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Abstract

Lanthanum (La) is widely used in various fields. As a consequence, it can accumulate in soil
and thus pose a potential hazard to the environment, including a decrease of plant biomass
and chlorophyll content. To date, most experimental studies on the biogeochemistry of La
have focused on toxic effects resulting from its accumulation in plants growing in La-
contaminated areas, while the behavior of La in plants growing in uncontaminated soils has
been the subject of much less research. The primary objectives of this work were to
investigate the impact of various factors on La uptake by plants growing in uncontaminated
soils and to examine the relationships between La and other lanthanides (Ce, Sm, Eu, Tb, Yb,
Lu) in the rhizosphere soil and across different plant species. Greenhouse and field
experiments were conducted to investigate the patterns of La uptake and its redistribution
between different parts of some agricultural plants (wheat and rye) and weeds (couch grass
and plantain) growing in clean soils. The correlation between La in the rhizosphere soil, roots,
and leaves and between La and other lanthanides in the soil and plants was studied. Although
the natural concentration of La in the soils was usually higher than in plants, plant growth in
La-uncontaminated soil did not lead to its bioaccumulation. The correlation between La in the
rhizosphere soil and roots, as well as between La in roots and leaves, was statistically
insignificant. This may be due to a genetically determined need of a particular plant for La.
Different plant species growing under the same conditions were capable of accumulating
different amounts of La. Despite the assumption that rare earth elements can substitute for
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Ca, the correlation between La and Ca was often statistically insignificant. On the other hand,
in most cases, La had a positive relationship with Ce, Sm, Sc, Fe, and Co.
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1. Introduction

Rare earth elements (REEs) are usually defined as lanthanum (La) and 14 elements that make up
the lanthanide series [1]. Scandium (Sc) is also commonly included in the REE group. Despite the use
of modern analytical methods for the reliable determination of low concentrations of REEs and the
increasing information on reference values of these elements in soils and plants, the
biogeochemistry of REEs is still poorly understood [2, 3].

Because La is widely used in many fields, there is concern about its potential accumulation in the
environment [4]. The bulk of the published literature on La in soils and plants is devoted to the toxic
effects of this trace element resulting from its accumulation in plants. On the other hand, the
behavior of La in plants growing in clean soils has been the subject of relatively few studies. Among
others, the following articles should be mentioned [5-7]. Based on the available information, the
following preliminary conclusions can be drawn. In plants growing on soils with high available REE
concentrations, the process of REE accumulation occurs, apparently, mainly due to passive transport
from the soil to the plant. In cases where REE concentrations in the soil are low and do not exceed
a certain level, the process of REE absorption is more complex. Interestingly, the opinions on the
effects of La on plants can often be directly opposite. In addition to toxicity, beneficial effects of low
doses of La on plants have been noted not only previously but also recently [8-12].

Among the lanthanides, La is an exception because it has 4f electrons in one gas-phase atom [13].
As a result, it is only very weakly paramagnetic, unlike the strongly paramagnetic other lanthanides
(except for the latter two, Yb and Lu, which have a filled 4f shell). In this regard, specific differences
in the behavior of La and other lanthanides in the environment can be expected. In unpolluted soils,
the concentrations of La can vary considerably due to numerous factors. The range of La
concentrations in such soils is usually 18-56 mg kg, while in plants growing in these soils, it is
0.0032-0.15 mg kg.

Lanthanides have similar ionic radius to Ca [14]. It has been suggested that REEs can replace Ca
in specific physiological processes [14-16]. However, there is an opposite opinion about the
relationships between Ca and lanthanides in biological systems. It has been shown that Ca?* proteins
are not inhibited by Ln3 [17, 18]. This is likely because, although the ionic radius of Ca?* and Ln* are
similar, the radius of Ln3* is slightly larger than radius of Ca?*. This is especially true for La, since it
has the largest ionic radius compared to other lanthanides [19]. It was also reported that the
transfer of REEs to chloroplasts is commonly achieved through other specialized processes [20].

Uptake of La by plants is affected by many factors that can have a significant impact on the
availability and bioaccumulation of this trace element. In this paper, based on published data [2, 6,
12] and our experimental results, a hypothesis is put forward that, under normal conditions (plant
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growth in La-uncontaminated soil), the main factors influencing plant growth are plant species, soil
characteristics, and growing conditions.

The primary objectives of the research were the following: (1) to assess the uptake of La and
some other macro-nutrients (Na, K, Ca, Fe) and trace elements (Sc, Co, Ce, Sm, Eu, Tb, Yb, Lu) by
plants growing in uncontaminated soils; (2) to study the influence of a number of factors such as
soil pH, texture, plant species, growth media on La uptake by plants; (3) to examine the
accumulation of La and its redistribution between different parts of wheat seedlings growing under
the same conditions in soil and in different liquid media; (4) to evaluate the relationships between
La in the rhizosphere soil and different plant species and also between La and other lanthanides in
soils and plants.

2. Materials and Methods
2.1 Test with Wheat Seedlings Grown in Different Media

Five-day-old uniform germinated seedlings of wheat Triticum vulgare (vill) Horst were divided
into four parts. One part of the seedlings was transferred to pots filled with soil (2 kg of soil in a pot).
Other seedlings were transferred to jars filled with either distilled water, or water taken from a
spring, or a modified nutrient solution of Hoagland [21] (3 L of water in each jar). The spring was
located in a park, in the suburbs of St. Petersburg, Russia (59°83’N, 30°38’E), away from sources of
pollution. Soil was collected near the spring from the upper (0-10 cm) soil horizon. The soil was
classified as a Ferric Podzol with a loamy texture (sand 38%, silt 37%, clay 25%). The concentrations
of La, some other REEs, and essential nutrients (K, Ca, and Fe) in the growth media are shown in
Table 1. The soil pH was 6.5 + 0.4. First series of soil and water samples was taken before the
beginning of the experiment. The water in the jars was aerated throughout the experiment. The soil
was watered daily. The wheat seedlings were harvested within ten days after planting.

Table 1 Mean concentrations + SD of elements in liquid media (mg L) and soil (mg kg’
1). *Concentrations of the elements are present in percentages.

Element Distilled water  Nutrient solution Spring water  Soil

K 0.41+0.05 34.2+4.0 2.02 £0.65 3.07 £ 0.65*
Ca 0.32+0.04 12.1+2.1 77554 2,94 +0.73*
Fe 0.45+0.05 3.53+0.70 0.98+0.12 1.64 +0.16*
La 0.0092 +0.0052 1.02 £0.05 1.44+0.14 29.6+4.2
Ce 0.015 + 0.004 1.37 +0.15 1.70+0.15 346+1.1
Sm 0.002 + 0.001 0.63 £0.06 0.84 £0.07 4.08 £0.75
Eu <0.002 0.08 +0.03 0.072+0.030 5.34+0.20

2.2 Greenhouse Pot Experiment

Five-day-old germinated seedlings of wheat Triticum aestivum L. and rye Secale cereale L. were
transferred to pots with a volume of 5 kg filled with soil. The soil was classified as an urban podzol
with a loamy sand texture (sand 74%, silt 24%, clay 2%). Soil pH was 6.3 + 0.2. The temperature in a
naturally illuminated greenhouse was usually 25°C during daytime and 20°C at night. Plants and soil
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from the surface of the plant roots were collected within ten days after transfer of the seedlings to
the soil.

2.3 Field Trial

Two weeds were chosen for the experiment: couch grass Elytrigia repens L. Nevski and plantain
Plantago major L. The site was located in an uncontaminated area (a park in St. Petersburg, Russia).
The soil at the site was classified as urbostratozem with a clay loam texture (sand 24%, silt 43%, clay
33%). Soil pH was 6.1 £ 0.3. Plants and soil from the surface of the plant roots were collected.

2.4 Sampling and Preparation of Plant and Soil Samples for Analysis

All the experiments were performed in triplicate. To provide the reproducibility of elemental
analysis, several plants of each species were collected from all the sites. A completely randomized
design was used for sampling. The soil was taken from the plant roots. To collect rhizosphere soil
samples, the soil was gently shaken from the plant roots. The soil residues adhering to the roots
were then collected. After sampling, plants were separated into roots and leaves, washed carefully
with deionized water in order to remove from the plant surface dust and soil particles. Then the
plant and soil samples were air-dried up to a constant weight. The plant samples were ground. The
soil samples were sieved through a 2 mm mesh to remove non-soil materials including plant
fragments and then ground to fine powder. The pH (1:2.5 H,0) of each soil sample was determined.
The granulometric composition of the soil samples was determined using the small-angle laser
diffraction method on a laser granulometer Shimadzu SALD-2201 (Japan). The data were processed
using the WingSALD software.

2.5 Analysis of Plant and Soil Material

Instrumental neutron activation analysis (INAA) was used to determine the concentrations of Ca,
Sc, Fe, Co, La, Sm, Eu, Th, Yb, and Lu in the plant and soil samples. The elemental analysis by INAA
can be performed without additional sample pre-treatment, thereby reducing the level of analytical
errors that may arise during sample preparation [22]. The amount of soil and plant material taken
for elemental analysis was between 50 and 100 mg. The samples were irradiated in a nuclear reactor
for 18 hours (soils) and 24 hours (plants) in a thermal neutron flux of 1 x 102 n x cm™? x s%. The
spectra of the irradiated samples were measured twice, once after one week and once after three
weeks of irradiation, using high-purity germanium detectors. The kO method was used to calculate
the element concentrations [23]. The certified reference materials (CRMs) NIST 1573 (tomato leaves)
from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) and SOIL-7
(International Atomic Energy Agency) were analyzed together with plant and soil samples. The
results of the analysis of the CRMs showed a good agreement with certified values. The accuracy of
the element determination was 1-2%. The ICP-MS was applied for the analysis of liquid samples.
The analysis was performed by a VG Plasma Quad PQ2+ ICP-MS instrument (VG Elemental, Winsford,
Cheshire, UK). Single-element standard solutions purchased from Inorganic Ventures (Lakewood, NJ)
were utilized to prepare calibration and internal standard solutions. Analysis was performed using
an external calibration procedure. Internal standards were included for matrix and instrumental
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drift corrections. Procedural blanks were analyzed to determine if there was any contribution from
the reagents.

2.6 Statistical Analysis

Data analysis was performed using the STATISTICA for Windows 8.0 work package (StatSoft, Tulsa,
OK, USA). Mean concentrations of elements and differences between groups of samples were
calculated. For all statistical tests, the significance level was set at P < 0.05. The normal distribution
of the data set was verified using the Shapiro-Wilk’s test. Pearson correlation analysis was used to
study the relationships between different elements. In addition, cluster analysis (Ward's method)
was applied to better understand the uptake of La and some other REEs by different plant species
andin the rhizosphere soil, as well as to assess the contribution of various factors that may influence
soil - plant interactions. For cluster analysis, the original data were standardized.

3. Results and Discussion
3.1 Effect of Different Growth Media on Uptake of La by Wheat Seedlings

To simplify the experimental conditions, some researchers often conduct experiments on the
absorption patterns of elements using liquid nutrient media [24-26]. The purpose of the test was to
compare the ability of plants growing in different media to accumulate La.

Growing wheat seedlings in soil and liquid media had different effects on La accumulation. The
concentration of La in roots of the wheat seedlings grown in soil was statistically significantly higher
than in roots of the seedlings grown in distilled water, water taken from spring, and in nutrient
solution (Figure 1a). However, La concentrations in leaves were similar regardless of where the
plants grew (Figure 1b). This may mean that a certain amount of La is required for wheat seedling
development. Although roots are able to uptake more of this trace element (e.g. if its concentration
in the growth medium is higher than in the plants), the transfer of La to the upper parts of the plants
will be limited. A low translocation of La from roots to upper plant parts was also reported by other
researchers [27-29].
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Figure 1 Mean concentration + SD of La in roots (a) and leaves (b) of wheat seedlings
grown in distilled water (1), spring water (2), nutrient solution of Hoagland (3), and in

soil (4).

3.2 Effect of Soil Characteristics on Uptake of La by Different Plant Species

The soil textures in the greenhouse and field experiments were different. In the greenhouse test,

the soil was a loamy sand, and in the field trial, it was a clay loam. The pH of the rhizosphere soil in
the experiments slightly differed. Figure 2 shows the distribution of essential nutrients - Fe, Ca, K,

and Na —in the soils.
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Figure 2 Mean concentrations of Fe, Ca, K, and Na in the rhizosphere soil of wheat (a),
rye (b), couch grass (c), and plantain (d).

There were no differences between concentrations of the elements in the soil taken from roots
of wheat and rye seedlings (greenhouse experiment), or between concentrations of Fe, Ca, K and
Na in the soil taken from roots of couch grass and plantain (field trial). In the soil used for the
greenhouse pot experiment, the concentrations of the elements were distributed as follows: Fe >
Ca > K> Na. In the field trial, the concentrations of Fe and K in the rhizosphere soil of couch grass
and plantain were similar and exceeded the concentrations of Ca and Na. In soil taken from roots of
couch grass and plantain, the concentrations of Fe and Ca were lower, and K and Na were higher
than the concentrations of the elements in soil taken from the roots of wheat and rye seedlings (the
differences were statistically significant, P < 0.05). It may be assumed that the differences in the
concentrations of these macro-elements are due to the texture of the soils (loamy sand and clay
loam). It was shown that soil C and N concentrations are strongly related to soil texture [30].

As shown in Table 2 and Table 3, the concentration of La in a clay loam soil (field trial) was higher
than in a loamy sand soil (greenhouse pot experiment). The concentration of La was usually much
higher in the rhizosphere soil than in the plants. The most pronounced differences between the
concentration of La in the soil taken from roots and its concentration in roots were observed for
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crops: 66 times higher for wheat and 54 times higher for rye. In weeds, these differences were lower:
21 times for plantain and 15 times for couch grass. The concentration of La was also higher in roots
than in leaves. Except plantain, the differences between La in roots and leaves were statistically
significant (P < 0.05).

Table 2 Mean concentration (mg kg) + SD of La in the rhizosphere soil, roots and leaves
of couch grass and plantain. a — differences between concentrations of La in roots and
leaves are statistically significant (P < 0.05). ® - differences between concentrations of La
in leaves of couch grass and plantain are statistically significant (P < 0.05).

Couch grass Plantain
Rhizosphere soil

30.0t£6.0 333%21
Roots

2.03+0.732 1.58 £ 0.26
Leaves

0.561 +0.147° 1.09 £ 0.49

Table 3 Mean concentration (mg kg) + SD of La in the rhizosphere soil, roots, and leaves
of wheat and rye seedlings. a — differences between concentrations of La in roots and
leaves are statistically significant (P < 0.05).

Wheat Rye
Rhizosphere soil

24.1+3.1 23.8+3.5
Roots

0.365 +0.135° 0.443 £ 0.260°
Leaves

0.076 + 0.030 0.103 +0.073

It should also be noted that the concentration of La in leaves of plantain was statistically
significantly (P < 0.05) higher than in leaves of couch grass. Both plants were grown under the same
conditions, and the La concentrations in the rhizosphere soil of plantain and couch grass were nearly
identical. The plants belong to different clades. Couch grass is a monocot, and plantain is a dicot. It
can be assumed that plants may have their own genetically determined way of distributing elements,
including La, between different parts of the plant. In particular, the study of the effect of elevated
La concentration in soil on maize Zea mays L. and bean Phaseolus vulgaris L. showed that the La
concentration in maize roots was lower than in bean roots [31].

3.3 Relationships between La and Other Elements in the Rhizosphere Soil and Plants

Correlation analysis showed that there was no statistically significant correlation between
concentrations of La in the rhizosphere soil and roots of wheat and rye seedlings (greenhouse
experiment), as well as between La in the soil taken from roots of couch grass and plantain and in
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roots of the plants (field trial). In both experiments, there was also no statistically significant
correlation between La in roots and leaves of all plants.

Lanthanum, like other metals, can accumulate in plants if the soil where the plants grow is
enriched with this trace element [16, 32, 33]. This is probably a result of the passive transport of La.
However, plants are usually “not interested” in accumulating La, and its concentration in different
plant species growing in clean soil is quite low, especially in the green plant parts [32, 34]. In most
cases, La uptake by roots significantly exceeds its transport from underground to the upper parts of
plants [35]. Roots act as a kind of barrier, preventing the transfer of many elements to leaves.
Therefore, the absence of a positive correlation between La in the roots and leaves of plants growing
in La-uncontaminated soil is expected.

In addition, the correlation between La and Ca, other REEs, Sc, Fe and Co in the rhizosphere soil,
roots and leaves of the plants grown in greenhouse and field experiments was calculated (Table 4).
Considering the publications on the possible replacement of Ca by REEs, the relationship between
La and Ca was of particular interest. However, among all samples, a statistically significant (P < 0.05)
positive correlation between La and Ca was found only in roots of rye seedlings (greenhouse pot
experiment). In all other cases, the correlation between La and Ca was statistically insignificant, and
usually the correlation coefficients did not exceed 0.32. This suggests that it remains unknown
whether La can be a physiological substitute for Ca.

Table 4 Pearson correlation coefficients between La and other elements in the
rhizosphere soil and plants (statistically significant correlation is shown in bold).
*Concentrations of the elements in the plant samples were below the limit of
determination.

Pot experiment

Wheat Rye
Element Soil Roots Leaves Soil Roots Leaves
Ca 0.13 0.35 0.32 0.17 0.64 0.20
Sc 0.24 0.70 0.59 0.68 0.80 0.14
Fe 0.35 0.70 0.55 0.54 0.89 -0.06
Co 0.37 0.24 0.59 0.51 0.72 0.19
Ce 0.59 0.23 0.09 0.62 0.49 -0.11
Sm 0.61 0.88 0.49 0.70 0.83 0.31
Eu 0.59 0.77 0.51 -0.30 0.02 0.14
Tb 0.59 * * 0.50 * *
Yb 0.20 * * 0.13 * *
Lu 0.29 * * 0.05 * *
Field experiment

Couch grass Plantain
Element Soil Roots Leaves Soil Roots Leaves
Ca -0.15 0.25 0.27 -0.33 0.09 0.31
Sc 0.51 0.51 0.52 0.98 0.83 0.68
Fe 0.51 0.40 0.48 0.95 0.48 0.72
Co -0.19 0.66 0.40 0.88 0.52 0.28
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Ce 0.94 0.00 0.46 0.93 0.46 0.47
Sm 0.97 0.61 0.41 0.99 0.76 0.57
Eu 0.08 -0.36  0.47 0.47 -0.18 0.74
Tb -0.42 * * 0.36 * *

Yb 0.48 0.28 0.29 0.40 0.32 0.40
Lu 0.54 0.04 0.28 0.85 0.19 0.47

As shown in Table 4, a significant (P < 0.05) positive correlation was observed between La and
Sm in most samples. The exceptions were leaves of rye and couch grass. In many cases, La was also
correlated with Sc, Fe, and Co. These last three elements are often present in the environment in
the trivalent state [36-38]. Therefore, they can have similar properties to REEs. It has been noted
that the uptake of REEs by plant roots is associated with the uptake of Fe [39]. An interesting
situation is observed with Sc. On the one hand, it was reported that the chemical behavior of Sc can
differ from that of other REEs [2]. This author also reported a low correlation of Sc with REEs [40].
But on the other hand, it is known that Sc, Y and La are considered as a triad, since they belong to
the 3™ group of the Periodic Table [41]. Thus, it is expected that these elements may behave
similarly. It is also interesting that the correlation between La and Eu in roots and leaves of wheat
seedlings and in the rhizosphere soil of the plants was statistically significant and positive, while in
the rhizosphere soil, roots and leaves of rye that grew under the same conditions and in the same
soil the correlation between La and Eu was statistically insignificant. This can be a result of the
release of different root exudates into the surrounding soil by these two plant species (wheat is a
monocot and rye is a dicot).

3.4 Cluster Analysis

Cluster analysis was employed to examine the behavior of La and several other elements (Ca, Sc,
Fe, Co, Ce, Sm, Eu, Yb, Lu) in soil and plants. Figure 3 shows an example of cluster analysis of the
rhizosphere soil and roots of couch grass and plantain. Based on the data, the following conclusions
can be drawn:

e in the rhizosphere soil of both plant species, light REEs La, Ce, and Sm formed a separate

cluster;

e similar close relationships between La, Ce, and Sm were found in plantain roots, but in couch

grass roots, Ce moved to the second cluster group;

e the two heaviest REEs, Yb and Lu, were always closely associated;

e inall samples (except plantain roots), Sc, Fe, and Co formed their group, separated from other

elements (this could be expected, since these elements are chemically similar);

e except for Eu, Ca was separated from other elements.

Results of cluster analysis were in good agreement with the data of correlation analysis.
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3.5 Europium Anomalies

In plants and soils, normalized REE patterns may help better understand biogeochemical
processes in the rhizosphere [42]. In this respect, among other REEs, Eu is one of the most
interesting trace elements because it can change its oxidation state when interacting with organic
and inorganic phases of soil. As a consequence, the mobility of Eu in soil and its uptake by plants
may change.

A standard method for studying the behavior of REEs in different objects involves the use of
normalized models, where the concentration of each REE in the sample is divided by its
corresponding concentration in the chondrite [43]. Figure 4 shows chondrite-normalized patterns
of some REEs in the rhizosphere soil, roots, and leaves of couch grass and plantain. Due to the
absence of significant differences in the concentrations of REEs in the soil taken from the roots of
couch grass and plantain, both curves were similar, and no Eu anomalies were detected (Figure 4a).
An apparent positive Eu anomaly was found in roots (Figure 4b). It has been suggested that the
positive anomaly of Eu in plants may result from the reduction of Eu3* to Eu?* in the rhizosphere and
thus increasing its mobility in the soil-plant system and leading to preferential uptake of Eu?* [43,
44]. A slight negative Eu anomaly was observed in plantain leaves, while no Eu anomaly was found
in leaves of couch grass (Figure 4c). A negative Eu anomaly in plants may be due to depletion of Eu
relative to other REEs in plant tissues [39]. Perhaps these results indicate, first of all, a different
situation at the rhizosphere-soil-plant root boundary, and also that the situation may be different
for other plant species, even if they grow under the same conditions.
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4. Conclusions

Our experimental results confirmed that among the main factors influencing the uptake of La by
plants are cultivated species and soil characteristics. The concentration of La even in La-
uncontaminated soil is usually higher than its concentration in plants, especially in upper plant parts.
However, plants growing in such uncontaminated soil do not accumulate this trace element.
Different plant species, such as monocots and dicots, growing under the same conditions, can
absorb different amounts of La. Another point to emphasize is that the correlation between some
REEs in roots, leaves, and rhizosphere soil of monocots and dicots can also be quite different. In
crops (wheat and rye), La uptake by roots and its transfer from roots to leaves was lower than in
weeds (couch grass and plantain). It can be assumed that for plants growing in uncontaminated soils,
the amount of La (as well as other macro- and trace elements) necessary for the normal functioning
of plants is genetically determined for each plant species and depends to a lesser extent on external
factors. In most cases, the correlation between La and Ca in the rhizosphere soil and plants is
statistically insignificant. Therefore, there is some doubt whether La can serve as a physiological
substitute for Ca. On the other hand, in many cases, La is highly correlated with Ce, Sm, Sc, Fe, and
Co. Therefore, it can be assumed that the biogeochemical behavior of La is more similar to these
trace elements than to Ca.

Acknowledgments

The author expresses her sincere gratitude to Dr. Dorothea Alber (Helmholtz-Zentrum Berlin,
Germany) and Dr. Sophie Ayrault (CEA-CNRS-UVSQ, Gif-sur-Yvette, France) for their help and
advices.

Author Contributions
The author did all the research work for this study.
Funding

This research received no specific grant from funding agencies in the public, commercial, or not-
for-profit sectors.

Competing Interests
The author has declared that no competing interests exist.
References

1. Aide MT, Aide C. Rare earth elements: Their importance in understanding soil genesis. Int Sch
Res Notices. 2012; 2012: 783876.

2. Ladonin DV. Comparative evaluation of adsorption of rare-earth elements in some soil types.
Eurasian Soil Sci. 2019; 52: 1175-1182.

3. BarratJA, Bayon G. Practical guidelines for representing and interpreting rare earth abundances
in environmental and biological studies. Chemosphere. 2024; 352: 141487.

Page 14/17



Recent Prog Sci Eng 2025; 1(3), d0i:10.21926/rpse.2503012

4,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Agathokleous E, Kitao M, Calabrese EJ. The rare earth element (REE) lanthanum (La) induces
hormesis in plants. Environ Pollut. 2018; 238: 1044-1047.

Cao X, Chen Y, Gu Z, Wang X. Determination of trace rare earth elements in plant and soil
samples by inductively coupled plasma-mass spectrometry. Int J Environ Anal Chem. 2000; 76:
295-309.

Tyler G. Rare earth elements in soil and plant systems-A review. Plant Soil. 2004; 267: 191-206.
Ramos SJ, Dinali GS, Oliveira C, Martins GC, Moreira CG, Siqueira JO, et al. Rare earth elements
in the soil environment. Curr Pollut Rep. 2016; 2: 28-50.

Ben Y, Cheng M, Liu Y, Wang L, Yang Q, Huang X, et al. The stimulatory effect and mechanism
of low-dose lanthanum on soybean leaf cells. J Hazard Mater. 2023; 441: 129924.

Iguchi S, Tokunaga T, Kamon E, Takenaka Y, Koshimizu S, Watanabe M, et al. Lanthanum
supplementation alleviates tomato root growth suppression under low light stress. Plants. 2023;
12: 2663.

de Oliveira C, Ramos SJ, Dinali GS, de Carvalho TS, Martins FA, Faquin V, et al. Biostimulant
response of foliar application of rare earth elements on physiology, growth, and yield of rice.
Plants. 2024; 13: 1435.

JiaT, Gu J, Ma M, Song Y. Lanthanum significantly contributes to the growth of the fine roots’
morphology and phosphorus uptake efficiency by increasing the yield and quality of Glycyrrhiza
uralensis taproots. Plants. 2024; 13: 474.

Sharma P, Jha AB, Dubey RS. Addressing lanthanum toxicity in plants: Sources, uptake,
accumulation, and mitigation strategies. Sci Total Environ. 2024; 929: 172560.

Singh G. Chemistry of lanthanides and actinides. New Delhi, India: Discovery Publishing House;
2007.

dos Remedios CG. Lanthanide ion probes of calcium-binding sites on cellular membranes. Cell
Calcium. 1981; 2: 29-51.

Brayshaw LL, Smith RC, Badaoui M, Irving JA, Price SR. Lanthanides compete with calcium for
binding to cadherins and inhibit cadherin-mediated cell adhesion. Metallomics. 2019; 11: 914-
924.

Nikolova V, Kircheva N, Dobrev S, Angelova S, Dudev T. Lanthanides as calcium mimetic species
in calcium-signaling/buffering proteins: The effect of lanthanide type on the Ca?"/Ln3*
competition. Int J Mol Sci. 2023; 24: 6297.

Martin B, Richardson FS. Lanthanides as probes for calcium in biological systems. Q Rev Biophys.
1979; 12: 181-209.

Madejoén P, Murillo JM, Marafién T, Lepp NW. Factors affecting accumulation of thallium and
other trace elements in two wild Brassicaceae spontaneously growing on soils contaminated by
tailings dam waste. Chemosphere. 2007; 67: 20-28.

Peters JA, Djanashvili K, Geraldes CF, Platas-lglesias C. The chemical consequences of the
gradual decrease of the ionic radius along the Ln-series. Coord Chem Rev. 2020; 406: 213146.
Liu C, Yuan M, Liu WS, Guo MN, Zheng HX, Huot H, et al. Element case studies: Rare earth
elements. In: Agromining: Farming for metals: Extracting unconventional resources using plants.
Cham: Springer; 2021. pp. 471-483.

Shtangeeva |, Ayrault S, Lissitskaia T. Effect of different growth media on uptake of elements by
wheat. Met lons Biol Med. 2002; 7: 289-295.

Page 15/17



Recent Prog Sci Eng 2025; 1(3), d0i:10.21926/rpse.2503012

22.

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Shtangeeva |. Accumulation of scandium, cerium, europium, hafnium, and tantalum in oats and
barley grown in soils that differ in their characteristics and level of contamination. Environ Sci
Pollut Res. 2022; 29: 40839-40853.

Lin X, Henkelmann R. The internal comparator method. Anal Bioanal Chem. 2004; 379: 210-217.
Zhao Y, Hu C, Wang X, Qing X, Wang P, Zhang Y, et al. Selenium alleviated chromium stress in
Chinese cabbage (Brassica campestris L. ssp. Pekinensis) by regulating root morphology and
metal element uptake. Ecotoxicol Environ Saf. 2019; 173: 314-321.

Rahman SU, Xuebin Q, Kamran M, Yasin G, Cheng H, Rehim A, et al. Silicon elevated cadmium
tolerance in wheat (Triticum aestivum L.) by endorsing nutrients uptake and antioxidative
defense mechanisms in the leaves. Plant Physiol Biochem. 2021; 166: 148-159.

Weng X, Li H, Ren C, Zhou Y, Zhu W, Zhang S, et al. Calcium regulates growth and nutrient
absorption in poplar seedlings. Front Plant Sci. 2022; 13: 887098.

Duarte AC, Oliveira CD, Ramos SJ, Castro EM, Siqueira JO, Guilherme LR. Lanthanum content
and effects on growth, gas exchanges, and chlorophyll index in maize plants. Acta Sci Biol Sci.
2018; 40: 38469.

Dridi N, Ferreira R, Bouslimi H, Brito P, Martins-Dias S, Cacador |, et al. Assessment of tolerance
to lanthanum and cerium in Helianthus annuus plant: Effect on growth, mineral nutrition, and
secondary metabolism. Plants. 2022; 11: 988.

Bouslimi H, Dridi N, Ferreira R, Brito P, Cacador |, Hidouri S, et al. Appraisal of the physiological
response of Cakile maritima and Brassica juncea for tolerating lanthanum stress. J Mar Sci Eng.
2023; 12: 65.

Spohn M, Stendahl J. Soil carbon and nitrogen contents in forest soils are related to soil texture
in interaction with pH and metal cations. Geoderma. 2024; 441: 116746.

von Tucher S, Schmidhalter U. Lanthanum uptake from soil and nutrient solution and its effects
on plant growth. J Plant Nutr Soil Sci. 2005; 168: 574-580.

Liu D, Wang X, Zhang X, Gao Z. Effects of lanthanum on growth and accumulation in roots of
rice seedlings. Plant Soil Environ. 2013; 59: 196-200.

de Oliveira C, Ramos SJ, Siqueira JO, Faquin V, de Castro EM, Amaral DC, et al. Bioaccumulation
and effects of lanthanum on growth and mitotic index in soybean plants. Ecotoxicol Environ Saf.
2015; 122: 136-144.

Purwadi I, Nkrumah PN, Paul AL, van der Ent A. Uptake of yttrium, lanthanum and neodymium
in Melastoma malabathricum and Dicranopteris linearis from Malaysia. Chemoecology. 2021;
31: 335-342.

Hu X, Ding Z, Chen Y, Wang X, Dai L. Bioaccumulation of lanthanum and cerium and their effects
on the growth of wheat (Triticum aestivum L.) seedlings. Chemosphere. 2002; 48: 621-629.
Lange B, van Der Ent A, Baker AJ, Echevarria G, Mahy G, Malaisse F, et al. Copper and cobalt
accumulation in plants: A critical assessment of the current state of knowledge. New Phytol.
2017; 213: 537-551.

Chassé M, Griffin WL, O’Reilly SY, Calas G. Australian laterites reveal mechanisms governing
scandium dynamics in the critical zone. Geochim Cosmochim Acta. 2019; 260: 292-310.

de Mello Gabriel GV, Pitombo LM, Rosa LM, Navarrete AA, Botero WG, do Carmo JB, et al. The
environmental importance of iron speciation in soils: Evaluation of classic methodologies.
Environ Monit Assess. 2021; 193: 63.

Page 16/17



Recent Prog Sci Eng 2025; 1(3), doi:10.21926/rpse.2503012

39.

40.

41.

42.

43.

44,

Brioschi L, Steinmann M, Lucot E, Pierret MC, Stille P, Prunier J, et al. Transfer of rare earth
elements (REE) from natural soil to plant systems: Implications for the environmental
availability of anthropogenic REE. Plant Soil. 2013; 366: 143-163.

Antonova SA, Ladonin DV. Rare earth elements in soils of the central forest state nature
biosphere reserve. Eurasian Soil Sci. 2022; 55: 191-199.

Cotton SA, Raithby PR, Shield A, Harrowfield JM. A comparison of the structural chemistry of
scandium, yttrium, lanthanum and lutetium: A contribution to the group 3 debate. Coord Chem
Rev. 2022; 455: 214366.

Pourret O, van Der Ent A, Hursthouse A, Irawan DE, Liu H, Wiche O. The ‘europium anomaly’ in
plants: Facts and fiction. Plant Soil. 2022; 476: 721-728.

Krzciuk K, Gatuszka A. Presence and possible origin of positive Eu anomaly in shoot samples of
Juncus effusus L. ) Trace Elem Med Biol. 2020; 58: 126432.

Haskin LA, Helmke PA, Paster TP, Allen RO. Rare earths in meteoritic, terrestrial, and lunar
matter. In: Activation analysis in geochemistry and cosmochemistry. Oslo, Norway:
Universitetsforlaget; 1971. pp. 201-218.

Page 17/17



