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Abstract

:

The current study outlines the potential of wild plant species (Pluchea dioscoridis (L.) DC.) for the phytoremediation of trace elements (TEs) such as Pb, Cd, Zn, Mn, and Cu at various contaminated locations: an industrial area (S1); a residential area with a high traffic load (S2); and a rural area (S3). Data showed that the photosynthetic pigments and flavonoids decreased significantly at S1, at which TEs accumulated with high concentrations. This drop in chlorophyll concentration reflects foliar damage caused by TE contamination. The carotenoids/chlorophyll index (Car/Chl) ratio showed non-significant variations for all studied spheres. High values of chlorophyll ratio (a/b) were also recorded in plant leaves which faced TE stress. The translocation factors (TF); enrichment coefficient for root (ECR); and shoot (ECS) varied clearly among the TEs as well as the studied sites, proving the ability of the plant to carry out phytoremediation of Pb, Cd, and Zn. The highest values of the metal accumulation index (MAI) were recorded at S1. Significant positive correlations for the pairs Cd and Pb in soil versus P. dioscoridis tissues indicated its usefulness as a phytoextraction strategy for these elements. The management of residential and rural areas should be exploiting the natural wild phytoremediation potential of this plant.
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1. Introduction


Increased urbanization activities globally, together with a growing transport infrastructure and traffic volume, are the main sources of water, soil, and air pollution with toxic trace metals (TEs). The injuries from direct/indirect exposure to TEs are endless, and are mainly due to the excessive accumulation of TEs in the environment [1,2,3]. Phytoremediation is an eco-friendly green technology in which plants has the capability and capacity to accumulate pollutants effectively and, accordingly, can grow in contaminated regions successfully [4,5,6,7]. In recent decades, trace metals have been investigated, and a large amount of results have been published on this point. In addition, significant evidence indicates that TE phytoremediation has evolved as one of the most dynamic fields of development [8]. The phytoremediation of TE-polluted habitats has, lately, progressed from the identification of hyperaccumulator plants to the study of the internal growth and development mechanisms of plants [9,10]. For example, plant growth and different physiological activities within the plants’ cells differ significantly when exposed to harsh environmental stresses [11,12,13]. The exposure of some plants to TE stress may lead to inhibition in the photosynthetic capacity within the plant cells due to the deterioration of chloroplasts, which, in turn, negatively affects the metabolic pathways. The capacity of plants to adjust their photosynthesis systems under severe TE stress is considered a characteristic of TE stress tolerance [14,15]. Another tolerance characteristic of TE stress is the accumulation of alkaloids and flavonoids, which are represented by their ability to chelate metal ions transmission and inhibit the formation of reactive oxygen species (ROS), which helps to overcome oxidative stress [16,17].



P. dioscoridis (L.) DC. is an important wild evergreen shrub that grows to a height from one to three meters. It has hairy and glandular surfaces and is densely branching. It is common throughout the Middle East and neighboring African countries. In Egypt, it is abundant throughout the Nile area, western desert oasis, Mediterranean coastal strip, Eastern Desert, and Sinai Peninsula [18]. In general, wetland locations, damp settings, abandoned fields, demolished houses, depressions along highways and railways, and abandoned fields are all regions where it can be found [19]. It was recently recorded in urban areas in the Nile Delta, including residential areas, highways, and wastelands. P. dioscoridis is known as the “mosquito tree” in Egypt because of its insect-repelling properties [20]. Residential areas include a high rate of human activities that may negatively affect the ambient air quality, such as cutting and digging works. Using a phytoremediation strategy as an alternative solution in these circumstances can create a sustainable environment. Also, the use of phytoremediation as a solution will not corrupt the structure and texture of the polluted soil. Consequently, P. dioscoridis was selected for phytoremediation in this study.



The phytochemistry, ecology, and distribution of wild plants in metal-contaminated areas in Egypt have been previously studied [21]. Pluchea dioscoridis (L.) DC. belongs to the family Asteraceae [20]. It is a perennial invasive weed that has various important considerations at the medicinal and ecological levels. P. dioscoridis has been recorded as a weed in Egypt’s desert reclaimed lands and abandoned fields. Many studies have declared the ability of P. dioscoridis to stabilize TEs such as Cu, Pb, Cd, and Zn, and could be considered a biomonitor and bioindicator for Pb and Cd pollution [21]. Many allelopathic, herbicidal, and larvicidal effects of P. dioscoridis have been recorded [22,23]. Medicinally, it is commonly used to treat rheumatic pains, children’s epilepsy, colic, ulcers, and colds, as well as having carminative effects [24]. Its extract has anti-diarrheal, anti-inflammatory, antimicrobial, and anti-nociceptive properties [25,26,27].



The aim of this work was to test the phytoremediation efficiency of P. dioscoridis, one of the most common wild species in Sohag Governorate (Egypt). The TEs that were tested were Cd, Mn, Cu, Pb, and Zn, the most common pollutants in the studied area. The plant species were collected as they are naturally occurring in the studied area so that they may have been well-adapted species to deal with TE-induced stress.




2. Materials and Methods


2.1. Description of the Study Area


The current research was conducted mainly in Sohag Governorate’s residential districts, in Egypt (from latitude 26°6′54″ to 27°9′26″ N and from longitude 31°13′18″ to 32°36′50″ E). In the Nile Valley, Sohag Governorate is located between Cairo and Aswan. The total area is 1574 km2. It stretches over 125 km along the River Nile’s banks, with widths ranging from 16 to 25 km. In the Sohag Governorate, seasonal rainfall ranges from 0 mm in the summer to 0.3 mm in the winter. In spite of such dry a desert climate, rainfall may occur suddenly at an extreme rate [28]. In general, the climate of Sohag is warm, with an average annual minimum temperature of 13.2 °C in January and a maximum temperature of 42 °C in June. Relative humidity ranges from 45% to 60% in winter and 25% to 35% in summer, with an annual average of about 40%. (https://globalweather.tamu.edu/database, 2016–2017).



The main anthropogenic activities in the study areas are urbanization, the use of automobiles, and the use of different industrial materials including paints, plastics, fertilizers, and untreated waste(industrial and agricultural). For the current study, three residential areas in Sohag Governorate were selected (Figure 1). The first site (S1) is an industrial zone of Sohag Governorate (El-Kawther district); the second site (S2) is a residential area with heavy traffic load (Akhmiem town); to the third site is a rural zone with low pollution level (University Garden, Sohag city, S3). The first site (S1) was 8.4 km from the second site (S2) and 15.2 km from the third site (S3), while the distance between the second and the third sites was 5.3 km. Each site is divided into 10 permanent quadrates (each 10 m × 10 m). All samples in the three locations were collected during the same period of the growing season of the plant.




2.2. Growth Parameters


For leaf area (LA), specific leaf area (SLA), and water content (WC) estimation, leaves of P. dioscoridis were cut off from each site at a height of 1.3–2.0 m above the ground, while wearing polyethylene gloves. Care was also taken to avoid defective leaves such as those with bird droppings, insect invasion, or pesticide treatment [29]. The collected leaves were stored in plastic bags and taken to the laboratory for further analysis. According to Ref. [30], leaf area was measured (LA, cm2) using a Leaf Area Meter (CI-202 Portable Laser Area Meter, USA). Specific leaf area (SLA, cm2/g) was calculated as leaf area ratio to leaf dry weight [31].



Relative water content (RWC) was determined according to the method described in Ref. [32]. Plant leaves were weighed as soon as they were sampled. The leaves were submerged in water overnight, then wiped dry and weighed again to determine turbid weight. To obtain the constant dry weight, the turbid leaves were dried in an oven at 95 °C for 24 h. The relative water content was calculated using the following formula:


Relative water content (RWC) (%) = (FW − DW)/(TW − DW) × 100



(1)




where FW expresses fresh weight; DW is dry weight, and TW is turbid weight.




2.3. Shoot Biomass Estimation


For shoot biomass estimation, 15 healthy individuals of P. dioscoridis were randomly chosen from each site. Each individual was cut on a root collar to estimate shoot biomass. Stems, leaves, and flowers were separated from the shoot sample. Control samples were prepared with the same steps. To make the weighing process easier, the stem was separated into smaller sections. For each individual, all shoot compartments were collected, and an electronic balance was used to determine the field fresh weight (FW). For DW estimation, each shoot compartment was oven-dried at 95 °C until it reached a consistent dry weight (DW). The fresh and dry weights of the shoot parts were determined according to Ref. [22].




2.4. Root Biomass Estimation


The roots of the 15 healthy individuals of P. dioscoridis in each site had a long taproot that grew vertically, as well as numerous thinner lateral roots that were likely exposed to the wind [33]. Therefore, the current work focused only on sampling coarse roots (diameter > 2 mm), while fine roots (diameter < 2 mm) have been excluded due to loss during excavation. All coarse roots were cut using a hand saw, were collected, and the field FW of each individual was measured using an electronic balance. The collected coarse root subsamples were transported to the laboratory and oven-dried (95 °C) until a constant DW was reached. The dry weight of coarse roots in all individuals and control samples was measured according to Ref. [21].




2.5. Estimation of Pigments, Alkaloids and Flavonoids


In each site, 10 quadrats (each 10 m × 10 m) were chosen. Six individuals were randomly selected in each quadrate. Three medium-sized leaves were collected from the six selected individuals. Photosynthetic pigments were evaluated by UV spectrophotometry (LAMBDA 850+ UV/Vis) at 645 nm and 663 nm [34]. A total of 0.2 g fresh leaf tissue was ground in acetone (80%) and then filtered through Whatman No. 1 filter paper. The different photosynthetic pigment concentrations (Chl a, Chl b, Chl a + b, and Car.) were estimated as milligrams per gram fresh weight (mg/g f.w) following the standard equations:


Chl a (mg/g) = [(12.7 × A663) − (2.6 × A645)] × ml acetone/mg leaf tissue



(2)






Chl b (mg/g) = [(22.9 × A645) − (4.68 × A663)] × ml acetone/mg leaf tissue



(3)






Total chlorophyll content (mg/g) = Chl a + Chl b



(4)







The ratios of Chl a/b and Car/Chl were also estimated.



Flavonoids were determined using the Bohm and Kocipai-Abyazan techniques [35]. At room temperature, 1.0 g of the plant material was extracted with 100 mL of aqueous methanol (80%) prepared v/v as 20% water and 80% methanol. The solution was filtered through Whatman filter paper No. 42. The filtrate was transferred to a crucible and evaporated into dryness over a water bath and weighed to a constant weight. For alkaloid determination, 5 g of dried plant tissue was weighed, followed by adding 200 mL aqueous solution (v/v), of 10% acetic acid in ethanol (100%), then left to stand for 4 h before filtration. The filtrate was concentrated to one-quarter of its original volume in a water bath. The final extract was treated with drops of concentrated ammonium hydroxide (NH4OH). The produced precipitate was allowed to settle, then was collected, washed with dilute ammonium hydroxide (NH4OH), and filtered. The residue was dried and weighed [36].




2.6. Proline and Soluble Carbohydrates Estimation


The acid ninhydrin assay was used for Proline content estimation [37]. A total of 0.1 gm of leaf tissue powder was mixed with 3% (w/v) 5-sulfosalicylic acid. For full extraction, it was vortexed for 5 min at 1 min intervals. After extraction, the samples were centrifuged at 13,000 rpm for 10 min, and then the supernatants were transferred to clean tubes and spun again. A total of 15 µL of 3.0 M Na-acetate and 200 µL ninhydrin solution 0.15% (w/v) ninhydrin in glacial acetic acid were added to the supernatants. The background absorbance of proline was detected at 352 nm.



The phenol-sulfuric acid method [38] used for total water-soluble carbohydrate determination involved adding 1 mL of 5% phenol solution and 5 mL of concentrated sulfuric acid to 200 µL of the samples. The absorbance was detected at 510 nm. Sucrose was used as standard.




2.7. Plant Analysis for NPK and TEs


For the determination of N, P, and K, plant shoots and roots were rinsed with tap water many times, followed by washing with distilled water and deionized water twice. They were then oven-dried to constant weights at 60 °C for 48 h. The dried samples were ground and passed through a sieve (2 mm mesh size). According to Refs. [39,40], a mixture of HClO4, HCl, and H2SO4 5:1:1 (v/v) was added to 0.50 g powdered sample for digestion in a metal digestion apparatus (HotBlock, VELP Scientifica, DK8s, Italy). After complete digestion, samples were left to cool at room temperature, filtered through filter paper (Whatman No. 42), and, finally, the sample volume was completed to 25 mL with distilled water. Total phosphorus (P) was quantified by following the method reported by Jackson (1958) based on the molybdenum blue technique. Total nitrogen (N) was detected by the micro-Kjeldahldahll technique, and total potassium (K) was determined by the methods described by Refs. [39,40], based on the flame photometer technique.



According to the method described in Ref. [41] and modified by Ref. [42], after drying and homogenization, plant samples were digested in an acid mixture of HCl and HNO3 (aqua regia (AQ) at a 3:1 ratio (v/v). In a 25 mL beaker, 0.50 g of tissue powder was weighed. A total of 1 mL HNO3 was added to 3 mL HCl, then an additional 1 mL HNO3 was added to the plant sample, which was heated for digestion for at least 3 h, or until brown fumes ceased emerging, indicating full digestion. After cooling, the sample was filtered into a 25 mL volumetric flask using an acid-resistant filter (Whatman filter No. 42), made to the mark with 2% HNO3, and stored at 4 °C until analysis. A blank sample was prepared with the same volumes of acids but without a plant sample. Inductive Coupled Plasma Optic Emission Spectroscopy (ICP-OES, Perkin Elmer 8000 Optima) was used to determine the absorptions of TEs (Cu, Pb, Cd, Zn, and Mn).




2.8. Soil Sampling and Analysis


Three representative soil samples were collected from each site for the 0–50 cm topsoil. pH value of the soil samples was measured using a pH meter and electrode (PHS-3B) according to the method used in Ref. [21] in a 1:1 (v/v) soil/water mixture (5 g NCR-13 soil scoop/5 mL DI water).



Total N, P, and K were determined using the method of Refs. [39,40] as illustrated previously in the plant analysis section. Soil samples were collected randomly from the studied sites, air-dried, and ground, then sieved through an 80-mesh sieve. The concentration of N was detected at 440 nm. The molybdenum blue phosphorus technique was used to determine the concentration of P at 660 nm. The turbidimetric technique with sodium tetraphenylboron, NaB(C6H5)4, was used to determine the concentration of K in soil samples by laboratory turbidimeter (LTC3000w).



For the detection of TEs in soil samples, the method described in Refs. [41,42] was used. After drying and grinding of soil samples, 10 mL of 65% nitric acid was added to 0.5 gm of soil sample. The solution was left at room temperature for 12 h, then at 100 °C for 4 h, and, finally, for 4 h at 140 °C until the color of the solution became clear. After cooling, the solution was then diluted to 50 mL with ultrapure deionized water and filtered through 0.42 L Whatman filter paper. Cu, Pb, Cd, Zn, and Mn were ermined using ICP-OES (Perkin Elmer 8000 Optima, PerkinElmer, Waltham, MA, USA). Each sample was digested three times.




2.9. BCF, TF, ECS, ECR, and MAI Calculation


Bioconcentration factors (BCF) were estimated by dividing the TE concentration into plant parts by those in soil from respective locations.


Bioconcentration Factors (BCF) = TEs plant/TEs soil



(5)




where TEs plant and TEs soil represent the TEs concentration in extracts of plants and soils, respectively, grown in the contaminated environment [43]. A value of BCF above 1 indicates a higher uptake of TEs in crop/plant than in soil, while a BCF of less than 1 means more TE concentration in soil than was taken up by plants.



The translocation factors (TF) were described as the proportion of TEs in the shoot to those in the root. TF was calculated according to Ref. [43]:


Translocation factors (TF) = TEs shoot/TEs root



(6)




where TEs shoot and TEs root are the trace metal concentrations in the plant shoot and root, respectively.



Metal enrichment coefficients (ECS) were utilized to investigate both metal accumulation and transport from the soil to plant organs. The enrichment coefficient of the root (ECR) and the enrichment coefficient of the shoot (ECS) are the main two types of enrichment coefficients [44].



The coefficients were calculated as follows:


ECS = TEs concentration in the shoot/TEs concentration in the soil



(7)






ECR = TEs concentration in the root/TEs concentration in the soil



(8)







Mohotti et al. [45] stated that plants with BCF value > 1.0 are fitted for phytoextraction, while Cheraghi et al. [46] reported that plants with ECR > 1 and TF < 1 have the potential for phytostabilization.



The method described in Ref. [3] was used to calculate the metal accumulation index (MAI). MAI was used to detect the TE accumulation efficiencies of the plants using the standard formula;


MAI = (1/N) ⋅ Σ ⋅ IJ; IJ = X/δ ⋅ X



(9)




where N shows the total number of trace elements studied, and IJ is the sub-index of J gained by dividing the metal concentration (X) by its standard deviation (δX).




2.10. Data Analysis


The recorded data were analyzed using One-way ANOVA with Post Hoc Tukey test (version 22.0) using SPSS (IBM Corp., Armonk, NY, USA). To assess the relationship between concentrations of TEs in soils, roots, and shoots, Pearson’s correlation relationship analysis (r values) was calculated.





3. Results


3.1. Growth Parameters


The results recorded in Table 1 show a drastic impact of the accumulation of trace elements on the SLA, LA, and RWC of P. Dioscorides. The SLA value in leaves collected from S1 was 51.76 cm2/g d.w., and was followed by values of leaf samples collected from S2 (high traffic site) with the value of 61.40 cm2/g d.w. The same trend of results was reported for LA. Accordingly, LA recorded the lowest measured value in the leaf samples collected from S1 with a value of 3.47 cm2, while the highest LA values were recorded in samples collected from S3 with a value of 6.42 cm2. For the results of relative water content (RWC), the highest value was recorded at 276.81% in the leaf samples collected from S3 (Table 1), while the lowest value was recorded in the leaf samples of S1 with a value of 122.76%.




3.2. Estimation of the Shoot and Root Biomass


The obtained results, shown in Table 2, revealed that a high accumulation of TEs has a significant impact (p ≤ 0.05) on both the fresh and dry weights of shoot and root. The trends of both shoot and root biomass were similar (Table 1), with lower values at S1 compared to the other two sites. It should be mentioned that, at S1, the accumulation of TEs was higher in shoots and roots than for other sites. The lowest FW values of shoot parts (leaf, stem, and flower) in addition to root were recorded as 6.18, 19.59, 2.32, and 11.04 g, respectively, compared to control samples (9.17, 27.45, 16.3, and 3.62 g). The same results were detected for Dw for the same organs, with values of 4.67, 17.83, 2.11, and 9.7 g, respectively, compared to control values (7.78, 25.75, 3.01, and 13.0 g).




3.3. Changes in Pigments, Alkaloids, and Flavonoids


The obtained results for Chl a, Chl b, Cars, total chlorophyll (a + b) and Chl a/b ratio, Car/Chl, alkaloids, and flavonoid contents in P. dioscoridis at all of the studied sites are summarized in Table 3. The results for all pigments showed a significant decrease at S1 compared to the two other sites. It should be noted that the TE accumulation was higher in P. dioscoridis shoots at S1 than in the two other sites. Chl b, similar to Chl a, showed a considerable reduction at S1 when compared to the rural site (S3). Carotenoids (Car) showed a considerable rise at S1, contrary to what was recorded for chl a and chl b. Car content was highest at 1.40 ± 0.04 mg/g f.w at S1 and lowest, with values of 1.28 ± 0.02 mg/g f.w, at S3.



In comparison to the control, the polluted sites showed a reduction in their total Chl content (a + b) (Table 3). The values of Chl (a + b) at S1 and S2 were 4.16 ± 0.81 and 3.85 ± 0.93 mg/g f.w, respectively, compared to the control value (4.86 ± 0.98 mg/g f.w). Meanwhile, the Chl a/b ratio showed a significant increase at S2 with a value of 2.70 ± 0.02, and at S1 for alkaloids with a value of 5 ± 0.24%. The differences in the results of the Car/Chl ratio at all three sites were non-significant (Table 3). S1 had the highest significant flavonoid value of 22.30 ± 2.438 mg/g f.w, indicating that the shoots had the highest TE accumulation at that site (Table 4).




3.4. Changes in Proline Content and Soluble Carbohydrate


The results shown in Table 3 indicate that the proline content of the P. dioscoridis sample at the contaminated site (S1 and S2) was increased compared to the control sample (S3). The highest proline content was observed (0.78 ± 0.11 mg/g d.w) at S2 compared to S3 (0.34 ± 0.013 mg/g d.w). Generally, the results indicated that Proline content showed a higher concentration at the site that was the most highly polluted with TEs. In contrast to the proline results, the data shown in Table 3 indicates that the levels of soluble carbohydrates in plants grown in contaminated areas under TE stress were significantly reduced compared to control samples. The lowest soluble carbohydrate content was recorded at S2 with a value of 82.43 ± 9.08 mg/g d.w.




3.5. Nutrients (NPK) and Trace Elements (TEs) Accumulation in Plant


Most nutrients and TEs in P. dioscoridis shoots and roots were significantly different between different plant organs rather than between sites (p > 0.05) (Table 4). The obtained results revealed that the concentrations of all examined nutrients (N, P, and K) were shown to be significantly higher in the shoots than in the roots of P. dioscoridis. The maximum concentrations of NPK in the shoots were detected at S1 with values of 3.24 ± 0.091 mg/kg for N, 0.444 ± 0.018 mg/kg for P, and 0.981 ± 0.061 mg/kg for K (Table 4). In the roots, N, P, and K concentrations were 2.241 ± 0.231, 0.669 ± 0.037, and 0.779 ± 0.053 mg/kg, respectively, at S1.



The obtained results, shown in Table 4, indicate that higher levels of TEs (Zn, Mn, and Cu) were accumulated in the roots of P. dioscoridis than in the shoots. In addition, the concentrations of Pb and Cd in the shoots were significantly higher than in the roots. In general, the largest accumulation of the TEs which were investigated was recorded at S1. The concentrations of Cd and Pb determined in shoots at the three sites were 329.0 ± 25.83, 211.0 ± 32.92, and 81.60 ± 11.76 mg/kg for Pb at S1, S2, and S3, respectively, and, for Cd 95.65 ± 9.90, 79.38 ± 11.36, and 46.09 ± 7.65 mg/kg, respectively, whereas results of Zn, Mn, and Cu showed the reverse trend. The mean values in the root and shoot ranged between 188.75 ± 16.3 and 174.0 ± 16.12 mg/kg for Cu; 125.85 ± 38.60 and 118.68 ± 28.54 mg/kg for Zn; and 295.0 ± 13.38 and 291.80 ± 17.75 mg/kg for Mn, respectively (Table 4).




3.6. Soil Analysis


The data shown in Table 5 indicate the values of pH, organic matter (OM), NPK, and TE concentrations in the soil samples. Most of the studied physicochemical parameters of the soil showed the highest values at S1, followed by S2. The pH values of soil samples from the three sites were slightly alkaline (7.23–8.43). The OM values were high at S1 (6.30 ± 0.35%) and decreased at S2 (2.60 ± 0.16%) and S3 (3.20 ± 0.25%). For sites, the Pb and Cd concentration values followed the sequence S2 > S1 > S3. For the values of Cu, Zn, and Mn, the sequence S1 > S2 > S3 was observed. The maximum TE concentrations at all P. dioscoridis sites followed the sequence Cu > Pb > Zn > Mn > Cd.




3.7. BCF, TF, ECS, ECR, MAI Indices


According to the obtained data. shown in Table 6, P. dioscoridis had a BCF > 1.0 for all of the examined TEs. P. dioscoridis had BCF values in the following order: Pb > Cd > Mn > Zn > Cu. In addition, Cu, Pb, Cd, Mn, and Zn had the opposite trend of BCF (values > 1), with TF< 1. The mean values of the TF for all of the examined TEs (except Pb and Cd at S3) were < 1 (Table 6). Cu > Cd > Zn > Pb > Mn was the order of TE translocation capability from the roots to the shoots of P. dioscoridis.



The maximum value of TF for Cu was observed at S1 (0.96 ± 0.08); for Pb at S3 (1.35 ± 0.35); for Cd at S3 (1.29 ± 0.04); for Zn at S2 (0.97 ± 0.093); and for Mn at S1 (0.98 ± 0.05). ECS was > 1 for Mn (S1, S2); Cd (S1, S3), and Pb (S1), while ECS values for Cu and Zn were less than one at all of the studied sites. The ECR values were >1, with the maximum values for Pb observed at S (1, 2); Cd (S1, S3); and Mn (S1, S2), while ECR values for Cu and Zn were <1 (Table 6). The highest recorded value for MAI was at S1, while the lowest was found at S3 (Figure 2).




3.8. Plant-Soil Correlations


For the analyzed P. dioscoridis tissues and soils, the Pearson correlation coefficients (r values) between the examined nutrients (NPK) and TEs are shown in Table 7. The findings revealed that various soil factors had a significant positive relationship with some nutrients and metals in the root, such as soil K (r = 0.71), soil Cu (r = 0.89), soil Cd (r = 0.83), and Cd and Zn (r = 0.77). Also, some soil variables had a significant positive correlation with some nutrients and metals in the shoot; for instance, soil N with shoot P (r = 0.59) and K (r = 0.68); soil P with shoot N (r = 0.71); and soil Cu with shoot Cd (r = 0.84) and Mn (r = 0.61).



Other soil factors, on the other hand, displayed a strong negative association with root nutrients and TEs, such as soil P with root Mn (r = −0.73); soil Cu with root K (r = −0.68); soil Cd with root Mn (r = −0.51); soil Mn with root Cu (r = −0.38); and soil Mn with root P (r = −0.71). Other soil factors demonstrated a significant negative connection with shoot nutrients and TEs, including soil P with shoot Cu (r = −0.58); soil K with shoot N and Mn (r = −0.45 and −0.56, respectively); soil Mn with shoot Pb (r = −0.91); and soil Cu with shoot K (r = −0.31). The findings revealed that soil pH and OM had a significant impact on TE concentrations in P. dioscoridis. As a result, all of the TEs in P. dioscoridis tissues displayed a strong negative correlation with soil pH. Soil pH was found to have a negative correlation with root Cu, Pb, Cd, Zn, and Mn (r = −0.58, −0.51, −0.77, −0.69, and −0.49), whereas OM had a positive correlation with all of the investigated inorganic nutrients (N, P, K) of the root (r = 0.88, 0.76, and 0.71, respectively) and shoot (r = 0.51, 0.68, and 0.69, respectively). Soil OM had a positive correlation with root Pb, Cd, Zn, and Mn (r = 0.86, 0.97, 0.88, and 0.53) and shoot Pb, Cd, Zn, and Mn (r = 0.95, 0.69, 0.75, and 0.61).





4. Discussion


A large amount of environmental and agricultural activities, such as photosynthesis, transpiration, and field energy balance, can significantly impact LA and SLA values. Metal bioaccumulation has a deleterious influence on leaf production [47]. These findings are consistent with those of Refs. [6,48], who found that metal accumulation can reduce plant development, resulting in a drop in LA. Also, SLA is influenced by leaf growth, structure, and photosynthesis [49]. Accordingly, the lowest recorded LA and SLA values at S1 and S2 had the smallest leaf lamina expansion, which was closely associated with the significant TE accumulation in these sites. The rise in TE accumulation level and dry climate of the studied area may have caused WC (%) values to fall at all polluted sites. The low WC values of contaminated leaves appear to confirm the idea of low production [47].



Several studies [15,50] have connected reduced chlorophyll content in a variety of plant species to TE exposure. Any alteration in chlorophyll content affects plants’ morphology, physiology, and biochemistry. Many researchers have discovered that metal accumulation accelerates the depletion of photosynthetic pigments [51,52]. The present findings revealed that values of Chl (a) and (b) in P. dioscoridis tissues were reduced in polluted areas. According to Refs. [53,54], this drop in chlorophyll concentration reflects foliar damage caused by TE contamination. These findings agree with those of Ref. [55], who found that metal pollution had a significant impact on chlorophyll levels. De Filippis and Pallaghy [56] also stated that TEs can impede the formation of chlorophyll pigments and enzymes.



The obtained results showed that, with increases in the TE concentration, there was a substantial drop in the total Chl (a + b) of P. dioscoridis. These results agree with many studies that revealed that TE toxicity can diminish the amount of photosynthetic pigment in many plant species [12]. The chlorophyll ratio (a/b) is a stress indicator. The ratio rose, in the current study, as the level of polluting metals increased [6]. Furthermore, numerous scientists have claimed that an increase in chlorophyll ratios was linked to increased environmental stress [57,58,59,60].



Carotenoids work as non-enzymatic antioxidants to protect plants from oxidative stress [61]. The current findings support those of [62,63], who found that increasing Cars content is an effective method to protect plants from free radical generation. P. dioscoridis can be a good option to recover TE-contaminated circumstances in phytoremediation because of the high content of Cars at polluted areas and its higher resilience to TE pollution.



Proline is a vital partner in structural proteins and enzymes, and it is engaged in the repair process. It is also known to have a function in the reconstruction of chlorophyll, the activation of the Krebs cycle, and the sequestering of free radicals; as well, it serves as an energy source. Proline content was found to be considerably high in P. dioscoridis as the TE accumulation rate rose, indicating pollution stress. Proline accumulation in plant leaves could serve as a suitable solute to maintain the osmotic balance between the vacuoles and the cytoplasm [64].



Soluble sugars, which are the plant’s source of energy, are one of the most significant ingredients in the cell structure. The decrease in soluble carbohydrate content under TE stress in the current results can be considered as a defense mechanism of the plant and help in osmotic protection to perform adaptation against the inappropriate environment [65,66]. The relationship between soluble carbohydrates and photosynthesis is mostly determined by changes in the carbohydrate concentration. The current decrease in soluble carbohydrate content under TE stress when compared to control values may be due to the inhibition of biosynthesis of chlorophyll or stimulation of the respiration rate, which leads, finally, to a reduction in carbohydrate contents [67].



Many studies have indicated that the effect of a high concentration of TEs has a significant impact on the fresh and dry weight of plants [68]. According to the present results, this drop in the fresh and dry weight of P. dioscoridis shoots and roots is most likely due to a decrease in photosynthetic processes, which reduces carbohydrate metabolism [69,70]. Disturbance in water availability [71], suppression of nutrient uptake [70,72], and protein degradation are some of the other causes of reductions in the fresh and dry weight of P. dioscoridis shoots and roots.



It has been reported that, as a result of the occurrence of high levels of nutrients in the soil, the ability of hyperaccumulation of plants can be improved; this may be due to the role of NPK in the soil in enhancing the availability of TEs for plants, shown in Ref. [73]. The current findings revealed that P. dioscoridis has a high NPK level in the shoots and roots at S1 (with high industrial activities, and agricultural and urban activities), indicating the plant’s capacity to adapt to the stress resulting from the accumulation of trace metals and pollutants through the regulation of some physiological and metabolic processes inside its cells and tissues [74].



Some plants have a remedial nature which helps plants to absorb high amounts of trace metals through the “chemical phytostabilization” mechanism. The plant roots are the main route for the transfer of elements and nutrients from the soil. Most agricultural practices, as well as their wild flora, take place within the polluted sites (S1 and S2). Large amounts of TEs have been collected in the topsoil as a result of industrial activity and intensive traffic [75]. The accumulation degree of trace metals in the soil is mainly influenced by factors such as pH, TEs level, OM % (organic carbon), and soil particle size. The findings of the current study recorded the alkaline pH values of the soil which, in turn, led to a decrease in the availability of some TEs for plant roots by enhancing the ability of colloids in the soil to absorb cations [76]. If a value of BCF above 1 indicates a higher uptake of TEs in crop/plant than in soil, then a BCF of less than 1 means a higher TE concentration in soil than in plants [43]. The highest recorded values of ECR of P. dioscoridis in the present study declared that this plant could be exploited for monitoring TEs (Cd, Pb, and Mn, not Cu and Zn). The significant positive correlations between Cd and Pb in soil with those in P. dioscoridis tissues suggest its potential use as a bioindicator and biomonitor for Cd and Pb pollution.




5. Conclusions


Through phytoremediation technology, wild metal hyperaccumulator plants flourishing in contaminated places could present an alternate solution for the treatment of soils enriched with TEs (trace elements), resulting from industrial and traffic activities.



Based on the current data, the photosynthetic pigments and flavonoids decreased significantly at S1, at which TEs were accumulated with high concentrations. This drop in chlorophyll concentration reflects foliar damage caused by TE accumulation. The carotenoids/chlorophyll index (Car/Chl) ratio showed non-significant variations for all studied spheres. High values of chlorophyll ratio (a/b) were also recorded in plant leaves which faced TE stress. According to the values of the bioconcentration and translocation factors (BCF > 1 and TF > 1), P. dioscoridis can accumulate high levels of TEs in its tissues. This suggests that P. dioscoridis could be a useful strategy for TEs phytostabilization. The highest recorded values of enrichment coefficient for the shoot (ECS) of P. dioscoridis indicated that this plant can be used as a phytoextraction strategy for Cd, Pb, and Mn, but not Cu and Zn, in contaminated areas. The concentrations of NPK in the shoot were significantly higher than in the root. However, the concentrations of most TEs were significantly higher in the roots than in the shoots. The significant positive correlations (r values) between Cd and Pb in soil with those in P. dioscoridis tissues suggest its potential use as a bioindicator and biomonitor for Cd and Pb pollution. Future studies are required to evaluate the potential of wild species, particularly P. dioscoridis, under man-made environmental stressors for phytoremediation purposes.
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	TEs
	Trace Elements



	Car/Chl
	Carotenoids/Chlorophyll



	TF
	Translocation factors



	ECR
	Enrichment coefficient for root



	ECS
	Enrichment coefficient for shoot



	MAI
	Metal accumulation index



	ROS
	Reactive oxygen species



	LA
	Leaf area



	SLA
	Specific leaf area



	WC
	Water content



	RWC
	Relative water content



	FW
	Fresh weight



	DW
	Dry weight



	TW
	Turbid weight



	NPK
	Nitrogen, Phosphorus, Potassium



	AQ
	Aqua regia



	BCF
	Bioconcentration factors
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Figure 1. Location map of Egypt showing the Sohag Governorate and distribution of the studied sites. 
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Figure 2. Metal accumulation index (MAI) of P. dioscoridis at the studied sites. 
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Table 1. Values of Specific leaf area (SLA); relative water content (RWC); leaf area (LA); fresh weight (FW); dry weight (DW) of shoot parts (leaf, stem, and flower) and root of P. dioscoridis at the different studied sites.
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Site

	
Ind. No

	
Growth Parameters

	
Biomass Estimation




	
Leaf

	
Stem

	
Flower

	
Root




	
SLA (cm2/g d.w.)

	
RWC (%)

	
LA (cm2)

	
Fw (g)

	
Dw (g)

	
Fw (g)

	
Dw (g)

	
Fw (g)

	
Dw (g)

	
Fw (g)

	
Dw (g)






	
S1

	
1

	
75.91

	
149.03

	
4.51

	
7.56

	
6.71

	
21.61

	
18.81

	
2.32

	
2.11

	
13.9

	
12.1




	
2

	
51.76

	
156.24

	
3.5

	
7.03

	
5.91

	
21.73

	
19.97

	
3.65

	
2.52

	
12.4

	
11.8




	
3

	
67.93

	
135.32

	
3.55

	
6.31

	
5.36

	
20.66

	
18.88

	
2.77

	
1.31

	
11.9

	
10.0




	
4

	
71.35

	
130.66

	
4.59

	
7.84

	
5.4

	
21.20

	
18.93

	
3.93

	
2.42

	
13.7

	
11.82




	
5

	
78.34

	
122.76

	
3.47

	
6.18

	
4.67

	
19.59

	
17.83

	
3.85

	
2.89

	
11.04

	
9.7




	
S2

	
6

	
74.18

	
190.1

	
3.51

	
8.96

	
7.02

	
23.68

	
20.51

	
3.98

	
2.47

	
12.9

	
10.1




	
7

	
89.54

	
160.87

	
4.42

	
7.91

	
6.39

	
23.72

	
20.17

	
3.99

	
2.23

	
13.4

	
11.7




	
8

	
67.09

	
154.87

	
3.3

	
7.94

	
6.10

	
27.88

	
25.39

	
3.92

	
2.89

	
12.6

	
10.9




	
9

	
75.81

	
140.64

	
4.6

	
8.66

	
7.79

	
21.41

	
19.09

	
3.67

	
2.29

	
14.1

	
12.5




	
10

	
61.40

	
180.54

	
3.32

	
7.90

	
6.82

	
22.79

	
20.19

	
4.87

	
3.43

	
15.8

	
14.13




	
S3

	
11

	
86.16

	
206.81

	
6.11

	
10.08

	
9.7

	
27.67

	
25.75

	
3.62

	
3.01

	
19.1

	
16.0




	
12

	
101.14

	
276.81

	
5.44

	
9.17

	
8.08

	
30.36

	
28.59

	
4.68

	
3.17

	
17.3

	
15.1




	
13

	
84.83

	
200.61

	
5.18

	
9.96

	
7.78

	
28.57

	
26.19

	
5.45

	
4.45

	
19.3

	
16.4




	
14

	
97.97

	
249.91

	
6.42

	
10.92

	
9.16

	
27.45

	
25.77

	
4.12

	
3.61

	
16.9

	
13.0




	
15

	
83.98

	
211.01

	
5.52

	
9.88

	
8.44

	
28.86

	
25.98

	
4.49

	
3.61

	
16.3

	
14.9
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Table 2. Variance analysis of the impact of the studied TE accumulation on fresh weight and dry weight of shoot parts (leaf, stem, and flower), root, leaf area (LA), specific leaf area (SLA), and leaf water content (WC) of P. dioscoridis.
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	Accumulation
	Degree of Freedom
	FW. of Leaf (g)
	DW. of Leaf (g)
	FW. of Stem (g)
	DW. of Stem (g)
	FW. of Root (g)
	DW. of Root (g)
	FW. of Flower (g)
	DW. of Flower (g)
	Leaf Area (LA) (cm2)
	SLA (cm2/g d.w)
	Leaf WC (%)





	Replication
	3
	119.216
	67.614
	195.68
	122.298
	171.83
	95.719
	83.47
	57.614
	219.027
	152.671
	221.79



	Accumulation
	9
	35. 45
	28.015
	23.0465
	2.154
	20.211
	15.474
	17.298
	18.015
	56.284
	26.819
	30.02



	Correlation (r-values)
	20
	9.123 **
	7.512 **
	5.285 **
	0.363 *
	7.131 **
	7.561 **
	6.65 *
	6.702 **
	10.695 **
	9.871
	5.022 **



	Coefficient variation (%)
	9.83
	9.73
	9.09
	7.14
	7.38
	11.55
	9.93
	6.67
	9.39
	9.89
	5.64
	6.31







*, **: Significant at 5 and 1% probability levels, respectively.
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Table 3. The concentration of photosynthetic pigments (mg/g f.w), alkaloids (%), flavonoids, proline, and soluble carbohydrates (mg/g d.w) of P. dioscoridis samples collected from the studied sites. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.






Table 3. The concentration of photosynthetic pigments (mg/g f.w), alkaloids (%), flavonoids, proline, and soluble carbohydrates (mg/g d.w) of P. dioscoridis samples collected from the studied sites. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.





	

	
Biochemical Parameters




	
Chl a

mg/g f.w

	
Chl b

mg/g f.w

	
Car.

mg/g f.w

	
Chl. a + b

mg/g f.w

	
Chl. a/b Ratio

	
Car/Chl

mg/g f.w

	
Alkaloides

%

	
Flavonoids

mg/g f.w

	
Proline

(mg/g d.w)

	
Soluble Carbohydrates

(mg/g d.w)






	
S1

	
1.38 ± 0.01 b

	
1.55 ± 0.02 b

	
1.41 ± 0.03 b

	
2.93 ± 0.51 a

	
0.89 ± 0.01 a

	
0.48 ± 0.03 a,b

	
5 ± 0.24 b

	
22.30 ± 2.438 d

	
0.52 ± 0.16 a

	
90.35 ± 6.9 d




	
S2

	
1.99 ± 0.13 b

	
1.78 ± 0.02 b

	
1.30 ± 0.04 a

	
3.77 ± 0.93 a

	
1.11 ± 0.02 a

	
0.34 ± 0.02 b

	
4.84 ± 0.95 b

	
15.39 ± 1.40 c

	
0.78 ± 0.11 b

	
82.43 ± 9.08 c




	
S3

	
2.87 ± 0.03 a

	
2.81 ± 0.02 c

	
1.28 ± 0.02 a

	
5.68 ± 0.98 b

	
1.02 ± 0.03 b

	
0.22 ± 0.01 a

	
1.84 ± 0.67 a

	
18.98 ± 2.322 a

	
0.34 ± 0.013 b

	
113.10 ± 9.1 b




	
F-value

	
11.414

	
5.893

	
5.014

	
8.976

	
5.103

	
13.990

	
2.01

	
55.911

	
6.193

	
9.414
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Table 4. The concentration of TEs (Cu, Pb, Cd, Zn, and Mn) and NPK (mg/kg) in shoots and roots samples of P. dioscoridis were collected from the studied sites. One-way ANOVA was used. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.






Table 4. The concentration of TEs (Cu, Pb, Cd, Zn, and Mn) and NPK (mg/kg) in shoots and roots samples of P. dioscoridis were collected from the studied sites. One-way ANOVA was used. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.





	
Site

	
Plant Organ

	
NPK and TEs (mg/kg) in Plant




	
N

	
P

	
K

	
Cu

	
Pb

	
Cd

	
Zn

	
Mn






	
S1

	
Root

	
2.241 ± 0.231 b,c

	
0.669 ± 0.037 a

	
0.779 ± 0.053 a

	
160.2 ± 29.27 b

	
303.20 ± 51.79 b

	
86.74 ± 8.48 a

	
125.85 ± 38.60 d

	
295.0 ± 13.38 b




	
Shoot

	
3.24 ± 0.091 b

	
0.914 ± 0.061 a

	
0.981 ± 0.061 a

	
154.87 ± 18.14 b

	
329.0 ± 25.83 b,c

	
95.65 ± 9.90 a

	
118.68 ± 28.54 d

	
291.80 ± 17.75 d




	
S2

	
Root

	
2.000 ± 0.067 a

	
0.206 ± 0.032 a

	
0.467 ± 0.036 a

	
188.75 ± 16.3 b,c

	
201.90 ± 22.94 a,b

	
65.56 ± 16.27 b

	
111.43 ± 31.56 b

	
127.596 ± 11.79 b




	
Shoot

	
2.50 ± 0.088 a,b

	
0.444 ± 0.018 a

	
0.378 ± 0.040 b

	
174.0 ± 16.12 a

	
211.0 ± 32.92 b

	
79.38 ± 11.36 a,b

	
113.85 ± 14.32 a

	
120.015 ± 12.02 b




	
S3

	
Root

	
1.850 ± 0.307 c

	
0.367 ± 0.035 b

	
0.529 ± 0.069 a

	
72.5 ± 12.16 a,b

	
60.4 ± 14.06 a,b

	
35.60 ± 18.36 c,d

	
91.30 ± 15.23 a

	
31.367 ± 11.81 b,c




	
Shoot

	
2.65 ± 0.095 b,c

	
0.438 ± 0.044 d

	
0.494 ± 0.027 b,c

	
60.7 ± 12.08 b,c

	
81.60 ± 11.76 b,c

	
46.09 ± 7.65 b,c

	
87.70 ± 6.41 a

	
21.558 ± 1.06 b
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Table 5. The concentration of TEs (Cu, Pb, Cd, Zn, and Mn), NPK (mg/kg), pH, and OM (%) in soil samples of P. dioscoridis collected from the studied sites. One-way ANOVA was used. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.






Table 5. The concentration of TEs (Cu, Pb, Cd, Zn, and Mn), NPK (mg/kg), pH, and OM (%) in soil samples of P. dioscoridis collected from the studied sites. One-way ANOVA was used. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.





	Site
	N
	P
	K
	Cu
	Pb
	Cd
	Zn
	Mn
	pH
	OM (%)





	S1
	0.213 ± 0.006 a
	0.0413 ± 0.0035 c
	0.173 ± 0.0069 a
	227.29 ± 21.57 d
	223.0 ± 32.07 c
	81.67 ± 12.05 c
	184.56 ± 9.16 d
	94.24 ± 14.49 c
	8.29 ± 0.22 a
	6.30 ± 0.35 c



	S2
	0.190 ± 0.005 b
	0.0353 ± 0.0019 b
	0.314 ± 0.0086 d
	225.11 ± 33.73 d
	222.3 ± 21.08 a
	96.54 ± 11.03 b
	163.02 ± 11.09 c
	89.04 ± 9.31 b
	7.69 ± 0.28 b
	2.60 ± 0.16 a



	S3
	0.089 ± 0.004 a
	0.0277 ± 0.0029 a
	0.070 ± 0.0089 b
	97.80 ± 32.18 c
	82.0 ± 11.07 a
	21.35 ± 5.05 a
	133.00 ± 7.05 c
	38.74 ± 6.30 a
	7.28 ± 0.18 a
	3.20 ± 0.25 a
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Table 6. Concentration factors (CF); translocation factors (TF); enrichment coefficients for root (ECR), and shoot (ECS) of P. dioscoridis. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.






Table 6. Concentration factors (CF); translocation factors (TF); enrichment coefficients for root (ECR), and shoot (ECS) of P. dioscoridis. Data are the means of three replicates ± standard error. In each column, means with different letters are significantly different from each other (p < 0.05) according to Post Hoc. Tukey test.





	
TEs

	
Parameters

	
Site

	
F-Value




	
S1

	
S2

	
S3






	
Cu

	
CF

	
1.38 ± 0.15 a

	
1.60 ± 0.45 a

	
1.36 ± 0.55 a

	
142.123




	
TF

	
0.96 ± 0.08 a

	
0.92 ± 0.091 a

	
0.83 ± 0.048 a

	
237.387




	
ECR

	
0.70 ± 0.043 a

	
0.83 ± 0.093 a

	
0.74 ± 0.074b c

	
167.284




	
ECS

	
0.68 ± 0.056 b,c

	
0.77 ± 0.081 a

	
0.62 ± 0.056 a

	
132.211




	
Pb

	
CF

	
2.83 ± 0.85 a,b

	
2.26 ± 0.95b c

	
1.73 ± 0.65b c

	
45.46




	
TF

	
0.92 ± 0.105 b

	
0.67 ± 0.046 a

	
1.35 ± 0.35 c

	
10.34




	
ECR

	
1.47 ± 0.65 a,b

	
1.35 ± 0.351 a,b

	
0.73 ± 0.09 a

	
22.13




	
ECS

	
1.35 ± 0.35 a,b

	
0.90 ± 0.054 a

	
0.99 ± 0.084 b,c

	
31.10




	
Cd

	
CF

	
2.23 ± 0.975 b

	
1.50 ± 0.75 b

	
3.82 ± 1.05 b

	
42.52




	
TF

	
0.90 ± 0.077 a,b

	
0.82 ± 0.087 a

	
1.29 ± 0.04 a,b

	
6.77




	
ECR

	
1.17 ± 0.095 c

	
0.82 ± 0.15 b,c

	
1.66 ± 0.066 c

	
38.16




	
ECS

	
1.06 ± 0.097 b

	
0.67 ± 0.051 b

	
2.15 ± 0.65 b

	
32.87




	
Zn

	
CF

	
1.32 ± 0.099 a

	
1.43 ± 0.068 a

	
1.34 ± 0.35 b

	
378.94




	
TF

	
0.94 ± 0.106 a

	
0.97 ± 0.093 a

	
0.96 ± 0.15 a,b

	
150.77




	
ECR

	
0.68 ± 0.021 a

	
0.73 ± 0.059 a,b

	
0.68 ± 0.07 b

	
371.46




	
ECS

	
0.64 ± 0.053 a

	
0.69 ± 0.057 a

	
0.65 ± 0.043 b

	
184.33




	
Mn

	
CF

	
6.22 ± 1.85 d

	
2.78 ± 0.965 b

	
1.36 ± 0.145 a

	
386.59




	
TF

	
0.98 ± 0.05 b

	
0.94 ± 0.081 a,b

	
0.68 ± 0.07 a

	
32.76




	
ECR

	
3.13 ± 0.98 c

	
1.43 ± 0.094 c,d

	
0.80 ± 0.105 a

	
99.91




	
ECS

	
3.09 ± 0.97 c

	
1.34 ± 0.079 b

	
0.55 ± 0.008 b,c

	
363.10
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Table 7. Pearson correlation coefficient (r values) between the investigated nutrients (NPK) and TEs in tissues and soils of P. dioscoridis.
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Plant NPK and TEs

	
Soil NPK and TEs

	
Soil pH

	
Soil OM




	
N

	
P

	
K

	
Cu

	
Pb

	
Cd

	
Zn

	
Mn






	
Root

	
0.31

	
0.52

	
0.45

	
0.05

	
0.01

	
0.11

	
−0.73

	
0.03

	
0.51 *

	
0.88 ***




	
N

	
0.05

	
−0.23

	
0.11

	
0.19

	
0.59

	
0.72

	
0.62

	
−0.71

	
0.32

	
0.76 **




	
P

	
0.30

	
0.51

	
−0.65

	
−0.66 **

	
0.01

	
0.31

	
0.41

	
0.55

	
0.79

	
0.71 **




	
K

	
0.26

	
0.77 **

	
−0.81 **

	
0.49

	
−0.71 *

	
−0.23

	
−0.41

	
−0.24

	
0.22

	
0.60 **




	
Cu

	
0.48

	
−0.42

	
0.72

	
0.71

	
−0.19

	
0.83 *

	
0.52 *

	
−0.38 *

	
−0.58 **

	
0.51 *




	
Pb

	
−0.11

	
0.22

	
0.34

	
−0.71

	
0.29

	
0.21

	
−0.31

	
0.41

	
−0.51 *

	
0.86 ***




	
Cd

	
−0.62

	
0.51

	
−0.42

	
0.13

	
−0.59

	
0.77 **

	
0.01

	
0.76 **

	
−0.77 **

	
0.97 ***




	
Zn

	
−0.49

	
0.53

	
−0.38

	
0.89 ***

	
0.38

	
0.65 *

	
0.23

	
0.71 *

	
−0.69 ***

	
0.88 ***




	
Mn

	
−0.23

	
−0.73 **

	
0.71 *

	
−0.59

	
0.58

	
−0.51 *

	
−0.03

	
0.91 ***

	
−0.49 **

	
0.53 *




	
Shoot

	

	




	
N

	
0.03

	
0.71 **

	
−0.45 *

	
−0.43

	
−0.41

	
0.62

	
0.32

	
−0.31 *

	
0.33

	
0.51 *




	
P

	
0.59 *

	
0.02

	
0.33

	
−0.49

	
−0.29

	
0.32

	
0.61

	
0.41 *

	
0.66 *

	
0.68 **




	
K

	
0.68 *

	
0.50

	
0.73

	
−0.31 *

	
0.05

	
−0.41

	
−0.61

	
−0.22

	
0.21

	
0.69 **




	
Cu

	
−0.31

	
−0.58 *

	
0.71

	
0.36

	
0.72

	
0.63

	
0.49

	
−0.03

	
0.07

	
0.91 ***




	
Pb

	
−0.07

	
0.43

	
0.29

	
0.50

	
0.61

	
0.11

	
0.71

	
−0.91

	
−0.72 *

	
0.95 ***




	
Cd

	
0.43

	
0.01

	
−0.41

	
0.84

	
0.35

	
0.87 **

	
0.88

	
−0.22 *

	
−0.51 *

	
0.69 **




	
Zn

	
−0.41

	
0.42

	
0.24

	
0.61

	
0.50

	
0.41

	
0.07

	
0.62

	
−0.71 *

	
0.75 **




	
Mn

	
−0.03

	
−0.03

	
−0.65 *

	
−0.60

	
−0.21

	
0.61 *

	
0.01

	
0.86 ***

	
−0.64 **

	
0.61 *








OM: Organic matter. * p < 0.05. ** p < 0.01. *** p < 0.001
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