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Abstract

:

Landfill sites open and close frequently throughout the world, taking over a significant amount of land and leaving it contaminated and unavailable to the surrounding population for use. Different forms of remediation methods have been employed to rehabilitate contaminated land to a state that poses less of a threat to the environment. Phytoremediation is one of the remediation techniques that has proven to be effective, economical and easier to implement compared to other methods. The main aim of this study was to explore the potential use of Lolium perenne L. to remediate and restore metal-contaminated landfill soil and determine its stress tolerance mechanism(s). The metal uptake, determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES) and inductively coupled plasma-mass spectroscopy (ICP-MS), revealed that Lolium perenne accumulate a higher amount of metals in the roots than in leaves, which was further confirmed by the translocation factor (TF) values of all of the metals that were below 1, ranging between 0.2 and 0.8, while Cu, Cr and Pb had a bioaccumulation factor (BCF) > 1. This confirms that L. perenne is capable of absorbing metals into the root matrix but might restrict further movement into other parts of the plant as a defense mechanism against metal toxicity. In response to metal-induced stress, L. perenne displayed an increase in enzyme activity of superoxide dismutase, glutathione S-transferase, peroxidase and amylases in plants grown in landfill soil. Peroxidases displayed the highest level of enzyme activity, while total amylolytic activity had the most significant increase in activity over time. Although not a hyperaccumulator, L. perenne is a potential candidate for the phytoremediation of landfill soil and the phytostabilization of Cu, Cr and Pb.
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1. Introduction


Landfilling is considered to be a cost-effective method of disposal for solid waste across the globe [1]. According to the World Bank [2], the world generates approximately 2.01 billion tons of waste annually, with less than 70% of the waste being managed in an environmentally safe manner. Global waste is expected to increase to 3.4 billion tons over the next 30 years, which is a clear indication of a need for increased remedial action. However, mismanagement of solid waste in the process of disposal or containment can result in it becoming a breeding ground for disease vectors and pests, posing a risk to human health [3]. Furthermore, leachate resulting from the seepage of rainwater through contaminated soil is the main source of groundwater pollution. Once contaminated, groundwater quality cannot be fully restored [4]. Landfill leachate contains a wide range of pollutants; this includes dissolved organic matter; inorganic compounds such as Ca, Mg and chlorides; and heavy metals, such as Cd, Cu, Ni, Pb and Zn, among others, that may have detrimental effects on human health, as well as the environment [4]. The nature and concentration of the contaminants found in the leachate depend on the composition of the landfill soil, the type of waste being deposited at the landfill and the climate, among other things [5]. The mobility of the heavy metals found in leachate allows them to migrate away from the landfill site to other sites and water reserves, posing a major health risk for surrounding communities [6]. Once a landfill site has exhausted its lifespan, it is closed, and this presents a need for the containment of any potential contamination of surrounding environments. Post-closure, landfills require rehabilitation to reduce their potential impact on their surroundings. Most rehabilitation methods are very costly, limiting the options that are available for use at landfill sites, as they usually cover a large amount of land [7].



Phytoremediation presents a cost-effective, nonintrusive and ecologically benign method for the removal of contaminants from the environment [8]. This is a process through which potentially toxic substances are removed from the environment and transformed into metabolites or less harmful end-products by plants. Phytoextraction and phytostabilization are two mechanisms through which plants are able to take up contaminants from their growth medium and localize them in different organs [9]. When a plant is able to accumulate a specific metal in quantities that are in excess of 1% of the plant’s dry mass and continue to thrive, it is considered to be a metal hyperaccumulator [10,11].



Lolium perenne L., commonly known as perennial ryegrass, belongs to the plant family Poaceae. This is one of the 400 plant families that are known to be metal hyperaccumulators [12]; it is also known to be one of the 11 dominating families in this group. Although L. perenne is not a metal hyperaccumulator, its tolerance for some metals, hardiness under unfavourable conditions, and rapid establishment which allows quick ground cover once planted, make it a great candidate for phytoremediation [13].



Metals such as Co, Cu, Fe, Mn, Mo, Ni and Zn are essential for certain biochemical processes in plants and are thus referred to as essential micronutrients or trace elements [14]. These metals are only required in small quantities and can be detrimental to plant life at excessive levels [15]. Stunted development and altered metabolic and physiological pathways as a result of interference by these metals are some of the recognized biochemical indicators of metal toxicity in plants [16].



Plants have been reported to experience oxidative stress as a result of excessive metals and unfavourable circumstances. Reactive oxygen species (ROS), which can harm cells and alter metabolic pathways, are produced in greater quantities as a result of oxidative stress [17]. Although excessive quantities of ROS can be harmful to plants, ROS are necessary under normal conditions. They serve as secondary messengers for several cellular functions, such as plant stress tolerance. Whether ROS fulfill their function as messengers or negatively affect cellular activity depends on the balance between ROS generation and scavenging in the cells [18]. Research has shown that the presence of some metals in excessive quantities in plants triggers antioxidant enzyme activity in affected cells [19]. Antioxidant enzymes are able to scavenge ROS, thus reducing or even eliminating their impact on plant health [20].



Several plants, including grasses, have been the focal point of phytoremediation research because of their ability to hyperaccumulate toxic metals and restore surrounding environments. However, information regarding plant species suitable for the rehabilitation of landfills is limited.



The phytoremediation potential of L. perenne for the rehabilitation and reclamation of landfills was explored in this study. The ability of L. perenne to bioaccumulate metals from the landfill soil and the use of different enzymes to mitigate the resulting stress on plant metabolic pathways were also investigated. Over and above this, the ability of the plant to thrive under these conditions was central to it being confirmed as a worthy candidate for phytoremediation.




2. Materials and Methods


2.1. Pot Trial


Landfill soil was collected from three different points at the Onderstepoort landfill site (GPS coordinates: −25.65135, 28.15708; Pretoria, Gauteng, South Africa). Potting soil purchased from a local nursery was used as the control soil. L. perenne seeds purchased from Agricol (Pretoria, Gauteng, South Africa) were germinated on seedling trays using potting soil in a greenhouse under natural conditions. The seedlings were allowed to grow for a month before being transplanted into potting bags containing landfill soil. Three seedlings were placed per bag in 2 L potting bags, with a total of 36 bags for the landfill soil and 36 for the control soil. The plants were allowed to grow for six weeks before being harvested, and a set of three plants per pot were harvested weekly from each soil for a period of 12 weeks. The plants were washed, separated into shoots and roots, dipped in liquid nitrogen and then freeze-dried for 78 h. The plant material was then ground in preparation for further analysis.




2.2. pH and Conductivity


Samples of landfill soil and control soil were collected prior to the phytoremediation pot trial and during each harvest. The soil samples were air-dried and then ground to a fine powder and sieved with a 2 mm sieve. Using a 1:2 dilution ratio, 5 g of air-dried, ground landfill soil was dissolved in double-deionized water. The solution was shaken on a platform shaker for 18 h at 200 rpm and centrifuged for 10 min at -1792 relative centrifugal force (RCF). The supernatant was then filtered; thereafter, pH and electrical conductivity readings were taken using the XS Multiparameter Professional Bench Meter (XS Instruments, Carpi, MO, Italy).




2.3. Metal Analysis


2.3.1. Acid-Assisted Microwave Digestion of Samples


To establish the distribution of metals in the tissues of L. perenne after exposure to landfill soil, roots and leaves from the harvested plants were analyzed. The baseline metal concentrations of the landfill and control soil along with the residual metal content in the soil collected at each harvest were also determined to assess the depletion of these metals in the soil and their accumulation in plant parts over the experimental period. Approximately 0.25 g ground leaves, roots and soil were weighed into microwave vessels, to which 5 mL of Suprapur 65% (v/v) HNO3 (Merck, Darmstadt, Germany) and 1 mL HF (Merck) were added under a fume hood. This was followed by digestion using a MARS Xpress microwave digestion system (CEM Cooperation, Matthews, NC, USA) at 190 °C and 1200 W for 20 min. A second digestion stage was carried out for the roots and soil by adding 1 mL freshly prepared 7% (m/v) boric acid (Merck) to the sample and digesting at 170 °C and 1200 W for 10 min.




2.3.2. Determination of the Concentration of Metals in Soil, Leaves and Roots


A Spectro ARCOS® ICP-OES (Spectro Instruments, Kleve, Germany) was used to determine the concentrations of Cu, Cr, Mn, Pb and Zn in soil, leaves and roots. A 1000 ppm ICP grade multi-element stock standard solution (Fluka Chemie AG, Buchs, Switzerland) was used and diluted to prepare standards for calibrating the instrument. The concentration of Cr in the control leaves and roots harvested in week seven was below the detection limit of the ICP-OES, and it was subsequently analyzed using ICP-MS (ELAN DRC-e, Perkin Elmer, Shelton, CT, USA). The operating parameters of the instruments are provided in Table 1.




2.3.3. Analysis of a Certified Reference Material


The method was validated using certified reference materials (CRMs) soil, and Chinese bush branches and leaves (NCS DC 73348, National Analysis for Iron & Steel, Beijing, China; SRM 1944, New York Waterway Sediments, National Institute of Standards and Technology, New York, NY, USA). The CRMs were digested and analyzed similarly to the soil, leaves and roots of L. perenne.





2.4. Enzyme Extraction and Assay


To investigate the mechanism(s) used by L. perenne to adapt and tolerate abiotic stress, the following stress enzymes were studied: amylases, peroxidases, superoxide dismutases and glutathione transferases.



2.4.1. Total Amylolytic Activity (TAA)


The enzyme was extracted following the method by Mokgalaka-Matlala et al. [21] and assayed following the colourimetric method of Fuwa [22] with slight modifications. In 2 mL Eppendorf tubes, ground freeze-dried leaves and roots weighing about 0.1 g each were placed in triplicate. To the tubes, 1 mL of 2 mM imidazole buffer (pH 7) from Sigma Aldrich (Johannesburg, South Africa) was then added. The samples were shaken for 20 min at 200 rpm on a Labcon platform shaker and then centrifuged for 20 min at 25 °C at 21952 RCF. After transferring the supernatant into a clean Eppendorf tube, the extraction was carried out twice more. A 1% starch solution was freshly prepared by dissolving water-soluble starch in 2 mM imidazole buffer (pH 7). A total of 400 µL of the extract and a 700 µL aliquot of this solution were put into a 2 mL Eppendorf tube and thoroughly mixed. A 150 µL aliquot of the starch/extract mixture was transferred into 200 µL of cold trichloroacetic acid (Sigma Aldrich, Johannesburg, South Africa) to stop the reaction at different time intervals (0, 20, 40, 60 and 80 min). Iodine reagent (Sigma Aldrich) was prepared (0.0075% iodine in 0.075% KI), and 300 µL was transferred into the wells of a 96-well microplate. A 30 µL aliquot of the stopped reaction mixture was then transferred into wells containing iodine, in triplicate. The microplate was incubated for 20 min at room temperature, after which the absorbance was measured at 660 nm every 20 min using the Spectramax 190 (Molecular Devices, Sunnyvale, CA, USA) microplate reader. A calibration curve was prepared using starch and iodine reagent.




2.4.2. Glutathione S-Transferase Activity (GST)


The glutathione S-transferase enzyme was extracted and assayed as per the method of Melato et al. [23] with slight modification. Ground, freeze-dried leaves and roots weighing about 0.1 g each were placed in three 2 mL Eppendorf tubes with 1 mL of 0.1 M imidazole buffer (pH 6.5) added. The mixture was then shaken at 200 rpm for 20 min and centrifuged at 1792 RCF at 25 °C for 20 min. The extraction was carried out once more after the supernatant was transferred into a clean Eppendorf tube. A reaction solution was made by combining 100 µL of 112.5 mM L-glutathione (Sigma Aldrich, Johannesburg, South Africa) with 100 µL of 112.5 mM 1-chloro-2,4-dinitrobenzene (CDNB) (Sigma Aldrich, Johannesburg, South Africa). The resulting mixture was then transferred into the wells of a 96-well microplate. The extract was diluted by mixing 60 µL of the extract with 140 µL of 0.1 M imidazole buffer (pH 6.5), which was then added to the microplate wells containing the reaction solution. The absorbance was then measured using the Spectramax microplate reader at 340 nm once every minute for 6 min at 25 °C, with 5 s of shaking before each reading.




2.4.3. Peroxidase Activity (POD)


The peroxidase activity was determined following the method reported by Melato et al. [23]. The following reagents were added to the 2 mL Eppendorf tubes: 0.1 g of crushed, freeze-dried leaves and roots, 0.001 g of bovine serum albumin (Merck) and 0.001 g of polyvinyl pyrrolidone (Sigma Aldrich). The mixture was shaken for 20 min and then centrifuged at 21952 RCF for 15 min. After being transferred to a clean Eppendorf tube containing 0.001 g of Dowex Resin (Sigma Aldrich, Johannesburg, South Africa), the extract was shaken for 20 min and then centrifuged for 10 min at 21952 RCF. To a 15 mL centrifuge tube containing a 50 µL aliquot of the sample extract was then added 2 mL phosphate buffer, 30 µL H2O2 and 50 µL of 18.2 mM guaiacol (Sigma Aldrich, Johannesburg, South Africa). The sample was then transferred to a 96-well microplate, and a Spectramax microplate reader was used to measure the absorbance at 430 nm for 5 min. The absorbance change was recorded every 30 s.




2.4.4. Superoxide Dismutase Activity (SOD)


In triplicate, 0.1 g of ground, freeze-dried leaves and roots were measured into 2 mL Eppendorf tubes. After the addition of 1 mL of 0.067 M phosphate buffer (pH 7.6), the mixture was shaken on a platform shaker for 20 min at 200 rpm. At 25 °C and 21952 RCF, the mixture was centrifuged for 15 min. After, the supernatant was transferred into a clean Eppendorf tube. A 1.2 mL aliquot of the phosphate buffer (0.067 M, pH 7.6) was transferred into a 15 mL centrifuge tube, followed by 0.1 mL of 186 µM phenazinemethosulfate (Sigma Aldrich), 0.3 mL of 300 µM nitrobluetetrazolium (Sigma Aldrich), 0.2 mL sample extract and, finally, 1 mL deionised water. The mixture was then transferred to a water bath, set to 30 °C and the reaction was initiated by adding 0.2 mL of 780 µM nicotinamide adenine dinucleotide (NADH) (Sigma Aldrich). The mixture was incubated for 90 s, and the reaction was arrested by the addition of 1 mL of glacial acetic acid. The reaction mixture was then shaken in 4 mL of n-butanol (Sigma Aldrich) and left to stand for 10 min. The stopped reaction mixture was then centrifuged at 1792 RCF for 5 min. The intensity of chromogen in the butanol layer was measured at 560 nm using the Spectramax microplate reader.





2.5. Scanning Electron Microscopy


Scanning electron microscopy (SEM) was used to study stress-induced morphological changes in L. perenne tissues. Leaves and roots were treated with a 2.5% glutaraldehyde (GA)/formaldehyde fixative solution. The fixative solution was prepared by mixing 1 mL of 25% GA (Sigma Aldrich), 1 mL of 25% formaldehyde (Sigma Aldrich), 3 mL deionised water and 5 mL phosphate buffer (Sigma Aldrich) (1.5 M phosphate buffer, diluted 1:1 in deionised water) for 1 h. The fixative was removed and the plant samples were rinsed 3 times with phosphate buffer, leaving them in the buffer for 15 min with each wash. After washing, the samples were dehydrated by washing with a graded series of ethanol (30%, 50%, 70% and 90%), leaving the samples in each concentration for 15 min. Finally, the samples were washed four times with 100% alcohol, leaving them in the ethanol for 15 min with each of the first three washes and then 30 min for the last wash. This was followed by a soak in a (50:50) hexamethyldisilazane (HDMS)/ethanol solution for 1 h in a covered container, under a fume hood. The HMDS/ethanol solution was then removed, and fresh HMDS was added to the samples and left open to dry overnight. The samples were then mounted on aluminium stubs and coated with carbon before being examined under the scanning electron microscope (Zeiss Crossbeam 540 FEG-SEM, Oberkochen, Germany).




2.6. Statistical Data Analysis


The results of this study are presented as the mean ± standard deviation. All statistical analyses conducted on the data were computed using Microsoft Excel software 2016. Analysis of variance (ANOVA) was used to determine significant differences in the effect of metal-induced stress on the growth, metal accumulation, TAA, GST, POD and SOD in L. perenne at a p < 0.05 significance level.





3. Results and Discussion


3.1. pH and Electrical Conductivity of the Soil


The pH and electrical conductivity are presented as the mean ± standard deviation. The landfill soil had a significantly higher pH than the control soil over the entire 18-week pot-trial period. However, both types of soil seemed to maintain their pH values, without any significant changes throughout the experiment. The landfill soil maintained a pH between 7.7 and 8.1, while the control soil ranged between 4.8 and 5.6 (Figure 1). Elbehiry et al. [24] reported similar pH values for two landfill sites that they assessed and found to be alkaline with pH values ranging between 7.59 and 8.09. Soils with high alkalinity immobilise metals and reduce the risk of contaminating the surrounding environment [25]. Soil with a pH below 7 usually allows the migration of metals into leachate, as has been reported with Cu, Mn and Zn [26]. Furthermore, Adamczyk-Szabela et al. [21] reported that raising the soil pH to 10 led to an increase in the uptake of Cu and Mn.



Electrical conductivity (EC), on the other hand, followed a completely different trend as depicted in Figure 2. Electrical conductivity values decreased gradually over the experimental period and declined to almost a quarter of the initial value for the landfill soil by the end of the trial at week 18. Control plants also displayed a decrease in conductivity, although to a lesser extent. The reduction in electrical conductivity could be attributed to reduced metal ions in the soil as a result of the assimilation of metal ions by the plants. In a previous study [23], vetiver grass grown on gold mine tailings exhibited the ability to significantly take up metals from the soil in which it was growing. This led to a decrease in the metal content of the soil with a corresponding decrease in the soil’s electrical conductivity. Electrical conductivity is a measure of metal ions in the soil. This parameter gives an indication of the nutrient availability and soil health, among other things [27].




3.2. Plant Growth and Metal Uptake


L. perenne displayed the ability to grow and thrive in metal-contaminated landfill soil. In contrast, the roots and leaves of control plants were thinner and shorter than plants grown in landfill soil (Figure 3).



The ability of L. perenne to tolerate oxidative stress is indicated by the lengthening of the roots and leaves of the plants grown in contaminated landfill soil. Any uptake of metals from the soil into the plant initially comes into contact with the roots. Plants localize the metals to the roots and limit translocation to the leaves and, thus, avoid the induction of additional stress. As a defense mechanism against metal toxicity, plants have the ability to monitor and regulate the movement of metals from the soil through the roots to other organs [9]. Should toxic metals make it through this line of defense, the plant needs to employ tolerance mechanisms [28], one way that plants achieve this is by increasing antioxidant enzyme activity as a detoxification mechanism [29].



Validation of the Analytical Method


The method used in the analysis of the concentrations of metals in the soil and plant organs was validated using certified reference materials (CRM). The bush branches and leaves (NCS DC 73348) CRM was found to be the most appropriate for validation of the results for the leaves and roots obtained using both ICP-OES and ICP-MS. The New York Waterway sediment (SRM 1944) was used to validate the soil results. The Student t-test revealed no significant difference between the measured and the certified values for both CRMs at the 95% confidence level.





3.3. Metal Uptake from Landfill Soil


One major difference noted between the L. perenne control plant and plants growing in landfill soil, other than the physical appearance of the plants, was the Mn accumulation in plant biomass. The uptake of Mn was significantly higher in control plants (97.6 mg/100 g total uptake in the roots and 65.2 mg/100 g uptake in the leaves) than in plants growing in landfill soil (57.9 mg/100 g in the roots and 46.4 mg/100 g in the leaves). It has been reported that in acidic conditions, the concentration of Mn2+ in soil solution increases, resulting in a higher potential for the soil to be toxic to plants grown in it [30]. The lower pH (Figure 1) of the control soil (5.16) compared to the landfill soil (7.90) correlates well with the uptake of Mn observed in this study. Excess Mn as a result of low soil pH was proven to cause growth reduction in ryegrass and clover [31]. Stunted growth and altered metabolic and physiological pathways in plants are reported to be biochemical symptoms of metal toxicity in plants [16].



The metal concentrations in the soil along with their gradual depletion are shown in Figure 4. Manganese had the highest initial (baseline) concentration (291 mg/100 g for control soil and 339 mg/100 g for landfill soil), followed by Zn, Pb and Cr, respectively, with Cu having the lowest initial concentration in both landfill and control soils, 25.8 mg/100 g and 15.8 mg/100 g, respectively (Table 2). The highest amount of Mn in the soil is from the Earth’s crust [32]. Some anthropogenic sources of Mn in the environment are mining, mineral processing and municipal wastewater [32]. This could explain the elevated initial Mn concentrations in both the control and landfill soils. According to Wuana and Okieimen [33], Pb, Cr, As, Zn, Cd, Cu and Hg are the most prevalent heavy metals that are typically detected in landfill soil and are listed in decreasing order of abundance. This list indicates that Cu is less abundant than Pb, Cr and Zn, which is consistent with the findings of this investigation. Pb abundance was also found to be greater than Zn, Cr and Cu.



For all L. perenne plants, Mn accumulated the most in leaf biomass, followed by Zn, Pb, Cr and then Cu, in decreasing order (Figure 5). Copper concentrations are kept to a minimum in plants, and when there is a need for the metal, plants are able to source it from the soil. The uptake of Cu is dependent on need, for example, when there is a lot of nitrogen in the environment, plants tend to require more Cu [34]. Chromium and Pb are not essential elements for plant survival. Plants have the ability to restrict the transfer of metals from the roots to the shoots when they are exposed to high concentrations of metals that threaten the homeostatic balance [9]. This explains the poor translocation of Cr and Pb by L. perenne in this study even though the plants had higher concentrations than Cu in the soil (Table 2).



All plants showed a gradual increase in metal concentration throughout the exposure period, and the overall trend in metal uptake for roots and leaves was Mn > Pb > Zn > Cr > Cu. The control soil contained a lot of organic matter, which could explain the high initial Mn content of this soil [32].



In the roots, Pb uptake increased significantly more than all the other metals in L. perenne plants growing on landfill soil (Figure 6). The initial Pb concentration was 30.2 ± 6.3 mg/100 g, while Mn had an initial concentration of 75.1 ± 2.9 mg/100 g. By the end of the trial, Pb had accumulated to 99.7 ± 5.1 mg/100 g, while Mn was at 133 ± 5.2 mg/100 g, increases of 230% and 77%, respectively.



In their review article, Sharma and Dubey [35] reported that Pb is able to block other metals from accessing absorption sites on the roots of plants. According to the report, Pb also has a direct impact on the concentrations of Mn in Norway spruce needles. Treatment of this plant with Pb caused a reduction in Mn and Ca concentrations.



When Chen and co-workers [36] investigated how nitric oxide affected the toxicity of cadmium in L. perenne, they found that the roots accumulated more Cd than the leaves. This, along with the findings in the current study confirm that L. perenne is capable of absorbing metals into the root matrix but might restrict further movement into other parts of the plant. This is a defense mechanism against metal toxicity. Another study corroborates this observation, stating that some plants restrict long-distance transportation of metals that could pose a threat of being toxic [9]. The overall increase in metal concentrations (Figure 6) assimilated by L. perenne followed the trend: Pb > Mn > Zn > Cr > Cu for the roots of plants grown on landfill soil and Mn > Pb > Zn > Cr > Cu in the control roots. A recent study that investigated the changes in the rhizosphere biome of L. perenne during phytoremediation also found that this grass was able to take up Hg and Cd from contaminated soil [34]. Several other studies recently corroborated the effectiveness of this plant in the remediation of metal contaminated soil [37,38,39].




3.4. Phytoremediation Potential of L. perenne


The bioconcentration factor (BCF) and translocation factor (TF) were used to estimate L. perenne’s potential for phytoremediation. The bioconcentration factor is a ratio of the metal concentration in the roots to the concentration in soil.


  B C F =   M e t a l   C o n c e n t r a t i o n   i n   S h o o t   M e t a l   C o n c e n t r a t i o n   i n   S o i l    











The translocation factor is the ratio of the metal concentration in the shoots to that in the roots [40].


  T F =   M e t a l   C o n c e n t r a t i o n   i n   S h o o t   M e t a l   C o n c e n t r a t i o n   i n   R o o t s    











A plant with a BCF and TF value > 1 is considered a bioaccumulator, while a plant with a BCF > 1 and TF < 1 can serve as a phytostabilizer. When the BCF < 1 and TF > 1, the plant could be useful as a phytoextractor [41]. The BCF and TF of L. perenne plants, after the 18-week growth in landfill soil, are provided in Table 3.



The highest BCF value for L. perenne grown on landfill soil was observed for Cu (1.67), followed by Cr (1.41) and then Pb (1.03). The TF of L. perenne was <1 for all metals studied. The low TF values (TF < 1) indicate the ability of L. perenne to restrict the internal movement of metals that could potentially cause great harm to the plant. This trend was coherent with the observation by Radziemska [40], where L. perenne accumulated significant amounts of metals in the roots than in the leaves. Lolium perenne has the potential to be used as a phytostabilizer for Cu, Cr and Pb in landfill soil. Waterlot and Hechelski [42] also explored a similar study and found that L. perenne had the potential to serve as a phytostabilizer in the presence of amendments in the form of calcium dihydrogen phosphate and calcium hydrogen phosphate.




3.5. Scanning Electron Microscopy


The structural and morphological changes in the L. perenne plant tissues that might have been caused by stress factors, such as metals and pH, among others, were examined using scanning electron microscopy (SEM). Scanning electron micrographs show the epidermis on the top surface of the plants grown on landfill soil (Figure 7a), which appears thicker than that of the control plant (Figure 7b). Fan and Neumann [43] reported that an increase in lignin metabolism by stress factors such as water deficit in maize inhibited cell extensibility which, in turn, led to the stiffening of the cell wall. Furthermore, plants thicken their cell wall to decrease their permeability and, thus, prevent the migration of toxic metals into sensitive internal parts of the plant such as the protoplasm [44].



In comparison to control leaves, the leaves of plants grown in landfill soil had larger and more pronounced trichomes on their surface (Figure 7a). Trichomes can serve as a storage site for metals, where detoxification can take place. They can also assist the plant by secreting secondary metabolites that can mitigate the hazardous effects of metals [45].



The SEM micrograph of the bottom side of the plants grown on landfill soil (Figure 8a) showed an increased cuticular wax layer compared to the control plants (Figure 8b). Plants are shielded from external stress by the waterproof cuticular wax layer. The waxy layer has also reportedly been shown to reduce residual transpiration, lessen nonstomatal water loss, shield plants from UV radiation and minimize the retention of dust and air pollutants [46]. According to Seo and Park [47], cuticular wax deposition correlates with plant responses to cellular dehydration. Tobacco (Nicotiana glauca L. Graham) leaves grown under periodic dehydration stress had a more cuticular wax load in a study by Cameron et al. [48].




3.6. Enzyme Activity


3.6.1. Superoxide Dismutase Activity


All cells that metabolise oxygen have superoxide dismutase (SOD) enzymes in their mitochondria, nucleus, and peroxisomes, among other cellular compartments [49]. These enzymes form part of the first line of defense against increasing reactive oxygen species (ROS) concentrations and are also considered to be central to antioxidant defense mechanisms in plants [50]. Superoxide dismutase activity increased with increasing exposure time and was found to be significantly higher (p < 0.05) in the leaves than in the roots (Figure 9). Plants grown in landfill soil showed twice the amount of SOD activity in their leaves compared to control plants’ roots. The SOD activity was 0.72 ± 0.02 U in the leaves and 0.51 ± 0.02 U in the roots of plants grown on landfill soil at the end of the trial. Other studies have also found similar results with regard to the SOD activity being lower in the roots than in the leaves [36,51]. Superoxide and peroxidase were reported to also show a positive response to increased Mn concentrations in the plant tissue of Macleaya cordata (Willd.) R. Br. [52].




3.6.2. Glutathione Transferase Activity


In living systems, glutathione transferases catalyse the detoxification of a variety of xenobiotics by facilitating the conjugation of the glutathione’s thiol group with electrophilic xenobiotic compounds. The conjugation of the glutathione thiol group with CDNB mimics the reaction between glutathione and xenobiotic compounds, with an increase in absorbance at 340 nm being an indication of the conjugation of CDNB with glutathione [53]. The glutathione S-transferase (GST) enzyme activity of L. perenne gradually increased in the plants grown in landfill soil. The behaviour of the roots and leaves was similar, with the enzyme activity in the leaves being significantly greater than that of the roots (Figure 10). A study that investigated the detoxification mechanisms of Chrysopogon zizanioides (vetiver grass) growing in gold mine tailings reported similar findings. It was discovered that the GST activity was much higher in leaves than in roots [23].




3.6.3. Peroxidase Activity


Elevated peroxidase (POD) activity is an early response to stress in plants and provides cells with a form of defense against increased H2O2 production. There are several different kinds of peroxidases, and the activity of each kind is influenced by environmental factors such as the season of the year, the temperature, and the kind of stress to which the organism is subjected [54,55]. With increasing exposure time, the POD activity in the leaves and roots of L. perenne plants grown in landfill soil increased and was substantially (p < 0.05) higher than the POD in control plants (Figure 11). In comparison to the roots, the POD in the leaves was substantially higher. When compared to the POD in the roots, which ranged from 16.9 U to 40.8 U, the POD of the leaves of plants growing on landfill soil was approximately 1.5 times more and ranged from 19.5 U to 52.8 U. A similar response was seen in M. cordata when grown in the sand with increasing Mn concentrations. Peroxidase activity increased with Mn concentration [52].



Anything absorbed by plants from the soil first comes into contact with the roots. Since the greatest amounts of metals were found in the roots of L. perenne, this could suggest that a significant amount of damage to root tissue might have resulted in lower levels of the POD enzyme activity. Another possibility, contrary to this, could be that the lower level of peroxidase activity in the roots might point to a greater tolerance of metal stress in the roots than in the leaves [56].




3.6.4. Total Amylolytic Activity


The total amylolytic activity (TAA) of the plants grown in landfill soil was found to be higher than that of the control plants (Figure 12). The leaves of L. perenne exhibited higher enzyme activity overall, with the TAA of leaves of plants growing in landfill soil ranging from 0.0018 U to 0.0094 U, compared to the roots (0.0014 U to 0.0051 U). The amylolytic activity for the leaves seems to almost double from week 14 to 15 and continued to maintain a high activity for the last 4 weeks of the experiment. For the roots, a major increase in TAA was seen two weeks before the conclusion of the experiment. The low enzyme activity in the first few weeks could be due to the fact that the plants were still acclimatizing to their new environment. It has been reported that some plants have higher amylase activity in the leaves than in the roots even when growing under ambient conditions [54].



Through photosynthesis, plants can harness sunlight and use it to fix carbon and produce glucose [57]. When the need arises, excess glucose can be stored as starch molecules. Amylases play a significant role in metabolising these starch molecules, allowing plants to harness the stored energy [58]. Both α and β amylases facilitate starch hydrolysis into its component sugars which plants can use to supply their energy needs. Metal toxicity has been found to disrupt several essential processes and pathways in plant metabolism [59]. Amirjani [60] found that total amylolytic activity dropped by 26.8% as Cd concentrations increased in the growth medium of germinated wheat seed. Under stressful conditions, plants increase enzyme activity to mitigate the effects of stress-causing factors [61]. Starch breakdown in response to stress is often linked to increased stress tolerance in plants. To generate energy and create sugars and other metabolites that assist to reduce stress, research has shown that plants frequently mobilise their starch reserves [62]. This suggests that more amylase would be employed in order to cater to the energy needs of the plant under stress; this justifies the observed increase in TAA.






4. Conclusions


L. perenne was able to thrive for 18 weeks in metal-containing landfill soil without exhibiting any signs of phytotoxicity. The plants in landfill soil had wider leaf blades and longer, thicker and more numerous roots (Figure 3) and also appeared greener and healthier than the control plants. Infiltration by leachates is a primary pathway of migration of contaminants to groundwater; therefore, L. perenne roots may play an important role in regulating the water content in landfills, limiting possible groundwater pollution. The plant-accumulated metals found in the landfill soil, in its roots with corresponding translocation factor values of all the metals < 1 (values ranged between 0.2 and 0.8). On the contrary, Cu, Cr and Pb exhibited BCF values above 1, demonstrating the plant’s ability to assimilate metals from the soil. The low TFs and high BCFs render L. perenne a potential candidate for the phytostabilization of Cu, Cr and Pb in landfill soil. In addition to the uptake of metals, the enzymes SOD, GST, POD and TAA displayed a gradual increase in activity over a 18-week exposure period, with POD showing the highest enzyme activity and TAA having the largest increase in enzyme activity. Plants increase the production of enzymes and other antioxidants to prevent or minimise oxidative damage under stressful conditions [63]. The findings of this study confirm the ability of L. perenne to detoxify itself from metal-induced stress through activation and increasing antioxidant enzymes, thickening of cell walls and increased cuticular wax layer of the leaves to decrease their permeability by toxic metals, as well as enlarging the trichomes as storage and detoxification sites for metals. L. perenne is a potential candidate for phytoremediation. Because of its sedentary nature, over a period of 18 weeks, the plant developed mechanisms to abstract metals from landfill soil and control the geochemical conditions of the landfill soil by significantly reducing the electrical conductivity.
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Figure 1. pH of control soil and landfill soil over the 18-week pot trial. 
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Figure 2. Electrical conductivity for control soil and landfill soil over the 18-week pot trial. 
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Figure 3. Comparison of growth of L. perenne plants (A) growing in landfill soil to (B) plants growing in control soil. 
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Figure 4. Metal depletion in (a) landfill soil and (b) control soil as a result of uptake by L. perenne plants. 
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Figure 5. Metal accumulation in leaves of L. perenne plants grown in (a) landfill soil and (b) control soil. 
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Figure 6. Metal accumulation in roots of L. perenne plants grown in (a) landfill soil and (b) control soil. 
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Figure 7. SEM micrographs showing the top surface of the leaves of L. perenne plants grown in (a) landfill soil and (b) the control plants. 
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Figure 8. SEM micrographs showing the bottom surface of the leaves of L. perenne plants grown in (a) landfill soil and (b) control plants. 
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Figure 9. Superoxide dismutase activity for (a) leaves and (b) roots of L. perenne plants growing on landfill soil and the control soil. 
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Figure 10. Glutathione transferase activity for (a) leaves and (b) roots of L. perenne plants growing on landfill soil and the control soil. 
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Figure 11. Peroxidase activity for (a) leaves and (b) roots of L. perenne plants growing on landfill soil. 
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Figure 12. Total amylolytic activity for (a) leaves and (b) roots of L. perenne plants growing on landfill soil. 
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Table 1. Operating parameters of the ICP-OES and ICP-MS.
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	Operating Parameter
	Spectro ARCO® ICP-OES
	ELAN DRC-e ICP-MS





	Nebulizer gas flow (mL/min)
	1.00
	0.89



	Auxiliary gas flow (L/min)
	1.00
	1.02



	Plasma gas flow (L/min)
	12
	15.00



	RF power (W)
	1400
	1150



	Lens voltage (V)
	9.75
	6.75



	Peristaltic pump rate (rpm)
	1.60
	2.00
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Table 2. Baseline metal concentrations for landfill and control soil.






Table 2. Baseline metal concentrations for landfill and control soil.





	Metal
	Landfill Soil—Metal

Concentration (mg/100 g)
	Control Soil—Metal

Concentration (mg/100 g)





	Cr
	75.1 ± 3.7
	49.6 ± 8.2



	Cu
	25.8 ± 1.2
	15.8 ± 1.1



	Mn
	339 ± 3.1
	291 ± 10



	Pb
	168 ± 1.9
	66.9 ± 0.26



	Zn
	294 ± 2.6
	101 ± 8.4
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Table 3. BCF and TF of L. perenne growing on landfill soil.
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Metal

	
BCF

	
TF




	
Plants Grown on

Landfill Oil

	
Control Plants

	
Plants Grown on

Landfill Soil

	
Control Plants






	
Cr

	
1.41

	
0.49

	
0.25

	
0.33




	
Cu

	
1.67

	
1.53

	
0.80

	
0.65




	
Mn

	
0.64

	
1.25

	
0.43

	
0.69




	
Pb

	
1.03

	
0.87

	
0.32

	
0.48




	
Zn

	
0.47

	
0.33

	
0.42

	
0.55

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Conductivity (uS/cm)

1800
1600
1400
1200
1000
800
600
400
200

9

10

11 12 13

Time in Weeks

14

15

16

17

18

m Control

B Landfill Soil





media/file18.png
Enzyme Activity (mol/s)

Enzyme Activity (mol/s)

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.6

0.5

0.4

0.3

0.2

0.1

7

8

8

9

9

Leaves

10 11 12 13 14 15 16 17 18

Time in Weeks
(a)

Roots

10 11 12 13 14 15 16 17 18

Time in Weeks

(b)

m Control

B Landfill Soil

m Control

B Landfill Soil





media/file21.jpg
Leaves
60

50
a0

30 = Control

= Landfill Soil
20

Enzyme Activity (mol/s)

10

7 8 9 10 11 12 13 14 15 16 17 18

Time in Weeks

(a)





media/file26.png
Enzyme Activity (mol/s)

Enzyme Activity (mol/s)

0.01

0.008

0.006

0.004

0.002

0.006

0.005

0.004

0.003

0.002

0.001

Leaves

7 8 9 10 11 12 13 14 15 16 17 18

Time in Weeks

(a)
Roots

7 8 9 10 11 12 13 14 15 16 17 18

Time in Weeks

(b)

m Control

M Leaves

m Control

B Roots





media/file3.jpg
1600
10
g
2 1w
< 100
£ = Control
00
g = LandillSoil
w0
5
9w
20
0

007 8 9 101 12 13 1 1516 17 18
Time inWeeks





media/file19.jpg
Enzyme Activity (mol/s)

18
16
14
12

o0s
05
04
02

y (mol\s

Enzyme Activt

08
06
04

02

i

7

9

Leaves

0011012 13 14 15 16 17 18
Time in Weeks

59

10

@
Roots

no2ono s
Time in Weeks

(b)

16

”

18

= Control
= Landfil Soil

= Control

= Landfil Soil





media/file7.jpg
Bg w2

Metal Cone (mg/100 g)
g 8

Landill Soil

ce
ncu
N
uro
uzn

E

e

H

Metal Cone (mg/100 )
s 8

=

0 m on o3 o1 15 16 7 18
Time in Weeks

@

Control

wce
ncu
=M
rh
azn

9 1 1 2 131116 7o
“Time in Weeks

)





media/file23.png
Enzyme Activity (mol/s)

60

50

40

30

20

10

8

9

Leaves

10 11 12 13 14 15 16 17 18

Time in Weeks

(a)

m Control

m Landfill Soil





media/file10.png
Metal Conc (mg/100 g)

Metal Conc (mg/100 g)

60

50

40

30

20

10

120

100

80

60

40

-
b |
|

7

8

9

Landfill Soil - Leaves

10

11 12 13 14

Time in Weeks

(a)

Control - Leaves

11 12 13 14

Time in Weeks

(b)

=

u n 2]
i - 1 ] -
;
il 1 H | ” | H

15

=

16

‘H

17

18

W Cr
w Cu
@ Mn
mPb

W /Zn

W Cr
= Cu
@ Mn
mPb

W /Zn





media/file14.png
EHT = 3.00 kV Signal A = InLens Date :16 Oct 2020 Mag= 1.42KX
WD = 3.0 mm Photo No. = 32297 Time :13:29:17

™~

- : S
EHT = 3.00 kV Signal A = InLens Date :16 Oct 2020 Mag= 691X
WD = 3.1 mm Photo No. = 32320 Time :14:23:55

(b)






media/file11.jpg
Metal Conc (mg/100 g)

Metal Cone (mg/100 g)

10

10

& 88 8

Landfill Soil -Roots

Control

&

g

708 9 0 M 1B WIS 6 178
Timein Weeks

(b)

s
acu
=M
aro
azn

mce

mCu

Mn

Y

uzn





media/file6.png





media/file15.jpg





nav.xhtml


  minerals-13-00873


  
    		
      minerals-13-00873
    


  




  





media/file16.png
EHT = 3.00 kV Signal A = InLens Date :16 Oct 2020 Mag= 118X
WD = 3.1 mm Photo No. = 32321 Time :14:25:41

EHT = 3.00 kV Signal A = InLens Date :16 Oct 2020 Mag= 198X
WD = 3.2mm Photo No. = 32292 Time :13:14:52






media/file2.png
pH

N W ks OO N 0 O

10

11 12 13

Time in Weeks

14

15

16

17

18

B Landfill Soil

m Control





media/file20.png
Enzyme Activity (mol/s)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Enzyme Activity (mol\s

1.4

1.2

0.8

0.6

0.4

0.2

8

9

8

Leaves

10 11 12 13 14 15 16 17 18

9

Time in Weeks

(a)
Roots

10 11 12 13 14 15 16 17 18
Time in Weeks

(b)

m Control
B Landfill Soil

m Control

B Landfill Soil





media/file5.jpg





media/file24.png
Roots

m Landfill

S
k=
=
o
O
O

|
LN
<

_ _ _ _ _ _ _ _ 1
O n O n O n O un O
< o0 on N N -

(s/rour) ANIALDY awAzZuy

11 12 13 14 15 16 17 18
Time in Weeks

10

(b)





media/file1.jpg
pH

10

nonr B

Time in Weeks

1

15

16

17

18

= LandSill Soil

= Control





media/file25.jpg
001 Leaves
0008

0006

it = Control

Leaves
0002

H
£

7 08 9 101 213U 1516 17 18
Time in Weeks
@
Roots
0006

0005

0004

0003
= Control

G023 = Roots

0001

708 9 10M 12131516 17 18
Time in Weeks

(b)





media/file12.png
Metal Conc (mg/100 g)

Metal Conc (mg/100 g)

140 -
120 1
100 -
80
60 1

40 1

20

180 -
160 °
140 °
120 :
100 :

Landfill Soil -Roots

re

5

=
— L. ||

6 7

Time in Weeks

(a)

Control

Time in Weeks

(b)

8

9

10

‘r“

11

‘ 1

12

W Cr
wCu
W Mn
mPb

W /n

mCr

W Cu

© Mn

mPb

W /Zn





media/file9.jpg
Metal Cone (mg/100 g)

Metal Cone (mg/100 g)

120

100

0

&

W

2

Landfill Soil - Leaves.

01 12 B u
Time in Weeks
@

10

Control - Leaves

n o B o
Time in Weeks.

(b)

1516 17 18

15

16

1w

mer
wcu
“Mn
ur
uzn

wer
=
=Mn
wr
wzn





media/file0.png





media/file22.jpg
Roots

= Control

w Landfill

7 8 9 10 11 12 13 14 15 16 17 18
Time in Weeks

(b)





media/file8.png
Metal Conc (mg/100 g)

Metal Conc (mg/100 g)

300

250

200

150

100

50

250

200

150

100

50

=

ra
i“i [ L N | |

7 3 9 10

Landfill Soil

1 1
‘ Il

1 - ||
|| Il Il ] Il |||| ||||

11 12 13 14 15 16 17 18
Time in Weeks

(a)

Control

[ == == L e —_ - -
II|| NEN N NN ERE EEE ERE =

11 12 13 14 15 16 17 18
Time in Weeks

(b)

W Cr
= Cu
W Mn
mPb

W /n

wCr
= Cu
@ Mn
mPb

W /n





media/file17.jpg
Enzyme Activity (mol/s)

Enzyme Activity (mol/s)

08 Leaves

07
06

05
04 = Control

03 ® LandfillSoil
02
01

708 9 10 11 1213 14 15 16 17 18
Time in Weeks

@
™ Roots
05
04
03 = Control
i3 ® LandfillSoil

01

708 9101 1213141516 17 18
Time in Weeks

(b)





