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Abstract

:

Featured Application


The potential application of results is in phytomanagement of contaminated sites (combined phytoremediation with biomass production).




Abstract


Second-generation biofuel crop miscanthus is one of the most promising plants tested for phytomanagement of contaminated sites. In this preliminary pot case study, the most used hybrid Miscanthus x giganteus was cultivated in three different real contaminated soils: agricultural soil contaminated with Cd; post-military soil slightly contaminated with Zn, Pb and Cd; and soil contaminated by petroleum industry with metals and hydrocarbons. The stress response of plants and soil microbial communities was monitored to receive data that are important for successful phytomanagement application. With metals only, the plant grew well, and chlorophyll fluorescence measurement proved their good vitality. Changes in leaf anatomy (leaf thickness and sclerenchyma cells area) were additionally determined in post-military soil compared to agricultural. On the contrary, in petroleum-contaminated soil, the biomass yield was too reduced and also physiological parameters were significantly decreased. The response of microbial communities also differed. In agricultural soil, no microbial stress was determined. In post-military soil, it became reduced during the experiment, and in petroleum contamination, it increased year-on-year. It could be concluded that miscanthus is suitable for cultivation in metals contaminated soils with potential for microbial communities support, but in soil contaminated by the petroleum industry, its application did not seem meaningful.
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1. Introduction


Contamination of soil is one of the most severe current environmental issues. A wide range of chemical compounds has been contaminating soil resources for a couple of centuries with industry development, intensification of agriculture, and other human activities. Heavy metals, petroleum hydrocarbons, pesticides and solvents were identified as the most common ones. These contaminated areas may affect ecosystems’ functions, and they can cause several health problems [1]. On the other hand, with proper decontamination management, some of these sites represent non-food agronomy production opportunities. Growing energy crops in different marginal lands is a very actual topic because of limited sources of good quality agricultural soil [2].



One of the promising biomass production plants in contaminated sites is Miscanthus x giganteus (Mxg) [3]. This C4 perennial grass can tolerate high concentrations of heavy metals in soil without significant uptake of metals to shoot part [4,5,6,7]. It has low nutritional content requirements in soil [8], fertilization and pesticides [9]. Additionally, it can improve soil parameters with an increase of soil carbon content [10] and soil microbial communities [11]. Together with these environmental benefits, good shoot biomass yield and biomass parameters are suitable for different processing methods [9,12,13,14,15,16].



The behaviour of Mxg grown in metals-contaminated soils has already been intensively studied in recent years [4,5,7,17,18,19], but only several studies were carried out with Mxg growing in soils contaminated with organic pollutants. Techer et al (2011; 2012a, b) described Mxg tolerance in PAH contaminated soil (364 ± 59 mg/kg PAH with pyrene as the main compound) and production of root exudates which could be involved in the biostimulation of PAH-utilizing soil bacteria. Nurzhanova et al. [20] tested Mxg ability to grow in soil contaminated with organochlorine pesticides (DDT and HCH and their metabolites and isomers) with good results at the first growing season (specific values of biomass have not been reported).



According to our knowledge, there are no published data about the possibility of using Mxg in soils contaminated dominantly by aliphatic petroleum hydrocarbons, one of the most abundant contaminants of soils because of improper transport storage of fuels, petroleum industry activities or accidents [21,22].



External conditions, such as contamination, can play an important role in plant internal processes, resulting in change of fitness and potentially in decrease of biomass yield [23,24]. That could significantly decrease phytomanagement effectiveness or even disable its realization. One of the most vulnerable processes is the primary plant process, photosynthesis. It has been reported before that abiotic stress can influence the photosynthetic activity of higher plants. Photosystem II (PSII) plays significant role in the primary phase. Unfortunately, its key components, proteins D and D2 are sensitive susceptible to certain types of stress [25,26]. Together with the sensitivity of chlorophyll, systems of primary photosynthetic phase are perfect targets to study response of plants to abiotic stress. In this study of non-destructive method of leaf fluorescence measurement was used, taking advantage of chlorophyll a fluorescence kinetics [27,28,29,30,31]. It was combined with the determination of leaf anatomy changes by microscopy to explore Mxg stress response in different contaminants.



Another focus of this study was on the state and development of soil microbial communities and their stress response in contaminated soils during the experiment. Soil microorganisms play a key role in soil health and the hydrocarbons degradation process. Therefore, the potential positive effect of Mxg on soil microbial communities could be significant for the overall improvement of soil quality and for the following research in organic compounds phytoremediation. This information could be beneficial because rhizodegradation combining the function of microorganisms and plants is considered as one of the most promising low-cost in situ methods for organic compounds removal from the environment [32].



Based on previous information, it was hypothesized that Mxg will be able to grow successfully in all types of selected soils contaminated by metals and hydrocarbons and the soil microbial communities’ stress will be reduced during Mxg cultivation. To investigate these issues, we prepared a preliminary pot case study with real soils contaminated by various past activities, including the petroleum industry, to receive first data about Mxg behaviour in such conditions. Additionally, the soils contaminated by agronomy and military activities were selected. Real contaminated soils were used instead of artificially contaminated soils to simulate the real application on lab scale as close as possible.




2. Materials and Methods


2.1. Experiment Design


Two years pot experiment was established with second-generation energy crop Mxg (rhizomes from three-year-old plants), produced by the Institute of Sugar Beets and Bioenergy crops, Ukraine. Two rhizomes were planted in each pot and grown from May 2016 to November 2017 under greenhouse conditions. A total of 1 kg of ceramzite as drainage and 1 kg of sand were put in every pot together with 10 kg of soil. The size of the pot was 35 cm upper diameter and 19.5 cm lower diameter (approximately 17 L volume).



Three soil variants were prepared in duplicates: post-military soil (MIL) from former military airport Hradčany, agricultural soil (AGR) from nearby farms and petroleum-contaminated soil (OIL). Characterization of all soils is provided in Table 1. Soils were sieved through 1 cm mash and homogenized before the experiment establishment.



AGR soil was preliminary intended to serve as a control (i.e., rich soil from locality near the MIL soil which should presumably not limit the plants growth), nevertheless, the laboratory analyses revealed slight contamination by cadmium (Table 1) in levels that were not detectable during in situ screening with handheld XRF. Except for increased Cd (likely originating from the use of inorganic phosphate fertilizers, see Section 3.2), other soil parameters were appropriate for the presumed profitable growth of Mxg. Therefore, it was decided to keep this soil mainly for comparison, not to call it to control.



MIL soil was collected directly from the Hradčany airport near one of the plane hangars from the depth 0–30 cm.



OIL soil was prepared with the intention to simulate the historical pollution of Hradčany airport with petroleum compounds. The central portion of contamination in the airport site was already removed during remediation, and residual contamination is located in deeper layers (approximately 2–4 meters, although with high variability) [34,35]. Thus, it was decided to prepare OIL soil as a mixture of MIL soil and petroleum industry sludge soil (ratio 3:1; m/m) to achieve real but defined petroleum contamination. The sludge soil was previously characterized by Kakosová et al. [36] and used in previous studies [36,37].



During vegetation season pots were watered 2–3 times per week with rain water to prevent the substrate from drying out completely to avoid drought stress. Between the first and second growing season (i.e., after biomass collection and before the first new leaves appearance) the watering period was reduced to 2 times per month. Pot bowls were placed under the pots to ensure that all water will be absorbed by the substrate. No fertilizers were applied.



Biomass was collected at the end of vegetation season after the total senescence of all plants. Leaves and stems were air-dried and weighed separately. Soil samples were taken before starting the experiment from prepared homogenized soil (approximately 200 g of each soil). The second and third sampling was done at the same time as biomass collection. Two individual samples were taken across each pot profile with soil tube (only soil layer without ceramzite and sand drainage at the bottom) to eliminate soil heterogeneity. Samples were then homogenized, divided to smaller portions, adjusted and stored according to analytical methods requirements (details provided in following sections).




2.2. Agrochemical Soil Analysis


Agrochemical characterization of soil was realized in Crop Research Institute, Czech Republic following valid methodology compatible with ISO and CEN standards [38,39]. One sample of homogenized soil from each variant, air-dried and sieved through 2 mm, was used for the determination of the following parameters: pH in the suspension of soil and water, available nutrients P, K, Mg, and Ca in Mehlich 3 extract analysed by ICP-OES (Integra XL, GBC Scientific Equipment, Australia), total N and S determined using elemental analysis (Vario MAX CNS/CN, Elementar, Germany). Total organic carbon (TOC) was determined with a TOC analyser for solid and liquid samples (PrimacsSLC, Skalar, Netherlands) in J. E. Purkyně University laboratory.




2.3. Heavy Metals Analysis


For heavy metals analysis, 20 g of soil sample was air-dried at 25 °C. Small stones, plant particles and other inclusions were removed, and the sample was sieved through 0.25 mm. Bigger particles were ground if necessary. Pseudototal extraction was done with aqua regia by hot plate wet digestion: 21 mL HCl and 7 mL HNO3 was added to 3 g of soil, left for 12 hours and later boiled for 2 hours. The concentration of heavy metals in the filtered extract was determined by ICP-OES (Optima 8000, Perkin Elmer, Waltham, MA, USA). Results were compared with legislative preventive values [33], and Cd, Pb and Zn were chosen for further investigation as elements with potentially risk concentration.



For determination of bioavailable fraction 3 g of soil sample were mixed with 30 mL of 0.01 M CaCl2 and shaken with rotary shaker for 2 hours at 10 rpm. The concentration of CaCl2 extractable metals was analysed with ICP-MS (Agilent 7900, Agilent Technologies, Santa Clara, CA, USA).




2.4. Aliphatic Petroleum Hydrocarbons Analysis


According to Kakosová et al. [35], who used the petroleum sludge soil from the same source, petroleum contamination was determined as C10-C40 aliphatic hydrocarbons. Soil samples were frozen at −40 °C right after sampling, and stones and plant roots were removed manually before analysis. ČSN EN 14039 [40] method optimized for soil and sludge was used as described by Kuráň et al. [41] previously with a slight modification. Briefly, 6 g of soil sample was extracted by acetone and hexane with decane and tetracontane standards. The hexane extract was then purified using activated florisil. The sample was concentrated to 20–50 mL, and the total concentration of C10-C40 was determined using GC-FID (MASTER GC, Dani Instruments, Italy). Standard BAM-K010 (mineral oil standard mixture type A and B purchased from Merck KGaA) was used for calibration preparation.




2.5. Chlorophyll Fluorescence


Non-destructive leaf fluorescence measurement was used to assess plant fitness [30,42] in the second year of vegetation. The third youngest fully developed leaf from the highest shoot of each plant (2 measures per pot) was dark adapted and measured by Handy PEA (Hansatech Instruments, United Kingdom) using measuring protocol with a weak actinic light beam (50 μmol/m2/s) followed by saturation pulse with an intensity of 3500 µmol/m2/s. The fluorescence signal was measured using a 650 nm detector. All plants were measured three times (April, May, September). During the summer months (June–August), the temperature in the greenhouse increased unexpectedly. So, it was decided to exclude measurement of fluorescence from these months because stress measured during hot days could contribute to stress caused by soil parameters and influence the results.



Chlorophyll a fluorescence intensity versus time was plotted as OKJIP transient with typical curve starting at 50 µs (F0) and fluorescence rise in 2 ms (FJ), 30 ms (FI) and time of maximal fluorescence (FP, Fm). Another step was measured in time 300 µs (FK). These fluorescence intensity values were used for the calculation of four physiological indexes that can be used for different abiotic stress indication in plants including the Mxg [43,44]. The four indexes are the maximum quantum yield of primary photochemistry (Fv/Fm), the trapping at time zero per cross-section of the leaf tissue at F0 (TR0/CS0), the absorption per cross-section of the leaf tissue at Fm (ABS/CSm), and the electron transport at time zero per cross-section of the leaf tissue at Fm (ET0/CSm).



Indexes calculation was adapted from Hansatech Handy PEA manual:



Fv/Fm = (Fm − F0)/Fm



TR0/CS = (TR0/ABS) (ABS/CS)



ABS/CS = (TR0/ABS)/(ABS/CS)



ET0/CS = (M0/VJ) (1 − VJ)



M0 = (FK − F0)/(Fm − F0)



VJ = (FJ/F0)/(Fm −F0)




2.6. Microscopy


Leaf sections (12 µm thick) from the third fully developed leaf were prepared by mounting in tissue freezing medium, cut on a cryostat (CM1100, Leica, Germany). Sections were mounted in water. The autofluorescence was recorded at excitation of 330-385 nm with barrier filter 420 nm using NIB-100F (Novel, China) fluorescence microscope using camera Eurekam 3.0 PLUS (BEL, Italy). Images were processed for brightness and contrast only using Image J software. The same developmental stages were compared in leaf shape, the thickness of the leaf blade, and the size of sclerenchyma cells using BEL Capture 3.2 software.




2.7. Soil Microbial Communities


Characterization of state of soil microbial communities at the start and at the end of experiment was described by selected enzyme activities, basal soil respiration and phospholipid fatty acids (PLFA). Soil samples were divided, and part of the sample was stored in a refrigerator at 4 °C for up to 14 days for microbial activity determination and the rest was frozen at −40 °C for PLFA analysis.



Hydrolases (phosphatases, arylsulphatases, proteases, glucosidases) and dehydrogenases activities were determined spectrophotometrically after the incubation of the soil sample with artificial substrates leading to coloured product, p-nitrophenol in the case of hydrolases [45] and triphenylformazan for dehydrogenases [46]. Basal soil respiration was determined as CO2 captured in NaOH after incubation with the soil sample by reversed titration [46].



Determination of indicator PLFA and calculation on cy/pre indicator [47] was selected to quantify soil microorganisms stress response during the experiment.



PLFA were determined using a simple extraction method according to Baldrian et al. [48] with a different GC column and modified temperature program. Briefly, the method consisted of extraction of total lipids from 10 g of a soil sample by a single-phase mixture of chloroform, methanol, and phosphate buffer (10:20:8 v/v/v), isolation of phospholipids by solid-phase extraction on silica columns, derivatization by mild alkaline methanolysis and determination of produced fatty acid methyl esters by gas chromatography (GC 3800, Varian, USA) with polar Agilent J&W HP-88 column (60 m × 0.25 mm × 0.2 µm), helium as carrier gas (0.6 mL/min), splitless injection (3 μl, 0.2 min, 240 °C), temperature program (100 °C for 2 min; 4 °C/min to 240 °C, 8 min) and using a mass spectrometry ion trap detector (MS 4000, Varian, Cary, NC, USA), transfer line at 250 °C, ion trap temperature at 180 °C, the manifold temperature at 40 °C, and monitored mass range from 33 to 450 amu. Total PLFA (PLFAtot) serving as an indicator of living microbial biomass were determined as a sum of all peaks in a range of qualitative standard Bacterial Acid Methyl Ester (BAME) Mix purchased from Merck KGaA (between 11:0 and 2OH-16:0). Cy/pre stress indicator (cy/pre PLFA) was calculated as ratio of cyclopropyl fatty acids and their precursors (cy17:0+cy19:0)/(16:1ω7+18:1ω7).




2.8. Statistics


Unpaired Kruskal-Wallis test was used to analyse Fv/Fm, TR0/CS0, ABS/CSm and ET0/CSm chlorophyll fluorescence parameters, and microbial indicator cy/pre PLFA. For microbial indicator cy/pre PLFA, the number of 36 independent observations has been grouped in 9 groups, dependent on soil (AGR, MIL, OIL) and Season (Start, Season 1, Season 2). As the normal distribution could not be assumed, the non-parametrical multiple comparison method was chosen because of limited sample size. The significance level was set for α = 0.05. The data were analysed using R version 3.6.1 [49]-"Action of the Toes". For the 95% significant Kruskal-Wallis test results, a post-hoc test-pairwise comparisons using the Wilcoxon rank-sum test was conducted.



Results in Table 1 (TOC and C10-C40), C10-C40 concentrations development during experiment and microbial activities with microbial biomass were tested using unpaired Kruskal-Wallis test, and for 95% significant results Mann-Whitney U Test was used to compare individual groups. Data for leave thickness were compared by T-test for independent samples because 24 individual observations were available for each group. Both Mann-Whitney U Test and T-test were conducted for size of sclerenchyma areas. Those tests were done in software TIBCO Statistica 13.3.





3. Results


3.1. Soil Agrochemical Parameters


Soil pH ranged from slightly acidic (AGR) and neutral (MIL) to slightly alkaline (OIL). Accessibility of nutrients (P, K, Mg, Ca) also varied between soils (Table 1). The concentration of available P in AGR soil was very high, and on the contrary, it was low in MIL and OIL soil compared to Czech legislative agronomic standards [50]. While in AGR and MIL soil, the concentration of available Mg was convenient, and the concentration of K was even low. In OIL soil, they were both very high. Available Ca concentration was by far the highest in OIL, 5–6 times that of AGR and MIL. Level of total N was high in all soils. Content of TOC was significantly higher in OIL soil compared to AGR and MIL. Nevertheless, considering C10-C40 values it may be presumed that it was caused most likely by petroleum contaminants than a higher portion of organic matter.




3.2. Contamination


As illustrated in Table 1, only concentration of Cd exceeded preventive value in all soils from selected potentially toxic heavy metals, including AGR. Higher Cd concentration, both pseudo total and bioavailable, in AGR soil compared to MIL soil from the same region was most likely caused by the application of phosphorous fertilizers, which may serve as a Cd source [51]. This assumption was supported by an elevated concentration of P in AGR soil. While the level of Zn in MIL and OIL was similar, Pb and Cd increased with petroleum-contaminated soil. C10-C40 aliphatic hydrocarbons were determined only in OIL soil. This concentration exceeded preventive value by two orders. It reflected the contamination level by fuel leaks in some areas of Hradčany airport locality during the remediation process [34]. During two years concentration of C10-C40 was gradually reduced by 40% (Table 2).




3.3. Biomass


Dry biomass yield was the highest in AGR soil (214 g from 4 rhizomes in the second year). However, for MIL, the biomass amount (181 g) was still quite satisfying and applicable for further processing. On the other hand, in OIL soil, only up to 6 g of dry biomass was produced from four rhizomes (Figure 1). The ratio of stems was higher in AGR (53%) and MIL (59%) than leaves in the first year of growth, but the second year and OIL soil, the leaves made up most of the biomass weight.




3.4. Chlorophyll Fluorescence


OJIP curves (Figure 2) were reconstructed from means of all measurements to show the difference in chlorophyll a fluorescence induction curve in three studied groups. Plants grown in post-military soil (MIL) showed similar transient as the plants grown in agricultural soil (AGR), although values were slightly lower. Plants incubated in oil-polluted soil (OIL) exhibit much lower fluorescence signals than the other two groups.



Based on fluorescence measurements, common parameters were calculated to characterize plant fitness via the use of light (Figure 3). The most common parameter Fv/Fm (Figure 3a) showed a lower median value of OIL. However, this difference was not statistically significant. Another three selected indexes: TR0/CS0 (Figure 3b), ET0/CSm (Figure 3c) and ABS/CSm (Figure 3d), which are not so often used in literature, confirmed lower values of OIL. For these indexes, the difference was even statistically significant. Additionally, OIL results exhibited much higher variability. AGR and MIL parameters were comparable.




3.5. Microscopy


Leaf sections of the area 1 cm far from leaf tip (Figure 4) seemed to be similar in a plant grown in agricultural (AGR) and in post-military soil (MIL), although the difference in size/developmental stage of vascular bundles could be found. In the AGR variant, younger bundles seemed to be more developed than the appropriate bundle in the MIL variant. In addition, the size of sclerenchyma areas that were slightly different within both groups (Figure 5) was mainly around the leaf’s main vascular bundle. Certain differences were observed on the tip of the leaf blade, but these differences were also connected to which side of the leaf was measured, in other words, how the leaf was packed (parametric T-test proved difference of central sclerenchymatic area 4 and side area 2a but it was not confirmed by nonparametric variant of the test which was used because of the low number of replicates). Figure 6 shows that the AGR leaf was slightly thicker than the MIL leaf.



In the 5 cm section (Figure 7), all differences between these two variants became obvious. AGR plants possessed thick sclerenchyma layers along with big vascular bundles. Those were mostly located at the edge of the leaf blade. Moreover, the entire leaf of AGR plants was also covered by a thick cuticle.




3.6. Soil Microbial Communities


Quantification of living microbial biomass (PLFAtot), respiration and dehydrogenase activity (Table 3) showed the highest values in OIL soil, which is the most contaminated one, while AGR and MIL values were significantly lower. On the contrary, hydrolytic enzymes, produced by organisms to increase available nutrients, had the highest activities in MIL soil with the exception of proteases which were comparable with OIL value.



While microbial biomass and respiration did not change significantly during experiment, partial changes in enzymatic activity values were observed.



Stress indicator cy/pre PLFA (Figure 8) was increased in comparison to expected values (i.e., 0.4 typical for undisturbed soils [52]) in MIL and OIL variants. Initial values for different soils were significantly different, with the lowest value for AGR and the highest value for OIL. Further monitoring during the experiment showed further development in tested soils. In AGR, the values did not change significantly. In MIL soil, the values were continuously decreasing to the level comparable with AGR. On the other hand, in OIL, the values were continuously increasing during two seasons, indicating a more intense stress response. Revealing the cause of the indicator changes will require significant further research. Nevertheless, we can hypothesize for the positive effect of miscanthus in MIL soil (note that the biomass in OIL was significantly reduced).





4. Discussion


4.1. Plant Stress Indicators


Although molecular methods are irreplaceable in discovering new traits, functions and other parameters [53], much cheaper and less time-consuming methods can be often used with satisfactory results for environmental studies like ours. In our case, even simple measuring of biomass parameters revealed differences in tested soils with the highest stress effect of OIL soil and mild effect of MIL soil, which led to decreased biomass production and changes in stem/leaf biomass ratio.



Nevertheless, even if differences are not apparent at first sight, a plant can suffer from stress, which can be detected using more advanced methods [25,30,42,54]. Measuring chlorophyll a fluorescence is one of the methods frequently used in plant studies because it is straightforward, inexpensive and fast. It also represents a sensitive tool for detecting changes in the photosynthesis process caused by different abiotic stress factors [54].



Generally, the values of indexes that were calculated in this study were similar to those measured for plants growing in non-contaminated compost with the same method [44]. That is consistent with previously published results showing that metal contamination does not affect Mxg photosynthetic efficiency. In the study of Pogrzeba et al. [55] miscanthus was grown on Pb, Cd, Zn contaminated soil with higher metals concentration than in our case with quantum yield value (Fv/Fm) close to 0.8, which is considered as a reference value for non-stress plants measured without using pre-illumination [56]. The same result was obtained by Andrejić et al. [7] for miscanthus grown in mine tailing ponds with a high concentration of Zn, Cu and Pb. Wanat et al. [6] determined even slightly higher median values of Fv/Fm for miscanthus grown in post-mining mud waste soils highly contaminated by As, Pb and Sb compared to uncontaminated compost.



On the other hand decrease of Fv/Fm was observed by Andrejić et al. [57] with the same rhizomes as in the previously mentioned field study [7] grown in pots with soil artificially contaminated with Zn, 250–1000 mg/kg. So, form and availability of contaminant or synergy with other real contaminated soil factors can play an important role. The stress response in those two experiments of Andrejić et al. could also be affected by a different way of cultivation. Different metal-induced stress response of Mxg grown in pot and field was reported by Al Souki [58] the same as different metal sequestration during phytoremediation [59]. Because all results in this study were measured for pot cultivated plants, we may predict that in field conditions the values could be even higher.



In mutual comparison, our fluorescence results supported the conclusion based on biomass results that AGR and MIL soils were more suitable for Mxg growth than OIL soil. In Andrejić et al. [7], changes in leaf pigments content and photosynthetic activity were determined for miscanthus grown in metals contaminated soil of tailing ponds while Fv/Fm was comparable with control soil. That suggests that Fv/Fm is not indicator sensitive enough for all types of abiotic stress, which is also claimed by some other authors, for example, Oukarroum et al. [60]. Therefore, we also used other less known indexes to characterize stress levels in plants grown under different soil conditions. Lower values for absorption flux, trapped energy flux and electron transport flux were found, implying decreased PSII activity. Still, mainly in the OIL variant, variability was very high. That is because of the continuous decrease of these plants’ physiological states during the measuring period.



From all of these reasons, it was necessary to take a more complex view, investigating more indexes available, together with the investigation of chlorophyll a fluorescence transient (J-I-P test) and microscopy of leaf sections.



Microscopy of leaves can bring us valuable information about changes in anatomy [61]. These changes are usually long-term, like the synthesis of sclerenchyma cells, which have already proved to be a susceptible factor in plants incubated under poor nutrition [44]. Size of sclerenchyma areas varied among left and right border of the leaf (Figure 5, area 1a,b and 2a,b) in both AGR and MIL, but displayed a slight increase in plants grown in agricultural soil, whereas military soil-grown plants possess larger sclerenchymatous areas above and mainly under central veins. According to our knowledge, there is no example in the literature about the different structures of the right and left sides of miscanthus leaves, and this paradox will be further studied.



AGR leaves had more sclerenchymatous cells on the leaf’s edge, and the leaf was also thicker. MIL leaves possess thicker layers of sclerenchyma around the main vascular bundle of the leaf. Since MIL leaves were much thinner than AGR leaves, we hypothesized that in a poor nutrition environment, the MIL plant tried to enhance thin leaf stability at the centre of the leaf where the biggest vascular bundle occurs.




4.2. Microbial Stress Indicators


Various approaches for studying stress affecting soil microorganisms are available. To characterize the initial state of microbial communities in this study, it was decided to use the combination of selected enzymatic activities and PLFA profiling as used in previous studies [11,36,45]. Based on this data, it could be gathered that the OIL variant was the most beneficial one for microorganisms because it exhibited the highest amount of living microbial biomass (PLFAtot), soil respiration and dehydrogenase activity, referring to overall soil microbial activity. Most likely, microorganisms capable of utilizing petroleum contamination as a source of carbon and energy were present since they are generally ubiquitous in soils [62].



For stress effect determination during the experiment we focused explicitly on cy/pre PLFA stress indicator, which has proven to be suitable for microbial development monitoring in previous environmental studies, for example, on phytoremediation [11], the effect of tourist traffic in caves [45] and effect of oxidation agents during bioremediation [36]. The increase of cyclopropyl fatty acids in microbial membranes in stress conditions is explained as protective mechanisms occurring during the physiological change from exponential growth to stationary phase (cyclopropylated fatty acids are less rapidly biodegraded), and they are considered indicators of growth inhibition [47,63]. This is most likely caused by insufficient nutrients or their suboptimal ratio, but it can have other reasons such as pollution or soil compaction [45,47]. Calculation of this indicator is conditioned by the presence of G-bacteria, yet in disturbed and contaminated soils, the abundance of G-bacteria is usually high [47]. That was also our case; the G-PLFA dominated in all samples.



Initial cy/pre PLFA results in our soils were contrary to total microbial biomass and activity, i.e. the highest cy/pre values were found in OIL soil. The lowest cy/pre stress indicator was determined in AGR soil, the median value was in MIL. These initial values correlated with the stress of plants. Nevertheless, the disadvantage of this indicator is that it cannot identify the specific cause of stress. Dominantly, the cy/pre values are connected with nutrition deficiencies (in our case, the ratios of C:N and C:P are very likely). However, the contamination concentration and synergy of contaminants or high pH and Ca content could also increase stress. During two vegetation seasons in AGR and MIL cy/pre PLFA continuously decreased below significant stress value 0.4 (MIL) or stayed at a non-stressed level (AGR). The same development was reported in our previous pot study with miscanthus in soil with elevated concentrations of As, Zn, Cu, Sr and Zr [11]. On the contrary, in the OIL variant with soil from petroleum sludge, it increased continuously.



That can lead to the hypothesis that well-developed plat roots in AGR and MIL soil could help with microbial community stabilization and stress reduction, while a weak small plant with stunted roots in OIL soil did not support soil microorganisms. That is in agreement with some previous conclusions. Al Souki et al. [58] reported increased soil biological activities (basal soil respiration and selected enzymatic activities) and increased microbial biomass carbon in a field planted with miscanthus compared to an unplanted area. The short-term effect of miscanthus cultivation on soil microorganisms compared to plot with conventional wheat cropping system with annual crops in soil contaminated by long-term wastewater irrigation was studied by Bourgeois et al. [64]. According to their results, miscanthus stimulated several genera of bacteria that are involved in plant-bacteria symbioses such as Rhizobiales and Nitrospira.




4.3. Application for Phytomanagement


Miscanthus x giganteus is a fast-growing C4 plant with good nutrient management and high yields of suitable biomass [3]. Therefore, the recent research has also been oriented to its cultivation on contaminated or marginal land, resulting in sustainable joint phytomanagement/phytoremediation with biomass production. Miscanthus was confirmed as a plant suitable for such applications in metal contaminated soils as reported previously [5,55,65,66]. Much less experimental work was done with organic contaminants, particularly petroleum, one of the most abundant environmental pollution sources.



Many factors could contribute to miscanthus growth starting from macro and micronutrients in the soil, their availability, climate and weather, water availability, quantity and quality of contamination, including synergic effects, other stresses, etc. It is very complicated to uncover all factors when aiming at real contaminated soils. Therefore, it is common in bioremediation practice that preliminary case experiments similar to ours are carried out to obtain data for the field experiment [36,46]. Information about plant and microbial stress response is very useful for planning complex phytomanagement of contaminated sites. The tolerance to specific contamination is one of the essential requirements for choosing a suitable plant, and stimulation of soil microorganisms is crucial for rhizodegradation.



In AGR soil with agricultural contamination by Cd and MIL soil with low-level Pb contamination, Zn and Cd Mxg produced a satisfactory amount of biomass. The good physiological state of plants, was also confirmed by chlorophyll fluorescence measuring and microscopy. Additionally, reduction of microbial stress was recorded in these two variants. The opposite result was obtained for miscanthus grown in real soil from petroleum sludge lagoon with cross-contamination. Plants could survive, but biomass production was deficient, and no microbial stress reduction was determined.



Our previous study also determined a significant decrease of calorific value for the biomass grown in petroleum industry contaminated soil [67]. This notion implicates it would be less useful to use the biomass for combustion compared to AGR and MIL soils, which had values comparable with middle-quality brown coal or pine wood.



Based on these results, Mxg should not be considered a good remediation agent for the tested OIL soil contaminated by the petroleum industry. However, we could not attribute these negative results to petroleum contamination since we were neither able to cover other possible pollutants nor evaluate likely synergies. More research and meta-analyses of many other case-studies will be needed to identify significant general factors or their combinations affecting the Mxg and effective measures to compensate them. Field experiments are also required to verify the results in real-scale conditions and to receive long-term data that cannot be collected in short-term pot experiment with young plants.





5. Conclusions


Miscanthus x giganteus was tested as a plant suitable for growing in different contaminated soils–agricultural soil contaminated with Cd, post-military soil slightly contaminated with Zn, Pb and Cd and soil contaminated petroleum industry with mixed metals and hydrocarbons contamination. Results for only metals contaminated soils (agricultural and post-military) were mainly positive. They confirmed miscanthus as a plant suitable for biomass production in these soils, and the plant vitality was not significantly affected. Additionally, reduced or no stress of soil microorganisms was determined in these variants during the experiment. On the other hand, soil contaminated by the petroleum industry does not seem to be tolerable because biomass yield was dramatically reduced and the plant physiological indicators were significantly negatively affected. Moreover, conversely to other soils, microbial community stress increased year-on-year.



It was found that Fv/Fm fluorescence index, the most used one elsewhere, was not sensitive enough to reveal significant changes in plant fitness, which were confirmed by other methods and indexes (OKJIP curve, TR0/CS0, ET0/CSm, ABS/CSm). Additionally, leaf anatomy changes (leaf thickness, sclerenchyma cells area) were also observed between variants that were identified as comparable by chlorophyll a fluorescence analysis. So, it was recommended to use a combination of those methods to get more complex information about the plants stress response.
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Figure 1. Production of dry biomass per variant (sum of 2 pots, 4 rhizomes) 
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Figure 2. OKJIP polyphasic fluorescence rise of plants grown in different soils plotted on a logarithmic scale (mean value, n = 12) 
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Figure 3. Physiological indicators Fv/Fm (a), TR0/CS0 (b), ET0/CSm (c) and ABS/CSm (d) (line: median, box: first-third quartile, whiskers: non-outlier range, circle: outlier); the same letters above boxplots mark comparable groups according to Wilcoxon rank sum test (p < 0.05) 
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Figure 4. Leaf section (1 cm from tip), m: motor cell, x: xylem, ph: phloem, s: sclerenchyma area. 
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Figure 5. Size of 4 sclerenchyma areas in 1 cm leaf section (a) (mean ± SD, n = 3) and sclerenchyma area position (b), the same letters above bars mark comparable groups according to T-test (p < 0.05) – only results for AGR and MIL for the same sclerenchyma area are compared mutually. 






Figure 5. Size of 4 sclerenchyma areas in 1 cm leaf section (a) (mean ± SD, n = 3) and sclerenchyma area position (b), the same letters above bars mark comparable groups according to T-test (p < 0.05) – only results for AGR and MIL for the same sclerenchyma area are compared mutually.



[image: Applsci 11 01866 g005]







[image: Applsci 11 01866 g006 550] 





Figure 6. Leaf thickness in section taken 1 cm from leaf tip (mean ± SD, n = 24), the same letters above bars mark comparable groups according to T-test (p < 0.05) 
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Figure 7. Differences of leaf shapes (5 cm from tip), inner part of the leaf (a, c), outer part of curled leaf (b, d) 
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Figure 8. Cy/pre PLFA stress indicators at the beginning and end of the vegetation periods (mean ± SD, n = 4), the same letters above bars mark comparable groups according to Wilcoxon rank-sum test (p < 0.05) 
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Table 1. Characterization of soils used in the experiment (sample of homogenized soil prepared before planting; a n = 1, b mean ± SD, n = 4), the same letters behind values mark comparable results (p < 0.05).






Table 1. Characterization of soils used in the experiment (sample of homogenized soil prepared before planting; a n = 1, b mean ± SD, n = 4), the same letters behind values mark comparable results (p < 0.05).












	Parameter
	AGR
	MIL
	OIL
	Preventive Value *





	pH (KCl) a
	6.27
	6.61
	7.30
	-



	Available P [mg/kg dw] a
	249
	40
	28
	-



	Available K [mg/kg dw] a
	83
	59
	764
	-



	Available Ca [mg/kg dw] a
	833
	671
	4409
	-



	Available Mg [mg/kg dw] a
	79
	86
	205
	-



	TOC [% dw] b
	1.14 ± 0.05 a
	1.24 ± 0.10 a
	4.46 ± 0.32 b
	-



	Ntot [% dw] a
	0.66
	0.57
	0.68
	-



	S [% dw] a
	0.09
	0.14
	0.22
	-



	Contamination [mg/kg dw]
	
	
	
	



	C10-C40 b
	<100 a
	<100 a
	8642 ± 351 b
	100



	Cd (aqua regia) a
	1.73
	0.91
	2.07
	0.5



	Pb (aqua regia) a
	15.23
	73.22
	86.13
	60



	Zn (aqua regia) a
	38.83
	308.48
	312.01
	120



	Cd (CaCl2) a
	0.05
	<0.01
	0.01
	-



	Pb (CaCl2) a
	0.01
	<0.01
	<0.01
	-



	Zn (CaCl2) a
	4.21
	5.13
	4.35
	-







* preventive value declared in the Czech legislation; if the value is exceeded, precautions should be taken into consideration, and further inputs of the element/compound to the soil reduced [33]. TOC = total organic carbon; C10-C40 = aliphatic hydrocarbons with the carbon number range between 10–40.
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Table 2. Concentration of aliphatic hydrocarbons (C10-C40) in soil during experiment (mean ± SD, n = 4), the same letters behind values mark comparable results (p < 0.05).
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Variant

	
C10-C40 [mg/kg dw]




	
Start

	
1st Season

	
2nd Season






	
AGR

	
<100 a

	
<100 a

	
<100 a




	
MIL

	
<100 a

	
<100 a

	
<100 a




	
OIL

	
8 642 ± 351 b

	
6 854 ± 782 c

	
5 155 ± 701 d
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Table 3. Microbial and enzyme activities and microbial biomass (PLFAtot) (mean ± SD, a n = 8, b n = 4), the same letters behind values mark comparable results (p < 0.05).






Table 3. Microbial and enzyme activities and microbial biomass (PLFAtot) (mean ± SD, a n = 8, b n = 4), the same letters behind values mark comparable results (p < 0.05).





	
Parameter

	
AGR

	
MIL

	
OIL




	
Start

	
End

	
Start

	
End

	
Start

	
End






	
Respiration [mU/g dw] a

	
3.63 ± 0.55 a

	
2.78 ± 1.5 a

	
3.17 ± 0.55 a

	
3.42 ± 0.98 a

	
6.35 ± 1.30 b

	
4.8 ± 0.94 ab




	
Dehydrogenase [µU/g dw] a

	
5.10 ± 0.22 a

	
0.82 ± 0.5 b

	
0.22 ± 0.20 b

	
0.69 ± 0.26 b

	
8.70 ± 2.28 c

	
0.71 ± 0.64 b




	
Phosphatase [µU/g dw] b

	
9.81 ± 1.68 a

	
25.30 ± 2.63 b

	
43.49 ± 2.22 c

	
14.95 ± 2.45 a

	
18.62 ± 1.26 b

	
21.93 ± 4.12 b




	
Arylsulphatase [µU/g dw] b

	
0.87 ± 0.28 a

	
1.15 ± 0.16 a

	
2.70 ± 0.18 b

	
0.39 ± 0.09 c

	
0.90 ± 0.13 a

	
0.66 ± 0.24 ad




	
Protease [µU/g dw] b

	
6.21 ± 0.71 a

	
9.63 ± 1.04 b

	
13.34 ± 2.14 c

	
8.47 ± 1.71 ab

	
13.99 ± 0.64 c

	
24.06 ± 2.18 d




	
Glucosidase [µU/g dw] b

	
2.41 ± 0.47 a

	
3.02 ± 0.1 b

	
5.03 ± 0.24 c

	
1.16 ± 0.19 d

	
1.45 ± 0.06 d

	
0.67 ± 0.08 e




	
PLFAtot [mg/kg dw] b

	
10.55 ± 3.65 a

	
14.56 ± 3.76 a

	
11.45 ± 1.45 a

	
16.13 ± 3.17 a

	
19.69 ± 5.01 a

	
22.64 ± 7.34 ab
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