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Abstract

Contaminated mining sites require ecological restoration work, of which
phytoremediation using appropriate plant species is an attractive option. Our present
study is focused on one typical contaminated mine site with indigenous plant cover.
The X-ray absorption near edge structure (XANES) analysis indicated that Cu (the
major contaminant) was primarily associated with goethite (adsorbed fraction), with a

small amount of Cu oxalate-like species (organic fraction) in mine affected soil. With
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growth of plant species like Miscanthus floridulus and Stenoloma chusanum, the Cu-
oxalate like organic species in rhizosphere soil significantly increased, with
corresponding decrease in Cu-goethite. In the root cross-section of Miscanthus
floridulus, synchrotron-based micro-X-ray fluorescence (u-XRF) microscopy and X-
ray absorption near edge structure (XANES) indicated that most Cu was sequestered
around the root surface/epidermis, primarily forming Cu alginate-like species as a Cu-
tolerance mechanism. From the root epidermis to the cortex and vascular bundle, more
Cu(I)-glutathione was observed, suggesting reductive detoxification ability of Cu(II) to
Cu(I) during the transport of Cu in the root. The observation of Cu-histidine in root
internal cell layers showed another Cu detoxification pathway based on coordinating
amino ligands. Miscanthus floridulus showed ability to accumulate phosphorous and
nitrogen nutrients in rhizosphere and may be an option for in situ phytostabilization of
heavy metals in contaminated mining area.

Keywords: Contaminated sites; Metal uptake; Phytostabilization; Synchrotron-based

X-ray techniques; Rhizosphere; Copper

Introduction

In the last hundred years, surface soil in many parts of the world has been
contaminated by large amounts of mine tailings or wastewater generated from mining
activities [1, 2]. The resulting high levels of trace metals, including Cu, Zn, and Pb,
may a pose severe risk to the nearby soil, wildlife, agricultural field, and even human
beings [1, 3, 4]. Once a soil system is contaminated by human activities, the affected
ecosystem can be difficult to remediate and restore [5-7]. The indigenous plants are
adapted to the mine soil with high concentrations of metal contaminants and a low level
of available nutrients [8-10]. These plant species enduring severe conditions may be
used in green remediation technology (e.g., phytomanagement or phytoremediation),
which are usually sustainable and relatively inexpensive and have been demonstrated
as effective for in situ ecorestoration of mine-polluted soil in previous studies [5, 8, 11,

12].
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Phytoremediation efficiency relies on the understanding of the efficient uptake and
transformation/stabilization of trace metals by plant roots [11, 13, 14]. Among trace
metals, Cu is an essential micronutrient and plays a vital role in the normal growth of
plant; however, Cu can have a highly toxic effect at high concentrations. The absorbed
Cu is usually accumulated in the cell wall and vacuoles, binding with O-rich ligands in
hyperaccumulator plants [14]. In non-hyperaccumulators, Cu is usually bound with
strong HS-ligands such as metallothionein or phytochelatin in roots as a detoxification
mechanism [13, 15]. Furthermore, reduction from Cu(Il) to Cu(I) during plant uptake
may occur and play a fundamental role in Cu detoxification in non-hyperaccumulators.
However, detailed information for Cu reduction process from soil rhizosphere to plant
is very limited and remains largely unclear. For example, Cu(Il) may be absorbed by
bamboo roots before reduction, as only Cu(Il) was observed in roots [16]. On the other
hand, the reduction of Cu(Il) before absorption probably occurs in root cell during
uptake by rice, as evidenced by the slightly lighter Cu isotopes [17, 18]. Further in situ
evidence on Cu transformation process in the soil-plant root system is urgently needed
for understanding Cu uptake and detoxification, which is very important for
phytoremediation at contaminated sites.

In situ distribution/transformation of Cu within plant roots has been recently
investigated, and the results provided valuable information on both the oxidation state
and spatial distribution [18, 19]. Possible reduction of Cu(Il) to Cu(I) during root
absorption was suggested because Cu(I) was observed in plant root, such as oat root
[18], rice root [19], and ryegrass root [13] using bulk X-ray absorption near edge
structure (XANES) spectroscopy, in agreement with Cu isotopic fractionation results
[17, 18]. However, those previous studies only focused on Cu valence state in root in
hydroponics experiments, which may be different from real plant species under field
soil conditions. Furthermore, the exact location of the different Cu species remains
unclear from rhizosphere soil to root surface, and among internal micro-region of the
root cross-section. Therefore, the present research focused on the critical rhizosphere
processes from a mine-impacted field site, including the micro-spatial distribution,

molecular speciation, and transport of Cu from bulk soil (non-rhizosphere) to
3
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rhizosphere soil, and plant root parts (e.g., root surface to root internal cell layers).

By investigating the indigenous wild plant species and their niches from a typical
mine site of Dabaoshan in China, we intend to elucidate how Cu can be absorbed and
transformed by plant from contaminated soil. The in sifu spatial distribution and
molecular speciation of Cu in root cross sections were studied using micro-X-ray
fluorescence (u-XRF) microscopy and p-XANES. The results will improve the

potential application of wild plant species in ecological restoration work [8].

Materials and methods

Sample site, collection, and treatment

The Dabaoshan Mine (24°31"28"N, 113°43'42"E) is the largest polymetallic sulfide
deposit and located in Shaoguan, Guangdong Province, and has been in full-scale
mining operation for iron ores and Cu since the 1960s, and large scale contaminated
sites require much ecological restoration work [2, 8]. During the field survey and
sampling, two kinds of wild plant species including Miscanthus floridulus and
Stenoloma chusanum were widely observed in the mining area, consistent with previous
reports [20, 21], and were employed as the representative indigenous plants to study
the rhizosphere processes of Cu and subsequent plant uptake behavior. Rhizosphere soil
attached to plant roots was carefully collected using a clean brush into a small plastic
bag after removing the soil particles loosely adhering to the roots by gently hand-
shaking [22], and the respective non-rhizosphere bulk soil was also collected at least 10
cm away from the plant root. Underground mining waste samples without any erosion
or irrigation were also collected at the sampling site. The samples were transported in
a cooler box and stored at 4 °C once arriving at the laboratory. Plant samples were
washed with tap water and deionized water three times to remove the extraneous soil
particles, dried at 80 °C for 3 days, and ground before analysis. Some fresh plant and

soil samples were stored at 4 °C and prepared for further synchrotron characterization.

Sample analysis
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Soil pH was determined using a Model 225 meter (Denver Instrument, USA) by
stirring air-dried <10-mesh-sieved (2-mm) soil in deionized water (1/2.5, g/mL) for 30
min on an end-over-end rotator. The available phosphorous (P) and TOC (TOC analyzer,
Shimadzu) were determined in the extract by reacting 4 °C-stored soils with CaCl; (0.01
M) solution (1/10, g/mL) for 2 hours. The P concentration in the centrifuged suspension
was determined using the molybdenum blue spectrophotometric method at 880 nm
using an UV-Vis spectrophotometer (SPECTRA UV-11, MRC, Germany). Bioavailable
nitrate and ammonium were determined by mixing soils (4 °C stored, within 24 hours)
with KCI (2.0 M) solution (1/12, g/mL) for one hour with Nessler’s reagent using a
spectrophotometer (DR 3900, Hach Co., USA) [23].

Plant available trace/major metals in soil were determined in the filtrated (0.45-pm)
suspension from mixing air-dried (2-mm) soil with 0.01 M CaCl, (1/10, g/mL) for 120
min. The samples were digested with 4:1 (V/V) concentrated HNO3; and HC1O4 [24].
Metal elements including Cu, Ca, Mg, Fe, and Al were analyzed using ICP-OES
(Agilent, 700 Series) and ICP-MS (Agilent, 7700 Series) and reported on a dry weight
basis. The influence of plant rhizosphere on soil parameters and available trace metals

distribution were analyzed using paired-sample t-test in SPSS software version 22.0.

Samples characterization

The fresh M. floridulus root samples were washed with tap water, rinsed in
deionized water, embedded in Tissue-Tech (Sakura Finetek, Japan), and cut into cross-
sections of ~50-um using a stainless steel blade at -20 °C in a cryotome (Cryostat
CM1950, Leica Microsystems, Nussloch, Germany) [4, 25]. The transversal section
was sealed between two layers of Kapton tape, freeze-dried, and analyzed using p-XRF
and u-XANES at beamline 15U at the Shanghai Synchrotron Radiation Facility (SSRF),
China [26, 27]. The u-XRF analysis was conducted with the monochromator set at
12000 eV, a 50 x 50 pm beam, a dwell time of three seconds per pixel, and a step size
of 50 um. The peak intensities for Cu, Fe, Al, S, P, Ca, and K were collected at each

pixel and then imaged for elemental distribution using Igor Pro 5.0. Cu K-edge p-
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XANES spectra for the interested points (IS) were collected.

The -20 °C stored rhizosphere and non-rhizosphere soil samples were analyzed
using XANES at Cu K-edge (8979 eV) at beamline 01C1, and Fe K-edge (7112 eV) at
beamline BL16A1 at the National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. Inorganic Cu standards included CuSOs, CuCO3, Cu(OH)2, Cu3(POs)2, CuS,
CuO, Cu-goethite, and CuCl as solid phase. The complexes of organic Cu standards
included Cu-oxalate (carboxylate bidentate complex, representing soil organic
substance), Cu-alginate (carboxylate complex, representing polysaccharides-like cell
wall structure), Cu-histidine (amino/carboxylate complex), and thiol-S ligand-bound
Cu(I) (Cu(I)-glutathione and Cu(I)-cysteine) and were prepared as solution standards
in the beamline station [13, 28]. Replicate analysis of one sample indicated no obvious
transformation of Cu species caused by the X-ray beam during XANES collection
(Figure S1). Iron standard references in the present study included ferrihydrite, goethite,
akaganeite, lepidocrocite, hematite, magnetite, and pyrite. Metal foils of Cu and Fe
were used to calibrate the absorption energy. Spectra of solid standards were acquired
in transmission mode, while solution standard references, plants, and soil were acquired
in fluorescence mode with a Lytle detector. Because the spectra of Cu XANES and p-
XANES were collected at two beamlines from SSRF and NSRRC, the Eo values were
carefully aligned according to the metal foil and the same standard references. The
selection of standard references for linear combination fit (LCF) analysis was tested by
principal component analysis (Table S1) and target transformation testing (Table S2) in
the SIX-PACK code [13, 29, 30]. The XANES analysis using linear combination fit
was performed with the Athena program in the IFEFFIT computer package [31]. More

analysis details can be found in our previous studies [13, 32].

2.5 04/0C

In the analysis of metals, standard reference material (NIST SRM 2711a & 1573a,
USA) was used for every batch of digestion and analysis. Reagent blank and analytical

triplicates, comprising 10% of the total samples, were also used to test the accuracy and

6



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

precision. The digestion recovery rates for the reference materials were approximately
91.7 £ 9.9% for Cu, 48.6 £+ 0.6% for Fe, 38.7 £ 0.4% for Al, and 58.2 + 0.9% for Mn,
and the relatively lower recovery rates of Fe, Al, and Mn were due to incomplete
dissolution of alumina-silicates with HNO3; and HCIO4. Triplicates of random samples

were analyzed with standard errors <10% for all the samples.

Results

Characterization of the mine soil

Soil parameters including pH, TOC, P, nitrate and ammonia (Table 1) often show
important influence on the plant bioavailable metals and vegetation condition. The pH
in the mine soil after deionized water extraction ranged from 3.48 to 4.56 (Table 1).
The available nutrients for plant including organic matter, P, nitrate, and ammonium in
the soil were analyzed after CaCl, extraction (Table 1), which reflect the adaptation of
plants to adverse soil conditions [33]. After extraction, the surface mine soil with some
vegetation had 2.3-4.6 fold higher TOC values in comparison with non-vegetated mine
soil. Furthermore, TOC values in rhizosphere soil were 1.8-2.6 times higher than in the
non-rhizosphere soil. The rhizosphere soil contained 0.18-0.20 mg/L P in the extract,
higher than non-rhizosphere soil, at 0.14-0.16 mg/L. Consistently, 2.51-5.20 mg/L
nitrate and 0.06-0.16 mg/L ammonia were observed in the rhizosphere soil extract,
higher than the non-rhizosphere soil with 0.30-1.06 mg/L nitrate and 0.01-0.03 mg/L

ammonia, respectively.

The analyzed soil geochemical parameters showed significant difference (p=0.101)
in rhizosphere soil in comparison with non-rhizosphere soil for M. floridulus. However,
no significant difference (p=0.003) was observed for S. chusana. Even though the
correlation analysis cannot necessarily reflect the cause-effect relationship, the
comparison results suggested that M. floridulus may show higher ability to change the

soil physiochemical properties in rhizosphere than S. chusana.
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Copper and major metals in soil and plant samples

Total Cu concentrations in rhizosphere and non-rhizosphere samples showed
similar levels (Table 2). Nevertheless, the extraction results (Table 1) indicated a
significantly higher concentration of available Cu in the rhizosphere soil (0.08-1.34
mg/L) than in the non-rhizosphere soil (0.06-1.02 mg/L) (p<0.01). Compared to the un-
vegetative mine waste containing 0.06 mg/L available Cu, relatively higher available
concentrations of Cu were observed after plant growth in the mine soil, such as the
highest available Cu in the rhizosphere soil from M. floridulus with the lowest pH value
(3.48). The results indicate that Cu becomes relatively more mobilized after plant
growth probably caused by the organic exudates and its influence on lowing pH [33-

35].

For the two plant species, Cu showed high concentrations in roots with 264-535
mg-Cu/kg and relatively low contents in shoots (20-29 mg-Cu/kg) (Table 2). Of the two
species, the Miscanthus genus, showed strong vitality with high biomass yield in
various harsh environments around the world [36]. The bioaccumulation factor (BCF)
and translocation factor (TF) values of the analyzed metals for the studied plant species
were calculated shown in Table 2. All of the BCF and TF values besides Mn were less
than 1, showing no Cu hyperaccumulation ability of the selected plant species. Even
though many engineering plants show higher BCF and TF values than 1, the current
plant species were tolerant to high concentrations of Cu in soil and can reduce the
bioavailable fractions of Cu by sequestration in the rhizosphere regions, and may be
useful for phytostabilization [37]. The uptake process of Cu was investigated in detail

below.

For the major elements, much higher concentrations of Fe (168-210 g/kg) and Al
(106-109 g/kg) were observed in the mine soils compared to Mn (0.45-1.30 g/kg) (Table
2). In the aerobic soils, Fe/Al/Mn occurs predominately in the form of highly insoluble

oxy(hydr)oxides that are largely unavailable to plants. CaCl, extraction of the soil
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samples (Table 1) showed relatively low levels of available Fe (0.01-0.32 mg/L), Al
(0.10-9.88 mg/L), and Mn (ND-3.90 mg/L). Much higher concentration of Fe (2850-
8050 mg/kg in roots and 204-498 mg/kg in shoots) and Al (870-8000 mg/kg in roots
and 203-357 mg/kg in shoots) was observed in plants (Table 2) compared to Mn (0.5-
2.5 mg/kg in roots and 2.6-11.7 mg/kg in shoots), probably due to the large pool of Fe
and Al in mine soil. High concentrations of Fe were usually reported in plant root and
shoot samples in previous studies because Fe acts an essential nutrient element for plant
culture [38, 39]. Abundant Al may be toxic for plant growth [40], and the collected wild
plants were tolerant to high Al, consistent with previous studies of elevated Al
concentration in plants, such as 2099-7100 mg/kg in roots [22, 41, 42] and 51-5733
mg/kg in shoots [43, 44].

Spatial distribution of Cu and other elements in root section

To elucidate the Cu uptake mechanism by plants from soil, representative root
samples of M. floridulus from the mining area were analyzed using pu-XRF (Figure 1)
and u-XANES (Figure 2). The relative comparison of the intensities between each
element in the pixels from the p-XRF map can help identify their spatial distribution
[45].

The p-XRF mapping results showed that most of the absorbed Cu in plants was
retained as a layer around the root surface of rhizodermis and outer cortex for M.
floridulus (Figure 1). Relatively higher concentrations of Cu were observed in the root
epidermis region across the root section. The distribution of Cu around the root section
for M. floridulus was consistent with a high abundance of Fe and other elements,
showing a significant linear correlation (R>0.817 with p<0.01) of Cu with Fe, Al, Mn,
and other nutrient elements such as K, Ca, P, and S (Figure S2). The observation of a
higher Fe content on the root surface and epidermis than in the internal areas including
the cortex and xylem is consistent with previous studies in both aerobic and anaerobic

flooding conditions [46-48]. Although a much high amount of Cu was sequestered on
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the root surface, Cu was still translocated into the xylem, as shown by several hot spots

of Cu in the samples (Figure 1).

Molecular speciation of Cu from soil to plant

The spectral features of Cu K-edge XANES are sensitive to its molecular
coordination in the environment [16, 49], and can be used to investigate the molecular
speciation change of Cu from the soil to the root surface and root intersection (Figure
2). The main peak at (a) (Figure 2-1) was probably due to the 1s to 4p main edge
transitions contributable to the Cu(Il) species in the samples, mostly higher than 8985
eV [50]. The pre-edge peaks (b) (i.e., 8982 eV for Cu-glutathione and 8985 eV for
Cu(D)CI) reflect the presence of Cu(l) species in the samples, which correspond to the
transitions of 1s-4pxy [16].

The Cu K-edge XANES analysis of the soil samples (Figure 2) showed a primary
peak at approximately ~8976 eV, indicating the dominance of Cu(II). The LCF analysis
(Table 3) exhibited that in the original mine soil, Cu was primarily associated with the
adsorbed species on goethite (72%), with some amount of CuS (12%) and Cu-oxalate
(16%). After natural weathering/erosion and plant growth, the oxalate-associated Cu
fraction (31-80%, Table 3) increased in the soils, coupled to the decrease in the adsorbed
Cu species on goethite, suggesting the greater bonding affinity of organic matter to Cu
[51, 52]. Specifically, for the non-rhizosphere soil, Cu was primarily associated with Fe
oxides (42-69%) and Cu-oxalate (31-55%). While in the rhizosphere soil samples, Cu
was associated with Fe oxides (20-55%) and Cu-oxalate (41-80%). No Cu(I) was found
in the rhizosphere and non-rhizosphere soil because no significant peak was observed
for Cu(I)-glutathione or Cu(I)Cl (Figure 2). The observed much high percentage of
goethite (51-95%) as Fe phase in the soil samples (Figure 3 and Table S3) contributed
to the large amount of adsorbed Cu species.

After absorption of Cu on the root surface, Cu was mostly bound to alginate (65-
100%, Table 3). The adsorbed Cu(Il) species (by goethite) was not observed in the root

surface from the root section, inconsistent with the large amount of Fe on the root
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surface, suggesting that the Fe plaque on the root surface was not a dominant Cu
sequestrator for M. floridulus in this study.

From the root surface to the stele of M. floridulus, a clear changing shift in Cu
species was observed. Cu(l) gradually increased, as identified by the increasing
magnitude of the pre-edge peak at ~8984 eV of Cu(I)-glutathione/cysteine (Figure 2).
The four interested spots (IS 1-4) in the root intersection consisted of three primary Cu
species including Cu-alginate, thiol-S bound Cu(I), and Cu-histidine (Table 3). Alginate
acid-associated Cu decreased gradually from the epidermis to the xylem (from 92% to
45%), and thiol-S bound Cu(I) (i.e., Cu(I)-glutathione and Cu(I)-cysteine) gradually
increased (from 8 to 27%), with some amount of Cu-histidine (27% for IS4) formed in

the xylem.

Discussion

Distribution and mobility of Cu from mine soil to plant root

The Cu distribution difference in root cross sections possibly resulted from
different Cu concentration/species exposure, exposure duration, Cu contents in plant,
and plant species. The high concentration of Cu and Fe around the root epidermis rather
than in the vascular tissue is consistent with a previous report from an urban wetland
brownfield site [39]. The uptake of Fe by plant often generates Fe plaques on the root
surface by Fe(II) oxidation induced in the rhizosphere [48, 53]. Trace metals are often
sequestered by Fe plaques around roots from both arid and paddy soils, and their
translocation is thereafter inhibited from the root surface/epidermis to the root
endodermis/cortex [39, 54]. Nevertheless, the interaction between Cu and Fe cannot be
exactly determined by spatial distribution analysis only, as the rhizosphere niche is very
complicated. Other studies also indicated that Fe plaques showed no promotion effect
on the uptake of trace metals from soils to plants [55, 56]. The reason for the contrary
effect of Fe plaques on trace metals probably relies on the root exudates, trace metal
and Fe bioavailability, soil chemistry characteristics such as like pH and redox potential,

and root anatomy of various plant species [57-59].
11
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In mining site, XANES analysis indicated Cu(Il) as the dominant valence state,
with the primary fraction as the Fe oxide-adsorbed species (Figure 2), consistent with
a previous study that very low amount of organic matters associated Cu species (0.55%)
exists [60]. The consistent results indicated that most of the Cu was retained on
abundant Fe oxides in the original mine soil, and the species is not easily absorbed by
plants, unlike the aqueous Cu species usually used in hydroponic/pot experiments.
After plant vegetation, the Cu fraction is transformed from adsorbed species to Cu-
oxalate in the rhizosphere soil, which should be caused by the high number of organic
exudates identified by the high TOC value in the soil extract (Table 1). Complexation
of metals by the secreted organic exudates in the rhizosphere is one of the primary plant

defence strategies [61].

The accumulation of toxic metals within the cell wall on root epidermis usually
plays a critical role in plant detoxification [61, 62], particularly under toxic stress with
high concentrations. The observation of an extremely high concentration of Cu in the
root epidermis region across the root section is consistent with previous reports for
Phragmites australis from an urban brownfield site [39], bamboo (exposing 100 mM
Cu plus 1.1 mM Si in hydroponic conditions for 70 days) [16], and cowpea (exposing
1.5 uM Cu in hydroponic conditions for 24 hours) [63]. From the image in Figure 1-g,
some compartments of the root surface/epidermis were much thicker, where the cell
walls synthesize more phytochelators to sequester heavy metals and limit their
absorption/translocation [64, 65]. Therefore, the indigenous plant species M. floridulus
showed high tolerance and low translocation of Cu, which also explained the tolerance

capacity for Cd by the same genus, in M. sacchariflorus [36].

A recent study indicated that Cu was concentrated in the vascular bundles (possibly
in the xylem tissue) rather than on the epidermis and cortex in Oryza sativa (50 uM Cu
for 7 days) [19] and the Cu-tolerant plant Commelina communis (100 uM for 15 days)
[66], rather than in the rhizodermis or the outer cortex. In other studies, the molecular
species of Cu sequestered in the root epidermis and root xylem was studied to
understand the uptake and translocation of Cu [67, 68]. The XANES analysis showed

12
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a high proportion of Cu-alginate in the root, indicating that the plant sequesters most of
the Cu within the cell wall components, consistent with the large portion of the Cu-cell
wall structure (79%) in rice roots [19]. The alginate ligand represents a type of natural
polysaccharide with multiple hydroxyl groups on root cell walls [69, 70], and often
binds absorbed heavy metals, including Cu, Zn, and Pb. Therefore, the alginate
structure in M. floridulus roots inhibits the excess entrance of heavy metals to the root
vascular tissues for translocation as the first defence strategy, and therefore reduces Cu
toxicity [62, 70, 71]. For the high Cu concentration (264 mg/kg) in M. floridulus, as the
primary protective barrier, the root epidermis sequestered most of the Cu by the

abundant alginate-like structure.
Molecular species of Cu in root transversal sections

The transformation of Cu species from root surface to root xylem in the root section
reflects the fate of Cu from absorption to detoxification metabolism. The Cu(I)-
glutathione complex represents the reduced thiol Cu(I) species from the detoxification
product of Cu(Il) by a thiol-ligand in plant [28]. The general interactions of thiol HS-
containing ligands with Cu reduce the bioavailability of Cu and thereby avoid possible
toxicity and damage to plants [16, 72]. The observed organic complex of Cu-histidine
and thiol-S bound Cu(]) in the root vascular tissues may be the Cu form transported to
the aerial part M. floridulus [13, 18]. On the other hand, Cu-histidine in IS-4 may be
the sequestered Cu form on the cell wall of the vascular bundle for plant detoxification
of the excess absorbed Cu [68]. More histidine produced in plant root can form
complexes with Cu with a high association constant [73].

The uptake and transformation of Cu by plants is complex, depending on plant
species, Cu levels and chemical species, and environmental conditions [62, 74]. In the
root surface, most of the Cu was identified as Cu-alginate (82% for IS-1 and 92% for
IS-2, Figures 1 and 2), indicating that most of the absorbed Cu is in the form of Cu(Il).
Similarly, for bamboo, a monocot non-hyperaccumulator, only Cu(II) binding to amino
and carboxyl ligands was observed in the root [16]. The uptake of Cu(Il) should be
majorly contributed by the symplastic pathway under these high concentration of
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available Cu (1.34+0.06 mg/L), given that the negative charged cell wall is the primary
site of apoplastic binding and transport [61]. Nevertheless, the apoplastic symplastic
pathway for Cu(Il) uptake cannot be neglected because Cu(Il) can be absorbed by the
root from soil solution probably via unspecific iron-regulated transporter (IRT)-like
protein (ZIP) family [75] or the Fe-phytosiderophore yellow stripe 1-like (YSL)
transporter [76, 77].

The observation of thiol-S bound Cu(I) on the root surface/epidermis (17% for IS-
1, Figures 1 and 2) suggested that Cu(II) might be reduced within the plant root
epidermis layer. A recent study observed Cu(]) in isolated border cells from the rice root
tip under hydroponic culture [78]. Previous results have also observed Cu(I) in monocot
plant root samples such oat root (77-88%) [18], rice root (5%) [19], and ryegrass root
(20%) [13] using the bulk-XAS technique, although no exact location of Cu(I) was
reported from the root cross-sections. Moreover, a reduction process before absorption
may occur at the root cell wall during uptake as evidenced by the lighter Cu isotopes in
rice [17] and oat [18], although many processes resulted in comparatively small
fractionation. From the plant physiology studies for monocot rice [79], the related Cu
transporter COPT/Ctr-like protein family was reported, which mediated the acquisition
of Cu(l) in roots [74]. Therefore, solid evidence of Cu(I) with thiol-like ligands was
first observed in the monocot species M. floridulus, which may reduce Cu(II) to Cu(I)
on the root epidermis, probably by a specific Cu reductase (possibly FRO4/5) and
absorb the reduced Cu(I) via COPT1 [80].

For the cortex and xylem of roots, more thiol-S bound Cu(I) (IS3 with 24% and
IS4 with 27%, Figures 1 and 2) was observed than the root surface compared with the
rhizodermis region. The reduction process from Cu(II) to Cu(I) in the root is consistent
with the detoxification of Cu(Il), which often occurs in the cytoplasm and stored as a
Cu(I) complex with thiol-bearing ligands [18]. In the non-hyperaccumulators, Cu was
usually bound with strong S ligands such as metallothionein or phytochelatin as a

detoxification process [15], which is very similar to M. floridulus in this study.

Uptake and transformation of Cu by plants from contaminated mine areas
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Based on our analysis and previous studies, an uptake scheme (Figure 4) for Cu
can be drawn for the indigenous plant (M. floridulus) at a real contaminated site. Copper
is firstly solubilized from the immobile fraction like adsorbed fractions on iron oxide
into the soil solution facilitated by various organic exudates excreted by the plant
(Figure S3 A&B). Once the available Cu is taken up by the roots as nutrients, most Cu
is sequestered on the rhizodermis and outer cortex complexed with alginate acid-like
components, which increases the tolerance of the indigenous plants and limits Cu
translocation from roots to shoots.

During the plant uptake process, two pathways may exist. On one hand, Cu(Il) can
be absorbed via the apoplastic route (Figure 4-1) or the symplastic pathway (Figure 4-
IT) probably via the YSL or ZIP membrane transporters [74-76], in which Cu(Il) is
directly absorbed without reduction. On the other hand, some Cu(Il) is first reduced to
Cu(I) on the root surface (Figure 4-1II), probably by Cu reductase (e.g., FRO4/5) before
uptake by COPT1 [74, 79, 80].

For Cu(Il) detoxification, glutathione or histidine-like ligands produced in plants
bind with the absorbed Cu(Il) by reduction or complexation, respectively. The
subsequently formed Cu-organic complex, especially Cu(I)-glutathione, may
translocate to the aerial part through the transpiration stream. Nevertheless, the detailed
mechanism relating controlling transporters and genes for the uptake and reduction

process of Cu by plant species merits further elucidation.

Implications for phytostabilization of contaminated areas

Our results indicated that the indigenous plant species grew well and adapted to
mine contaminated soils with high concentrations of heavy metals and poor nutrient
conditions. This study showed that the rhizosphere niche facilitates the availability of
P and nitrogen nutrients, probably by plant root exudates or through microbial
metabolism [81, 82]. On the other hand, organic exudates, including amino acids and
organic acids, also favour the acquisition and subsequent immobilization of available
trace metals from the soil to plants [10, 34, 83].

The concentrations of Cu and other trace metals such as Zn and Pb in the shoots
15
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from the collected plants pose a low health risk to wild organisms, because the trace
metals are lower than the US domestic animal toxicity limits for cattle [70]. The
absorbed heavy metals are largely sequestered by complexing with alginate structures
in the plant root; therefore, the contaminated mine soils can be physically stabilized
under plant culture, showing the potential of ecological restoration. Coupling to the
relatively high amount of nutrients, including P and N, in the rhizosphere, M. floridulus
may be used for in situ phytostabilization of heavy metals in the mining area, which

also limits the transportation of metal contaminants to the food chain [9, 33].
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List of Figures
Figure 1. Light microscope and micro-X-ray fluorescence (u-XRF) images around the
root cross-section of M. floridulus. The white box in the root graph (g) shows where -

XRF maps were obtained.

Figure 2. Copper K-edge XANES analysis for the standard references (I) and the
rhizosphere and non-rhizosphere soil (bulk-XANES) and the interested spots (IS 1-4,
u-XANES) in the plant root thin section from Figure 1. The collected XANES data for
the samples are shown as black circles with linear combination fitting (LCF) as red
lines (II). The vertical lines are the pre-edge of Cu(l) characterized by Cu-glutathione.
The linear combination fitting results are shown in Table 3. The dashed vertical regions
represent the pre-edge of Cu(I)-glutathione/Cu(I)-cysteine (a) and Cu(Il) (b),
respectively. Plant A and B represent M. floridulus and S. chusana, respectively, shown

in Table 1.

Figure 3. Iron K-edge XANES analysis for the standard references (I) and the soil
samples (II). The collected XANES data for the samples are shown as black circles with
linear combination fitting (LCF) as red lines (II). The linear combination fitting results
are shown in Table S3. Plant A and B represent M. floridulus and S. chusana,

respectively.

Figure 4. A conceptual model of possible uptake and transformation mechanism for Cu
M. floridulus plant based on the findings in this study coupling with previous studies
[75, 76, 79, 80]. Some abbreviations: Al for alginate, GSH for glutathione, Hi for
histidine, PS for phytosiderophore, YSL for yellow strip 1-like transporter, FRO4/5 for

Fe or Cu reductase, and COPT1 for Copper transporter protein.

List of Tables
Table 1. The pH of soil extracted using deionized water, and available TOC,

phosphorous (P), nitrate, ammonium, Cu, Fe, Al, and Mn in rhizosphere and non-
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rhizosphere soil after CaCl, extraction (mg/L). The numbers in the bracket represent

the error bars of triplicate analysis.

Table 2. Concentrations of Cu (mg/kg), Fe (mg/kg), Al (mg/kg), and Mn (mg/kg) in the
rhizosphere soil (RS), non-rhizosphere soil (NRS), and plant samples and the

corresponding bioaccumulation factor (BCF) and translocation factor (TF).

Table 3. Copper species (%) in the mining soil and selected spots in the roots (Figure
1) using linear combination fit analysis of Cu K-edge XANES (Figure 2). Some Cu
standards were not detected (ND) during XANES analysis, and other Cu standards

(Figure 2-1) with no detection were not listed.
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Table 1

M. floridulus S. chusana
Non-
Rhizosphere Non-Rhizosphere Rhizosphere Rhizosphere

pH 3.48(0.05) 3.52 (0.02) 4.38 (0.01) 4.56 (0.01)
TOC 9.2 (0.0) 5.0 (0.6) 12.6 (0.2) 4.8 (0.6)

P 0.18(0.04)  0.14 (0.05) 0.20 (0.07) 0.16 (0.01)
Nitrate 5.2 (0.68) 1.06 (0.51) 2.51 (0.68) 0.30 (0.26)
Ammonia 0.16 (0.03)  0.01 (0.00) 0.06 (0.01) 0.05 (0.01)
Fe 0.21(0.01)  0.11(0.01) 0.01 (0.01) 0.01 (0.01)
Mn 0.50 (0.00)  1.34(0.01) 2.17 (0.03) 0.28 (0.02)
Al 4.14(0.46)  9.88(0.07) 4.72 (0.65) 2.04 (0.67)
Cu 1.34 (0.06)  1.02 (0.03) 0.08 (0.00) 0.06 (0.03)
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Table 2

Sample Cu Fe Al Mn
Soil Original mine soil 3150 316000 109000 5690
Soil M. floridulus RS 922 170000 109000 450
Soil M. floridulus NRS 1050 199000 106000 550
Soil S. chusana RS 1170 210000 108000 1120
Soil S. chusana NRS 752 168000 109000 820
Plant root M. floridulus 264 2850 870 0.5
Plantroot  S. chusana 535 8050 8000 2.5
Plant shoot M. floridulus 29.4 498 203 2.6
Plant shoot . chusana 19.6 204 357 11.7
BCF M. floridulus 0.29 0.02 0.01 0.00
BCF S. chusana 0.46 0.04 0.07 0.00
TF M. floridulus 0.11 0.17 0.23 5.20
TF S. chusana 0.04 0.03 0.04 4.68
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Table 3

Sample Cu-Gt CuS Cu-oxalate Cu-alginate Cu(I)-glutathione Cu(I)- Cu- R-Factor >

Original mining soil 72 12 16 ND ND ND ND 0.0017  0.0010
M. floridulus Rhi 54 ND 46 ND ND ND ND 0.0028  0.0018
M. floridulus non-Rhi 45 ND 55 ND ND ND ND 0.0028  0.0018
S. chusana Rhi 20 ND 80 ND ND ND ND 0.0025  0.0013
S. chusana non-Rhi 69 ND 31 ND ND ND ND 0.0057  0.0046
IS-1 82 5 12 ND 0.0141  0.2662
IS-2 92 ND 8 ND 0.0059  0.1234
IS-3 45 31 ND 31 0.0274  0.6122
1S-4 46 27 ND 27 0.0085  0.1560

R factor, goodness-of-fit parameter, (Ydata — Xfit)/Z(Ydata)*; x> represents the fitting quality of the XANES data.
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