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Rare Earth Elements in fern pinnules
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ABSTRACT

The fern Dicranopteris linearis (Gleicheniaceae) from China is a hyperaccumulator of Rare Earth
Element (REE), but little is known about the ecophysiology of REE in this species. This study aimed
to clarify tissue-level and organ-level distribution of REEs via synchrotron-based X-ray fluorescence
microscopy (XFM). The results show that REEs (La + Ce) are mainly co-localised with Mn in the
pinnae and pinnules, with the highest concentrations in necrotic lesions and lower concentrations in
veins. In the cross-sections of the pinnules, midveins, rachis and stolons La + Ce and Mn are
enriched in the epidermis, vascular bundles, and pericycle (midvein). In these tissues, Mn is localised
mainly in the cortex and mesophyll. We hypothesize that movement of REEs in the transpiration
flow in the veins is initially restricted in the veins by the pericycle between vascular bundle and
cortex, whilst excess REEs are transported by evaporation and co-compartmentalized with Mn in the
necrotic lesions and epidermis in an immobile form, possibly a Si-coprecipitate. The results
presented here provide insights in how D. linearis regulates high concentrations of REEs in vivo, and
this knowledge is useful for developing phytotechnological applications (such as REE agromining)

using this fern in REE-contaminated sites in China.

Key words: X-ray fluorescence microscopy; compartmentalization; necrosis; vein; manganese;

silicon.
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INTRODUCTION

Rare earth elements (REEs), which include 15 lanthanides and yttrium (Y), have a range of
applications in modern technologies, such as high-strength magnets, electric vehicles and medical
devices, and increasing demand for these technologies has resulted in a growing need for REEs (1).
Consequently, mining activities and a subsequent release of wastes into the environment, may pose a

threat to agricultural crops and ultimately human health (2).

Some REEs can be beneficial to plants at low concentrations (3) yet can be toxic to plants at higher
concentrations (4). However, hyperaccumulator plants are able to accumulate and tolerate high
concentrations of potentially toxic elements in their living shoots (5—7). Thus far ~700 plant species
have been reported globally to hyperaccumulate a large variety of metals and metalloids (8), but only
22 plant species are currently recognized as REE (hyper)accumulators (9, 10). These
hyperaccumulator plants potentially offer an environmentally-friendly and cost-effective option for
phytoremediation of REE polluted soils and recovery of REEs from low-grade ores and mining
wastes (11). In this scenario, knowledge on the ecophysiology of REE hyperaccumulator plants is
important to better understand the mechanisms for uptake, translocation and sequestration of REEs
into living shoots. To date, most studies have focused on the uptake of nickel (Ni), zinc (Zn),
cadmium (Cd) and arsenic (As) in various hyperaccumulator plant models (12—15), while much less

is known about the ecophysiology of REE hyperaccumulator plants (16).
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Elucidating the spatial distribution of metal(loid)s and their associations with other elements is key to
understanding the mechanisms of tolerance in hyperaccumulator plants (17, 18). Over the past
decades, elemental distribution in tissues, cells and organelles of a selection of hyperaccumulator
plants have been studied extensively (18). Excess metal(loid)s are typically concentrated in bio-
inactive tissues of the leaves to minimize the damage to biological activities (17). This includes Ni
localised in foliar epidermal cells, vascular tissues and basal parts of trichomes of Alyssum murale
(12), Zn in the vascular and epidermal cells of Sedum alfredii and Sedum plumbizincicola (13, 14),
and As in the venules and the edges of the pinnae of Pteris vittata (15). Meanwhile, vacuole
compartmentalization is thought to be a key component of metal(loid)s detoxification in leaves (19).
Except for cerium (Ce) (+3 and +4 valences) and europium (Eu) (+2 and +3 valences), the REEs are
a group of trivalent elements which show biochemical behavior that differs from other metals e.g.
higher affinity to O-containing ligands but lower affinity to S-/N-containing ligands than Zn, Ni, Cd,
etc. (20). Thus, REE in hyperaccumulators may have distinct uptake and transport mechanisms that

are yet to be fully understood.

Dicranopteris linearis of the Gleicheniaceae family (synonym D. dichotoma)) is a native pioneer
fern common throughout the Old World (sub)tropics and Oceania (USDA, GRIN-Taxonomy), and a
dominant species grown on ion-adsorption REE mine tailings in Sothern China (Fig. S1). This
species can grow in acidic (pH 4-5) and poor soils, and exhibits high phosphorus use efficiency (21,
22). To date, only the D. linearis accessions from Southern China have been recognized as a REE
hyperaccumulator (10). Field surveys confirm that D. linearis can accumulate up to 0.2% REEs in

6
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the aboveground parts when growing on REE mine tailings (Table S1). In the roots of D. linearis,
REE deposits are found in the cell wall, intercellular space, plasmalemma, vesicles, and vacuoles of
the endodermis by scanning electron microscopy with energy-dispersive spectroscopy (23), while in
the pinnae, most of the REEs are thought to be accumulated in the cell walls, as shown by
differential extractions of D. linearis tissue (24). Overall, the different techniques and samples
preparations used to unravel those different observations have led to some insights, but we are far
from fully understanding the ecophysiological mechanisms underlying the tolerance of D. linearis to

high concentrations of REEs inside its living fronds.

Synchrotron-based X-ray fluorescence microscopy (XFM) is a non-destructive method that has been
successfully used to study the in-situ distribution of trace elements in numerous hyperaccumulator
plants (18, 25) and also in crop plants (26, 27). The aim of this study was to better understand the
ecophysiological mechanisms that enable tolerance to high in vivo concentrations of REEs in this
fern. To that end, XFM elemental images of the sum of two light REEs (e.g. the sum of La and Ce)

and of K, Ca and Mn inside various D. linearis tissues were acquired.

MATERIALS AND METHODS

Collection of plant and soil samples. Live samples of D. linearis grown on the ion-adsorption REE
mine tailings of Ganzhou, Jiangxi Province, China (24°57'N, 115°05'E) were collected. The REE
mine tailings in this region occupied an area of >100 km?, the soils of which are featured with low

concentrations of nutrients (e.g. phosphorus) and organic matter (<0.1%), but high prevailing

ACS Paragon Plus Environment



Environmental Science & Technology Page 8 of 29

110  concentrations of REEs (409-1035 mg kg!) and acidity (pH ~4) (28). Three mature plants with
111  rhizosphere soil were brought alive to the P06 beamline (PETRA III Synchrotron, DESY, Hamburg,
112  Germany) for the experiments described below. In parallel, four mature live pinnae and three dead
113  standing litter of pinnae (the dead pinnae were still connected to the stolon) samples from a D.
114  linearis population on an ion-adsorption REE mine tailing were sampled for bulk chemical analysis
115  (Fig. S2). In order to investigate the accumulation characteristics of REE in D. linearis growing on
116  REE mine tailings, plant and the corresponding rhizosphere soil samples from REE mine tailings
117  (MT), edge of REE mine tailings (TE), non-mine area near REE mine tailings (NM), low/high levels
118  of REE background regions (LB and HB) were collected (Table S1).

119

120  Chemical analysis of plant and soil samples. Plant samples were washed with deionized water
121 (18Q, 25°C), then dried in an oven at 105°C for 2 h and 60°C for 72 h. The analysis methods of total
122 concentrations of Al, REEs, Si, and other nutrient elements (Mn, K, Ca, P) in pinna samples were
123  adapted from Liu et al. (29). The analysis methods of REE in aboveground parts, underground parts
124  and rhizosphere soil samples of D. linearis are shown in Table S1.

125

126  X-ray fluorescence microscopy (XFM). The X-ray fluorescence microscopy (XFM) experiment
127  was undertaken at Beamline P06 at the PETRA III, a 6 GeV synchrotron (30). The undulator beam
128  was monochromatized with a cryogenically cooled Si(111) channel-cut monochromator to an energy
129  of 12 keV with a flux of 10'° photon/s. A Kirkpatrick-Baez mirror pair was used to focus the incident
130 beam to 700 x 530 nm (hor % ver). The samples were scanned in fly-scan mode, with the resultant

8

ACS Paragon Plus Environment



Page 9 of 29 Environmental Science & Technology

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

sample X-ray signal detected using the Maia 384C detector system, operated in backscatter geometry
(31, 32). Typically, a quick ‘survey scan’ was first conducted to allow for the selection of the
appropriate portion of the sample. For the survey scan, the resolution was 50—-100 pm with a dwell of
1-2 ms and generally took ca. 5 min to complete. After that a ‘detailed scan’ was conducted, with a
resolution of 2—-10 um and a dwell time of 15-20 ms. For the whole experiment, an incident energy
of 12.0 keV was used so that the fluorescence lines of the elements of interest were well below the

inelastic and elastic scatter peaks.

Hydrated pinnule samples were analysed whole, or as cross-sections which were hand cut with a
stainless-steel razor blade (employing a ‘dry knife’ method); whole or sectioned samples were then
immediately mounted between two sheets of 4 um Ultralene thin film stretched over a 3D-printed
frame in a tight sandwich to limit evaporation, and analysed within 10 minutes after excision. The
possibility of radiation-induced damage in XFM analysis (especially in hydrated samples) is an
important consideration that may limit the information sought from the analysis (18). In a recent
study, radiation dose limits for XFM analysis were assessed, and in hydrated plant tissue dose-limits
are 4.1 kGy before detectable damage occurs (33). In order to limit radiation damage, we fast use

scanning by limiting per-pixel dwell time to <20 ms.

Data processing and statistics. The XFM event stream was analysed using the Dynamic Analysis
method (34) as implemented in GeoPIXE (35). It was necessary to use a precise matrix file for the
spectra fitting to account for X-ray fluorescence absorption of the relatively low energy of the REEs

9
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152 L-lines, and the matrix was based on the stoichiometry of the mean concentrations of major elements
153  (limited to those present at >0.1 wt%) in dried D. linearis pinna samples (Table 1). The matrix
154  composition assumed hydration of the fresh samples, and was formulated as
155  C;051Hs9N(7S02Aly3S1; 5Cap,Mng 1Ko 5 (on the basis of average concentrations of these elements in
156  bulk samples) with a density of 0.90 g cm™3, considering a covering and backing layer of Ultralene
157  foil (4 um), and considered to have a uniform thickness of 300 pm. The rhodium coating of the KB
158  mirror focusing optics available for this experiment results in a high-energy cut-off of 23 keV, well
159  below that required to excite the K-lines of the REEs (33.44 keV for La), so therefore the experiment
160  had to rely on exciting the L-lines (ranging from 4.65 keV for La to 7.41 keV for Yb). The energy-
161  resolution of the Maia 384C detector is ~220 eV and it is hence unable to distinguish between the
162  numerous L-lines of the various REEs. Moreover, the L-lines of Nd, Gd, Eu and Sm are in the range
163  of the K-lines of Mn and thus these elements, at low prevailing concentrations, are not possible to be
164  distinguished reliably using the Maia detector. However, the Lal-lines of La (4.65 keV) and Ce
165 (4.84 keV) are sufficiently spectroscopy distinguishable and were used to represent the REEs. The
166  only problematic line overlap that remains is the Nd LB2 line (~15% relative intensity) occurring at
167  6.087 KeV, while the Mn Kal line occurs at 5.900 KeV. Therefore, it makes a minor contribution to
168 the Mn elemental maps, although this is near-negligible as the prevailing Mn concentrations are
169 typically four-fold higher than those of Nd. Moreover, the fitting of the fluorescence spectra is not
170  only dependent on the resolution of the detector, but also on the efficacy of the spectral fitting
171  method. GeoPIXE generates a “Dynamic Analysis” matrix via a least-squares fit of an energy
172 spectrum extracted from the scanned data from which elemental concentration maps are produced

10
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from a matrix multiplication of the Dynamic Analysis matrix and the spectral data matrix for each
pixel. This process effectively fits all spectral lines for identified elements and the resultant maps are

inherently background subtracted and element overlap resolved.

Although Al and Si are implicated in REE accumulation and tolerance in D. linearis (16, 29), their
K-lines are 1.47 and 1.74 keV respectively, and therefore could not be detected due to absorption of

these low-energy X-rays in the air path between detector and sample.

RESULTS

Bulk elemental concentrations in Dicranopteris linearis. The bulk pinnae concentrations of REEs,
Al Si, Mn, K, Ca, and P are given in Table 1. The concentrations of Al, Si and REEs in live pinnae
are around half that of the dead standing litter of pinnae — Al 2850 vs 4850 mg kg!, Si 14700 vs
33 900 mg kg! and REEs 1900 vs 3500 mg kg-! respectively. The concentrations of Mn, P and K in
live pinnae are always higher than the dead standing litter of pinnae — Mn 1480 vs 310 mg kg'!, P
211 vs 129 mg kg! and K 3000 vs 268 mg kg respectively. The concentration of Ca is not
significantly different between the live or dead of pinnae. Among the 15 REEs, the sum of La and Ce
accounts for ~50% of the total REEs in both the live and dead standing litter of pinnae fractions
(Table 1; Table S2). As can be seen from Table S1, the REEs concentrations in the aboveground
parts of D. linearis reach the highest at REE mine tailings (1470 + 199 mg kg'!), where the REEs

concentrations in the rhizosphere soil are highest (518 + 208 mg kg'). Meanwhile, the REE

11
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193  accumulation factor (aboveground part/rhizosphere soil) is higher than 1 and there are no significant
194  differences between these samples.

195

196 Localization of REEs in pinnae and pinnules. The X-ray fluorescence element maps reveal distinct
197  distributions for K, Ca, Mn and the summed REEs (La + Ce) in the tissues of the pinnae (Fig. 1; Fig.
198  S3) and the pinnules (Fig. 2; Fig. S4; Fig. S5) of D. linearis. The most significant enrichment of La +
199  Ce and Mn occurs in the necrotic lesions, which are by definition the bio-inactive regions of the
200  pinnae. The preferential accumulation of REEs in these necrotic spots appear in all of the tissue areas
201  (pinna tips, margins and blades) where necrosis occurs. Significant La + Ce and Mn enrichments are
202  also found in the midvein, secondary veins, tertiary veins and in the margins of the pinnae and
203  pinnules. The distribution of La + Ce and Mn is not strictly restricted within the veins and necrotic
204  lesions; as lower concentrations occur outside of the veins and necrotic lesions. Calcium is mainly
205  distributed in the necrotic lesions and blade, but lower in the veins. Potassium has a distinctly
206  different distribution in the pinnae and pinnules, and is mostly localised in the blade, and nearly
207  absent in the necrotic lesions.

208

209  In order to compare the elements spatial co-occurrences and correlations, tricolor (Ce, Mn and Ca)
210  composite maps and Ce-Mn frequency plots of a pinna are provided in Fig. S6. The results further
211  confirm the co-localization of Ce and Mn both inside and outside the necrotic lesions, with higher
212 concentrations inside the necrotic lesions and lower outside. However, tri-color elemental maps and
213  element association frequency plots also show that Ce and Mn are not totally co-localised, e.g. the

12
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highly concentrated Ce areas at the lamina between two pinnules (Fig. S6), have relatively low Mn

concentrations.

Localization of REEs in pinnule and midvein cross-sections. In order to establish the localization
of REEs at the cellular level, XFM mapping was performed on cross-sections of midvein and
pinnule. The elemental maps revealed that La + Ce and Mn are co-localised in the epidermis (Fig. 3;
Fig. 4). The La + Ce and Mn in the upper epidermis are much more concentrated than in the low
epidermis. In the midvein cross-section (Fig. 4), there is a “ring” shaped peak of La + Ce and Mn
between the vascular bundle and the cortex, likely the pericycle. In the pinnule cross-section (Fig. 3),
the vascular bundle and cortex are difficult to differentiate. However, compared to La + Ce, Mn
signals are more prominent in the cortex and mesophyll, while less marked in the vascular bundle.
Potassium is low in the cortex, but concentrated in the mesophyll, epidermis and vascular bundle.
Calcium is predominantly localised in the mesophyll and epidermis, but low in the vascular bundle

and cortex. The subcellular elemental distribution could not be differentiated for any element.

Localization of REEs in rachis and stolon cross-sections. The elemental XFM maps of the rachis
and stolon cross-sections show La + Ce enrichment in the epidermis and vascular bundle, while in
the cortex and the pericycle of the rachis cross-sections prevailing concentrations are very low (Fig.
S7; Fig. S8). In contrast, in both the rachis and stolon cross-sections, the K, Ca and Mn are similar

and mostly concentrated in the epidermis, pericycle and vascular bundle, with distinct localizations

13

ACS Paragon Plus Environment



Environmental Science & Technology Page 14 of 29

234 in the cortex. Within the vascular bundle of rachis cross-sections, La + Ce, Mn, K and Ca are mainly
235  localised in the protoxylem and metaxylem.

236

237  DISCUSSION

238  Dicranopteris linearis accumulates up to 0.2% total REEs in the shoots or 0.5% in the dead standing
239 litter of pinnae, much higher than the other 20 potential REE (hyper)accumulator plants known
240  globally (Table S3). The fact that D. linearis accumulates such high REEs concentrations in its
241  aboveground parts while growing on REE mine tailings (Table S1), shows that this pioneer fern can
242  successfully adapt to REE mine tailings, and this infers potential for use in phytotechnological
243  applications. Dicranopteris linearis accumulates the highest concentrations of REEs in necrotic
244  lesions (Fig. 2), which differs significantly from the behavior of most other metal hyperaccumulators.
245  The markedly higher concentrations of REEs, Al and Si in the dead standing litter of pinnae, as
246  compared to the live pinnae further affirms that these elements are rather immobile as opposed to K
247  which is strongly depleted in litter tissues (Table 1). The concentrations of Mn in the pinnae of D.
248  linearis (1480 + 523 mg kg!, Table 1) are much greater than what is typically toxic in most of the
249  plants (e.g. <200 mg kg in maize or 275 + 659 mg kg'! in various species of naturally grown ferns)
250 (36, 37). Therefore, the necrosis in these tissues is possibly, among other reasons, the result of Mn
251  accumulation, oxidation and localised toxicity within the pinnules, which then induces cell death,
252 necrotic spots, substantially larger necrotic lesion and then finally acts as a ‘dump site’ for REEs as a
253  result of cells damage, higher evaporation rate and transpiration flow. A similar phenomenon has
254  been reported in the leaves of soybean and cowpea in response to Mn toxicity; the toxicity started

14
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with Mn pumped under the cuticle via the apoplast, or Mn is expelled via hydathodes towards the
leaf tip, and then increasing concentrations of Mn leading to Mn oxidation (+2 to +3 and +4
valences) and the formation of necrotic lesions, which in turn stimulate more Mn translocation as a
result of higher evaporation (38, 39). However, Ce and Mn were not totally co-localised, it is
therefore also possible that the necrotic lesions were induced by Ce accumulation and oxidation (+3
to +4 valences). It could be also interpreted as a tolerance mechanism in which some cells are
sacrificed and used as a dump, while in the others, photosynthesis and normal activity can continue
(40). The underlying mechanisms as to why REEs prefer to compartmentalize into the upper
epidermis, margins and veins are not fully understood. Previous studies on hyperaccumulator plants
suggest that it may reflect a physiological and/or defense-related response — protection of
photosynthetically active tissues such as mesophyll, and defense from predation by herbivores and

pathogens (41, 42).

The distinct localization in vascular bundles, while prevailing concentrations are low in the cortex of
rachis and midvein (Fig. 4; Fig. S7), suggests an efficient REE transport system in this plant. The
transport of REEs to the pinnules probably occurs as mass flow through the vascular tissue, driven
by transpiration. In non-accumulating species of beech and oak (Fagaceae), REEs transport within
xylem was suggested to be associated with general nutrient flux (43). However, in the vascular
bundles of D. linearis, a small area of La + Ce peaks within vascular bundle and a very bright “ring”
shaped peak between vascular bundle and cortex was observed (Fig. 4). The significant La + Ce
enrichment, with no obvious Ca and Mn enrichment within the vascular bundle of veins, suggests
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276  that REEs are translocated to the blade to a lesser extent than Ca and Mn. This might be due to the
277  features of the pericycle tissue where cells are dense, preventing REEs translocation from the xylem
278 into the pinnules via the intercellular space. It is possible that once the REEs enter into the vascular
279  system of veins (xylem), they are partly fixed by the pericycle, and then transported to the D. linearis
280  pinnules (especially to the epidermis and necrotic lesions) via transpiration flow. In this case, the
281  transport and accumulation of REEs is likely to be passive convection processes. Thus, the
282  distribution of REEs in D. linearis pinnules could be influenced by various parameters that are
283  associated with the evaporation (e.g. habitat, seasonal and climatic conditions) and Mn toxicity (e.g.
284  light intensity, pinnule age and height at sampling) (44—46). The highest concentrations of REEs are
285  recorded within the necrotic lesions of pinna which may be ascribed to a lack of wax coats at the
286  surface of pinna, and/or the damage of the pericycle tissue or cells between vascular bundle and
287  cortex in the veins, thus leading to a higher evaporation rate. The higher evaporation rate may also
288  lead to higher concentrations of REEs in the upper epidermis, compared to the lower epidermis (Fig.
289  3;Fig. 4).

290

291  As vacuoles in necrotic lesions of the pinnae disintegrate, compartmentalization and accumulation in
292  these areas suggest that the REEs are likely to be sequestrated by cell walls or exist under immobile
293  forms. Many studies found that REEs tend to complex with phosphate and form deposits in the cell
294  walls and more generally in the intercellular space of plant tissues (47). However, the molar ratio of
295  Pin D. linearis pinnae was much lower than that of the REEs (Table 1). Moreover, we found that D.
296  linearis also accumulates high concentration of Al and Si. Detoxification of Al and other heavy
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302
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304

305
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312

313

314

315

316

317

metals by Si has been reported for many plants (48). For example, Al localization coincided with Si
distribution in cell walls of the Al hyperaccumulator Rudgea viburnoides (49), and the co-deposition
of Si and Cd in the cell walls as a [Si-wall matrix]Cd co-complex inhibited Cd ion uptake by rice cell
(50). In the Al and Si hyperaccumulator Faramea marginata, Al and Si are thought to be co-
deposited as phytolith (silicon oxides) Al (51). Also, silicon may co-deposit with Mn at the apoplast
and decrease the oxidation of Mn in cowpea, soybean and sunflower (38). In a previous study,
numerous particles (phytolith and phytolith Al) were detected at the upper epidermis of D. linearis
pinnules (29). Rare earth elements are a group of trivalent elements, which exhibit many chemical
similarities to Al (52). Considering the high concentrations of Si, a co-deposition of REEs, Mn and
Al with Si may be involved in the physiological regulation of high concentrations of REEs, Mn and

Al in D. linearis.
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Fig. 1. Synchrotron-based X-ray fluorescence microscopy elemental maps of a hydrated
Dicranopteris linearis pinna. The maps measure 8.86 x 8.56 mm. The elemental image was acquired

with a step size of 15 pm with a dwell of 15 ms per pixel using a 12.0 keV incident beam.
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Fig. 2. Synchrotron-based X-ray fluorescence microscopy elemental maps of a hydrated
Dicranopteris linearis pinnule. The maps measure 12.95 x 2.88 mm. The elemental image was

acquired with a step size of 8 um with a dwell of 15 ms per pixel using a 12.0 keV incident beam.
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497  Fig. 3. Synchrotron-based X-ray fluorescence microscopy elemental maps of a hydrated
498  Dicranopteris linearis pinnule cross-section. The maps measure 2.25 x 0.86 mm. The elemental
499  image was acquired with a step size of 5 um with a dwell of 15 ms per pixel using a 12.0 keV

500 incident beam.
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Fig. 4. Synchrotron-based X-ray fluorescence microscopy elemental maps of hydrated Dicranopteris
linearis midvein cross-sections of pinna. The maps measure 4.70 x 1.57 mm. The elemental image
was acquired with a step size of 8 pm with a dwell of 15 ms per pixel using a 12.0 keV incident
beam. The concave side represents the adaxial side in the figure.
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507 TABLES
508
509 Table 1. Bulk elemental concentrations in live and dead standing litter of pinnae of Dicranopteris

510 linearis (mg kg! dry weight).

511
Type Al Si REEs" La+ Ce Ca Mn P K
28504997  14700+3310 1900+505 1040+520 1810676  1480+523 211+£23.0 30004413
Living pinnae
a a a a a b b b
Standing litter ~ 4850+455 33900+4910 3500+£327 1980+317  1400+779 129+28.0
310+£205 a 268+152 a
pinnae b b b a a a
512

513 " The summed concentrations of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Y, see
514  the concentration of each rare earth element in Table S2. Different letters in the table represent

515  significant difference among each group (ANOVA, Duncan, p<0.05).
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