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Abstract The paper of van der Ent et al. (Plant
Soil 485:247-257, 2023), published in the previous
issue, reports the hyperaccumulation of rare earth ele-
ments (REE) in plant species from the Proteaceae for
the first time. Indeed, the high REE accumulation in
Proteaceae is not completely unexpected, given that
the plants release large amounts of carboxylates to
acquire phosphorus and micronutrients. However, it is
somewhat questionable that the efficiency of element
mobilization alone sufficiently explains the large vari-
ability in REE accumulation among different taxa of
Proteaceae or other P-efficient species that typically
show low concentrations of REE. Given that REE**
share chemical similarities to Ca®" but form stable
complexes with ligands similar to AI**, it is reason-
able that uptake and accumulation of REE depend not
solely on element mobility but also on the dynamics
of element speciation governed by the formation, sta-
bility, and fate of carboxylate-REE-complexes in the
rhizosheaths. The rationale behind this contention is
that for elements with low mobility in soil, changes in
chemical speciation may increase the availability only
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if the complex stabilities that depend on rhizosphere
pH allow a breakdown during uptake. In this com-
mentary, we explore the idea that REE accumulation
depends on rhizosphere processes related to nutri-
ent acquisition and element exclusion that overlap
in time, space, and function depending on the com-
position of metal-chelating ligands released by plant
roots in concert with rhizosphere pH. Based on data
from greenhouse and field experiments, we propose a
model where plants with a P-mining strategy (hyper)
accumulate REE when rhizosphere pH is below a
critical value shifting the REE speciation to available
forms.

Keywords Element exclusion - Rhizosphere
chemistry - Complexation - Carboxylates -
Lanthanides

Phosphorus acquisition and rare earth elements
availability

Plants that deploy a phosphorus (P)-acquisition
strategy based on the release of carboxylates mobi-
lize not only P and micronutrients but also a variety
of non-essential elements, including rare earth ele-
ments (REEs) (Wenzel 2009; Wiche et. 2016a, b).
This occurs because carboxylates alter the chemical
and physical rhizosheath properties towards the dis-
solution of organic and inorganic host-phases of P
and REE, that predominantly consist of the oxides
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of silicon (Si), aluminum (Al), iron (Fe), and man-
ganese (Mn) (Shane and Lambers 2005; Lambers
2022). The ability to mobilize P and metals varies
considerably among plant species, functional groups,
and genotypes (Neumann et al. 2000; Lambers et al.
2013, 2015) and depends on the plant’s capacity for
the release of protons, ligands (carboxylates, sidero-
phores), phenolics, enzymes and formation of mutu-
alistic relationships with bacteria and fungi (PGPR,
mycorrhiza) (Neumann and Romheld 2001; Hinsinger
et al. 2009). Non-mycorrhizal plant species adapted
to P-impoverished or P-sorbing soils, of which Pro-
teaceae and lupines have been most profoundly stud-
ied, respond to P-deficiency by the formation of pro-
teoid roots (cluster roots) that release large amounts
of carboxylates together with protons and phenolics
during a narrow time window (Shane and Lambers
2005; Weisskopf et al. 2006; Lambers et al. 2013).
Enhanced element mobility in the rhizosphere is
a prerequisite for metal hyperaccumulation (Mer-
lot et al. 2018). Consequently, carboxylate release
might also explain the hyperaccumulation of REE
in Proteaceae species reported by van der Ent et al.
(2023) and other rather unspecialized hyperaccumu-
lators from the Phytolacaceae and Juglanaceae that
accumulate multiple elements, including Al, REE,
and Mn, even when they are growing on soils with
relatively low element availability (Jansen et al. 2002;
Delgado et al. 2019; Liu et al. 2021, 2022a, b; Pol-
lard 2023). Nevertheless, it is questionable that the
capacity for element mobilization alone sufficiently
explains the large variability in REE accumulation
among different Proteaceae species (van der Ent et al.
2023) or other P-efficient taxa that typically show low
concentrations of non-essential elements, including
REE (Romer et al. 2000; Wiche and Heilmeier 2016;
Wiche et al. 2017b). Instead, it is reasonable that ele-
ment accumulation in general and specifically REE-
hyperaccumulation in Proteaceae depends not only on
element mobility but also on the dynamics of element
speciation, especially the formation, stability, and fate
of carboxylate-REE-complexes in the rhizosheaths.
The rationale behind this contention is that, with
few exceptions, nutrient uptake systems involved in
transporting non-essential elements shuttle elements
exclusively in free ionic form and exclude organo-
element-complexes during the uptake stage (Barber
and Lee 1974; Marschner 1995; Comerford 1998;
Shan et al. 2002). Hence, when element availability
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is limited by a low solubility, higher mobility in the
rhizosphere through complex formation enhances
uptake and accumulation only if the stability of com-
plexes allows a breakdown of the complex at the sites
of metal uptake.

Carboxylates and other root-derived metal chela-
tors ultimately enhance the availability of elements
that do not react with the ligands directly (phosphate)
or when the complexes formed are relatively unstable
such as the carboxylate complexes of Ca, Mn, and
Zn with relatively low stability constants (log K <5)
(Martell et al. 2004). The complexes formed prevent
the reabsorption of the elements to the soil matrix and
enhance diffusion towards the rhizoplane, where the
elements are liberated from the complex. This might
also explain why hyperaccumulators for Ni, Zn, Cd,
and REE that evolved in metalliferous environments
characterized by high element availability rely on spe-
cialized uptake, transport, and detoxification systems
and do not deploy carboxylates for element mobiliza-
tion (Pollard 2023). In these plants, enhanced element
mobility is most probably achieved by changes in
rhizosphere pH and the release of weak ligands such
as amino acids (Ni-Histidine log K <2) that increase
mobility but do not interfere with uptake (Puschenre-
iter et al. 2005; Dessureault-Rompré et al. 2010; Alva-
rez-Lopez et al. 2021; Liu et al. 2022a, b). In contrast,
forming stable complexes is especially advantageous
for element mobilization in severely nutrient-impov-
erished environments, where the root-derived ligands
must compete with the inorganic or organic bonding
partners (Fe, Mn, Al) during ligand exchange in the
soil. However, their contribution to the availability of
essential metals with high charge density additionally
depends on the plant’s capacity to liberate the ele-
ment from the complex, which explains the develop-
ment of the ferric iron reductases that liberate Fe**
from highly stable Fe(Ill)-complexes (Fe(Ill)-citrate
log K=11.5) (Martell et al. 2004) in dicots (a strat-
egy I species) to cover the nutritional demands for Fe
(Marschner and Romheld 1994).

Given that plants have not developed similar
reductases for non-essential elements, the release
of carboxylates and other chelators forms, at the
same time, an essential strategy of plants to avoid
metal toxicity in the rhizosphere, where elements
are excluded at the sites of uptake based on charge
density, and consequently complex stability. The
concept of element exclusion through extracellular



Plant Soil (2023) 492:79-90

81

complexation has been studied in detail for Al in Al-
resistant species (Zheng et al. 1998; Ma and Hira-
date 2000; Ma et al. 2001; Kochian et al. 2004) and
Cd in Lupinus albus (Romer et al. 2000). This strat-
egy predominantly relies on the high complex stabil-
ity of Al-complexes with carboxylates that are other-
wise released during nutrient acquisition (Al-malate
log K 6.0; Al-citrate log K 7.9) (Martell et al. 2004).
We recently demonstrated that REE accumulation is
lower in plants that release higher amounts of carbox-
ylates, especially citrate (Wiche et al. 2023), and REE
accumulation was inversely related to rhizosphere
pH. We proposed a model where rhizosphere acidifi-
cation counteracts element exclusion of REE by shift-
ing the carboxylate /carboxylic acid ratio towards the
acid form, thus rendering them ineffective and caus-
ing the elements to be present in available ionic REE
forms (Wiche et al. 2023) as it has been previously
demonstrated for Al and P (Pearse et al. 2006). Given
that REE share chemical similarities to Ca (Brown
et al. 1990; Tyler 2004) and Al (Ishikawa et al. 1996;
Ma and Hiradate 2000; Kataoka et al. 2002; Purwadi
et al. 2021; Fehlauer et al. 2022) it is reasonable that
REE accumulation in plants results from the remark-
able chemical features of REE in concert with chemi-
cal rhizosphere traits involved in nutrient acquisition
and element exclusion that overlap in the rhizosphere
in time, space, and function and determine uptake or
exclusion based on REE-speciation.

Chemical features of rare earth elements

The REE comprise a group of 16 elements from the
lanthanide series, including lanthanum, yttrium (Y),
and scandium (Sc) that occur widespread in soils
with concentrations comparable to those of some
essential plant nutrients (Reimann et al. 2003; Wiche
et al. 2017a). The concentrations of REE vary from
66 ug g~ (Ce), 30 pg g~ ' (La), and 28 pg g~' (Nd)
to 0.5 ug g~! (Tm) and 0.3 pg g~' (Lu) (McLen-
nan 2001; Davranche et al. 2017). Compared with
other elements of the periodic system, no other
group with a uniform oxidation state, e.g., the alkali
or the earth alkali metals, displays such a remark-
able similarity as the REE (Brown et al. 1990; Tyler
2004). As a unique feature in this group, all 16 REE
exhibit ionic radii similar to Ca** (Ca®* 100 pm, La
3+103.1 pm) (Shannon 1976); however, under most

pedologically-relevant conditions, REE form triva-
lent cations (Ce and Eu may also occur as 4+ions
(Ce) or 2+ions (Eu) (Wyttenbach et al. 1998; Pour-
ret et al. 2022), which strongly interact with phos-
phate, negatively charged soil constituents and plant
cell constituents (Diatloff et al. 1999; Cao et al. 2001;
Kovarikova et al. 2019). Due to the element’s higher
reactivity, the biogeochemical behavior of REE in
the soil-plant system is not simply analogous to Ca**
but may resemble that of other trivalent metals, par-
ticularly APt (Ma and Hiradate 2000; Kataoka et al.
2002). In particular, they can form stable complexes
with dissolved organic compounds (Pourret et al.
2007; Wiche et al. 2017b), and their stability depends
on the nature of the ligand and the REE involved. As
an exception of this group, the effective ionic radius
of the trivalent ions decreases slightly but systemati-
cally from La*" (103.1 pm) to Lu** (86.1 pm) (Wyt-
tenbach et al. 1998), leading to differences in their
sorption and complexation behavior in soil, plants
and the rhizosphere (Tyler 2004; Monei et al. 2022;
Wiche et al. 2023) and fractionation of light REE
(LREE: REE with a lower mean atomic mass than
153 and a larger effective radius than 95 pm (La, Ce,
Pr, Nd, Sm, and Eu) relative to heavy REE (HREE:
REE with a higher mean atomic mass than 153 and
a lower effective ion radius than 95 pm (Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, and Y) (Tyler 2004). REE frac-
tionation has been most profoundly studied during
petro- and pedogenesis (Aide and Aide 2012) and
has great potential to study processes during nutri-
ent acquisition; however, until nowadays, rhizosphere
effects on REE accumulation and REE fractionation
have been widely neglected in plant research.

Mobility and chemical speciation of rare earth
elements in soil-plant systems

The mobility of REE in soils is a function of their
ionic radii and speciation in solution, pH, Eh, water
fluxes, and the nature of secondary intermediate
minerals formed under different conditions (Tyler
2004). High contents of clay minerals (Wenming
et al. 2001), presence of phosphates and Fe-Mn
hydroxides (Cao et al. 2001; Ding et al. 2005), and
particulate soil organic matter (SOM) (Pourret et al.
2007; Davranche et al. 2015) typically decrease the
solubility and mobility of REEs in soils. In contrast,
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the mobility of REE increases with decreasing
soil pH (Cao et al. 2001). Lowering of pH unspe-
cifically mobilizes REE together with P, Fe, and
Al in the soil (Fig. 1A) by desorption of surface-
complexed elements and dissolution of mineral ele-
ment forms, especially REE-bearing Fe-oxyhydrox-
ides, Al-oxides, and REE-phosphate-precipitates
(Tyler and Olsson 2001a). Depending on the plant
species and the nutritional status, especially of P
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Fig. 1 Effect of organic ligands (citrate (cit), malate, desferri-
oxamine B (DFOB) and pH on elements solubility and plant
uptake. A mobilization of P, Fe, Al, Si, REE in soil treated
with 0.1 mM DFOB (pH 7) or 1 mM citric acid (pH 4.5)
compared to deionized water (H,O pH 7) or deionized water
acidified with HNO; (H,O pH 4.5); according to Wiche et al.
(2017b). B accumulation of LREE and HREE in Phalaris
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and Fe, rhizosphere pH in most forbs can be more
than 1 unit lower due to a higher ATPase activity
(Hinsinger et al. 2003). Higher element solubility
following proton release results in the protolysis
of geochemical soil phases that act as pH buffers.
Consequently, changes in pH integrate the plant’s
capacity for proton release and the physicochemical
soil properties in the root environment that interact
with each other.
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Lupinus albus supplied with OP (P-deficient reference plants)
or 100 uM P in the watering solution (Wiche et al. 2023).
D proposed model of the effects of rhizosphere pH on carboxy-
late activity and REE uptake by plants
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The mobilized elements are initially in ionic form
in the soil solution and subsequently interact with
dissolved and colloidal compounds. They are reab-
sorbed on soil particles or diffuse into the root apo-
plast, where they can be absorbed by root cells. REE
precipitation with phosphates and Fe-oxy hydroxides
has been reported to control the solubility of REEs
in natural surface waters as well as in the vicinity of
the epidermis cells of roots (Johannesson et al. 1995;
Saatz et al. 2016; Martinez et al. 2018). The pres-
ence of inorganic and organic ligands such as sul-
fate, carbonates, fluorides (Diatloff et al. 1999; Gu
et al. 2000), carboxylates (Shan et al. 2002; Han et al.
2005), siderophores (Wiche et al. 2017b; Schwabe
et al. 2021) and humic and fulvic acids (Pourret et al.
2007; Davranche et al. 2015) counteracts reabsorp-
tion/precipitation and strongly increase REE mobility
in the soil-plant-system. The aqueous inorganic com-
plexes of REE are relatively unstable compared to
organo-metal-complexes, and thus their relevance is
most likely restricted to aquatic environments or soils
with low DOC.

Complex stability depends on the structure and
amount of ligands released by the roots or microbes,
determining the ligand/element ratio, presence of
competing ions in solution, ionic radii, and charge
density of the central atom. For any given metal,
carboxylate-complexes’ stability increases with the
number of bonds to the central atom by the ligand.
It thus increases with the number of carboxylate
groups in the order citrate > malate > fumerate > ace-
tate (Fig. 1E), while for a specific carboxylate (e.g.,
citrate), the complex stabilities decrease in the order
Fe’* > AI** > HREE’* > LREE*" > Zn** >Ca’" >
Mn?* > K* (Byrne and Li 1995; Martell et al. 2004).
The high complex stabilities of tricarboxylates (cit-
rate) and dicarboxylates (malate, succinate, fumarate)
compared to monocarboxylates, and effective desorp-
tion of soil cations with decreasing pH determines the
success of the P-mining strategy in severely nutrient
impoverished environments (Lambers 2022).

The release of ligands by plants is initially con-
trolled by the cellular nutritional status as a conse-
quence of metabolic shifts in carbohydrate allocation
from shoot to roots in concert with increased bio-
synthesis of malate and citrate and decreased citrate
turnover in the tricarboxylic acid cycle (Neumann
and Romheld 2001). However, the compounds pro-
duced interact with a broad spectrum of cations in

soil solution, change their dissolution equilibria and
liberate REE from their organic and inorganic host
phases in soil by ligand exchange (Wiche et al. 2016a,
b, 2017b). The presence of 1 mM citrate substantially
increased the dissolved concentrations of P, Fe, Al,
Si, and REE at pH 4.5 compared to water acidified
with an inorganic acid to the same pH or the pres-
ence of the microbial siderophore desferrioxamine
B (DFOB) (Fig. 1A). In contrast to most catecholate
and hydroxamate siderophores that mobilize REE and
other elements without requiring pH action, deproto-
nation of the carboxylic acid headgroup could further
exacerbate the complexation of REE and have thus a
higher impact when pH increases (Fig. 1D). Due to
differences in charge density, the stability of HREEs
with most inorganic and organic ligands (La-citrate
log K 7.63, Lu-citrate log K 8.12) typically increases
with increasing atomic number and consequently
decreasing atomic radius (Byrne and Li 1995; Martell
et al. 2004). Also, shifts in the redox-sensitive repre-
sentatives of REEs (Ce) may mirror the environmen-
tal conditions during mobilization (Pepi et al. 2016).
Therefore, the REE pattern in soils corresponds to
the REE pattern of minerals as modified by the sorp-
tion/complexation REE constants with ligands, col-
loids, and particles (Davranche et al. 2015) as well
as by biological activities in the rhizosphere of plants
(Stille et al. 2006; Schwabe et al. 2021).

Uptake and accumulation of rare earth elements
in plants

Plant uptake of elements requires the elements to
be dissolved in the soil solution in a chemical form
that can diffuse through the apoplast and is accessi-
ble for uptake systems (Barber and Lee 1974; Mar-
schner 1995; Comerford 1998). Generally, the avail-
ability and uptake of REEs increase with increasing
concentrations in the soil solution, for instance,
through decreasing soil pH (Tyler and Olsson 2001a,
b; Thomas et al. 2014; Cheng et al. 2015). However,
only very few studies observed correlations of soil
parameters with shoot concentrations of soil-grown
plants, possibly due to processes in the rhizosphere
affecting their chemical speciation (Wiche et al.
2017b, 2023). It is generally assumed that plants take
up REEs from soil solution in their ionic form as
REE>* (Wang et al. 2004; Han et al. 2005; Brioschi
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et al. 2013; Wiche et al. 2017b), which is performed
mainly by Ca’*, Na*, K* channels, as Han et al.
(2005) demonstrated for La** in roots of Hordeum
vulgare. From hydroponic studies, there is evidence
that the presence of inorganic ligands such as phos-
phate (Diatloff et al. 1999; Ding et al. 2005), as well
as the formation of iron plaque at the root surface,
lowers the availability of REEs to plants through the
formation of poorly soluble precipitates (Ding et al.
2005; Saatz et al. 2016; Wiche and Heilmeier 2016;
Martinez et al. 2018). However, these processes are
most likely less relevant in severely phosphorus-
impoverished environments and in the rhizosphere of
plants with a P-mining strategy that strongly acidify
the rhizosphere and mobilize P and Han et al. (2005)
demonstrated that organic acids promote the uptake
of La by barley, but the effect of the acid decreased in
the order acetic acid > malic acid > citric acid, which
can be explained mainly by decreased sorption of La
onto the apoplast and prevention of REE-phosphate
precipitates in the presence of the acid anion but a
reduced uptake with increasing complex stability
(Han et al. 2005).

There are considerable differences between plants
from the functional groups of grasses and forbs to
utilize different element forms for uptake (Marsch-
ner and Romheld 1994). The addition of REE-DFOB
complexes to Phalaris arundinacea (reed canary
grass), a strategy II plant in Fe nutrition, did not
alter REE accumulation, most probably through the
uptake of intact REE-siderophore complexes similar
to Fe(Il)-DMA complexes (Wiche et al. 2017b). In
contrast, the presence of REE-citrate complexes sub-
stantially reduced REE uptake, especially of HREE,
and caused a fractionation of HREE relative to
LREE due to the higher complex stabilities of HREE
(Fig. 1B). Similarly, split-root experiments showed
that REE accumulation in Brassica napus and Lupi-
nus albus was inversely related to carboxylate release
(Fig. 1C). A higher carboxylate release in P-defi-
cient plants led to higher LREE/HREE ratios than in
P-supplied plants (Wiche et al. 2023). However, this
effect disappeared in plants that strongly acidified the
rhizosheaths (Wiche et al. 2023). Some studies dem-
onstrated that the artificial addition of chelators like
EDTA increases the accumulation of REE in plants
(Lihong et al. 1999; Liu et al. 2022a, b). We empha-
size that the artificial supply of chelators in single
doses or repeated pulses in hydroponics differs from
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the natural situation in the rhizosphere, where plants
continuously release the compounds in the apoplas-
tic fluids. When applied in single doses, the chelators
interact with the soil (Fig. 1A), transfer REE from
stable to more labile element pools, and become more
available when the ligands are microbially decom-
posed. In mixed culture experiments of Lupinus albus
with Avena sativa and Hordeum vulgare, L. albus
strongly mobilized REE but did not accumulate the
elements. Instead, the elements were taken up by the
neighboring cereals, most likely through the decom-
position of complex while moving from the rhizo-
sphere of the lupins to the roots of the grasses that
do not release carboxylates (Wiche et al. 2016a, b;
Monei et al. 2022).

Rare earth element accumulation in plants
with different nutrition strategies

Twenty-five years ago, Wyttenbach et al. (1998)
highlighted the unexplainable high variation of REE
accumulation observed among plant species and even
within different individuals of a single species grow-
ing on the same soil. Given that REE availability
depends on both element mobility and REE specia-
tion based on pH and the presence of ligands in the
rhizosphere, it is reasonable that on a given soil, REE
accumulation in plants varies among species with dif-
ferent nutrient acquisition strategies, P-acquisition
efficiency, and depends on the P and Fe nutrition sta-
tus of plants. In addition to the plant-associated fac-
tors, chemical and physical rhizosheath properties
arise from soil-associated factors, of which initially
soil pH, buffer capacity, nutrient availability, and con-
centrations of REE in labile, potentially plant-avail-
able element pools are the most profoundly studied.
Do we find evidence of relationships between below-
ground functional traits related to nutrient acquisi-
tion and shoot REE accumulation in the field? In a
field experiment, nine crop species differing in their
efficiency to access P and micronutrients through the
release of siderophores, carboxylates, and acidifica-
tion of the rhizosphere were cultivated on a slightly
alkaline Luvisol (soil pH H,O 7.8) characterized by
low P, Fe, and Mn availability (Wiche 2016; Wiche
and Heilmeier 2016). A principal component analy-
sis (PCA) based on shoot Mn, Fe REE, Ge, and Si
concentrations (Ge and Si were used to differentiate
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between grasses forbs) revealed that plant species
that deploy a carboxylate-based nutrient-acquisi-
tion strategy (Lupinus albus, Lupinus angustifolius)
were characterized by highest concentrations of Mn,
which is an indicator of carboxylate release (Lambers
et al. 2015) but lowest concentrations of REEs, most
likely due to the exclusion of REE-carboxylate com-
plexes during uptake (Fig. 2A, B). The highest con-
centrations of REEs were found in Brassica napus,
Fagopyrum esculentum, and Avena sativa (Fig. 2A)
distributed along PC 1, which was fully loaded with
REE and Fe (Fig. 2B).

Brassica napus and Fagopyrum esculentum are
phosphophile plant species that release less car-
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A
45
o OL. albus OL. angustifolius
35 4 OF. esculentum  AH. vulgare
OA. sativa ¢Z.mays
BP. arundinacea XP. miliaceum
< 251 % AB. napus
N
©
i 15 o
8 o . ’
~ 051 ' £ .
.
8 -0.5 1 g'. . °
15 .
Ag
25 ,
-4 2 0 2 4 6 8 10
PC 1 (53.7%)
C
0.20 -

Quindalup (pH 7.8) OAM
~ B NM
o 0.15 10
2 8(9
L 4
w 0.10 10 [

x o
©
Q 0.05 - -I m o o
o ‘.I a ®
0.00 T T T
0 50 100 150

Leaf Mn (ug g™)

Fig.2 A Results of a Principal Component Analysis based on
the leaf concentrations of Ge, La, Nd, Gd, Er, Si, Fe, and Mn
of nine crop species growing on homogeneous, slightly alka-
line soil (pH 7.8) and B loading values of the respective geo-
chemical groups of elements (Wiche 2016). C, D leaf Mn and
REE concentrations in mycorrhizal (AM) and non-mycorrhizal
(NM) plant species (Acanthocarpus preissii, Senecio pinnatifo-
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strongly acidify the rhizosphere (Pearse et al. 2006;
Wiche et al. 2023). Avena sativa is a strategy 1I spe-
cies concerning Fe nutrition and releases sidero-
phores when the Fe supply is low (Marschner and
Romheld 1994). At this point, it has to be noticed
that P and Fe deficiency may often appear together in
natural ecosystems (Chapin et al. 2002), and sidero-
phores increase mobility and plant availability of a
variety of different trace metals (Romheld and Mar-
schner 1986; Reichman and Parker 2005; Oburger
et al. 2014; Kraemer et al. 2017) including REE
(Fig. 1A). Leaf samples collected from plant species
along the Jurien Bay Soil Chronosequence (Hayes
et al. 2014; Turner et al. 2018) showed higher REE
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quence, Western Australia (Hayes et al. 2014)
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concentrations in plants collected from the acidic (pH
H,0 4.6) and severely P-impoverished Bassendean
soils than on the younger calcareous (pH H,O 7.8)
Quindalup dunes (Fig. 2C, D). On the alkaline Quin-
dalup soils, leaf REE concentrations were highest in
mycorhizal plants than in non-mycorrhizal plants,
and REE concentrations decreased significantly with
increasing Mn concentrations, indicating that carbox-
ylate release decreased REE uptake under the alkaline
conditions.

In contrast, on the acidic Bassendean soils, myc-
orrhizal species had the lowest REE concentration,
and REE and Mn showed a positive relationship,
most probably due to the efficient element mobiliza-
tion through carboxylate release in the non-mycor-
rhizal species coupled with inhibited complex for-
mation under acidic conditions (Fig. 2D, Fig. 1D).
It is reasonable that these processes also explain the
anomalous REE concentrations in Helicia species
collected from habitats with low REE mineralization
(van der Ent et al., 2023). Plants of the genus Heli-
cia belong to the family Proteaceae which develop
proteoid roots in severely P-impoverished soils and
release large amounts of carboxylates, most likely
citrate, and malate together with protons in an ‘exu-
dative burst’ for P mobilization after reaching the
maturity state (Shane and Lambers 2005). Given that
plants that had REE anomaly occurred in habitats
with acidic soils with low Ca-base saturation and low
pH-buffer capacity (Caritat et al. 2011), the resulting
pH of the rhizosheaths may favor the decomposition
of REE-carboxylate-complexes and by rendering the
carboxylate /carboxylic acid ratio towards the ineffec-
tive form (Fig. 1D). In addition, there is evidence that
the metabolism and P acquisition mechanism of Pro-
teaceae is altered with soil pH (Veneklaas et al. 2003;
Griebenow et al. 2022). Veneklaas et al. (2003) dem-
onstrated that the citrate/malate ratio in acidic soils
is lower than in soils with higher pH, which favors
labile complexes and uptake of REE in acidic habi-
tats. This contrasts with situations in habitats where
Proteaceae or other species that rely on carboxylates
grow on near-neutral soil or soil with higher pH
buffer capacity and higher P-availability. Here, the
resulting pH changes in the rhizosphere should be
comparatively low, leading to a low solubility of REE
and high activity of carboxylates that exclude REE
during uptake.

@ Springer

Root—shoot transport of REEs depends on the effi-
ciency of transport systems and REE mobility within
the plant (Kovarikova et al. 2019), most likely gov-
erned by cell-wall absorption, phosphate deposition
(Saatz et al. 2016; Liu et al. 2022a, b), and intracel-
lular complexation with carboxylates (Ma and Hira-
date 2000). It can be reasonably assumed that in
REE-accumulating Helicia species, root uptake and
root—shoot transfer of REE is achieved via unspe-
cific Al, Mn and Ca pathways as a consequence of
their functional adaptation to nutrient-impoverished
environments (Lambers et al. 2015). Notably, Pro-
teaceae function at very low cellular P concentrations
and produce large amounts of carboxylates in root
cells (Shane et al. 2004; Shane and Lambers 2005),
which most likely supports root-shoot transport of
REE through the formation of REE-carboxylate com-
plexes (Ma and Hiradate 2000; Fehlauer et al. 2022),
reduced REE-sorption onto cell walls and low REE-
phosphate precipitation fostering the accumulation
of REE in older leaves of the perennial plants simi-
lar to Ca (van der Ent et al. 2023). Most species from
the Proteaceae tend to allocate Ca and P to different
cell types (Hayes et al. 2019), which enhances P-use
efficiency by avoiding the deleterious precipitation
of Ca-phosphate (Hayes et al. 2018) and might play
a key role in the accumulation of REE (Saatz et al.
2016; Liu et al. 2022a, b). The presence of special-
ized plasma membrane-localized REE-selective
transporters, as identified in the specialized hyperac-
cumulator Dicranopteris linearis (Zheng et al. 2023),
cannot be completely ruled out and is yet to be tested
experimentally on Proteaceae. Still, future will need
to elucidate the processes by bridging methods of
plant ecophysiology with analytical chemistry in ele-
mental speciation. Nonetheless, the proposed model
provides a mechanistic understanding of differences
in REE-accumulation in plants based on element
speciation in the rhizosphere. Conversely, leaf REE
signatures (total REE, LREE/HREE ratios) could be
used together with Mn to screen for changes in rhizo-
sphere chemistry related to plant nutrition following
an ionomic approach.
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