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Abstract

:

Rare earth elements were extensively employed for many years to improve plant growth in farming. However, their effect on plant’s behavior relies on their concentration and the plant species. The impact of low doses of lanthanum (La; 1–10 µM) on plant growth, mineral uptake, and the production of secondary metabolites was assessed in two Brassicaceae species (Cakile maritime and Brassica juncea) after 14 days of La exposure. The La accumulation potential was also evaluated. Results showed that both species were able to maintain good dry biomass production under La. C. maritima plants accumulated more La than B. juncea, and a higher accumulation was noticed in the roots (in both plant species). Accordingly to La accumulation in plant tissues, nutrient absorption was affected in C. maritima shoots and roots, whereas no severe effect on nutrient contents was noticed in B. juncea. Phenolic compounds increased in the aerial and underground parts of both species; thus, the accretion was more notorious in shoots of the highest La concentrations. The studied Brassicaceae species showed an ability to survive in a La-contaminated medium. However, according to tolerance index values, C. maritima was found to be more tolerant of La than B. juncea.
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1. Introduction


Rare earth elements (REEs) are non-essential metallic cations for living organisms [1,2], but they have been widely used in farming for a long time to improve crop growth (more than 100 cultivated crops have been fertilized with varying concentrations of REEs). These elements have been applied in different ways, such as seed preliminary treatments, foliar sprays, and incorporated into root fertilizers (which can be in the form of solids or liquids) as plant growth regulators [3,4,5]. Indeed, the addition of suitable quantities of REEs can stimulate seed germination, increase chlorophyll content, raise root growth, improve resistance, and subsequently increase crop yield [6]. Fertilizers enriched with REEs contain an average of 19.8, 4.6, 5.4, 1.9, 0.4, and 0.1% of La2O3, CeO2, Nd2O3, Pr6O11, Sm2O3, and Eu2O3, respectively [7]. Therefore, REEs can accumulate in soils, bioaccumulate in plants, and eventually enter the food chain [8], threatening human health [9].



The different processes may affect REE mobility in soils, such as the adsorption onto soil particles and colloids [10,11], the precipitation with phosphates [12], the formation of complexes with both organic and inorganic ligands such as carbonates, sulfates, and organic acids [13], and the interactivities with Mn- and Fe-oxides [11,14].



Lately, the effect of REEs on increasing plant resilience to environmental stress has been the subject of special attention, especially lanthanum (La), due to its distinctive chemical and physical characterization and its high abundance in the environment compared to other REEs [15]. Lanthanum is the major REE that could be found in fertilizers [16]; this fact facilitates its accumulation into the ecosystem and increases La phytotoxicity [17].



Plants absorb metals such as La via their roots and translocate them into several plant tissues, triggering physiological changes [18]. High concentrations of metals can alter the physiological status of the plant through the suppression of germination and growth [19], affecting cellular mitosis and elongation, the disturbance of nutrient uptake, and the change in metabolism, as well as transpiration rate [20]. The presence of metals can be harmful to plants, specifically when exposed to high metal concentrations, as they can raise the generation of reactive oxygen species (ROS) in plant cells [21,22].



However, experimental results showed that the toxicity of each element differs depending on the tested organism and the toxicological endpoint, as well as the period of treatment and the concentrations applied. Previous research demonstrated that a low La concentration has the potential to enhance physiological activities and promote plant growth and, at moderate concentration, La-enhanced photosynthesis and stomatal conductance in rice species [23]; protected soybean seedlings against increased UV-B radiation [24], promoted growth and enhanced soluble sugar and ascorbic acid levels in Brassica rapa [25]. In contrast, the application of medium or high concentrations of La affected wheat root development [26], inhibited nitrogen assimilation processes of soybean roots [27], affected rice photosynthesis [23], and reduced the mineral element content of rice [28]. Liu and Hasenstein [29] revealed that including La at concentrations lower than 1 μM resulted in increased root growth in Z. mays, while concentrations higher than 100 μM inhibited the development of this plant organ. Hence, investigating the impact of pollutants on plant growth can yield valuable insights that can be subsequently applied in assessing ecosystem risk [30].



The current study investigated the effect of low concentrations of La on two Brassicaceae species, Cakile maritima (halophyte) and Brassica juncea (glycophyte). B. juncea, an edible species, is used in oil production and various food applications [31], while C. maritima is an interesting species for traits related to economic potential (seed oil contents) [32]. These two Brassicaceae were chosen in this study due to their ability to tolerate and accumulate multiple metal elements when grown on metal-contaminated soils [33,34].



This research work was conducted to appraise the influence of increasing La concentrations on the growth of C. maritima and B. juncea plants and to assess the La accumulation potential in these two Brassicaceae in order to explore and identify new plant species that could be used in the phytoremediation of RREs polluted soils. The effects of La on nutrient uptake (K, Ca, and Mg) and the biosynthesis of secondary metabolites (phenolic compounds and flavonoids) were also examined.




2. Materials and Methods


2.1. Plant Culture


Cultures of C. maritima and B. juncea were carried out in a closed and semi-controlled greenhouse (natural photoperiod of 14/10 h day/night, mean temperature; 26 ± 4 °C, relative humidity range; 60–90% day/night).



Prior to cultivation, the seeds of the two plant species were sterilized in Ca(ClO)2 5% for 10 min. The disinfected Brassicaceae seeds were immersed in demineralized water for two hours and prepared to germinate in plastic receptacles filled with an inert substrate mixture (gravel/perlite (1:2, v/v)) and were daily hydrated with faucet water. After germination, plants were watered with Hewitt’s nutrient solution (T) [35]. Plantlets of C. maritima and Br. juncea (obtained after 4 weeks of germination) were transferred into a hydroponic system (dark-walled tubes of 150 mL). After 5 days of acclimatization, identical plants were selected for the La treatment. They were exposed to different La concentrations, 0, 1, 2.5, 5, and 10 µM, supplied in the form of La3+ that was added to the nutrient solution (T), for 14 days. All treatment solutions were renewed daily. A schematic representation of the La treatment setup is shown is Figure 1.




2.2. Plant Harvesting and Growth Parameters Determination


The plants were collected after 14 days of exposure to La. As a first step, the roots were immersed in a CaCl2 solution for 5 min to eliminate any residual traces of the used REEs that had adhered to the surfaces of tissues [36,37,38]. Afterward, all plant tissues (shoots and roots) underwent three rinses with cold deionized water. Subsequently, the plants were separated into their root and shoot components, and their fresh weights were promptly measured. The fresh plant material was oven-dried at 60 °C until constant weight. The shoot/roots dry biomass ratio (S/R) was determined as follows:


S/R = Shoots dry biomass/Roots dry biomass











The metal tolerance index was determined in the entire plant using the following formula as described by Sleimi et al. [39] and Dridi et al. [40]:


TI (%) = (Dry biomass of treated plants/dry biomass of control plants) × 100












2.3. La Accumulation and Minerals Analyses


Macro-nutrients (K, Ca, and Mg) were extracted and determined using dry plant tissues, as described by Sleimi et al. [41], Kouki et al. [42], and Bankaji et al. [43]: approximately 30 mg of dry plant material (reduced to a fine powder in an agate mortar) were digested in Teflon bombs with a volume of 3 mL of acid mixture composed with HNO3:H2SO4:HClO4 (10:1:0.5, v/v/v) for two hours at 110 °C. The digested products were diluted with 50 mL of nitric acid solution at 0.5% and filtered with the Whatman filter (N°1), and mineral contents were determined using atomic absorption spectrometry (AAS; Perkin Elmer PinAAcle900T, Waltham, MA, USA). Lanthanum contents were quantified using the same mineral extract via inductively coupled plasma mass spectrometry (ICP-MS; Perkin-Elmer NexION 2000C, Waltham, MA, USA) following the Brito et al. [44] procedure.




2.4. Total Polyphenols and Flavonoids Contents Determination


Secondary metabolites (total polyphenols (TP) and flavonoids) were extracted from plant dry tissues (shoots and roots) where 30 mg of the dry material (shoots or roots) were kept overnight into 10 mL of methanol/water mixture (80/20; v/v). The macerate was centrifuged at 2500 rpm for 30 min using a centrifuge (MPW-351 R, GmbH & Co.KG Bremen, Germany), and then filtered. The TP content was estimated according to the Folin–Ciocalteu colorimetric assay described by Velioglu et al. [45] and expressed as mg Gallic acid equivalents. The flavonoid content was determined using a spectrophotometric assay based on flavonoid–aluminum chloride (AlCl3) complexation, as previously described by Quitter et al. [46]. Rutine was used as a standard reference for the quantitative estimation of flavonoids.




2.5. Statistical Analysis


Each set of samples underwent analysis with a minimum of six replicates. The mean values and their respective standard deviations (±) are presented on the bars within the figures. To evaluate the impact of REE on the fluctuation of the parameters under investigation, we conducted a single-factor analysis of variance (ANOVA1) using STATISTICA 8.0 software. This statistical approach determines whether a specific factor exerts a significant impact. To compare the averages, Tukey’s HSD test was utilized to identify significant differences, with statistical significance considered at p < 0.05. Additionally, principal component analysis (PCA) was carried out using STATISTICA to examine the relationships among La and all the parameters studied for the two plant species under study.





3. Results


3.1. Plants Growth


In general, the findings indicated that there was no notable change in the dry biomass production of both B. juncea aerial and underground parts as the concentration of La increased in the hydroponic growth medium (Table 1). In comparison to the control, a slight decrease in the dry weight was detected in the aerial and underground parts of plants subjected to 10 μM La, but the variations were not statistically significant (p > 0.05). Adversely, an increase in the dry weight of aerial segments of the halophyte C. maritima was noted in all plants subjected to La when compared to the control plants (Table 1); however, only shoots of 1 µM La manifested a significant increment in the dry biomass (p < 0.05). Likewise, the roots of C. maritima showed a dry biomass enhancement in 1, 2.5, and 5 µM La (Table 1), and the highest value was detected in plants subjected to 2.5 μM La (p < 0.05) as compared to untreated plants. Nevertheless, 10 µM La significantly reduced roots dry biomass by 31% in C. maritima (p < 0.05).



The shoots/roots ratio (S/R) of both studied species showed no substantial variation (p < 0.05) in the presence of La in the hydroponic medium (Table 1), except in 10 µM La, a significant increase in C. maritima S/R ratio was noticed when compared to the control.



The tolerance index (TI) of B. juncea was minimized by 20% in plants cultivated in a medium containing 10 µM of La. Contrarily, the La tolerance index showed an increase in the entire plant (EP) of C. maritima at all La concentrations, specifically in the lowest La concentrations (up to a 60% and 40% increase in plants subjected to 1 and 2.5 µM La, respectively; Table 1).




3.2. Lanthanum Accumulation


As illustrated in Figure 2, C. maritima and B. juncea accumulated La in their roots more than in the shoots, especially in the highest applied La concentrations (2.5, 5, and 10 µM La). In addition, results showed that La accumulated in underground parts of the contaminated plants followed the increment of La in the hydroponic medium. In contrast, a very low uptake of La was noticed in shoots of B. juncea in all La concentrations. However, C. maritima accumulated an amount of 400 µg.g−1 DW at 10 µM La. A low La translocation from the root into the shoot justified the difference between La contents in the different segments of the studied species (Table 2). We noticed that C. maritima accumulated more La than B. juncea; where the contents were 4- to 7-fold higher in C. maritima.




3.3. Nutrients Uptake


According to Figure 3, applying different La concentrations affected the mineral absorption in the two species. The results manifested a significant decrease in K amounts in the aerial parts of B. juncea cultivated in the presence of 1 and 10 µM La (p < 0.05) compared to the control. Thus, a significant increment in K content in roots was noted in B. juncea treated with 2.5, 5, and 10 µM, where the K absorption increased by 2.3-fold in 2.5 and 5 µM La and by 1.8-fold in 10 µM La in comparison to the plants that received no treatment (p < 0.05; Figure 3a). Contrarily, La induced a significant decrease in K absorption in C. maritima shoots and roots in all La doses (p < 0.05), where the decline was more notorious in roots when compared to the untreated plants (Figure 3b).



Brassica juncea exhibited no noteworthy changes in calcium levels within both aerial and underground parts (Figure 3c), except in the case of 1 µM La. In this particular instance, the presence of 1 µM La led to a significant increment in calcium quantity in shoots of the treated plants compared to the others that received no treatment (p < 0.05). However, all La concentrations significantly (p < 0.05) decreased the accumulation of Ca in C. maritima aerial parts and roots as compared to the control (Figure 3d).



The introduction of varying concentrations of La into the medium resulted in a notable reduction in the uptake of Mg in both C. maritima and B. juncea shoots compared to the untreated group (p < 0.05). A different behavior was noted in the roots of the two species treated with La. Lanthanum concentrations did not significantly affect Mg content in B. juncea roots (p < 0.05) (Figure 3e) but significantly decreased Mg content in C. maritima (Figure 3f) when compared to the plants that received no treatment (p < 0.05).




3.4. Total Polyphenols and Flavonoids Production


Regarding the obtained results (Figure 4), TP content significantly increased in shoots of 2.5, 5, and 10 µM La and in roots of 2.5 µM La in B. juncea plants when compared to the untreated ones (p < 0.05; Figure 4a). C. maritima shoots showed a significant increment (p < 0.05) in the TP content in all La concentrations (except in 5 µM La) compared to the control; a clear elevation was only observed in roots of 1 and 2.5 µM La (p < 0.05; Figure 4b).



The synthesis of flavonoids significantly decreased only in the shoots of the highest La concentration (10 µM) and increased in the roots of 1, 2.5, and 10 µM La in B. juncea treated plants compared to the untreated ones (p < 0.05; Figure 4c). However, no significant variation was noted in flavonoid contents in C. maritima shoots and roots (only a significant increase in root flavonoids of 10 µM La was observed at p < 0.05) in comparison with plants that received no treatment (Figure 4d).




3.5. Principal Component Analysis


We conducted an association analysis among the studied parameters using a correlation circle derived from principal component analysis (PCA), as illustrated in Figure 5. The statistical findings revealed that the multifactorial analysis of the impact of La was primarily influenced by two factors, Factor 1 and Factor 2. In B. juncea, Factor 1 explained 62.53% of the variance in shoots and 45.31% in roots (Figure 5A). Similarly, for C. maritima, Factor 1 accounted for 60.37% of the variance in shoots and 54.56% in roots (Figure 5B). On the other hand, Factor 2 represented a smaller proportion of variance, contributing only 24.54% and 26.80% in B. juncea shoots and roots and 26.17% and 33.84% in C. maritima shoots and roots, respectively. The findings indicated that there was a positive correlation between La and polyphenols, while a negative correlation was observed with flavonoids in shoots of B. juncea (Figure 5A-a). In the roots of the same plant, a positive correlation was found between La and potassium (K) content (Figure 5A-b). Additionally, a clear association between La, magnesium (Mg) amounts, and total polyphenols was observed in the shoots (Figure 5B-c), and a clear association between La and flavonoids was identified in the roots (Figure 5B-d) of C. maritima. However, shoots of C. maritima marked a negative correlation between La and K content (Figure 5B-c).





4. Discussion


Numerous studies focused on investigating the physiological impacts of applying REEs on plants. Our results showed that C. maritima and B. juncea were capable of maintaining good growth and surviving under metal-induced stress while exposed to various La concentrations in the hydroponic solution. Indeed, there is no significant decline in the biomass production of B. juncea contrarily to C. maritima, which showed a significant increase in shoots and roots dry biomass of plants treated with 1 µM and 2.5 µM La, respectively. In addition, the percentages of the TI of C. maritima exposed to La are higher (p < 0.05) than 100% (Table 1), indicating a considerable tolerance of this species to La-containing medium, especially at the lowest La doses (1, 2.5, and 5 µM). On the contrary, B. juncea TI was lower than 100% at 2.5, 5, and 10 µM La concentrations (Table 1).



Plant biomass production is considered an indicator of the plant’s susceptibility to tolerate metallic constraints. The increase in shoots and root biomass of C. maritima at the lowest La concentrations (1, 2.5, and 5 µM) accorded with previous research where low concentrations of La have also been shown to enhance shoots and root growth of other species. For example, de Oliveira et al. [47] stated an increase in root and shoot biomass of soybean plants contaminated with 5 µM and 10 µM La, respectively. Furthermore, Xiong et al. [48] found that low La doses improved the growth of B. juncea. In contrast, when applying a dose of 1 mg La (≈7 µM), a noticeable decline in the elongation of the primary root was noted, and this effect became more pronounced with higher La concentrations in the nutritive solution. Moreover, an elevated concentration of La (20 µM) negatively affected the growth of soybean [47]. Qin et al. [49] documented that the toxicity induced by metallic cations in plants encompasses the occurrence of chromosome abnormalities associated with the suppression of mitosis. In fact, a mitotoxic effect, characterized by a decline in the mitosis process, was recorded in Allium sativum L. and Triticum durum (Desf.) under the effect of La [26,50].



According to our findings, B. juncea and C. maritima absorbed elevated quantities of La (specifically in their underground parts with a low translocation of La to the shoots). Indeed, Yuan et al. [51] revealed that vascular species generally manifest low REE TFs. Our findings were in concordance with those reported by Xiong et al. [48] and Carpenter et al. [52], where the findings demonstrated that the absorption of REEs by plants was greater in the roots compared to the above-ground tissues of B. juncea. Similar results were observed in the soybean plant [47], ramie (Boehmeria nivea L.) [53], and willows (Salix spp.) [54]. In addition, Dridi et al. (2022) demonstrated that La contents in Helianthus annuus roots were greater than those in shoots [55].



The accumulation of REE in plant tissues can be explained by the fact that REEs might trigger endocytosis within plant cells, helping their deposition [23]. Significant proportions of REEs can also bind to cell walls, while certain ions penetrate the cell membrane and accumulate within organelles as crystalline formations. In fact, the selective accumulation of La in the roots may be attributed to the attraction of La to the cell walls, its precipitation in the root’s apoplast [56], or relatively low permeability through the endodermis [57]. Seregin and Kozhevnikova [58] conveyed that the notable variations in the metal uptake and distribution within different plant parts are contingent upon the metals’ accessibility and entry into plant roots via plasma membrane cation channels. The accumulation of REEs in plant roots suggests that the absorbed elements have likely undergone multiple forms where they can be precipitated, complexed, and inactivated within the root tissues [59]. Additionally, some REEs become localized in root cortical tissues, thereby preventing their translocation to other plant parts, particularly the aerial organs [47]. Moreover, according to Carpenter et al. [52], the absorption of REEs by plant roots can be attributed to their possessing similar ionic radii resembling that of calcium.



Metal accumulation can positively or negatively influence the mineral uptake of plants and thus can disrupt the absorption and distribution of essential minerals in different plant tissues [20]. Our findings indicated that La significantly enhanced (p < 0.05) potassium contents in the roots of B. juncea subjected to 2.5, 5, and 10 µM La. Contrarily, potassium uptake was reduced in C. maritima shoots and root tissues treated with the same La concentrations. Increased potassium levels were detected in other studies; for example, de Oliveira et al. [47] stated a significant increase in K contents in roots and shoots of soybeans contaminated with La, where the obtained results were explained by a synergistic link between La and K. Similarly, Liu et al. [60] reported that La could induce an increase in K accumulation in the plant. However, these results exhibit that La reduced K uptake in C. maritima shoots and roots and B. juncea shoots. This decrease can be attributed to the modification of the vascular structure and a decrease in the diameter and number of the xylem vessels under the effect of metal [61,62].



Calcium is essential for maintaining membrane functions, cell wall integrity, and plant growth [63]. Our results indicated that the presence of La in the hydroponic solution did not affect the absorption of Ca in B. juncea. However, a concentration of 1 µM La significantly increased Ca levels and reduced Mg absorption in the aerial plant parts. Contrarily, La decreased Ca levels in C. maritima shoots and roots. A similar effect on calcium nutrition was reported by Xu et al. [64], where the application of La induced a reduction in Ca accumulation in Hydrocharis dubia. The reduction in Ca content can be due to the accumulation of La in plant tissues. Indeed, due to the chemical and physical similarities between La and Ca (similar ion radii of 0.110 and 0.099 nm, respectively), the action mechanism of these minerals in plants is identical, which allows La to imitate the biological functions of Ca and replace it in proteins and tissues [16,65]. This property generates competition between these two elements because La can replace Ca since they can use identical absorption sites. In general, this substitution induced a change in the cell walls of soybeans at high La concentration [47]. In addition, de Oliveira et al. [47] mentioned that energy-dispersive X-ray microanalysis results indicated that La could be taken up into plant cells and subsequently bound to cell walls, mitochondria, and chloroplast membranes, substituting Ca in cell walls and Ca oxalate crystals. However, our findings indicated an increment in Ca levels in the lowest dose of La (1 µM) in B. juncea. Similar results were observed in the Xie et al. [66] study reporting the increase in Ca in the roots and seeds of rice contaminated with low La concentration.



Magnesium serves as the core element within the chlorophyll fragment and acts as a co-factor in numerous enzymes activating the phosphorylation process [63]. Results showed that La negatively affected the Mg content in B. juncea shoots and C. maritima shoots and roots. The decrease in Mg may be caused by the replacement of Mg ions in the chlorophyll molecule by toxic metals, such as La, due to their similar radii. This substitution leads eventually to the destruction of chlorophyll [67].



The mineral uptake was more affected in C. maritima than in B. juncea; K, Mg, and Ca contents were significantly decreased in different plant tissues. Negative correlations were observed between La concentrations and K content in roots, K in shoots, and Ca content in the shoots of C. maritima (Figure 3). These results suggest that this element (La) disrupts K and Ca transport in C. maritima. On the other hand, for B. juncea, there was no clear association between the nutrient contents and the presence of lanthanum. Generally, the addition of La in the hydroponic solution exerts a substantial influence on both plant growth and the absorption of nutrients [48,68]. Wang et al. [68] discovered that these modifications could be attributed to DNA damage and the formation of DNA–protein crossings. Damage in the DNA structure induced by La was shown in Vicia faba L. seedlings [69]. This effect could lead to a disruption of nutritional balance in plants [68,69,70,71].



Metals can be harmful to plants when accumulated in their tissues; thus, plants implement various mechanisms to prevent their accumulation [72], such as the biosynthesis of secondary metabolites under metal stress, attributed to their chelating capacity [73]. The biosynthesis of secondary metabolites is a cellular mechanism to detoxify ROS produced due to oxidative damage of metal ions. In B. juncea, an increase in total polyphenols and flavonoids was noted at 2.5, 5, and 10 µM La, whereas in C. maritima, the increase was significant in all La concentrations. The influence of La on the biosynthesis of secondary metabolites was reported in the literature. Dridi et al. (2022) exposed Helianthus annuus plants to La (1–10 µM) and discovered that the presence of La promoted the production of phenols and flavonoids [55]. In addition, La stimulated taxol production in Taxus yunnanensis cell cultures [10] and induced a general increase in certain phenolic acids in Hypericum perforatum [74].



Due to their influence on membrane permeability, REEs can expedite the exudation of secondary metabolites within the surrounding medium. Phenolic compounds possess the capacity to delay the generation of free radicals [75] in order to protect plants against oxidative stress. Phenols also chelate metal ions due to the existence of hydroxyl and carboxyl groups [76]. REEs promoted the increase in the transcriptions of essential anabolism genes, thus increasing the biosynthesis of secondary metabolites. Ma et al. [77] established a clear connection between the metal content in the culture medium and phenylalanine ammonia-lyase (PAL) activation. As documented by Sen [78], PAL is recognized as a pivotal enzyme in the formation of total polyphenols, including flavonoids and anthocyanins. This enzyme is particularly responsive to various biotic and abiotic stress factors. Certainly, the accumulation of total polyphenols can be attributed to the control of the biosynthesis of phenylpropanoid enzymes [79,80]. This regulation of phenolic compound biosynthesis is closely linked to the adjustment of transcription levels in genes responsible for encoding these biosynthetic enzymes, particularly in response to metal-induced stress. [81,82]. As the primary secondary metabolites, polyphenols, vitamins, and terpenes exhibited the ability to combat ROS and prevent oxidative damage [83]. The chemical characterization of these compounds plays a significant role in their antioxidant properties. For instance, it has been noted that the antioxidant effectiveness of flavonoids is linked to the hydroxyl groups, which facilitate the donation of hydrogen and electrons to radicals, thereby stabilizing them [84].



In this study, La concentrations increased the flavonoid contents in the roots of the two studied Brassicaceae. These results may suggest that both species increased their production of flavonoids as a protective mechanism against metal constraints. Handa et al. [85] revealed that flavonoids were significantly raised in B. juncea under Cr stress; it has been proven that these molecules are capable of elevating the chelation process of metals, which helps to reduce harmful hydroxyl radical levels in plant cells [86,87]. Moreover, flavonoids are recognized for their capacity to eliminate hydrogen peroxide (H2O2) and intervene in the phenol/ascorbate peroxidase cycle [88,89]. These compounds can also suppress lipid peroxidation and increase membrane fluidity and stability, preventing the release of ROS and suppressing the peroxidation reactions [90,91]. In this study, flavonoid contents decreased in the shoots of the two plants. These findings were supported by Babula et al. [74], where flavonoid contents decreased in shoots and roots of Hyperium perforatum under La stress. This fact might be explained by a strategy of saving energy, where plants may instead invest in the phenolic acid (hydroxycinnamic acid) production pathway first and do not trigger the stimulation of genes implicated in the formation of flavonoids and anthocyanins while being able to mitigate stress through the action of phenols [72].




5. Conclusions


Considering these results, we can conclude that low concentrations of lanthanum generally improved the development of C. maritima. Contrary to B. juncea, which remained an ordinary growth in the presence of La. This study also proved that C. maritima can accumulate La more than B. juncea, where the contents were 4- to 7-fold higher in C. maritima. This may explain the fact that mineral uptake was more affected in C. maritima than in B. juncea, where C. maritima’s K, Ca, and Mg contents were found highly decreased in the presence of La. Cakile maritima confirms its halophyte character; it shows an improvement in its growth in the presence of low doses of NaCl. This suggests a better use efficiency of nutrients when La is applied at low concentrations. In addition, the strategy of the two Brassicacea species to tolerate La contaminated medium relies on the biosynthesis of some secondary metabolites as a protective system against metallic constraint; the presence of La amplified total phenolic compounds in B. juncea species and C. maritima. In addition, the roots of the two species can accumulate high levels of lanthanum with a limited translocation factor from roots to shoots. The findings indicate that both of these species exhibited resistance to La (with moderation for B. juncea depending on La concentration in the medium). They were capable of restricting the translocation of the REE into the aerial parts, thereby minimizing La-induced metabolic damage. Consequently, these species are suitable for the phytostabilisation of La within their root systems.
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Figure 1. Schematic representation of the experimental setup of the treatment of Cakile maritima and Brassica juncea with lanthanum (La). 1—germination; 2—pre-treatments: irrigation with Hewitt’s nutrient solution (T) + acclimatization period; 3—beginning of treatments; and 4—end of treatments. 
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Figure 2. Variation of La concentration in roots and shoots of Brassica juncea (a,b) and Cakile maritima (c,d) plants exposed to different La concentrations for 14 days. Values were means ± standard deviation. Distinct letters signify statistically significant differences at p < 0.05. 
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Figure 3. Mineral elements uptake (K, Ca, and Mg) in roots and shoots of B. juncea (a,c,e) and C. maritima (b,d,f) plants exposed to different La concentrations for 14 days. Values were means ± standard deviation. Distinct letters signify statistically significant differences at p < 0.05. 
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Figure 4. Fluctuations in the overall total phenolic compounds and flavonoid levels within the shoots and roots of B. juncea (a,c) and C. maritima (b,d) after exposure to different doses of lanthanum (La) for 14 days are illustrated. Values were means ± standard deviation. Values bearing distinct letters signify statistically significant differences at p < 0.05. 
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Figure 5. Correlation circle derived from the principal component analysis (PCA) of lanthanum dose (La), dry biomass (MS), total polyphenols (TPP), flavonoids (FLAV), and nutrients (calcium (Ca), magnesium (Mg), potassium (K)) data of the aerial—(a,c) and underground—(b,d) parts of Brassica juncea (A) and Cakile maritima (B). 






Figure 5. Correlation circle derived from the principal component analysis (PCA) of lanthanum dose (La), dry biomass (MS), total polyphenols (TPP), flavonoids (FLAV), and nutrients (calcium (Ca), magnesium (Mg), potassium (K)) data of the aerial—(a,c) and underground—(b,d) parts of Brassica juncea (A) and Cakile maritima (B).
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Table 1. Shoots (S) and roots (R) dry weight (DW), dry biomass ratio of shoot/root (S/R), and entire plant (EP) tolerance index (TI) of C. maritima and B. juncea plants under the impact of different La doses for 14 days. Values are mean ± standard deviation. Distinct letters signify statistically significant differences at p < 0.05.






Table 1. Shoots (S) and roots (R) dry weight (DW), dry biomass ratio of shoot/root (S/R), and entire plant (EP) tolerance index (TI) of C. maritima and B. juncea plants under the impact of different La doses for 14 days. Values are mean ± standard deviation. Distinct letters signify statistically significant differences at p < 0.05.





	
La, µM

	
Brassica juncea

	
Cakile maritima




	
S DW (mg)

	
R DW (mg)

	
S/R

	
EP TI (%)

	
S DW (mg)

	
R DW (mg)

	
S/R

	
EP TI (%)






	
0

	
174.8 a ± 7.7

	
15.4 a ± 1.0

	
11.8 a ± 0.7

	

	
88.0 a ± 1.1

	
15.9 a ± 0.5

	
5.6 a ± 0.2

	




	
1

	
183.7 a ± 7.2

	
15.0 a ± 0.5

	
12.3 a ± 0.5

	
108.4 ± 7.2

	
132.3 b ± 6.2

	
18.7 ab ± 0.6

	
7.1 ab ± 0.3

	
164.9 ± 8.8




	
2.5

	
174.5 a ± 7.1

	
15.3 a ± 0.3

	
11.5 a ± 0.5

	
99.6 ± 7.0

	
112.9 ab ± 18.4

	
20.4 b ± 1.5

	
5.8 a ± 1.1

	
140.4 ± 25




	
5

	
174.8 a ± 7.5

	
13.8 a ± 0.3

	
12.7 a ± 0.6

	
98.5 ± 7.4

	
96.6 a ± 3.7

	
17.5 ab ± 1.2

	
5.6 a ± 0.4

	
114.0 ± 5.6




	
10

	
156.7 a ± 7.8

	
13.8 a ± 0.3

	
11.4 a ± 0.6

	
80.6 ± 7.7

	
96.1 a ± 3.7

	
11.5 c ± 0.3

	
8.4 b ± 0.5

	
105 ± 5.0











 





Table 2. Mean values of translocation factor ratio (TF) of La in Brassica juncea and Cakile maritima under different La concentrations.






Table 2. Mean values of translocation factor ratio (TF) of La in Brassica juncea and Cakile maritima under different La concentrations.





	
La (µM)

	
TF




	
B. juncea

	
C. maritima






	
1

	
0.005 ± 0.001

	
0.060 ± 0.004




	
2.5

	
0.003 ± 0.000

	
0.040 ± 0.003




	
5

	
0.001± 0.000

	
0.023 ± 0.002




	
10

	
0.004 ± 0.001

	
0.073 ± 0.007
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