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A B S T R A C T

Paspalum urvillei and Setaria parviflora are two plant species naturally adapted to iron-rich environments such as
around iron mines wastes. The aim of our work was to characterize how these two species cope with these
extreme conditions by comparing them with related model species, Oryza sativa and Setaria viridis, that appeared
to be much less tolerant to Fe excess. Both Paspalum urvillei and Setaria parviflora were able to limit the amount of
Fe accumulated within roots and shoots, compared to the less tolerant species. Perls/DAB staining of Fe in root
cross sections indicated that Paspalum urvillei and Setaria parviflora responded through the build-up of the iron
plaque (IP), suggesting a role of this structure in the limitation of Fe uptake. Synchrotron μXRF analyses showed
the presence of phosphorus, calcium, silicon and sulfur on IP of Paspalum urvillei roots and μXANES analyses
identified Fe oxyhydroxide (ferrihydrite) as the main Fe form. Once within roots, high concentrations of Fe were
localized in the cell walls and vacuoles of Paspalum urvillei, Setaria parviflora and O. sativa whereas Setaria viridis
accumulated Fe in ferritins. The Fe forms translocated to the shoots of Setaria parviflora were identified as tri-iron
complexes with citrate and malate. In leaves, all species accumulated Fe in the vacuoles of bundle sheath cells
and as ferritin complexes in plastids. Taken together, our results strongly suggest that Paspalum urvillei and
Setaria parviflora set up mechanisms of Fe exclusion in roots and shoots to limit the toxicity induced by Fe excess.

1. Introduction

Iron (Fe) is an essential micronutrient that is absorbed by roots of
grasses as Fe3+-phytosiderophores complexes and follows the tran-
spiration stream to the shoot along with other nutrients and minerals
(Nozoye et al., 2011). Despite being required in chloroplasts and mi-
tochondria to be used as an enzymatic cofactor in a wide range of
metabolic processes (Balk and Schaedler, 2014), when in excess, ferrous
ions can promote the generation of reactive oxygen species and oxi-
dative stress (Dinakar et al., 2010). Nevertheless, some species are
naturally adapted to tolerate extremely high concentrations of metals in
their environment, using two distinct strategies: some species will avoid
the built up of metals in the organs, particularly in leaves, they are
termed “excluders” whereas other species will promote the storage of
metals in above-ground organs, these plants are known as “hyper-
accumulators” (van der Ent et al., 2013). Hyperaccumulation of Ni, Zn,

Cd, As, Cu, Co, Mn, Pb, Se, Tl and rare earth elements (REE) has been
reported (van der Ent et al., 2013; Reeves et al., 2018). Iron hyper-
accumulation has been much less reported, probably because Fe has a
low bioavailability caused by the low solubility of iron oxyhydroxides
in natural environments and instead, acts as a limiting factor for plant
growth. Therefore the identification of true Fe hyperaccumulators is
less clearly established than for other trace elements. Nevertheless,
there are some studies reporting Fe tolerance and hyperaccumulation in
Imperata cylindrica (grass family, Poacae) from the acidic mining area of
the Tinto River banks in the Iberian Pyritic Belt in Spain (Rodriguez
et al., 2005; de la Fuente et al., 2017). Contrary to hyperaccumulators,
true “excluder” plants have received much less attention (Bothe and
Slomka, 2017).

To deal with Fe excess, plants employ mechanisms such as induction
of antioxidant system (Stein et al., 2014), reorganization of the pho-
tosynthetic apparatus (Pereira et al., 2014; Muller et al., 2015) and
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detoxification and/or sequestration in sites where Fe will not cause
damage to cell, i.e. vacuoles and apoplastic space (Briat et al., 2010a;
Zhang et al., 2012). The presence of an iron plaque (IP) can be con-
sidered as a mechanism of resistance, since it is due to Fe precipitation
on the root surface, avoiding the over-accumulation of iron in leaf tis-
sues (Green and Etherington, 1977). The IP formation occurs in roots of
wetland plant where Fe is spontaneously precipitated due to oxidizing
microenvironments normally created around roots of aquatic plants (Xu
et al., 2009). Thus, Fe2+ is oxidized into Fe3+, which precipitates on
the root surface, thereby creating a smooth regular reddish precipitate
or irregular plaque coating on root surfaces (Pereira et al., 2014;
Tripathi et al., 2014).

The adsorption of trace metals and nutrients is the most important
characteristic of IP. A significant amount of metals bind to IP through
the formation of complexes thanks to the high affinity of Fe hydroxide
for different metals (Batty et al., 2000; Liu et al., 2011). Extensive ef-
forts to understand the role of IP in metal sequestration and translo-
cation have yielded contrasting results. Some authors agree that IP acts
as a resistance barrier for metal(loids) translocation, and this barrier
can function by either acting as an adsorbent of toxic elements or by
simply being a physical obstacle (Pi et al., 2011; Huang et al., 2012). As
an illustration, iron plaques have been demonstrated to sequester ar-
senic in the wetland plants Typha latifolia (Hansel et al., 2002; Blute
et al., 2004), Phragmites australis (Pardo et al., 2016), Phalaris ar-
undinacea (Hansel et al., 2002), and rice Oryza sativa L (Liu et al., 2006).
Other metals such as Cu, Mn, Pb and Zn were also detected in IP from
Spartina alterniflora (Feng et al., 2015; Xu et al., 2018) and Phalaris
arundinacea (Hansel et al., 2001).

Alternatively, IP may act as a buffer and reservoir in nutrient up-
take, particularly during the time of diminished supply of nutrients (Hu
et al., 2007; Williams et al., 2014). In all cases, the nature of Fe phases
in IP but also the plant species and the ionic species are likely involved
in metals and metalloids uptake (Pereira et al., 2014; Batty et al., 2000;
Hansel et al., 2001). Ferric iron is the predominant oxidation state of Fe
on IP. Amorphous ferric oxyhydroxides, ferrihydrite, goethite (α-
FeOOH), and lepidocrocite (γ-FeOOH) are commonly found as the main
mineral phases in IP (Liu et al., 2006; Bacha and Hossner, 1977; Chen
et al., 1980; Taylor et al., 1984; Stcyr et al., 1993). In highly acidic
conditions, jarosite, a sulfur-rich mineral, accumulates in the IP of Im-
perata cylindrical (Rodriguez et al., 2005; Amils et al., 2007). Ferrous Fe
too has been identified in IP of some species such as Phragmites australis
(Wang and Peverly, 1996, 1999). In Phalaris arundinacea and Typha
latifolia,Fe(II) was detected as siderite (FeCO3) in addition to a mixture
of ferryhydrite, goethite, lepidocrocite and ferric phosphate (Hansel
et al., 2001, 2002).

Plants which develop IP on roots are able to better survive in con-
taminated soils (Taylor et al., 1984) by avoiding toxic buildup of metals
in their aerial parts. To understand the role of IP in Fe absorption by the
root, it is essential to have a clear description of the IP composition and
of the Fe distribution strategy in roots. Chemical imaging techniques
have become a key component of the toolbox to investigate metal
distribution in plants. To localize Fe, histochemical staining using Perls-
diaminobenzidine (DAB) has proved powerful to locate both Fe3+ and
Fe2+ in plants at the cell level (Roschzttardtz et al., 2009). Since the
method requires fixation and dehydration steps where loosely bound Fe
species can be lost, it is useful to apply a complementary technique in
which the sample preparation differs. In this context, micro X-ray
fluorescence (μXRF) is of high interest due to its high sensitivity and the
possibility to analyze hydrated frozen samples, which minimizes arti-
facts resulting from sample preparation (Sarret et al., 2013). Further-
more, μXRF can be combined with micro X-ray absorption near edge
structure spectroscopy (μXANES) to probe the chemical form of metals
in the same samples (Sarret et al., 2013; Salt et al., 2002; Isaure et al.,
2015).

Inside the plant, Fe is translocated associated with suitable chelating
molecules because of high reactivity and poor solubility (Kobayashi

et al., 2012). Citrate was identified as the main Fe ligand in xylem sap
of tomato plants (Rellan-Alvarez et al., 2010). Besides citrate, some
studies have indicated malate and nicotianamine as organic molecules,
which form a complex with iron (Takahashi et al., 2003; Grillet et al.,
2014). Nothing is known about the long-distance Fe transport in Fe
hyperaccumulator and hypertolerant plants, and therefore the identi-
fication, speciation and quantification of Fe transport forms in xylem
sap are crucial to understand this long-distance transport. This knowl-
edge is the basis to understand how the metal is transported across
membranes and delivered to its final target.

The perennial grasses Paspalum urvillei Steudel and Setaria parvi-
flora, native species from South America, were identified among the few
species able to grow spontaneously at the margins of decantation ponds
of an Fe ore pelletizing industry located in Brazil, in the Ubu district
(municipality of Anchieta, state of Espìrito Santo, South-Eastern Brazil)
(de Araujo et al., 2014). These ponds are supplied with water from the
mining system and plumbing of the iron ore pelletizing industry,
therefore creating an environment rich in iron particles. Paspalum ur-
villei and Setaria parviflora were further described as highly tolerant to
Fe excess (de Araujo et al., 2014; Santana et al., 2014) and the for-
mation of IP was observed around the roots (de Araujo et al., 2015).

In this study, by combining Perls/DAB histochemistry, μXRF,
μXANES and chromatography coupled to mass spectrometry, we shed
some light on the responses of Paspalum urvillei and Setaria parviflora to
excess Fe and uncover new cellular Fe accumulation sites in response to
excess.

2. Materials and methods

2.1. Growth conditions and treatment application

Seeds of Paspalum urvillei Steudel (Poaceae), Setaria parviflora and
Setaria viridis were grown in a glasshouse (average temperature 23 °C),
in plastic pots containing 0.5 L of quartz sand and 2.25 L of Humin
substrate N2 Neuhaus (Klasmann-Deilmann, Bremen, Germany) irri-
gated with tap water for approximately 10 days. Plantlets with 3 leaves
were quickly washed in tap water, rinsed and transferred to 2.4 L boxes
containing Hoagland nutrient solution, at full ionic strength, with
aeration every 4 h, at pH 5.0. After that, these plants were cultivated in
growth chamber with 14 h light at 28 °C and 10 h dark at 25 °C, at 80%
humidity, for one week in solution containing 0.5 mM NH4H2PO4,
3 mM KNO3, 2 mM Ca(NO3)2·4H2O, 1 mM MgSO4·7H2O, 23.13 μM
H3BO3, 4.57 μM, MnCl2·4H2O, 0.382 μM ZnSO4 ·7H2O, 0.16 μM,
CuSO4·5H2O and 0.0695 μM MoO3. Fe-sufficient plants were fed with
0.1 mM Fe(III)-citrate and Fe-excess plants were fed with 7 mM Fe(III)-
citrate during 6 days. This solution was renewed every 3 days. Iron
citrate stock solutions were prepared by mixing FeCl3 with a 4-fold
molar excess of citric acid and by adjusting the pH to 5.4 with KOH. For
rice, seeds were germinated in water for 5 days and then transferred in
hydroponic medium as described above.

2.2. Fe accumulation and localization by histochemical staining

To quantify the Fe concentration, plants (17 days old) were sepa-
rated in leaves and roots. Roots were washed with dithionite–ci-
trate–bicarbonate to eliminate the Fe aggregated at the root surface
(Taylor and Crowder, 1983). Root and leaf samples (10–30 mg dry
weight) were mineralized with a SpeedWave Two (Berghof Products,
Eningen, Germany) in 1 ml of 48% HNO3 and 7.5% H2O2, 3 min at
100 °C, 20 min at 180 °C, and 10 min at 140 °C. Fe concentration was
determined by atomic emission spectroscopy with a Microwave Plasma
Atomic Emission Spectroscope (MP-AES, Agilent), using manufacturer's
standard solutions to establish calibration curves.

In order to determine the Fe location, fragments from different re-
gions of leaf blades (basal, median and apical region) and root (mer-
istematic, elongation and differentiation zone) were vacuum infiltrated
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with fixation solution containing 2% (w/v) paraformaldehyde, 1% (v/
v) glutaraldehyde, 1% (w/v) caffeine in 100 mM phosphate buffer (pH
7) for 30 min and incubated for 24 h in the same solution. The fixated
fragments were washed with 0.1 M phosphate buffer (pH 7.4) three
times, and dehydrated in successive baths of 50%, 70%, 90%, 95%, and
100% ethanol, butanol/ethanol 1:1 (v/v), and 100% butanol. Then, the
fragments were embedded in the Technovit 7100 resin (Kulzer) ac-
cording to the manufacturer's instructions and thin sections (5 μm
thickness) were made. Histochemical Fe staining was realized by the
Perls-DAB method to highlight total iron including both ferric and
ferrous species (Roschzttardtz et al., 2009).

Fe staining images were captured using an Olympus BX-61 micro-
scope (Olympus, Tokyo, Japan) equipped with Jenoptik ProgRes C5
digital camera (Jenoptik, Jena, Germany) in the PHIV (Histology and
plant Cell imaging platform) imaging platform.

2.3. Elemental distribution by μXRF and Fe speciation by Fe K-edge
μXANES

Fresh fragments from roots were immersed in a cryo-embedding
Optimum Cutting Temperature compound (OCT, Sakura Finetek,
Leiden, The Netherlands) and rapidly frozen in liquid nitrogen. They
were kept at −80 °C until preparation of cryo-sections. The frozen
blocks were then sectioned (25 μm thickness) in the transversal plane
using a cryomicrotome just before measurements. The resulting cross-
sections were deposited on Ultralene films (Spex Certiprep) and kept in
liquid nitrogen until measurements.

Micro-XRF and μXANES measurements were performed on LUCIA
beamline at the SOLEIL synchrotron (Saclay, France (Vantelon et al.,
2016),). The X-ray beam was monochromatized with a Si(111) double-
crystal monochromator, and focused using Kirkpatrick-Baez mirrors to
a spot on the sample of 3 μm × 3 μm. Measurements were carried
under vacuum and at −120 °C with a N2 liquid cryostat to limit beam
damage and minimize metal redistribution and speciation change.

For elemental mapping, μXRF was performed on iron plaques from
root sections with an incident energy of 7300 eV, a step size of 3 μm and
a dwell time of 1s/pixel. Elemental fluorescence signal was recorded
using a four-element silicon drift diode (SDD) detector. The fluores-
cence signal was then deconvoluted from fluorescence background and
elemental overlapping to obtain elemental maps. Then, Fe species were
studied using Fe K-edge XANES on regions of interest selected from
μXRF mapping, using the same lateral resolution and in fluorescence
mode. Spectra were collected in the 7050–7250 eV range, with a
sampling step of 2 eV between 7050 and 7100 eV, 0.2 eV from 7100.2
to 7160 eV, and 1 eV between 7161 and 7250 eV. Three or four XANES
spectra were acquired on various positions distinct from a few microns,
checked for similarity, and averaged to improve the signal-to-noise
ratio. Data were calibrated with metallic Fe background subtracted and
normalized using a linear or two-degree polynomial function with
Athena software (Ravel and Newville, 2005). Fe XANES spectra were
also collected on Fe(II) and Fe(III) reference compounds prepared as
pressed pellets: hematite Fe2O3, ferrihydrite 5Fe2O3.9H2O, goethite
(FeOOH), Fe(III)phosphate Fe3(PO4).2H2O, chromite (FeCr2O4) and
siderite (FeCO3). Iron plaques spectra were compared to these reference
spectra and to spectra that we have previously collected (Grillet et al.,
2014). A fingerprint approach was then used to fit IP spectra with Fe
reference compounds. The quality of the fits was evaluated by the
normalized sum-squares residuals NSS (NSS = Σ[μexperimental − μfit]2/
Σ[μexp]2 × 100) in the 7090–7225 eV range. The pre-edge structures
were also examined by subtracting the pre-edge background modeled
by an erf function taken a few eV before and after the pre-edge.

2.4. Analysis of metal complexes using HILIC-ICP-MS

Analytical reagent grade chemicals such as acetonitrile, acetic acid,
formic acid, nitric acid and ammonia were purchased from Sigma-

Aldrich. Ultrapure water (18MΩ.cm) was obtained from a Milli-Q
system (Millipore, Guyancourt, France). The isotopically enriched 58Fe
(99.81% enrichment) was purchased from STB Isotope Germany GmbH
(Hamburg, Germany).

HILIC HPLC separations were performed using a 1200 HPLC system
(Agilent, Tokyo, Japan). ICP-MS detection was achieved using a model
7700 instrument (Agilent) fitted with platinum cones, 1 mm i.d. in-
jector torch. 7.5% of oxygen was added to plasma gas to avoid carbon
deposit on the cones. The HILIC ICP MS coupling was done via Scott
spray chamber cooled to −5 °C.

The column used for HILIC separation was a SeQuant®Zic®-cHILIC
(150 × 2.1 mm, 3 μm 100 Å) column (Merck). Gradient elution, at a
flow rate of 0.2 ml min−1, was carried out using eluent A (acetonitrile),
and eluent B (25 mM ammonium acetate pH 5.5). The gradient program
was: 0–1min 5% B, 1–10 min up to 20% B, 10–13.5 min 20% B,
13.5–17 min up to 40% B, 17–21 min 40% B, 21–21.01 min down to 5%
B, 21.01–30 min 5% B. Samples were diluted with ammonium acetate,
divided in aliquots of 10 μL to which standard of 58Fe was added in
order to create calibration curve. Later on acetonitrile was added to
obtain a 1:2, sample to acetonitrile ratio, vortexed and centrifuged. A
2 μL aliquot of the supernatant was injected into the HILIC column each
time. The chromatographic conditions were optimized in order to en-
sure the best separation of the compounds, maximum recovery from the
column and optimal ionisation conditions for electrospray ionisation.
Additionally, the use of this separation technique requires very limited
sample preparation, which helps with preservation of Fe complexes that
are extremely prone to dissociation.

2.5. Analysis for metal complexes using HILIC-ESI-MS

For HILIC-ESI-MS the HPLC system Ultimate 3000 UPLC pump
(Dionex, Paris, France) was connected to an LTQ Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). The cou-
pling was achieved via a heated electrospray ionisation source (H-ESI
II) (Thermo Fisher Scientific) or Orbitrap Q Exactive Plus. The chro-
matographic separation conditions were as given in the previous
paragraph. The ion source was operated in the positive at 3.0 kV. The
vaporizer temperature of the source was set to 250 °C and the capillary

Fig. 1. Visual symptoms of Fe toxicity on Setaria parviflora and Setaria viridis
plants. Ten day-old seedlings were grown for 6 days in medium supplemented
with 0.1 mM or 7 mM Fe-citrate. Bar = 1 cm.
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temperature to 350 °C. In full MS mode, the resolution was set at
100 000 or 280 000 (FWHM at m/z 400).

2.6. Statistical analysis

The experimental design adopted was randomized with four re-
petitions and five or two treatments. Data were subjected to analysis of
variance (ANOVA), and means were compared by Tukey test at 5%
probability, using statistical software SAEG 9.0 UFV.

3. Results

3.1. Analysis of Fe tolerance and accumulation

Paspalum urvillei and Setaria parviflora have been described as being
tolerant to Fe excess (de Araujo et al., 2014). To further confirm the Fe

tolerant behavior of these two species, we compared the tolerance to
high concentrations of Fe-citrate of Paspalum urvillei and Setaria parvi-
flora young plants with, respectively, rice (Oryza sativa cv nipponbare)
and Setaria viridis, two model species used here as reference. The visual
symptoms of standard and excess Fe on Setaria parviflora and Setaria
viridis are illustrated in Fig. 1. Exposure to high Fe provoked the for-
mation of brow necrotic spots in Setaria viridis leaves, whereas leaves
from Setaria parviflora did not show any visible sign of toxicity. Similar
symptoms were observed when comparing Paspalum urvillei and Oryza
sativa (data not shown). Roots of Setaria parviflora displayed an intense
brown coloration in Fe excess corresponding to the formation of the
iron plaque and this phenomenon was almost absent in Setaria viridis
(Fig. 1). The shoot biomass of Paspalum urvillei and Setaria parviflora
plants was not significantly affected by an exposure to 7 mM Fe,
compared to control media, whereas Fe excess provoked a two-fold
reduction in biomass for Oryza sativa and Setaria viridis (Fig. 2A). This

Fig. 2. Biomass and Fe concentration of roots and shoots of Paspalum urvillei, Oryza sativa, Setaria parviflora and Setaria viridis plants grown in standard and excess Fe.
10 day-old seedlings were grown for 6 days in medium supplemented with 0.1 mM or 7 mM Fe-citrate. (A) root biomass, (B) shoot biomass, (C) Fe concentration on
roots, (D) Fe concentration in shoots. Values are average ± SD, values followed by the same letter do not differ by Tukey's test at 5% probability.
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result further confirmed the Fe tolerance capacity of Paspalum urvillei
and Setaria parviflora. In roots, Fe excess induced a reduction of growth
that was equivalent for P. urvillei and O. sativa, whereas the root bio-
mass of both Setaria species was not significantly affected by the Fe
treatments (Fig. 2B).

Having established that Paspalum urvillei and Setaria parviflora are
well-suited species to study responses to Fe excess, we then measured
the Fe content in roots and shoots of plants grown on the two Fe re-
gimes. In control condition (0.1 mM Fe-citrate) no significant difference
in Fe concentration was observed in leaves of the four species (Fig. 1C).
Iron excess had a moderate effect on the shoot Fe concentration of
Paspalum urvillei and Setaria parviflora with a 3–4 fold increase in Fe
accumulation whereas Oryza sativa and Setaria viridis shoots accumu-
lated massive amounts of Fe, representing ca 50-fold increase, relative
to standard Fe treatment (Fig. 2C). The exposure to Fe excess induced a
limited increase in Fe accumulation in roots of Paspalum urvillei, Setaria
parviflora and Setaria viridis whereas roots of O. sativa overaccumulated
Fe, reaching up to 9000 ppm in response to Fe excess (Fig. 2D). From
these results, we concluded that both Paspalum urvillei and Setaria
parviflora plants were able to tolerate high concentrations of Fe in the
medium with a very moderate effect in growth that could be attributed
to their capacity to restrict Fe accumulation in their organs, when
compared to the less tolerant species Oryza sativa and Setaria viridis.

To gain further insights in the tolerance mechanisms set up by
Paspalum urvillei and Setaria parviflora, we studied Fe localization in
roots and shoots in control and excess conditions. In standard condition,
for all species, Fe was only visible as aggregates around the roots,
corresponding to the iron plaque (IP) (Fig. 3). Upon exposure to 7 mM
Fe-citrate, roots of the four species displayed different behavior. Pas-
palum urvillei and Setaria parviflora roots had built up a significant iron
plaque, compared to Oryza sativa and Setaria viridis (Fig. 3, middle row).
Within the root tissues of Paspalum urvillei and Setaria parviflora, Fe
deposits completely filled the entire volume of all cortex cells. Ad-
ditionally, a strong staining was visible around the epidermal and
cortical cells and this staining was attributed to the cell walls. The
strong difference in Fe accumulation between epidermal-cortical cells
and the central cylinder indicated that the endodermis was playing a

central role in the control of Fe loading into the vascular system. To a
lesser extent, rice roots also accumulated high concentrations of Fe
inside cells. Strikingly, the iron staining in the central cylinder was as
intense as in the cortex, suggesting that, contrarily to Paspalum urvillei
and Setaria parviflora, the endodermis was not such a barrier for the
movement of Fe towards the conductive elements of the stele. Finally,
root cells of Setaria viridis did not accumulate Fe in the vacuoles as the
other species, instead, Fe-rich dot-shaped deposits were visible within
cells. These Fe-rich structures were identical to Fe-ferritin complexes
previously described in both roots and leaves of Arabidopsis thaliana
plants treated with iron excess (Roschzttardtz et al., 2009; Bournier
et al., 2013).

3.2. Metals distribution and speciation analyses in the iron plaque by μXRF
and Fe K-edge μXANES

Micro-XRF and Fe K-edge μXANES were carried out in IP and roots
of Paspalum urvillei to map the distribution of Fe and other elements and
determine the Fe chemical species, respectively.

Elemental maps of roots exposed to 0.1 mM Fe-citrate showed that
Fe was distributed as a thin layer deposited at the surface of epidermal
cells. After saturating the Fe signal to pinpoint potential lower Fe
concentrations, maps showed that the metal was strictly localized in the
epidermis as a thick layer but neither in cortex nor endodermis (Fig. 4A
“Fe sat”). In addition to Fe, phosphorus, calcium, silicon and manga-
nese were visualized near the epidermis as observed on the bicolor and
tricolor maps (Fig. 4A). In contrast, potassium and sulfur were located
within the epidermis, cortex, and vascular system but were not highly
concentrated in IP.

In roots exposed to Fe excess, the layer of IP was thicker (25 μm at
7 mM Fe versus 10 μm at 0.1 mM Fe) and contained a higher amount of
Fe as attested by the change in Fe scale (Fig. 4B). Interestingly, in signal
saturation conditions, we observed that Fe was strictly located in IP for
the low exposure while Fe entered the root and cortex cells, and was
finally retained in endodermis for the excess condition (Fig. 4B “Fe
sat”). These results are in agreement with the histochemical staining
shown above (Fig. 3). The amount of Ca also increased in IP while other

Fig. 3. Fe localization in root sections of P. urvillei, O. sativa, S. parviflora and S. viridis. Plants were treated with 0.1 mM or 7 mM Fe-Citrate during 6 days and root
samples were further fixed and embedded in resin. Sections were submitted to Perls/DAB staining. IP, Iron plaque. Bar = 200 μm unless stated otherwise.
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Fig. 4. Elemental distribution (μXRF) on Paspalum urvillei roots. A, B: Cryo cross-sections of plants treated with 0.1 mM (A) and 7 mM Fe-Citrate (B) respectively,
during 6 days and elemental distribution of iron, phosphorus, sulfur, potassium, iron saturation, calcium, manganese, and silicon. Tricolor and bicolor maps were also
shown to highlight co-location (lower line in A and B). Energy = 7.3 keV, step size = 3 μm, counting rate = 1s/pixel. The crosses annotated “Pt” indicate the areas
where μXANES spectra were collected in these maps. The color bars indicate fluorescence intensity. Ep = epidermis; Cx = cortex; En = endodermis;
Mx = metaxylem, IP = iron plaque. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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elements remained unchanged. Co-localization of Fe with phosphorus,
calcium, silicon and sulfur, indicated the presence of these elements in
IP (Fig. 4).

Some biological preparations, particularly using chemical fixation
and resin, can alter cellular materials and the location of key associated
elements. Synchrotron μX-ray fluorescence requires no sample pre-
treatment, and allows non-invasive examination of Fe localization.
Interestingly, Fe was visualized in tissues outside the endodermis with
both Perls-DAB staining and μXRF. The endodermis cells are wrapped
into a layer of suberin and sometimes lignin called the Casparian strip.
This chemically modified wall controls the permeability of water and
ions towards the central cylinder. In Paspalum urvillei the casparian strip
seems to act as an efficient barrier to Fe since Fe depositions were al-
most inexistent in the central cylinder (Fig. 4B) and the major part of Fe
was found in IP.

Fe K-edge μXANES spectra were collected from μXRF maps on a
number of small areas of IP containing various amounts of Fe, some of
which are indicated in the map shown in Fig. 4B. Those spectra were
compared to Fe reference spectra (Fig. 5). Iron Plaque spectra exhibited
a lower K-edge in comparison to Fe(III) compounds, albeit higher than

Fe(II) compounds, indicating that Fe in IP is present as a mix of oxidized
and reduced forms. Examination of the pre-edge structure confirmed
that both oxidation states were present in IP (Fig. 6) and the pre-edge of
the control spectrum (0.1 mM Fe) was slightly shifted to lower energy
values than the 7 mM Fe exposed samples, suggesting that the pro-
portion of Fe(II) was higher for low exposure. The fingerprint approach
using linear combination fitting showed that in IP formed in roots ex-
posed to7 mM Fe, spectra were modeled by a mixture of ferrihydrite
and Fe(II)-citrate ranging from 66 ± 10 to 81 ± 10% ferrihydrite and
19 ± 10 to 38 ± 10% Fe(II)-citrate (Fig. 7). Here Fe(II)-citrate was
used as a proxy for a non crystallized form of Fe(II) since the crystal-
lized forms siderite and chromite gave poor spectral agreement due to
their well defined structure patterns. We can thus infer that Fe partially
occurs as a Fe(II) form, organic or poorly crystallized in IP, in addition
to ferrihydrite. In the control Fe condition, as suggested by the ex-
amination of the pre-edge, the proportion of ferrihydrite decreased
(46 ± 10%) while Fe(II) increased (51 ± 10%).

Iron oxyhydroxides have high specific surface areas and possess
−OH functional groups, which are capable of reacting with metals and
other cations and anions (Kuo, 1986). It is likely that the crystalline Fe
hydroxides (ferrihydrite) identified around the roots of Paspalum urvillei
have similar properties and immobilize and prevent the uptake of other
elements. The co-localization of Fe and phosphorus on IP indicated that
the plaque was probably composed of iron oxide with phosphorus ad-
sorbed onto the surface. Phosphorus is an element easily found on the
IP, since phosphate has a high affinity to ferric hydroxides (e.g. ferri-
hydrite) (Voegelin et al., 2013; Senn et al., 2015).

The sodium dithionite (Na2S2O4)-sodium citrate (Na3C6O7H5)-so-
dium bicarbonate (NaHCO3) (DCB) mixture solution is a classical ex-
traction reagent for IP on root surface (Lee et al., 2013). Previous results
with Paspalum urvillei using the extraction with DCB technique showed
the presence of Fe, zinc, phosphate, and calcium in the IP (de Araujo
et al., 2014). Micro-XRF mapping confirmed the occurrence of Ca and P
and also revealed the presence of Mn and Si (Zn was not measured since
the mapping energy was below the Zn K-absorption edge).

In leaves of control plants, Fe was hardly visible in tissues and cells,
for all species (Fig. 8). Leaves of plants treated with Fe excess displayed
high Fe accumulation, localized in different cellular compartments. The
highest Fe accumulation, common to all species, corresponded the
bundle sheath cells (Fig. 8, arrows). Within these cells, Fe highly ac-
cumulated in the central vacuole. Additionally, the C4 species (Pas-
palum urvillei, Setaria parviflora and Setaria viridis) displayed an intense
Fe staining in the chloroplasts of the bundle sheath cells, contrary to
rice that is a C3 species. Additionally, the Perls/DAB staining could
reveal secondary sites of Fe accumulation in mesophyll cells. The
chloroplasts of Paspalum urvillei and Oryza sativa were strongly stained
and contained Fe-rich dots (Fig. 8 arrowheads) that had been previously
demonstrated to correspond to ferritin complexes (Roschzttardtz et al.,
2013). In both Setaria species, Fe was much less visible in mesophyll
cells, compared to Paspalum urvillei and rice and most of the signal was
located in bundle sheath cells. The Fe accumulation in these cells was
nevertheless much more pronounced in Setaria viridis, compared to
Setaria parviflora, in good agreement with the strong difference in total
Fe accumulation between these two species (Fig. 2). Taken together,
these results highlight the role of the bundle sheath cells in the se-
questration of Fe in leaves, in response to elevated concentrations of Fe
in the growth medium. Within these cells, Fe accumulated in the central
vacuole for all species but also in chloroplasts for the C4 species Pas-
palum urvillei, Setaria parviflora and Setaria viridis. The visualization of
iron bound to ferritins, the expected main actor in Fe detoxification,
could not be strictly correlated with the overall Fe accumulation in
leaves of the four species as shown in Fig. 2, since Fe-ferritin structures
were mostly visible in Paspalum urvillei (low Fe) and rice (high Fe).

Fig. 5. Fe K-edge μXANES spectra collected on iron plaque of Paspalum urvillei
treated with 0.1 mM (Control) and 7 mM (Treated) Fe-citrate compared to Fe
reference spectra. Dotted lines indicate the shift between Fe(II)reference spectra
and Fe(III) reference spectra.
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3.3. Iron speciation in the xylem sap of Setaria parviflora plants

Among the four species considered, only Setaria parviflora could
yield sufficient amounts of xylem sap to analyze the Fe speciation. The
quantification of total Fe in the xylem sap showed that high Fe

concentrations in the medium tended to increase the concentration of
Fe in the xylem sap (33.15 ppm vs 12.6 ppm) although the high
variability of Fe concentration in Fe excess samples prevented to con-
clude statistically on such effect. Nevertheless, the speciation of Fe in
the xylem sap of Setaria parviflora plants was analysed by means of
hydrophilic interaction chromatography (HILIC) with dual detection:
inductively coupled plasma mass spectrometry (ICP-MS) and electro-
spray ionisation–Fourier-transform mass spectrometry (ESI-FTMS).

The analysis of samples grown in the control condition showed
presence of one peak (Fig. 9a) while in the sample grown in Fe excess
condition, 2 additional peaks were detected (Fig. 9b) by ICP MS. The
ESI MS spectra were searched for the specific isotopic pattern (exact
inter-isotopic mass differences and isotopic ratios) at the retention
times corresponding to the peaks detected by HPLC ICP MS. The use of
the accurate masses of the precursor ions allowed assignment of the
empiric molecular formulas to compounds identified as the one con-
taining iron, and their fragmentation led to determination of the
structures for all the iron species detected. They were identified as
Fe3Cit3 for control sample, Fe3Cit2Mal2, and Fe3Cit3Mal1 in case of
plants exposed to Fe excess.

The determination of the concentration of 56FeMalCit complexes in
plant samples was performed by adding different amounts of a solution
of 58Fe to the plant sample. After addition of 58Fe to the xylem sample,
no significant changes were observed in the signal intensity recorded
for 56Fe isotope, indicating that there was no exchange between the two
Fe isotopes in the samples. Based on calibration curves made with 58Fe,
citrate and malate, it was possible to quantify the Fe complexes present
in the xylem samples (Table 1). The presence of free ligands (malate
and citrate) in samples allowed the formation 58FeMalCit and 58FeCit
complexes, what was confirmed by ICP MS (Fig. 10) and ESI MS
(Fig. 11). Interestingly, in the control sample, 58Fe was only complexed
with citrate (Fig. 9a), compared to the Fe-excess sample, indicating that
the xylem of the control sample did not contain sufficient malate to
form the FeMalCit complexes that are formed and detected in the Fe-
treated sample (Fig. 9b). Therefore, the accumulation of malate and the
corresponding formation of FeMalCit appears as a specific response of
the plant to the exposure to excess Fe in the medium.

Fig. 6. Normalized pre-edge spectra (Fe K-edge) of Paspalum urvillei treated with 0.1 mM (Control) and 7 mM (Treated) Fe-citrate compared to Fe(II) reference
spectra (Left) and Fe(III) reference spectra (Right).

Fig. 7. Linear combination fits of Fe K-edge μXANES spectra for Paspalum ur-
villei treated with 0.1 mM (Control) and 7 mM (Treated) Fe-citrate. The quality
of the fit is evaluated by the normalized sum-squares residuals, NSS = Σi(Xanes
experimental–Xanes fit)2/Σi(Xanes experimental)2 x 100.
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4. Discussion

The aim of our work was to investigate the mechanisms of Fe se-
questration in plants growing in excess concentrations, using plant
species naturally adapted to such conditions. Therefore, our strategy
was first to verify that, in laboratory conditions, Paspalum urvillei and
Setaria parviflora were also tolerant to very high Fe concentrations in
the medium, by comparing them to either a model grass (rice) or a
related species of the same gender (Setaria viridis), respectively.
Thereafter, we have characterized the responses of young plants to
short-term exposure to high Fe in the medium. Although different from
the natural environment, our experimental conditions have enabled us
to monitor changes in Fe distribution in both roots and shoots, to

establish that Paspalum urvillei and Setaria parviflora were behaving as
excluders in condition of Fe excess and to identify the major sites of Fe
accumulation at the tissue, cellular and subcellular levels.

In previous reports, Paspalum urvillei and Setaria parviflora plants
treated with high Fe-EDTA concentrations displayed higher Fe content
in roots than in shoots and presented symptoms of Fe toxicity (de
Araujo et al., 2014; Santana et al., 2014). In this paper, the four plant
species were treated with citrate, which is another Fe chelator, with
different responses. In addition to high Fe translocation rates towards
shoots, Paspalum urvillei and Setaria parviflora did not show any visual
symptoms of toxicity by iron excess, compared to rice and Setaria viridis.
Actually, it had been previously shown that depending on the culture
system and the Fe source, the amount and distribution of apoplastic Fe

Fig. 8. Fe localization in leaves of P. urvillei, O. sativa, S. parviflora and S. viridis. Plants were treated with 0.1 mM (A) or 7 mM Fe-Citrate (B–E) during 6 days and
shoot samples were further fixed and embedded in resin. Sections were submitted to Perls/DAB staining. Arrows: bundle sheath cells, arrowheads: ferritin-rich
chloroplasts.

Fig. 9. HILIC ICP MS chromatogram of control (A) and supplemented (B) S. parviflora xylem sap samples spiked with 58Fe (column: Phenomenex Kinetex; gradient:
0–1 min 95% B; 1–10 min 85%; 10–15 min 85% B; 15–17 min 65% B; 17–25 min 65% B;25–30 min 95% B, B - ACN and A - 25 mM ammonium acetate in H2O, pH
5.5; injection: 10 μL; flow rate: 0.5 ml min−1.

Table 1
Quantification of total Fe and Fe complexes identified by HILIC ICP MS in the xylem sap of Setaria parviflora plants grow on 0.1 mM and 7 mM Fe-citrate. For the
samples annotated “xylem”, the corresponding values are the average ± SD of n = 4–5 individual samples. The samples annotated S.p. correspond to individual
samples used for the quantification of Fe complexes using the58Fe spiking approach.

Concentration of 56 Fe in sample
[ppm]

Concentration of iron in complex form in sample [ppm] % of 56 Fe complex in total amount of Fe

56Fe3Cit2Mal2 56Fe3Cit3Mal1 56Fe3Cit3 total 56Fe3Cit2Mal2 56Fe3Cit3Mal1 56Fe3Cit3 total

Xylem (0.1
mMFe)

12.6 ± 3

Xylem (7 mM Fe) 33.15 ± 31.63
S. p. 0.1 mM 8.6 < LOD <LOD <LOD <LOD – – – –
S.p. 7 mM 11.0 3.1 3.2 not quantified 6.3 28 29 not quantified 57
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pool was prone to be overestimated, in particular when using Fe-EDTA
(Roschzttardtz et al., 2013; Strasser et al., 1999). The higher toxicity
provoked by EDTA-based Fe complexes is most likely due to the high
affinity of EDTA towards other metals present in the growth medium
(logK = 16.5 for Zn and logK = 18.8 for Cu), with the potential risk of
spontaneous formation of the corresponding Zn-EDTA and Cu-EDTA
complexes, potentially leading to a “polymetallic” stress. On the con-
trary, citric acid is rather specific for trivalent metal ions and displays a
very poor affinity for divalent metal ions compared to Fe3+ (logK = 4.5
for Zn and 6.1 for Cu, compared to 11.85 for Fe3+), which decreases the
risk of polymetallic excess stress (http://www.coldcure.com/html/
stability_constants.html). Therefore, the data obtained here suggested
that the use of Fe-citrate as the source of iron might be a better proxy of
the Fe-contaminated soil conditions encountered by Paspalum urvillei
and Setaria parviflora.

The ability of Paspalum urvillei and Setaria parviflora plants to tol-
erate high Fe concentrations in the medium is likely to rely on several
mechanisms aimed at decreasing the toxicity of this metal, by limiting
the uptake at the root surface through the build-up of the iron plaque,
limiting the translocation of Fe towards the shoots and by sequestering
Fe in the apoplastic compartment, vacuoles, and in plastids as ferritin
complexes, away from highly sensitive intracellular sites. Here we
evidenced that the IP thickness increased with Fe supply, suggesting
that the build-up of IP via the precipitation of ferrihydrite was a me-
chanism of Fe avoidance. Ferrihydrite is an iron mineral phase com-
monly identified in IP (Hansel et al., 2001, 2002; Liu et al., 2006). The
studies of metal speciation in the IP have revealed that actually the
composition of the Fe plaque is rather heterogeneous, consisting of a
mix of several minerals, including goethite, ferrihydrite, lepidocrocite
and siderite, the proportion of each mineral being tightly linked to the
local environment of the roots (Snowden and Wheeler, 1995). The
origin of the Fe(II) is more questioning since hydroponic cultures were
done in oxic conditions where Fe was provided as ferric iron and the
nature of this reduced iron could not be clearly identified. Siderite,
which was suspected and identified elsewhere and likely formed by CO2

released by the roots (Hansel et al., 2002; Wang and Peverly, 1996,
1999) was not detected here. In contrast, the Fe phase appeared to be
poorly crystallized or organic. Since Paspalum urvillei belongs to the
grass family, Fe uptake should be achieved via Fe(III)-phytosiderophore
and not by iron reduction. It is not excluded here that the root itself is
able to reduce part of iron as already proposed by Wang et al. (1999)
(Wang and Peverly, 1999). Associated microorganisms including ferric
reducing bacteria could also be involved in the Fe redox reaction at the

root surface (King and Garey, 1999; Chang et al., 2014; Tian et al.,
2015). The Fe(II) proportion was higher in control than in Fe excess
conditions, suggesting that Fe reduction was not related to the amount
of Fe in solution but rather to a limited biological process.

Since the pioneering work of Bienfait et al. (1985) on the bio-
chemical characterization of the cell wall binding capacity towards Fe,
this compartment has received little attention in the context of Fe
homeostasis. Only recently, several reports have uncovered dynamic
responses of cell wall components in response to Fe deficiency, in-
cluding decrease in hemicellulose concentration and methylation to
lower the retention of apoplastic Fe and promote its remobilization (Lei
et al., 2014; Ye et al., 2015; Curie and Mari, 2017). Nevertheless, the
role of the cell wall as a buffering compartment in conditions of Fe
overload has been much less characterized. Here, thanks to the Perls/
DAB staining procedure, it has been possible to highlight the role of the
cell wall as a buffer for Fe excess in the root epidermal and cortical cells
(Fig. 2). Although the chemical form of this apoplastic Fe pool remains
unknown, in the Fe hyperaccumulator plant species Imperata cylindrica,
cell wall Fe deposits were shown to correspond to jarosite, an iron and
sulfur-rich mineral (Rodriguez et al., 2005; Amils et al., 2007). Al-
though it is tempting to propose that, as for Imperata cylindrica, in cell
walls of Paspalum urvillei and Setaria parviflora Fe is biomineralized as
jarosite, this is very unlikely since jarosite crystals are formed only in
sulfur-rich and highly acidic conditions, which was not the case for
Paspalum urvillei or Setaria parviflora. The chemical identity of this Fe
pool remains thus unknown but this finding also raises the question of
the specific properties and modifications of the root apoplastic com-
partment of this particular Fe tolerant species, as a response to Fe
overload, by comparison with the biochemical responses of the cell wall
components in Fe deficiency.

Ferritin expression can be considered as the hallmark of molecular
responses to Fe excess (Briat et al., 1995a, 1995b, 2010b). Ferritins
accumulate in plastids in response to Fe excess, where they assemble in
24-mer structures that can bind up to 4500 Fe atoms. However, despite
the high Fe-buffering capacity of ferritins, the exact role of these pro-
teins in iron detoxification mechanisms remains elusive since ferritin-
null mutants in the model plant Arabidopsis thaliana are only slightly
affected by Fe excess (Ravet et al., 2008). In a previous report, we had
shown that iron-ferritin complexes could be efficiently visualized by
histochemical staining with the Perls/DAB procedure, as individual
dots in plastids (Roschzttardtz et al., 2013; Ravet et al., 2008). Here,
beside the bundle sheath cells where Fe highly accumulated in va-
cuoles, iron-ferritin structures could readily be detected in mesophyll

Fig. 10. HILIC - ICP MS chromatogram of the standard citrate-malate iron complexes (chromatographic conditions the same as in Fig. 9).
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cells, where they could represent an important part of Fe-rich detect-
able compounds accumulated (Fig. 8). Therefore, in photosynthetic
tissues, ferritins seem to play an important role in buffering the excess
of Fe that had been translocated from roots to leaves. However, on the
basis of the intensity of the Fe staining in chloroplasts, it was not pos-
sible to correlate the total amount of Fe in shoots (Fig. 2) with the
imaging of Fe (Fig. 8). It is thus difficult to use this information directly
as a proxy of Fe accumulation and detoxification capacity in leaves.

In roots and bundle sheath cells of Paspalum urvillei, Oryza sativa and
Setaria parviflora, iron was massively accumulated in vacuoles.
Although vacuolar storage appears as an obvious way to sequester Fe,
only in few instances this mechanism has been clearly described. To
date, the best example is represented by the Arabidopsis embryo, where
Fe was shown to accumulate in vacuoles of a specific cell layer, the
endodermis, in globoids that are phytate-rich structures (Roschzttardtz
et al., 2009; Ravet et al., 2008; Lanquar et al., 2005; Kim et al., 2006).
The transport of Fe in these vacuoles is mediated by the tonoplastic iron
transporter VIT1 (Ravet et al., 2008; Kim et al., 2006), whereas the

efflux from vacuoles that occurs during germination to remobilize the
Fe atoms is catalyzed by NRAMP3 and NRAMP4 (Lanquar et al., 2005).
It is therefore tempting to propose that in Paspalum urvillei, Setaria
parviflora and rice, VIT1 orthologs might be overexpressed in response
to Fe excess, to mediate vacuolar sequestration of Fe through transport
across the tonoplast. Although the chemical form of Fe that is stored in
vacuoles remains uncharacterized, the granular aspect of Perls/DAB-
stained Fe in Paspalum urvillei, Oryza sativa and Setaria parviflora va-
cuoles was quite comparable to the vacuolar Fe oxides observed by
electron microscopy in the Fe hyperaccumulator Imperata cylindrica
(Fuente et al., 2016; Raymond et al., 2003) and in maize seedlings
exposed to Fe2O3 nanoparticles (Li et al., 2016). Taken together, these
elements of comparison tend to suggest that upon Fe overload, the
strategy developed by those species would be to accumulate most of the
Fe in vacuoles as ferric iron oxides.

Fig. 11. ESI MS spectra taken at the peak apexes at RT 12.23 min (A) and at RT 14.21 min (B) showing isotopic patterns of Fe3Cit2Mal2 and Fe3Cit3Mal species
respectively; mono-isotopic mass in red, mass corresponding to added isotope 58Fe marked in green. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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5. Conclusion

We have shown that Paspalum urvillei and Setaria parviflora can
tolerate high Fe concentrations in the medium through selected ex-
clusion and detoxification (vacuole, cell wall) mechanisms leading to an
excluder behavior, when compared with less tolerant species. Iron ex-
clusion is achieved by the build up of a barrier, the iron plaque, where
Fe is immobilized as ferrihydrite. The intracellular detoxification re-
sponse appears to rely mostly on the sequestration of Fe into cell walls
and vacuoles. In leaves, the vacuole would represent the main in-
tracellular site of ferric oxide buildup, strongly suggesting the high
importance of vacuolar sequestration in the detoxification of excess Fe
in these species.
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