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Abstract
• Grevillea meisneri, an endemic New Caledonian Mn-hyperaccumulator, is used in rehabilitation of
degraded mining sites on the island. Large-scale programs require transplanting nursery-grown seedlings,
but effects of the nursery environment on Mn tolerance of transplants and their capacity to hyper-
accumulate Mn are unknown, slowing rehabilitation efforts.

• We studied tissue-level distribution of Mn and other elements in different tissues of G. meisneri using
micro-X-Ray Fluorescence spectroscopy (μXRF), comparing nursery-grown plants transplanted into the site
and sampled seven years later, and similar-sized plants that had grown spontaneously in the site.

• Mirroring patterns in other Mn-hyperaccumulators, Mn was preferentially accumulated in leaves but was
also present in roots. Concentrations were highest in leaf epidermal tissues, in cortex and vascular tissues
of stems and primary roots, and in phloem and pericycle-endodermis of parent cluster roots. Although
abundant in soil, Ni was absent from all tissues of G. meisneri. Ca was always co-localised with Mn.
Preferential uptake of Mn vs Ni in roots implies as-yet-uncharacterized speci�c Mn-transporters, while Ca
and Mn co-localisation suggests shared transport pathways.

• No differences were observed in concentration and distribution of Mn in transplanted and spontaneously-
growing plants. Nursery-grown transplants should be highly suitable for large-scale, high-throughput
rehabilitation programs.

Introduction
Among the New Caledonian Grevillea species, G. meisneri Montrouz. (Proteaceae) is the only Manganese-
hyperaccumulator, presenting up to 1% of Mn in shoots (Jaffré, 1977; Baker et al., 2000; Losfeld et al.,
2015b). Restoration of vegetation cover on degraded mining sites is an urgent environmental concern in
New Caledonia (Losfeld et al., 2015a,b,c), and native pioneer species should be favoured in such actions.
Grevillea meisneri was hence selected for a large-scale rehabilitation program. Mn-(hyper)accumulators are
adapted to spontaneously grow on the ultrama�c soils of New Caledonia, which are naturally poor in
essential nutrients (e.g. P, Ca, K) but enriched in trace metallic elements such as Ni, Mn, Co, Cr and Sc
(Jaffré, 1976; Gunkel-Grillon et al., 2014; Isnard et al., 2016). These plants exhibit the ability to accumulate
Mn in their leaves at concentrations greatly exceeding those normal in other plants, as a response to the
elevated concentrations of this metal in soils (Jaffré et al., 1977; Baker, 1981; Reeves, 2003; Pillon et al.,
2010). The investigation of uptake and transportation mechanisms of the hyperaccumulated metal along
with other physiological elements helps expand our knowledge of the phenomenon of hyperaccumulation.

While G. meisneri is known to be an Mn-hyperaccumulator, the distribution of Mn in its tissues has never
been characterized in detail. One objective of our study was thus to describe and quantify the tissue
distribution of Mn in this species. Micro-X-ray elemental mapping techniques give in situ information on
the cellular distribution of elements within plant tissues, providing an effective immobilization of all their
metabolic processes as close as possible to the native state of the sample. Using Synchrotron radiation
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micro-X-Ray Fluorescence spectroscopy (mXRF), enabling mapping of Mn together with Ca, Cl, K, Mg, P
and S, was conducted on cryo-�xed hydrated leaves, stem, roots and cluster roots of G. meisneri.

In efforts to rehabilitate sites polluted with heavy metals, the sites in which vegetation cover is to be
restored are planted with large numbers of individuals of adapted species, usually ones native to, or even
endemic to, soils naturally rich in these elements. However, the large number of individual trees required for
these actions means that they must be grown ex situ as seedlings and then transplanted into the site that
is slated for rehabilitation. An unanswered question is whether the environment experienced by the
juveniles prior to transplantation affects their ability to adjust to the extreme conditions (including high
concentrations of heavy metals) of the substrate in situ. Answering this question was another objective of
this study. To this end, we compared the performance of individuals of G. meisneri growing spontaneously
in situ in Mn-rich soils with that of individuals grown from seeds collected from conspeci�c adult trees in
the same site that were sown in pots, grown in a nursery, and then transplanted into the rehabilitation site,
where they grew for seven years before being sampled for this study. We compared their accumulation of
Mn, and its tissue distribution, with those of plants that had grown in situ and were of comparable size.
This enabled us to investigate the capacity of the reintroduced plants to adjust to the constraints of the
ultrama�c and contaminated soils.

Materials And Methods
Study species: Grevillea meisneri

This species is endemic to New Caledonia (Majourau & Pillon, 2020). It only grows on the northwestern
coast of the ‘Grande Terre’, on ‘maquis’ of variable density, preferentially on brown hypermagnesian soils
under 650 m altitude (Jaffré & Latham, 1974). Brown hypermagnesian soils are classi�ed as Magnesic
Cambisols (Fritsch, 2012). They are derived from ultrama�c rocks, and are thus characterized by low
concentrations of essential elements, particularly P, high concentrations of heavy metals such as Ni, Mn,
Co, and Cr, and a high exchangeable Mg/Ca ratio (Isnard et al., 2016). Grevillea meisneri, being the only
Mn-hyperaccumulator among the Grevillea species endemic to New Caledonia (Losfeld et al., 2015b) and
being adapted to such edaphic conditions, was used to restore the degraded mining sites at ‘Creek à
Paul’. Use of transplanted plants in restoration efforts was considered a challenge. First, local
environmental conditions –the high concentrations of metals in soil in addition to frequent water stress–
make establishment di�cult, even for species such as G. meisneri that are adapted to these conditions.
Secondly, as noted above, it is not known whether juveniles grown in milder ex situ conditions are capable
of adjusting, following transplantation, to the extreme conditions in situ, or whether they fully retain their
capacity to tolerate, and to accumulate, Mn.

Plant materials 

Restoration of the degraded mining site in ‘Creek à Paul’ valley near Tiébaghi (20°29’35.03’’S,
164°12’22.76’’E), New Caledonia, was carried out using plants of G. meisneri, among other (hyper)-
accumulators of metals (e.g. Ni, Zn). In 2014, 450 plants of G. meisneri were obtained from seeds collected
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in populations in situ and grown for 18 months in pots in a nursery, after which they were introduced into
the mining site. Soil of each planting hole was prepared with Yates nutricote 365, Superphosphate triple
and a water-retention agent. No further treatment was made post-plantation.

Harvesting of plant samples

Living plants of G. meisneri were collected from the ‘Creek à Paul’ valley in 2019. Harvests were made at
the same time and respecting the legal authorizations of the North Province. Seven-year-old transplanted
plants, and spontaneously growing specimens of the same height and living in the same valley, were
selected (Figure 1d). Whole living plants were collected with their soil and were kept in pots for
transportation to the laboratory, where samples were prepared within 24 h maximum post-harvest.

MP-AES analyses

Tissue samples including leaves, stems, roots and cluster roots of G. meisneri were carefully washed with
deionized water to remove soil particles and then oven-dried at 60 °C overnight before being ground.
Mineral composition was determined using an Agilent 4200 Microwave Plasma-Atomic Emission
Spectrometer (MP-AES) coupled with an SPS4 autosampler. Approximatively 20 mg of the ground biomass
was digested in 6 mL of reversed aqua regia (1:2 hydrochloric acid (37 %): nitric acid (65 %)) under an
Anton Paar Multiwave Go microwave-assisted digestion, with the following program: 20 °C to 164 °C in 20
minutes then 10 minutes isothermal at 164 °C. Samples were �ltered and then diluted to 0.2 g. L-1 in nitric
acid (1 %). Three blanks were recorded for each step of the dilution procedure. Three analyses of the
mineral composition were carried out for each sample to check repeatability of the measurement.

Ion chromatography

Ion chromatography analyses were carried out with a Metrohm 882 Compact IC instrument equipped with
chemical (Metrohm suppressor MSM II for chemical) and sequential (Metrohm CO2 suppressor MCS)
suppression modules, and a conductivity detector. Separations were performed on a Metrosep A Supp 16 –
250/4.0 column associated with a guard column kept at 55 °C. The mobile phase consisted of a mixture of
7.5 mM Na2CO3 and 0.75 mM NaOH in ultrapure water. The �ow rate was 0.8 mL min-1. Standard solutions

were prepared from a commercial multi-element standard solution of 1000 mg mL-1 of F-, Cl-, Br-, NO3
-, PO4

-

and SO4
2- and from Na2C2O4 and C4H4O5Na2. Analyses were carried out at Laboratoire de Chimie

Physique et Microbiologie pour les Matériaux et l’Environnement (LCPME – Université de Lorraine, France).
Two separate chromatography analyses were recorded for each sample. 

The samples were prepared using fresh leaves that were ground in deionized water using a mortar and
pestle. The homogenate was �ltered and the �ltrate was collected for analysis. The residue was then
extracted with isopropanol in the same way. The resulting residue was then �nally extracted with
dichloromethane, following the same procedure. The three �ltrates were collected and analyzed. 

Light microscopy
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Fresh samples of G. meisneri, including leaves, stems, roots and cluster roots were collected in situ and
immediately �xed in formalin (10%) during 24 h. Fixed tissues were then embedded in para�n (Paraplast
plus) using a SAKURA VIP® 5 JR vacuum in�ltration processor and a SAKURA TEC-5 embedding console.
The samples were sectioned at 6 mm thickness under a rotary microtome (Leica RM2245). After staining
with carmine red / iodine green, the tissue samples were examined using a light microscope (Leica
DM3000) equipped with a camera (Leica MC170 HD).

Sample preparation for micro-XFM analyses

Leaves, stems, roots and cluster roots of living plants of G. meisneri were carefully washed with deionized
water before being dried with absorbing paper. Samples were cut and fragments of about 1 cm long were
immediately immersed in an embedding compound (Optimal Cutting Temperature OCT from VWR) and
fast frozen in isopentane, as liquid cryogen, cooled by liquid nitrogen (Castillo-Michel et al., 2017). This
cryo�xation protocol ensured an extremely fast cooling of the samples, preventing ice crystal formation.
Therefore, it limited damage to the cellular structures and preserved elemental distribution close to its
natural state. Leaf samples were divided into mid-rib (central vein) and margin. For the roots, the primary
root and cluster roots were sampled. The samples were transported from New Caledonia in a cryogenic
container, kept at -80 °C using dry ice, to SOLEIL Synchrotron (CEA Paris-Saclay) for analyses and kept in a
freezer at -80 °C before cryo-sectioning.

Transverse sections of frozen-hydrated tissues were cut at a thickness of 20 μm using a cryo-microtome
(Thermo Fisher Scienti�c). The cryo-chamber was kept at -20 °C. The thin sections were placed between
two Ultralene �lms (SPEX SamplePrep) in a copper sample holder.

Synchrotron micro-X-ray Fluorescence Microscopy 

The micro-X-ray �uorescence microscopy (µXRF) analyses were carried out at the LUCIA beamline
(Vantelon et al., 2016) at SOLEIL Synchrotron. The X-ray beam was monochromatized at 6.65 keV using a
�xed exit double-crystal Si (111) monochromator. The beam was focused to 3.6 × 2.9 (v × h) μm2 by
means of a Kirkpatrick-Baez mirrors arrangement. The XRF signal was collected using a mono-element (60
mm2) Bruker silicon drift diode detector. Maps were collected in continuous Fly-scan mode with a pixel size
of 3 × 3 μm2 and an integration time of 200 ms per pixel for high spatial resolution maps. The selection of
appropriate areas for high spatial resolution maps was based on low spatial resolution maps (pixel size
between 10 × 10 and 100 x 100 μm2 and with an integration time of 50 ms per pixel). Samples were
scanned under cryogenic conditions using a liquid nitrogen cryostat, and under vacuum in order to limit
absorption and scattering by air. Samples were transferred into the experimental chamber under liquid
nitrogen vapor to maintain the cold chain. 

Data processing and statistics

The count number for the XRF signal was normalized by the count number of the incoming beam signal
and corrected by the XRF detector dead time. To optimize the discrimination of the various XRF line
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contributions, the XRF signal of each element was extracted by batch �tting the XRF spectrum in each pixel
of the map using the PyMCA software (Solé et al., 2007).

Regions of interest (ROIs) were selected from the maps using the ROI tool in the Fiji software (Schindelin et
al., 2012) according to the tissues of the organs. The different types of tissues identi�ed are reported in
Table 1. Average �uorescence intensities of each element among the different tissues were obtained from
the selected ROIs. Correlations between Mn, Ca, Cl, K, Mg, P and S concentrations were estimated by
extracting �uorescence intensity pixel by pixel for each element from the selected ROIs. Unscramble (Camo
analytics) was used to perform PCA analyses. Pearson correlation coe�cients between the different
elements and P-values were calculated using R (R Core Team). Holm’s correction for multiple comparisons
tests was applied. 

Table  1.  Tissues identified in the different organs of  Grevillea meisneri. Tissues were
collected from the outside to the inside of the corresponding organ.

Organ Identified tissues
Leaf margin Cuticle, upper epidermis, palisade mesophyll, spongy mesophyll,

lower epidermis
Leaf mid-rib Upper epidermis, palisade mesophyll, vascular bundles, spongy

mesophyll, lower epidermis
Stem Periderm, cortex, phloem, xylem, pith
Primary root Periderm, cortex, phloem, xylem
Parent root and
cluster rootlets

Cluster rootlets, epidermis, cortex, periderm and endoderm layers,
phloem, xylem

Results
Morphology of Grevillea meisneri

Grevillea meisneri is a shrubby species that can reach up to 7 m height (Figure 1a). Its tortuous branches
are glabrous, rubiginous when young, and the wood is ash grey. The leaves are simple, coriaceous,
lanceolate to elliptic, 35-140 mm long x 6-70 mm wide, petiolate. The adaxial surface (hereinafter referred
to as ‘upper epidermis’) is glabrous and shiny light-green whereas the abaxial surface (hereinafter referred
to as ‘lower epidermis’) is hairy, matte and brownish, even silver-grey. The entire margin is entirely recurved
underneath and the �ne pinnate venation is barely visible. The brightly coloured carmine-red �owers are
clustered into simple, cylindrical and pendulous racemes at the end of branches (Figure 1b) (L’Huillier et al.,
2010). Like other Proteaceae, Grevillea meisneri is non-mycorrhizal but, like almost all other members of
the family, develops cluster roots to improve nutrient uptake (Figure 1c) (Purnell, 1960; Dinkelaker et al.,
1995; Lamont, 2003; Shane & Lambers, 2005). The morphology of plants that had been transplanted and
those that had grown spontaneously in the rehabilitation site was similar; no visual differences could be
established to differentiate them. 
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Bulk elemental composition in plant tissues of Grevillea meisneri

The elemental composition of tissues of G. meisneri was analysed by MP-AES (Table 2). Calcium was the
major mineral element in all plant tissues analysed, with a range of concentrations of 0.5 – 0.8 wt % (DW).
Manganese presented concentrations similar to or even higher than those of macronutrient elements such
as Ca, K and Mg in each tissue and especially in leaves, with up to 0.4 wt %. This was not surprising, as G.
meisneri is a Mn-hyperaccumulating species. Even higher concentrations of Mn could have been expected
in leaves, as a mean concentration of 0.7 wt % (and a maximum of 1.1 wt %) was previously found in
leaves of G. meisneri (Losfeld et al., 2015b). However, the lower values for Mn concentrations obtained in
this study using young leaves could be explained by the previously established relationship between leaf
age and foliar concentration of Mn, with the oldest leaves having the highest Mn concentrations. Mirroring
the results for leaf morphology, no signi�cant differences in concentrations of Mn were observed between
plants that had been transplanted and those that had grown spontaneously in the rehabilitation site. Since
G. meisneri in this site grows on soil enriched in Ni, the abundance of this element was measured as well,
but its presence was not detected in any part of the plant. 

Concentrations of P and S in leaves were determined by ICP-MS (Table S1). The concentration of P was
very low, even lower than the concentration of S, as in other native New Caledonian species of the genus.
Conversely, the cultivated variety known as “Grevillea rosa jenkinsii”, derived from the Australian species
Grevillea rosmarinifolia A. Cunn., presented a much higher P concentration (Table S1). 

Table  2.  Elemental composition in tissues of plants of  Grevillea meisneri  that had been
transplanted (T) and plants that had grown spontaneously (S) in the rehabilitation site,
determined by MP-AES analyses.

Tissues Group Composition (wt % (± S.E.))

Mn Ca K Mg Na

Leaves T (7) 0.31 (± 0.09) 0.59 (± 0.07) 0.30 (± 0.07) 0.23 (± 0.06) 0.12 (± 0.03)

S (8) 0.39 (± 0.21) 0.55 (± 0.16) 0.29 (± 0.11) 0.11 (± 0.04) 0.18 (± 0.10)

Stems T (4) 0.14 (± 0.05) 0.63(± 0.19) 0.35 (± 0.12) 0.13 (± 0.06) 0.09 (± 0.04)

S (2) 0.22 (± 0.08) 0.50 (± 0.04) 0.10 (± 0.08) 0.17 (± 0.04) 0.15 (±0.02)

Primary roots T (6) 0.06 (± 0.03) 0.24 (± 0.08) 0.11 (± 0.09) 0.14 (± 0.04) 0.08 (± 0.02)

S (6) 0.20 (± 0.10) 0.74 (± 0.25) 0.20 (± 0.11) 0.23 (± 0.20) 0.16 (± 0.06)

Parent cluster roots T (6) 0.12 (± 0.03) 1.00 (± 0.28) 0.31 (± 0.18) 0.29 (± 0.06) 0.43 (± 0.09)

S (2) 0.21 (± 0.11) 0.49 (± 0.02) 0.11 (± 0.08) 0.44 (± 0.36) 0.22(± 0.01)

                   

Numbers in brackets denote the separate samples analysed. Ni was also analysed but not
detected. 
Ion chromatography of Grevillea meisneri leaves
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Chemical composition of the leaves of G. meisneri was further analyzed by ion chromatography. The
presence of carboxylates was investigated and analyses revealed a high content in malate and oxalate,
while citrate could not be detected. Two other anions were abundant, sulfate and phosphate, accompanied
by concentrations of PO4

3- about four times higher, which is surprising for a plant belonging to the family
Proteaceae, which can grow on soil depleted in phosphorus, such as the serpentine soils of New
Caledonia. 

Table  3.  Concentrations of anions in leaves of  Grevillea meisneri, determined by ion
chromatography analyses.

Concentration (mg.L-1)
[malate] [oxalate] [citrate] [SO4

2-] [PO4
3-]

14.6 7.7  nd 10.9  39.2 

Anatomical features of Grevillea meisneri leaves, stems and roots

Light microscopic analysis was conducted on leaves, stems and roots of G. meisneri. Mirroring results
from the analyses presented above, no differences were observed in anatomical features of plants that
had been transplanted and those that had grown spontaneously in the rehabilitation site. 

Light microscopy images of leaves showed a thick cuticular layer, as expected for a xerophytic species
(Figure 2a, b). The upper epidermis is composed of a single layer of large cells, twice as large as those of
the lower epidermis. The palisade mesophyll consists of thin, elongated cells aligned in a single layer, as
was observed using PIXE/EDS and SEM/EDS for Grevillea exul (Fernando et al., 2008a). The spongy
mesophyll took up more than half of the total thickness of the mesophyll. The dermal layers accounted for
about 25% of the total leaf volume.

The stems exhibited a typical secondary growth structure with a small cortex, a large stele with well-
de�ned vascular bundles and a periderm, which comprises the outermost tissue of the stem (Figure 2c).
Likewise, the primary roots had a typical secondary growth root structure (Figure 2d). Samples of cluster
roots were cut so as to obtain a cross section of the parent root, so only a tangential section of cluster
rootlets stemming from the parent root could be mapped (Figure 2e). Light microscopy images of cluster
roots clearly revealed the primary structure of the parent root, with a wide parenchymatous cortex split by
cluster rootlets. The rootlets seemed to emerge from the parental pericycle, opposite the xylem poles, as
�rst described by Purnell (1960) for the general structure of cluster roots. The tangential section of the
cluster rootlets could not give much information concerning the anatomical structure of the rootlets. 

Elemental distribution in leaves, stems and roots of Grevillea meisneri determined by micro-XRF

Micro-X-ray �uorescence was performed on leaves, stems, roots and cluster roots of transplanted and
spontaneously growing plants of G. meisneri and provided elemental mapping of frozen hydrated tissues
as close as possible to the native state (Fernando et al., 2013). The mXRF maps of G. meisneri leaves,
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stems and roots showed no differences in elemental distributions between the two groups of plants. The
brightness of each mXRF map was scaled for an optimum contrast, so the pixel intensities did not
represent relative differences in concentration between elements, but represented differences in
concentration for a single element. Micro-XRF maps of K were used as a control since the presence of
cellular K in all samples indicated the retention of cell content, thus showing the e�ciency of the
preparation.

Micro-XRF maps of the leaves revealed that Mn was sequestered in the epidermis, mostly in the lower
epidermis, and was found, in lower concentrations, in vascular tissues and the spongy mesophyll (Figure 3
and Figure S1, S2). Ca was also mostly localized in the dermal layers, with a higher concentration in the
upper epidermis. High-intensity Ca spots throughout the spongy mesophyll suggested the presence of
calcium oxalate crystals. Magnesium was mostly localized in the dermal tissues. Other nutrient elements
(K, Cl, S and P) were globally distributed throughout the leaves. However, P showed a higher concentration
in the vascular tissues whereas S was mostly in the mesophyll (Figure S2).

Micro-XRF maps of the stem showed that Mn was highly concentrated in the cortex, sixfold higher than in
other parts of the stem, and was also found in the vascular tissues, particularly in the phloem (Figure 4 and
Figure S3). Ca was also localized in the cortex and highly concentrated in cells aligned in axial rays around
the xylem, which constituted a Ca enrichment in medullary rays, a �nding previously reported in the Ni-
hyperaccumulator Rinorea cf. javanica (van der Ent et al., 2020). A similar distribution was observed for S
and Mg. Potassium was homogeneously distributed through the stem, with a slightly higher concentration
in the phloem, whereas P attained its highest concentrations in the xylem. Chlorine was mostly in the
cortex as well as in the inner periderm.

Micro-XRF maps of the primary roots showed that Mn was mainly localised in the cortex and the phloem,
the cortex showing the highest Mn concentration (Figure 5 and Figure S4). In the cortex, Mn was mostly
localized in the apoplastic spaces. Similarly to Mn, Ca was located in the cortex and in the phloem, but
with the highest concentration in the latter tissue. C was concentrated in the phloem and inner periderm. K
distribution mirrored that of Cl with a strong enrichment in the phloem. P was concentrated in the vascular
tissues of the roots.

Micro-XRF maps of the cluster roots showed that Mn was mainly concentrated in the phloem and in the
pericycle-endodermis layers of the parent cluster root (Figure 6 and Figure S5, S6). To a lesser extent, Mn
was distributed in the cortex. Ca was distributed throughout the parent cluster root and the rootlet,
principally in the pericycle-endodermis layers and phloem. Cl was concentrated in the cortex in the parent
cluster roots, and K, Mg and S were evenly distributed throughout the parent cluster roots, with a minor
enrichment in the phloem. P was mainly localized in the phloem of the parent cluster roots.

PCA analyses and correlations 

PCA analyses were performed for each element on every tissue of the different organs of G. meisneri to
investigate co-localisation of the elements, with a particular focus on Mn (Table 4 and Fig S7), since it is
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the hyperaccumulated element. 

Data used for PCA analyses were collected from the tissues of each organ in which Mn was the most
highly concentrated, i.e., the dermal layers for the leaf, the cortex for the stem, the cortex of the primary
root, and the pericycle-endodermis layers and phloem of the parent cluster root. Interestingly, in each organ
a strong positive correlation between Mn and Ca concentrations was observed (P ≤ 0.0001). Overall, no
other such strong positive correlations were found between Mn and another physiological element, except
for Mn/Mg correlation in the upper epidermis of the leaf and in the cortex of the stem, as well as positive
Mn/K and Mn/Cl correlations in the phloem of the parent cluster root.

Table 4. Pearson correlation coe�cients between Mn and other physiological elements among the main
Mn sinks of the different organs of Grevillea. meisneri (ue: upper epidermis; le: lower epidermis; c: cortex;
pe-en: pericycle-endodermis layers; p: phloem). P-values are all ≤ 0.0001, except where indicated. Values of
Pearson correlation coe�cient higher than 0.5 are indicated in bold characters.

Organ Tissue Mn/Ca Mn/Cl Mn/K Mn/Mg Mn/P Mn/S

Leaf margin ue 0.68 0.53 0.40 0.47 0.40 0.51

le 0.94 0.48 0.45 0.30 0.43 0.44

Leaf mid-rib ue 0.98 0.28 0.45 0.73 0.39 0.45

le 0.73 0.23 0.27 0.36 0.32 0.30

Stem c 0.60 0.11 0.34 0.56 0.47 0.41

Primary root c 0.89 0.48 0.38 0.28 0.26 0.12

Parent cluster Root pe-en 0.84 0.43 0.49 0.45 0.46 0.45

p 0.94 0.72 0.73 0.25 -0.11# 0.04 # #

# P-value: 0.0007

# #  P-value: 0.17

Discussion
Many studies using microbeam technologies have reported the elemental composition in leaves and stems
of (hyper)accumulators growing spontaneously on Mn-enriched sites. Here, studying G. meisneri, a Mn-
hyperaccumulator of New Caledonia, we compared elemental composition in leaves, stems, roots, and
cluster roots of two groups of plants: plants that had grown spontaneously on the rehabilitation site, and
nursery-grown plants, grown from seeds taken from adults in the same site that had been transplanted into
the site and allowed to grow for seven years. No differences in morphology, anatomy, or elemental
concentration and distribution, particularly of Mn, were observed between the two groups. These results
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suggest that the pre-transplant environment experienced by the transplanted group had no effect on their
ability to tolerate, assimilate and accumulate Mn.

The global distribution of Mn in G. meisneri presented the highest concentration of Mn in leaves, as
expected for a (hyper)accumulated metal, but substantial concentrations of Mn were also found in roots.
Interestingly, no Ni was detected in any part of the plant, although G. meisneri grew on Ni-enriched soil and
was surrounded by Ni-hyperaccumulator species. Speci�c transporters of Mn2+, such as carboxylate
complexes that are secreted by cluster roots of Proteaceae (Neumann & Martinoia, 2002), might explain
this speci�c uptake mechanism towards Mn versus Ni. In several Mn-(hyper)accumulators, including G.
exul, citrate and malate were found to be the most plausible counter-ions associated with Mn(II) (Fernando
et al., 2010). Ion chromatography analyses of leaves of G. meisneri revealed high contents of malate and
oxalate while citrate could not be detected. This suggests that malate and/or oxalate could be involved in
the sequestration of Mn in leaves of G. meisneri.

In leaves of G. meisneri, Mn was mainly sequestered in the epidermal tissues. The foliar sequestration of
metals, including Mn (Fernando et al., 2008b, Fernando et al., 2008a, Memon et al., 1980, 1981, Xu et al.,
2006), Ni (Krämer et al., 1997; Mesjasz-Przybyłowicz et al., 2001; Küpper et al., 2001; Robinson et al., 2003;
Bidwell et al., 2004), Zn, and Cd (Vázquez et al., 1992; Küpper et al., 2000), usually occurs in non-
photosynthetic tissues, enabling avoidance of any damage to cell metabolic activities. Here, the
symmetrical accumulation of Mn in epidermal layers might act as a chemical defence strategy against
herbivory. In favour of this hypothesis is the observation that the lower epidermis presented more
enrichment in Mn than the upper one, similar to �ndings for other heavy metals in other accumulator
plants (Boyd & Martens, 1992; Küpper et al., 2000, 2001; Krämer et al., 2000; Asemaneh et al., 2006). Many
insect herbivores prefer to feed on leaf undersides, where the cuticle is often less tough, and where the
insects have a little bit of shade. Although Mn is considered less toxic to plants than other metals, its
detoxi�cation is needed for Mn-hyperaccumulators and their strategy relies on cell vacuolation for Mn
sequestration in leaves (Küpper et al., 1999, 2000; Fernando et al., 2012). Although the resolution of mXRF
was not su�cient to discern subcellular elemental localizations, the shape of Mn distribution in the
epidermal layers, and the wide vacuolar volumes of the large dermal cells compared to the thin cells of the
palisade, strongly suggest a vacuolar sequestration, without excluding localization in cell walls.

In the stem, the presence of Mn in the vascular tissues and in the cortex could be respectively explained by
its transportation from root to shoot and from shoot to older leaves (Shao et al., 2017), and by its
sequestration. Both mechanisms could represent an adaptive strategy developed by G. meisneri facing
excessive concentrations of Mn.

Mn distribution in the primary roots revealed the early uptake of Mn through the apoplastic pathway in the
cortex, before entering the symplast in the endoderm, then reaching the phloem, but not the xylem. Similar
distribution of Mn has also been observed in the roots of Gossia fragrantissima (Myrtaceae) (Abubakari et
al., 2021). Further investigations are needed to deepen our understanding of Mn transportation,
considering its low mobility in the phloem sap (White, 2012) and its transportation from root to shoot in the
xylem (Marschner, 2012).
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Strong positive Mn/Ca correlations were observed in every tissue of G. meisneri where Mn was the most
concentrated. Such positive Mn/Ca correlations has also been found in the dermal layers of other Mn-
hyperaccumulators, Garcinia amplexicaulis (Clusiaceae) (Fernando et al., 2012), Gossia grayi and G.
shepherdii (Myrtaceae) (Fernando et al., 2018). Mn(II) is the predominant ionic form of Mn in plants and
shares similar radius and chemical features (hardness according to HSAB theory) with Ca(II) (Pearson,
1968). Although this similarity could lead to competitive ionic antagonism (Marschner, 2012) and explain a
negative Mn/Ca correlation observed in the main Mn sequestration sites of two Gossia species (Fernando
et al., 2018), this similarity could explain, in our study, the positive Mn/Ca correlation via a cooperative
uptake and transportation pathway in G. meisneri (Alejandro et al., 2020). Indeed, many transporters of
Ca(II), such as some membrane Ca2+ channels, are reported to permeate Mn in Arabidopsis thaliana
(Brassicaceae) and in Acanthopanax sciadophylloides (Araliaceae) (Hirschi et al., 2000; Wu et al., 2002;
Pittman, 2005; Mills et al., 2008; Mizuno et al., 2013).

Using nursery-grown plants could supply the large numbers of plants required if rehabilitation efforts are to
be attempted at the massive scales needed for a truly signi�cant environmental impact. However, workers
have been reluctant to use nursery-grown plants because of uncertainty about their capacity to adjust,
following transplantation, to the harsh environments of the rehabilitation sites. We found that plants grown
ex situ from seeds of adult G. meisneri trees growing in Mn-rich soils and then transplanted into the
rehabilitation site had the same capacity to tolerate, assimilate and hyper-accumulate Mn as plants that
had grown spontaneously in the site. A potential objection to the use of nursery-grown plants in
rehabilitation efforts is thus removed, further suggesting the feasibility of actions on larger scales than
have previously been attempted.
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Figures

Figure 1

(a) Mature specimen of Grevillea meisneri; (b) Close-up of the in�orescence and the leaves of G. meisneri;
(c) Close-up of the cluster roots of G. meisneri; (d) One of the young specimens of G. meisneri used for this
study.
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Figure 2

Light microscopy images of Grevillea meisneri anatomical structures. (a) margin of a leaf; (b) mid-rib of a
leaf; (c) stem; (d) primary root; (e) secondary root surrounded by the rootlets of a cluster. c, cortex; co,
collenchyma; cr, cluster rootlet; cu, cuticle; le, lower epidermis; mr, medullary ray; p, phloem; pi, pith; pm,
palisade mesophyll; pd, periderm; sf, sclerenchyma �ber; sm, spongy mesophyll; ue, upper epidermis; x,
xylem.
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Figure 3

Mn, Ca, and K μXRF maps of a frozen hydrated leaf margin cross section of Grevillea. meisneri. The pixel
size is 3 μm. The intensity scales are different between elements. c, cuticle; le, lower epidermis; pm,
palisade mesophyll; sm, spongy mesophyll, ue, upper mesophyll.
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Figure 4

Mn, Ca, and K μXRF maps of a frozen hydrated stem cross section of Grevillea meisneri. The pixel size is 3
μm. The intensity scales are different between elements. c, cortex; mr, medullary ray; p, phloem; pi, pith; pd,
periderm; x, xylem.

Figure 5

Mn, Ca, and K μXRF maps of a frozen hydrated primary root cross section of Grevillea meisneri. The pixel
size is 3 μm. The intensity scales are different between elements. c, cortex; mr, medullary ray; p, phloem; pd,
periderm; x, xylem.
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Figure 6

Mn, Ca and K μXRF maps of a frozen hydrated cluster root cross section of Grevillea meisneri. The pixel
size is 3 μm. The intensity scales are different between elements. c, cortex; cr, cluster rootlet; p, phloem; pe-
en, pericycle-endodermis; x, xylem. Asterisks indicate soil particles.
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