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Abstract

Euphorbia pithyusa L. was used in a plant-growth-promoting assisted field trial experiment. In
order to unravel the microscopic processes at the interface, thin slices of E. pithyusa roots were
investigated by micro-X-ray fluorescence mapping (u-XRF). Roots and rhizosphere materials were
examined by X-ray absorption spectroscopy (XAS) at the Zn K-edge, by X-ray Diffraction (XRD),

and Scanning Electron Microscopy (SEM).
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Results indicate some features common to all the investigated samples: i) in the rhizosphere of E.
pithyusa Zn was found to occur in different phases; ii) Si and Al are mainly concentrated in the
epidermis of the roots forming a rim; iii) Zn is mostly stored in root epidermis, and does not appear
coordinated to organic molecules, but mainly occurring in mineral phases such as Zn-silicates.

We interpreted that roots of E. pithyusa significantly promote mineral evolution in the rhizosphere.
Concomitantly, the plant uses Si and Al extracted by soil minerals to build a biomineralization rim,
which is able to capture Zn. This Zn-silicate biomineralization has relevant implication for
phytoremediation techniques and for further biotechnology development, which can be better
designed and developed after acquiring specific knowledge of molecular processes ruling mineral

evolution and biomineralization processes.

Keywords: Plant biomineralization, Euphorbia pithyusa, STXM, XAS, silicon, aluminium, zinc,

iron, synchrotron radiation based X-ray analysis

1. Introduction

Biomineralization in plants is part of a complex interaction process involving soil minerals, plant-
roots, and plant-associated microorganisms. It results from metabolic functioning of a living
organism, and is widely practiced by plants for many physiological purposes, both within and
outside the cells.*? Biomineralization in plants can play diverse roles, such as Ca-regulation,
defence against predators, alleviating water, salt, and temperature stress, and detoxifying from

aluminium, heavy metals, or oxalic acid. 3* The most common types of biominerals in plants are
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Ca-oxalates, Ca-carbonates, and silica.® In addition, a few biominerals containing heavy metals
were observed, generally interpreted as a response to specific environmental stress. 5° Moreover,
microscopic processes and biomineralization are relevant to phytoremediation techniques, because
they rule element bioavailability,'° namely leaching from minerals, accumulation of elements inside
the roots or in the rhizosphere, and then, depending on the physiological system, translocation to
upper compartments of the plants,'*4 or metal immobilization into the soil or within plant roots.*®
In the frame of the EU-funded UMBRELLA project, a field trial of microbial-assisted plant growth
was carried out in the mining area of Ingurtosu (SW Sardinia, Italy). E. pithyusa was selected as an
autochthonous pioneer plant in mine wastes to be associated with a consortium of ten selected
native bacteria strains plus/or with mycorrhiza.*® It is well known that bioremediation technologies
are slow and that, before observing some relevant effect, the complex system of interactions
between plant soil and microorganisms needs some time (years) to be established.”*® However,
some parameters are early indicators of what is (or is not) occurring, and provide useful
methodological guidance to orient experimentation. Changes in metabolic activity of the soil were
considered in Sprocati et al.,'® while in the present work we explore geo-biological processes
occurring at the root-soil interface.

The study made extensive use of synchrotron-based techniques.!®?° Specifically, elemental
distribution was investigated by Synchrotron micro-X-ray fluorescence (u-XRF) imaging, and
chemical speciation of Zn was examined by X-ray absorption spectroscopy (XAS). In addition, X-
ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) were used to investigate
mineralogical and morphological features. Previous works based on Synchrotron techniques found
that Zn speciation in plant roots is ruled by complexation with organic molecules;?*?* Zn binding to
Si can rarely occur®® in plant leaves. In this work we will show that Zn bioavailability at E. pithyusa
roots can be ruled by Zn-silicate phase formation. Acquiring knowledge of these molecular scale

processes opens the way to a new perspective for phytoremediation and biotechnology.
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2. Materials and methods

2.1 The field experimental trial and samples characteristics

In the Ingurtosu mining district, near the Brassey treatment plant (see SI S1 for additional
information on sampling area), an area of about 7.5 mx22.5 m (Figure S1a) on the mine dump was
levelled, and then divided into 27 subplots. Soil subplots were treated with different materials,
supplied singly or in combination. In this study we consider subplots added with a bacterial
consortium,?® and/or mycorrhizae. For this purpose, microbial strains with suitable characteristics,
heavy-metal (HM) tolerant and plant — growth - promoters (PGP), were selected to establish
microbial consortia to be employed as bioaugmentation agents in phytoremediation experiments.
Mycorrhizae contribution was also investigated: mycorrhiza dependence is common among plants
selected for phytoremediation of industrial tailings.?” Moreover, some subplots were added with a
commercial mineral amendment (Viromine™) obtained from “red mud”, a by-product of the
bauxite industry, which is widely used, after adequate neutralization, for environmental remediation
processes due to its metal-trapping capacity;?-3* these specific plots will be the subject of a
companion study. Control plots without treatment were also planted with E. pithyusa. The
preliminary results of five months of the experiment indicate that plant survival was satisfactory,
and soil quality was increased as bioaugmentation improved microbial activity, expanding the
metabolic competences towards plant interaction (root exudates; for more details see Sprocati et
al.1). Grain size and mineralogical composition of the substrate resulted substantially homogeneous
for all the subplots. Mine wastes are mainly composed of quartz and illite, with detectable (X-ray
powder diffraction) amounts of sphalerite. The most abundant metals are Zn (15,000 mg/kg), Pb
(3,400 mg/kg), Cu (350 mg/kg), and Cd (90 mg/kg).

Samples from this study include rhizosphere materials and plant roots collected in the field test area
at Ingurtosu, plus additional plants harvested in two areas outside the field trial where they grow

spontaneously. Specifically, we selected another mine area at Campo Pisano (see S1 and Figure
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S1b), and an area near the village of Fluminimaggiore (SW Sardinia), that lies outside mine areas,
even if it is affected by a regional geochemical anomaly in Zn.353¢
Different portions of the roots were selected: 1) entire root, 2) epidermis, 3) inner layers (Table 1).

Inner layers were selected only for the sample from Campo Pisano mine that has the highest Zn

concentration.

Table 1. Sample nomenclature, treatment, location, site and XANES group.

Sample Type Treatment Location Site

Euph root - External to the mining areas Fluminimaggiore
Euph_control  root - Experimental field (control plot) Ingurtosu
Euph_A2 root Bacterial consortium Experimental field Ingurtosu
Euph_B1 root Mycorrhiza Experimental field Ingurtosu
Euph_MB root Myecorrhiza + Bacterial consortium  Experimental field Ingurtosu
Euph_CP1 root - Mine tailings Campo Pisano
Euph_CPla inner layers - Mine tailings Campo Pisano
Euph_CP1b root epidermis - Mine tailings Campo Pisano

Plants were harvested few days before the experiments described in the following paragraphs.

2.2 X-ray Diffraction analysis

After collection of plants, roots were cut and air dried. Approximately 200 mg of each sample were
lightly ground in an agate mortar, and analyzed by X-ray diffraction (XRD), using conventional 0-
20 equipment (Panalytical) with Cu K, wavelength radiation (A = 1.54060 A), operating at 40 kV

and 40 mA, using the X’Celerator detector.

2.3 Electron Microscopic analysis

Before imaging, plant roots were gently wiped to remove rhizosphere material not stuck to the root
surface. SEM imaging and EDX (Energy Dispersive Spectroscopy) analysis were carried out using
a field emission (Schottky thermal field emitter) SEM (FEI), under high vacuum conditions. In
order to obtain better quality images, samples were gold coated before observation, using a SEM

Coating Unit PS3 (Agar Aids for Electron Microscopy).
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2.4 Soft X-ray Microscopy and Low Energy Fluorescence Mapping

For soft X-ray Microscopy combined with Low Energy XRF mapping analyses, root samples were
prepared by two different procedures. 1) Samples were dehydrated in a graded series of ethanol
solutions (50, 75, 90 and 100 %) followed by washing in xylene. All steps were carried out at room
temperature for 30 min each. Samples were infiltrated overnight in liquid paraffin wax at 60 °C and
the infiltrated roots were then embedded into paraffin blocks. Sections of 14 um were cut with a
microtome (Micron) and collected on ultralen films. 2) Root samples were transferred to a
cryomold filled with OCT compound (Optimal Cutting Temperature compound for cryostat
sectioning) and frozen at -20°C. Sections of 20 um were cut with a cryostat (Leica) and collected on
gold grids (parallel bar grids, G2010A, and folding grids, G230A) for Transmission Electron
Microscopy analysis. Samples were then lyophilized (LIO5P, 5Pascal) under low vacuum
conditions and temperature of -50°C (24 hours).

Soft X-ray Microscopy combined with Low Energy XRF mapping analyses were performed at the
TwinMic beamline®” at ELETTRA, Trieste (ltaly). The TwinMic microscope was operated in
Scanning Transmission mode, where the monochromatised X-rays are focused on the sample
through a suitable zone plate diffractive optics. While the sample is raster scan across the
microprobe, a fast readout CCD camera (Andor Technology) collects the transmitted X-rays®®3
through an X-ray-visible light converting system, 8 SDDs*%4! acquire the XRF photons emitted by
the specimen. This set-up allows the simultaneous collection of X-ray absorption and phase contrast
images together with elemental maps, providing morphological and chemical information
respectively.

For the present investigation, the X-ray beam energy (E = 1.985keV) was chosen to ensure the best
excitation and detection of Si, Al, and Zn, with a spatial resolution (X-ray spot size) of 1 pm x 1 um
as a compromise between good XRF signal and dimension of the features of interest.

The XRF elemental maps were deconvolved and analysed with PyMCA software.*?
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2.5 X-Ray Absorption Spectroscopy

X-Ray Absorption Spectroscopy (XAS) experiments were carried out in the region of Zn (9.659
eV) K-edge at the XAFS beamline, ELETTRA, Trieste (Italy), and at the BM23 beamline, ESRF,
Grenoble (France). The plant roots were dried, ground, then pressed in solid pellets, suitable for
XAS measurements. Measurements were carried out in fluorescence geometry at the liquid nitrogen
temperature. The absorption spectra were analysed in the near edge (XANES: near edge X-ray
absorption fine structure) and extended (EXAFS: extended X-ray absorption fine structure)
regions. The EXAFS spectra were quantitatively analysed using standard data analysis procedures
to achieve details about the average atomic structure (coordination distances and numbers) around
the absorber. Details about XAS data treatment and refinement procedures can be found in

Meneghini et al.*® and Medas et al.*

3. Results

3.1 Mineralogical characterization

Figures S2a and b show XRD patterns of selected plant root samples. Patterns not shown from the
Ingurtosu experimental plots are essentially similar to the Euph_control sample. All the XRD
patterns show the presence of amorphous cellulose, recognizable from the wide peaks at around
14.9-16.5 20 and 22.8 20. Also the peak of quartz at 26.6 20 (3.343 A) was observed in all the XRD
patterns. Peaks of whewellite [Ca(C20a4)-(H20)] were observed only in the epidermis of root
samples from Campo Pisano mine. Whewellite is the monohydrate form of Ca-oxalate,
characterized by a low solubility,*® with a widespread occurrence among bacteria, algae, higher

plants, fungi, and animals.*®

Table 2. Mineralogical composition of rhizosphere solid materials. Qz (quartz), Ph (phyllosilicates), K-fs (K
feldspar), Hem (hematite), Cal (calcite), Cer (cerussite), Dol (dolomite), Sp (sphalerite), Py (pyrite), and IIm

(ilmenite).
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Sample Qz Ph K-fs Hem Cal Cer Dol Sp Py 1Im

Rhiz Euph X X X X
Rhiz Euph_control X X X X
Rhiz Euph_CP1 X X X X X X X X

Figure S3 shows some selected XRD patterns of rhizosphere solid materials. These are mainly
made of quartz (Qz) and phyllosilicates (Ph). Rhizosphere solid materials of E. pithyusa from
Ingurtosu show homogenous composition, both in absence of any treatment and in treated soils.

Table 2 shows the mineralogical composition of selected samples.

3.2 Microscopic investigation

SEM images (Figures S4a and b), acquired on plant roots collected from treated and untreated soil
(control plot), show that minerals like phyllosilicates and quartz (see zoom in Figures S4c and d)
stick to the root surfaces and, as visually observed, these mineral grains adhere to the plant roots
even after vigorous shaking. Probably, this adhesion is due to mineral weathering induced by the
organic acids from root exudates.*’

Figure 1b is a zooming on Euph root sample, presented in Figure 1a, that shows the inner part of the
root (vascular tissue with the remaining cortical cells in degraded form, centre of the image), and
the outer rim of the root. Figure 1c shows an elemental map acquired by SEM collected on the area
of Figure 1b. Si and Al are concentrated mainly in the outer rim, whereas the inner part is

characterized by a high concentration in C.
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Figure 1. a) and b) Scanning Electron Microscopy (SEM) images (secondary electrons, SE) of Euph sample, and
¢) elemental map acquired by SEM. Si and Al are concentrated mainly in the root epidermis, whereas the inner

part (vascular tissue with the remaining degraded cortical cells) is characterized by a high concentration in C.

3.3 Element distribution and speciation

In Figure 2 three different kinds of images are reported: i) ordinary light stereo-microscope image;
ii) bright field (absorption) image; iii) LEXRF maps of Al, Si, Zn and Fe. In the stereo-microscope
images, root epidermis appears as a dark brown rim, while the inner part has a light brown colour,
and is characterized by a honeycomb-like arrangement. Localization of the elements in these cross
sections using LEXRF showed that Al and Si are mainly localized in the root epidermis (Figure 2),
whereas Zn and Fe are localized also in the inner part of the plant root, showing a general decrease

in concentration from the root rim towards the internal part.
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Figure 2. Selected samples of E. pithyusa. For each sample the following images are shown: i) ordinary light

stereo-microscope image; ii) bright field (absorption) image; iii) LEXRF maps of Al, Si, Zn and Fe (size 80 x 80
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Figures 3a-c report normalized Zn K-edge absorption spectra in the XANES region of selected
reference compounds and selected plant root and rhizosphere samples.

The analysis of XAS data exploited XANES and EXAFS information. The XANES features may
provide finest details about valence state, coordination chemistry and local site symmetry of the
average absorber. Unfortunately the quantitative analysis of the XANES regions is generally a
difficult task, especially dealing with natural samples. Nevertheless, comparing the Zn K-edge
XANES in roots with those of reference compounds is a relatively simple and reliable way to shed
light about the average mineralogical environment of the absorber. The set of reference compounds
measured for this work (in transmission geometry at room temperature) is listed in Table S1; all
XANES spectra of these reference compounds are shown in Figure S5 (Supporting Information).
Based on the main XANES spectral features of samples, in comparison with those of reference
compounds, it is possible to distinguish four different kinds of spectra, suggesting four different
local structure around Zn in the investigated samples. 1) Euph spectrum; 2) Euph_control, A2, B1,
MB, and Euph_CP1 spectra; 3) Euph_CPla spectrum, and 4) Euph_CP1b spectrum. Noticeably,
most of the investigated samples depict type 2-XANES features, and were considered in the same
group. In Figure 3b we show as representatives of this group only the spectrum of Euph_control,
and the spectrum of plant roots collected at Campo Pisano mine (Euph_CP1). Looking at the Figure
3 the XANES spectral features measured from root samples are smoother and broader than in the
reference compounds, pointing out a more disordered environment with respect to reference
compounds. Interestingly, comparing the XANES features of root samples with those measured in
the rhizosphere, similar features can be recognized, pointing out a similar local atomic environment
for Zn in the roots and in the surrounding soil.

Comparing the Zn XANES features of Euph sample with those of the reference compounds, the
analogies with the Zn oxide spectrum are quite evident (Figures 3a and b). Specifically, the XANES
features labelled as A, B and C in the Zn oxide spectrum are weaker but evidently present also in

the spectra of the Euph sample, although they are smoothed here by the larger disorder of the root
11
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sample. Similar features are also evident in the spectrum of the rhizosphere sample. This suggests
that in this sample a relatively large fraction of Zn is forming a ZnO phase; interestingly, a similar
high concentration of ZnO is also evident in the corresponding rhizosphere sample, suggesting the
plant directly absorbs Zn in the mineral form already present in the surrounding environment rather
than dissolving it. Unfortunately the large fraction of ZnO in this sample masks most of the
structural features of Zn in the other phases, moreover the Zn concentration in this Euph sample is
very low, requiring a very long acquisition time for collecting data of the required statistics also in
the EXAFS region. Therefore, we decided to not extend the data acquisition for this sample to the
EXAFS region.

The Euph_control and Euph_CP1 XANES depict main spectral features similar to hydrozincite
(Figures 3b, labels 1, 2 and 3) with a contribution similar to hemimorphite/willemite (Figures 3b,
label 4). Euph_CP1a sample (inner root) and Euph_CP1b sample (root epidermis) show distinctive
characteristics from the other samples and between them. In particular, these samples show a higher
and narrower K-edge peak with respect to XANES spectra collected on the entire root.

The XANES spectra of rhizosphere materials (Figure 3c) are more pronounced than in the root
samples, pointing out a local structure generally more ordered in the soil surrounding the roots.
Moreover the spectral features in the rhizosphere are often reproduced in the root samples, as
noticed above. Specifically, the XANES spectrum of Rhiz Euph sample shows characteristics
present both in Zn oxide spectrum (label A), hydrozincite spectrum (labels 2 and 3), and
hemimorphite/willemite (label 4). The XANES features labeled as 4 and 5 at the hemimorphite
edge white line are present also in the Rhiz Euph_control sample. Also the minimum in the
hemimorphite spectrum (Figure 3c, label 3) comes in agreement with the valley observed in the
Rhiz Euph_control sample. On the contrary, the major features observed in the XANES spectrum of
willemite are absent in this rhizosphere sample (Figure 3c, labels D and E). The minimum in the

hydrozincite and hemimorphite spectrum comes in agreement also in the Rhiz Euph_CP1 sample.

12
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Figure 3. Normalized absorption spectra (o) in the Zn K-edge XANES collected on selected reference compounds
(a), E. phytiusa roots (b) and rhizosphere materials (c), vertically shifted for the sake of clarity. Similar features

among root plant samples, rhizosphere materials and reference compunds are highlighted.

The EXAFS region is definitively more suited than XANES for a quantitative analysis to achieve
details about average Zn coordination numbers and interatomic distances. The analysis of EXAFS
spectra collected on reference compounds (see Table S2) was used to tailor the refinement
procedure: the structural results of our standards are in agreement with the available literature
data.*®

The quantitative analysis of the EXAFS spectra was performed on all the investigated root samples
(except the Euph sample as motivated above). Representative analyses of Zn K-edge EXAFS data
are reported in Figures 4a and b: experimental data and best fit curves are presented in k-space
(Figure 4a) and real space (Figure 4b). Table 3 shows Zn local structure parameters obtained from

plant root samples EXAFS data analysis.
13
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As all the type 2 samples depict similar features in the Zn K edge XANES region, we can safely
assume that Zn belongs approximately to the same structure in all of them. The values of the
structural parameters reported in Table 3 (E. pithyusa - entire root) are obtained averaging the
EXAFS data analysis of all the spectra. The uncertainty on the parameters is the standard deviation
of the distribution of the results.

The quantitative analysis of the EXAFS spectra measured on the entire roots demonstrates Zn being
approximately 5-coordinated to oxygen around Rzno = 2.01 A. A weak (but statistically significant)
next neighbour Zn-Si shell is found around Rznsi = 2.97 A having a coordination number Nznsi =
1.6. This demonstrates that ZnO5 polyhedra are likely part of a silicate network instead of being
dispersed into an organic matrix. In some cases (Euph_A2, Euph_B1), a third shell Zn-Zn was also
recognized around Rznzn= 3.8 A with a relatively high coordination number Nznzn= 2.7 suggesting a
mechanism causing the aggregation of Zn in Zn-rich regions instead of a homogeneous dispersed.
EXAFS analysis from epidermis (Euph_CP1b) and inner part of the root (Euph_CP1la) reveals
significant differences: the Euph_CP1b data fit point out a first Zn-O shell (R ~2 A), and a second
Zn-Si shell (R ~ 3 A). For the inner part of the root (Euph_CP1a), the best fit confirms a nearest
neighbour Zn-O shell (R ~ 2 A), but the next neighbour structure depicts heavy ions, and the best fit
suggests a second Zn-Zn shell at about 3.2 A, and a third Zn-Zn shell at about 3.4 A, while Zn-Si

neighbours were not observed.

14
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293
294 Figure 4. Experimental data (points) and best fits (full lines) of selected root samples EXAFS spectra (a), and

295  Fourier transforms of EXAFS spectra (b).

296

297  Table 3. Fit parameters for EXAFS analysis

CN R (A 6® (x10°A) R?
E. pithyusa- entire root (N = 5)* ~0.02
ZnO 4.9+0.6 2.01+0.01 9+2
ZnSi 1.6+0.8 2.97+0.04 1245
ZnZn 2.740 3.85+0.02 1943
Euph_CP1la 0.02
ZnoO 4.5(5) 2.01(1) 7.5(5)
ZnzZn 1* 3.24(1) 5.3(6)
ZnZn 2% 3.41(1) 10(1)
Euph_CP1b 0.02
ZnO 4.6(5) 2.03(1) 5.9(4)
ZnSi 0.9(1) 3.02(1) 8(2)

®mean values and standard deviation of Euph_control, A2, B1, MB, and Euph_CP1 samples. N = number of samples.
CN = coordination number; R = interatomic distance; 6> = Debye-Waller; R? = best fit factor.
The number in brackets indicates the uncertainty on the last digit of the refined parameters.

298

299  Figures 5a and b show selected experimental rhizosphere Zn-edge EXAFS spectra, and Fourier
300 transforms (FT), respectively. A comparison between EXAFS spectra of root samples and those of

301 rhizosphere solid materials indicates a more ordered structural environment of Zn in these materials
15
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with respect to root samples. Despite that, quantitative EXAFS analysis of rhizosphere samples was
not carried out, because the presence of more phases in the studied samples (also see description of

XANES spectra) does not allow a reliable refinement due to the many parameters that must be

considered.
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Figure 5. (a) Experimental rhizosphere Zn-edge EXAFS oscillation functions k yx(k) spectra, and Fourier

transforms of EXAFS spectra.

4. Discussion

In heavy metal stressed soils, the key parameter for plant growth is not the total amount of metals
and metalloids, but rather their availability for the biosphere.*® For biotechnological purposes,
heavy metal bioavailability can be modified in different ways: 1) plant activity influences trace
elements speciation by variations in pH, pCO2, pO., redox potential, organic ligand concentrations,
and microbial biomass;**! 2) rhizosphere microorganisms, especially mycorrhizal fungi, can
increase the plant tolerance against abiotic stress and stimulate plant,®? and eventually can form
substances, such as glomaline, deposited within hyphal cell wall, that are potential chelating
substances;>® 3) plant growth can benefit from addition of bacterial inocula, because they speed up

regeneration processes and humification in the soil, and may provide desired metabolic functions
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through a specifically targeted bioaugmentation;>* bacteria also secrete extracellular polymeric
substances involved in bioprecipitation® and metal binding, decreasing their bioavailability and
toxicity.>®

It is well known that Zn, and other metals such as Cu, Ni and Cr, are stored in plant roots as metal-
organic complexes such as Zn-oxalate and Zn-phosphate,?* Zn-phytate,”* Zn-histidine,?* Zn-
phosphate, Zn-malate, and Zn-citrate.”®> More rarely it was observed that metals are bound to
inorganic species (Zn-Ca phyllo manganate’). Neumann and Zur Nieden?® and Neumann and De
Figueiredo,®” using Environmental Sensitivity Index (ESI) mapping and Electron Energy Loss
Spectroscopy (EELS), showed that heavy metal tolerant Cardaminopsish allery is able to take up
Zn in invaginations and vacuolar vesicles in the form of a Zn-silicate. In the vacuoles, the unstable
Zn-silicate is degraded, forming SiO> precipitates, while the released Zn is bound to an unknown
partner.

Specifically to E. pithyusa, we observed that Si and Al are mainly concentrated into the epidermis
of the roots (see elemental map acquired by SEM, Figure 1, and LEXRF maps, Figure 2). XRD
analysis (Figures S2a and b) reveals the presence of crystalline SiO. both in the epidermis of the
plant roots and in the inner part, suggesting that silica biomineralization could occur inside the plant
roots due to adsorption of silicic acid by the roots.’®%° XANES spectra of plant roots and
rhizosphere materials are characterized by similar features, indicating that plants absorb Zn mainly
in its mineralogical phase rather than dissolving it. This is definitively evident in the case of Euph
sample in which a large fraction of ZnO in the rhizosphere corresponds to a large fraction of ZnO
into the root body. Moreover, the LEXRF mapping (Figure 2) combined with results from EXAFS
analysis (Table 4) rule out an organic binding complex, and show that E. pithyusa uses Si to bind
Zn forming an amorphous Zn-silicate. This process is intrinsically biologically driven, and leads to
the decrease of Zn concentration from the epidermis to the internal part of the root (Figure 2), where
Zn is bonded to other Zn atoms. When Zn concentration is very high, as in the rhizosphere of E.

pithyusa collected on the mine tailings at Campo Pisano (sample Euph_CP1), the Al-Si rim and Zn-
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silicate trap are not enough to prevent Zn penetration into the roots, and its concentration results
relevant also inside (Figure 2), with no recognizable decrease from the epidermis to the internal part
of the root. Thus we argue that this rim acts as a physico-chemical barrier against organic and
inorganic stresses, in agreement with other authors.®

As previously stated, these processes of Zn and Si uptake from soil minerals and formation of new
Zn-Si amorphous phase at the rim, and Zn-rich complex in the inner part of the roots are
intrinsically driven by the plant. The occurrence of a Zn-silicate biomineralization in the outer rim
of E. pithyusa root reveals an unexpected use of Si in both rhizosphere mineral evolution and
biological regulation of bioavailable Zn. We did not find effects of biopolymers secreted by bacteria
on Zn speciation analysis. In our investigated system, we proved that Zn bioavailability is ruled
only by plant processes independent by microbial activity, while soil microbial properties such as
N-fixation were improved by benefit from microbial inocula (see Sprocati et al, 2014). The results
of this study seem to suggest that an effective strategy of revegetation with E. pithyusa in this kind
of soils is to simply provide the optimum conditions (nutrient supply and adequate soil
environment) for its basic metabolic functions. The plant has its own “built in” mechanism for
heavy metal tolerance, and does not seem to need specific external aids to this end. In a broader
perspective, the understanding of the molecular mechanism ruling Zn silicate biomineralization
could lead to a step forward in phytoremediation technologies. This study reinforces the concept
that understanding microscopic processes ruling bio-geosphere interaction may open new

possibilities to develop bioremediation techniques.
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Additional details on description of the studied area and results. This material is available free of
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