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Abstract

:

Environmental contamination due to human activities is a worldwide problem that has led to the development of different remediation techniques, including biotechnological approaches such as phytoextraction and phytostabilization. These techniques take advantage of pioneer plants that naturally develop tolerance mechanisms to survive in extreme environments. A multi-technique and multi-disciplinary approach was applied for the investigation of Helichrysum microphyllum subsp. tyrrhenicum samples, bulk soil, and rhizospheres collected from a metal-extreme environment (Zn-Pb mine of Campo Pisano, SW Sardinia, Italy). Zinc, Pb, and Cd are the most abundant metals, with Zn attaining 3 w/w% in the rhizosphere solid materials, inducing oxidative stress in the roots as revealed by infrared microspectroscopy (IR). X-ray diffraction (XRD), scanning electron microscopy (SEM), and chemical analysis coupled with synchrotron radiation-based (SR) techniques demonstrate that quartz, dolomite, and weddellite biominerals precipitate in roots, stems, and leaves, likely as a response to environmental stress. In the rhizosphere, Zn chemical speciation is mainly related to the Zn ore minerals (smithsonite and hydrozincite) whereas, in plant tissues, Zn is primarily bound to organic compounds such as malate, cysteine, and histidine molecules that act as metal binders and, eventually, detoxification agents for the Zn excess. These findings suggest that H. microphyllum subsp. tyrrhenicum has developed its own adaptation strategy to survive in polluted substrates, making it a potential candidate for phytostabilization aimed at mitigating the dispersion of metals in the surrounding areas.
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1. Introduction


Anthropogenic activities, such as the production of municipal wastes, burning of fossil fuels, mining activities, use of pesticides, and fertilizers in agricultural practice, etc., [1], are a source of contamination by harmful elements that can disperse into the atmospheric, terrestrial, and aquatic ecosystems [2,3,4]. This environmental threat has resulted in the institution of different legislation controls and in the development of several types of remediation actions that include chemical, physical, and biological methods [5,6,7,8]. Among the bio-techniques, phytoremediation exploits the ability of plants to concentrate harmful elements in their tissues (phytoextraction) or to stabilize them into new mineral forms in the soil and root tissues (phytostabilization) [1,9].



The cost-effective application of phytoremediation methods requires an accurate understanding of the processes ruling metal distribution and their chemical speciation in the soil-plant system. The rhizosphere is the narrow soil zone acting as the interface between soil, plant roots, microbes, water, and air [10]. Processes occurring at the rhizosphere depend on several factors, both biotic and abiotic, and can deeply affect metal mobility. The mechanisms by which plants can tolerate excess of metals have been investigated with an increasing interest in the last decades, and the research is often focused on pioneer plants that grow on low-function (lack of nutrients and organic matter) and heavily polluted soils. To support their resilient behavior, pioneer plants could be able to: (i) sequester metals in organs or subcellular compartments (i.e., vacuoles) with little or no sensitive metabolic activity; (ii) chelate metals with exudates, phytochelatins, and peptides; (iii) mediate biomineral formation [11,12,13,14].



Several types of biominerals related to physiological needs and environmental stresses, i.e., phytoliths, cystoliths, and mineralized trichomes [15], can form in plant tissues [11,16]. Biominerals in plants belong to many different classes; the most common are Ca oxalate, Ca carbonate, and silica ([11] and references therein). Calcium [17], Sr and Ba [18] sulfates, Ca phosphate [19], and Mg and Sr oxalates [20] have been observed in some plant species. Other biominerals found in plants grown on polluted substrates are jarosite (KFe3(OH)6(SO4)2) [21], Fe oxides [22], hemimorphite-like phase [23], Zn-rich phyllomanganate [24], Fe plaques composed mainly of Fe, S, and K [25], Zn and Cd incorporated in calcite [26], or Cd incorporated in vaterite [27].



Besides the chemical composition, plant biominerals respond to specific physiological functions changing their shape, size, and localization [11]. For example, several studies have demonstrated the role of Ca oxalate in Al and metal (e.g., Sr, Cd, and Pb) detoxification [28]. However, in leaves of common bean (Phaseolus vulgaris L.), addition of metals such as Zn may decrease the number of Ca oxalate crystals, without showing incorporation of metals in crystals, suggesting that deposition of metals in Ca oxalate is both metal- and plant species-specific [11]. Coprecipitation of Al and other metals with Si may be responsible for the alleviation of their toxicity [11] via: (i) the complexation or co-precipitation of metals with Si; (ii) the immobilization of metals in growth media; (iii) the compartmentation of metals within plants; (iv) uptake processes [29,30,31,32]. Beyond Ca-oxalate and silica, organic molecules (e.g., cysteine, histidine, organic acids, etc.), Ca carbonate and sulfate biominerals may play a role in detoxifying metals [11,18,20].



During the 19th and the 20th centuries, Sardinia (Italy) was one of the most prominent mining poles in Europe [33], and after the closure of mines, only few remediation actions were applied. The largest amount of mine wastes in Sardinia occurs in the Rio San Giorgio catchment basin (Sulcis-Iglesiente district, SW Sardinia), where about 17 million m3 of open-pit excavations and 13 million m3 of dumps and tailings have been stored in dams characterized by inadequate containment control or dispersed into the rivers and lagoons [4,34,35,36,37]. These wastes have a highly contamination potential due to the high concentrations of metals [38] and the predominantly thin size of their particles that facilitate the aeolian dispersion [39].



In Sardinia, several autochthonous vascular plants are able to spontaneously colonize mine wastes and tolerate high concentrations of metals, such as Pistacia lentiscus L. [40], Euphorbia pithyusa subsp. cupanii (Guss. ex Bertol.) Radcl.-Sm. [9], Phragmites australis (Cav.) Trin. ex Steud., Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo, and Giusso [41] (hereafter referred to H. tyrrhenicum), and Epipactis helleborine (L.) Crantz subsp. tremolsii (Pau) E. Klein [42]. Helichrysum tyrrhenicum is an endemic perennial shrub of Sardinia and Corsica. It grows on different ecological conditions and substrates, especially muddy and sandy soils. This plant species is able to grow on metal contaminated substrates, and it is a pioneer plant in mine tailings [43,44], forming many plant assemblages typical of mine environments [45], and making it a potential candidate for phytostabilization techniques [39,46,47,48].



Despite the development of our researches, the microscopic biomineralization processes ruling Zn bioavailability at the soil-root interface and in the tissues of H. tyrrhenicum are still poorly known. The goal of this paper is to study the mineralogical evolution from soil to H. tyrrhenicum tissues harvested from the mine dump of Campo Pisano (SW, Sardinia, Italy). Synchrotron radiation-based techniques represent the state of the art tools used to investigate the microscopic processes occurring in plant-soil systems [49,50,51,52]. The most commonly applied techniques in environmental sciences include X-ray diffraction (XRD), X-ray imaging, and X-ray absorption spectroscopy (XAS), providing the finest complementary details about the atomic and crystallographic structure, distribution of elements, their chemical speciation, and their valence state [53]. Specifically, our investigation was carried out using a multi-method approach exploiting laboratory (chemical analysis, XRD, and scanning electron microscopy) and synchrotron radiation-based techniques (XAS, Infrared microspectroscopy, and soft X-ray microscopy combined with low energy X-ray fluorescence mapping) in order to achieve insight into the understanding of composition and structure of biomineralizations in H. tyrrhenicum.




2. Materials and Methods


2.1. Investigated Area and Sampling


Samples for this study were collected in the Campo Pisano area (Iglesiente mining district, Sardinia), hosted in the Rio San Giorgio valley (Figure 1). The geology of the investigated area is dominated by Paleozoic (mainly Cambro-Ordovician) successions, belonging to the external zones of the Variscan orogen [54,55]. The Lower Cambrian succession is represented by the Nebida Group and the Gonnesa Group, consisting of siliciclastic sedimentary rocks with carbonate intercalations and of tidal dolomites and limestones, respectively [55]. The Middle and Upper Cambrian to Lower Ordovician successions are subdivided into the Campo Pisano Formation and the Cabitza Formation (Iglesias Group), represented by nodular limestones and slates, respectively.



Mineralizations consist both of pre-Variscan primary sulfide deposits (ZnS and PbS), hosted in the Lower Cambrian carbonate rocks, and secondary non-sulfide deposits belonging to the carbonate-hosted “calamine” category [56], characterized by the presence of smithsonite (ZnCO3), hydrozincite (Zn5(CO3)2(OH)6), and hemimorphite (Zn4Si2O7(OH)2·(H2O)) as principal Zn-bearing minerals. The main gangue minerals are calcite (CaCO3), dolomite (CaMg(CO3)2), quartz (SiO2), iron-oxyhydroxides, and barite (BaSO4) [57,58].



The area is characterized by a Mediterranean pluviseasonal bioclimate, with thermotypes ranging between the upper thermo-Mediterranean and the lower meso-Mediterranean, with ombrotypes between the upper dry and the lower sub-humid [59]. Due to the lack of rainfall during the summer, typical of the Mediterranean climate, combined with the absence of a plant canopy, exposed mine wastes are subject to aeolian dispersion and water erosion amplifying the impact of the contamination [60].



For the aim of this study, specimens of H. tyrrhenicum were sampled in May 2016 from the Campo Pisano mine dump (CP) and from an area located approximately 2 km far away from the mine dump (OCP) (see Figure 1). The Campo Pisano mine dump is made up of fine flotation tailings produced by the metal extraction treatment applied to ZnS and PbS minerals and characterized by high metal contents (mainly Zn, Pb, and Cd). OCP is characterized by the same geochemical frame, but it was not subjected to mine activities (i.e., ore extraction or disposal of mine waste materials).



Three plants having similar size (50–70 cm height) were randomly selected and sampled on CP and OCP sites (CP1, CP2, CP3 and OCP1, OCP2, OCP3, respectively), and their bulk soils and rhizosphere materials were jointly collected. The main characters of the sampling sites are reported in Table S1 in Supplementary Materials. After harvesting, bulk soil (i.e., the material that was not tightly adhered to the plant roots) was separated from the plants by shaking the roots. The rhizosphere was subsequently recovered by putting the roots into a bag and shaking and gently wiping the roots.



For chemical analysis, each plant specimen was divided into roots and epigean organs (defined here as the aboveground portion of the plant, consisting of stems plus leaves), and they were vigorously washed several times (>6) with deionized water in order to remove soil particles. Every plant specimen was measured in terms of plant total height, root and stem length, and root and epigean organ dry biomass.



Different portions of the plant, namely roots, stems, and leaves, were selected for X-ray diffraction analysis (XRD) and X-ray absorption spectroscopy (XAS) analysis, after a vigorous washing with deionized water.




2.2. Mineralogical, Morphological, and Chemical Analysis


For XRD and chemical analysis, bulk soil and rhizosphere samples were oven-dried (Binder GmbH, Tuttlingen, Germany) at 40 °C for one week, and ground to an impalpable powder in an agate mortar. Plant samples (roots and epigean organs) were oven-dried at 40 °C for four days and finely ground (<40 µm) with an electric grinder (Ultra Centrifugal Mill ZM 200, Retsch GmbH, Haan, Germany). X-ray diffraction was performed using an X’pert Pro diffractometer (Panalytical, Almelo, The Netherlands) with θ-θ geometry, operating at 40 kV and 40 mA with Cu Kα radiation (λ = 1.54060 Å) and using the X′Celerator detector (Panalytical, Almelo, The Netherlands). The obtained diffraction spectra were qualitatively analyzed with X’Pert HighScore Plus 2.1 (Panalytical, Almelo, The Netherlands) using PDF-2 database of the International Centre for Diffraction Data. For XRD results, we reported selected samples, considered as representative, because no significant variations were observed in mineral composition among the samples collected in triplicate. Results are reported in Table 1.



Microscopic characteristics and element distribution of root samples were investigated by scanning electron microscopy (SEM) imaging and energy dispersive spectroscopy (EDS, Thermo Scientific™ UltraDry EDS Detector, Pathfinder, Waltham, MA, USA) analysis using an environmental scanning electron microscope (ESEM QUANTA 200, FEI, NE Dawson Creek Drive, Hillsboro, OR, USA).



For chemical analysis, acid digestion was performed in duplicate on 0.5 g of each sample collected in triplicate (bulk soils, rhizospheres, roots, and epigean organs) by microwave oven (Start D, Milestone, Sorisole, Italy) using the Environmental Protection Agency (EPA) method 3052 (see details in Supplementary Materials, SM1). Zinc, Pb, and Cd concentrations were determined in filtered solutions by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer Optima DV 7000, Waltham, MA, USA). To evaluate the precision and accuracy of chemical analysis and to evaluate the quality of data, the EnviroMAT-Drinking Water High (EP-H-3, SCP Science, ref.140-025-032, Quebec, QC, Canada) reference solution was used. In the results section, we reported the mean values and the standard errors calculated according to [61] (see Section 2.7, statistical analysis).




2.3. Biological Concentration Factor, Biological Accumulation Coefficient, and Translocation Factor


In order to evaluate the mobility of the investigated metals from soil and rhizosphere to plant tissues, three different indexes were calculated: the biological concentration factor (BCF), the biological accumulation coefficient (BAC) and the translocation factor (TF). The BCF [62,63,64] was evaluated to determine the uptake of metals from the substrate (bulk soil or rhizosphere) to plant roots, according to Equation (1):


    BCF    soil   or   rhizo    =    M  root      M  soil     or    M  rhizo      



(1)




where Mroot and Msoil or Mrhizo are the metal concentration (mg/kg) into clean roots and bulk soil or rhizosphere, respectively.



The BAC (Equation (2)) was calculated to estimate the uptake of metals from the bulk soil or the rhizosphere to epigean organs, according to Marchiol et al. [65]:


    BAC    soil   or   rhizo    =    M  epi      M  soil     or    M  rhizo      



(2)




where Mepi and Msoil or Mrhizo are the metal concentration (mg/kg) in clean epigean organs and bulk soil or rhizosphere, respectively.



The TF [66] was calculated to evaluate the translocation of metals (mg/kg) from clean roots (Mroot) to epigean organs (Mepi) as reported in Equation (3):


  TF =    M  epi      M  root     =   BAC   BCF    



(3)








2.4. Soft X-Ray Microscopy Combined with Low Energy XRF Mapping


Root samples were analyzed by soft X-ray microscopy combined with low energy X-ray fluorescence (LEXRF) mapping analyses at the TwinMic beamline [67] at the Elettra-Sincrotrone Trieste (experiment number 20152020). Samples of roots were prepared by dehydration in a graded series of ethanol solutions (50, 75, 90, and 100%) followed by xylene. All steps were carried out at room temperature (~20 °C) for 30 min each. The samples were infiltrated overnight in liquid paraffin wax at 60 °C and the infiltrated roots were then embedded into paraffin blocks. Sections of 14 µm were cut with a microtome (Reichert-Jung Ultracut E, Biocut, Nussloch, Germany) and collected on 4 µm-thick ultralene films.



The TwinMic microscope was operated in scanning transmission mode. See SM2 in Supplementary Materials for a thorough presentation [68,69,70,71]. For the present investigation, the X-ray beam energy (E = 1.985 keV) was chosen to ensure the best excitation and detection of Si, Al, and Zn, with a spatial resolution (X-ray spot size) of 1 µm × 1 µm, as a compromise between good XRF signal and dimension of the features of interest. The XRF elemental maps were deconvolved and analyzed with PyMCA software (version 5.3.1, ESRF, Grenoble, France) [72]. For scanning transmission X-ray microscopy (STXM) results, we reported maps of selected samples, since the overall element distribution was similar for all investigated plant specimens.




2.5. X-Ray Absorption Spectroscopy


The Zn K-edge (9.659 keV) XAS measurements were carried out at the XAFS beamline at Elettra-Sincrotrone Trieste (experiment number 20160254) [73]. The dried and ground rhizosphere samples were mixed with a PVP (polyvinyl pyrrolidone) matrix (1:1 weight ratio) and pressed in thin solid pellets. The dried and ground plants were pressed (without the addition of other matrix) in solid pellets. The Zn K-edge absorption spectra were measured in transmission geometry for rhizospheres and roots (through gas-filled ionization chambers, Oxford Instruments, Abingdon-on-Thames, UK), and in fluorescence geometry for stems and leaves (using a Silicon Drift Detector AXAS-M, Ketek, Munich, Germany), keeping the samples at the liquid nitrogen temperature. XAS spectra for each sample were collected at least in triplicate for averaging and statistics. According to literature data [23,26,50,52,74,75,76,77,78], in the soil-plant system, Zn can occur in different coordination environments, both bound to organic compounds (e.g., organic acids, phytochelatins, metallothioneins, etc.) and to inorganic molecules (e.g., sulfur, sulfate, carbonate, etc.) [79,80], thus an ample set of reference compounds (Figure S1 in Supplementary Materials) was measured in transmission geometry. A Zn foil was used to calibrate sample spectra. Zinc K-edge raw XAS data were treated following the standard methods [81,82] for background subtraction and edge-jump normalization. After a preliminary investigation, we observed that in the analyzed samples, Zn lied in different mineral and/or organic phases, thus we decided to perform a linear combination analysis (LCA) of XANES (X-ray absorption near edge structure) [83] to quantitatively understand the main Zn-phases in the samples. Because of the complex Zn phase composition (see LCA in Section 3.3, Element Distribution and Zn Chemical Speciation), the quantitative analysis of the EXAFS (extended X-ray absorption fine structure) signal, mainly providing the average Zn-coordination, cannot add further details, therefore we focused on the XANES region. In order not to burden the discussion, we selected XAS results for some representative plant samples from specific sampling areas.




2.6. Infrared Microspectroscopy


FTIR (Fourier transform infrared) spectroscopy measurements were performed at the Chemical and Life Science branch of the SISSI beamline [84] at Elettra-Sincrotrone Trieste (experiment number 20152020). Fourteen micrometers thin sections, prepared as for soft X-ray microscopy, embedded in cutting medium and supported on ultralene, were transferred on CaF2 optical windows. For the measurements, the Hyperion 3000 microscope coupled with the Bruker Vertex 70v in vacuum interferometer was used (Bruker Optik GmbH, Ettlingen, Germany). Data were acquired in transmission mode (15× condenser/objective) by using both synchrotron radiation (SR) and conventional sources. FTIR images were recorded using a focal plane array detector (FPA) (Lockheed Martin Santa Barbara Focalplane, Goleta, CA, USA); whereas for IRSR maps, samples were raster scanned and single point spectra were measured by a mercury cadmium telluride detector (MCT) (Infrared Associates, Inc., Stuart, FL, USA). Spectra were acquired averaging 512 scans for each measure, with a spectral resolution of 4 cm−1. Pixel size of FTIR images have a native lateral resolution of 2.6 × 2.6 microns/pixel, whereas IRSR maps were acquired setting the knife-edge apertures of the microscope, thus limiting the IRSR beam to 10 × 10 microns.



A data analysis pipeline including hierarchical cluster analysis (HCA) and Principal component analysis (PCA) was exploited for data interpretation. More detail on the data analysis workflow are described in SM3 (Supplementary Materials) [85,86,87]. Here we mention the most characteristic spectral bands exploited for data interpretation: C=O band of hemicellulose and pectin 1775–1700 cm−1, Amide I of proteins 1680–1565 cm−1, aromatic rings of lignin 1530–1495 cm−1, COH deformations and CCO stretching at 1295–1190 cm−1, C–O–C from polysaccharides 1190–970 cm−1 [88].




2.7. Statistical Analysis


Statistical analysis has been carried out on experimental data and the standard errors were calculated accordingly to [61]. The average (   x ¯   ) values (Table 2, Table 3 and Table 4) were measured on independent samples and the standard uncertainties were calculated as    σ   x ¯    =  σ   n     . The LCA of Zn K-edge XANES was carried out applying a non-linear least squares refinement procedure implemented in the Athena program [89]. The program uses the χ2 as a quality factor to compare the results of LCA obtained with different component sets. For each spectrum the number of components statistically significant for the LCA was individuated using an F-test [61].





3. Results


3.1. Mineralogical Composition and Metal Contents


Table 1 shows mineral phases detected in some selected samples (CP1 and OCP1) that can be considered as representative, because no significant variations were observed in mineral composition. Quartz and dolomite were observed both in the bulk soil and rhizosphere samples from CP (Campo Pisano mine dump) and OCP (outside the mine dump of Campo Pisano), and they represent the gangue minerals of the ore deposits. Pyrite (FeS2) was detected in soils and rhizospheres from CP and not in OCP samples, whereas gypsum (CaSO4) and jarosite (KFe3+3(SO4)2(OH)6) were found in soil samples collected in the mine dump (CP). Smithsonite was found only in the soils collected outside the mine dump (OCP samples), probably resulting from the oxidation of the primary Zn sulfides [57]. In plant samples, quartz, dolomite, weddellite (Ca(C2O4)·2(H2O)), and amorphous cellulose were detected.



Figure 2 shows SEM analysis performed on some selected samples of the roots of H. tyrrhenicum grown on the mine dump (CP). Plant roots embed mineral particles (Figure 2a) that strongly adhere to their surface. We mainly recognized quartz and Al-silicates (Figure 2a, points 1 and 2); also, Zn, Pb, and Fe were detected by EDS analysis in the rhizosphere grains located on the surface of the roots (Figure 2b, points 3 and 4). In detail, Figure 2c shows a longitudinal section of a plant root, where we can observe a mineral rim mainly made up of Si, Al, and O (Figure 2c, point 5). In the inner part of the roots, we mainly detected Si, Al, O, and K (Figure 2c, point 6).



Table 2 reports the mean values of Zn, Pb, and Cd concentrations measured in three specimens of H. tyrrhenicum (roots and epigean organs), in the respective bulk soils and in the related rhizosphere materials. For comparison purposes, the (i) threshold contamination levels established for an industrial use of soil by the Italian laws (D.lgs 152/2006) [90], and (ii) background values for the area are also reported. Zinc is the most abundant metal in the bulk soils (24,900CP–32,700OCP mg/kg), rhizospheres (26,300CP–27,300OCP mg/kg) and in the plant tissues (890OCP–3290CP mg/kg), followed by Pb (1240OCP–5000CP mg/kg in the soils, 1600OCP–5030CP mg/kg in the rhizospheres, and 50OCP–1020CP mg/kg in the plant tissues) and Cd (100CP–340OCP mg/kg in the soils, 170CP–280OCP mg/kg in the rhizospheres, and 13OCP–31OCP mg/kg in the plant tissues). It should be noted that metal contents detected in this work are of the same order of magnitude as in previous studies [39,41,46,91], in which relevant local variations due to heterogeneities of the mine tailings can be highlighted.



BCF, BAC, and TF (Table 3) were calculated to investigate the transfer of metals from geosphere to plant tissues and their translocation from the roots to the epigean organs. BCF may be an indicator of the accumulation and phytostabilization potentialities of H. tyrrhenicum. BCFsoil and BCFrhizo values calculated in relation to Zn (Zn-BCFsoil-CP 0.13, Zn-BCFrhizo-CP 0.13) and Pb (Pb-BCFsoil-CP 0.14, Pb-BCFrhizo-CP 0.13) for samples collected inside the mining areas are higher than those calculated for the samples collected outside the mining site (Zn-BCFsoil-OCP 0.04, Zn-BCFrhizo-OCP 0.05, Pb-BCFsoil-OCP 0.05, Pb-BCFrhizo-OCP 0.04). Cadmium is characterized by very similar values of BCFrhizo (Cd-BCFrhizo-CP 0.14, Cd-BCFrhizo-OCP 0.11) for the two sampling areas, whereas BCFsoil is higher in the CP samples (Cd-BCFsoil-CP 0.26) than in the OCP samples (Cd-BCFsoil-OCP 0.09). Considering the standard errors reported in Table 3, the calculated values show no significant differences between BCFsoil and BCFrhizo.



BAC values show that H. tyrrhenicum has a low capability (BAC ≤ 0.2) to accumulate the investigated metals in epigean organs. At the Campo Pisano mine, the highest value of BAC was observed for Pb (Pb-BACsoil-CP 0.2, Pb-BACrhizo-CP 0.2), followed by Zn (Zn-BACsoil-CP 0.12, Zn-BACrhizo-CP 0.12) and Cd (Cd-BACsoil-CP 0.16, Cd-BACrhizo-CP 0.09). OCP samples have lower BAC than CP samples, and they are characterized by very similar values for Zn, Pb, and Cd (Zn-BACOCP 0.03, Pb-BACOCP 0.03–0.04, Cd-BACOCP 0.04–0.05). As for the BCF values, Cd-BACsoil-CP (0.16) is higher than Cd-BACsoil-OCP (0.04), and no significant differences were observed between BACsoil and BACrhizo for the investigated areas.



TF values decrease in the order Pb-TF > Zn-TF > Cd-TF both for CP (Pb-TFCP 1.5, Zn-TFCP 0.93, Cd-TFCP 0.64) and OCP samples (Pb-TFOCP 0.76, Zn-TFOCP 0.63, Cd-TFOCP 0.42). H. tyrrhenicum specimens harvested inside the mining area show the highest translocation for Pb (Pb-TFCP 1.5).



Measurement of plant biomass (Table 4) indicates that the root biomass is always lower than epigean biomass, in particular for OCP, where specimens show an important epigean development. From Zn concentrations in plant tissues (Table 2), and assuming that 5 specimens of H. tyrrhenicum can fit in 1 m2, we estimated that this species could accumulate from 6 to 11 kg/ha of Zn (Table 5).




3.2. Chemical Characterization of the Plant Tissues


Several sections of each H. tyrrhenicum tissue were imaged and results of selected samples are shown in Figure 3 and Figure 4 (a larger view of the slices is presented in Figure S2 in Supplementary Materials). At first, the different areas of the plant were roughly identified through a visual inspection. In Figure 3a, the optical image of a stem section is shown. This section was one of the best preserved, though some areas of the outer endothelium broke and folded on top of the other. Since the image was not clear, a cluster analysis was used to support the identification of the different areas of the plant section and to remove the background pixels as well as those containing mainly paraffin.



The results of the HCA are presented in Figure 3b,c. From the color map, we can identify three main areas within the inspected sample: one represented by the yellow cluster, closer to the outer part of the section, could be the epidermis/cortex; one, orange, could be assigned to the endodermis; the red and blue clusters, almost in the inner part, could be the phloem and xylem, since they result also in aromatic polysaccharides.



The heat maps obtained by integrating the peaks of the main components of the plant cell wall, such as hemicellulose and ring in plane vibrations of aromatics, are presented in Figure 3d,e. These maps represent the spatial distribution of the different macromolecules within the stem section. Assuming a constant thickness of the thin section, the intensity of the colors in the maps is proportional to the chemical concentration. From the chemical profiles in Figure 3, it can be seen that aromatics have a hot spot in the center of the xylem. In almost all of the stem sections of this set of samples the external layer of epidermis was heavily affected by the paraffin.



Similar information on the chemical distribution of the main cell wall components can be obtained by the analysis of Figure 4, which represents a cross section of the root. Differently from stem, aromatics and C=O signals for root in panels 5d and 5e tend to co-localize, presenting a similar spatial distribution in the left part of the section. From the HCA map it is possible to identify two macro areas, one represented by cluster 1 and 2, mostly present in the center of the map, and a second district characterized by the presence of clusters 3 and 4. Tentatively, we can assign it to the outer right part of the epidermis (clusters 3 and 4), and the central part more rich in proteins (clusters 1 and 2).



Comparing the centroid plots in Figure 3c (for stem) and Figure 4c (for root), it is possible to appreciate some spectral differences. The root is richer than the stem in carbohydrates, since both the –OH stretching at 3500 cm−1 and the C–O–C stretching at ~1180–1000 cm−1 are more intense that the C=O at 1750 cm−1 in the root. On the contrary, if we compare the same signals in the stem, the C=O results almost as high as the OH and C–O–C. From the maps in Figure 3d and Figure 4d it can be seen that even though the maximum value of the C=O band is comparable between the two regions of the plant, this chemical moiety is more diffused into the overall root section, whereas in the stem it is limited only to a small area in the inner part. This can be a symptom of higher oxidative stress within the root in respect to the stem [93,94].



In order to better highlight the chemical differences between root and stem, the data were normalized and then subjected to PCA. Figure 5a shows the scatter plot resulting from the PCA; the root and stem spectra do not differ much from the chemical point of view and only a partial separation can be achieved along PC1 (which accounts for ~54% of the variance) and PC8 (~1% of the variance). In Figure 5b the loadings vectors of PC1 and PC8 are presented. PC1 mainly takes into account the variation in carbohydrates that was discussed in the previous paragraph, when comparing the centroids of the HCA. Summarizing, the roots are richer in carbohydrates than the stems.



PC8 accounts only for 1% of the variance, thus the spectral variations that it represents can be barely appreciated in the average spectra from the samples. It is a quite complex loading, with 5 main positive peaks and 6 main negative peaks: 1710 cm−1, 1525 cm−1, 1290 cm−1, 1185 cm−1, and 1036 cm−1 are the positive peaks, whereas 1652 cm−1, 1580 cm−1, 1508 cm−1, 1239 cm−1, 1129 cm−1, and 968 cm−1 are negative ones. The negative peaks like 1652 and 1508 cm−1, can be interpreted as a minor content of alpha helix proteins in the root in respect of the stem. The same can be seen in the signals at 1239–1129 cm−1 that can be due to a decrease in phosphates. The positive peaks, instead, represent a higher amount of those specific chemical moieties in the roots in respect to the stem. Like the band at 1710 cm−1, that represents some more oxidized species, that are more widespread in the roots, or the peaks at 1290 cm−1, 1185 cm−1, and 1036 cm−1, that can be assigned to cellulose.




3.3. Element Distribution and Zn Chemical Speciation


Thin cross sections of roots were analyzed by STXM coupled with LEXRF to investigate the distribution of Si, Al, Zn and Fe (Figure 6). Silicon and Al are mainly concentrated on the root surface, forming a rim on the epidermis according to SEM observations. Generally, their content decreases from the external part toward the inner zone, and also, they can occur as concentrated spots in the internal part of the roots. Zinc and Fe are mainly located in the external part of the root but their variation in distribution is less marked than Al and Si.



Zn K-edge XANES analysis was performed to investigate the average chemical environment of Zn. The quantitative analysis of the XANES region of biological samples is a complex task and the comparison of experimental spectra with reference compounds can help to shed light on their average mineralogical environment. Figure S1 and Figure 7 show the Zn-K edge absorption spectra in the XANES region of the reference compounds and selected rhizosphere and plant samples, respectively. XANES spectra of the rhizospheres and plant tissues are smoother and broader than the reference compounds, suggesting that in the investigated samples Zn occurs in a more disordered chemical/coordinative environment. Also, the XANES spectral features are more pronounced in the rhizosphere spectra than in the plant samples, indicating that the local structure around Zn becomes progressively more disordered during its transfer from the geosphere to the biosphere.



Qualitative comparison of the XANES spectra (Figure S1 and Figure 7) suggests that in rhizosphere and plant samples, Zn probably occurs in different chemical environments. To obtain information about the average Zn coordination chemistry, we performed a LCA, using the reference compounds from Figure S1. A trial and error procedure allowed the selection of a minimal subset of reference compounds; the results are shown in Figure 7 and Table 6. In all the rhizosphere samples (Figure 7a,e), the main contribution comes from smithsonite, hydrozincite, and Zn sulfate heptahydrate. In the fitting procedure, the contribution of Zn acetate dihydrate proved to be relevant in the rhizosphere solid materials from the OCP site. Moving toward the roots (Figure 7b,f), stems (Figure 7c,g), and leaves (Figure 7d,h), the contribution of smithsonite disappears and the addition of Zn organic compounds (Zn citrate, Zn histidine, Zn acetate dihydrate, Zn malate, and Zn cysteine) becomes necessary to achieve a good fit.





4. Discussion and Conclusions


4.1. Metal Content and Mineralogy


The chemical analysis of bulk soils and rhizosphere materials (Table 2) from the mine dump (CP samples) showed that metal contents (Zn 24,900–26,300 mg/kg, Pb 5000–5030 mg/kg, Cd 100–170 mg/kg) are extremely well above the threshold limits imposed by Italian laws (D.lgs. 152/2006 [90]) for sites for industrial use (Zn 1500 mg/kg, Pb 1000 mg/kg, Cd 15 mg/kg), supporting previous works carried out in the same study area and confirming the high Zn, Pb, and Cd contamination [39,41,46,91]. Also values from OCP samples exceed the Italian pollution thresholds probably due to the aeolian dispersion of fine particles from the nearby tailing dump. Indeed, Zn and Pb concentrations in these area (Zn 27,300–32,700 mg/kg, Pb 1240–1600 mg/kg) are higher than median values estimated on stream sediments of the Iglesiente mining district by Boni et al. [92], that can be actually assumed as the local post-mining geochemical-baseline-values.



The investigated indexes for bioconcentration, bioaccumulation and translocation (BCF, BAC and TF in Table 3) indicated that, overall, H. tyrrhenicum has a low capability to accumulate and translocate metals in epigean organs, and there were no significant differences between BCFsoil (or BACsoil) and BCFrhizo (or BACrhizo). In this work we depict the geo-bio-microscopic processes driving or resulting from the interaction among H. tyrrhenicum and the investigated soil minerals. Mineralogical investigation (Table 1) showed that some ore-forming or ore-derived minerals were detectable in the bulk soil and rhizosphere. Quartz, dolomite, and pyrite were detected in CP samples. Pyrite is commonly associated with sulfide deposits in SW Sardinia [92], and it represents a residue of the mining activities. Jarosite and gypsum were found due to weathering of pyrite and dolomite [95,96,97]. In OCP, smithsonite and phyllosilicates were observed instead of gypsum plus jarosite. We attribute this difference to the absence or a low amount (below the XRD detection limit) of pyrite in OCP, resulting in a lower acidity of pore water for this substrate [98].



Quartz and dolomite were found in roots, stems, and leaves of H. tyrrhenicum. These minerals can occur in roots as residual grains not completely dissolved by plant physiological activities [23,99]. However, their occurrence in leaves and stems has to be ascribed to a biologically-driven mineralization [11,100,101]. Silica, both amorphous and crystalline, is known to occur in different plant tissues [102] and it can have a protective function (e.g., against herbivores) and/or it may alleviate the toxicity of Al and other metals in plants [32,103]. Alkaline earth elements are absorbed by plants in their ionic form and during the soil-to-plant transfer, Mg follows Ca closely [104], and probably it may precipitate in plants similarly to Ca. Calcium and Mg are essential for plant growth, and plants may not be able to reduce their uptake beyond the requirement for the plant metabolism, and the excess may be stored in crystalline phases [20]. These mechanisms could explain the presence of dolomite in H. tyrrhenicum samples from CP, where soluble Ca sulfate minerals are abundant in soils due to the dissolution of pyrite and Ca carbonate minerals.



In roots of H. tyrrhenicum from CP, the Ca oxalate weddellite was detected. Calcium oxalate is the most common biomineral in higher plants [11,105] and its role is still controversial. The main functions recognized in Ca-oxalate biomineralization have been ascribed to (i) regulation of the ionic equilibrium and osmotic pressure in cells; (ii) control of Ca and oxalic acid concentrations [106]; (iii) storage of essential ions [107]; (iv) mechanical support and plant defense [105]; (v) incorporation of metals and alleviation of their toxic effects [106,108]. The latter mechanism could explain the presence of weddellite in polluted samples (CP) of our study.




4.2. Mineral Rim at the Root-Rhizosphere Interface and Zn Chemical Speciation


In this study, SEM and EDS analysis showed the presence of a mineral rim made up of Al-silicates coating the epidermis of H. tyrrhenicum roots (Figure 2), as previously observed in other autochthonous plant species growing in similar environments, like E. pithyusa subsp. cupanii, P. lentiscus, P. australis, and J. acutus [23,76,77,78,109]. This structure was also detected by STXM (Figure 6), also showing that Zn is mainly stored in the root epidermis. Moreover, the presence of Zn in the epidermis is consistent with previous study carried out on this plant species [39,46,47] that demonstrated its tolerance towards Zn via a metal exclusion strategy. In the rhizosphere, XAS analysis showed that Zn is mainly present as smithsonite, hydrozincite, and Zn sulfate, resulting from the oxidation of the primary Zn sulfides [110,111,112]. These phases were not detected by XRD, possibly because their concentration lies below the instrumental detection limit (~1% by volume). Nevertheless, we must stress that the XAFS technique highlights the different phases on the basis of the local coordination chemistry around the absorber: hence, the large structural and compositional disorder inherent in natural samples may prevent the local order to be long range coherent, worsening the diffraction signals. The detection of Zn acetate dihydrate in the rhizosphere can be due to the presence of root exudates that chelate metals in soils [12]. In roots and epigean tissues of H. tyrrhenicum, the contribution of smithsonite disappears and organo-Zn compounds as Zn histidine, Zn cysteine, Zn citrate, Zn acetate dihydrate, and Zn malate become predominant.



Accordingly, FTIR analysis identified some organic compounds (lignin, hemicellulose, and esters) and carboxylic groups. It was not possible to detect any Zn complexes within the samples with FTIR, first because of the small amount of them in comparison with the organic matter, second because of the strong overlap of the signals that hindered a straightforward detection. Nonetheless, FTIR was demonstrated some of the effects of the presence of the heavy metals within the roots, as detected by XRF (Figure 6), like the higher presence of oxidized species, in agreement with previous investigations conducted on plants exposed to high metal concentrations [113]. Indeed, Zn is an essential trace element, required in small amounts to perform various coenzyme and regulatory functions [114]. Excessive amounts cause toxic effects, inhibiting root and shoot growth and reducing the leaf chlorophyll content [115]. Organic molecules (e.g., amino acids like histidine, and organic acids like malic acid and citric acid) play an important role in metal tolerance because they have a strong affinity to metals [116,117], preventing their intracellular accumulation. In different plant species, Zn in roots is mainly coordinated by O and N ligands, modeled as the free amino acid histidine [50,114,118]. Then, Zn may be transported to the stem, either as a hydrated cation or as a metal organic acid complex [50,119], where it is accumulated in the vacuoles. Other detoxifying agents detected in plant roots are COOH/OH groups, oxalate, phosphate [74,120,121], and malate molecules [121]. Our STXM, XAS, and IR results support previous synchrotron-based studies ([114] and references therein) demonstrating that plant species evolve adaptive strategies to tolerate metals via transport, chelation, and sequestration processes that involve specialized molecules [74].



Finally, we argue that H. tyrrhenicum has developed its own built-in mechanism of metal tolerance as response to metal stress, as already pointed out in previous studies on plant species pioneering highly-contaminated Zn mine waste [13]. Zinc phytomining by using excluders pioneer plants is far below the economic cut off. In fact, we estimated that the amount of Zn that can be recovered by H. tyrrhenicum tissues and other pioneer plants is around few kilograms per hectare (6–11 kg/ha). Zn phytomining, given the actual price of Zn, does not provide economic sustainability. Nevertheless, insights from this study are of relevant interest to develop sustainable phytoremediation techniques. Helichrysum tyrrhenicum is an unquestioned candidate for phytostabilization [39,47,48] mainly because (i) it offers a long-term plant canopy, (ii) it can reduce the erosion processes and the release of pollutants in soil and air, and (iii) it can reactivate the pedological and vegetational dynamics. Further investigations will be needed to better elucidate the plant-microbe interactions, their impact on vegetational dynamics, and the potential role of plant growth-promoting bacteria on metal accumulation.
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Figure 1. Maps and photos of the investigated area; (a) localization of Sardinia in the Mediterranean basin (the red star indicates the localization of the study area); (b) localization of the sampling sites; (c) detail of the sampling site in the Campo Pisano mine dump (CP); (d) detail of the sampling site outside the Campo Pisano mine dump (OCP). 
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Figure 2. Energy dispersive spectroscopy-scanning electron microscopy (EDS-SEM) analysis of H. tyrrhenicum roots from the Campo Pisano mine dump (CP1). (a) Quartz grain embedded by plant roots, (b) mineral rim covering the roots, and (c) longitudinal section of H. tyrrhenicum root. Numbers from 1 to 6 indicate the points where EDS spectra were acquired. 
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Figure 3. (a) Optical image of a stem section of H. tyrrhenicum from the Campo Pisano mine dump; (b) false color map depicting the distribution of the different spectral clusters identified by hierarchical cluster analysis (HCA), the main areas of the plant; (c) centroids of the different clusters (solid line), plus minus standard deviation (shaded area); (d) false color map representing the hemicellulose distribution; (e) ring in plane vibrations of polysaccharides. Scale bar: 50 µm. 






Figure 3. (a) Optical image of a stem section of H. tyrrhenicum from the Campo Pisano mine dump; (b) false color map depicting the distribution of the different spectral clusters identified by hierarchical cluster analysis (HCA), the main areas of the plant; (c) centroids of the different clusters (solid line), plus minus standard deviation (shaded area); (d) false color map representing the hemicellulose distribution; (e) ring in plane vibrations of polysaccharides. Scale bar: 50 µm.



[image: Minerals 10 00259 g003]







[image: Minerals 10 00259 g004 550] 





Figure 4. (a) Optical image of a root section of H. tyrrhenicum from the Campo Pisano mine dump; (b) false color map depicting the distribution of the spectral clusters identified by HCA, the main areas of the plant; (c) centroids of the different clusters (solid line), plus minus standard deviation (shaded area); (d) false color map representing the hemicellulose distribution; (e) ring in plane vibrations of polysaccharides. Scale bar: 50 µm. 
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Figure 5. (a) Scatterplot representing the projection of the principal component (PC) scores in the PC1-PC8 bi-dimensional space, red the root and black the stem; (b) line plot of the loading vectors PC1(dot black line) and PC8 (continuous red line), 1500–1350 cm−1 region is omitted because of the presence of fixative peak. 
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Figure 6. Thin cross section of H. tyrrhenicum roots collected in Campo Pisano mine dump. Ordinary light stereo-microscope image with location of acquired maps (a), brightfield (absorption) images (b), and low energy X-ray fluorescence (LEXRF) maps (c and d) of Si, Al, Zn, Fe in outer (1) and inner part (2) of roots. Maps 1 and 2: size 80 × 80 μm2, scan 48 × 48 pixels. 
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Figure 7. Zn K-edge X ray absorption near edge structure (XANES) spectra (red) and linear combination analysis (LCA, blue) of the rhizosphere and H. tyrrhenicum of selected samples (CP1—from a to d—from the mine dump, and OCP1 outside the mine dump—from e to h). In gray the fractional contribution of the principal components and in green the residual (experimental data minus LCA best fit). 
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Table 1. Minerals detected in the bulk soil, rhizosphere and different plant tissues of selected samples (CP1 from the mine dump, and OCP1 outside the mine dump). ● indicates minerals detected in the investigated samples.
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	Sample
	Weddellite
	Quartz
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Table 2. Mean values (n = 3 for each site) and standard error (%) of Zn, Pb, and Cd contents in the soils, rhizosphere, roots, and epigean organs of H. tyrrhenicum in CP and OCP.
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Site

	
Sample

	
Zn

	
Pb

	
Cd




	

	

	
mg/kg

	
mg/kg

	
mg/kg






	
CP

	
Bulk soil

	
24,900 (±6%)

	
5000 (±1%)

	
100 (±7%)




	
Rhizosphere

	
26,300 (±6%)

	
5030 (±14%)

	
170 (±6%)




	
Roots

	
3290 (±11%)

	
680 (±13%)

	
25 (±21%)




	
Epigean organs

	
3080 (±6%)

	
1020 (±7%)

	
16 (±10%)




	
OCP

	
Bulk soil

	
32,700 (±22%)

	
1240 (±8%)

	
340 (±44%)




	
Rhizosphere

	
27,300 (±21%)

	
1600 (±4%)

	
280 (±21%)




	
Roots

	
1420 (±36%)

	
60 (±39%)

	
31 (±51%)




	
Epigean organs

	
890 (±31%)

	
50 (±56%)

	
13 (±40%)




	

	
D.lgs. 152/2006 [90]

	
1500

	
1000

	
15




	

	
Local background values [92]

	
1208

	
954
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Table 3. Mean values (n = 3 for each site) and standard error of biological concentration factor (BCF), biological accumulation coefficient (BAC), and translocation factor (TF) considering metal concentration in soil and in the rhizosphere.
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Site

	
Indexes

	
Zn

	
Pb

	
Cd




	

	

	
Soil

	
Rhizosphere

	
Soil

	
Rhizosphere

	
Soil

	
Rhizosphere






	
CP

	
BCF

	
0.13 ± 0.02

	
0.13 ± 0.02

	
0.14 ± 0.02

	
0.13 ± 0.03

	
0.26 ± 0.06

	
0.14 ± 0.03




	
BAC

	
0.12 ± 0.01

	
0.12 ± 0.01

	
0.20 ± 0.01

	
0.20 ± 0.03

	
0.16 ± 0.02

	
0.09 ± 0.01




	
TF

	
0.93 ± 0.12

	
1.50 ± 0.22

	
0.64 ± 0.15




	
OCP

	
BCF

	
0.04 ± 0.02

	
0.05 ± 0.02

	
0.05 ± 0.02

	
0.04 ± 0.02

	
0.09 ± 0.06

	
0.11 ± 0.06




	
BAC

	
0.03 ± 0.01

	
0.03 ± 0.02

	
0.04 ± 0.02

	
0.03 ± 0.02

	
0.04 ± 0.02

	
0.05 ± 0.02




	
TF

	
0.63 ± 0.30

	
0.76 ± 0.02

	
0.42 ± 0.27
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Table 4. Mean values (n = 3 for each site) and standard error of biometric parameters measured on H. tyrrhenicum.
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Site

	
Plant Height

	
Root Length

	
Stem Length

	
Root Biomass

	
Epigean Organ Biomass

	
Roots/Epig. Organs




	

	
cm

	
cm

	
cm

	
g

	
g

	
(w/w)






	
CP

	
70 ± 2

	
30 ± 2

	
30 ± 4

	
20 ± 2

	
50 ± 6

	
0.34 ± 0.02




	
OCP

	
50 ± 2

	
20 ± 3

	
30 ± 3

	
10 ± 4

	
70 ± 20

	
0.20 ± 0.03
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Table 5. Zn’s yield of accumulation of H. tyrrhenicum.
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Site

	
Plant Tissue

	
Zn (mg)/Plant

	
Zn (kg)/ha






	
CP

	
roots

	
56

	
3




	
epigean organs

	
156

	
8




	
OCP

	
roots

	
30

	
1.4




	
epigean organs

	
103

	
5
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Table 6. Results of linear combination analysis of X-ray absorption near edge structure (XANES) spectra for the rhizosphere and H. tyrrhenicum of selected samples (CP1 from the mine dump, and OCP1 outside the mine dump). The sum of contribute fractions is fixed to 100%, the incertitude on the fraction values is around 5–8%.






Table 6. Results of linear combination analysis of X-ray absorption near edge structure (XANES) spectra for the rhizosphere and H. tyrrhenicum of selected samples (CP1 from the mine dump, and OCP1 outside the mine dump). The sum of contribute fractions is fixed to 100%, the incertitude on the fraction values is around 5–8%.


















	Sample
	Smithsonite
	Hydrozincite
	Zn Sulfate Heptahydrate
	Zn Sulfate Monohydrate
	Zn Citrate
	Zn Histidine
	Zn Acetate Hydrate
	Zn Malate
	Zn Cysteine
	R Factor (×103)





	
	%
	%
	%
	%
	%
	%
	%
	%
	%
	



	CP1
	
	
	
	
	
	
	
	
	
	



	Rhizo
	22
	46
	32
	
	
	
	
	
	
	0.2



	Roots
	
	10
	23
	
	27
	24
	
	16
	
	0.3



	Stems
	
	21
	24
	
	24
	
	9
	22
	
	0.3



	Leaves
	
	24
	9
	
	23
	
	25
	19
	
	0.3



	OCP1
	
	
	
	
	
	
	
	
	
	



	Rhizo
	17
	32
	41
	
	
	
	10
	
	
	0.5



	Roots
	
	29
	
	22
	
	
	34
	
	15
	1.4



	Stems
	
	30
	
	
	14
	
	31
	25
	
	0.3



	Leaves
	
	32
	
	
	14
	
	32
	22
	
	0.4
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