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Abstract

:

Smelter waste deposits pose environmental and health threats and require remediation actions. Phytostabilisation techniques, based on soil amendments, help to establish plant cover and limit the secondary emission of potentially toxic trace elements. However, methods to optimize their effectiveness are needed. The application of bacterial inoculants in combination with soil amendments in the remediation of soils and wastes contaminated with metals still has not been extensively tested. Therefore, the aim of this study was to determine the effectiveness of indigenous (Streptomyces sp., Pseudomonas sp.) and foreign (Streptomyces costaricanus) strains of bacteria in supporting grass growth on extremely contaminated waste slag. They were applied alone and in combination with compost mixed with phosphate fertilizer or iron oxide. The tested strains improved plant growth and increased plant availability of phosphorus. The interaction of the soil amendments and some bacterial strains also stimulated a decrease in the extractability of metals, likely through the phosphate-induced precipitation of lead. Our data show that the effectiveness of soil amendments in the phytostabilisation of heavily polluted smelter deposits can be enhanced by plant growth-promoting bacteria (PGPB).
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1. Introduction


Smelter waste deposits pose an environmental and health threat worldwide. They are sources of secondary emissions of potentially toxic trace elements (TE), such as, for example, cadmium (Cd), lead (Pb), zinc (Zn) and arsenic (As). Especially in populated areas, there is an urgent need to reduce the secondary spread of TE from barren deposits. One of potential strategies is to revegetate them and stabilize them by establishing a plant cover (phytostabilisation). Such approach reduces the wind and water erosion of a deposit, as well as the leaching of pollutants, resulting in limited secondary emissions of TE. Such a gentle approach is needed in cases where resources for the advanced engineering treatment of waste are not available or the recovery of metals is not justified. The traditional revegetation strategy of such waste piles has mainly been based on the intensive application of fertilizers, followed by various mixtures of grasses [1,2]. However, such approaches have been mostly ineffective over the long term. Also, in wider practice top-soiling, meant to cover waste with clean soil, is not used because high-quality soil material is unavailable [3].



Recent evaluations of long-term pilot sites have shown that the application of high rates of organic amendments (sewage sludge, compost) and lime supported quite effective revegetation of high-metal waste heaps, which further reduced the spread of pollutants [3,4,5]. Additionally, Siebielec et al. [5] documented the positive effect of sewage sludge and lime on the biodiversity and biological activity of such constructed soil layers. The stimulated microbial activity and greater abundance of certain groups of microorganisms improve the resistance of the entire constructed ecosystem to environmental stresses.



Despite the promising results of these pilot studies, the implementation of phytostabilization projects in post-industrial areas is still limited. This is partly due to the still-limited scientifically sound data demonstrating the short and long-term sustainability of smelter-waste remediation methods. Additionally, in many countries, the excessive use of organic materials (sewage sludge, compost) in the reclamation of severely polluted lands may be limited by the legal or financial circumstances. Therefore, there is a need for further research on the progress being made in remediation protocols, especially those aimed at the optimization of remediation effects and limiting the potential side-effects of excessive use of organic materials (cost, the release of nitrogen). Remediation methods enabling the reduction of sewage sludge or compost use without reducing remediation effectiveness would be, therefore, needed.



Recent studies have shown that complex interactions between plants and their microbiomes lead to the transformation of smelter waste into soil-like material, much better suited to plant growth [6]. Therefore, the application of selected bacterial strains appears to be an additional component of phytostabilisation technology, worthy of wider analysis. It can be assumed that the introduction of bacterial strains can further support and optimize the development and performance of plant cover on revegetated sites, resulting in more resistant revegetation over both the short and long terms. This can also theoretically contribute to the reduction of organic amendment rates, where high rates are not recommended for social, legal or organizational reasons. In such places, the use of plants and microbes would be preferred due to their cost effectiveness, environmental friendliness and the fewer side effects associated with them [7].



The application of bacterial inoculants is quite commonly used in the bioremediation of organic pollutants [8,9,10,11,12]. Siebielec et al. [12] documented that the application of previously selected strains of microorganisms can diminish the negative effects of contaminated bottom sediment with a range of metals and organic pollutants. The use of microorganisms in the phytoremediation of soils and wastes contaminated with metals still has not been extensively tested. So far, studies exploring the capacities of plant-derived bacteria to improve phytoremediation techniques are rather scarce [11,13,14]. It can be assumed that, in phytostabilisation systems, plant growth-promoting bacteria (PGPBs) can stimulate plant growth by producing phytohormones (such as indole acetic acid—IAA), inhibiting the stress production of ethylene (due to ACC deaminase activity), releasing essential nutrients (e.g., N2 fixers, phosphate solubilizers and siderophore producers) or inducing plant defense mechanisms [11]. It is worth mentioning that plants often suffer from water deficiency in the constructed ecosystems of revegetated waste piles, since they fully rely on precipitation for water. Vurukonda et al. [15], in their review, present the potential bacterial mechanisms of stimulating plant resistances to drought. The authors attribute such positive effects to PGPB phytohormonal activity, most often associated with the production of IAA, deaminase activity, the accumulation of proline, cytokinins and auxins, as well as the induction of genes responsible for plants’ responses to drought conditions.



From both the scientific and practical point of view, whether indigenous bacteria isolated from waste will be more effective in supporting plant growth than foreign strains of bacteria is an interesting question. It can be assumed that indigenous bacteria would be well-adapted to the conditions found in a given site. Therefore, the aim of this greenhouse study was to determine the effectiveness of indigenous and foreign strains of bacteria, isolated from severely contaminated sites, applied alone or in combination with soil amendments, in supporting grass growth on a waste slag extremely contaminated with zinc, lead, cadmium and arsenic.




2. Materials and Methods


2.1. Smelter Waste Material


Industrial mining and the smelting of metal ores have created hundreds of historically contaminated sites. In the Śląskie Voivodeship, PL, heaps of zinc and lead slag are scattered within a mosaic of various types of land use, such as residential areas, arable land, forest and allotments. These deposits are generally barren due to extremely unfavorable plant growth conditions, created by the toxicity of metals (mainly Zn), harsh textures, very low water retention and a lack of nutrients. As a consequence, they remain a significant source of secondary emission of metals and of human exposure to toxic metals. The substrate for the study, which, for simplification, will be hereafter called soil, was collected from a barren area of such a slag dump site located in the area of a decommissioned smelter in Piekary Śląskie (coordinates for the central point of the site: 50.364505 N; 18.968960 E). The site has been widely characterized by Stuczynski et al. [3]. The waste deposit contains mainly waste slag from the Waeltz smelting process. The Zn oxide produced in this process, together with Cd and Pb compounds, becomes trapped in scrubbers, and the remaining waste is transported to the waste pile [3]. Thus, the waste is still very rich in Zn, Pb and Cd. The analysis of the portion of waste taken for the pot study revealed the following contents of Zn, Pb, Cd and As: 31,250; 20,750; 590 and 1560 mg kg−1 for Zn, Pb, Cd and As, respectively. The waste pH was neutral (7.8 as measured in H2O). Organic matter content was 16%. It was relatively high, however, as previously discussed by Siebielec et al. [5], OM, in this waste, apparently represents residual elemental carbon from the smelting process. Therefore, the found OM does not share the properties and functions of the soil organic matter found in agricultural soils.




2.2. Bacterials Strains


Three strains of rhizobacteria that had previously been isolated from contaminated soils were used as inoculants in the study. Streptomyces costaricanus RP92, representing a foreign strain, was isolated from Cytisus striatus rhizosphere growing in hexachlorocyclohexane- (HCH) contaminated soil and was characterized as a producer of IAA and siderophores [8]. Previously, the RP92 strain was shown to stimulate the growth of Lupinus luteus in diesel-contaminated soils, as well as to improve the decomposition of organic contaminants [16]. The strain has also shown a strong beneficial effect on the performance of Tagetes patula in soil enriched with heavily contaminated bottom sediments. The inoculation of the soil with the RP92 strain significantly improved the growth of plants and alleviated the chlorosis of their leaves [12].



Streptomyces sp. P9 (Gen Bank accession number MT658787) and Pseudomonas sp. P10 (Gen Bank accession number MT658788) were isolated from the same smelter slag pile from which the waste was collected for the pot study, but from the area of pilot remediation field, reclaimed in 1997 [5]. The strains were isolated from the transect treated with waste lime and sewage sludge. These strains exhibited phosphorus solubilization capabilities in laboratory plate tests by creating a transparent halo zone around the colony, grown on the substrate, rich in insoluble forms of phosphates.



Fresh cultures of bacterial strains (RP92, P9, P10) were grown in liquid media. The RP92 strain was grown in 869 liquid medium [17], as in a previous study [12], while strains P9 and P10 were grown in a medium suitable for bacteria exhibiting phosphorus solubilization [18]. Cultures were set up for 24 h and incubated at 28 °C in a New Brunswick Scientific incubator (Excella E24 Incubator Shaker Series). Five millilitres of this pre-culture was then transferred to fresh liquid media, respective for a given strain, and incubated for 12 h at 28 °C. After this, the bacterial biomass was harvested by centrifugation (6000 rpm, 15 min), washed once with sterile 10 mM MgSO4 and re-suspended in 10 mM MgSO4 to an OD660 of 1.0 (about 107 cells per mL).




2.3. Experimental Setup


The pot experiment was established in the growth chamber with fully controlled growth conditions (light, temperature). The 1-kg portions of homogenous smelter slag, sieved through a 2-mm mesh, were weighed and transferred into 1.5-L pots. We tested both individual bacteria’s effects and the combined effects of bacteria and soil amendments. As two amendments to be tested, we selected the compost produced from sewage sludge and green waste, to which was added (a) Ca-phosphate, or (b) Fe-oxide. As previously documented, phosphates induce the precipitation of insoluble Pb compounds and likely reduce Zn solubility [19]. Iron oxides inactivate metals through adsorption or occlusion processes [20]. Compost has been proved as soil amendment effective in reducing plant available metals and improving plant growth in metal contaminated soils [21,22].



Phosphate was added to the soil as CaHPO4 reagent grade at a rate of P equal to 1% of soil. Fe oxides were added as Fe(OH)3 reagent grade as equivalent of 1% of soil. The compost originated from the process of pile composting of municipal sewage sludge and green waste as substrates in the facility in Pszczyna. It was added to the soil in the amount equivalent to 5% of soil (on a dry matter basis). It contained 29% of OM, 1.5% Fe, 1.2% P, 2.3% Ca and had pH 6.2.



The experimental scheme is presented in Table 1.



The pot test was run for 12 weeks in a greenhouse under additional light and temperature 25 °C/18 °C day/night with 16/8 h length of day/night, with three replications for each combination. The content of each pot (smelter waste and the amendments) was thoroughly mixed and homogenized in plastic bags and transferred back to the pots. The pots were left for 3 weeks in the growth chamber to let substrates and amendments react prior to the seeding with plants. The plant tested in the experiment was Italian ryegrass (Lolium multiflorum). The pots were watered with distilled water as needed.



Each pot was inoculated while the plants were germinating (3 weeks after sowing) with 100 mL of each bacterial suspension. The same amount of sterile 10-mM MgSO4 was added to the non-inoculated pots. Then inoculation was repeated after 3 weeks, using the same procedure.



After 12 weeks of growth, the plants were harvested, dried and weighed to determine shoots dry weights. After the harvest, the soil from each pot was mixed, sieved through a 2-mm mesh to remove plant debris, and soil aliquots were taken for further analysis. Each soil sample was divided into two portions: fresh soil samples were used for microbiological analyses, and air-dried samples were used to determine chemical parameters.




2.4. Soil Analysis


Microbial activity can create better growth conditions under stress through mobilizing nutrients or producing plant-growth promoters [23]. Therefore, in order to characterize the microbial activity of the soil, the intensity of three enzymes (dehydrogenases, acidic and alkaline phosphatases) were measured using standard protocols [24]. The determination of dehydrogenases was performed using the colorimetric method and according to Casida et al. [25], with TTC (triphenyltetrazolium chloride) as a substrate, after 24 h of incubation at 37 °C. Alkaline and acid phosphatase activities were measured by the colorimetric method using PNP (sodium p-nitrophenylphosphate) after 1 h of incubation at 37 °C at 410 nm wavelength [26]. The color intensity of soil extracts was measured using the Thermo Fisher Scientific Evolution 60 UV-VIS spectrophotometer. Three replications of all biochemical measurements were performed.



The total count of cultivable bacteria [27], Azotobacter spp. [28], the total count of phosphorus solublizing bacteria (PSB) [18] and the count of cultivable fungi [29] were determined using the plate-dilution method. All biochemical and microbiological measurements were done in triplicate.



The soil pH was measured potentiometrically using a combined glass electrode in a slurry with a 1:2 v/v soil/DI water ratio. Organic matter (OM) content was measured by the loss on ignition in a muffle oven at 480 °C, within 16 h. Available phosphorus (P) was measured using the Egner–Riehm colorimetric method after extraction with calcium lactate (0.02 M) in diluted HCl (0.01 M), followed by measurement in a Perkin Elmer Lambda 45 Spectrometer, based on the color reaction with ammonium molybdate. Available potassium (K) was measured after the same extraction with calcium lactate by AAS, using AAnalyst 800 (Perkin Elmer, Waltham, MA, USA). Mineral nitrogen (N) extractability in 1 M K2SO4 was measured by flow spectrometry using QuAAtro39 analyser (Seal Analytical, Norderstedt, Germany).



Total trace element contents were measured after digestion of a sample in a 3:1 mixture of concentrated HNO3:HCl in Teflon PFA vessels in a microwave-accelerated reaction system (MarsXpress; CEM Corp., Matthews, NC, USA) followed by measurements of the elements in the extracts by ICP-MS (Agilent 7500ce). The analysis of metals’ solubility was done by their extraction in 1 M NH4NO3 (1:2.5 soil/solution ratio, shaken for 2 h at room temperature) and a subsequent measurement of metal concentrations by ICP-MS. Certified reference materials (CRM) and internal laboratory standards were analyzed for the control of the chemical determinations. A CRM020-050 (RTC, WY) was used for the control of the total metal content analysis.




2.5. Statistical Analysis


In order to compare the effectiveness of the treatments, the results were expressed as means and the differences were considered significant at p < 0.05. The results were subjected to analysis of variance (ANOVA) using the software Statistica v. 13.0 (TIBCO Software Inc., Palo Alto, CA, USA). The significance of difference was identified using Tukey’s test.





3. Results and Discussion


3.1. Microbiological and Biochemical Indices


The enzymatic activities, which can be expressed by dehydrogenases or acid and alkaline phosphatase rates, are major biochemical indicators used to describe the biological quality of soils. Extracellular soil enzymes are synthesized and secreted by soil microorganisms and take part in the formation and decomposition of organic material [30]. Soil enzymes are mainly hydrolases that help to obtain carbon, nitrogen and phosphorus to support primary metabolism; or are oxidoreductases that contribute to the breakdown of organic compounds [31]. Dehydrogenases classified as oxidoreductases take part and accelerate the dehydrogenation reactions of specific substrates in the processes of biochemical oxidation of organic components. They occur in all living cells of microorganisms, therefore they are often considered indicators of the overall microbial activities of soils [32,33]. Phosphatases are responsible for the hydrolysis of organic phosphorus compounds and are indicators of the potential rate of their mineralization in the soil environment. Phosphatases are produced by microorganisms in response to low levels of inorganic phosphate [34].



Table 2 shows the enzymatic activities in soil samples collected after harvest. In general, the highest dehydrogenases activity was found in the combination where compost and phosphate were applied to the soil. This proved the stimulating effect of the compost amendment on microbial activity and in the alleviation of chemical stress to microorganisms related to heavy contamination. The highest activity was recorded for the L-CPh-0 treatment. The inoculation did not significantly increase the activity of dehydrogenases, regardless of the soil amendments.



A lower diversity was observed for the alkaline phosphatase response. However, in general, compost added to the soil with phosphates stimulated alkaline phosphatase the most. In soils treated with compost and phosphates, a positive effect of inoculation was observed. Inoculation with the P10 and RP92 strains resulted in statistically greater activity than in L-CPh-0. Similarly, acidic phosphatase was stimulated by adding compost to the soil, which was similar for compost–phosphate- and compost–iron oxide-amended soils, regardless of the inoculation variants. Even in non-amended soils, the presence of plants increased the activity of both alkaline and acidic phosphatases. This emphasized the role of plant cover in initiating biological processes in such extremely contaminated soils.



The total number of cultivable bacteria in the soil is presented in Table 3. The greatest abundances of bacteria were recorded for the L-0-P10 and L-CFe-P9 treatments. There was some variability in the total count of bacteria and the results were rather inconsistent across soil-amendment types. However, all soil amendments combined with the inoculation increased the abundance of bacteria. Even the soil without amendments but inhabited by plants had bacteria in much more abundance than the control without plants. Plant–microbial interactions result in a higher population density of microorganisms, even under stressful conditions such as soil metal contamination [6]. These interactions lead to heavy metal tolerance, as well as the stimulation of normal plant growth and development [9,35].



Interestingly, in many cases the number of bacteria in the soil without amendments (L-0 combinations) was greater than in the compost-treated soils, but these bacteria were apparently much less active than in the amended soils, as documented by their enzyme activities (Table 2). Fungi constituted a larger share of the total community of cultivable microorganisms in Ctrl than in the amended or inoculated soils. The combinations which most stimulated fungi were L-CFe-0 and LCFe-P9 (Table 3).



The aerobic bacteria of the genus Azotobacter represent a diverse group of free-living diazotrophs commonly found in soil. These bacteria are extremely important for soil ecosystem due to their ability to fix atmospheric nitrogen and make it available for plants. Azotobacter is also known as a producer of a range of compounds that stimulate plant growth and development [36,37]. In our study we did not detect Azotobacter bacteria in the non-amended soils (Table 3). Compost apparently introduced Azotobacter to the soils and created conditions suitable for its growth. The results are in agreement with the observations of Siebielec et al. [5] in their field experiment conducted on the smelter waste heap in Piekary, Poland, where Azotobacter was not present in control plots. In our study, soil inoculation with P10 and RP92 strains slightly reduced the count of Azotobacter as compared with non-inoculated compost-treated soils. For P9 such a competition effect was not observed.



The ability of PSB to release phosphorus in the soil is variable, depending primarily on the mechanism used and genetics [38]. Additionally, PSBs have valuable features, such as the production of phytohormones regulating plant growth, binding atmospheric nitrogen and eliminating plant stress resulting from the presence of heavy metals in the soil [35,38,39,40]. PSBs are present throughout most soils, however, their number depends on soil properties, climatic conditions and plant cultivation [41,42]. PSBs have also been isolated from heavily contaminated soils [5,16,43]. In our study, PSBs were most numerous in the soil treated with the combination of compost and phosphates inoculated with the P9 strain. In general, compost stimulated teh abundance of PSB. No colonies were found in the control without plants (Table 3).




3.2. Soil Chemical Parameters and Metal Extractability


The initial pH of the smelter slag was slightly alkaline (pH 8.0) (Table 4). Compost amendment resulted in a small drop in pH (0.2–0.23 unit), which had been previously observed in alkaline soils treated with significant amounts of organic materials [5,44]. This can be apparently attributed to the mineralization of high amounts of exogenous organic matter, accompanied by release of organic acids and sulphur.



Phosphorus (P) extractability was very low in the Ctrl and L-0 combinations. These were clearly deficit contents—the average available P in arable soils in Poland is almost 10 times greater (167 mg P2O5 kg−1) than was observed [45]. Compost alone greatly increased the phyto-availability of P, apparently due to substantial amounts of phosphorus brought to the soil with the compost (Table 4). These levels were still rather low for intensively growing grass. Municipal sludges and sludge-based composts, in general, contain large amounts of phosphorus [46]. It has been also observed that the availability of P introduced to the soil with organic materials usually increased over time as a result of organic P’s mineralization [47]. As expected, Ca-phosphate, added to the soil along with the compost, resulted in the high extractability of P. In such treatments, P is added to the soil not only to provide P for plants, but also to deliver an excess of this element to enable the inactivation of Pb via the precipitation of highly insoluble Pb phosphates, which has been previously observed [19]. The P9 and the especially P10 and RP92 strains, introduced together with the compost–phosphate amendment, further increased P availability (statistically significant when the significance was calculated separately across L-CPh combinations). This fact suggests the capacity of the tested strains to solubilize inorganic P. Therefore, they apparently have high potential in optimizing the aided phytostabilisation of heavily contaminated soils and wastelands thanks to their capacity for releasing nutrients to plants and to stimulate the inactivation of Pb. Phosphates in soil can greatly reduce Pb bioavailability, as documented in military-use-contaminated soils [22].



Potassium (K) extractability simulates its availability to plants. It was sufficient in untreated soil (Ctrl) and was slightly reduced after harvest in all planted pots, likely due to K uptake by plants. It seems also that the addition of Fe oxides, which tend to convert into amorphous forms over time, further lowered K availability through occlusion of K ions (Table 4).



Smelter waste is very low in nitrogen, which is a deficit nutrient therein. Plant-available forms of N are very low and therefore they have to be provided in phytostabilisation systems with soil amendments or with fertilizers. Nitrates in Ctrl were slightly greater than their levels measured in a study with smelter waste collected from the same waste deposit [6]. Nitrates were almost fully acquired by plants in soils where compost was not added (L-0 combinations). The scarce levels of N-NO3 in these pots also indicate that the nitrification process might have been strongly hampered due to metal toxicity. Nitrates were much more plentiful in compost-treated soils, where they originated from the transformation of organic N and more active nitrification (Table 4). The P10 strain increased nitrate availability in the compost- and phosphate-amended soils, as compared with L-CPh-0. This might indicate the role of P10 in the nitrogen cycling after bringing exogenous organic nitrogen to the soil.



Chemical extractions are used to simulate metal bioavailability in contaminated soils or test the effects of soil treatments on metal availability to various biological receptors. These methods are based on assumption that TE bioavailability correlates to its solubility/extractability. TE extraction using 1 M NH4NO3 has been proved effective in the prediction of TE’s availability across sites subjected to gentle remediation strategies [48]. It has also become the standardized protocol for the evaluation of contaminated soils in Germany [49]. In our study, Cd extractability, in some cases, was significantly reduced after compost addition, despite a slight drop of pH, as compared with Ctrl (Table 5). Such effect was even more pronounced for Zn extractability. It is worth noting that compost combined with Ca-phosphate significantly reduced Zn extractability more often than the compost-Fe oxide amendment. The results also indicate that the tested bacterial strains might have modified metals’ availability—this was observed, especially, for P10, which reduced the extractability of Cd, Zn and Pb. The mechanism of this phenomena remains unclear. One of the potential explanations for this immobilising effect of bacterial strains might be the biosorption of metals by the introduced bacteria [50]. The P10 strain reduced Pb availability in soils treated with Ca-phosphates, which confirms its effectiveness in solubilizing P that subsequently precipitates Pb ions already present in the soil solution.




3.3. Plant Growth


Italian ryegrass was severely stunted in the soil not treated with compost and plants’ leaves were clearly chlorotic. This was the combined effect of metal toxicity, most likely Zn-induced Fe deficiency, and the deficiency of such nutrients as N and P. Plants growing on soil treated with compost and phosphate or Fe oxide looked healthy and did not exhibit any toxicity symptoms. Figure 1 shows the yield of the harvested biomass. The compost variants enabled much greater biomass production, whereas, without-soil-amendments yields were very small and it is evident that, over the long-term, plant cover would not survive on unamended smelter waste. Our data confirm previous reports on the effectiveness of sludge-based composts in establishing plant cover in extremely metal-contaminated soils [21,22,51]. As we confirmed in our study, it similarly supports plant growth in the smelter slag waste.



In non-inoculated variants, both compost with phosphate and compost with iron oxides enabled high yields of grass biomass, however slightly greater yield was produced in the soil treated with compost and Ca-phosphate (Figure 1a). It is possible that it was related to lower plant-availability of phosphorus in Fe-oxide-compost treated soil.



No statistically significant differences between the inoculated and non-inoculated variants were observed when all combinations were subjected to statistical analysis. However, when calculated separately for each combination of amendments, it became evident that inoculation significantly improved plant biomass in the soil without amendments and in the soil amended with compost and Fe-oxide. In case of the non-amended soil, the P10 strain was most effective in supporting the growth of the ryegrass (Figure 1b). In L-CFe soils, all tested strains further improved the yield of plant biomass. The potential mechanisms of enhancing plant growth by bacteria might include the production of phytohormones, such as indole acetic acid (IAA), suppressing stress ethylene production due to 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity, the production of siderophores involved in the acquisition of Fe, or solubilisation of inorganic phosphate [13]. The latter was likely one of key mechanisms in case of L-0 and L-CFe soils, both variants were characterized by a deficiency of plant-available phosphorus. As documented by Siebielec et al. [6], the interaction of plants and rhizosphere bacteria strongly improves the phytoavailability of nutrients for plants spontaneously inhabiting smelter wastelands. Therefore, improving the nutritional status of plants is definitely one of major mechanisms in supporting plant growth by bacteria in extremely metal-contaminated soils and wastes.



Some authors found a reduced uptake of metals by plants, resulting from application of rhizosphere bacterial inoculants [52]. Wang et al. [53] observed reduced Cd uptake by rice (Oryza sativa) and Cd bioavailability in soil inoculated with Cd-tolerant Pseudomonas TCd-1. The reduced metal uptake might obviously improve plant growth in the remediation systems dedicated to metal-rich soils.



However, very few studies have assessed the potential benefits of bacteria in an assisted phytostabilisation process that combines cultivating metal-excluding plants, metal-tolerant PGPBs and metal-immobilizing soil amendments. PGPBs have been more often tested in metal phytoextraction systems [54,55]. Our data shows that the effectiveness of soil amendments in the phytostabilisation of heavily polluted smelter deposits can be enhanced by PGPB.



Potential bacterial inoculants might apparently originate from various taxa. In our study both Streptomyces sp. and the Pseudomonas sp. strain exhibited potentials to enhance the effect of soil amendments. The assumed advantage of indigenous strains over foreign bacteria has not been fully proven. This might mean that PGPBs can be effective in stimulating phytostabilisation process even if they are not of local origin, but must exhibit tolerance to heavy contamination. Therefore, smelter waste deposits remain potential sources of PGPB strains to be used in assisted phytostabilisation.



Both Streptomyces sp. and Pseudomonas sp. have been classified as potentially useful inoculants by other authors. Streptomyces sp. has been classified as genus potentially effective in the phytoremediation processes, by Zappelini et al. [56]. The authors characterized bacterial communities in a red gypsum landfill generated by the industrial extraction of titanium. The authors listed Streptomyces sp. isolated from that site as highly metal tolerant and exhibiting the greatest potential to act as plant growth promoting (PGP) rhizobacteria in restoration of tailings dumps. The following PGP traits were taken into consideration: indoleacetic acid (IAA) production, phosphate solubilization, and siderophore production. Chen and Liu [57] tested Pseudomonas sp. isolated from the heavy metal-contaminated reclamation area in Shanxi Province, China for their effectiveness in P solubilisation. Several Pseudomonas strains appeared to be effective in P solubilisation, both in laboratory and pot studies.





4. Conclusions


The study confirmed that the amendment of highly metal-contaminated waste with compost and phosphate or iron oxide mixtures helps to establish plant growth and improves soil parameters. It also stimulates the biological activity of soil and the presence of functionally important groups of bacteria—for example, those fixing nitrogen and solubilising phosphorus. Furthermore, the study showed the importance of plant–microbiome interactions in initiating biological processes in such extremely contaminated soils—processes that are crucial for resistance of the soil ecosystem constructed by phytostabilisation actions.



In the phytostabilisation of smelter waste piles, phosphorus deficiency might be a strong limiting factor, especially when the area is not fertilized regularly. Zinc and lead smelter waste is usually deficient in P. Therefore, using a P-rich soil amendment and applying bacteria with P-solubilisation capacities are crucial components of the phytostabilisation strategy.



Our research has revealed that combining soil amendments and inoculation with preselected bacterial strains might improve the effectiveness of assisted phytostabilisation. The interactive application of bacteria and soil amendments, in some cases, resulted in greater grass biomass and nutrient availability. Additionally, the selected metal solubility indicators were decreased in the amended soils when the bacterial strains were applied. Greater or faster biomass production can be translated into more dense plant coverage and greater plant residue input to soil development processes that subsequently would improve plant growth conditions. The interaction of soil amendments and the inoculants improves nutritional conditions in soil and likely stimulates plant resistance to stress conditions. Such aided phytostabilisation techniques, involving both soil amendments and the inoculation would be especially important in cases when one-action remediation is applied and regular fertilization of the site is not planned. This, however, needs confirmation by field studies.
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Figure 1. The effect of soil amendment and inoculation on grass biomass at harvest: (a) all treatments presented and statistically evaluated; (b) the effect presented and statistically evaluated separately for L-0 combinations (inoculation effect without soil amendments). 






Figure 1. The effect of soil amendment and inoculation on grass biomass at harvest: (a) all treatments presented and statistically evaluated; (b) the effect presented and statistically evaluated separately for L-0 combinations (inoculation effect without soil amendments).



[image: Agronomy 11 02064 g001]







[image: Table] 





Table 1. Experimental scheme of the greenhouse test.
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	ID
	Plant
	Amendment
	Bacteria Strain





	L-0-0
	L. multiflorum
	no amendment
	no inoculation



	L-0-P9
	L. multiflorum
	no amendment
	P9



	L-0-P10
	L. multiflorum
	no amendment
	P10



	L-0-RP92
	L. multiflorum
	no amendment
	RP92



	L-CPh-0
	L. multiflorum
	compost plus Ca-phosphate
	no inoculation



	L-CPh-P9
	L. multiflorum
	compost plus Ca-phosphate
	P9



	L-CPh-P10
	L. multiflorum
	compost plus Ca-phosphate
	P10



	L-CPh-RP92
	L. multiflorum
	compost plus Ca-phosphate
	RP92



	L-CFe-0
	L. multiflorum
	compost plus Fe oxide
	no inoculation



	L-CFe-P9
	L. multiflorum
	compost plus Fe oxide
	P9



	L-CFe-P10
	L. multiflorum
	compost plus Fe oxide
	P10



	L-CFe-RP92
	L. multiflorum
	compost plus Fe oxide
	RP92



	Ctrl
	no plant
	no amendment
	no inoculation
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Table 2. Enzyme activity of soil as dependent on the remediation treatment.
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	ID
	Dehydrogenases

μg TPF g Soil DM−1 h−1
	Alkaline Phosphatase

μg P-Nitrophenyl g Soil DM−1 h−1
	Acidic Phosphatase

μg P-Nitrophenyl g Soil DM−1 h−1





	L-0-0
	1.03 a1
	12.89 bc
	20.86 bc



	L-0-P9
	0.91 a
	13.22 bc
	18.48 ab



	L-0-P10
	0.96 a
	13.53 bc
	17.01 a



	L-0-RP92
	1.08 a
	12.65 b
	16.73 a



	L-CPh-0
	4.76 d
	12.88 bc
	21.81 cde



	L-CPh-P9
	3.60 cd
	14.09 bcd
	22.61 bcd



	L-CPh-P10
	3.40 cd
	16.57 e
	24.27 cde



	L-CPh-RP92
	3.87 cd
	15.89 de
	24.91 de



	L-CFe-0
	3.23 bc
	14.90 cde
	24.91 e



	L-CFe-P9
	3.31 bcd
	13.92 bcd
	24.49 de



	L-CFe-P10
	3.07 bc
	14.61 bcde
	22.28 cde



	L-CFe-RP92
	1.80 ab
	13.29 bc
	24.38 de



	Ctrl
	0.49 a
	10.18 a
	16.11 a







1 Means marked with the same letter did not differ significantly across the stress level within soil (p < 0.05, n = 3) according to the Tukey test.
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Table 3. Count of cultivable microorganisms, dependent on the remediation treatment used.
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	ID
	Total Count of Bacteria

107 CFU g Soil DM−1
	Count of Azotobacter

101 CFU g Soil DM−1
	Count of PSB

107 CFU g Soil DM−1
	Total Count of Fungi

104 CFU g Soil DM−1





	L-0-0
	120 ab1
	0 c
	5.3 bc
	6.0 d



	L-0-P9
	138 ab
	0 c
	1.7 cd
	69.7 bc



	L-0-P10
	260 a
	0 c
	1.3 cd
	84.0 bc



	L-0-RP92
	115 ab
	0 c
	0.3 cd
	15.0 cd



	L-CPh-0
	125 ab
	9.7 ab
	4.7 bc
	13.3 cd



	L-CPh-P9
	116 ab
	10.0 ab
	22.0 a
	56.0 bcd



	L-CPh-P10
	74 bc
	5.0 ab
	10.0 b
	16.0 cd



	L-CPh-RP92
	61 bc
	5.0 ab
	0.3 cd
	19.3 cd



	L-CFe-0
	39 c
	15.7 a
	3.7 bcd
	156.0 a



	L-CFe-P9
	193 a
	13.0 ab
	9.3 b
	108.0 ab



	L-CFe-P10
	97 ab
	8.7 ab
	8.3 b
	34.3 cd



	L-CFe-RP92
	77 bc
	8.0 ab
	9.3 b
	49.7 bcd



	Ctrl
	11 d
	0 c
	0 d
	82.7 bc







1 Means marked with the same letter did not differ significantly across the stress level within soil (p < 0.05, n = 3) according to the Tukey test.
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Table 4. Soil parameters as dependent on the remediation treatment.
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	ID
	Soil pH

pH in H2O
	Available Phosphorus

mg P2O5 kg−1
	Available

Potassium

mg K2O kg−1
	Extractable Nitrates

mg N-NO3 kg−1





	L-0-0
	7.97 a1
	12.0 c
	155.9 b
	1.4 d



	L-0-P9
	7.90 abc
	12.0 c
	143.7 bc
	1.0 d



	L-0-P10
	7.93 ab
	14.2 c
	125.8 bcd
	0.8 d



	L-0-RP92
	7.93 ab
	9.6 c
	152.2 b
	0.6 d



	L-CPh-0
	7.77 c
	470.1 ab
	108.1 cde
	8.9 bcd



	L-CPh-P9
	7.80 bc
	590.8 a
	108.2 cde
	18.34 abc



	L-CPh-P10
	7.80 bc
	864.0 a
	109.8 cde
	27.21 a



	L-CPh-RP92
	7.80 bc
	762.1 a
	117.7 bcde
	10.08 bcd



	L-CFe-0
	7.77 c
	70.3 c
	110.8 cde
	21.33 ab



	L-CFe-P9
	7.80 bc
	70.2 c
	90.2 de
	8.32 bcd



	L-CFe-P10
	7.80 bc
	76.1 bc
	83.7 e
	5.30 cd



	L-CFe-RP92
	7.80 bc
	77.9 bc
	98.1 de
	12.24 bcd



	Ctrl
	8.00 a
	18.0 c
	206.1 a
	12.53 bcd







1 Means marked with the same letter did not differ significantly across the stress level within soil (p < 0.05, n = 3) according to the Tukey test.
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Table 5. Metals extractable in 1 M NH4NO3 as dependent on the remediation treatment.
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	ID
	Cadmium

mg kg−1
	Zinc

mg kg−1
	Lead

mg kg−1





	L-0-0
	0.31 abc1
	3.30 bc
	0.73 abc



	L-0-P9
	0.30 abc
	2.93 bc
	0.73 abc



	L-0-P10
	0.26 bc
	2.86 bc
	0.71 abc



	L-0-RP92
	0.20 abc
	2.64 bc
	0.59 abc



	L-CPh-0
	0.42 ab
	3.38 abc
	0.92 a



	L-CPh-P9
	0.34 abc
	2.54 c
	0.68 abc



	L-CPh-P10
	0.28 bc
	2.79 bc
	0.46 c



	L-CPh-RP92
	0.35 abc
	3.09 bc
	0.74 abc



	L-CFe-0
	0.44 ab
	3.84 ab
	0.80 ab



	L-CFe-P9
	0.37 abc
	3.05 bc
	0.58 bc



	L-CFe-P10
	0.38 abc
	3.35 abc
	0.66 abc



	L-CFe-RP92
	0.37 abc
	3.51 abc
	0.74 abc



	Ctrl
	0.49 a
	4.51 a
	0.84 ab







1 Means marked with the same letter did not differ significantly across the stress level within soil (p < 0.05, n = 3) according to the Tukey test.
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