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ABSTRACT: We integrated field measurements, hydroponic by . i Cacabcca U aqueous forms in
experiments, microscopy, and spectroscopy to investigate the i U ca | “e G exposure solutions
effect of Ca(Il) on dissolved U(VI) uptake by plants in 1 mM E ;

HCO;™ solutions at circumneutral pH. The accumulation of U % E E U accumulation/
in plants (3.1-21.3 mg kg_l) from the stream bank of the Rio _ Zz ! 0 precipitation
Paguate, Jackpile Mine, New Mexico served as a motivation for % s i E on root cell walls
this study. Brassica juncea was the model plant used for the E, i E

laboratory experiments conducted over a range of U (30—700 53 ! : .

ug L") and Ca (0—240 mg L™") concentrations. The initial U % 2 E E % U removal
uptake followed pseudo-second-order kinetics. The initial U 10 i E x M‘M
uptake rate (V,) ranged from 4.4 to 62 ug ¢! h™' in 0 : —N% solutions
experiments with no added Ca and from 0.73 to 2.07 ug g~* No added Ca E mgllz_l . ; m:tﬁ a

h™ in experiments with 12 mg L' Ca. No measurable U
uptake over time was detected for experiments with 240 mg L™ Ca. Ternary Ca—U—CO, complexes may affect the decrease in
U bioavailability observed in this study. Elemental X-ray mapping using scanning transmission electron microscopy—energy-
dispersive spectrometry detected U—P-bearing precipitates within root cell walls in water free of Ca. These results suggest that
root interactions with Ca and carbonate in solution affect the bioavailability of U in plants. This study contributes relevant
information to applications related to U transport and remediation of contaminated sites.

B INTRODUCTION Jackpile Mine were active from 1953 to 1982.'”'" Concen-
trations of U in surface waters from Rio Paguate near the
Jackpile Mine have been recently detected above the U.S.
Environmental Protection Agency (USEPA) Maximum Con-
taminant Level (MCL) of 30 ug L™".'*"* Given the water

The bioavailability of uranium (U) in contaminated environ-
ments has received growing attention because of potential
ecological and human health risks from mining, nuclear energy
generation, and weapons manufacturing. Improper uranium

mine waste disposal remains a global concern because of U chemistry at Rio Paguate (e.g, pH and Ca, U, and carbonate
contamination of water, soils, and various ecosystems.' ~ The concentrations), aqueous ternary uranyl-carbonate complexes
accumulation of U and other toxic metals in plants has been (Ca=U-CO;) may be an important factor decreasing U
commonly studied as a potential pathway for human interaction with sediments colocated in the stream bed and
exposuresl’4_6 and for the development of remediation
approaches in contaminated sites.” Received: May 21, 2018

This study was conducted in the context of the Jackpile Revised:  October 25, 2018
Mine, Laguna Pueblo, New Mexico, which is an example of a Accepted: October 29, 2018
mine site affected by U mining legacy. Mining operations at the Published: November 9, 2018
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bank of Rio Paguate.14 However, the effects of these Ca—U—
CO; complexes on U bioavailability in plants at the Jackpile
Mine are unknown.

Water chemistry has a major influence on U bioavailability.
It is generally understood that an increase in pH, water
hardness, alkalinity, and organic colloids reduces U uptake and
toxicity. >~ Such effects are attributed to either competitive
binding—uptake mechanisms at the cell surface (e.g., between
the free UO,*" and H, Ca’*) or U speciation through aqueous
comglexation.lg’19 Most studies consider that the free uranyl
ion*”*' (UO,?*) and U hydrolysis species”” are key to U
uptake by living systems (e.g., terrestrial plants, invertebrates,
algae). Binary and ternary uranyl-carbonate complexes are also
relevant in natural waters in which Ca and carbonate are
present.”> > However, the importance of these uranyl-
carbonate complexes has been largely overlooked in the
literature for U bioavailability, and the effect of Ca on U
toxicity in contaminated waters is not well-understood.”” A
recent study”’ reported that uranyl-carbonate complexes can
be an indicator of U uptake rates in invertebrates but that
ternary complexes (e.g, CaUO,(CO,);>") decreased rates of
U uptake. Both Ca,U0,(CO;); and CaUO,(CO;);*~
complexes can act as nontoxic species in contaminated
waters.”” ™" Limited studies have addressed Ca impact on U
bioavailability in plants.'®*"**~*

The mechanisms for U uptake in plants largely depend on
aqueous chemical speciation.””*>™” The ion UO,*" can highly
adsorb and/or accumulate in plant roots at low pH and low
sulfate and phosphate concentrations.””*® Complexation of
UO,>" with carbonate and citrate was found to increase root-
to-shoot translocation but to decrease total U accumulation in
plants.> Inside the plant roots, UO,>* can precipitate with the
endogenous phosphorus as U(VI)-phosphate,”~*" whereas U
citrate can be accumulated as U carboxylate.”” Under favorable
conditions for iron-reducing bacteria, U can be found mainly
associated with phosphorus on plant roots in the oxidized
U(VI) and the reduced U(IV) forms.”>** However, the effects
of water chemistry at environmentally relevant conditions (e.g,,
circumneutral pH, the presence of complexing agents such as
carbonate and/or major elements such as Ca and Mg) on the
bioavailability and the uptake mechanisms of U by plants are
still largely unknown. Information on the mechanisms
governing U uptake in plants is important for predicting U
mobility and long-term remediation strategies.

The main objective of this study was to assess U
bioavailability integrating field measurements, hydroponic
experiments, microscopy, and spectroscopy analyses. The
accumulation of U was measured in plants collected from
the Jackpile Mine, along the Rio Paguate. Hydroponic
experiments were conducted in systems containing 1 mM
HCO;™ at pH 7.5, with U and Ca concentrations relevant to
water chemistry in the Rio Paguate. Brassica juncea (B. juncea)
was selected as the model organism as it is a known U hyper-
accumulator plant.®” Our findings contribute relevant
information to better understand the influence of Ca and
carbonate on U bioavailability in abandoned mine wastes and
other natural sites affected by elevated U concentrations.

B MATERIALS AND METHODS

Plant Sampling Locations. Plant samples (shoots and
roots) were collected from the stream banks of the Rio Paguate
near and within the wetland area up to S km downstream of
the Jackpile Mine, situated in Figure S1 between sites 1 and 10.

The sampling sites of plants were colocated with water and
stream bank sediment samples that were studied by Blake et al.
during the same time period (Table S1).'* Regional plants
(grass, willow (Salix), and cattail (Typha latifolia L.)), which
are abundant at the site and may be used as cattle fodder or for
ceremonial traditions, were sampled (Table S1). Detailed
information for the sites and laboratory plant preparation is
presented in the Supporting Information.

Growth and Preparation of Brassica juncea. After
germination, the seedlings of B. juncea were allowed to grow in
a hydroponic system supplied with NPK liquid fertilizer under
21-25 °C day and night temperature in 12 h/12 h light cycle.
Two-month-old seedlings were acclimatized to the exposure
conditions for S days by placing each one of them separately in
500 mL of Nalgene polypropylene (PP) bottles containing the
same elemental composition of the exposure solution but
without U. To avoid any possibility of improper U complex-
ation or precipitation (e.g, complexation with phosphate) in
the uptake experiments, the exposure solutions were made in
ultrapure water containing only simplified Hoagland nutrients
(MgSO,, 0.5 mM; NH,NO,, 2 mM; KCl, 1 mM; NaHCO;, 1
mM; and CaCl,-2H,0, 3 mM). The measured pH of the
acclimatized solution was in the range of 5.8—6.2. More details
are presented in the Supporting Information.

Exposure of Brassica juncea to U. The effect of Ca on U
bioavailability was tested by studying U uptake kinetics at three
Ca concentrations (0, 12, and 240 mg L™") in water containing
1 mM HCO;~ (alkalinity S0 mg L™") with pH maintained at
7.5 using 2 mM HEPES buffer. Laboratory controlled
experiments were conducted using B. juncea as a model system
for research investigating U bioaccumulation in plants.”***
The tested U, Ca, and pH levels correspond to Jackpile Mine
conditions'* (Table S1) and to other environments where
binary and ternary uranyl-carbonate complexes are prevalent.”’
Uptake experiments were performed in freshly made solutions
prepared in ultrapure water with the same simplified Hoagland
nutrients but with changing Ca concentrations (0, 12, and 240
mg L7') and adding 30, 100, 300, or 700 ug L' U
concentrations as UO,(NO;),. All the experiments were
performed in triplicate. Aliquot volumes were collected at
various time points (from 4 to 336 h) to assess U uptake
kinetics. We also exposed other plant seedlings to 700 g L™"
U at the same conditions described above to assess the kinetics
of U uptake during the first hours of U exposure from 0.6 to 24
h. Detailed descriptions about seedling preparation, the
composition of exposure solutions, and methods used for U
analysis are presented in the Supporting Information.

Solid and Solution Analyses. Total U for hydroponic
solutions and acid-digested plant samples were analyzed using
inductively coupled-plasma mass-spectrometry (ICP-MS). We
used Visual MINTEQ'** to assess U aqueous speciation
using inputs based on the experimental conditions used for this
study. Statistical analyses were conducted to analyze the
significance of the effects of U, Ca, and U X Ca treatments on
U uptake by plant roots using the software XLSTAT.*
Nonparametric tests were performed because of the non-
normality of our data sets as determined using the Shapiro—
Wilk test. The statistically significant level was set at a = 0.05
(p < 0.05) for all the statistical tests. Additional details about
these statistical methods are presented in the Supporting
Information.

Dried root samples were analyzed using scanning electron
microscopy (SEM), electron microprobe analysis (EPMA),
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Figure 1. Concentration of U (ug L™") as a function of reaction time in solutions containing 1 mM HCO;™ at pH 7.5 at different levels of initial U;
(30, 100, 300, and 700 pug L") and Ca (0, 12, and 240 mg L™') concentrations. The standard deviation was determined from triplicate
experiments. Different letters indicate significant difference (p < 0.05) in the variation of aqueous U concentration (as indicated by Kruskal—Wallis
test followed by Dunn’s test) between solutions with different Ca treatments at the different levels of initial U; concentration.

and focused ion beam-transmission electron microscopy (FIB-
TEM) techniques. Additional details describing solution and
solid analyses can be found in the Supporting Information.

Kinetic Analyses of Aqueous U. The quantity of U
removed in micrograms per gram of dry weight of roots at time
t was calculated from the mass balance between the initial
concentration in the exposure solution and the measured
concentration at different time intervals. Note that the uptake
of U by the plant was also confirmed by measuring U content
in the digested plant samples at the end of the experiments.
Pseudo-second-order kinetic analyses were found to best
mathematically represent the uptake of U by B. juncea roots in
comparison with several kinetic models (first- and second-
order and pseudo-first-order) tested on the experimental data.
The kinetic equation is

dg,/dt = ky(q, — q,)° (1)

where k, (g ug™' h™") is the rate constant of pseudo-second-
order of metal uptake*”*” and g, and g, represent the mass of
U per gram of root tissue (g g~') at equilibrium and time ¢,
respectively. Solving and rearranging eq 1 gives

t/q, =1/Vo+ 1/qt 2)

where Vj, is the initial uptake rate (ug g~' h™") and is equal to
the following equation:

Vo=kyq® 3)

The values of V;, k,, and g, can be experimentally obtained by
plotting t/gq, versus t. Uranium uptake kinetics applied in this
study follow a similar approach to the model used for
adsorption—absorption mechanisms and metal bioaccumula-
tion by plants and bacteria.*”>'~>* Metal uptake can occur by
various mechanisms, which were reported to include
extracellular accumulation and adsorption—absorption on cell
surfaces or precipitation.49’55

B RESULTS AND DISCUSSION

Uranium Content in Plant Samples along Rio
Paguate. The accumulation of U was detected in plant
samples collected from the field. Samples were collected along
the Rio Paguate either near the abandoned mine wastes (sites
1, S, and 7) or 5 km away in and near the wetland area (sites
8—10) (Table S1). Among the studied species, the highest U
accumulation was found in grass plants. Uranium concen-
trations in grass root samples were 2.6—18-fold higher (3.1—
21.3 mg kg™' U) compared to those in willow and cattail. As
for shoots, grass samples had 5.2—24-fold higher (2.6—11.7 mg
kg™") U contents compared to willow and cattail shoots. The
variation of U concentrations in grass samples did not show a
correlation with the sediments and water properties along the
stream bank of Rio Paguate (e.g, water pH, Ca, and U
concentrations). However, the highest observed U accumu-
lation in grass roots (21.3 mg kg™') was at the wetland site,
which coincides with the highest U concentration in sediments
as measured by Blake et al."* This observation is consistent
with previous studies where the rhizosphere in wetland
sediments naturally contributes to the immobilization of
U.*>*° However, the range of U concentrations in grass
roots and shoots are still lower than those reported for other
plants studied at various U mine sites.””*" Although plant
samples collected from the field had detectable U content
measured by ICP-MS, it was difficult to use X-ray spectroscopy
analyses to understand the mechanisms affecting U accumu-
lation given that the concentrations measured were below the
detection limit (<100 mg kg™'). Another limitation is that the
effects of plant maturation, the U exposure duration, and the
typical seasonal variation of sediment and water properties
(e.g, U, Ca, and carbonate concentrations)'? at the site on the
processes of U accumulation in these plants are still unknown.
Thus, hydroponic experiments were conducted under labo-
ratory-controlled conditions using B. juncea, a hyper-accumu-
lator model plant, to investigate the kinetics of U uptake and
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Table 1. Kinetic Parameters for U Uptake by Brassica juncea Roots”

U concentration (ug L™") Ca (mg L) Vo (ug gt h™h)

30 0 4.44 + 1.9abcd
100 0 25.94 + 3.3abc

300 0 29.17 + 5.9ab

700 0 62.75 + 5.54a
30 12 0.73 + 0.15d
100 12 1.05 + 0.5d

300 12 1.82cd

700 12 2.07 + 0.21bcd

ky (g ug™' b7") q. (ug g™ R
0.0103 + 0.0003a 24 + 6.3bc 0.9949
0.003ab 95.5 + 5.7abc 0.9888
0.0004bc 264.8 + 29.6a 0.9743
0.00011 + 0.00009¢ 868 + 344a 0.9527
0.003 + 0.001ab 17 + 0.7¢ 0.9787
0.002abc 20 + 7.8bc 0.9406
0.00017bc 99.01ab 0.9382

0.00012 + 0.00002c 109.3 + 45.7ab 0.9535

“The following parameters are represented as the calculated average value with the corresponding standard deviation (SD) for triplicate
experiments: the initial uptake rate, V,, (+ SD); the rate constant of pseudo-second-order, k, (+ SD); and the mass of U per gram of root at
equilibrium, g, (+ SD). Different letters indicate significant differences (p < 0.0S) between different U and Ca treatments in each column as

indicated by the Kruskal—Wallis test followed by Dunn’s test.

how aqueous Ca and U concentrations at circumneutral pH
could affect U bioavailability. Although the mechanisms of U
accumulation by B. juncea may not be directly transferrable to
species from the field, B. juncea was used in this study for
testing the mechanisms of U bioaccumulation as a research
model species.”****

Hydroponic Experiments for Uranium Uptake. B.
juncea was observed in other studies to be able to hyper-
accumulate U in the roots but also in the shoots under high U
concentrations that have limited environmental relevance for
various abandoned mine sites.”**" In this study, we selected U
and Ca concentrations (Table S1) representative of the Rio
Paguate surface water concentrations and assessed U uptake in
B. juncea from carbonate water. The uptake of U by plants was
calculated based on changes in aqueous U concentrations over
time. The highest U uptake was observed in experiments
conducted with no added Ca where aqueous U concentration
significantly decreased over time (p < 0.05). However, high Ca
concentrations showed a significant (p < 0.05) inhibitory effect
on U uptake from carbonate water (Figures 1 and S2). Fast U
uptake was observed with 8% of the total U concentration
removed from solution within 20 min of roots exposure to 700
ug L™ U for experiments with both 0 and 12 mg L™ Ca
(Figure S2). However, after 2 h, U uptake was 2.2-fold higher
in water free of Ca compared to that containing 12 mg L™ Ca.
The experiments conducted for 14 days showed that U uptake
occurred mainly in the first 24 h for experiments with 0 and 12
mg L' Ca (Figure 1). For example, at 0 mg L™" Ca, an uptake
of 17% was observed for 700 ug L™ U and 47% was observed
for 30 ug L™' U. However, only 7—18% of U was removed for
experiments with 12 mg L~! Ca, and no measurable uptake was
detected in solutions at 240 mg L™' Ca over time. Uranium
uptake was limited after 24 h as evidenced by the non-
noticeable change in U concentration in the later period of the
experiment.

Higher percentages of U uptake (60—80%) were observed
within 24 h in a previous study with plants exposed to similar
U concentrations as those used in our experiments.é0 However,
the pH during the exposure period and water chemistry (i.e.,
hard elements, carbonates) were not reported. Another study
has shown 24% U uptake by sunflowers at pH 7°* but in the
presence of phosphate, which is known to preferentially bind U
with respect to the other complexing agents (i.e., carbonates)
over a pH range of 4.5—9.” Although our study was
conducted using different experimental conditions and in the
absence of phosphorus in the water, we obtained comparable
U uptake (7—18% for experiments with 12 mg L™"' Ca), which

13092

can be related to the circumneutral pH used in both studies.
On the basis of chemical equilibrium analyses (Table S2),
UO,** should not be predominant, and phosphate- and
carbonate-U complexes are neutrally to negatively charged at
pH 7.5. The binding of these negative or neutral complexes
with plant roots was previously reported to be lower compared
to UO,**,°"* most likely because of the negatively charged
compounds that compose the vegetal cell walls and
membranes.**”

Uranium Accumulation in Brassica juncea. Uranium
accumulated in B. juncea roots, with no detectable root-to-
shoot translocation. For example, when exposed to 700 ug L™
U at 0 mg L™ Ca, 924 + 447 mg kg71 U was measured in the
digested samples of plant roots, whereas only 0.7 + 0.3 mg
kg™ U was measured in the shoots (Figure S3). As shown in
Figure S3, the content of U in plant roots that was obtained by
calculation was found to be significantly similar (p > 0.05) to
that measured in the digested root samples for both
experiments with 0 and 12 mg L™' Ca. It is worth noting
that the measured concentrations of U in B. juncea roots for
experiments with 240 mg L™" Ca correspond to only ~1% of U
uptake, which could not be detected during the measurements
of U uptake in solution over time. The undetectable root-to-
shoot translocation is consistent with a previous study where
the measured U concentration in leaves was ~1.64 mg kg™" in
plants exposed to lower than 6.4 ymol L™' U at pH 7.5.°
However, at higher U concentrations (>25 pmol L™, which
are seldom observed in the environment), considerable
translocation of U to the shoots was typically observed and
attributed to the mobility of uranyl-carbonate complexes®*®* at
pH 7.5 compared to uranyl cations formed at pH 4. Future
studies should focus on a greater understanding of the effect of
Ca and U concentrations on U translocation. In addition, the
measured concentrations of U in B. juncea roots for
experiments with 240 mg L™' Ca (27.4 + 8.1 mg kg™') were
close to U contents in the grass roots at the wetland site in the
Jackpile Mine where plants were exposed to natural Ca
concentrations in surface water (7.7—278 mg L), similar to
our experimental conditions (Table S1).

The initial U and Ca concentrations in the exposure solution
significantly (p < 0.05) affect the accumulation of U in plant
roots (Table S3). For example, when initial U concentrations
increased from 30 to 700 ug L7', U uptake (ug g™')
significantly increased (p < 0.05) 36-fold at 0 mg L™ Ca
and 8-fold at 12 mg L™' Ca (Table S3). A linear relationship
was obtained for experiments using 0 and 12 mg L™ Ca with
coefficient of correlation (R?) values of 0.9866 and 0.89
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Figure 2. Uranium uptake in plant roots (ug g™') at different initial U; and Ca concentrations in solutions containing 1 mM HCO;™ at pH 7.5. The
uptake rate followed a pseudo-second-order kinetic model. The standard deviation was determined from triplicate experiments. Different letters
indicate significant difference (p < 0.05) in U uptake (as indicated by Kruskal—Wallis test followed by Dunn’s test) between solutions with different

Ca treatments at the different levels of initial U; concentration.

respectively (Table S3). These results are in agreement with
another study that showed a linear relationship between the
accumulation of U in sunflowers and its initial concentration in
soil solution.”*

Kinetic Analyses of Aqueous U. Kinetic analyses were
conducted to evaluate the differences in initial uptake rates
(V) of U into plant roots, as a function of aqueous U and Ca
concentrations in the carbonate water at pH 7.5 under
environmentally relevant conditions. Significant increase in U
uptake rate (p < 0.0S) was observed when waters contained
the highest U concentration (700 ug L™") with no Ca (Table
1). In all the cases, pseudo-second-order was the most
appropriate fitting model (Figure 2) generating R* values of
>0.9382 (Table 1) for the plots of t/q, versus t, except at 240
mg L' Ca where no detectable uptake was measured over
time. The values of V; and g, were determined following eq 3
and are presented in Table 1 for all U initial concentrations. A
high linear relationship (R* = 0.9994) exists between all the
experimental and the calculated values of g, (Figure S4). The
uptake of U by B. juncea roots was found to follow pseudo-
second-order kinetics, presenting a fast U uptake in the first 24
h of exposure until approaching equilibrium between the
remaining aqueous U and the accumulated U in roots (Figure
2). The approaching equilibrium can be observed by the linear
relationship between the remaining aqueous U and U uptake
for experiments with 0 mg L™ Ca (R* = 0.9931) and 12 mg
L' Ca (R* = 0.7161) (Figure SS). The pseudo-second-order
model was reported in other studies attributing metal uptake in
plants and bacteria to adsorption—absorption mecha-
nisms.’>**%*%> These mechanisms were also reported in
studies investigating U biological uptake where U adsorption
and precipitation were proposed to represent the main
mechanisms of U uptake onto root cell walls.”*** Gerber et
al. attributed the fast phase of U uptake by a Gram-negative
bacteria to the biosorption of U onto the cell membrane, which
was confirmed by TEM.*°

The initial uptake rate (V;) of U was found to be highly
affected by Ca concentration in carbonate water at circum-

neutral pH. The increase of Ca from 0 to 12 mg L™' in
carbonate water at pH 7.5 reduced V; by at least 6-fold for all
initial U concentrations (Table 1). For instance, at 700 g L™
U, V, significantly decreased (p < 0.05) from 62.75 + 5.54 to
2.07 + 0.21 pg g_1 h~!. The inverse relationship between the
uptake rate of U and Ca concentration in solution is consistent
with the inhibiting effect of Ca on U bioavailability. This effect
may be due to the following possibilities: (1) a direct effect of
Ca®* on U uptake by inducing a competitive mechanism with
UO,* or (2) the complexation of UO,** with Ca** and
carbonate to form strong ternary Ca—U—COj; complexes that
are less bioavailable to plants than other aqueous species.
Chemical equilibrium modeling based on the experimental
conditions used in this study suggests that the distribution of U
aqueous species was greatly affected by the presence of Ca and
carbonate at pH 7.5. For instance, in the absence of Ca at 700
ug L' U, (UO,),CO;(OH),™ is predicted to highly occur
(91.1%) with the presence of 7.6% of binary uranyl-carbonate
complexes U—CO; (mainly UO,(CO;),”*> and UO,CO;)
(Table S2). In water containing 12 mg L™ Ca, the fraction of
(U0,),CO;(0OH);~ decreases to 79% with a simultaneous
12.6% formation of ternary Ca—U—CO; (mainly
CaU0,(CO0;);7* and Ca,UO,(CO,),). For experiments with
240 mg L' Ca, Ca—U—CO; aqueous species highly occur
(about 99%). Among all exposure solutions, the presence of
free UO,*" was not detected, and only 0.1—4.9% of UO,—OH
were predicted to be present. These observations are
consistent with those reported in many other studies.”*®’
The negligible presence of the positively charged uranyl
cations in all solutions suggests that the charge competitive
mechanism between U aqueous species and Ca** uptake likely
was not the main reason for U uptake inhibition. Croteau et al.
have reported that U does not exclusively use Ca membrane
transporter during its bioaccumulation in invertebrates.”®
Alternatively, Ca may exert an indirect effect by decreasing
the U bioavailable fraction through the formation of Ca—U—
CO; complexes. When neutral Ca,UO,(CO;); became the
dominant species for experiments with 240 mg L' Ca, U
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Figure 3. Backscattered electron (BSE) SEM images, microprobe mapping, and energy dispersive spectroscopy (EDS) spectra for root surface in
water free of Ca at 700 ug L™' U indicating the accumulation of U on root cell walls and the formation of particles containing U and P: (a) BSE
image corresponding to the microprobe mapping; (b) microprobe mapping showing the distribution of U on root surface; (c and d) BSE images
and EDS spectra of a cluster of U—P bearing particles; (e) EDS spectra for the FIB cross section across the cell walls (CW) of root surface
identifying the co-occurrence of U, P, and Fe in the cell walls; (f) secondary electron (SE) SEM extraction of the FIB section across the cell walls of
root surface; (g and h) STEM images of FIB cross section showing U precipitates in the cell wall of root; and (i) STEM X-ray map for U in the FIB

cross section confirming U precipitation in the cell wall of epidermal cells.

uptake decreased (Figure S6). This is consistent with the study
of Croteau et al., which showed that UO,(CO,;), > aqueous
species represent the best predictor for U uptake rate and
suggested that the Ca—U—COj; aqueous species are less
bioavailable to invertebrates than other U species.”® In our
study, the rate constant of pseudo-second-order k, presented a
highly linear relationship (R* > 0.9486) with the distribution
of U-CO; species (Figure S7) as a function of the total U
concentration at 0 and 12 mg L™' Ca. When U—COj; species
predominate, the calculated k, in this study (k, = 0.0103 +
0.0003 g ug~" h™") was found to be higher than those reported
in other studies for U uptake by bacteria® or for the uptake of
other metals by various plants (Table $4).**’ Other studies
reported that neutral Ca,UO,(COs5); can inhibit U toxicity in
porcine proximal kidney cells”® and microbiological U(VI)
reduction.””” However, the effect of Ca on U bioavailability in
plants through the formation of Ca—U—COj species has been
not recognized in the literature. For example, Markich related
the mechanisms of U bioaccumulation by macrophyte to a
competitive mechanism between Ca** and UO,*" and did not
consider the influence of uranyl-carbonate species despite their
predominance in the exposure media.”’ Thus, the findings
presented in this study provide relevant insights about the
bioavailability and the effect of U-COj; and Ca—U-CO; in
plants. Further microscopic and spectroscopic analyses were
conducted to B. juncea roots to better understand the
mechanisms of U uptake.

Solid Analysis. The accumulation of U on the surface of
plant roots that were exposed to 700 ug L™ U at low Ca
concentration (0 and 12 mg L™") was confirmed by SEM-EDS
and electron microprobe X-ray mapping analyses (Figures 3
and S8). Images obtained using SEM—backscattered electron
(BSE) show U-bearing particles (0.3—0.7 um) randomly
distributed on the root surface for experiments using 0 mg L™
Ca, which were confirmed by microprobe mapping (Figure 3).
The EDS spectra of these particles showed the presence of P,
S, U, Ca, and K. These elements have an important structural
and functional role in plant tissues.” Some clusters of U-
bearing particles (~2.2 ym) with similar elemental composi-
tions were also detected on root surfaces. Because of the low
accumulated U concentration (<100 mg kg™') in roots for
experiments using 12 mg L' Ca, fewer clusters of U-bearing
particles were detected in these samples (Figure S8).

To identify if U has penetrated the epidermis cells, a FIB
section prepared from across the cell walls was analyzed by
scanning transmission electron microscopy/energy-dispersive
X-ray spectrometry (STEM/EDS) X-ray mapping. Bright
precipitates enriched with U were identified in the cell walls
(Figure 3). The EDS spectra of these U-bearing precipitates
contained P, U, K and Fe (Figure 3). According to previous
studies, U could be highly retained on cell walls forming
precipitates with endogenous P, especially when the U is not
complexed with organic acids.”*® Furthermore, the coexistence
of a high Fe peak in the same area where U-bearing
precipitates (Figure 3) occur can also have implications for
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the mechanisms of U bioaccumulation. For instance, although
cell walls are known to contain essential elements like P, K, and
Fe, Berthet et al. have shown that U accumulation in plant
roots can have significant effect on Fe and P homeostasis.””

Other studies have reported that U accumulation mecha-
nisms can differ depending on its aqueous speciation and
suggested that U accumulation in root cell walls can be
attributed mostly to the following electrostatic interactions:
(1) high electrostatic attraction between the positively charged
UO,** and the cell walls, resulting in high root accumulation
with no root-to-shoot translocation, and (2) high electrostatic
repulsion between the negatively charged uranyl-carbonate and
the cell walls, resulting in lower U root accumulation with
higher root-to-shoot translocation.”””” Plants exposed to
uranyl-carbonate (100 uM U in solutions with 10 mM
carbonate at pH 7) by Laurette et al. have shown U entrapped
with P in the cell walls of leaves, but the accumulation sites for
U in the roots could not be detected.** However, in that study,
plants were exposed to 100 times higher U concentration than
in this study. Thus, a direct comparison between the results
from this study and those from Laurette et al. is not possible
because U toxicity may also contribute to the uptake
mechanisms at higher concentrations.”” Future investigations
should assess the impact of U concentrations on uranyl-
carbonate uptake in the root and root-to-shoot translocation.

Although other studies have reported that electrostatic
repulsion occurs between uranyl-carbonate complexes and the
root cell walls, our study suggests that the exposure of plants to
negatively charged uranyl-carbonate can still lead to the
accumulation of U on the cell walls of roots. However, the
surface complex form in which U was bound and accumulated
in the roots is not yet identified or confirmed. The
spectroscopic and microscopic results of this study agree
with observations made in a study by Gorman-Lewis et al. in
which U was found to be adsorbed on the negatively charged
bacterial surface after being exposed to the negatively charged
uranyl-carbonate complexes.”” More information is necessary
to understand the specific mechanism affecting the interaction
and the accumulation of negatively charged U aqueous species
in the roots.

Environmental Implications. Uranium uptake by B.
juncea was found to be greatly affected by Ca in carbonate
circumneutral water over a range of environmentally relevant
U concentrations. The effect of Ca on U bioavailability was
assessed as a function of U speciation in the presence of
uranyl-carbonate and ternary uranyl-calcium-carbonate aque-
ous species, unlike most previous studies, which have focused
on investi%ating solutions in which UO,*" are predom-
inant.”"’*”> Kinetic analyses indicate that higher uptake rates
are obtained when uranyl-carbonate complexes are present in
water. However, the U uptake in plants was inhibited in the
presence of Ca and carbonate solutions used in this study,
likely due to interactions with neutrally charged ternary uranyl-
calcium-carbonate complexes. Given the crucial physiological
role of Ca** in cells, more information is necessary to assess if
Ca’" ions affect the uptake of uranyl-carbonate complexes (i.e.,
Ca* channels and other membrane proteins). A rapid
equilibrium following a pseudo-second-order approach was
observed for U in solution at low Ca concentrations (e.g.,
lower than 12 mg L™ Ca). This is a relevant observation that
has implications in semiarid environments characteristic of the
southwestern United States in which short rain events can
enhance U dissolution'* and thus U exposure to plant roots.

Analyses conducted with STEM and SEM/EDS detected U
precipitates (U—P—K-bearing minerals) on the root cell walls
after plants were reacted under the conditions selected for this
study. The detection of these U-bearing precipitates on root
cell walls suggests that negatively charged uranyl-carbonate
complexes can interact with the negatively charged cell wall
components (e.g, phosphate). Further investigations are
necessary to understand how these insoluble U phases could
affect the mechanisms of U toxicity in plants. The
accumulation of U in plants is relevant as an exposure pathway
or as a potential remediation alternative in mining sites.
Therefore, more research should focus on better understanding
the mechanisms that affect U uptake at environmentally
relevant conditions, especially as these relate to the following
aspects: (1) determining in which chemical form U surface
complexes bind to the root cell walls in carbonate water at
weakly basic pH and (2) the influence of U and Ca
concentrations on the accumulation and root-to-shoot trans-
location of U for plants exposed to uranyl-carbonate
complexes.
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