeem, M.; Bashir, H.; Chen, F.; Ugulu, I. Effect of organic manure and mineral fertilizers on bioaccumulation and translocation of trace metals in maize. Bull. Environ. Contam. Toxicol. 2020, 104, 649–657. [Google Scholar] [CrossRef] [PubMed]








[image: Water 15 03480 g001] 





Figure 1. The map of Sargodha. 
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Table 1. Operating conditions of AAS.






Table 1. Operating conditions of AAS.





	Metal
	Wavelength (nm)
	Slit Width (nm)
	Current of Lamp (mA)





	Pb
	283.3
	0.2
	4.5



	Cr
	357.9
	0.2
	3.0



	Cd
	228.7
	0.2
	4.0



	Ni
	232
	0.2
	3.0










 





Table 2. Metal concentrations in the water samples (mg/L), and ANOVA results.






Table 2. Metal concentrations in the water samples (mg/L), and ANOVA results.





	
Water

	
Pb

	
Cr




	
Fruit Site

	
Mean

	
SE Mean

	
Min

	
Max

	
Mean

	
SE Mean

	
Min

	
Max






	
C. reticulata

	
SW

	
0.131

	
0.024

	
0.087

	
0.171

	
0.586

	
0.095

	
0.414

	
0.741




	
CW

	
0.097

	
0.014

	
0.079

	
0.124

	
0.255

	
0.032

	
0.212

	
0.318




	
TW

	
0.062

	
0.012

	
0.047

	
0.087

	
0.18

	
0.037

	
0.107

	
0.224




	
Mean Square

	
0.002 *

	
0.689 ns




	
C. paradisi

	
SW

	
0.128

	
0.027

	
0.082

	
0.175

	
0.524

	
0.057

	
0.436

	
0.632




	
CW

	
0.102

	
0.012

	
0.085

	
0.124

	
0.259

	
0.029

	
0.213

	
0.314




	
TW

	
0.075

	
0.006

	
0.065

	
0.085

	
0.21

	
0.019

	
0.179

	
0.244




	
Mean Square

	
0.003 *

	
0.312 ns




	

	
Cd

	
Ni




	
C. reticulata

	
Fruit Site

	
Mean

	
SE Mean

	
Min

	
Max

	
Mean

	
SE Mean

	
Min

	
Max




	
SW

	
0.023

	
0.004

	
0.015

	
0.028

	
1.394

	
0.211

	
1.154

	
1.815




	
CW

	
0.009

	
0.001

	
0.007

	
0.011

	
0.733

	
0.084

	
0.615

	
0.896




	
TW

	
0.007

	
0.001

	
0.004

	
0.009

	
0.569

	
0.049

	
0.488

	
0.656




	
Mean Square

	
0.001 **

	
0.118 *




	
C. paradisi

	
SW

	
0.022

	
0.003

	
0.017

	
0.027

	
1.38

	
0.175

	
1.148

	
1.724




	
CW

	
0.009

	
0.002

	
0.006

	
0.012

	
0.802

	
0.045

	
0.725

	
0.882




	
TW

	
0.008

	
0.001

	
0.006

	
0.009

	
0.54

	
0.119

	
0.384

	
0.773




	
Mean Square

	
0.001 **

	
0.256 ns








Notes: * significant at the 0.01 level; ** significant at the 0.001 level; ns, non-significant.













 





Table 3. Analysis of variance in the data for metal values in soil.
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Pb

	
Cr




	
Source of Variation

	
DF

	
Mean Square

	
Source of Variation

	
DF

	
Mean Square




	
Sites

	
2

	
737.636 ***

	
Sites

	
2

	
7.9153 **




	
Plants

	
1

	
0.053 ns

	
Plants

	
1

	
0.3076 ns




	
Sites * Plants

	
2

	
0.299 ns

	
Sites * Plants

	
2

	
0.3163 ns




	
Error

	
12

	
50.802

	
Error

	
12

	
0.9391




	
Total

	
17

	

	
Total

	
17

	




	
Cd

	
Ni




	
Source of Variation

	
DF

	
Mean Square

	
Source of Variation

	
DF

	
Mean Square




	
Sites

	
2

	
6.66628 ***

	
Sites

	
2

	
74.1225 **




	
Plants

	
1

	
0.07056 ns

	
Plants

	
1

	
0.1130 ns




	
Sites * Plants

	
2

	
0.00255 ns

	
Sites * Plants

	
2

	
0.1239 ns




	
Error

	
12

	
0.25104

	
Error

	
12

	
7.9596




	
Total

	
17

	

	
Total

	
17








Notes: *, **, *** significant at the 0.05, 0.01, and 0.001 levels, respectively; ns, non-significant.













 





Table 4. Metal concentrations in the soil samples (mg/kg).






Table 4. Metal concentrations in the soil samples (mg/kg).





	
Soil

	
Pb

	
Cr




	
Fruit Site

	
Mean

	
SE Mean

	
Min

	
Max

	
Mean

	
SE Mean

	
Min

	
Max






	
C. reticulata

	
SW

	
37.2

	
5.716

	
26.856

	
46.587

	
4.73

	
0.629

	
3.658

	
5.835




	
CW

	
19.044

	
1.927

	
15.746

	
22.421

	
2.646

	
0.629

	
1.898

	
3.896




	
TW

	
16.883

	
2.129

	
12.652

	
19.414

	
2.151

	
0.723

	
1.121

	
3.545




	
C. paradisi

	
SW

	
37.188

	
7.582

	
22.523

	
47.863

	
4.463

	
0.528

	
3.425

	
5.151




	
CW

	
18.778

	
1.558

	
16.821

	
21.857

	
3.21

	
0.413

	
2.542

	
3.964




	
TW

	
17.486

	
0.877

	
15.854

	
18.858

	
2.639

	
0.340

	
2.142

	
3.289




	

	
Cd

	
Ni




	

	
Fruit Site

	
Mean

	
SE Mean

	
Min

	
Max

	
Mean

	
SE Mean

	
Min

	
Max




	
C. reticulata

	
SW

	
3.606

	
0.283

	
3.154

	
4.128

	
15.4

	
2.171

	
11.285

	
18.658




	
CW

	
1.838

	
0.326

	
1.365

	
2.463

	
10.843

	
1.795

	
8.475

	
14.365




	
TW

	
1.665

	
0.302

	
1.258

	
2.254

	
8.177

	
1.804

	
5.367

	
11.543




	
C. paradisi

	
SW

	
3.684

	
0.292

	
3.264

	
4.246

	
15.296

	
1.582

	
12.471

	
17.945




	
CW

	
1.993

	
0.253

	
1.637

	
2.482

	
10.957

	
1.039

	
9.273

	
12.854




	
TW

	
1.808

	
0.274

	
1.475

	
2.352

	
8.642

	
1.068

	
6.852

	
10.547











 





Table 5. Analysis of variance in the data for metal values in fruits.
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Pb

	
Cr




	
Source of Variation

	
DF

	
Mean Square

	
Source of Variation

	
DF

	
Mean Square




	
Sites

	
2

	
0.005019 ***

	
Sites

	
2

	
0.080774 *




	
Plants

	
1

	
0.000007 ns

	
Plants

	
1

	
0.608672 ***




	
Sites * Plants

	
2

	
0.000270 ns

	
Sites * Plants

	
2

	
0.000851 ns




	
Error

	
12

	
0.000322

	
Error

	
12

	
0.017019




	
Total

	
17

	

	
17




	
Cd

	
Ni




	
Source of Variation

	
DF

	
Mean Square

	
Source of Variation

	
DF

	
Mean Square




	
Sites

	
2

	
0.002978 ***

	
Sites

	
2

	
0.06884 *




	
Plants

	
1

	
0.011704 ***

	
Plants

	
1

	
4.60359 ***




	
Sites * Plants

	
2

	
0.000958 *

	
Sites * Plants

	
2

	
0.04418 ns




	
Error

	
12

	
0.000199

	
Error

	
12

	
0.01586




	
Total

	
17

	

	
17








Notes: *, *** significant at the 0.05 and 0.001 levels, respectively; ns, non-significant.













 





Table 6. Metal concentrations in the fruit samples (mg/kg).
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Fruit

	
Pb

	
Cr




	
Fruit Site

	
Mean

	
SE Mean

	
Min

	
Max

	
Mean

	
SE Mean

	
Min

	
Max






	
C. reticulata

	
SW

	
0.095

	
0.015

	
0.074

	
0.124

	
0.361

	
0.039

	
0.284

	
0.414




	
CW

	
0.038

	
0.005

	
0.028

	
0.046

	
0.196

	
0.076

	
0.068

	
0.332




	
TW

	
0.031

	
0.003

	
0.025

	
0.036

	
0.137

	
0.068

	
0.054

	
0.271




	
C. paradisi

	
SW

	
0.081

	
0.008

	
0.065

	
0.092

	
0.72

	
0.049

	
0.623

	
0.784




	
CW

	
0.049

	
0.013

	
0.034

	
0.075

	
0.591

	
0.105

	
0.382

	
0.716




	
TW

	
0.037

	
0.012

	
0.023

	
0.061

	
0.486

	
0.093

	
0.326

	
0.647




	

	
Cd

	
Ni




	

	
Fruit Site

	
Mean

	
SE Mean

	
Min

	
Max

	
Mean

	
SE Mean

	
Min

	
Max




	
C. reticulata

	
SW

	
0.113

	
0.014

	
0.085

	
0.131

	
0.075

	
0.005

	
0.068

	
0.085




	
CW

	
0.056

	
0.009

	
0.039

	
0.072

	
0.046

	
0.006

	
0.035

	
0.056




	
TW

	
0.049

	
0.008

	
0.035

	
0.064

	
0.033

	
0.003

	
0.028

	
0.039




	
C. paradisi

	
SW

	
0.033

	
0.004

	
0.025

	
0.039

	
1.273

	
0.122

	
1.054

	
1.475




	
CW

	
0.017

	
0.004

	
0.012

	
0.024

	
1.023

	
0.120

	
0.887

	
1.241




	
TW

	
0.015

	
0.003

	
0.012

	
0.021

	
0.893

	
0.069

	
0.792

	
1.024











 





Table 7. Pollution load index for heavy metals.
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Site

	
Pb

	
Cr

	
Cd

	
Ni




	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi






	
SW

	
4.5644

	
4.5629

	
0.5215

	
0.4921

	
1.2878

	
1.3157

	
1.6998

	
1.6883




	
CW

	
2.3367

	
2.3040

	
0.2917

	
0.3539

	
0.6564

	
0.7118

	
1.1968

	
1.2094




	
TW

	
2.0715

	
2.1455

	
0.2372

	
0.2910

	
0.5946

	
0.6457

	
0.9025

	
0.9539











 





Table 8. Bioconcentration factor for heavy metals.
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Site

	
Pb

	
Cr

	
Cd

	
Ni




	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi






	
SW

	
0.0025

	
0.0022

	
0.0763

	
0.1613

	
0.0313

	
0.0089

	
0.0049

	
0.0832




	
CW

	
0.0020

	
0.0026

	
0.0741

	
0.1841

	
0.0305

	
0.0085

	
0.0042

	
0.0934




	
TW

	
0.0018

	
0.0021

	
0.0637

	
0.1842

	
0.0294

	
0.0083

	
0.0040

	
0.1033











 





Table 9. Enrichment factor for heavy metals.
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Site

	
Pb

	
Cr

	
Cd

	
Ni




	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi






	
SW

	
0.2081

	
0.1775

	
0.3010

	
0.6362

	
0.4669

	
0.1335

	
0.0221

	
0.3770




	
CW

	
0.1626

	
0.2127

	
0.2921

	
0.7260

	
0.4540

	
0.1271

	
0.0192

	
0.4229




	
TW

	
0.1496

	
0.1724

	
0.2512

	
0.7262

	
0.4385

	
0.1236

	
0.0183

	
0.4681











 





Table 10. Daily intake of heavy metals.
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Site

	
Pb

	
Cr

	
Cd

	
Ni




	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi

	
C. reticulata

	
C. paradisi






	
SW

	
3.6