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• Zn tolerance occurs by Zn complexation to
citrate and cysteine.

• Variation of Zn content in water lead to
different uptake mechanisms.

• Zn complexation by J. acutus is mainly in-
fluenced by rhizosphere mineralogy.
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Juncus acutus has been proposed as a suitable species for the design of phytoremediation plans. This research aimed to
investigate the role played by rhizosphere minerals andwater composition on Zn transformations and dynamics in the
rhizosphere-plant system of J. acutus exposed to different Zn sources. Rhizobox experiments were conducted using
three different growing substrates (Zn from 137 to 20,400 mg/kg), and two irrigation lines (Zn 0.05 and 180 mg/l).
The plant growthwas affected by the substrate type,whereas the Zn content in thewater did not significantly influence
the plant height for a specific substrate. J. acutus accumulated Zn mainly in roots (up to 10,000 mg/kg dw); the metal
supply by the water led to variable increases in the total Zn concentration in the vegetal organs, and different Zn dis-
tributions both controlled by the rhizosphere mineral composition. Different Zn complexation mechanisms were ob-
served, mainly driven by cysteine and citrate compounds, whose amount increased linearly with Zn content in
water, but differently for each of the investigated systems.
Our study contributes to gain a more complete picture of the Zn pathway in the rhizosphere-plant system of J. acutus.
Wedemonstrated that this vegetal species is not only capable of developing site-specific tolerancemechanisms, but it is
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also capable to differently modulate Zn transformation when Zn is additionally supplied by watering. These findings
are necessary for predicting the fate of Zn during phytoremediation of sites characterized by specific mineralogical
properties and subject to water chemical variations.
1. Introduction

Trace metals occur naturally in rocks, soils and waters, but higher quan-
tities are being released into the environment by anthropogenic activities
(Kwon et al., 2022; Zovko and Romic, 2011), such as industrial, mining,
shipping and agricultural ones. As a result, there is a strong need for effi-
cient tools to prevent metal dispersion (Wang et al., 2021; Zhou et al.,
2020; Zoumis et al., 2000) and transfer to the food chain. Phytostabilization
is an especially suitablemethod in highly polluted areas (Frérot et al., 2006;
Pérez-Esteban et al., 2014; Salt et al., 1995). It exploits plant cover to pre-
vent pollutants from spreading by erosion, water infiltration, leaching and
from toxic dust dispersal by wind (Frérot et al., 2006, and references
therein). Juncus acutus L. is a plant species characterized by i) a sub-
cosmopolitan distribution, ii) a wide ecological range, iii) a high dispersion
potential, due to its abundant seed production and high germination rate,
and iv) a great tolerance to high concentration of metals, sulphates and
chlorides, and to hydric stress during the dry summer season (Brown and
Bettink, 2006; Fancello et al., 2019; Freitas et al., 2009; Landsberger
et al., 2010; Lombardo, 1982; López-Juambeltz et al., 2020; Mateos-
Naranjo et al., 2018, 2014; Santos et al., 2014; Stefani et al., 1991;
Syranidou et al., 2017a). These properties make J. acutus and its interac-
tions with the environment of great relevance for a multidisciplinary and
global audience. As for other macrophytes (Marchand et al., 2010),
J. acutus plays a significant role in the riverbed processes, reducing metal
mobility by limiting erosive processes, promoting the sedimentation of
suspended particles, providing organic matter for bacterial metabolism,
and potential sites for metal sorption. It was also observed that J. acutus
can favor the formation of authigenic sulfides (mainly FeS2) in the
hyporheic zone (Dore et al., 2020). These features make this plant species
an effective phytostabilizer, useful for revegetation of Zn-contaminated
lands (Mateos-Naranjo et al., 2014; Syranidou et al., 2017a), and as a tool
for wetland restoration projects around the world (Aydın Temel et al.,
2018; Santos et al., 2014; Sparks et al., 2013; Zaimoglu, 2006).

Understanding the interactions between metals and plants is a funda-
mental issue because metals released into the environment will inevitably
interact with plants, which are basic components of ecosystems. Moreover,
revealing metal mobilization/immobilization processes at the molecular
level is fundamental to develop effective phytoremediation strategies. Sev-
eral experimental investigations were conducted on J. acutus grown under
different Zn concentrations (Mateos-Naranjo et al., 2018, 2014; Santos
et al., 2014), and the increasing number of literature studies (Alam et al.,
2022; Christofilopoulos et al., 2016; Duarte et al., 2021; Syranidou et al.,
2017b, 2017a, 2016) demonstrates the interest and the need for an in-
depth knowledge of metal geo-biotransformation in the rhizosphere-plant
system of J. acutus. To the best of our knowledge, previous researches
specifically aimed at investigating the relationship between Zn source
and Zn complexation in plants (da Cruz et al., 2019; Doolette et al.,
2018; Montanha et al., 2020; Wang et al., 2013) are limited and need
further investigations. Our work delves into the understanding of Zn
transformations and dynamics during rhizosphere-plant interactions
when plants are exposed to different metal sources. Previous studies
(Medas et al., 2019) demonstrated that J. acutus grown in natural min-
ing environments can optimize its adaptation in response to the miner-
alogy and geochemical conditions of the site. In the present paper, a
rhizobox experiment (Hylander, 2002) was set up, under greenhouse
conditions, to isolate the influence of rhizosphere minerals and water
composition. Three different growing substrates (two polluted sub-
strates from abandoned mining sites and an unpolluted potting soil)
and two different irrigation lines (Clean Water Line – Znwater 0.05 mg/l;
2

Zn-spiked Water Line – Znwater 180 mg/l) were employed. A multi-
technique characterization, combining chemical, X-ray diffraction (XRD)
and X-ray absorption near edge structure (XANES) analyses to investi-
gate Zn distribution and complexation, was employed. The aim was to
reach a better understanding of the Zn pathway in the rhizosphere-
plant system, and to assess the role played by the rhizosphere minerals
and water composition on Zn uptake processes.
2. Materials and methods

2.1. Rhizobox experiment

Rhizobox experiment was performed in the greenhouse “Vivai
Murgia” (Villacidro, SW Sardinia). The rhizoboxes (Fig. 1) were made
up of transparent plexiglass (L × H × W = 200 × 300 × 50 mm)
and were laterally covered by removable strips of dark fabric to protect
the roots from light. Eighteen rhizoboxes were divided into two groups
and were placed onto two wooden supports. The rhizoboxes were filled
by three different substrates (three replicates for each substrate): i) two
different muddy mine wastes, one from the Naracauli area (N39° 31.14′,
E8° 29.33′, Naracauli substrate; Medas et al., 2013) and one from
the San Giorgio area (N39° 16.56′, E8° 27.39′, Sa Masa substrate;
Bacchetta et al., 2015; De Giudici et al., 2017) (SW Sardinia); ii) an un-
polluted substrate (potting soil) (see Table S1 for Zn, Pb, Cd, Ctot, Ntot

and Htot contents, and pH values). The substrates were sieved at
2 mm, and 2 kg of each substrate were mixed with 1 kg of commercial
pozzolana, to improve their permeability. After mixing, each rhizobox
was filled with the mixture.

To increase the chances for the plants to grow in the substrates charac-
terized by high metal concentrations (Kothe and Büchel, 2014; Sprocati
et al., 2014), plantlets of J. acutus were obtained from seeds collected
from plants growing in the Naracauli mine-polluted area (Sprocati et al.,
2014). The plantlets were grown up to 5–10 cm in potting soil (Fig. 1a),
then their roots were gently cleaned from particles of the initial substrate,
and plantswere transferred in the rhizoboxes (Fig. 1b, and c). Two plantlets
were transplanted in each rhizobox.

Two irrigation lines were used, one with unpolluted water (Clean
Water Line, i.e., tap water, average Znwater 0.05 mg/l, hereinafter re-
ferred to as CW), and another with polluted water (Zn-spiked Water
Line, Znwater 180 mg/l, hereinafter referred to as ZnW) (Fig. 1c and d).
Watering was provided every 48 h according to the seasonal conditions
(max temperatures up to 45 °C in August). Zinc was supplied to the ZnW
as ZnSO4·7H2O. This choice is justified by the fact that many mine-
affected waters in the Sardinia districts have Zn and SO4 as major ions
(Cidu et al., 2011; De Giudici et al., 2019; Medas et al., 2012). More-
over, the specific Zn concentration selected is within the range reported
for mine waste pore water, seepages and river waters draining several
abandoned or active mining areas around the world (Bao et al., 2022;
Cidu and Biddau, 2005; Pavoni et al., 2018).

The experiment lasted five months, and the growth of plants was
monitored monthly, measuring J. acutus height from the surface of the
substrate to the highest part of the plant. At the end of the experiment,
plants and rhizospheres (defined here as the soil portion collected
within 2 mm from the roots) were collected and analyzed. All tripli-
cates, both the vegetal organs and the rhizospheres, were mixed to
have enough material to perform XRD, Zn chemical analysis and
XANES investigation. Table S2 shows the investigated sample names
and their description.



Fig. 1. (a) Plantlet of J. acutus before the rhizobox experiment; (b) transplantation into the rhizoboxes (the black tubes are irrigation lines); (c) overviewof the rhizoboxes (still
uncovered by dark fabric); (d) scheme of the rhizobox experiment. The yellow and red rectangles in 1c indicate the rhizoboxes with J. acutus. UCW (Unpolluted substrate
Clean Water Line), NCW (Naracauli, substrate Clean Water Line), SMCW (Sa Masa substrate Clean Water Line), UZnW (Unpolluted substrate Zn-spiked Water Line), NCW
(Naracauli, substrate Zn-spiked Water Line), SMCW (Sa Masa substrate Zn-spiked Water Line).
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2.2. X-ray diffraction and chemical analysis

XRD analysis was performed on the substrates (before the rhizobox
experiment), rhizospheres (after the rhizobox experiment), and on the
vegetal organs (roots and stems, after the rhizobox experiment) by a lab-
oratory θ–θ equipment (Panalytical X'Pert Pro, Almelo, Netherlands)
operating at 40 kV and 40 mA with Ni-filtered Cu Kα radiation (λ =
1.54060 Å), using the X'Celerator detector. Diffraction patterns were
analyzed with X'Pert HighScore Plus 2.1 (Panalytical, Almelo, The
Netherlands) using the PDF-2 database (International Centre for
Diffraction Data) to identify the crystallographic phases in the samples
(see section S1 of the Supplementary Material for more details on XRD
analysis).

For Zn determination in the solid samples (substrates, rhizospheres
and vegetal organs), acid digestion was carried out. Samples were proc-
essed together with blanks and selected reference materials (NIST 2710,
Montana Soil for the substrates and rhizospheres; SRM 1573a, tomato
leaves for the vegetal organs), prepared with the same procedure, to
evaluate the precision (<5 %) and accuracy (<5 %) of the digestion pro-
cedure. Then, Zn was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES, ARL Fisons ICP Analyzer 3520 B, Wal-
tham, MA, USA). To estimate potential contaminations, the accuracy
(<5 %) and precision (<5 %) of trace element analysis, procedural
blanks and reference solutions (SRM 1643e and EnviroMAT Drinking
Water, High EP-H-3 and Low EP-L-3) were analyzed together with the
samples (see section S2 of the Supplementary Material for more details
on chemical analysis).

Zinc uptake by plants was evaluated by three different factors: the bio-
logical concentration factor (BCF), the bioaccumulation coefficient (BAC),
3

and the translocation factor (TF). The BCF quantifies the Zn (mg/kg) trans-
fer from the rhizosphere (Mrhizo) to the roots (Mroots) (Fellet et al., 2007) ac-
cording to Eq. (1):

BCF ¼ Mroots

Mrhizo
(1)

The BAC (Eq. (2)) estimates the transfer of Zn (mg/kg) from the
rhizosphere (Mrhizo) to the epigean organs (Mepi) (Marchiol et al.,
2013):

BAC ¼ Mepi

Mrhizo
(2)

The TF (Eq. (3)) evaluates the translocation of Zn (mg/kg) from the
roots (Mroots) to the epigean organs (Mepi) (Brooks, 2008):

TF ¼ Mepi

Mroots
(3)

Determination of pHwas performed for the substrate samples according
to the procedures published by Food and Agriculture Organization of the
United Nations (FAO, 2021) (soil to water ratio 1:2.5 w/v). Total C (Ctot),
N (Ntot), and H (Htot) contents in substrates were determined by using an
elemental analyzer (CHN-1000, LECO Corporation, MI, USA). The sample
was placed in a tin capsule and inserted in the furnace at 1000 °C in
excess of oxygen, then the products of combustion were passed into a
second furnace at 850 °C. The gases were collected and homogenized
in the ballast, then sent to detectors. Samples were processed together

Image of Fig. 1
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with a reference material (Orchard Leaves, Nist SRM 2691). Results are
reported in Table S1.
2.3. X-ray absorption spectroscopy

Synchrotron-based techniques, such as XANES spectroscopy, are being
employed increasingly in the investigation of soil-plant systems, and repre-
sent a suitable and powerful tool for unravelling the chemical speciation of
metals and metalloids (Adediran et al., 2015; Chandrakasan et al., 2021;
Chen et al., 2022; De Giudici et al., 2015; Fourati et al., 2020; Kopittke
et al., 2017; Panfili et al., 2005; Parsons et al., 2002; Saraswat and Rai,
2011; Sarret et al., 2013; Zelano et al., 2020; Zhao et al., 2014). Zinc K-
edge (9.659 keV) XANES measurements were performed at the XAFS
beamline (Di Cicco et al., 2009) (experiment #20167045), and at the
XRF beamline (Jark et al., 2014) at Elettra-Sincrotrone Trieste, Italy.

Since in the soil-plant system Zn can be hosted in mineral phases
(e.g., sulfides, sulphates, carbonates, etc.) and/or can be bound to or-
ganic compounds (e.g., organic acids, phytochelatins, metallothioneins,
etc.) (Caldelas and Weiss, 2017; de la Fuente et al., 2018; Kopittke
et al., 2017; Parsons et al., 2002; Salt et al., 1999; Saraswat and Rai,
2011; Sarret et al., 2006, 2002; Zhao et al., 2014), a large set of
Zn reference compounds (standards, Table S3) was measured or derived
from previous experiments (Boi et al., 2020; Medas et al., 2018)
carried out with the same set-up. The measurements of the reference
compounds allowed us to reliably compare the datasets collected on
the two beamlines. Athena software (Ravel and Newville, 2005) was
used for preliminary XAS data treatment (background subtraction, nor-
malization and averaging) and quantitative XANES analysis (linear
combination analysis, LCA). The normalized XANES spectra of the refer-
ence compounds are shown in Fig. S1.

The principal component analysis (PCA) was performed by the SixPack
software (Webb, 2005) to evaluate the number of statistically significant
components (principal components) necessary to describe the variability
of the experimental signals within the dataset (Etschmann et al., 2014).
The target transform (TT) was used to select, among the reference com-
pounds, the most suitable to be used to reproduce (LCA) the sample exper-
imental data (Gaur and Shrivastava, 2012; Shi et al., 2008; Voegelin et al.,
2005; Wang et al., 2013). Normalized sample spectra where then analyzed
by LCA by Athena software (Ravel and Newville, 2005), within an energy
range of −20 eV below to +30 eV above the edge, selecting the suitable
references identified by TT. For each sample, the combination of standards
with the lowest R-factor and the lowest reduced χ2 was selected as themost
likely set of components (see section S3 of the Supplementary Material for
more details on XAS data analysis).
Table 1

Plant growth during the experiment in the different substrates and irrigation lines. The

measurements (n = 6, two plants for each rhizobox in triplicate).

1 month 2 months

Height (cm) Height (c

Clean Water Line (Znwater 0.05 mg/l)
Unpolluted Mean 7.8 20.4

Uncertainty 0.6 0.8
Naracauli Mean 6.9 10

Uncertainty 0.7 1
Sa Masa Mean 6.8 12.8

Uncertainty 0.7 0.3

Zn-spiked Water Line (Znwater 180 mg/l)
Unpolluted Mean 7.8 20

Uncertainty 0.6 2
Naracauli Mean 7.2 10.4

Uncertainty 0.2 0.7
Sa Masa Mean 7.1 11

Uncertainty 0.9 1

4

3. Results

3.1. Plant growth, substrate and rhizosphere characterization

Heights of J. acutus seedlings were measured monthly during the
experiment and their values are reported in Table 1 and Fig. S2. Plant
height was similar in all systems through the first month, but by the
end of the experiment, plants from the unpolluted substrate were
higher, for both the CW (29 ± 5 cm after 5 months) and the ZnW
(26 ± 1 cm after 5 months), than plants from the polluted substrates
(Sa Masa: CW 17.3 ± 0.9 cm, ZnW 15 ± 1 cm; Naracauli: CW 12 ±
1 cm, ZnW 11.8 ± 0.7 cm).

Results of XRD analysis are reported in Table S4. Rhizospheres (from
both the CW and ZnW) did not show any variation in mineralogical
composition when compared to the corresponding initial substrate.
Quartz (SiO2) and calcite (CaCO3) were detected in all the substrates
and rhizospheres. Accessory minerals were siderite (FeCO3) and gyp-
sum (CaSO4) in the Naracauli samples, while smithsonite (ZnCO3) and
hemimorphite (Zn4Si2O7(OH)2·H2O) were observed in SaMasa samples.
The main peaks of quartz were also observed in all the roots. In all roots
and stems, we clearly observed the main peaks of cellulose at around
14.9°–16.5° 2θ and 22.8° 2θ.

Initial substrates were characterized by slightly alkaline pH values
(7.6–7.8). Low contents of Ntot (Sa Masa <DL, Naracauli 0.26 %) and Htot

(Sa Masa 0.23 %, Naracauli 0.43 %) were observed for both the mine sub-
strates, coherently with their origin. Total C (Ctot) increased in the order
Naracauli (1.16 %), unpolluted (3.04 %), and Sa Masa (8.95 %) substrate.
It is worth noting that Sa Masa substrate was characterized by high amount
of carbonate minerals (mainly calcite and dolomite, Table S4) and, conse-
quently, a significant portion of Ctot was in the inorganic form according
to Bacchetta et al., 2015 that reported 8.20 % of Ctot and 1.98 % of organic
C (Corg) for samples collected in the same area.
3.2. Zinc concentration and distribution

Table 2 and Fig. S3 show the Zn concentrations in the investigated sam-
ples. At the beginning of the experiment, the substrates were characterized
by different Zn concentrations in the order: unpolluted (Zn 137 ±
4 mg/kg), Naracauli (Zn 9700 ± 291 mg/kg) and Sa Masa (Zn 20,400 ±
612 mg/kg). As for the substrates, Zn increased from the unpolluted rhizo-
spheres (Zn 150–3040mg/kg) to the Naracauli (Zn 10,400–12,500mg/kg)
and SaMasa (Zn 19,500–20,600mg/kg) rhizospheres both in samples from
the CW and the ZnW. Zinc contents in J. acutus roots and stems were af-
fected by the Zn concentrations in the rhizospheres (correlation coefficient
uncertainty was calculated as standard deviation height measurementsð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

number of measurements
p , where n is the number of

3 months 4 months 5 months

m) Height (cm) Height (cm) Height (cm)

23 27 29
1 2 5

10.9 11.2 12
0.8 0.9 1

14 16.3 17.3
1 0.9 0.9

23 24 26
2 2 1

11.4 11.7 11.8
0.6 0.6 0.7

12 13 15
1 1 1



Table 2
Zinc content in the substrates, rhizospheres, roots and stems of J. acutus from the
Clean Water Line and the Zn-spiked Water Line.

Before the rhizobox
experiment

Before the rhizobox
experiment

Zn (mg/kg) Zn (mg/kg)

Substrates Unpolluted 137 ± 4 137 ± 4
Naracauli 9700 ± 291 9700 ± 291
Sa Masa 20,400 ± 612 20,400 ± 612

Clean Water Line
(Znwater 0.05 mg/l)

Zn-spiked Water Line
(Znwater 180 mg/l)

Zn (mg/kg) Zn (mg/kg)

Rhizospheres Unpolluted 150 ± 5⁎ 3040 ± 91⁎
Naracauli 10,400 ± 312⁎ 12,500 ± 375⁎
Sa Masa 19,500 ± 585 20,600 ± 618

Roots Unpolluted 59 ± 2⁎ 123 ± 4⁎
Naracauli 4400 ± 132 4700 ± 141
Sa Masa 5900 ± 177⁎ 10,000 ± 300⁎

Stems Unpolluted 41 ± 1⁎ 62 ± 2⁎
Naracauli 420 ± 13⁎ 480 ± 14⁎
Sa Masa 870 ± 26⁎ 1140 ± 34⁎

⁎ p-Value < 0.01.

Fig. 2. Zn K-edge (9.659 keV) XANES spectra of the substrates, rhizospheres and
vegetal organs (roots and stems) for the Clean Water Line (Znwater 0.05 mg/l) and
the Zn-spikedWater Line (Znwater 180mg/l), vertically shift for sake of comparison.
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ρZn-rhizo-roots 0.94–0.99, ρZn-rhizo-stems 0.97–0.99), and followed the same
trend (Zn concentration in Sa Masa J. acutus > Naracauli > unpolluted)
along the two irrigation lines (Table 2 and Fig. S3).

We observed significant statistical differences (Z-test, p-value < 0.01)
between the Zn concentrations in samples from the two irrigation lines in
all the investigated systems, except for the Sa Masa rhizosphere and
Naracauli roots in which the Zn concentration changes were weaker (p-
value > 0.1). The rhizosphere, roots and stems from the unpolluted group
showed the highest increase in Zn concentration (1930 % in the rhizo-
sphere, 108 % in the roots, and 51 % in the stems) when plants were
watered with the Zn-spiked water. In the Sa Masa group, the rhizosphere
did not show any statistically significant Zn increase, whereas in roots
and stems the metal concentration increased by 69 % and 31 %, respec-
tively. For the Naracauli group, Zn increased by 20 % in the rhizosphere
and by 14 % in the stems, while in the roots the difference was weak and
not statistically significant.

Variations were also observed for the Zn accumulation and distribution
as described by the indexes reported in Table 3 and Fig. S4 (BCF, Znroots/
Znrhizo; BAC, Znepi/Znrhizo; TF, Znepi/Znroots). In the samples from the CW,
BCF values were similar for the three systems (BCF 0.30–0.42), whereas
BAC and TF were higher for the plants grown on the unpolluted substrate
(BAC 0.24, TF 0.69) than for plants grown on the contaminated substrates
(BAC 0.04, TF 0.10–0.15), indicating that Zn accumulation in stems and
its translocation were higher when Zn content in the rhizosphere was low
(150mg/kg). For the ZnW samples, indexes for the plants grown on the un-
polluted substrate showed the most important variations, and they de-
creased (Table 3), pointing out a lower Zn uptake and translocation than
J. acutus plants from the CW. Specifically, the BCF for the unpolluted
group reached the lowest value in comparison to the contaminated systems,
Table 3
BCF (biological concentration factor), BAC (bioaccumulation coefficient) and TF
(translocation factor) calculated for J. acutus plants.

BCF BAC TF

Clean Water Line (Znwater 0.05 mg/l)
Unpolluted 0.35 0.24 0.69
Naracauli 0.42 0.04 0.10
Sa Masa 0.30 0.04 0.15

Zn-spiked Water Line (Znwater 180 mg/l)
Unpolluted 0.04 0.02 0.50
Naracauli 0.38 0.04 0.10
Sa Masa 0.49 0.06 0.11

5

whereas the Zn translocation was the highest (TF 0.50), as for the CW. For
the Sa Masa system, the BCF increased and showed the highest value (BCF
0.49), because of a higher Zn accumulation in roots in comparison to the
other systems. On the contrary, BCF showed an inverse trend for the
Naracauli group, slightly decreasing (BCF from 0.42 to 0.38). BAC and TF
values for plants grown on both mine-waste-rich substrates did not depend
on the Zn concentration of the irrigation water.

3.3. Zinc chemical speciation in solid samples

Molecular species of Zn in the initial substrates, rhizospheres and plant
organs from the two irrigation lines were investigated by bulk XANES anal-
ysis (Fig. 2). XANES spectral featuresweremore structured in the substrates
and rhizospheres and became smoother and broader in the roots and stems.
These characteristics suggested that the local structure around Znwasmore
disordered in the vegetal organs than in the substrates and rhizospheres.

Image of Fig. 2
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The Zn K-edge XANESmeasured on the substrates and rhizosphere sam-
ples from the unpolluted and Naracauli systems depicted a double peak
white line around 9665 eV, more pronounced in the Naracauli samples.
The Zn-edge XANES of the SaMasa substrate and rhizosphere showed a sin-
gle peak white line and a broad shoulder in the post-edge region (9680 eV),
definitely different from the spectra measured in unpolluted and Naracauli
samples. However, the XANES features of the roots and stem samples
appeared to preserve some of the Zn chemical species from the original
substrates in all the experimental conditions.

To investigate the distribution of the Zn chemical species, we
performed a PCA and a LCA using the spectra measured on standard Zn
compounds (Table S3 and Fig. S1) as references (see Section S4,
Tables S5 and S6, Fig. S5 for details on XANES data processing for PCA
and LCA). LCA allowed us to identify seven different coordination environ-
ments: i) octahedral Zn (ZnO6) in smithsonite, ii) octahedral Zn (ZnO6) in
layered double hydroxides (Zn-Al-LDH), iii) tetrahedral Zn (ZnO4) in
hemimorphite, iv) tetrahedral Zn (ZnO4) in Zn phosphate, v) sorbed tetra-
hedral Zn on hydroxyapatite, vi) tetrahedral Zn (ZnS4) in Zn cysteine, and
vii) octahedral Zn (ZnO6) complexed to citrate (Table 4 and Fig. S6a–h).

In all the substrates (Table 4), Znwas present as octahedral Zn (ZnO6) in
layered minerals (Zn-Al-LDH, 14–34 %). Sorbed tetrahedral Zn was
detected in the unpolluted and Naracauli substrates, with the highest con-
tent in the unpolluted sample (62 %). In the Sa Masa substrate, relevant
concentrations of tetrahedral Zn in hemimorphite (33 %) and octahedral
Zn in smithsonite (29 %) were found, in agreement with XRD analysis
(Table S4). Tetrahedrally coordinated Zn in hemimorphite was also
detected in the Naracauli substrate (47 %). In this sample crystalline
hemimorphite was not revealed by XRD, but it could be present below
the detection limit of 1 % by volume, as hemimorphite is a typical ore min-
eral in the abandoned mine of Naracauli (Boni et al., 2003). Moreover, a
local hemimorphite-like Zn coordination could be present as an amorphous
phase. A portion of Znwas also found to be octahedrally bound to citrate in
the unpolluted and Sa Masa samples. LCA results explained the differences
observed between the XANES spectral features of unpolluted/Naracauli
and Sa Masa samples. Indeed, the broad shoulder in the post-edge region
(9680 eV) of the Sa Masa substrate was due to the presence of smithsonite,
Table 4
Results from the linear combination analysis of XANES for the substrates, rhizospheres
(Znwater 180 mg/l). The sum of contribute fractions was fixed to 100 %, the uncertainty

Zn-Al-LDH*
(%)

Hemimorphite
(%)

Smithsonite
(%)

Zn
phosp
(%)

Before the rhizobox experiment
Substrates Unpolluted 27 – – –

Naracauli 34 47 – –
Sa Masa 14 33 29 –

Clean Water Line (Znwater 0.05 mg/l)
Rhizospheres Unpolluted 25 – – –

Naracauli 29 48 – –
Sa Masa 13 42 26 –

Roots Unpolluted 15 – – 18
Naracauli 16 – – –
Sa Masa 22 14 15 23

Stems Unpolluted – – – –
Naracauli – – – 20
Sa Masa – – – 13

Zn-spiked Water Line (Znwater 180 mg/l)
Rhizospheres Unpolluted 48 – – –

Naracauli 28 51 – –
Sa Masa – 47 14 –

Roots Unpolluted 14 – – –
Naracauli 15 – – –
Sa Masa 15 19 – 18

Stems Unpolluted – – – 16
Naracauli – – – 19
Sa Masa – – – 21
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whereas the double peak white line around 9665 eV originated from the
contribution of sorbed tetrahedral Zn and Zn-Al-LDH in the unpolluted
sample, and from hemimorphite and Zn-Al-LDH in the Naracauli substrate
(Fig. S7).

In the samples from the CW, Zn chemical speciation of the rhizospheres
did not change significantly in comparison to the initial substrates (Table 4,
Figs. S6c, S8–S10). In all roots (Table 4, Figs. S6b, S8–10), a fraction of Zn
contribution (14–22 %) appeared to originate from residues of the rhizo-
spheres (layered minerals, hemimorphite and smithsonite), supporting
the qualitative XANES analysis (Fig. 2). In unpolluted-CW-roots and
Naracauli-CW-roots, a high fraction (49–69 %) of Zn was present in a
disordered environment, like sorbed tetrahedral Zn. In unpolluted-
CW-roots and Sa Masa-CW-roots, we detected Zn bound to phosphate
(18–23 %) and to citrate (18–26 %). A small portion (15 %) of Zn was
complexed to cysteine in Naracauli-CW-roots. All the stems showed a
similar Zn speciation, mainly sorbed Zn (up to 65 %) and Zn cysteine
(up to 35 %). Zinc phosphate (13–20 %) was detected in Naracauli-
CW-stems and Sa Masa-CW-stems.

For the ZnW samples (Table 4, Fig. S6e, f and g), differences in the Zn
chemical speciation were found, and they were different in the three
systems, as observed for the Zn accumulation (Table 2 and Fig. S3) and dis-
tribution (Table 3 and Fig. S4). In the unpolluted-ZnW-rhizo, we observed
an increase in Zn-Al-LDH (from 25 to 48 %), a decrease in sorbed Zn
(from 64 % to 38 %), and a contribution from Zn cysteine (14 %),
compound not found in unpolluted-CW-rhizo. Differently from samples
belonging to the CW, Zn cysteine (18 %) was observed in unpolluted-
ZnW-roots, and Zn phosphate (16 %) in unpolluted-ZnW-stems. In
the Sa Masa rhizosphere and roots, Zn citrate increased from 19 %
(Sa Masa-CW-rhizo) to 39 % (Sa Masa-ZnW-rhizo), and from 26 %
(Sa Masa-CW-roots) to 48 % (Sa Masa-ZnW-roots), respectively. In the
Sa Masa stems, the sorbed Zn decreased from 61 % (Sa Masa-CW-stems)
to 16 % (Sa Masa-ZnW-stems), while Zn cysteine increased from 26 %
(Sa Masa-CW-stems) to 42 % (Sa Masa-ZnW-stems), and a portion of Zn
(21 %) was bound to citrate in Sa Masa-ZnW-stems. For the Naracauli sam-
ples (rhizosphere, roots and stems), we did not find significant differences
in the Zn chemical speciation in the samples from the two irrigation lines.
and vegetal organs (roots and stems) for the CW (Znwater 0.05 mg/l) and the ZnW
on the fraction values is around 8 %. *Ardau et al. (2012); Frau et al. (2020).

hate
Zn in
hydroxyapatite
(%)

Zn
citrate
(%)

Zn
cysteine
(%)

R-factor
(×103)

reduced
χ2

(×103)

62 11 – 0.7 0.6
19 – – 0.3 0.2
– 24 – 0.1 0.09

64 11 – 0.7 0.6
23 – – 0.4 0.3
– 19 – 0.8 0.7
49 18 – 0.4 0.3
69 – 15 0.2 0.1
– 26 – 0.2 0.2
65 – 35 0.5 0.4
52 – 28 0.3 0.2
61 – 26 0.1 0.1

38 – 14 0.3 0.2
21 – – 0.3 0.3
– 39 – 0.4 0.3
68 – 18 0.7 0.5
69 – 16 0.2 0.1
– 48 – 0.2 0.2
54 – 30 0.8 0.6
56 – 25 0.4 0.3
16 21 42 0.4 0.3
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4. Discussion

4.1. Zinc source and complexation

Zinc plant uptake is affected by several factors such as Zn content at
the soil-root interface, plant demand, and root absorption capacity
(Sadeghzadeh, 2013). It remains a controversial issue whether plants pre-
dominantly absorb metal ions from soil solution (Kim et al., 2010) or
from solid phases. Indeed, although the dissolved concentration in soil
pore water is often used to estimate metal bioavailability, metals in min-
erals are key components, as plants can take up elements from the non-
mobile fractions of the solids and because the solid-phase pool controls
the resupply of metals to the soil solution (Hinsinger and Courchesne,
2007; Knight et al., 1997; Zhang et al., 2001). Also, metals can be taken
up by plants in form of nanoparticles, through various pathways driven
by the specific materials, particle morphology and size, and by the plant
species, growth stage, physiological and growing conditions (Adele et al.,
2018; Lv et al., 2019; Tripathi et al., 2017). The sources of Zn in the inves-
tigated systems depended on the substrate origin and the irrigation line. In
themine-waste-rich substrates, Zn primaryminerals, such as hemimorphite
and smithsonite, were the most abundant Zn species as revealed by XRD
(Table S4) and XANES (Table 4 and Fig. S6d and h) analyses, and Zn ranged
between~10,000 and~20,000mg/kg. In the unpolluted substrate, Znwas
mainly present as sorbed species and incorporated in layered minerals
(Table 4), with a concentration of ~140 mg/kg. The detected species
must be considered as dynamic Zn sources, as they are part of both biotic
and abiotic bidirectional processes: from roots to the soil and from soil
to the roots. Specifically, plant roots and microbial metabolism can
transform metal species to facilitate metal uptake or to detoxify metals
through root exudation, microorganism secretions and/or pH changes,
leading to variable concentration gradients and speciation patterns,
whose extent can vary through time (Adele et al., 2021; Brown et al.,
1999; Kangwankraiphaisan et al., 2013; Kuzyakov and Razavi, 2019;
Schnepf et al., 2022).

After five months of plant-mineral-water interaction, XRD analysis did
not show any significant bulk mineralogical variation between the initial
substrates and the rhizospheres for both the CW and the ZnW (Table S4),
however, XANES analysis revealed that Zn supplement to the irrigation
water influenced to a variable extent the Zn chemical speciation in the in-
vestigated systems. For instance, high Zn contents in water led to an in-
crease of Zn hosted in layered minerals in the unpolluted rhizosphere
(from 25% to 48%). Previous studies (Voegelin et al., 2005, and references
therein) demonstrated that the incorporation of Zn in newly forming lay-
ered minerals (e.g., LDH, phyllosilicates, or hydroxide type) may represent
an important metal sequestration mechanism in soils and sediments. Our
data suggest that this is an active pathway also in this study. The formation
(or increase) of Zn cysteine, observed in the unpolluted rhizosphere and
roots, and in Sa Masa stems from the ZnW, was probably due to J. acutus
response to high Zn content in water. Our results support previous findings
on the relevant role of cysteine in metal homeostasis, detoxification and
tolerance to high concentrations of Zn in many plants, because it helps to
regulate (Domínguez-Solís et al., 2004; Oven et al., 2002) and reduce the
cellular bioavailability of Zn (Adediran et al., 2016; Adele et al., 2021,
2018). XANES data suggested that also citrate plays a key role in the control
of Zn bioavailability, as demonstrated by its increase in the Sa Masa
samples (rhizosphere and roots) from the ZnW. Indeed, citrate is a ligand
involved in metal transport and storage in plants (Gramlich et al., 2013).
For example, Terzano et al. (2008) found that, in the Eruca vesicaria
edible plant, Zn accumulated outside the root endodermis with some Zn
translocated in the xylem as Zn citrate. In shoots of the hyperaccumulator
Thlaspi caerulescens, Zn citrate was the dominant species with hydrated
Zn, histidine, cell wall, and oxalate playing a secondary role (Salt et al.,
1999). In our experiment, the Zn supply by thewater could have stimulated
a higher citrate synthesis (Shen et al., 1997). The observed variations in Zn
speciation for the epigean organs collected from the unpolluted and Sa
Masa systems (CW vs ZnW) support the results reported by Da Cruz et al.
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(2019) that performed time resolved experiments to investigate Zn up-
take, biotransformation and physiological effects on Phaseolus vulgaris
(L.) exposed to ZnO nanoparticles (40 and 300 nm) dispersions and
ZnSO4(aq) (Zn 100 and 1000 mg/l) for 48 h. They observed that, in
leaves, Zn was mainly present as Zn phosphate (59–87 %) in all treat-
ments, whereas Zn-histidine was detected for ZnSO4, 40 and 300 nm
ZnO exposures, and Zn-malate for the 300 nm treated plants, demon-
strating that Zn speciation can change when the same plant species is
exposed to different Zn sources.

Differently from the unpolluted and Sa Masa systems, the Naracauli
system did not show any significant variation in the Zn coordination
environment for the two irrigation lines. The occurrence of Zn phos-
phate in stems from the three systems is consistent with other studies.
For instance, Zn phosphate was detected in the leaves of Phaseolus
vulgaris (the common bean) from plants exposed to 10 mg/l Zn of
ZnSO4(aq), and ZnO nanoparticles (40 nm and 300 nm) for seven days
(da Cruz et al., 2019), and in the apoplast of tobacco roots (Straczek
et al., 2008).

4.2. Plant growth and Zn accumulation

Zinc is one of the eight micronutrients (along withMn, Cu, B, Fe, Cl, Mo
and Ni) that are essential for healthy growth and reproduction of plants
(Vatansever et al., 2017). It is required as a structural component of many
proteins, and an insufficient amount leads to physiological stresses due to
the failure of Zn dependent metabolic processes (Sadeghzadeh, 2013). On
the other hand, excessive Zn (100–500 mg/kg in the vegetal organs) is
toxic to plants, and leads to functional and structural disorders (Balafrej
et al., 2020; Kabata-Pendias, 2000; Zeng et al., 2011). In our experiment,
plant growth (Table 1 and Fig. S2) was higher for specimens grown on
the unpolluted substrate (CW 29 ± 5 cm, ZnW 26 ± 1 cm), followed by
the Sa Masa (CW 17.3 ± 0.9 cm, ZnW 15 ± 1 cm) and the Naracauli
(CW 12 ± 1 cm, ZnW 11.8 ± 0.7 cm) substrates. This behavior could be
related both to the low nutrient concentration in the SaMasa and Naracauli
substrates (Table S1, Bacchetta et al., 2015; Sprocati et al., 2014) and to the
high concentration of Zn (Balafrej et al., 2020) and other metals, such as Pb
(~5220–7000 mg/kg) and Cd (~19–110 mg/kg), in the mine-waste-rich
substrates (Bacchetta et al., 2015; Medas et al., 2013), as J. acutus can toler-
ate exogenous Zn concentrations up to 60–100 mM (Mateos-Naranjo et al.,
2014; Santos et al., 2014). Indeed, in roots and stems from the unpolluted
substrate (CWandZnW), Znwas lower than100–500mg/kg, thus probably
not affecting the metabolic processes (Kabata-Pendias, 2000; Zeng et al.,
2011), whereas in roots and stems from the polluted substrates Zn ranged
between 4400 and 10,000 mg/kg and 420–1140 mg/kg, respectively.
Our findings support results from Mateos-Naranjo et al. (2014) who
performed a pot experiment (with perlite as growth substrate and 20 %
Hoagland's solution+ ZnSO4·7H2O, Zn from 0 to 100 mM). They observed
increasing Zn contents in J. acutus organs (up to 2500 mg/kg in roots, and
up to 500 mg/kg in stems) when the plants were irrigated with solutions
characterized by high Zn concentrations. In their experiment, the mean
plant height was smaller in 100 mM Zn treatment than in control (Zn
0 mM). In our experiment, plant development appeared to be affected
more by the composition of the substrate than by the Zn content in the
water, that did not significantly affect the plant height for a specific growth
substrate (Table 1 and Fig. S2).

Despite the negligible influence of the Zn content in water on plant
growth, comparing samples belonging to the CW and the ZnW, some dif-
ferences were observed in the Zn accumulation (Table 2 and Fig. S3) and
distribution (Table 3 and Fig. S4), and they varied for the three investi-
gated systems. The greatest variations were observed for the samples
collected from the unpolluted group. Specifically, despite the increase
in the Zn concentration in the unpolluted rhizosphere, roots and stems
from the ZnW, the BCF, BAC and TF decreased, suggesting that a
lower Zn accumulation and translocation occurred when the Zn concen-
tration in the water was higher. This trend could be due to the incorpo-
ration of Zn in low bioavailable forms in the rhizosphere (i.e., Zn-Al-
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LDH in the unpolluted rhizosphere sample from the ZnW) and/or to
complexation mechanisms induced by J. acutus to control Zn uptake
(i.e., Zn cysteine). On the contrary, the experiments carried out in the al-
ready polluted substrates pointed out a minor role of the Zn content in
the water that had no significant effects on the Zn accumulation in
stems (BAC values) and on its translocation (TF values) (Table 3 and
Fig. S4).

5. Conclusions

Our rhizobox experiment explored the fate of Zn in the rhizosphere-
plant system of J. acutus, and assessed the role played by the rhizosphere
minerals and water composition on Zn uptake processes. The study
highlights the complexity of the interactions among the rhizosphere,
water and plants, and demonstrates that J. acutus, grown on different
substrates, develops different complexation mechanisms when watered
with Zn-spiked water. Specifically, when the unpolluted substrate is
exposed to Zn flow, a partial Zn attenuation is accomplished by its incor-
poration in layered minerals. Plants grown on the contaminated sub-
strates react with an exclusion strategy, i.e., lower Zn translocation, to
avoid detrimental effects on the plant health. Moreover, Zn tolerance is
driven by changes in metal speciation, namely variation in the amount of cit-
rate and cysteine complexes.Wateringwithwater containing highZn concen-
tration did not result in similar changes in the distribution of different Zn
complexes in the investigated rhizosphere-plant systems, indicating that the
transformation of Zn is primarily influenced by minerals in the root zone.
This aspect needs to be considered during the modeling and design of
phytoremediation plans, since water composition is affected by natural
seasonal variations, thus resulting in different responses of the system.
Changes of bulk mineralogical composition (crystallographic phases) be-
tween rhizosphere samples from the two irrigation lines were not observed.
This apparent lack of variation may be ascribed to slow reaction kinetics.
Longer experimental times could lead to the formation of new crystalline
phases. Their identification could be aided by the use of microanalytical
techniques, such as μ-XRD mapping, instead of bulk XRD. The appearance
of such new phases would have consequences for the long-term fate of Zn
in these systems.
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