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a b s t r a c t

The environmental impact of uranium released during nuclear power production and related mining
activity is an issue of great concern. Innovative environmental-friendly water remediation strategies, like
those based on U biomineralization through phosphatase activity, are desirable. Here, we report the great
U biomineralization potential of Stenotrophomonas sp. Br8 CECT 9810 over a wide range of physico-
chemical and biological conditions. Br8 cells exhibited high phosphatase activity which mediated the
release of orthophosphate in the presence of glycerol-2-phosphate around pH 6.3. Mobile uranyl ions
were bioprecipitated as needle-like fibrils at the cell surface and in the extracellular space, as observed
by Scanning Transmission Electron Microscopy (STEM). Extended X-Ray Absorption Fine Structure
(EXAFS) and X-Ray Diffraction (XRD) analyses showed the local structure of biogenic U precipitates to be
similar to that of meta-autunite. In addition to the active U phosphate biomineralization process, the cells
interact with this radionuclide through passive biosorption, removing up to 373 mg of U per g of bacterial
dry biomass. The high U biomineralization capacity of the studied strain was also observed under
different conditions of pH, temperature, etc. Results presented in this work will help to design efficient U
bioremediation strategies for real polluted waters.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Uranium (U) is intensively exploited andwidely used for nuclear
power production. Radioactive wastes generated during these op-
erations, including spent nuclear fuel, may lead to the release of U
to adjacent soils and groundwater (Gavrilescu et al., 2009) pro-
voking deleterious side effects that are a major environmental
concern. Both themobility and the solubility of released U in nature
are known to be governed by its oxidation state and chemical
speciation, which in turn are controlled by biotic and abiotic pro-
cesses (Suzuki and Banfield, 1999). Main primary U oxidation states
are U(IV), stable as uraninite (UO2) in anaerobic conditions, and
g Transmission Electron Mi-
, Extended X-Ray Absorption
lycerol-2-phosphate; P-ase,

�anchez-Castro).
U(VI), dominating in oxidizing conditions as the extremely soluble
and stable linear uranyl ion (UO2

2þ) (Langmuir, 1978). The solid
mineral uraninite is very sensitive to dissolved O2 expositionwhich
oxidizes this compound to more mobile U(VI) forms like uranyl ion.
In addition, the chemical speciation of U(VI) in natural systems is
highly dependent on pH. Under acidic conditions, U(VI) is likely to
be adsorbed by mineral surfaces, complexed by organic matter or
precipitated, forming insoluble phosphate minerals as autunite
(Ca(UO2)2(PO4)2) (Kolhe et al., 2018). However, alkaline conditions
may favor the formation of soluble uranyl compounds, such as
carbonate complexes (Hsi and Langmuir, 1985; Waite et al., 1994),
potentially mobile in aqueous systems. In this sense, it is well
known that toxicity of uranium depends mainly on its oxidation
state (U(VI)/U(IV)), being the most systemic toxicants those com-
pounds showing highest solubility (mainly U(VI) forms like uranyl
complexes). In the case of low-solubility compounds (mainly U(IV)
species as uraninite, UO2), they present low environmental and
human health toxicity. The US Environmental Protection Agency
and theWorld Health Organization have set themaximumuranium
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concentration level in drinking water at 30 mg/L, classifying this
radionuclide as a human carcinogen (Group A).

Application of sustainable management programs, including
well-designed, -operated, and -remediated mining operations, is
deemed necessary to minimize U-linked environmental impacts.
The inherent complexity of subsurface environments, due to
changing redox conditions and diverse biogeochemical processes
occurring underground, makes it essential to search for innovative
remediation approaches. Standard pump-and-treat and
excavation-and-removal remediation approaches are costly and
inefficient in extensive areas co-contaminated with radionuclides
and heavy metals. Among alternative strategies, those based on
microbial processes promoting U precipitation are considered
environmentally friendly, cost-effective and highly efficient
(Acharya, 2015), and are therefore gaining attention in recent years.

Previous evaluation of the effects and consequences of these
microbe-U interactions comes to confirm the capacity of indige-
nous bacteria to mediate U immobilization and thereby reduce its
toxicity, suggesting applicability for bioremediation purposes
(reviewed in Kolhe et al., 2018, and Merroun and Selenska-Pobell,
2008). In this context, the two microbial processes most investi-
gated thus far are the enzymatically-catalyzed reductive precipi-
tation of U(VI) to U(IV) and the bioprecipitation of U(VI) with
ligands such as inorganic phosphates. First proposed by Lovley et al.
(1991), the strategies based on U(VI) enzymatic reduction, per-
formed by dissimilatory metal-reducing bacteria and sulfate-
reducing bacteria, have been successfully applied on several occa-
sions under laboratory conditions (Lovley and Phillips,1992; Lovley,
2001; Xie et al., 2018) as well as at field scale in Oak Ridge site (USA)
where U concentration was up to 10e60 mg/L (Wu et al., 2006,
2007). This approach entails some limitations, however, including
the poor stability of bio-reduced U in the presence of oxidizing
agents like O2 or compounds such as nitrates or bicarbonates, along
with Fe or Mn species (Wan et al., 2005, 2008; Wu et al., 2010;
Spycher et al., 2011; Watson et al., 2013). The high solubility of
resulting uraninite nanoparticles as well as other U(IV)-bearing
colloids has also been reported (Bargar et al., 2008; Wang et al.,
2013; Schindler et al., 2017; Neill et al., 2018).

Overall, recent research interests have switched to a second
approach based on U biomineralization by aerobic or facultative
bacteria exhibiting phosphatase (P-ase) enzymatic activity.
Phosphohydrolases (EC 3.1.3), also known as phosphatases, are
broadly categorized as acid or alkaline phosphatases, based on
the pH required for their optimum activity. They are either
released outside the plasma membrane or embedded as mem-
brane components. Since free orthophosphate is rarely found in
certain environments, the main role of phosphatases is sup-
porting microbial nutrition by releasing assimilable orthophos-
phates from organic sources, which should be amended in case
they are not naturally present. These inorganic phosphates may
also act as ligands in the presence of cations, such as uranyl ion
(UO2

2þ), inducing the bioprecipitation of U(VI) as a protective
strategy for bacteria. This mechanism is the basis of promising
research efforts, aiming at U precipitation by applying members
of various genera like Citrobacter, Pseudomonas, Bacillus, Pelosi-
nus, Sphingomonas or Rahnella, over a wide pH range and under
aerobic and anaerobic conditions (Beazley et al., 2011; Merroun
et al., 2011; Newsome et al., 2015; Bader et al., 2017; Shen
et al., 2018; Kong et al., 2020). The formation of low solubility
U-containing minerals like (H3O)2(UO2)2(PO4)2$6H2O (Yong and
Macaskie, 1995), (NH4)(UO2)(PO4)$3H2O (Wall and Krumholz,
2006) and Ca(UO2)2(PO4)2$xH2O (Mehta et al., 2013; Krawczyk-
B€arsch et al., 2018), stable across a wide range of redox and pH
conditions, makes this remediation alternative even more
attractive.
The current work emerges as the result of a multi-criteria
screening process where a significant number of bacterial iso-
lates, recovered from rarely studied uranium mill tailing pore-
waters, were thoroughly analyzed at different levels (results
partially published in S�anchez-Castro et al., 2017a). After the
screening pipeline applied, which includedmolecular analyses (16S
rDNA taxonomic identification), physiological tests (metals/metal-
loid tolerance) and microscopic observations (Scanning Trans-
mission Electron Microscopy with High-Angle Annular Dark-Field,
STEM-HAADF; Energy Dispersive X-Ray, EDX, element-distribution
maps), the bacterial strain Br8 was found to be the most promising
candidate. A series of assays were conducted to explore the P-ase-
based U immobilization in the presence of Br8 and an organo-
phosphate compound. Characterization of the chemical nature and
localization of the U precipitates formed during biomineralization
were also addressed through microscopic techniques such as
STEM-HAADF and spectroscopic measurements through Extended
X-Ray Absorption Fine Structure (EXAFS) spectroscopy and X-Ray
Diffraction (XRD). Moreover, a thorough experimental design was
developed to evaluate the influence of several parameters (time,
temperature, pH and biomass concentration) on the performance
of the Br8-mediated U removal process. These results are expected
to provide key information for understanding the U biogeochemical
cycle in subsurface environment as well as to determine the
optimal conditions for the future application of this innovative
strategy, under oxidizing conditions in real polluted waters, by
immobilizing Br8 bacterial cells.

2. Materials and methods

2.1. Bacterial strain isolation and molecular identification

The bacterial strain used in this work (Stenotrophomonas sp. Br8
CECT 9810; 16S rRNA accession number HG798865) was previously
isolated from U mill tailing porewaters and identified by 16S rDNA
phylogeny, as described by S�anchez-Castro et al. (2017a). Physico-
chemical characterization of this water sample is published in
S�anchez-Castro et al. (2017a).

2.2. Determination of metals’ Minimum Inhibitory Concentration
for bacterial growth

Filtered-sterilized stock solutions (0.1 M) of UO2(NO3)2$6H2O,
Cr(NO3)3$9H2O, Pb(NO3)2, LaN3O9$6H2O, Cd(NO3)2$4H2O,
Ni(NO3)2$6H2O, ZnSO4$7H2O, Na2MoO4$2H2O, VOSO4, Eu2O3, and
Cu(NO3)2$3H2Owere prepared by dissolving appropriate quantities
of these metal salts in 0.1 M NaClO4. In the case of Ag and Se, 1-M
stock solutions of AgNO3 and Na2SeO3 were prepared by dissolving
the appropriate quantity in distilled water. To evaluate the toler-
ance of strain Br8 to these metals, the Minimum Inhibitory Con-
centration (MIC) method was applied as previously described
(S�anchez-Castro et al., 2017a). This standard method is used to
determine the tolerance level of a bacterium in the presence of
heavy metals or other constraining agents.

2.3. Uranium immobilization assay

The ability of Br8 cells to immobilize U was studied by moni-
toring the removal of dissolved U(VI) as a function of U concen-
tration in an incubation medium containing an organic phosphate
source (glycerol-2-phosphate, G2P). For this purpose, MOPS-
buffered (20 mM) distilled water was added to acid-washed glass
Erlenmeyer flasks. Br8 cells were grown in LB broth (rich-nutrient
medium; Scharlau Chemie SA, Barcelona, Spain) at 28 �C and
160 rpm for 20e24 h. Subsequently, mid-exponential growth phase
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cells were washed twice with 0.9% NaCl solution and inoculated,
when applicable, to a final concentration of 0.5 mg dry Br8 biomass
per mL of medium (equivalent optical density at 600 nm [OD600],
z0.5). Four U(VI) concentrations (0.01, 0.1, 0.5 and 1mM), provided
as uranyl nitrate, and/or 5 mM G2P (Sigma Aldrich), as the sole
organic phosphates source, were tested. Initial pH was 6.3 in all
cases and potential changes were determined by measuring the pH
at the end of each assay. Flasks including no-uranium, heat-killed
bacterial cells, and no-bacteria were assayed as controls. For the
heat-killed cell control, the recovered Br8 biomass was exposed to
80 �C pre-incubation for 1h. Incubation of all samples was con-
ducted at 28 �C for 48 h and under continuous shaking (165 rpm).

Once incubations were completed, aliquots from all replicate
liquid samples were centrifuged at 10,000 g for 10 min at 4 �C. The
supernatants and solid pellets were analyzed separately by using
different techniques described below. Solid phase precipitates
recovered were washed twice with 0.9% NaCl to remove the
interfering elements of the incubating solution.

2.4. Quantification of phosphatase enzymatic activity

Determination of the activity of P-ase enzyme (EC 3.1.3) was
based on the procedure of German et al. (2011) using the substrate
4-MUB (methylumbelliferone)-phosphate. MUB standards
(0.16 mM, 0.625 mM, 1.25 mM and 2.5 mM) dissolved in Na-
perchlorate buffer (pH 5) and cell suspensions were used to
calculate the emission and quench coefficients for each sample
using an automatic fluorometer NanoQuant equipment (TECAN,
Mannedorf, Switzerland). Enzyme activity was calculated following
German et al. (2011). P-ase activity was expressed as mmoles of
inorganic phosphates released per hour and gram of substrate.

2.5. Determination of inorganic phosphates released

In order to calculate the inorganic phosphates concentration in
solution after the incubation period, the “ammonium-molybdate
method” (Murphy and Riley, 1962) based on colorimetric mea-
surements was employed. This technique is based on the reaction
of orthophosphate ions with ammonium-molybdate in acidic so-
lution, forming phosphomolybdic acid. This compound produces an
intensely blue complex upon reduction with ascorbic acid. Anti-
mony potassium tartrate is added to increase the rate of reduction.

2.6. Quantification of uranium removal

The final concentration of U(VI) remaining in solution was
determined by inductively-coupled plasma mass spectrometry
(ICP-MS) with a NexION 300d (PerkinElmer) system after HNO3
acidification using multi-element standard solutions for calibra-
tion. The concentration of U removed from solution by the cells was
calculated as the difference between the initial and final U
concentrations.

2.7. Cellular localization of uranium precipitates: STEM-HAADF and
HRTEM/EDX analysis

Cells exposed to uranium for 48 h were harvested by centrifu-
gation, washed twice with 0.9% NaCl and Na-cacodylate buffer (pH
7.2), fixedwith glutaraldehyde in cacodylate buffer (4%) and stained
with osmium tetraoxide (1%, 1 h) in the same buffer before being
dehydrated through graded alcohol followed by propylene oxide
treatment, and finally were embedded in epoxy resin. Ultrathin
sections (0.1 mm) of the samples, obtained using an ultra-
microtome, were loaded in a carbon coated copper grid and
analyzed by STEM-HAADF, conducted using a FEI TITAN G2
80e300. The TEM specimen holders were cleaned by plasma prior
to STEM analysis to minimize contamination. The high resolution
STEM is equipped with a HAADF detector and EDX energy disper-
sive X-ray detector, thus providing elemental information via the
analysis of X-ray emissions caused by a high-energy electron beam.

2.8. Characterization of uranium solid phase precipitated by the
cells

In order to characterize the uranium solid phases precipitated
during assays, EXAFS spectroscopy and XRD were applied.

2.8.1. Extended X-Ray Absorption Fine Structure (EXAFS)
spectroscopy

EXAFS analyses were performed in the SOLEIL synchrotron (Paris,
France). This facility is a medium energy third-generation synchro-
tron optimized for the production of vacuum-ultraviolet (VUV) and
soft X-ray light, and operatedwith electrons at energy of 2.75 GeV. In
particular, the measurements were performed on the MARS beam-
line which is dedicated to the study of radioactive samples (Sitaud
et al., 2012). The beamline was built on a 1.71 T bending magnet
port of the SOLEIL storage ring and operates in the hard X-ray regime
from 3.5 to 35 keV with a critical energy of 8.6 keV.

EXAFS samples were prepared as previously described in
Merroun et al. (2005). After incubation, cells were harvested and
washed with 0.1 M NaClO4, pH 7. Briefly, the pellets were dried in
an oven at 30 �C for 24 h and subsequently powdered. Data were
collected in fluorescence mode using a 13-element Ge detector (EG
& G ORTEC, USA) and processed using the ATHENA code (Ravel and
Newville, 2005). FEFF is an automated program for ab initio mul-
tiple scattering calculations of EXAFS, X-ray Absorption Near-Edge
Structure (XANES) and various other spectra for clusters of atoms.
Background removal was performed by means of a pre-edge linear
function. Atomic absorption was simulated with a square-spline
function. The theoretical phase and amplitude functions used in
data analysis were calculated with FEFF8 (Ankudinov et al., 1998)
using the crystal structure of meta-autunite, Ca(UO2)2(PO4)
2$6H2O (Makarov and Ivanov, 1960) as a model. All fits were per-
formed with the ARTEMIS code (Ravel and Newville, 2005). They
included the four-legged multiple scattering (MS) path of the ura-
nyl group, U-Oax-U-Oax. The coordination number (N) of this MS
path was linked to N of the single-scattering (SS) path U-Oax. The
radial distance (R) and Debye-Waller factor (s2) of the MS path
were respectively linked at twice the R and s2 of the SS path U-Oax
(Hudson et al., 1996). During the fitting procedure, N of the U-Oax
SS path was held constant at two. The amplitude reduction factor
(S02) was held constant at 1.0 for the FEFF8 calculation and EXAFS
fits. The shift in threshold energy, DE0, was varied as a global
parameter in the fits.

2.8.2. X-Ray Diffraction
For XRD analyses, U treated cells of Br8 were dried in an oven at

70 �C for 6 h. The dried pellet was scraped and crushed into a fine
powder that was analyzed using a X’Pert PRO (PANalytical B$V.)
equipped with Cu-Ka radiation; Ni filter; 45 kV voltage; 40 mA
intensity; exploration range of 3�e60� 2q; and goniometer speed of
0.05� 2q s�1. Previously, samples were thoroughly homogenized
and crushed with an agate mortar and pestle. Patterns obtained
were analyzed with XPowder software.

2.9. Effect of physicochemical and biological parameters in U
biomineralization

Additional assays modifying certain experimental parameters
were performed to ascertain the most favorable conditions for P-
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ase activity and subsequent U removal. Time-dependent experi-
ments considered different sampling points (0, 10 min, 30 min, 1 h,
3 h, 7 h, 24 h, 48 h and 72 h) in order to study the kinetics of the U
immobilization process. The effects of different physicochemical
and biological parameters including temperature (15 �C and 37 �C),
pH (5 and 8) and biomass concentration (0.25 and 1 mg dry Br8
biomass per mL) were investigated to determine optimal U removal
conditions. With the exception of the tested parameter and U
concentration (0.1, 0.5 and 1 mM in pH tests and 0.5 mM for the
rest), the experimental conditions weremaintained as stated above
(5 mM G2P; pH 6.3; incubation at 28 �C, 48 h, 165 rpm).
2.10. Statistical analysis and thermodynamic modeling

Data in this manuscript are presented as averages and standard
deviations for three replicates per experimental condition tested.
All statistical analyses were carried out using Microsoft OfficeExcel
2010. Aqueous U speciation under GC1 or GC2 was determined
using Visual MINTEQ version 3.1 (http://vminteq.lwr.kth.se/
download/) (VanEngelen et al., 2010).
3. Results and discussion

3.1. Br8 bacterial strain identification and heavy metal tolerance
studies

Based on 16S rRNA gene analysis, the bacterial strain Br8 was
found to be affiliated to the genus Stenotrophomonas (Fig. S-1).
Members of this genus are known to play an essential role in ele-
ments’ biogeochemical cycles in nature, as is the case for sulfur
(Ikemoto et al., 1980; Banerjee and Yesmin, 2002) or nitrogen (Park
et al., 2005), presenting also high biotechnological potential as
bioremediation agents (reviewed in Ryan et al., 2009; Ruiz-
Fresneda et al., 2018, 2019). However, few Stenotrophomonas
strains (S. maltophilia JG-2, S. maltophilia P-8-1 and P-8-3c, and
Stenotrophomonas sp. U18) have been distinguished for their U
immobilization ability (Merroun and Selenska-Pobell, 2008; Nazina
et al., 2010; Islam and Sar, 2016).

The MIC of different metals for the growth of this strainwas also
determined for assessing tolerance of Br8 to these inorganic con-
taminants (Table 1). Although this method is standardly used
(Wiegand et al., 2008; S�anchez-Castro et al., 2017a; Li et al., 2019), it
should be noted that aminimum part of themetal assayedmight be
un-bioavailable due to abiotic interactions with medium compo-
nents. Silver appears to be the most toxic, since no growth was
detected for all tested concentrations (the minimum being
0.25 mM). Selenium, on the other hand, was found to be the least
toxic. In this case, the MIC was not reached since growth was
observed at the maximum concentration tested (100 mM). The
formation of red color precipitates in the bacterial colonies revealed
the reduction of Se(IV) and formation of elemental selenium. A
phylogenetically similar bacterial strain (S. bentonitica BII-R7;
S�anchez-Castro et al., 2017b) has recently been shown to induce
the reduction of Se(IV) to Se(0), forming low-solubility trigonal Se
nanostructures (Ruiz-Fresneda et al., 2018), which could explain
the high tolerance of Stenotrophomonas strains to this element.
Table 1
Heavy metals/metalloids minimum inhibitory concentration (MIC), in milliMolar (mM),

Metal Cr Pb La Cd Ni Zn

mM �16 �16 �16 �2 8 �8

Due to possible abiotic HMMs precipitation, it was impossible to reach the final MIC val
a 100 mM was used instead of 128 mM to avoid abiotic precipitation of the metal.
Likewise in the case of U, MIC was not determined since the
maximum concentration tested (4 mM) did not limit the cell
growth. No further concentrations were tested, since heavy metals
levels reported for real polluted scenarios were much lower than
the concentrations assayed in the present study. The maximum
tolerated U concentration for the above mentioned strain BII-R7
was 6 mM (L�opez-Fern�andez et al., 2014). Such high levels of
tolerance to heavymetals (e.g. U) and antibiotics inmembers of this
genus have been underlined in other studies (reviewed in Page
et al., 2008; Ryan et al., 2009; Nazina et al., 2010; Islam and Sar,
2011, 2016). It may be that a cluster of genes is involved in anti-
biotic and heavy metal resistance, typically from gram-positive
bacteria, as found for S. maltophilia D457R (Alonso et al., 2000).
3.2. Bacterial immobilization of uranium

The U removal capacity of the strain Br8 was determined by
means of ICP-MS. In the presence of Br8 cells and G2P (5 mM), U
removal rates around 90% (maximum of 94.7%) were observed for
all U concentrations tested (0.01, 0.1, 0.5 and 1 mM) at 48 h (pH 6.3,
28 �C, 165 rpm) (Fig. 1). Although no variation was detected in pH
level during the incubation, abiotic controls showed U immobili-
zation values between 10% and 30%, except at the lowest U con-
centration (0.01 mM), where abiotic precipitation accounted for
60% of the total U removal (Fig. 1). Heat-killed biomass controls
exhibited 11% and 54% U removal in the presence of 1 mM and
0.1 mM U, respectively (Fig. 1). Although for 0.1 mM the removal
rate was much higher with inactive cells than with no cells, in the
case of 1 mMUno significant differences were observed for the two
treatments. These results suggest that the cells of this strain
interact with U through active (e.g. biomineralization) and passive
(e.g. biosorption) mediated processes, as was confirmed by U ki-
netics studies (see results below).

The combination of different interaction mechanisms for U
immobilization seems reasonable when a bacterial consortium is
occurring, but numerous studies confirmed also this ability for
single microbial strains (Song et al., 2019). Regarding U immobili-
zation efficiency, a limited number of studies have reported
removal rates similar to those presented here, in the presence of
such high U concentrations and G2P (e.g. 95% removal for 0.5 mM
initial U concentration). When considering lower initial U con-
centrations, bacterial strains like Rahnella sp. Y9602, Leifsonia sp. J5,
or Serratia sp. OTeIIe7, all isolated from U-rich environments, also
showed U immobilization rates over 90% under different incubation
conditions (Beazley et al., 2007; Chandwadkar et al., 2018; Ding
et al., 2018). Moreover, three Xanthomonadales isolates (Steno-
trophomonas maltophilia P-8-1 and P-8-3c, and Rhodanobacter sp.
A2-61), likewise recovered from mining or waste disposal sites,
showed much lower immobilization rates (Nazina et al., 2010;
Sousa et al., 2013).

Regarding the U removal capacity of Stenotrophomonas sp. Br8
expressed by dry biomass weight, it was observed that 1 g of this
bacterium was able to immobilize 373 mg of U after 48 h at 28 �C
from a solution containing U (0.5 mM) and G2P (5 mM) at pH 6.3.
Although most of previous studies report lower or similar values,
e.g. Bacillus cereus 12e2 at pH 5 (448 mg U/g dry biomass; Zhang
of the bacterial isolate Br8.

Se Mo Va Eu Cu Ag U

�100a �8 �8 �4 8 <0,25 �4

ue in most cases.
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Fig. 1. Uranium removal efficiency (%) after incubation (48h; 28 �C; 165 rpm) of MOPS-buffered (20 mM) distilled water (pH 6.3) amended with G2P (5 mM) and various U
concentrations (0.01, 0.1, 0.5 and 1 mM) in presence of Stenotrophomonas sp. Br8 cells (0.5 mg dry biomass per ml of medium, equivalent OD600nm z 0.5). Flasks without cells and
including heat-killed bacterial cells were used as control treatments. The data are showed as the mean ± SD of at least three independent measurements.
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et al., 2018), Paenibacillus sp. JG-TB8 under anoxic conditions
(138 mg U/g dry biomass; Reitz et al., 2014), or B. thuringiensis
strains (400 mg U/g dry biomass; Pan et al., 2015), extreme loading
capacity was observed in the engineered bacterial strain Dein-
ococcus radiodurans-PhoK at 10 mM U (10700 mg U/g dry biomass;
Kulkarni et al., 2013).
3.3. Phosphatase activity and inorganic phosphate release

Stenotrophomonas species are known to express P-ase activity
(S�anchez-Castro et al., 2017b; Weber et al., 2018). Therefore, the
role of this enzyme in the removal of U by its precipitation as U
phosphates was investigated for other bacterial strains (Kulkarni
et al., 2016; Chandwadkar et al., 2018; Zhang et al., 2018; Shukla
et al., 2019). The P-ase activity of Br8-strain cells exposed to
different U concentrations (0.01, 0.1, 0.5 and 1 mM) for 48 h, in
presence of G2P, was assessed. Results showed that the enzymatic
Fig. 2. Phosphatase activity (measured as mmol released per h and g at different substr
OD600nm z 0.5) after incubation (48h; 28 �C; 165 rpm) in MOPS-buffered (20 mM) distilled w
and 1 mM). Flasks with heat-killed bacterial cells were used as control treatment. The data
activity depends upon U concentration, being twice as high at 0.1
and 0.5 mM U concentration than at 1 mM U (Fig. 2). Although the
presence of U may enhance microbial P-ase activity as a protective
strategy against the U toxicity, certain concentrations of this metal
seem to hinder this defense mechanism, as previously reported for
uranyl ion (Macaskie et al., 2000) and other heavy metal ions such
as VO4

3�, Hg2þ and Mg2þ (Swarup et al., 1982; Tabaldi et al., 2007;
Xu et al., 2018). In addition, low P-ase activity was exhibited by
heat-killed cells, U untreated cells and low-U concentration
(0.01 mM) treated cells (Fig. 2).

This Br8-inherent enzymatic activity is responsible for releasing
orthophosphates, by using G2P, which may precipitate U(VI) as
uranyl phosphate minerals. It should be noted that other organic
phosphate sources than G2P like sodium glycerophosphate have
been demonstrated to play the same role in presence of bacterial
phosphatase activity (Tu et al., 2019). The amount of the ortho-
phosphate detected after incubation increased as the U
ate concentrations) of Br8 cells (0.5 mg dry biomass per ml of medium, equivalent
ater (pH 6.3) amended with G2P (5 mM) and various U concentrations (0, 0.01, 0.1, 0.5
are showed as the mean ± SD of at least three independent measurements.
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concentration decreased (Fig. S-2). Abiotic and killed-cells controls
showed very low values of released orthophosphate, a finding
supported by the P-ase activity results shown above (Fig. 2).
3.4. STEM-HAADF analysis

The STEM-HAADF/EDX technique was used to determine the
cellular location of U precipitated by the bacterium Br8 and to
elucidate the key mechanism through which this strain copes with
the radionuclide’s toxicity. Micrographs of ultrathin sections of 0.1
and 1 mM U-treated-cells of Stenotrophomonas sp. Br8 (48 h, pH 6.3,
5 mM G2P) are presented in Fig. 3. Needle-like U precipitates were
localized at the cell surface and in the extracellular space. No intra-
cellular U accumulation was observed, suggesting the ability of this
strain to overcome U toxicity by avoiding its uptake. The
Fig. 3. HAADF-STEM micrograph (a) of a thin section showing U precipitates around Br8 ce
distilled water (pH 6.3) amended with G2P (5 mM) and U (1 mM). EDX element-distribution
in (a) image, indicated that precipitates observed are mainly composed of P and U. Zoomed-i
references to color in this figure legend, the reader is referred to the Web version of this a
precipitation of U around the cell surface is probably due to the
localization of P-ase enzymes at this level and, consequently, to the
potential abundance of phosphate groups (Kulkarni et al., 2016;
Chandwadkar et al., 2018). Potentiometric titration of the cells of a
similar strain (S. bentonitica BII-R7) revealed a high amount of
phosphate groups at the cell surface, 10.78 ± 0.31 � 10�4 mol/g
higher than those of other bacterial strains (Ruiz-Fresneda, submit-
ted to Environmental Science and Technology). In general, microbes
inhabiting U contaminated environments accumulate biogenic
metal minerals in the extracellular space as a defensive mechanism.
A similar strategy was observed for Stenotrophomonas sp. U18 when
incubated for 1h in a solution containing U (Islam and Sar, 2016).
Intracellular U-containing accumulates have been observed in the
closely-related bacterial strain S. maltophilia JG-2, isolated from U
mining wastes (Merroun and Selenska-Pobell, 2008).
lls recovered after their incubation (48h; 28 �C; 165 rpm) in MOPS-buffered (20 mM)
maps for P (b) and U (c), and EDXS spectrum (d) of the point marked with a red square
n view (e) showed U precipitates located at cell surface level. . (For interpretation of the
rticle.)



Table 2
Structural parameters of the uranium complexes formed by the cells of the strain
Stenotrophomonas sp. Br8 exposed to 1 and 0,1 mM U(VI), pH 5.5 and in presence of
G2P.

Sample Shell Na R(Å)b s2 (Å2)c DE (eV)

Br8/G2P/1mMU U-Oax 2d 1.78 0.0037 0.82
U-Oeq1 3.7 ± 0,2 2.29 0.0032
UeP 5.5 ± 1,7 3.61 0.0093
U- Oeq1-P (MS) 11,0e 3.71 0.0093f

UeU 2.7 ± 1.7 5.22 0.008d

Br8/G2P/0.1mMU U-Oax 2d 1.78 0.0043 0.42
U-Oeq1 4.1 ± 0.3 2.29 0.0051
UeP 2.6 ± 0.7 3.61 0.0024
U- Oeq1-P (MS) 5.2e 3.71 0.0024f

UeU 2.1 ± 0.9 5.20 0.008d

a Errors in coordination numbers are ±25%, and standard deviations, as estimated
by EXAFSPAK, are given in parentheses.

b Errors in distance are ±0.02 Å.
c Debye-Waller factor.
d Value fixed for calculation.
e Coordination numbers for UeP and U-Oeq1-P MS were linked.
f Debye Waller factors for UeP and U-Oeq1-P MS were linked.
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EDX spectra and elemental mapping analysis indicated that the
electron-dense accumulations observed extracellularly and on the
cell surface are composed mainly of U and P (Fig. 3). These obser-
vations confirm the high P-ase activity of this bacterial strain and its
key role in the formation of U-phosphate minerals, which are
considered to be very stable for long periods over a wide range of
pH, and to not re-oxidize and re-mobilize easily as is the case for U
reduction byproducts (Lloyd et al., 2002; Senko et al., 2002; Beazley
et al., 2011).

3.5. EXAFS analysis

The LIII-edge EXAFS spectra of the U complexes formed by Br8
cells at 0.1 and 1 mM metal concentration, and that of inorganic
uranyl phosphate (m-autunite) used as a standard compound for
comparison, along with their Fourier Transforms (FT), are pre-
sented in Fig. 4. The EXAFS spectra of the two experimental samples
highly resemble each other and the m-autunite spectrum, indi-
cating that the local coordination of U(VI) within the two samples
consists of U phosphates.

The FT of the EXAFS spectra of the two U bacterial samples show
5 significant peaks (Fig. 4). Quantitative fit results (Table 2) (dis-
tances are phase shift corrected) showed that U(VI) has two Oax at a
distance of 1.78 Å and 4 Oeq at 2.29 ± 0.02 Å. The second peak of the
FTs (RþD~1.8 Å) was related to the backscattering contribution of
the equatorial oxygen atoms. The MS path of the axial oxygen
atoms, as well as the SS andMS of the phosphate atoms, can be seen
in the FTs in the region between RþD ¼ 2.8 and 3.4 Å, respectively.
The U-Oeq bond distance in the two samples is within the range of
previously reported values for the oxygen atom of the phosphate
bound to uranyl (Merroun et al., 2003, 2011; Nedelkova et al.,
2007). The fourth FT peak, which appears at RþD ~3 Å (radial dis-
tance R ¼ 3.61 Å) is a result of back-scattering from phosphorus
atoms. This distance is typical for a monodentate coordination of
U(VI) by phosphate. A fifth peak at bond distance of
5.20e5.22 ± 0.02 Åwas fitted to a UeU. The EXAFS spectra of the U-
treated bacterial cell samples at 2 U concentrations are similar to
that of m-autunite with regard to the U-Oeq, UeP and UeU dis-
tances, suggesting that an inorganic m-autunite-like uranyl phos-
phate phase was precipitated by the Br8 cells in these two samples.
Fig. 4. (a) Uranium LIII-edge k3eweighted EXAFS spectra and (b) the corresponding Fourier T
concentrations of 1 mM and 0.1 mM in MOPS-buffered (20 mM) distilled water amended w
These results are in agreement with those obtained on the high P-
ase activity of the Br8 strain, leading to the release of inorganic
phosphate needed for U precipitation as U phosphate phases, with
a local coordination similar to that of m-autunite.
3.6. Uranium-immobilization performance by Br8-cells: influencing
factors

3.6.1. Time: kinetics of the uranium immobilization process
The uranium removal capacity of the strain Br8 monitored at

different incubation times is presented in Fig. 5. The results indicate
increased U removal rate of 16.2, 20.7 and z 50% after 5, 30 and
180 min, respectively, stabilizing at z98% after 20 h. Abiotic con-
trols showed a background U precipitation of z3e4% at 10 min,
reaching values around 10%e15% after 24 h (Fig. 5). Orthophos-
phates in solution are first detected at a significant concentration at
24 h (Fig. S-3), once the U(VI) precipitation percentage had reached
its maximum (Fig. 5).
ransforms (FT) of the uranium complexes formed by Stenotrophomonas sp. Br8 cells at U
ith G2P (5 mM), and reference compound (m-autunite).



Fig. 5. Uranium removal efficiency (%) kinetics during incubation (72 h; 28 �C;
165 rpm) of MOPS-buffered (20 mM) distilled water (pH 6.3) amended with G2P
(5 mM) and U (0.5 mM) in presence of Stenotrophomonas sp. Br8 cells (0.5 mg dry
biomass per ml of medium, equivalent OD600nm z 0.5). Flasks without cells were used
as control treatment. The data are showed as the mean ± SD of at least three inde-
pendent measurements.
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As suggested above, these findings support the implication of
active and passive mechanisms in aerobic U immobilization.
Metabolically independent mechanisms likely based on U sorption
onto the cell surface of the bacterium are first to be detected in this
time-course experiment. Previous reports describe similarly fast
actinides sequestration, interpreting them as passive events
(Gerber et al., 2016; Shukla et al., 2017). A large number of bacterial
functional groups at the cell surface (e.g. carboxyl, hydroxyl, amino
and phosphoryl) are known to effectively provide binding sites for
metals and other toxic elements (Fein et al., 2005; Ojeda et al.,
2008; Merroun et al., 2011; Moll et al., 2014; Reitz et al., 2015).
Phosphate groups have been found to be particularly abundant at
the cell surface level in the Br8 closely related bacterial strain
S. bentonitica BII-R7 in comparison to other bacteria (Ruiz-Fresneda,
submitted to Environmental Science and Technology). In terms of
biomineralization active mechanisms, the lack of orthophosphates
in excess in the incubation medium before 24 h suggests that the
process kinetics at this U concentration are governed by the rate of
release of enzymatic inorganic phosphates. While soluble U(VI) is
available in the system, free orthophosphates bound rapidly to it,
making its detection impossible. Subsequent sampling times (48
and 72 h) show a linear increase of orthophosphates in the medium
(Fig. S-3), indicating a continuous orthophosphates release via P-
ase activity. No-cell control treatments evidenced an abiotic
removal process most likely produced by spontaneous chemical
conversion of G2P into orthophosphates, which may interact with
the solved U fraction. This background abiotic U removal (approx.
10%e15%) was repeatedly obtained in our work.
3.6.2. Biomass concentration
The effect of biomass concentration (0.25, 0.5 and 1 mg/mL dry

biomass) in the U immobilization process was investigated to
determine the optimal Br8 cell concentration for removing U in
solution in the presence of G2P. The uranium precipitation ability of
this strain was not affected by this biological parameter. Removal
rates at the studied biomass concentrations (0.25, 0.5 and 1 mg/mL
dry weight) did not differ significantly (Fig. S-4a). Even at the
lowest concentration (0.25 mg/mL dry weight), U removal (94.8%)
remained at the same level as in previous assays (Fig. S-4a). How-
ever, the measured concentrations of orthophosphates released in
themediumvaried clearly depending on the biomass concentration
(Fig. S-4b). These changes in the amount of inorganic phosphates
released are not proportional to the biomass concentration, indi-
cating a nonlinear relationship. Considering these results,
limitation of the U biomineralization process is imposed by Br8
enzymatic activity and not by the G2P concentration, which is
clearly in excess in our experiments. Since the minimum biomass
concentration tested in this case (0.25 mg/mL dry weight) resulted
in maximum U removal values, further optimization experiments
are needed to determine the minimum biomass applicable for
satisfactory U removal rates.

3.6.3. pH
The effect of pH in the U biomineralizationmediated by Br8 cells

was also investigated in order to determine whether this process is
suitable for bioremediation of acidic or alkaline U contaminated
waters. For this purpose, slightly acidic (pH 5) and alkaline (pH 8)
conditions were investigated. Similar U removal rates (93%e99%;
Fig. S-5a) as those observed in previous experiments at circum-
neutral pH (92%e95%; Fig. 1) were obtained for acidic and alkaline
pH conditions, regardless of the U concentrations assayed (0.1, 0.5
and 1mMU) (Fig. S-5a). The chemical speciation of U in the studied
systems (Tables Se1) showed that at pH 5, U largely formed posi-
tively charged uranium hydroxide complexes (e.g. (UO2)3(OH)5þ,
UO2

2þ, UO2OHþ, (UO2)2(OH)22þ), while at pH 8, the negatively
charged uranyl hydroxide (UO2)3(OH)7- occurred also in a signifi-
cant proportion (14.6e18.5%, depending on U initial concentration;
Tables Se1). Thus, the passive initial phase of U biosorption is
expectable to be more pronounced under slightly acidic pH, where
the positively charged hydroxide complexes are more represented,
rather than under pH 8. Concerning active mechanisms, the release
of orthophosphates by Br8 cells was higher at alkaline pH, where an
excess of orthophosphates in solution was detected for all U con-
centrations at 48 h (Fig. S-5b). Under acidic conditions, the inor-
ganic phosphate concentration in solution decreased significantly
at all U concentrations. Yet it should be noted that even under these
conditions, the cells released sufficient orthophosphates to pre-
cipitate most of the U in solution (94.6% for 1 mM initial U con-
centration). The measurements of P-ase activity gave values of
40 mmol (per h and g) at both alkaline and acidic pHs for all three U
concentrations tested, except in the case of pH 5 and 0.5 mM U,
where this activity showed a maximumvalue of 60e62 mmol (per h
and g).

Since previous experiments at circumneutral pH showed higher
P-ase activity (Fig. 2), in accordance with previous investigations
(Macaskie et al., 1994; Kulkarni et al., 2016), we hypothesize that at
these pH conditions both types of phosphatases may act with a
summative effect. The unexpected high P-ase activity associated
with low levels of orthophosphates released seen at pH 5 and
0.5 mM U would indicate a reduction in the efficiency of Br8
enzymatic activity. Similar contradictory results were recently re-
ported by Chandwadkar et al. (2018), who observed slower U pre-
cipitation kinetics at pH 5 but a higher P-ase activity when
compared to the same test at pH 7 and 9. Several studies with
enterobacteria demonstrate that a high P-ase activity is not enough
to confer metal immobilization properties (Macaskie et al., 1994;
Jeong and Macaskie, 1995). Serratia bacterial cells were found to be
damaged and lysed at pH 5, allowing solved uranyl to penetrate and
precipitate within the cytoplasm (Chandwadkar et al., 2018), likely
affecting the sensitive P-ase activity (Macaskie et al., 2000). On the
other hand, at alkaline pH (8), the presence of carbonates may
hinder uranyl phosphate precipitation because of the formation of
highly soluble uranyl carbonate complexes (Nilgiriwala et al., 2008;
Kulkarni et al., 2016). At any rate, no intracellular U precipitates are
normally found under these alkaline conditions, maintaining cell
viability intact (Kulkarni et al., 2016).

Since U removal values at pH 8 resulted slightly higher than
those obtained under circumneutral and acidic conditions (Figs. S-
5a and 1), microscopic STEM observations weremade to investigate
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the interaction mechanisms involved in this case. Microscopy im-
ages (Fig. S-6) reveal the presence of flake-shaped accumulates,
located extracellularly and at the cell surface level, larger than those
found previously under circumneutral conditions (Fig. 3). Similarly
to those analyzed before at pH 6.3, EDX spectra and elemental
mapping analysis indicated that the precipitates formed are
composed mainly of U and P (Fig. S-6). Through XRD analysis,
structures resembling Rb[(UO2)(PO4)](H2O)3 and autunite
[CaU(PO4)2] were identified in the precipitates resulting under
alkaline and acidic conditions, respectively (Fig. S-7).

3.6.4. Temperature
Regarding the temperature effect in the bio-immobilization

process at 48 h, maximum removal efficiencies (>90%) were
observed at 28 �C and 37 �C (Fig. S-8a). Orthophosphate concen-
trations measured at 48 h (Fig. S-8b) suggest higher enzymatic
activity at 37 �C. At 15 �C, Br8 U precipitation ability decreased
approximately 20% (Fig. S-8a).

For most mesophiles, metabolic capacity in general and P-ase
enzymatic activity in particular are known to be reduced when
temperature drops under 20 º-25 �C (Gonz�alez et al., 1994; Lee et al.,
2015; Behera et al., 2017). As pointed out in the previous section,
the U removal mechanism reported in this work is highly depen-
dent upon the metabolic capacity of Br8 cells, which is clearly
higher at moderate temperatures (28 º- 37 �C) than at lower ones
such as 15 �C.

4. Conclusions

This study describes a highly efficient process for soluble U(VI)
immobilization mediated by a bacterial strain from the genus
Stenotrophomonas (Br8) in presence of G2P as organophosphate
source at different pH values (5, 7 and 8). Although U removal from
aqueous solutions mediated by certain bacterial strains in presence
of an organophosphate compound has already been reported
(Macaskie et al., 1992, 1994; Beazley et al., 2007, 2009; Martinez
et al., 2007; Merroun et al., 2011), the present work demonstrates
the ability of the strain Br8 for tolerating and immobilizing aero-
bically high U concentrations in a short period of time under
changing environmental conditions. The biogenic U phosphate
phases precipitated by this strain presented a local coordination
similar to that of autunite groups, characterized by their high long-
term stability.

In summary, these results have direct implications for under-
standing bacterial U tolerance mechanisms and the impact of the
strain Stenotrophomonas sp. (Br8) on mobility and biogeochemical
U cycling in nature. They also demonstrate the potential of this
bacterial strain for U bioremediation as a result of a complex pro-
cess combining passive and active mechanisms, including fast
biosorption to the cell surfaces and a subsequent P-ase enzyme-
mediated biomineralization phase (e.g. Chandwadkar et al., 2018).
Moreover, since phosphatases are also activated under anaerobic
conditions (Rossolini et al., 1998), the U biomineralization pre-
sented here may be an alternative to bioreduction in the presence
of G2P when the presence of oxygen is limited. Despite these
promising data presented, further research is needed on the per-
formance of this process when applied to real U-polluted mining
waters through column experiments for the design of appropriate
application procedures.
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