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Mining is defined as an environmentally hazardous activity that releases metals and other elements to the environment. Bioremediation is a natural and sustainable technique for harnessing the potential of microorganisms and plants to remove, degrade, or stabilize pollutants from contaminated sites and enable cleanup and restoration of the environment. In the present study, following the investigation of pollution of heavy metals in soil samples collected from the Zarshuran mining area, the role of twenty native plant species in the bioaccumulation of heavy metals was evaluated. After preparation of soil and plant samples, inductively coupled plasma-mass spectroscopy (ICP-MS) was used to determine the concentrations of elements in the soil and plant samples. It was confirmed that the soil samples were highly contaminated by silver (Ag), zinc (Zn), cadmium (Cd), lead (Pb), and antimony (Sb). High amounts of Pb and Zn were accumulated in Eryngium billardieri and Astragalus rostratus. Further, these two plant species could uptake, transport, and accumulate Ag in their aerial parts and the enrichment coefficient of their shoots was more than 1. Scorzonera latifolia also had good potential to stabilise Ag, Zn, and Pb in its root. As a result, E. billardieri, A. rostratus, and S. latifolia may be suitable candidate species to clean heavy metals from soils in contaminated sites. Overall, augmentation of superoxide dismutase activity and the amounts of total phenols and flavonoids in different parts of E. billardieri and A. rostratus confirmed the induction of antioxidant defense systems in the plants (compared to the control plants) and an attempt by the plants to tolerate heavy metal pollution.
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1 INTRODUCTION
Heavy metals are one of the main environmental contaminants with their high accordance as a contaminant, non-biodegradable features, and low solubility in biota, thus posing a high risk to human health (Sheoran, et al., 2016; Sodhi, et al., 2022). They have received considerable attention over the last decades (Shahid, et al., 2017). In addition, the amount of metals in the environment has increased due to mining activities and widespread usage of pesticides and fertilizers (Worlanyo and Jiangfeng, 2021; Yan, et al., 2023). The current physicochemical remediation techniques, such as soil replacement, thermal desorption, electric remediation, and soil leaching, have drawbacks such as energy-extensive consumption and the problem of not being affordable and eco-friendly (Li, et al., 2022).
Phytoremediation can provide an eco-friendly, cost-effective, and long-lasting solution to environmental remediation (Mishra, et al., 2020; Bhat, et al., 2022). Various plant species with different capabilities in the uptake, accumulation, and extraction of heavy metals are widespread throughout the world (Shtangeeva, 2021). Information about plant-soil relationships, the concentration of metals in plants, and their remediation potential is growing continuously (Azizi, et al., 2023).
Bio-monitoring and evaluation of heavy metals in plants can serve as an essential tool to determine plants’ sensitivity and their treatment potential (Zhou, et al., 2008; Cuevas, et al., 2023). Moreover, the assessment of some physiological and biochemical responses of the plants have revealed the pollution levels and toxicity of contaminants (Mansoor, et al., 2023). One of the consequences of heavy metals’ pollution is the induced production of reactive oxygen species (ROS) that can lead to many adverse effects in the plants, such as growth inhibition, hormonal and nutrient imbalances, vacuole shrinkage, chromosomal aberrations, DNA damage (Yan and Chen, 2019; Rajput, et al., 2021), disruption of photosynthetic electron transfer chain, and inhibition of photosystem II (PSII) (Sachdev, et al., 2021), which subsequently leads to alteration of oppression and fluidity of the thylakoids (Espinosa-Vellarino, et al., 2020). In response, plants stimulate antioxidant enzyme activities or increase the content of some non-enzymatic antioxidants to reduce the damage associated with the presence of such pollutants and ROS production. Thus, the investigation of antioxidant responses in plants can be helpful to understand their adaptation mechanisms (Rajput, et al., 2021).
Mining activities in the Zarshuran gold deposit date back hundreds of years and, therefore, a large volume of pollutants has been accumulated in the area (Modabberi and Moore, 2004; Torbati, et al., 2018). There is, however, little information currently on the adverse effects of mining activities in the area and the concentration of elements in native plants which grow there. There has been a growing interest in screening and planting local heavy-metal-tolerant plants and identifying their adaptation mechanisms to pollution, especially in the mining areas of the world (Lu, et al., 2017). For example, the potential of Suaeda glauca, Atriplex canescens, and Artemisia desertorum in phytoextraction and phytostabilisation of copper and zinc was confirmed in Jinchang mining area, China. These plants tended to increase exocrine substances and certain secondary metabolites or enhance the activity of antioxidizing enzymes to defend against stress caused by heavy metals (Li, et al., 2022).
The present study aims to determine the levels of Ag, Cd, Pb, Zn, Cu, and Sb pollution in the soil of the Zarshuran gold mine, to study the performance of 20 plant species in the uptake and accumulation of heavy metals, and to discover the physiological responses (such as changes in activities of superoxide dismutase (SOD) and catalase (CAT) and in the content of phenols and flavonoids) of two indigenous plant species with the best remediation performance. With such information, it may be possible to introduce suitable plant species for cleanup and restoration of contaminated lands resulting from mining activities and to understand the resistance mechanisms of plants against environmental pollution.
2 GEOLOGICAL BACKGROUND OF THE ZARSHURAN GOLD MINE
The Zarshuran Carlin-type gold mine, the largest of its kind in Iran and the Middle East’s richest gold deposit, is located 42 km north of Takab city, West-Azarbaidjan province, northwestern Iran (36º 46′ N and 47 08′ E) (Mehrabi, et al., 1999; Tale Fazel, et al., 2023). This mining area is spatially related to the tertiary hydrothermal activities (Aliyari, et al., 2021). According to the reported structural divisions of Iran, the Zarshuran gold mine is a part of the Sanandaj-Sirjan structural zone (Stöcklin, 1968) (Figure 1). The oldest rock units in the Zarshuran mine district are the late Proterozoic-lower Cambrian metamorphic-sedimentary sequence consisting of schist, limestone, dolomite, and shale (Figure 2), called the Iman-Khan complex. Considering bottom-up succession, this complex consists of the Iman-Khan, Chaldagh, and Zarshuran units (Aliyari, et al., 2017). The Iman-Khan unit consists of epidote schist, chlorite schist, and serpentine schist. The Chaldagh unit contains laminated grey-to-cream marble and consists of subhedral to euhedral calcites and dolomites along with framboidal pyrites as open-space fillings. The unit is unconformably overlain by the Iman-Khan unit (Asadi, et al., 2000). The Chaldagh limestone was altered and turned into a porous aggregate in contact with the Zarshuran unit. The Zarshuran unit consists of grey-to-black shale, which was partially metamorphosed to grey-to-black schist. Gold mineralization is mainly associated with Au-bearing pyrite and arsenic-containing pyrite in this unit (Aliyari, et al., 2021). The Cambrian dolostone of the Soltanieh Formation overlies the black shale of the Zarshuran unit. Orebodies generally occur in contact with the Zarshuran black shale and the Chaldagh marble. Furthermore, arsenic mineralization occurs as lenses and veins/veinlets in the Zarshuran unit (Asadi, et al., 2000). The Oligocene porphyritic andesitic rocks are cropped out in the southwestern part of the Zarshuran mining area. The Miocene marl and shale of the Qom Formation and the Quaternary travertines and recent alluvial sediments are the youngest rock units in the mining area.
[image: Figure 1]FIGURE 1 | Simplified tectonic map of Iran showing the location of the Zarshuran gold mine, northwestern Iran (Stöcklin, 1968).
[image: Figure 2]FIGURE 2 | Geological map of the Zarshuran mining district (Tale Fazel, et al., 2023) and the sampling locations in the mining area.
3 MATERIALS AND METHODS
3.1 Metal content in soil and plant samples
The Zarshuran mining area has a semi-arid climate with moderate summers and very cold winters. Its average annual temperature and annual precipitation are about 9°C and 400 mm (falling mostly as snow), respectively (Karimi, et al., 2009). During the spring of 2021, soil and plant samples were collected from the area.
To determine the pollution of six metals (Ag, Cd, Pb, Zn, Sb, and Cu), 20 soil samples were collected from different places in the mining area (36º 43′ N, 47º 08′ E) and from the 20–40 cm depth around the root of the studied plant species. After drying the soil samples at an ambient temperature, they were ground, passed through a 2-mm mesh sieve, and digested using a standard method of digestion (ISO 14869-1) (Shahbazi and Beheshti, 2019). Accordingly, a proper combination of HNO3/HClO4/HF/HCl was used for digestion of soil samples during several repeated steps, and after cooling, the samples were filtered and distilled water was added. They were then stored at 4 °C for further analysis by ICP-MS (Perkin Elmer ELAN 9000) (Torbati, et al., 2018). The pH and EC values of the soil samples were measured by a multi-parameter probe (HI9811-5, Hanna Instrument, Romania) after 20 g of the soil was stirred in 60 mL of distilled water and allowed to stand for about 30 min.
Twenty plant species (each species with three replicates) were then gathered from the studied area according to the national guidelines and legislation. Each time, the samples related to one plant species were taken from the three individual plant species grown in three places close to each other at the same time. The collected plant species were identified by Dr. Esmailbegi Kermani, a plant taxonomist at Urmia University (and one of the authors), and their specimens were deposited with herbarium voucher numbers (Table 1) at the Herbarium of Urmia University, Biology Department. Figure 3 shows the studied plant species in the mining area (Torbati and Esmailbegi Kermani, 2022). Plant samples were thoroughly washed with tap and distilled water. After separating the plants’ roots and their above-ground parts, they were dried at an ambient temperature for 2 weeks. In order to digest and prepare the dried plant samples for ICP-MS, Multiwave 3,000, as a modular microwave system, was used according to the EPA method 3,052 (US EPA Method 3,052, 2019). Accordingly, the plant samples were digested in HNO3-HCl-H2O2 for 15 min in microwave vessels using the microwave system. After cooling, the vessel contents were filtered and then decanted, diluted to a proper volume, and analyzed by ICP-MS.
TABLE 1 | Sampling locations, scientific names of collected plant species, their family names, and voucher numbers.
[image: Table 1][image: Figure 3]FIGURE 3 | Studied plant species grown in the Zarshuran gold deposit (Torbati and Esmailbegi Kermani, 2022).
After the selection of appropriate plant species according to their general remediation performance and dominant distribution, the control samples were collected about 1–4 km from the mine (36º 42′ N, 47º 06′ E) to compare their biochemical responses with those of the plants grown in the polluted soils. Some plant samples were kept at −85°C for biochemical analyses.
The plant species were identified using reliable botanical sources such as Flora Iranica (Rechinger, 1963) and then compared with other flora of the region, including Flora of Turkey (Davis, 1984) and Flora of Iraq (Townsend et al., 1966).
3.2 Pollution level of the soil
Enrichment factor (EF) as a pollution index was used to evaluate the pollution status of Ag, Cd, Pb, Zn, Cu, and Sb in the soil samples. To calculate EF, the normalization of one metal content to the reference element concentration was needed (Bastami, et al., 2012). Because of the remarkably stable amounts of Iron (Fe) in different soils, it was used as a reference element (RE). Eq. 1 was applied to calculate EF, considering the average abundance of the metals in the Earth’s crust (Taylor, 1964).
[image: image]
3.3 Plants’ bioaccumulation potential
3.3.1 Enrichment coefficients and translocation factor of the plants
The enrichment coefficient of shoot (ECS) is determined by dividing the concentration of the element in the shoot by its concentration in the soil. ECS indicates the plant’s phytoremediation potential. The enrichment coefficient of root (ECR) was expressed as the ratio of the root concentration of the element to that of the element concentration in the soil (Sasmaz, 2008). Plants with high amounts of ECR are suitable for phytostabilisation of elements. The translocation factor (TF) was the ratio of the element in the shoot to the root (Sarwar, et al., 2017).
3.4 Antioxidant activity assays
To perform physiological and biochemical assays, the roots and shoots of two plant species, namely, Eryngium billardieri and A. rostratus, were separately homogenized in the phosphate buffer solution to obtain the crude extracts.
Inhibition of the photochemical reduction rate of nitro blue tetrazolium (NBT) by the plants’ extracts was used for the SOD activity assay (Winterbourn, et al., 1976).
Dismutation of H2O2 at 240 nm was measured to determine the CAT activity (ɛ= 39.4 mM-1 cm-1) (Obinger, et al., 1997).
Total phenols were calculated according to the method reported by Singleton et al. (Singleton, et al., 1999) (Eq. (2)) using the standard gallica acid (GA) graph (R2 = 0.990).
[image: image]
The aluminum chloride colorimetric method was then applied to determine flavonoids content (Chandra, et al., 2014) using the quercetin (QE) calibration curve at 420 nm.
3.5 Statistical analysis
Statistical analyses of the obtained data were performed by one-way analysis of variance (ANOVA) (data with three replicates; using GraphPad Software, Inc. United States of America). The multiple comparisons test was Tukey-Kramer. Significant difference was reported when the probability was less than 0.05 (p < 0.05).
4 RESULTS
4.1 Metal content in the soil samples
Table 2 illustrates the characteristics of 20 soil samples, the elemental concentrations (mg/kg) and enrichment factors (EF) for six elements, and concentration of the elements in control soil samples. Mean electrical conductivity (EC) and pH for the soil samples were 0.27 m/cm and 7.6, respectively. The concentration of the examined elements in soil samples were variable and ranged from 0.1–6.4 mg/kg, 0.3–86.2 mg/kg, 4–2066 mg/kg, 24–7,117 mg/kg, and 14–91 mg/kg for Ag, Cd, Pb, Zn, and Cu, respectively (Table 2). Moreover, Sb content in the soil samples of some locations was more than 100 mg/kg.
TABLE 2 | EC, pH, concentration of the elements in soil samples (mg/kg), and EF of examined elements [Different letterswithin a columnindicate significant differences(p< 0.05)]. The mean amounts of H, EC and EFs were provided as bold values.
[image: Table 2]4.2 Metals content of the plants
According to Table 3, Ag content in shoots and roots of E. billardieri (0.8 and 2.4 mg/kg, respectively) and its enrichment coefficients for these parts (8 and 24, respectively) were determined to be the highest compared to the other plants (Table 3). Moreover, ECS and the translocation factor (TF) for A. rostratus and Prangos ferulacea (L.) Lindl. were determined to be more than 1 (1.6 and 4 for A. rostratus and 1 and 4 for P. ferulacea, respectively).
TABLE 3 | Ag concentration (mg/kg) in soil, shoot, and root, enrichment coefficient of shoot (ECS), root (ECR), and translocation factor (TF) of Ag in studied plant species (Different letters within a row indicate significant differences (p < 0.05) (Torbati and Esmailbegi Kermani, 2022). The amounts more than 1 for ECS, ECR and TF were provided as bold values.
[image: Table 3]The determined ECR for Cd in A. rostratus and Chenopodium foliosum (Moench) Asch. was 1 and the amount of Cd in their roots was equal to that in the soil (Table 4). Although the highest amount of this element in the shoot and root organs among the studied plants was related to Juncus inflexus L. (2 and 11.7 mg/kg, respectively), the performance of the plant in uptake and bioaccumulation of Cd was determined as weak when considering the amount of this element in the related soil sample.
TABLE 4 | Cd concentration (mg/kg) in soil, shoot, and root, enrichment coefficient of shoot (ECS), root (ECR), and translocation factor (TF) of Cd in studied plant species (Different letters within a row indicate significant differences (p < 0.05). The amounts more than 1 for ECS, ECR and TF were provided as bold values.
[image: Table 4]As shown in Table 5, ECR for Pb in A. rostratus and Euphorbia cheiradenia Boiss. & Hohen. was 1.21 and 1.23, respectively. Furthermore, both ECR and ECS of Pb for Glycyrrhiza glabra L., E. billardieri, Scorzonera latifolia (Fisch. & C.A.Mey.) DC. were more than 1.
TABLE 5 | Pb concentration (mg/kg) in soil, shoot, and root, enrichment coefficient of shoot (ECS), root (ECR), and translocation factor (TF) of Pb in studied plant species (Different letters within a row indicate significant differences (p < 0.05) (Torbati and Esmailbegi Kermani, 2022). The amounts more than 1 for ECS, ECR and TF were provided as bold values.
[image: Table 5]Although the studied area was polluted with an average value of 1282.75 mg/kg of Zn, ECR and ECS were more than 1 only in E. billardieri (1.19 and 1.14, respectively) and TF of the plant was approximately 1. The plant had a good performance in terms of the uptake and translocation of Zn to its aerial parts (Torbati and Esmailbegi Kermani, 2022). Moreover, ECR of Zn was 1.59 and 4.67 in A. rostratus and S. latifolia, respectively (Table 6).
TABLE 6 | Zn concentration (mg/kg) in soil, shoot, and root, enrichment coefficient of shoot (ECS), root (ECR), and translocation factor (TF) of Zn in studied plant species (Different letters within a row indicate significant differences (p < 0.05) (Torbati and Esmailbegi Kermani, 2022). The amounts more than 1 for ECS, ECR and TF were provided as bold values.
[image: Table 6]Cu amounts of soil samples were variable and its mean amount in the soil samples was 47.25 mg/kg (Table 2). Thus, there was minor enrichment of Cu in soil samples. According to Table 7, ECS and ECR in E. billardieri were 1 and 1.7, respectively. Although the amount of this element in the aerial parts of Centaurea virgata Lam., Papaver orientale L., P. ferulacea, Scrophularia azerbaijanica Grau., Silene latifolia L., and Cirsium aduncum Fisch. & C.A.Mey. ex DC. was higher than in the roots and these plants had a transfer factor of more than 1 (Table 7), none of the mentioned plants could enrich this element in the roots or the aerial parts.
TABLE 7 | Cu concentration (mg/kg) in soil, shoot, and root, enrichment coefficient of shoot (ECS), root (ECR), and translocation factor (TF) of Cu in studied plant species (Different letters within a row indicate significant differences (p < 0.05). The amounts more than 1 for ECS, ECR and TF were provided as bold values.
[image: Table 7]The mean amount of antimony (Sb) in the soil samples of the Zarshuran mine was 528.26 mg/kg, while the mean concentration in the Earth’s crust is 0.2 mg/kg (Kabata-Pendias, 2010). Despite the high pollution of Sb in the studied area, amounts of ECS and ECR for the examined plant species (Table 8) were more than 1 only in Plantago maritima L. Uptake and transporting abilities of other examined plant species were evaluated as weak. However, root performance in accumulation of Sb was better than in shoot. The amount of Sb in the aerial parts of some studied plant species was determined to be lower than the detection limit of the analysis method (Table 8). Its amount in the roots of the studied plants was determined to be between 1.1 and 75 mg/kg.
TABLE 8 | Sb concentration (mg/kg) in soil, shoot, and root, enrichment coefficient of shoot (ECS), root (ECR), and translocation factor (TF) of Sb in studied plant species (Different letters within a row indicate significant differences (p < 0.05). The amounts more than 1 for ECS, ECR and TF were provided as bold values.
[image: Table 8]4.3 Enzymatic and non-enzymatic antioxidant responses
Considering the uptake and accumulation of the examined metals by the plant species and their distribution in the mining area, we selected two plant species, E. billardieri and A. rostratus, for biochemical assays to better understand their tolerance mechanism when confronting the metals’ pollutants in their environment. Their biochemical and physiological responses were compared with those of the control plants grown in the soil with low pollution and about 1–4 km away from the active mining area.
According to Figure 4A, SOD activity in the roots and leaves of E. billardieri was significantly more than that in the control plant (up to 1.5- and 1.4-fold, respectively; p < 0.05). Moreover, the enzyme activity in roots and leaves of A. rostratus was induced near to 1.5-fold more than the control plant (Figure 4B). It seems that the exposure of the plants to pollution from metals in the mining area caused the induction of their SOD activity. The activity of CAT in E. billardieri was similar to the function of SOD (Figure 4A). Its activity was induced notably in the leaves and roots of the plant grown in the mining area as compared to the control plant. Although the increase in CAT activity was also determined for A. rostratus, the enhancement was not significant (p > 0.05) (Figure 4B).
[image: Figure 4]FIGURE 4 | SOD and CAT activities in different parts of (A) Eryngium billardieri and (B) A. rostratus grown in the mining area in comparison with control plants [mean ± SD, n = 3, different letters in each part of one plant species show statistically significant difference (p < 0.05)].
Total phenols and flavonoids in different parts of E. billardieri were about 30% more than those in the control plants (p < 0.05) (Figure 5A). However, the increase of the flavonoid contents in the leaves of E. billardieri was not statistically significant (p > 0.05). The contents of phenols and flavonoids in different parts of A. rostratus grown in the polluted areas were more than those in the control plants (Figure 5B). The increase in total phenol of A. rostratus was about 25% for both leaves and root and flavonoid contents were induced up to 37% and 25% for leaves and root, respectively (as compared to the control plants; Figure 5B). However, the increase in flavonoid content of roots was not significant when compared to the control sample (p > 0.05). In contrast to the high amounts of phenol and flavonoids in the root of E. billardieri, those in the root of A. rostratus were less than the values recorded for its leaves (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Content of total phenols and flavonoids in different parts of (A) Eryngium billardieri and (B) A. rostratus grown in the mining area in comparison with control plants [mean ± SD, n = 3, different letters in each part of one plant species show statistically significant difference (p < 0.05)].
5 DISCUSSION
5.1 Metal content in the soil and plants
Weathering of minerals and mining activity for many years in the Zarshuran mining area have caused the elevated levels of heavy metals in the soil. According to the obtained results, there was very intense enrichment of Ag, Cd, Pb, Zn, and Sb in the studied area, especially in sampling sites 8-16 (EF for the elements was very high). As described by Muller’s classification (Muller, 1969), EF values more than 10 show severe enrichment (Anbuselvan, et al., 2018). There was also minor enrichment of Cu in the soil samples. In soils highly contaminated by heavy metals, the growth of all but the most tolerant plants is restricted. In addition, several factors like soil texture and pH, redox potential, cation exchange capacity, and plant biomass and root exudates can affect the phytoavailability of metals for plants (Sheoran, et al., 2016).
The time of sample collection, Ag content of the soil, and the plant species are three main factors that can affect the concentration of silver in plants (Kabata-Pendias, 2010). According to our previously presented results, the performance of E. billardieri in the accumulation of significant quantities of Ag in its body was remarkable, especially in its root (Torbati and Esmailbegi Kermani, 2022). The enrichment coefficients of shoot (ECS) and root (ECR) for the plant showed that the plant had a significant potential in phytostabilisation of Ag. A. rostratus also had a good potential in transporting Ag to its aerial parts. According to the previous reports, plants exhibiting TF and ECS values >1 are suitable for phytoextraction (Yoon, et al., 2006). Thus, A. rostratus is a suitable candidate for phytoextraction of Ag. In addition, ECS and TF values of P. ferulacea showed that the plant could be suitable for Ag phytoextraction. Although Brassicaceae has been introduced as a significant Ag accumulator plant family (Sheoran, et al., 2016), detailed information about Ag hyperaccumulator plants is rare. For instance, it has been reported that accumulation of Ag by Atriplex nummularia in its leaves is nearly 46.69 mg/kg more than its concentration in the desert soil (Guda, et al., 2020). The potential of Medicago sativa and Brassica junceae in accumulation of silver from an aqueous substrate containing more than 1,000 mg/kg Ag has already been confirmed (Harris and Bali, 2008).
The average concentration of Cd in the Earth’s crust is 0.1 mg/kg (Ehrampoush, et al., 2015). The obtained average amount of Cd in the study area was 22.8 mg/kg. Despite the high pollution of Cd in the area, only A. rostratus and C. foliosum showed an almost acceptable performance in the uptake and accumulation of Cd to their roots (ECR = 1). In addition to A. rostratus from the Fabaceae family, the potential of some other genera of the family, such as Vigna radiata, in the uptake and accumulation of Cd has been proven in other previous studies (Anjum, et al., 2014). More than A. rostratus, ECR of C. foliosum (Moench) Asch was 1 and the amount of the element in the root was equal to that in the soil. Accumulation of a high amount of Cd in the root of Cd-tolerant plants has also been reported previously (Belimov, et al., 2018). Vacuolar compartmentation of Cd, cytoplasmic chelation, and its adsorption to the cell wall are different strategies used by plants for adaptation to the presence of Cd pollutants (Luo and Zhang, 2021).
Pb has no essential and beneficial role in plants, and its high concentration can create morphological, physiological, and biochemical problems (Collin, et al., 2022). Considering ECR and ECS amounts, G. glabra L., E. billardieri, and S. latifolia concentrated a large amount of Pb in their roots (US EPA, 2019); they could also successfully translocate Pb into their aerial parts. According to the reported categorization of the plants based on the amount of ECR (Egendorf, et al., 2020), the three mentioned plant species along with A. rostratus and E. cheiradenia are phytostabilisers of Pb and could accumulate Pb in their roots. In addition the Pb remediation potential of A. rostratus, the considerable ability of some other plants from the Fabaceae family to uptake and accumulate Pb has also been confirmed previously. For example, the bioaccumulation capability of guar (Cyamopsis tetragonoloba) at higher Pb levels was evaluated as efficient (Amin, et al., 2018). However, according to the literature, only a few plant species were evaluated as plants capable to uptake Pb above the threshold of 1,000 mg/kg (phytoextraction) and none of them could be confirmed as Pb hyperaccumulators (Egendorf, et al., 2020). In contrast, phytostabilisation or accumulation of Pb in the plants’ root is an effective method to remove Pb and to limit Pb mobility in the environment (Collin, et al., 2022). In addition, considering the pH in the sampled soils (7.3−8.3), phytoavailability of Pb was limited because the element is immobile in high pH soil (Honda, et al., 2007).
Zinc is an essential microelement that serves many important roles in plant growth and development. Most plants contain 10–200 mg/kg Zn in their bodies (Balafrej, et al., 2020). The Zn content of plants in this study ranged from 21–653 mg/kg and the maximum value was found in the root of P. orientale. According to Table 6 and amounts of ECR, E. billardieri, A. rostratus, and S. latifolia can be good stabilizers of Zn in their roots. Besides A. rostratus, a high accumulation of Zn in the root of another species of the Fabaceae (Anthyllis vulneraria), up to more than 10,000 mg/kg, has been previously confirmed (Reeves, et al., 2018). However, the related literature describes 28 Zn-hyperaccumulating plant species and most of them belong to the Brassicaceae family (Balafrej, et al., 2020). For instance, Arabidopsis halleri and Noccaea caerulescens were two plant species of Brassicaceae that can accumulate extremely high concentrations of Zn (more than 10,000 mg/kg) when grown in Zn-enriched soils (Peer, et al., 2006).
Copper, an essential metal in plants, plays important roles in plant physiological and biochemical processes, such as photosynthesis and respiration, nitrate metabolism, water permeability, and reproduction. (Kabata-Pendias, 2010). Concentration of Cu in the soil sample in the Zarshuran mining area was approximately in the range of the reported Earth’s crust Cu concentration (25–75 mg/kg) (Kabata-Pendias, 2010). Typically, Cu concentration in plant tissues ranges from 5 to 30 mg kg−1 (Napoli, et al., 2019) and concentration more than 100 mg/kg in plants are rare even in the presence of high soil Cu concentration (Ghaderian and Ghotbi Ravandi, 2012). Among 20 plant species in the present study, only E. billardieri had ECS and ECR ≥1; this means that the plant may have good potential in the uptake and accumulation of Cu, especially in its root (phytostabilisation). However, some plant species such as Aeolanthus biformifolius, Commelina communis, Ipomea alpine, Eleocharis acicularis, Artemisia argyi, Haumaniastrum katangense, and Rumex acetosa have been discovered to be Cu-hyperaccumulators (Napoli, et al., 2019).
There was very intense pollution of Sb in the Zarshuran mining area. Reduction of growth, disruption of uptake of essential mineral nutrients in plants, ROS production, instability of membranes, and induction of other structural changes in plants are some of the adverse effects of Sb toxicity in plants (Tang, et al., 2022). Despite the non-essentiality and toxicity of Sb, some plants can uptake and accumulate Sb in relatively high concentrations in their organs, but a smaller quantity of this metalloid can be translocated to the shoot (Vidya, et al., 2022). In the present study, most Sb was stored in root tissues of the plant species and the amount of Sb in the aerial parts of some studied plant species was undetectable. It was reported that the mean Sb content of terrestrial plants is 0.06 mg/kg, and some plant species such as Barbarea verna, Sorghum bicolor, Lyocopu lucidus, Sambucus chinensis, and Patrinia villos have been previously suggested as potential phytoremediators of Sb (Zhang, et al., 2021; Bolan, et al., 2022).
To summarize, E. billardieri’s potential for the accumulation of Ag, Pb, Zn, and Cu in its roots and shoots was acceptable and the plant could be a good candidate for phytostabilisation of the mentioned elements. ECR of A. rostratus was ≥1 for Cd, Pb, and Zn and the plant could stabilize the elements in its root. Moreover, A. rostratus had ECS and TF of more than 1 for Ag and could extract the element from the soil and transport it to its above-ground parts. S. latifolia had ECR >1 for Ag, Zn, and Pb and the amount of ECS of the plant for Pb was also more than 1.
Although phytoremediation is an effective and eco-friendly remediation technology, the disposal of a large number of hyperaccumulator plant harvests has become a significant problem that should be solved. Solid waste treatment methods, such as composting processes, ashing, incineration, and liquid phase extraction, are some traditional disposal techniques (Fu, et al., 2021). In contrast, synthesis of nanoparticles, hydrothermal upgrading, and phytomining technology are emerging disposal technologies that are helpful for the remediation of these hidden pollutants (hyperaccumulator plant harvests). Phytomining can be applied commercially, leading to additional environmental and economic benefits (Fu, et al., 2021).
5.2 Enzymatic and non-enzymatic antioxidant responses
One of the earliest biochemical changes that can occur when plants are exposed to heavy metals is an increase in ROS quantities, leading to oxidative damage (Dutta, et al., 2018; Kraj, et al., 2021). In response, the plant develops complicated mechanisms to adapt and survive under heavy metal stress. SOD activity in the roots and leaves of E. billardieri and A. rostratus was increased significantly compared to the control plants. The induction of the activity of SOD is one of the plants’ vital defense mechanisms, contributing to the detoxification of ROS. The upregulation of SOD and its induced activity play a critical role in plant survival by increasing the plant’s tolerance to stress conditions (Ahmad et al., 2010; Gill and Tuteja, 2010). The induced activity of SOD has been observed in other plants treated with heavy metals, reflecting the involvement of the antioxidant machinery in response to the toxicity of heavy metals (Ahmad, et al., 2010). For instance, it has been found that a low concentration of silver nanoparticles (1–20 mg/L) leads to a significant induction of the SOD activity in Solanum tuberosum, Wolffia globosa, Spirodela polyrhiza, and Lycopersicon esculentum (Yan and Chen, 2019). Induction of the SOD activity has also been reported in tall fescue plants treated with Cd, Cu, and As (Ahmad, et al., 2010). Moreover, there have been reports confirming the increases in the SOD gene expression in the plants treated with heavy metals (Espinosa-Vellarino, et al., 2020). These increases in SOD expression and activity, thus, prove the critical role of the enzyme in adapting to pollution caused by heavy metals.
CAT activity was induced notably in the leaves and roots of E. billardieri and A. rostratus grown in the mining area as compared to the control plants. Enhancement of the CAT activity is an adaptive behavior for overcoming stress (Ahmad, et al., 2010). Moreover, changes in gene expression encoding antioxidant enzymes or metal transporters are plants’ strategies for tolerating heavy metals (Skuza, et al., 2022). Over-expression of CAT and CAT3 genes in the root of Nicotiana tabacum in response to Cd contamination has also been previously confirmed (Gichner, et al., 2004). However, considering the excellent performance of the plants’ roots in the uptake and stabilization of the elements, as compared to their shoot, SOD and CAT in their root were at the highest level of activity. The vicinity of root to the soil pollutants could be another reason for the high activity of the enzymes in the root (Torbati, et al., 2021).
Total phenols and flavonoids in different parts of E. billardieri and A. rostratus were notably more than those in the control plants. Because of the ideal structural chemistry for free radical scavenging activity, the content of phenols and flavonoids is associated with ROS produced under stress conditions (Michalak, 2006). These compounds have been shown to be more effective free radical scavengers than other non-enzymatic antioxidants such as tocopherols and ascorbate. Phenolic compounds can also act as chelators of redox-active metal ions that are capable of catalyzing lipid peroxidation; therefore, they can mitigate the toxic effects of heavy metals by increasing the plant tolerance (Ahmad, et al., 2010). In agreement with the obtained results, it has been reported that the accumulation of Pb and Cu can result in an increase of the activity of phenylalanine ammonia-lyase (PAL) and tyrosine ammonia-lyase (TAL) enzymes at a concentration of 200 ppm (Jańczak-Pieniążek, et al., 2022). The mentioned TAL and PAL are the key enzymes involved in the activation of the phenylpropanoid pathway as a main source of phenols, flavonoids, and other non-enzymatic antioxidants production.
To conclude, the induction of the antioxidant enzyme activities and enhancement of the content of phenols and flavonoids in E. billardieri and A. rostratus are two main mechanisms used by the plants to tolerate heavy metal pollution in the mining area.
6 CONCLUSION
The present study was conducted to screen plants growing in the Zarshuran mining area to determine their potential for some metal accumulation. The pollution index’s measurement in the soil samples of the area confirmed that there was very intense enrichment of Ag, Cd, Pb, Zn, and Sb in the studied area. Among the 20 screened plant species, E. billardieri with ECR and ECS values more than 1 for Ag, Pb, Zn, and Cu elements had good potential in uptake, translocation, and phytostabilisation of the elements. A. rostratus with ECS and TF > 1 was determined as the plant species capable of Ag phytoextraction. Moreover, S. latifolia showed an acceptable ability to stabilize Ag, Pb, and Zn in its root. SOD activity and the amounts of total phenols and flavonoids in different parts of E. billardieri and A. rostratus were significantly more than those in the related control plants. Induction of the CAT activity in E. billardieri grown in the mining area was also confirmed. It seems that E. billardieri and A. rostratus counteract the heavy metal oxidative stress by inducing their antioxidant defense system. The capability of plant species to accumulate and tolerate heavy metals is a very important factor in the selection of the useful plants for phytoremediation.
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C. aduncum 594%51° 44100 52£03" 007 009 0385
C. intybus >100 178+15° 32332 - - -
E. virgata >100 15£03° 464100 - - -
A. brachystachys 466+ 40° 05+0.1° 12+04° 0.01 0.03 0.42
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Plant species

Cu concentration (mg/kg)

(Mean + SD; LOD: 1 mg/kg)
Shoot Root
A rostratus 38+16" 903 19+2.1° 024 050 047
E. cheiradenia 41£39" 12:13° 1822° 029 044 067
H. perforatum 22+3.1° 10£2.4" 11£18" 045 0.50 091
C. foloisum 31£53° 12:23° 15£0.9" 039 048 080
G. glabra 37442 8x11° 14224" 022 038 057
E. billardieri 14£ 16" 14:%1.0" 24126 1.00 171 058
S. latifolia 59463 14+ 14° 39426 024 0.66 0.36
L. corniculatus 86+6.4° 12£08° 36+34° 014 042 033
J. inflexus 74£7.0° 9123 36£52" 012 049 025
P maritima 37£17° 2+14° 2215 059 059 1.00
P glaucophylla 8887 50£43" 822 057 0.09 625
C. virgata 53146 24£26" 18310 045 034 133
P orientale 91+116" 23154 18+3.9° 025 0.20 128
P ferulacea 3748 12£27° 116 032 030 1.09
S. azerbaijanica 3852 20%3.1° 15+1.1° 053 039 133
Si. Latifolia 2639 9+ 1.0° 8:11° 035 031 113
C. aduncum 36+4.6° 1724 16+ 1.0° 047 044 1.06
C. intybus 57+7.1 12£32° 16+4.1° 021 0.28 0.75
E. virgata 3023 920" 9+15" 030 030 1.00
A. brachystachys 50 +6.9" 7£0.9" 920" 0.14 0.18 0.78
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Plant species

Zn concentration (mg/kg)
(Mean + SD; LOD: 1 mg/kg)

Shoot Root
A rostratus 44102° 274 16° 70£3.1° 061 159 039
E. cheiradenia 89+21.9* 39£45" 43139° 044 048 091
H. perforatum 6856 41112 25126 0.60 037 164
C. foloisum 704158 47£5.1° 38+4.2° 067 054 124
G. glabra 135£356° 23£3.1° 34£28" 017 025 0.68
E. billardieri 57496 65442 68310 114 119 096
S. latifolia 24£24" 21£22° 12£43" 088 4.67 0.19
L. corniculatus 1024 £ 69.9° 78+ 8.8" 13483 0.08 0.13 0.58
J. inflexus 907 £78.2° 1332321 582503° 015 0.64 023
P maritima 2,169 +365.2* 165+ 12.9° 363 £ 306 008 017 045
P glaucophylla 702 £74.4* 35452 54+3.1° 0.05 0.08 0.65
C. virgata 879 +65.9° 21£20° 133£7.3° 002 015 0.16
P orientale 7,117 £ 112300 1455203 653 £80.2° 002 0.09 022
P ferulacea 857 £102.3° 49£6.7" 99+3.2" 006 012 049
S. azerbaijanica 2,764 + 3045 34:42° 161£11.9" 001 0.06 021
Si. Latifolia 3,175 1102.0° 40£42° 108 £9.8° 001 0.03 037
C. aduncum 782£89.7" 73+82° 90+7.8" 0.09 0.12 0.81
C. intybus 2,956 + 1423.1° 89474 2092127 003 0.07 043
E.virgata 1620 +239.6" 49:86" 722153 003 0.04 068
A. brachystachys 216 +61.8" 29459" 26435 0.13 0.12 112
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Plant species

Pb concentration (mg/kg)
(Mean + SD; LOD: 1 mg/kg)

Shoot Root
A rostratus 52£11.7 23157 63+56" 044 121 037
E. cheiradenia 4296 1524 5442 034 123 028
H. perforatum 54458 26+12° 16+ 2.8° 048 030 1.63
C. foloisum 38+10.3 24£1.6" 26+1.9° 063 068 092
G. glabra 10£39° 1m0 48+ 19" 110 4.80 0.23
E. billardieri 4216 15409 26407 375 650 058
S. latifolia 10+34° 26+ 1.0" 172£92* 2.60 17.20 015
L. corniculatus 699 +78.9° 60+7.5" 7765 0.09 0.11 0.78
J. inflexus 8911023 1815 341£250° 002 038 005
P maritima 2066 + 653" 42£32° 94+56" 002 005 045
P glaucophylla 77311183 309" 20£5.1° 0.00 0.03 015
C. virgata 1998 + 67.0° <1 61128 - 0.03 -
P orientale 859 213.0" <1 2:18" - 002 -
P ferulacea 82242 <1 <1 - - -
S. azerbaijanica 1734563 <1 3+042° - 0.02 -
Si. Latifolia 360 +39.6' <1 <1 - - -
C. aduncum 54119 <1 <1 - - -
C. intybus 470 £ 66.8° 3+05" 2923 001 0.06 0.10
E.virgata 372124 <1 <1 - - -
A. brachystachys 23291 <1 <1 - - -
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Sample no. and sampling locations

1(36°43' 32.089" N, 47° 08’ 09.480" E) 2,512 Astragalus rostratus C. A. Mey Fabaceae
2(36°43' 32.015" N, 47° 08" 09.359"'E) 3,110 Euphorbia cheiradenia Boiss. & Hohen Euphorbiaceae
3 (3643 31.944" N, 47° 08" 08.420"'E) 1,663 Hypericum perforatum L. Hypericaceae
4(36°43 32.192" N, 47° 08" 08.649"'E) 1880 Chenopodium foliosum (Moench) Asch. Amaranthaceae
5(36°43' 32.608" N, 47 08" 06.307"E) 2315 Glycyrrhiza glabra L. Fabaceae
6(36°43' 32.477" N, 47 08' 05.685" E) 2025 Eryngium billardieri F Delaroche Apiaceae

7 (36°43' 31.169" N, 47° 08’ 03.744"E) 4,018 Scorzonera latifolia (Fisch. & C.A.Mey.) DC. Asteraceae

8 (3643 25.683" N, 47° 08" 13.886"E) 2,280 Lotus corniculatus L. Fabaceae

9 (3643 25.285" N, 47° 08" 13.886"E) 1745 Juncus inflexus L. Juncaceae

10 (36° 43’ 25.683" N, 47° 08’ 13.977"E) 1,501 Plantago maritima L. Plantaginaceae
11 (36°43' 31.169" N, 47° 08' 14.555"E) 1,153 Pseudocamelina glaucophylla (DC.) N.Busch ‘Theaceae

12 (360 43' 26.082" N, 47° 08' 14.247"E) 4212 Centaurea virgata Lam. Asteraceae

13 (36°43' 21.663" N, 47° 08" 18.461"E) 3813 Papaver orientale L. Papaveraceae

14 (36°43' 20.156" N, 47° 08' 15.977"E) 2015 Prangos ferulacea (L.) Lindl. Apiaceae

15 (36° 43' 20.715" N, 47° 08’ 14.429"E) 1,380 Scrophularia azerbaijanica Grau Scrophulariaceae
16 (36° 43' 20.706" N, 47° 08’ 15.142"E) 1,217 Silene latifolia L. Caryophyllaceae
17 (360 43' 20.586" N, 47° 08' 14.023"E) 4,886 Cirsium aduncum Fisch. & C.A.Mey. ex DC. Asteraceae

18 (36° 43' 22.566" N, 47° 08' 15.113"E) 4,201 Cichorium intybus L. Asteraceae

19 (36°43' 23.175" N, 47° 08' 11.773"E) 3,008 Euphorbia virgata Waldst. & Kit. Euphorbiaceae
20 (36°43' 23.316” N, 47° 08' 10.372"E) 2,318 Astragalus brachystachys DC. Fabaceae
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Plant species Cd concentration (mg/kg)
(Mean + SD; LOD: 0.1 mg/kg)

Shoot Root
A rostratus 050" 0100 0500 020 100 020
E. cheiradenia 0502 02200 0401 040 080 050
H. perforatum 04£0.1° 0.2£0.0° 02+01° 0.50 050 1.00
C. foloisum 05£01° 03£0.1° 0.5£0.0° 0.60 100 0.60
G. glabra 0401 <01 <0.1 - - -
E. billardieri ‘ 0301, v <01 02201, - 067 -
S. latifolia 0602 0.1+ 00° 04400 017 067 025
L. corniculatus 34183 07£02° 55£13° 0.02 016 013
J. inflexus T 2£03° 117£21° 0.06 036 017
P maritima 32143 0.6%02° 36+03° 0.02 ol 017
P glaucophylla 356+112" 0.8+0.3" 09+02° 0.02 003 0.89
C.virgata 662£ 156 03£01° 31£05" 0.02 v 005 v 0.10
P orientale 862223 08+02° 98426 001 o1 0.08
P ferulacea 114£09° 0.1200° 04£01° 0.01 004 025
S. azerbaijanica 495£102 0.1£00° 16£02° 0.01 003 0.06
Si. latifolia 42196 0.1200" 06+02" 0.01 001 0.17
C. aduncum 7406 04£0.2° 06+02° 0.05 0.08 0.67
C. intybus 341£87" 12£05" 21+05" 0.04 006 057
E. virgata 19.0 2.6 04201° 03£01° 0.02 002 133
A. brachystachys 306" 0.2£0.0° 0.1+0.0° 0.07 003 2,00
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Plant species

Ag concentration (mg/kg)
(Mean + SD; LOD: 0.1 mg/kg)

Shoot Root

A rostratus 05£02 08%0.1° 02200 1.60 040 4.00
E. cheiradenia 03£02° 03£00° 16£02° 1.00 533 019
H. perforatum 15£06' 12£03" 07+01° 080 047 171
C. foloisum 0802 05+0.1° 19402 063 238 026
G. glabra 08+03" 0.1£00° 17402 013 213 0.06
E. billadieri 0.1£00° 08+0.1° 24+01° 8.00 24.00 033
S. latifolia 02:01° 0.1£00° 08%0.1° 050 4.00 013
L. corniculatus 49£12° 02£0.1° 0.8+02° 0.04 0.16 0.25
J. inflexus 3203 02200 245100 005 0.60 0.08
P maritima 7206 21402 122016 030 017 175
P glaucophylla 64+30" 0.10.0° 03/0.0 0.02 0.05 033
C.virgata 64%16" 01200 03£01° 001 003 033
P orientale 36+0.0° 02+0.0° 05+02° 0.06 0.14 040
P ferulacea 04205 04201 01£00' 1.00 025 4.00
S. azerbaijanica 17404 03£01° 03+01° 018 018 1.00
Si. Latifolia 16+01° 0101 <01 001 - -

C. aduncum 07400 06401 02:01° 086 029 3.00
C. intybus 4213 0.1£00° 03+00° 0.02 007 033
E. virgata 17405 03£01° 06+02° 018 035 050
A brachystachys 17406 <01 0402 - 024 -
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