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Abstract

The role of calcium (Ca) on the cellular distribution of U(VI) in Brassica juncea roots and root-to-

shoot translocation was investigated using hydroponic experiments, microscopy, and spectroscopy. 

Uranium accumulated mainly in the roots (727–9376 mg kg−1) after 30 days of exposure to 80 μM 

dissolved U in water containing 1 mM HCO3
− at different Ca concentrations (0–6 mM) at pH 7.5. 

However, the concentration of U in the shoots increased 22 times in experiments with 6 mM Ca 

compared to 0 mM Ca. In the Ca control experiment, transmission electron microscopy–energy-

dispersive spectroscopy analyses detected U–P-bearing precipitates in the cortical apoplast of 

parenchyma cells. In experiments with 0.3 mM Ca, U–P-bearing precipitates were detected in the 

cortical apoplast and the bordered pits of xylem cells. In experiments with 6 mM Ca, U–P-bearing 

precipitates aggregated in the xylem with no apoplastic precipitation. These results indicate that 

Ca in carbonate water inhibits the transport and precipitation of U in the root cortical apoplast and 

facilitates the symplastic transport and translocation toward shoots. These findings reveal the 
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considerable role of Ca in the presence of carbonate in facilitating the transport of U in plants and 

present new insights for future assessment and phytoremediation strategies.
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INTRODUCTION

The consequences of uranium (U) contamination in the environment caused by the demand 

for weapon manufacturing and nuclear energy include negative ecological effects, the 

potential risks of U entry into food chains, and the subsequent human health exposure.1–7 

Uranium accumulates in plant roots, crosses cell structure barriers, and is transported to the 

shoots.8–10 However, the mechanisms affecting the transport of U in plant root and 

subsequent root-to-shoot translocation are still largely unknown.

Aqueous chemical speciation controls the accumulation and transport of U(VI) in plants in 

oxidizing environments. Uranium is mainly accumulated as U(VI) phosphate on the root 

surface through precipitation and/or adsorption mechanisms.10,11 Phosphate complexation 

with U(VI) decreases U accumulation in all plant tissues.10,12 The presence of a relatively 

high calcium (Ca) concentration in carbonate water can inhibit U accumulation in plants 

likely as a result of interactions with neutrally charged calcium uranyl carbonate complexes 

(Ca–U–CO3).13 The complexation of U(VI) with carbonate and citrate enhances U root-to-

shoot translocation.14–17 Such an increase in U translocation in planta is generally attributed 

in the literature to the following electrostatic interactions. First, the negatively charged 

uranyl carbonate/citrate and the cell wall components (e.g., phosphate) repulse each other 

electrostatically, avoiding U precipitation and increasing U root-to-shoot translocation. 

Second, the positively charged uranyl cations (UO2
2+) and the negatively charged cell wall 

components of roots attract each other, enhancing U precipitation in the roots and decreasing 

U translocation.10,14 Surprisingly, U precipitates were recently detected with endogenous 

phosphorus (P) in the cell walls of the root surface reacted with negatively charged uranyl 

carbonate (U–CO3), suggesting that U–CO3 complexes can still lead to the precipitation and 

retention of U in root cell walls.13 The specific conditions and mechanisms (e.g., the 

presence or absence of a major element, such as Ca, and the formation of ternary Ca–U–CO3 
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complexes) that can affect the cellular distribution of U in the roots and root-to-shoot 

translocation at circumneutral pH are still not well-understood. Both Ca and carbonate 

represent important environmental and physiological constituents that can affect metal 

accumulation in plants.18–20 Understanding the mechanisms governing U transport in plants 

and the elements involved in such mechanisms is important given their relevance to 

phytoremediation and human health concerns.

In this research, we investigated the cellular distribution of U in the roots and root-to-shoot 

translocation in plants exposed to U and carbonate at different Ca concentrations using 

hydroponic experiments and microscopy and spectroscopy analyses. Brassica juncea was 

used as a hyperaccumulator model plant for research investigating U bioaccumulation that 

showed a significant potential for U accumulation in shoots.9,21,22 The exposure 

experiments were conducted in hydroponic systems using a constant concentration of 

HCO3
− at pH 7.5 under a range of Ca concentrations. The experimental conditions, 

including the concentrations of U, Ca, and carbonate and the pH of exposure solutions, were 

selected (1) to represent environmental locations where U–CO3 and Ca–U–CO3 aqueous 

complexes can be formed in natural waters and sediments4,13,23 and (2) to investigate the 

mechanisms of U root-to-shoot translocation under a range of Ca and U concentrations in 

which translocation of U in plants in carbonate water has been detected in the literature.10,14 

Our results contribute to further understand the complex mechanisms of U transport and 

root-to-shoot translocation by providing insights about the important role of Ca in the 

rhizosphere where U carbonate complexes (U–CO3 and Ca–U–CO3) can commonly occur at 

circumneutral pH.

MATERIALS AND METHODS

Seedling Growth and U Treatment.

B. juncea was selected in this work as a research model for phytoremediation studies.9,21,24 

Plant seeds were soaked on humid filter paper previously washed with ethanol to allow for 

seed germination. After 1 week, seedlings were transferred to a non-closed hydroponic 

system (46 L), which was open to the atmosphere and supplied with NPK liquid fertilizer 

prepared in purified water. Seedlings were kept at this condition for 2 months under 21–

25 °C night and day temperature in a 12/12 h light/dark cycle. Healthy 2 month old 

seedlings were then selected for exposure experiments and acclimatized to the chemical 

composition of the exposure solutions for 5 days in 400 mL solution containing simplified 

Hoagland nutrients but without U at pH 5.8–6.2. The chemical composition of the exposure 

solutions (0.5 mM MgSO4, 2 mM NH4NO3, 1 mM KCl, 1 mM NaHCO3, and 3 mM 

CaCl2·2H2O) was depleted of phosphate to avoid any improper U phosphate complexation/

precipitation.

Seedlings were then exposed for 30 days to 80 μM U added as UO2 (NO3)2 (1000 mg L−1, 

Sigma-Aldrich). The concentration of U was selected according to previous studies: (1) 

showing U root-to-shoot translocation in carbonate water and (2) detecting U accumulation 

in cells using microscopy and spectroscopy techniques.9,10,14,25,26 The exposure solutions 

consisted of fresh ultrapure water containing simplified Hoagland nutrients but presenting 

three different Ca treatments: (1) first treatment corresponds to 0 mM Ca, where ultrapure 
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water was free of any added Ca; (2) the second treatment was prepared by adding 0.3 mM 

Ca to the solution; (3) and the third treatment was prepared by adding 6 mM Ca to the 

solution. All of the exposure solutions contained 2 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer to keep the pH stable at 7.5. Three replicate 

polypropylene (PP) bottles (n = 3) were used for each Ca treatment and for controls 

(solutions with no added U). Each bottle contained one seedling and 400 mL of exposure 

solution. All of the PP bottles were cleaned in dilute nitric acid bath (10%) and washed in 

ultrapure water before using them in the experiments.

Analytical Methods.

The total U content in acid-digested root and shoots was analyzed using inductively coupled 

plasma optical emission spectrometry (ICP–OES, PerkinElmer Optima 5300DV) and 

inductively coupled plasma mass spectrometry (ICP–MS, PerkinElmer NexION 300D). 

Both ICP–OES and ICP–MS were calibrated using a five-point calibration curve. The 

quality of the results was ensured by conducting periodical measurements of quality control 

and quality assurance standards. The accuracy and precision of measurements during the 

course of each analytical run were verified by checking the percent recovery (90–110%) and 

the standard deviation for the analysis of an initial calibration verification solution and 

different continuing calibration verification solutions (ICV and CCV). Statistical analyses 

were conducted using the software XLSTAT13,27,28 to analyze the significance of the effect 

of Ca treatments (n = 3) on U accumulation in roots and shoots at p < 0.05 (Table S1 of the 

Supporting Information). Visual MINTEQ29,30 was used to assess U aqueous speciation 

using inputs based on the chemical composition of the exposure solutions in our study. Root 

cross sections were analyzed using transmission electron microscopy (TEM) and electron 

microprobe analysis (EPMA). More details about statistical analyses and plant (roots and 

shoots) preparation for analytical and spectroscopy analyses are presented in the Supporting 

Information.

RESULTS AND DISCUSSION

Effect of Ca on U Accumulation and Root-to-Shoot Translocation.

Calcium in carbonate water significantly decreased (p < 0.05) U accumulation in the roots 

and increased U root-to-shoot translocation (Figure 1 and Table S2 of the Supporting 

Information). In experiments free of Ca, the mass of U in the roots was 3.35 ± 0.8 mg 

(which corresponds to 9376 ± 1237 mg kg−1 of dry biomass of roots). However, the mass of 

U in shoots was only 0.0042 ± 0.002 mg (2.3 ± 0.6 mg kg−1 of dry biomass of shoots), 

indicating very low root-to-shoot translocation. At a low Ca concentration (0.3 mM), Ca 

slightly increased U mass in the roots to 4.2 ± 1.3 mg (12692 ± 6492 mg kg−1) as well as in 

the shoots with up to 0.022 ± 0.005 mg (10 ± 0.2 mg kg−1). However, at a high Ca 

concentration (6 mM), the mass of U in the shoots increased to 0.133 ± 0.07 mg (51 ± 25 mg 

kg−1) with a significant increase (p < 0.05) in U translocation and a significant decrease in U 

accumulation in the roots, where the mass of U was 0.37 ± 0.1 mg (727 ± 90 mg kg−1). The 

results indicate that Ca and carbonate facilitated the translocation of U (Table S2 of the 

Supporting Information). In fact, the percentage of U mass in the shoots (with respect to the 

total U mass accumulated in plants) increased from 0.12 to 26.4% when Ca increased from 0 
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to 6 mM, whereas the percentage of U mass in the roots decreased from 99.88 to 73.6%, 

respectively. Translocation depends upon a combination of chemical and biological 

mechanisms not yet well-understood.10 A different behavior of U accumulation was 

obtained in our previous study, where no root-to-shoot translocation and no significant 

accumulation (p < 0.05) in the plant roots were detected when plants were exposed to 

similar Ca treatment (6 mM) in carbonate water.13 However, in that study, plants were 

exposed to at least 27.2 less dissolved U concentration than the present study.13 The 

difference in U uptake and accumulation in plants with respect to the initial U concentration 

is consistent with possible toxic effects of U on plant tissues.31,32 Seregin et al. suggested 

that an increase of metal concentration can disrupt the physiological and structural 

characteristics of translocation barriers in root cells, resulting in an increase in metal 

translocation.33 Further investigations are necessary to understand how the mechanisms of U 

toxicity in plants could affect the transport of U into plant roots (e.g., cell wall permeability 

and transport protein activity) and its translocation to the shoots.

The translocation factor, calculated as the ratio of the U content in the shoots to that of roots,
34 was found below 1 under all Ca treatments, reflecting the main accumulation of U in the 

roots. However, the concentration of U in the shoots increased 22 times when the Ca 

concentration was increased from 0 to 6 mM. Uranium translocation also increased in 

previous studies in different plant species (e.g., Arabidopsis thaliana, oilseed rape, 

sunflower, and wheat) exposed to U (6.5–100 μM) and carbonate in Hoagland nutrient 

solutions containing Ca (>0.3 mM).10,35 Laurette et al. attributed the translocation of U at 

these conditions to the formation of the negatively charged U–CO3 complexes, which likely 

react less with the negatively charged cell wall components compared to the positively 

charged UO2
2+.10 Chemical equilibrium modeling based on the experimental conditions 

used in our study suggests that the enhancement of U root-to-shoot translocation at 6 mM Ca 

corresponds to an increase of neutrally charged Ca–U–CO3 from 0 to 72% and a decrease of 

the negatively charged U–CO3 from 99.5 to 15% (Table S3 of the Supporting Information). 

The presence of positively charged UO2
2+ was negligible under all treatments, and only 0.1–

0.5% of UO2–OH were predicted to be present. The enhancement of U root-to-shoot 

translocation in the presence of neutrally charged Ca–U–CO3 is in good agreement with 

previous studies showing that neutral molecules are more readily transported from the roots 

to the shoots than charged molecules.36

Uranium Cellular Distribution in B. juncea Roots.

The presence and variation of U distribution in root cells caused by different Ca treatments 

was confirmed by TEM, scanning transmission electron microscopy (STEM), and electron 

microprobe analyses. Bright-field TEM imaging and electron diffraction analyses indicate 

that precipitation of U occurred as crystalline needle-like grains, which contained P, under 

all Ca treatments as indicated by the energy-dispersive spectroscopy (EDS) spectra (panels 

M–Q of Figures 2). Uranium accumulated at specific sites in the roots with respect to the Ca 

concentration. In experiments free of Ca, the U–P-bearing precipitates aggregated and 

attached to the cell walls in the cortex tissue (panels A–D of Figures 2) with no detectable 

precipitation inside the cells. In experiments with 0.3 mM Ca, U–P-bearing precipitates were 

detected in the intercellular space of the cortex tissue and the xylem (panels E–H of Figures 
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2). In contrast, in experiments with 6 mM Ca, intracellular U–P-bearing precipitates were 

observed in the vacuole of parenchymal tissue (panels I–L of Figures 2) and inside the 

xylem near the cell wall.

Generally, U needs to pass through two pathways to be transported inside the plant from the 

roots toward the shoots: symplast and apoplast. In the symplastic pathway, U can enter the 

cells by crossing the cell membrane and via plasmodesmata to be transported from one cell 

to another toward the vascular tissue. In the apoplastic pathway, U only undergoes a short-

distance transport through the cell walls and intercellular space of epidermis and cortex 

tissues. To enter the vascular tissue from the cortex, U needs to move symplastically through 

the endodermis, because apoplastic movement is blocked by a barrier in endodermal cell 

walls, termed the Casparian strip.

In this study, U showed two different transport mechanisms with respect to the Ca 

concentration in carbonate water that agreed with the measured accumulation of U in roots 

and shoots. TEM images indicated the apoplast as the primary transport pathway of U in the 

absence of Ca, resulting in a high precipitation of U with endogenous P in the cortex region. 

Such precipitation corresponded to a high accumulation of U in the cortical apoplast and no 

root-to-shoot translocation. In the presence of a low Ca concentration (0.3 mM), U–P 

precipitation was also detected in the cortex region with no intracellular precipitation, 

suggesting that the apoplast remained the main transport pathway for U. However, some U–

P-bearing precipitates were observed passing through the bordered pits and inside the xylem 

cells, indicating that Ca enabled U to cross the membrane of endodermal cells, which 

allowed U to move into xylem and increased the transport of U toward shoots. Uranium 

noticeably penetrated more into the vascular tissue in experiments with a high Ca 

concentration (6 mM) with no detectable apoplastic precipitation, suggesting that Ca 

facilitated the mechanism of symplastic transport of U within the roots toward the shoots. 

The symplast represents a selective and regulated pathway that involves the transport of 

solutes from cell to cell by plasmodesmata.37,38 Thus, the mediation of U transport through 

the symplast by Ca can both enhance root-to-shoot translocation and, at the same time, 

decrease U accumulation in the roots, in comparison to root cortical apoplastic transport. 

This explains the significant decrease (p < 0.05) of the U content in plant roots when we 

detected a significant U accumulation (p < 0.05) in the shoots at 6 mM Ca.

The root-to-shoot translocation of U in carbonate water was attributed in previous studies to 

an electrostatic repulsion between the negatively charged U–CO3 complexes and the 

negatively charged cell walls in the cortical apoplast, leading to a symplastic transport.10,14 

In our study, U accumulated in the cortical apoplast of plant roots when the negatively 

charged U–CO3 complexes predominated in water free of Ca at pH 7.5. These observations 

suggest that the apoplastic transport can still occur in the roots in the presence of the 

negatively charged U–CO3 complexes. However, the transport of U in root cells changes 

from apoplastic to symplastic when the Ca concentration increases in carbonate water, 

resulting in a significant (p < 0.05) U accumulation in the shoots. Such an effect suggests 

that (1) the predominance of neutrally charged Ca–U–CO3 complexes (72%) at a high Ca 

concentration facilitates U penetration through the cell membrane, enhancing U transport 

inside the cells of the roots toward the shoots, (2) a high Ca concentration induces specific 
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physiological mechanisms in plant roots, facilitating U transport in the cells, or (3) a 

combination of 1 and 2. Because the symplastic transport mechanisms occurred under both 

the increase of the Ca concentration and the increase of neutrally charged Ca–U–CO3 in 

water, the results of this study suggest synergetic chemical and physiological effects of Ca. It 

is likely that Ca facilitates symplastic transport when the neutral aqueous complexes Ca–U–

CO3 predominate in water. This is in good agreement with the literature that found that 

neutrally charged molecules have a higher root-to-shoot translocation than charged 

molecules as a result of a higher membrane permeability and a high affinity to aquaporins 

channels.36,39,40 Given that Ca is a potential messenger that participates in the regulation of 

both membrane permeability and transport proteins,41 further research is needed to 

understand the specific physiological mechanisms that facilitate U transport through root 

cells involving Ca.

CONCLUSION

The results obtained in this study reveal that U root-to-shoot translocation in carbonate water 

is caused by Ca, as opposed to what is known in the literature thus far.11 ,14,35 TEM images 

suggest that the mechanistic pathway of U in the roots (from the epidermis toward the 

vascular tissues) of plants in carbonate water is determined by the concentration of Ca. A 

low Ca concentration (0.3 mM) induces apoplastic transport and precipitation of U with 

roots endogenous to P, resulting in a high root accumulation and low root-to-shoot 

translocation. However, a high Ca concentration (6 mM) was found to inhibit the apoplastic 

transport of U and to facilitate the symplastic transport mechanisms, resulting in a decrease 

in U root accumulation and an increase in U root-to-shoot translocation. The increase of 

neutrally charged Ca–U–CO3 concentrations could be a key factor increasing the affinity of 

U to cross the cell membrane and facilitating its translocation toward the shoots. Unlike the 

study by El Hayek et al. that showed a significant inhibition of U uptake in plant roots in the 

presence of Ca–U–CO3 complexes at U ≤ 2.92 μM,13 the results of the present study 

indicate that, at a higher U concentration, the presence of these complexes can help to 

increase U entrance into root cells and subsequently U root-to-shoot translocation. These 

findings are relevant to many environments where uranyl carbonate and calcium uranyl 

carbonate complexes can be formed in natural waters and sediments.23 Further investigations 

should assess how the presence of natural organic matter and bacteria in the rhizosphere 

could alter the Ca-induced mechanisms through the transport of U in the roots. Overall, U 

root-to-shoot translocation has important implications in human health exposure and 

phytoremediation approaches. Our findings put new insights into the accumulation and 

transport of U by highlighting the effect of an important physiological element in plant and 

opening new pathways for future genetic studies to understand the biological mechanisms 

behind the Ca effect (e.g., the involvement of Ca-dependent proteins and membrane 

transport proteins).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Uranium content (mg kg−1) of (A) shoots and (B) roots presented in logarithmic scale for 

plants exposed to 80 μM initial Ui concentration at different Ca concentrations. (C) 

Translocation factor calculated as the ratio of the U content in shoots to that of roots. 

Multiple pairwise comparisons were conducted using Kruskal–Wallis with the Conover–

Iman test to compare the U content between plant samples at the different Ca concentrations. 

(*) Significant difference (p < 0.05) in the U content between Ca treatments. The standard 

deviation was determined from triplicate experiments at each Ca treatment (n = 3).
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Figure 2. 
TEM images, EDS spectra, and electron diffraction patterns for B. juncea roots exposed to 

80 μM initial Ui concentration at (A–D and M) 0 mM Ca, (E–H and N–O) 0.3 mM Ca, and 

(I–L and P–Q) 6 mM Ca. Abbreviations: X, xylem; CW, cell wall; IS, intercellular space; 

BP, bordered pit; and V, vacuole.
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