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Rare earth elements (REEs) are a group of 15 elements, the lanthanides and Yttrium and Scandium, with similar chemical and physical properties. Their use for many advanced technological applications remarkably increased in the last decades, and it was associated with an intensive extraction of such elements from their ores. Consequently, increasing amounts of either REE-containing by-products, deriving from the extraction process, and REE-containing wastes, deriving from the disposal of REE-containing devices, are reaching the environmental systems both at the local and global levels, as never in the past. Few data in the literature concern the effect (beneficial or toxic) induced by REEs application in terrestrial plant species and at different physiological stages. A set of experiments with exposure to two REEs was performed on some plants to evaluate this. Data of investigations focused on the exposure of lentil (Lens culinaris Medik.) seedlings and onion (Allium cepa L.) bulbs to cerium chloride (CeCl3) and neodymium chloride (NdCl3) at different concentrations for 72 h. Results showed alteration of the growth rate and the levels of some parameters considered as biomarkers of stress (reactive oxygen species and antioxidant systems). An increase in some mitotic aberrations was also observed in the root tissues of both species. The results indicate that the sensitivity of lentil in this bioassay is higher for lower concentrations compared to onion. Also, lower concentrations of these REEs had a positive effect on the growth rate of lentils underlining the complex interaction occurring between REEs and different plant organisms.
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INTRODUCTION
Rare earth elements (REEs) are metals of the lanthanoid series in the periodic table. They are naturally present at low concentrations in soil, water and atmosphere, where accumulation can occur following anthropogenic inputs from agriculture, animal husbandry and wastes of industrial applications (Tommasi and d’Aquino, 2017). Though they are termed “rare”, REEs are, in fact, commonly found in soils worldwide (Hu et al., 2006); the classification of “rare” solely refers to the lack of large deposits or ores that are characteristic of other elements such as silver and gold (Carpenter et al., 2015). REEs are not individual native metals, but they occur together in numerous ore/accessory minerals as minor or major constituents. Sites in areas impacted by mining activities, not only related to REEs extraction and industry, have been shown to contain REEs with concentrations up to 100 times higher than normal background levels (Gwenzi et al., 2018). In recent decades, the utilization of REEs in a broad array of industrial processes made REEs indispensable ingredients in many technological applications and their utilization in agriculture, animal husbandry and medicine are also well known (Tommasi and d’Aquino, 2017). It was reported that approximately 85 tonnes of neodymium (Nd) were released into the environment from phosphate fertilizer production in the Netherlands in 1994 (Sneller et al., 2000). Currently, REEs do not present any threshold limit values for national and international regulations, but they can be considered as new emerging contaminants with still unknown effects (Galdiero et al., 2019). In a study conducted by Li et al. (2010), it was found that REEs soil pollution due to tailings from a REEs processing plant in China can travel up to approximately 7 km before soil concentrations stabilize to natural levels. Specifically, neodymium (Nd) and praseodymium (Pr) levels concerning the source were found to be, respectively, 5726 and 1614 mg/kg at 0.4 km, 2266 and 650 mg/kg at 0.8 km, 1279 and 373 mg/kg at 1.3 km and 310 and 85 mg/kg at 2.1 km (Li et al., 2010). It was also reported that soils in polluted sites near industrial locations in the Netherlands contain high levels of REEs [800–900 mg/kg cerium (Ce), 500–700 mg/kg lanthanum (La), 400 mg/kg Nd and 100 mg/kg Pr], which are at least 100 times higher than background levels (Sloof et al., 1993).
Although relatively scarce information is available to date on REEs-associated biological effects, including bioassays on model organisms and human health effects (Pagano et al., 2015a; Pagano et al., 2015b; Gravina et al., 2018; Galdiero et al., 2019), an increasing amount of data about the biological effects of REEs including their potential genotoxicity, often controversial, are available from the 1980s about the effects on terrestrial plants (Lopez-Moreno et al., 2010; He and Loh 2000, 2002). Their mechanisms of action and behavior in biological systems are far from being completely understood, but it seems dependent on their concentration and physicochemical conditions of the exposure media. Similarities in their mode of action were evidenced, but not univocally (Siciliano et al., 2021). Previous studies suggested that plants can absorb REEs due to the similar ionic radii these elements share with calcium (Ca) (Pickard, 1970; Hu et al., 2004). Perturbations of the primary metabolisms, including photosynthesis, respiration and photorespiration, occur under environmental stresses, inevitably leading to enhanced production of reactive oxygen species (ROS) (Mittler et al., 2004; Shigeoka and Maruta, 2014). In addition, different authors reported that Ce enhanced photosynthesis (Fashui et al., 2002; Xiaoqing et al., 2009; Yuguan et al., 2009), mitochondrial activity (Dai et al., 2011) and nitrogen metabolism (Weiping et al., 2003). An increase in ROS and inhibition of several antioxidants following Ce treatments was observed in rice (Xu and Chen, 2011) and impairment in macronutrient metabolism has been reported in horseradish (Guo et al., 2007). Therefore, there is strong evidence that REEs can be responsible for oxidative stress in plants and induce a defense response (Zicari et al., 2018). Plants are the most important source of antioxidants that are useful to counteract the ROS produced in plant metabolism and particularly over-generated in response to biotic and abiotic stress. Between them, the components of the ascorbate-glutathione pathway participate in ROS-scavenging (Paradiso et al., 2016; Hasanuzzaman et al., 2019) in which the ascorbate (ASC) is a key component. Few data are available on the potential genotoxic effects of REEs on plants.
The aim of this work was to provide new data on the responses of lentil and onion to Ce and Nd exposure in order to clarify the potential toxicity and genotoxicity of these elements. Rate growth, with particular attention to the root and aerial part, cell division, mitotic aberrations and the role of antioxidant components, were investigated to shed light on the stress response induced by Ce and Nd on these plant species.
MATERIALS AND METHODS
Chemicals
All reagents used in this study were of the highest grade available. They were purchased from Sigma Aldrich Merck Life Science (Milan, Italy) and used without further purification. The chloride hydrate forms of Ce and Nd (Table 1) were selected as the source compound of the REE due to their high solubility in water. Both were dissolved in ultrapure water produced by a Milli-Q system (Millipore, Bedford, MA, United States) to reach the final concentration.
TABLE 1 | Sources of rare earth elements (REEs) and range of doses.
[image: Table 1]Plant material and experimental setup
Lentil (Lens culinaris Medik. cv. Eston) seeds were sanitized with 0.5% (v/v) sodium hypochlorite solution for 15 min (ISTA, 2012), then thoroughly washed and soaked in distilled water for 20 min (Ghassemi-Golezani et al., 2008). The seeds were allowed to germinate on filter paper (Whatman grade 1) in Petri dishes (12 cm diameter) at 24 ± 1°C and 55–60% relative humidity in the dark. Seedlings were transferred 2 days after germination to a hydroponic set-up in which roots emerged in REEs solution 5, 25, 50 and 100 μM for both Ce and Nd for 72 h before subsequent analyses. Control seedlings were grown in distilled water. Onion (Allium cepa L.) bulbs were grown in distilled water at room temperature according to Ping et al. (2012) and as roots reached 3 cm in length, bulbs were treated with Ce and Nd 0.1 and 1 mM for 48 h. Control bulbs were treated with distilled water.
Mitotic aberrations
Sample preparation was carried out as reported by Sharma and Sharma (1980). Briefly, root tip was washed with distilled water and hydrolyzed with 1 N HCl at 70°C for 5 min, root apex first was excised and treated with aceto orcein 1% for 2 min then squashed with a metal rod and treated again with aceto orcein 1% for 2 min. Photomicrographs were taken and a minimum of 300 cells per slide were analyzed. Three slides were observed for each treatment and for each sample. Mitotic index, micronucleus in interphase and chromosome aberrations in mitotic phases were determined.
The mitotic index was culculated according to Fiskesjö, (1985) as follows:
Mitotic index = number of cells in mitosis/total number of cells.
Anomalies were calculated according to Salazar-Mercado et al. (2019) as follows:
Relative abnormality rate = (Total number of abnormal cells/Total number of cells observed) × 100.
Ascorbate and dehydroascorbate content
Treated and control seedlings (0.5 g) were homogenized with cold 5% metaphosphoric acid in a 1:4 ratio in a porcelain mortar. The homogenate was centrifuged for 15 min at 20,000 × g (4°C) and the supernatant was collected and immediately assayed for ASC and dehydroascorbate according to Loi et al. (2020).
Lipid peroxidation analysis and H2O2 content
For lipid peroxidation, plant material was homogenized with four volumes of 0.1% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 12,000 × g, for 10 min, at 4°C. 1 ml of the supernatant was mixed with 1 ml of 20% TCA containing 0.5% (w/v) thiobarbituric acid (TBA). The level of lipid peroxidation was evaluated in terms of malondialdehyde (MDA) content determined by the TBA reaction. Intracellular H2O2 concentration was evaluated according to Villani et al. (2021).
Statistical analysis
The data presented are the mean of at least three different replicates of three independent experiments. All analyses were run separately for each REE evaluated. One-way ANOVA followed by Dunnett’s multiple comparisons test was performed using GraphPad Prism version 9.0 (GraphPad Software, San Diego, CA, United States). Statistical significance was accepted at p < 0.01 (*), p < 0.001 (**) and p < 0.0001 (***).
RESULTS
Plant growth
Ce and Nd concentrations were chosen for onion according to preliminary results from Romero-Freire et al. (2021) and for lentil after preliminary trials suggesting that concentrations greater than 100 μM were not tolerated by lentil (data not shown). The analyses on onion were performed at higher concentrations. Mobility and bioavailability of lanthanides (Ln) are influenced by factors such as pH, concentration and type of organic and inorganic ligands and temperature. The nitrates, chlorides and sulfates of Ln are soluble, while their carbonates, phosphates and hydroxides are insoluble (Wells and Wells, 2001). Commonly, Ln are present in the trivalent oxidation states (Cotton, 1991), but extreme ecological conditions can change the redox state of elements such as Ce or Eu. In these experiments, the species of REE most bioavailable created after calculating speciation using PHREEQC were Ln+3 (Supplementary Table S1).
Table 2 reports the length of root and aerial part of Ce- and Nd-treated lentil seedlings. Generally, the exposure to both treatments resulted in a significant reduction of root and aerial part lengths, except at 5 µM where the root length did not significantly differ with respect to the control and the aerial part had grown higher (Table 2 and Figure 1). Both root and aerial part showed significant inhibition of elongation at the highest concentration (100 µM) of Ce and Nd. As regards onion, the treatment with REEs at both concentrations, caused a significant reduction of the length of the root compared to the control, with a higher value at 1 mM. Differently by the lentils, in onion, the inhibition of root length at a concentration of 0.1 mM, was found lower in Ce than Nd (Table 2).
TABLE 2 | Effect of different concentrations of Cerium (Ce) and Neodymium (Nd) on root and aerial part length in lentil and on root length in onion. Values are expressed as average ±standard deviation (n = 43).* Statistical significance at p < 0.01 (*), p < 0.001 (**).
[image: Table 2][image: Figure 1]FIGURE 1 | Evolution of root length in lentil seedlings following treatment with Ce [(B) 5 μM, (C) 25 μM, (D) 50 μM, (E) 100 µM] and Nd [(F) 5 μM, (G) 25 μM, (H) 50 μM, (I) 100 µM] for 3 days. (A), control.
Genotoxicity and mitotic abnormalities
Four types of mitotic abnormalities were observed (Figure 2) and no stickiness was observed in control and 100 μM Ce. Similarly, vagrant chromosomes in metaphase were the less frequent abnormality, absent with 0, 5 and 25 µM Ce and low value at higher concentrations (50 and 100 µM). In Nd treatment instead, except for 5 μM, with the increment of its concentration, a progressive increase of this abnormality was observed with the maximum value at 100 µM (Table 3). A significant abnormality is the anaphase bridge; generally, both Ce and Nd, caused an increase in their number with the increment of REE concentration utilized, with a minimum value of 1 and a maximum of 24 in presence of Ce respectively at 5 and 100 µM and no bridge was observed at 5 µM Nd. The C-mitosis is the most frequent anomaly in lentil treated with Ce, since all the treatments presented it (with a maximum of 41 at 100 µM) except for the 5 µM.
[image: Figure 2]FIGURE 2 | Mitotic aberrations observed in onion meristematic cells exposed to Ce (A–C) and Nd (D) at 100 µM. (A) sticky chromosome, (B) C-mitosis, (C) bridge and (D) vagrant chromosome. Magnification ×400.
TABLE 3 | Cytogenetic analysis of onion and lentil root tips exposed to different concentrations of REE; total cell number, mitotic index and percentage of aberrations after 72 h of treatment with Ce and Nd, and control. The values represent the mean of three experiments ±SD.
[image: Table 3]Onion seemed to be less sensitive to Ce and Nd than lentil since at lower concentrations (5, 25 and 50 µM) less chromosome aberrations were observed (data not shown). It showed less frequency in the abnormalities and only to higher Ce and Nd concentrations (Table 3). Indeed, onion did not present vagrant chromosomes, although there were observed all other types of chromosome aberrations. Generally, a tendency was observed in which 1 mM treatment of both Ce and Nd caused the highest frequency of abnormalities. 0.1 mM did not cause stickiness when treated with Ce, although 1 mM presented a value of 8 (Table 3). On the other hand, both Nd concentrations produced stickiness, vagrant and bridge chromosomes. Finally, the C-mitosis as observed in lentil root was the most frequent anomaly, with a maximum at 1 mM Ce.
Ascorbate and dehydroascorbate content in lentil seedlings
The ASC content in lentil root significantly increased following exposition to 25 and 100 μM Ce and decreased following exposition to 5 and 50 μM Ce (Figure 3A) whereas in the aerial part a significant increase until 25 µM occurred and a decrease was observed at 50 and 100 µM (Figure 3B). DHA increased significantly at all concentrations in both root and aerial part (Figures 3A,B). Consequently, the ASC/ASC + DHA ratio (Figure 3E) significantly decreased in root at 5, 50 and 100 µM and in aerial part at 25, 50 and 100 µM with respect to the control. A different trend of ASC was observed for Nd treatment (Figures 3C,D). A significant decrease in ASC content was recorded in root and aerial part treated at all concentrations compared to the control. Significant effects on DHA levels on root and aerial part were detected at all concentrations of Nd as compared to the control. The ASC/ASC + DHA ratio (Figure 3F), therefore, significantly decreased in root at all concentrations and in aerial part starting at 25 µM.
[image: Figure 3]FIGURE 3 | Effects of different concentrations of Ce (A,B) and Nd (C,D) on the contents of ascorbate (ASC) and dehydroascorbate (DHA) after 3 days of treatment in roots (A,C) and aerial parts (B,D) and the ratio of ASC/ASC + DHA (E,F) of lentils. Vertical bars indicate the SD of three replicates in each treatment group. * Statistical significance at p < 0.01 (*), p < 0.001 (**), and p < 0.0001 (***). F.W, fresh weight.
Hydrogen peroxide content and lipid peroxidation levels in lentil seedlings
The hydrogen peroxide content increased significantly in root treated with Ce or Nd at concentrations of 25, 50 and 100 µM and in the aerial part when treated with Ce at 5 µM and Nd at 100 µM (Figures 4A,B), as compared to the control. The malondialdehyde content, index of level peroxidation of biological membranes, significantly increased in root at all Ce concentrations being significant at 5, 50 and 100 μM, whereas in the aerial part an increase and decrease were registered to Ce 50 and 100 μM, respectively (Figure 4C), with respect to the control. As regards Nd, it induced a significant increase at 100 µM in root and at 25 and 50 µM in the aerial part (Figure 4D).
[image: Figure 4]FIGURE 4 | Effects of different Ce and Nd concentrations on the hydrogen peroxide (H2O2) (A,B) and malondialdehyde (MDA) (C,D) contents after 3 days of treatment in roots and aerial parts of lentils. Vertical bars indicate the SD of three replicates in each treatment group. * Statistical significance at p < 0.01 (*), p < 0.001 (**), and p < 0.0001 (***). F.W, fresh weight.
DISCUSSION
Over the last decades, particular interest has been focused on the biological effects of the REEs. Although some REEs have been described over the years, many of them lack some knowledge of the cytotoxic effects on plant cells and the molecular mechanisms that are the basis of their toxicity. Some data on sea urchins indicate negative effects of REEs on sperm fertility and embryo development and an increase in toxicity according to the molecular mass of the elements (Oral et al., 2017; Trifuoggi et al., 2017; Gravina et al., 2018). On the other hand, genetic tests with lanthanum (La) nitrate on mice seem to exclude La as a genotoxic hazard (Yang et al., 2016). In plants, physiological effects on the photosynthetic process, growth, enzymes and proteins have been reported (Pickard, 1970; Babula et al., 2008; Xiaoqing et al., 2009). It has been documented the presence of REEs in both the roots and shoots of various plant species growing in soils containing low, natural levels of the REEs (Markert and Li, 1991; Fu et al., 1998; Tyler and Olsson, 2005). This is indicative that REEs can be accumulated in vegetables and horticultural crops and potentially be toxic for humans and animals. To elucidate the mechanism of action of REEs in plants, which is still poorly understood (Yang et al., 2015), concentrations higher than natural levels of REEs were utilized. In this study, therefore, we analyzed the effect of various concentrations of Ce and Nd on plant growth, including mitotic index and mitotic abnormalities and cellular oxidative stress by analyzing the role of ASC, a defense and antioxidant metabolite, in the detoxification process of H2O2 and lipid peroxidation induced by the two REEs.
The two plant species used in this work showed significant inhibition of root elongation. Lentil and onion, however, showed a different tolerance to Ce and Nd, higher in onion (mM in onion vs. µM concentration in lentil). This can be due to different plant tissue utilized (seedlings for lentils and bulbs for onion) but generally presupposes that each plant species can respond differently to REEs (Tommasi and d’Aquino, 2017).
The mitotic index, which reflects the frequency of cell division, is a generally accepted measure of cytotoxicity for all living organisms (d’Aquino et al., 2009; Çavuşoğlu et al., 2012). In our experimental conditions to higher concentrations of Ce and Nd, the mitotic index significantly decreased (Table 3) and dramatically inhibited the root growths of both onion and lentil (Figure 1). Chromosome anomalies are alterations or disorders induced by various agents (Datta et al., 2018). Their frequency is correlated to the concentration of genotoxic agents (Fatma et al., 2018). The observation of chromosome aberrations in root tip cells, such as sticky chromosomes, vagrant chromosomes, bridges, and C-mitosis (Figure 2), with a higher frequency, indicates that higher concentrations of Ce and Nd might cause breakage of the spindle fiber. Therefore, chromosome aberration and the decreases in mitotic index may be major factors in inhibiting root growths of onion exposed to higher concentrations of Ce and Nd. Similarly, cadmium may induce chromosome bridges, stickiness and fragment during mitosis of Allium cepa var. agrogarum L. (Zou et al., 2012; Wang et al., 2014) and treatment with La leads to the appearance of binuclear cells in soybean (de Oliveira et al., 2015). Decreased mitotic activity and increased aberration rates were found also in Paracentrotus lividus embryos reared in Dy, Ho, Er, Yb, Lu (Oral et al., 2017).
The sensitivity to REEs depends from the organism. In sea urchins, negative effects are present at lower concentrations (Oral et al., 2017) respect to those used in this study. Treated at 5 μM, there is no inhibition of the growth in the root, but there is a significant increment in the rate of mitotic aberrations. At 5 μM, the absence of inhibition in lentil root with the higher growth of the aerial part can be explained as hormesis of REEs, as already reported for human effect and sea urchins. Hormetic effects induced by REEs (Park et al., 2008; Calabrese, 2010; Calabrese, 2013; Pagano et al., 2015a) suggest that REEs can exert a protective effect at low concentrations and a toxic effect at higher concentrations. La and Ce exhibit high cytotoxic effects at concentrations of 10–200 and 5–50 mg/L respectively in onion root suggesting that in areas with high soil concentrations of REEs, their effect on the biota must be carefully monitored. In addition, trials on Vicia faba showed that REEs are toxic in water solutions, but the toxicity was mitigated in presence of nutrients (Romero-Freire et al., 2021). Genotoxic effects of Ce oxide micro and nanoparticles in onion roots were reported by (Liman et al. (2019).
The higher H2O2 content and peroxidation level in the roots than in aerial parts of lentils treated with Ce is indicative of a higher oxidative status, probably involved in the higher inhibition of root growth with respect to the aerial part. Generally, the increased ASC observed in both roots and aerial parts highlights that the seedlings attempt to counteract the oxidative stress induced by Ce. Indeed, it is known that ASC, a key molecule in the plant antioxidant system, can directly block the radical species (Paciolla et al., 2019), including the ROS, such as hydrogen peroxide that at high concentrations, are reported to be toxic for the cell (Wojtyla et al., 2016). In addition, due to its redox potential (from +0.40 to +0.50 V) (Matsui et al., 2015; Paciolla et al., 2019), ASC is known as an antioxidant compound involved in the maintenance of cellular redox balance. However, it is observed a concomitant increase in the oxidized form of ASC, DHA, which to a high level is reported to be toxic for the cell and may inhibit the root growth (Paciolla et al., 2001). Additionally, DHA can be alternatively reduced by ferredoxin-, glutathione- and NAD (P) H-dependent pathways underlying a metabolic link between the NAD (P)-dependent redox system and the low molecular weight antioxidant compounds (Sano, 2017). The DHA trend, therefore, brings to shift the ratio ASC/ASC plus DHA towards the oxidized form possibly causing a perturbation of the cell redox state. A higher cell oxidative condition was detected in lentil seedlings treated with Nd compared to Ce. The lower ASC level and the contemporaneous higher DHA content caused a stronger imbalance of the redox ratio of the couple ASC-DHA that together with the higher lipid peroxidation and hydrogen peroxide levels caused a higher cell oxidative stress. Indeed, has been reported that the treatment of REEs could change the activity of the redox system and the permeability of the plasma membrane in the plant cell, leading to the damage of the plasma membrane (Zheng et al., 2002; Peng et al., 2007; Zicari et al., 2018) and a significant increase in ROS and MDA levels were found in embryos of P. lividus treated with Ce (Oral et al., 2017).
All these data indicate that at higher concentrations both plant species suffered despite the antioxidative response being alerted. The increase of REEs in the environment is consistent with a potential accumulation and an increase of toxicity in different organisms. Further biochemical and physiological studies are needed to better understand the specific mechanisms that are the basis of these complex responses. For instance, a deep study of the defense systems such as the ascorbate-glutathione cycle and other antioxidant systems (catalase, peroxidases, phenols, vitamins, pathogenesis-related proteins) could be highly useful. This will allow to understand the action mechanisms of Ce and Nd and to identify potential bioactive compounds able to minimize or neutralize the effects of these REEs and counteract their toxicity.
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Nd Neodymium chloride hexahydrate NdCl;#6H,0 13477-89-9 18, 8.96, 1792, 35.84, 358.7 40.10
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(mm) inhibition (%)* length (mm) length inhibition
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Lens culinaris
0 1670 + 0.48 - -
Ce 3 Control 5804 + 1.102 4686 + 0.568 -
5uM 5372 % 1921 7.44 5562 + 0.788" -18.69
25 M 3336 £ 1791% 1252 4011 £ 1.231% 144
50 uM 1942 + 0.585* 66.54 3298 £ 1221 29.62
100 M 1314 0297 7736 3,079 £ 0,984 3429
Nd 3 Control 5.804 + 1.102 - 4686 + 0.568 -
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Species REE Concentrations  No. Mitotic Stickiness ~ Bridges ~ C-mitosis ~ Vagrant % of
of index Aberrant
cells cells
Lens Control - 1043 0.105 + 0.068 1 1
calinatis Ce 5 M 1124 0094 £0021 2 1 B 026
25 M 1067 0076 £ 0033 3 4 3 093
50 pM 1103 0053 £008 6 1 40 544
100 uM 1158 0.035 + 0.012 - 24 41 579
Nd 5uM 1097 01010017 1 - 6 0.64
25 M 112 0855 + 0.04 5 6 135
50 pM 1056 0058 0013 7 10 21 436
100 pM 1008 038£0017 3 19 30 605
Allium cepa Control - 2582 0412 £ 0,031 - 1 0039
Ce 0.1 mM 2074 0104 + 0,013 12 2 183
1 mM 2312 0080014 8 16 60 36
Nd 0.1 mM 1912 0101 £0011 4 1 38 224
1mM 1922 004£0012 2 7 42 265
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