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GRAPHICAL ABSTRACT

e Rhodotorula mucilaginosa BII-R8 cells
are involved in the biosorption of
uranium.

e Yeast cells bind mobile uranium
species from solution via a time-
dependent process.

e Carboxyl groups at the cell surface
attract U-hydroxides and U-hydroxo-
carbonates.

e Formed uranium species interact
with organic phosphate groups at the
cell wall.

e Uranium complexes have a similar
local coordination to that of meta-
autunite.
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This study presents the effect of aqueous uranium speciation (U-hydroxides and U-hydroxo-carbonates)
on the interaction of this radionuclide with the cells of the yeast Rhodotorula mucigilanosa BII-R8. This
strain was isolated from Spanish bentonites considered as reference materials for the engineered barrier
components of the future deep geological repository of radioactive waste. X-ray absorption and infrared
spectroscopy showed that the aqueous uranium speciation has no effect on the uranium binding process
by this yeast strain. The cells bind mobile uranium species (U-hydroxides and U-hydroxo-carbonates)
from solution via a time-dependent process initiated by the adsorption of uranium species to carboxyl
groups. This leads to the subsequent involvement of organic phosphate groups forming uranium com-
plexes with a local coordination similar to that of the uranyl mineral phase meta-autunite. Scanning
transmission electron microscopy with high angle annular dark field analysis showed uranium accu-
mulations at the cell surface associated with phosphorus containing ligands. Moreover, the effect of
uranium mobile species on the cell viability and metabolic activity was examined by means of flow
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Yeast Rhodotorula
Spectroscopy
Microscopy

cytometry techniques, revealing that the cell metabolism is more affected by higher concentrations of
uranium than the cell viability.
The results obtained in this work provide new insights on the interaction of uranium with bentonite

natural yeast from genus Rhodotorula under deep geological repository relevant conditions.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The large amounts of radioactive waste generated by human
activities (such as uranium mining and processing of the ores for
the nuclear energy industry) will be disposed in future deep
geological repositories (IAEA, 2003; SKB, 1999). This waste will be
encapsulated into iron or copper canisters, surrounded by an
engineered barrier consisting of bentonite, and embedded in the
host rock (Alonso et al., 2008). The high microbial diversity of clay
engineered barriers (Lopez-Fernandez et al., 2015; Poulain et al,,
2008) could have an important impact on this barrier system
through different processes such as corrosion of metal canisters
(Stroes-Gascoyne et al.,, 2011); transformation of clay minerals
(Pentrakova et al., 2013); and radionuclide migration from the re-
pository (due to biosorption (Morcillo et al, 2014), bio-
transformations (Martinez et al, 2014), biomineralization
(Merroun et al., 2011), and intracellular accumulation (Brookshaw
et al, 2012)). These activities may affect the safety of the re-
pository by compromising its isolation.

The effects of microbial activity, cell structures and uranium
binding ligands on the mobility of radionuclides depend on several
parameters including the microbial species, the physical state of the
microorganisms (planktonic or within biofilm) and metal aqueous
speciation which depends on environmental parameters like Oo
and pH (Pedersen, 2002). Under oxic and acidic conditions (pH < 3)
uranium occurs as uranyl ion, which is the most soluble, toxic and
bioavailable form of uranium (Burns, 1999). However, under neutral
and alkaline conditions, the uranium speciation is dominated by U
hydroxides, U hydroxo-carbonates and U carbonates (Burns, 1999).
Understanding the microbial interactions with radionuclides re-
veals the impact of microbial processes in the mobilization or
immobilization of radionuclides. The interaction of uranyl ions with
bacterial strains isolated from different environments including
uranium contaminated sites (Cardenas et al., 2008; Dhal and Sar,
2014; Gerber et al., 2016; Kumar et al., 2013; North et al., 2004;
Sanchez-Castro et al., 2017) and clay considered as host rock for
deep geological disposal of radioactive wastes (Lopez-Fernandez
et al., 2014; Liitke et al., 2013; Moll et al., 2015) have been widely
studied. However, in the case of yeasts, although its distribution is
widespread in the environment (Yurkov, 2017), most studies have
been focused on the representative of phylum Ascomycota
Saccharomyces cerevisiae (Lu et al., 2013; Wang et al., 2017; Zheng
et al, 2017). Two recent studies demonstrated the ability of
members of this phylum to bioprecipitate uranium as crystalline
meta-autunite minerals (Liang et al., 2015) and the uranium uptake
capacity by clay-fungal biomass (Olivelli et al., 2017). There are
some studies describing interactions between Basidiomycota
phylum members and uranium (Bai et al., 2012; Fomina et al., 2008;
Liang et al., 2016). For instance, Bai et al. (2014) reported the ura-
nium binding capacity of Ca-alginate mobilized cells of Rhodotorula
glutinis. Nevertheless, no studies examined the effect of uranium
aqueous speciation on the interaction of this radionuclide with
species of the genus Rhodotorula. In this work we describe the
molecular characterization of the interaction mechanisms of the
strain Rhodotorula mucilaginosa BII-R8 with U hydroxides and U-

hydroxo-carbonates under relevant conditions to that of the deep
geological repository of nuclear wastes. The strain BII-R8 was iso-
lated from bentonite clay deposits from Almeria, Spain (Lopez-
Fernandez et al., 2014). These geological formations have been
studied as analogue for the engineering barrier of the radioactive
waste disposal system. Yeast species belonging to the genus Rho-
dotorula have been documented for their high heavy metal (Pb, Cd,
Ag) and radionuclide tolerance, as well as binding capacity (Cho
et al., 2011; de Siloniz et al., 2002; Li et al., 2008). Therefore, the
objectives of this work are: 1) to investigate the effect of U aqueous
species on the structure and local coordination of uranium within
the cells of the strain BII-R8 by means of X-ray Absorption Spec-
troscopy (XAS), Time-Resolved Laser-induced Fluorescence Spec-
troscopy (TRLFS) and Fourier Transform Infra-Red (FT-IR)
spectroscopy; as well as 2) to determine how the cells of Rhodo-
torula mucilaginosa BII-R8 tolerate the toxicity of uranium mobile
species using Scanning Transmission Electron Microscopy-High
Angle Annular Dark-Field (STEM-HAADF) and flow cytometry
techniques.

2. Material and methods
2.1. Microbial cultures and uranium(VI) solution

The microbial cells were grown in LB medium consisting of
1.0 g/l tryptone, 0.5 g/l yeast extract, and 0.5 g/l NaCl at 28 °C on
agitation (120 rpm). The pH of the medium was adjusted to 7. Low
Phosphate Medium (LPM) (Table S1) and 0.1 M NaClO4 were used as
background electrolytes for the different uranium interaction ex-
periments. 1 M stock solution of UO5(NOs3),-6H,0 was prepared by
dissolving the appropriate quantity of metal salt in 0.1 M NaClOa.
The stock solution was sterilized by filtration through 0.22 um
nitrocellulose filters and stored at 4 °C until use. Working solutions
were prepared by dilution of the stock solution. The chemical
speciation of U(VI) in LPM and in 0.1 M NaClOg4, at pH 7 and 25 °C
was determined by using Visual Minteq 3.0 software (Gustafsson
et al., 2009).

2.2. Sample preparation and experimental setup

2.2.1. TRLFS analyses

For TRLFS measurements, cells of R. mucilaginosa BII-R8 were
incubated in triplicate with 1 mM U(VI) for 48 hin LPM and in 0.1 M
NaClOg4, pH 7. After incubation, the cells were washed and sus-
pended in 0.1 M NaClOg4, pH 7. The cells were harvested by centri-
fugation, dried under vacuum and subsequently powdered. All the
measurements were performed in the Institute of Resource Ecology
at the Helmholtz-Zentrum Dresden-Rossendorf in Germany. The
samples were put on a special sample holder and were positioned
in the laser beam. U(VI) luminescence at 25 °C was excited using a
Nd-YAG laser (Minilite high-energy solid-state laser, Continuum)
with laser pulses at 266 nm and an average pulse energy of about
250 . The emissions were detected using an iHR 550 spectrograph
and an ICCD camera. The luminescence spectra were recorded from
370 to 670 nm by accumulating 100 laser pulses using a gate time of
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2 us (complete detection system: HORIBA Jobin Yvon GmbH,
Darmstadt, Germany). For time-resolved measurements a digital
delay generator (DG535, Stanford Research Systems, Sunnyvale, CA,
USA) was used. Subsequently, 51 U(VI) luminescence spectra were
recorded at delay times between 0.05 and 50.05 ps with step sizes
of 1 ps. Computer control over the entire system was ensured by the
software Labspec 5 (HORIBA Jobin Yvon, Edison, New York, USA).
The obtained luminescence data were processed by using Origin 7.5
(Origin Lab Corporation, Northampton, MA, USA) including peak
fitting module. More equipment details are given in the handbook
of applied solid state spectroscopy (Geipel, 2006).

2.2.2. XAS analyses

The cells of R. mucilaginosa BII-R8 were incubated with 1 mM
U(VI) for 48 h in LPM and in 0.1 M NaClOg4, pH 7. After that, samples
for XAS studies were prepared as previously described in Merroun
et al. (2005). Briefly, cells were harvested and washed with 0.1 M
NaClOg4. The pellets were dried in an oven at 30°C for 24 h and
subsequently powdered. Uranium Lj—edge X-ray absorption
spectra were collected at the MARS beamline at the SOLEIL syn-
chrotron facility (ring operated at 2.75 GeV with 400 mA), which is
the French bending magnet beamline dedicated to the study of
radioactive materials (Sitaud et al., 2012) using a Si(220) double-
crystal monochromator with horizontal dynamical focusing, and
Pt-coated mirrors for vertical focusing and rejection of higher
harmonics (Solari et al., 2009). Spectra were collected in fluores-
cence mode using a 13-element Ge detector (EG & G ORTEC, USA).
Data were processed and analyzed by using the ATHENA/ARTEMIS
codes (Ravel and Newville, 2005). Background removal was per-
formed 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(U03)(P04),-6H0 (Makarov and Ivanov, 1960) as a
model.

All fits included the four-legged multiple scattering (MS) path of
the uranyl 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 (6?) of the MS
path were linked at twice the R and o of the SS path U-Oax,
respectively (Hudson et al., 1996). During the fitting procedure, N of
the U-Oax SS path was held constant at two. The amplitude
reduction factor (S3) was held constant at 1.0 for the FEFF8 calcu-
lation and Extended X-Ray Absorption Fine Structure (EXAFS) fits.
The shift in threshold energy, AEq, was varied as a global parameter
in the fits.

2.2.3. FI-IR analyses

R. mucilaginosa BII-R8 cells were harvested by centrifuging at
15000 x g for 15 minat 4°C in an Eppendorf 5804R refrigerated
centrifuge. Then, the biomass pellet was lyophilized using an Alpha
1—2 LD Plus freeze dryer. Samples for the analyses were prepared
by adding 0.1 g of dry biomass to different uranium solutions
ranging from 0.01 to 1 mM U(IV) prepared in 0.1 M NaClO4. The pH
was adjusted to 7 and incubation was performed in triplicate at
28°C on agitation at 120 rpm for 2, 8, 24, 32 and 48 h. Measure-
ments were performed using Attenuated Total Reflectance (ATR)-
FT-IR with an angle of incidence of § =45 at 4cm™! spectral reso-
lution. Measurements were obtained using a Silver Gate Evolution
ATR accessory, consisting of a germanium crystal, coupled to a
Perkin Elmer Spectrum One FT-IR spectrometer. A total of 30 scans
were performed on each sample within the scanning range
2000—800 cm™'. An average spectrum was obtained from 3 repli-
cates and normalized. All data acquisition and processing were
performed using the PerkinElmer Spectrum version 3.3.

2.24. STEM-HAADF and EDX analyses

R. mucilaginosa BII-R8 cells were incubated with 1 mM U(VI) for
48 h in LPM, pH 7. After the incubation, uranium treated cells were
harvested by centrifugation at 15000 x g for 15 minat 4°C and
washed twice with 0.9% NaCl to remove the interfering ingredients
of the growth medium. TEM samples were prepared as described in
Merroun et al. (2005). Samples were examined by using a STEM-
HAADF FEI TITAN G2 80—300. TEM specimen holders were
cleaned by plasma prior to STEM analysis to minimize contami-
nation. The high resolution STEM is equipped with a HAADF de-
tector and an EDX energy dispersive X-ray detection system.

2.2.5. Flow cytometry analyses

R. mucilaginosa BII-R8 cell cultures were prepared in triplicate
and loaded for 24/48 h with two different uranium concentrations
(0.5 and 1 mM U). Cells were harvested from LPM medium, by
centrifugation (15000 x g, 15 min, 4 °C), suspended and diluted in
Phosphate Buffered Saline (PBS) to adjust the cell concentration to
the required one for this experiment (approximately 10° cells/ml).
R. mucilaginosa BII-R8 cells were incubated in triplicate and har-
vested under the same conditions but without uranium, as control.
For live dead/staining, solutions of Fluorescein Di-Acetate (FDA)
(Acros Organics) (20 pl, 0.1 mg/ml) and Propidium Iodide (PI) (2 pl,
at 1mg/ml) (Invitrogen) were mixed with cell suspensions for
15 min in dark, at room temperature. Cell suspensions incubated in
the presence of both stains simultaneously were analyzed by flow
cytometry for green (i.e. viable) and red (i.e. dead). To study the
effect of U(VI) on the cell metabolic activity, a PBS-suspension of
approximately 10° cells/ml of the harvested cells were incubated
with 20 pul of 10 uM DiOCg (Invitrogen) in dark for 15 min at room
temperature. Measurements were taken in triplicate using a
FACSCantoll cytometer Becton Dickinson (San Jose Palo Alto, Cali-
fornia), equipped with three lasers: 488 nm blue, 620 nm red and
405 nm UV. Samples were measured in FL1 (FDA-FITC) and FL2 (PI-
PE), in logarithmic scale channels, at medium speed. The filters
used for the measurements were 530 nm and 580 nm band pass.
Samples were analyzed using BD Diva 6.1.

3. Results
3.1. Chemical speciation of uranium in LPM and NaClO4

The chemical speciation of U(VI) in the presence of 0.1 M NaClO4
and LPM at different metal concentrations (in the absence of mi-
crobial cells) is shown in Table 1. In the experiment using 0.1 M
NaClOy4, at 0.5 and 1mM U concentration (pH 7), the uranium
speciation is dominated by hydroxo-uranyl complexes. In both
cases, the uranium speciation is controlled by (UO;)3(OH)Z (54.9
and 50.0%) and (UO3)4(OH)7 (44.5 and 49.6%), at 0.5 and 1 mM U,
respectively. In contrast, in LPM at uranium concentrations of
0.5 mM and 1 mM, the speciation of U(VI) is dominated by uranyl
hydroxo-carbonates ((UO;),CO3(OH)3). The minor uranium species
are (UO,)3(OH)Z, represented by 9.1 and 11.7% and (UO;)4(OH)F

Table 1
Calculated aqueous speciation of uranium in LPM and NaClO,4 0.1 M, before adding
cells.

Uranium species U(VI) concentration (mM)

0.5 1

LPM NaClO4 LPM NaClO4
(U0, ),CO5(0H)3 85.7% - 80.0% -
(U0, )3(OH)% 9.1% 54.9% 11.7% 50.0%
(UO,)4(OH)F 45% 44.5% 7.8% 49.6%
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with values of 4.5 and 7.8%, at 0.5 mM and 1 mM of U concentra-
tions, respectively.

3.2. TRLFS analyses of U-complexes formed by the cells of the yeast
R. mucilaginosa BII-R8

The Iuminescence spectra recorded by TRLFS from
R. mucilaginosa BII-R8 cells, incubated with 1 mM U(VI) at pH 7 in
0.1 M NaClO4 and LPM solution, are shown in Fig. 1 and the corre-
sponding luminescence emission maxima are summarized in
Table 2. Three main emission fluorescence bands were detected in
NaClO4 (4984, 517.7 and 540.0 nm) and LPM (4979, 518.1 and
538.9 nm). Comparing these determined parameters to those of
reference compounds, the luminescence properties of the cells
incubated at pH 7 are characteristic of U(VI) complexes formed
with phosphate groups of organic molecules such as sugar phos-
phates including fructose phosphates (Koban et al., 2004), phos-
phorylated nucleosides (e.g. AMP) (Merroun et al., 2003b), or
lipopolysaccharides of the gram-negative bacterium E. coli (Barkleit
et al.,, 2008). These results indicate that mainly organic phosphate
residues of the yeast cells are responsible for the complexation of
U(VI). The similar location of the emission bands of organic uranyl
carboxylate complexes (Table 2) indicates that carboxyl groups are
also involved in the uranium complexation. The analysis of the
time-resolved measurements showed a bi-exponential uranyl
luminescence decay for both samples (not shown here). That
means, two different uranyl species in each sample were formed
with luminescence lifetimes of 1.8 and 11.1 ps for the samples
incubated in NaClO4 and 2.2 and 11.3 ps for the LPM-incubated
samples, both at pH 7. They are highly comparable to each other
(Table 2). However, it is not possible to assign the determined
lifetimes to defined solid uranyl species because there is not
enough model data of different organic uranyl phosphates. Fitting
procedures at different delay times showed no shift of the lumi-
nescence emission maxima, indicating a high structural similarity
of the formed complexes.

3.3. XAS analyses

The Lj-edge EXAFS spectra of the species formed by the yeast
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Fig. 1. Luminescence spectra obtained with an excitation wavelength of 410 nm of the
U(VI) complexes formed by the yeast cells R. mucilaginosa BII-R8 after 48 h incubation
with 1mM U at neutral pH, in 0.1 M NaClO4 and in LPM.

cells at 1 mM metal concentration and their corresponding Fourier
Transforms (FT) are presented in Fig. 2. The FT represents a pseudo-
radial distribution function of the uranium near-neighbor envi-
ronment. The FT peaks appear at lower R-values (R + A) relative to
the true near-neighbor distances R as a result of the EXAFS phase
shift. This shift depends on the scattering phase function ¢ of the
electron wave and originate a shift in the interatomic distance of
Ak = 0.2-0.5 A.

The uranyl unit consists of a uranium center with a formal
charge of +6 coordinated to two double-bonded oxygen atoms to
form a trans-dioxo cation, UO3™. This “axial” unit is highly stable
and binds to other ligands via the formation of U—O bonds in a
plane perpendicular to the axis of the uranyl ion. The “equatorial”
oxygen (Oeq) coordination number varies from 4 to 6 depending on
the chemical environment, and these equatorial bonds are the sole
means of complexation available for uranyl units under normal
conditions. Standard compounds used for comparison were inor-
ganic uranyl phosphate (m-autunite). The FT of the EXAFS spectra
of two samples, in LPM and in 0.1 M NaClO4 show six significant
peaks (Fig. 2). The EXAFS spectra of the two samples present high
similarity indicating that the local coordination of U(VI) within the
two samples is similar. Quantitative fit results (Table 3) (distances
are phase shift corrected) indicate that the adsorbed U(VI) has the
common linear trans-dioxo structure: two axial oxygen atoms at
about 1.78—1.79 + 0.02 A, and an equatorial shell of 4 oxygen atoms
at 2.27-2.28 +0.02A. As evident from the results presented in
Table 3, the Debye-Waller factors of the U—0Oeq1 shell is affected by
the background electrolyte (LPM and NaClOy4). In the EXAFS spectra
of the samples in LPM, we observed a fourth-fold coordination of
uranium to ligands of the bacterial cells (N~4 and
R=2.28 +0.02 A). The lower Debye-Waller factor (0.0063 A%) im-
plies the absence of a disorder in U—0Oeq distances contributing to
the EXAFS. However, the higher Debye-Waller factor of the EXAFS
spectrum of NaClO4 (0.011 A?) indicated that there is probably a
wide spread of U—Oeqq distances with an averaged value of
2.27 +0.02 A. 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., 2003a, 2011;
Nedelkova et al., 2007).

In all samples, the addition of a shell of one oxygen scatter at
distance of R=2.86—2.87 +0.02 A improve significantly the fit.
Such a distance between uranium and oxygen atoms is not related
to direct bonding but they are interpreted in several systems as
scattering contributions from neighboring ligand shells known as
“short contacts” in crystallography (Jroundi et al., 2007; Merroun
et al,, 2003a; Nedelkova et al., 2007). The fifth FT peak, which ap-
pears at R+A ~3 A (radial distance R = 3.58 A) is a result of the back-
scattering from phosphorus atoms. This distance is typical for a
monodentate coordination of U(VI) by phosphate. The EXAFS
spectra of the U-treated yeast cell samples in LPM and NaClO4 are
similar to that of m-autunite with regard to the U-Oeq, U—P dis-
tances, suggesting that an inorganic m-autunite-like uranyl phos-
phate phase was precipitated by the yeast cells in these two
samples.

3.4. FI-IR results

FT-IR spectra were collected in order to identify changes in
chemical surface compounds of R. mucilaginosa BII-R8. The in-
teractions between R. mucilaginosa and uranium that can be
observed using this technique are mainly surface interactions. Fig. 3
shows a summary of the results obtained from the kinetics and
sorption of uranium (Fig. 3a) and the dependency on uranium
concentration (Fig. 3b) studies. No major changes were observed on
the spectral region at 1640 cm™!, hence this band was used to
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Table 2
Luminescence emission maxima of the U(VI) complexes formed by R. mucilaginosa BII-R8 cells in LPM and NaClO,4 at 1 mM U and selected uranyl model complexes.
Main luminescence emission bands (nm) Lifetimes (ps) Reference
Samples
R. mucilaginosa-NaClO4 498.4 517.7 540.0 1.8+0.1 11.1+03 This work
R. mucilaginosa-LPM 497.9 518.1 538.9 22+01 11.3+04 This work
Reference samples
Organic uranyl phosphate complexes
UO,-fructose(6) phosphate 497.1 519.0 543.3 0.13+0.05 Koban et al., 2004
UO,-AMP 497 519 542 n.d. Merroun et al., 2003b
R-0—PO3—-UO, 498.1 519.6 5429 1.2+04 Barkleit et al., 2008
Inorganic uranyl phosphate complexes
UO,P0O4 502 524 548 n.d. Bonhoure et al., 2007
(UO2)x(POg4)y 503.0 523.7 546.9 n.d. Brendler et al., 1996
Organic uranyl carboxylate complexes
Uranyl acetate 494.6 514.3 5359 23.7+£13 23.0+24 Reitz et al., 2015
R—CO0—UO3/(R—C00),-UO, 498.1 518.0 539.0 0.7+0.1 Reitz et al., 2015
UO03* and hydrolytic species
UO3*aq. (pH 1, 1=0.1 M) 4889 510.5 533.9 1.8+0.2 Geipel et al., 2000
UO,0H* 498 519 543 35+2 Brachmann et al., 2002
(UO5)5(OH)3™ 499 519 542 29+04 Kato et al., 1994
(UO,)3(OH)E 496 514 535 2343 Moulin et al., 1998
Uranyl carbonate minerals
Ca,[U05(CO5)3]- 10H,0 4829 502.7 5245 14545 Amayri et al., 2005
Ca»(U0,)(CO3)3-11H,0 483.1 502.7 524.1 313+ 10 Amayri et al., 2005
Cay[U0,(CO3)3] in solute 484 504 524 0.04 +0.01 Bernhard et al., 2001
Uranyl phosphate minerals
Autunite 504.0 524.2 548.0 5.15+0.28 Geipel et al., 2000
Meta-autunite 501.8 5229 546.9 0.74+£0.10 Geipel et al., 2000
Mg[UO2P04],-10H,0 501.1 522.1 545.7 2.25+0.20 Geipel et al., 2000
Error of emission bands is +0.5 nm.
o ——dale Table 3
= |A . B " Structural parameters of the uranium complexes formed by the cells of the strain
= m-autunite ——Fit p P y
= k R. mucilaginosa BII-R8 in 1 mM U using both LPM and NaClO,4 as background elec-
- trolyte. Meta-autunite structural parameters were included as comparison.
Sample Shell N? R(A)° o? (A%)© AE (eV)
LPM U-O. 24 1.78 0.0039 0.56
R8/LPMU U-Oeq1 42(4) 228 0.0063
£ U— Oeqa 0.8(2)  2.86 0.0038¢
U-P 3.3(4) 3.58 0.004
U— Oeqi-P (MS)  6.6° 3.68" 0.004
L NaClO4 U-O,x 24 1.79 0.0069 -0.2
ReNaCIOA | U-Ocqi 45(3) 227 0011
U— Oeqy 102) 287 0.0038¢
U-P 3.2(5) 3.58 0.0040
M ) ) ) . U— Ocqi-P (MS)  6.4° 369" 0.0040
4 6 8 10 12 14 16 0 2 4 6 m-autunite 8‘8“ idg(s) ;;Z g'g%g —13.40
At i ~Ueq1 X . .
ks R+a[A] U— Oeqa 08(2) 286 0.0038¢
Fig. 2. A) Uranium Ly-edge k—weighted EXAFS d B) th di u-p 153 360 0.0010
g. 2. m-edge k>—weighte spectra and B) the corresponding U— Ocqi-P (MS) 3.0° 3.73f 0.0010

Fourier transforms (FT) of the uranium complexes formed by R. mucilaginosa BII-R8
cells at U concentrations of 1 mM in LPM and NaClOy4, and reference compound (m-
autunite).

normalise all spectrum. The spectra of R. mucilaginosa BII-R8 used
as control exhibited a composition typical for microbial cells. The
band at 1640 cm ™! is accompanied by a band at 1543 cm ™! that has
been assigned to the stretching of the conjugated double bond of
the carbonyl, C=0, group from amides (Barth, 2007). The presence
of this group corresponds to proteins of the yeast membrane. The
spectra also display absorption bands between 1050 and 1150 cm™!
and 1070—1150 cm™ !, which have been assigned to C—O stretching
modes (Galichet et al., 2001) indicating the presence of alcohol and
ether groups, respectively. Interestingly, the band at 917 cm™',
assigned to the stretching of U=0 (Romero-Gonzalez et al., 2016),
is absent in the R. mucilaginosa BII-R8 control spectrum (Fig. 3a). At
longer contact times, the shape of the band changes, from broad to
sharp. The presence of this band has been assigned to the stretching
of U=O0 that has shifted from 938 cm~! compared to the control

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

b Errors in distance are +0.02 A.

¢ Debye-Waller factor.

4 Value fixed for calculation.

¢ Coordination numbers for U-P and U-Oeq1-P were linked.

f Debye Waller factors for U-P and U-Oeq1-P were linked.

UO,(NO3); spectrum and the changes are associated to the accu-
mulation of UO3* on the surface of R. mucilaginosa BII-R8. More-
over, the bands at 1240 and 1076cm~! are characteristic of
vibrational asymmetric stretching of phosphate (Hufton et al.,
2016). These groups are able to complex several metals within
the cellular membrane or other yeast components such as peptides,
phospholipids or peptidoglycan.

There is an interesting change evident on the band at 1390 cm™!
(Fig. 3a). This is a band characteristic to stretching of carboxylate
anions (COO—) (Galichet et al., 2001), where the vibration may be
affected by changes on the binding environment of the carboxylate
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Fig. 3. 2000-800cm~" FTIR region of R. mucilaginosa BII-R8 cells after uranium
binding as a function of A) time, concretely 8, 24, 32 and 48 h and B) uranium con-
centrations ranging from 0.01 to 1 mM U(VI).

group. The change of the intensity of vibration over time seems to
indicate a change of composition of the carboxylate group, result-
ing on an increased intensity at 8 h and 24 h that is reduced to levels
comparable to the R. mucilaginosa BII-R8 control over longer pe-
riods of time. This phenomenon was not observed on the sorption
experiments, since the batch was conducted at 48 h (Fig. 3b).

3.5. STEM-HAADF and EDX analyses

STEM-HAADF micrographs of thin sections of R. mucilaginosa
BII-R8 cells exposed to 1 mM U(VI) are shown in Fig. 4. In these
micrographs, electron-dense precipitates were observed at the cell
surface. In addition, intracellular U accumulations are localized
within and at the membranes of concentric organelles. The EDX
spectra of the accumulated uranium displayed X-ray emission
peaks corresponding to U and P (Fig. 4c). The copper (Cu) peak
resulted from the copper grid used to support the specimen and the
presence of the silicon (Si) peak can be attributed to culture
impurities.

3.6. Effect of U(VI) on cell viability and metabolic activity

To determine the ability of the cells of R. mucilaginosa BII-R8 to
tolerate different uranium concentrations, LPM was used as

oligotrophic culture medium where the cells could grow. Flow
cytometry studies revealed that the cell viability depends on the U
concentration and incubation time. After 24 h of incubation at
different uranium concentrations the yeast R. mucilaginosa BII-R8
cells were abundantly alive (>90%) and not very affected by this
radionuclide (Fig. 5a and Table S2). However, after 48 h of incuba-
tion time the cell viability of the yeast cells was decreased
compared to that of 24 h (Fig. 5b). At 0.5 mM of uranium concen-
tration, the viability was reduced from 96 to 92%. When the ura-
nium concentration was increased to 1 mM, the viability dropped
to 85%. The metabolic activity of R. mucilaginosa BII-R8 cells after
48 h of incubation was decreasing proportionally to the decrease of
the cell viability (Fig. 6 and Table S3). These analyses showed that
the metabolic activity of the yeast cells was affected at 1 mM of
uranium concentration (decreasing to 74%). Therefore, the cell
metabolism is much more affected by higher concentrations of
uranium than the cell viability.

4. Discussion

The present work aimed to investigate the effect of aqueous
uranium speciation on the uranium interactions with the yeast
Rhodotorula mucilaginosa, isolated from Spanish bentonites. Two
different geochemical conditions (GC) were simulated: the elec-
trolyte NaClO4 representative of typical ionic strength of ground-
water (GC1) where the aqueous uranium speciation was dominated
by positively charged U hydroxide species ((UO;)3(OH)Z and
(U03)4(0OH)$); the GC2 corresponds to the LPM system where the
aqueous uranium speciation was controlled by negatively charged
U-hydroxo carbonates species (UO),CO3(OH)s.

TRLFS analysis showed that the main fluorescence emission
bands of the uranium complexes formed under these two
geochemical conditions are similar and demonstrated that uranium
is bound preferably to organic phosphate ligands (Barkleit et al.,
2008; Koban et al., 2004; Merroun et al., 2003b). The local coor-
dination of U(VI) at the yeast cells was determined by XAS,
revealing that the uranium is complexed by phosphoryl groups
four-fould monodentate coordinated in the equatorial plane of the
uranyl dioxo-cation, comparable to the uranyl mineral phase meta-
autunite. These complexes were mainly localized at the cells sur-
face, as demonstrated by the STEM.HAADF analysis.

These apparently contradictory results obtained by TRLFS and
XAS showed that the R. mucilaginosa BII-R8 cells are involved in the
biosorption of U-hydroxo-carbonates and U-hydroxides species
and formation of U-organic phosphate complexes. However, the
data presented in this work are in agreement with those previously
reported by Barkleit et al. (2011) who also showed a discrepancy
between XAS and TRLFS measurements. Similar to our work, the
XAS analysis showed that the structural parameters of U(VI) com-
plexes formed by purified lipopolysaccharide of E. coli were similar
to that of meta-autunite, but in contrast their fluorescence pa-
rameters were comparable to those of U-phosphate group com-
plexes and different to those of m-autunite. These results indicate
that the speciation of uranium associated with the cells of
R. mucilaginosa is not controlled by the aqueous uranium speciation
but by functional groups reactive to the presence of uranium in the
cell surface. The findings are contrasting with results reported by
Kulkarni et al. (2013). In this study, the speciation of uranium
(under low and high carbonate conditions) had an effect on the
biosorption and bioprecipitation of uranium by Deinococcus radio-
durans and Escherichia coli, despite their phosphatase activity. The
authors attributed the low uranium biosorption capacity under
high carbonate concentration conditions to the repulsion of the
predominantly negatively charged aqueous uranium complexes by
the bacterial cell surface. However, under low carbonate conditions
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Fig. 4. Scanning Transmission Electron Microscopy-High-Angle Annular Dark-Field (STEM-HAADF) micrographs of thin sections of R. mucilaginosa BII-R8 treated with 1 mM U (A
and B). Energy Dispersive X-ray spectrum of U complexes at the cell walls (C).
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Fig. 5. Flow cytometry scatterplots of BII-R8 cell viability after A) 24 h at uranium concentration ranging from 0 to 1 mM. Q1-1: dead cells (PI+, FDA-), Q2-1: damaged cells,
considered as dead cells (PI+, FDA+), Q3-1: cellular rest, not considered in this study (PI—, FDA-), Q4-1: alive cells (PI—, FDA+); and B) 48 h, at uranium concentration ranging from
0 to 1 mM. Q1: dead cells (PI+, FDA-), Q2: damaged cells, considered as dead cells (PI+, FDA+), Q3: cellular rest, not considered in this study (PI—, FDA-), Q4: alive cells (PI—, FDA+).

the predominant positively charged aqueous uranium species allow dominated by positively charged U hydroxides (GC1). The interac-
the uranium to interact with the cells. tion with uranium is a time-dependent process, where at shorter

FT-IR analyses were used to study the kinetics of U biosorption time, the U hydroxides species present initially are attracted to the
by the cells of the yeast strain under geochemical conditions negatively charged carboxyl groups at the cell surface. This leads to
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Fig. 6. Flow cytometry scatterplots of BII-R8 membrane potential after 48 h, at
different uranium concentrations. A. 0mM, B. 0.5 mM, C. 1 mM,. P2: metabolically
active cells, P3: metabolically inactive cells.

the interaction of the formed U species with neighboring phos-
phate groups at longer time contact. This method revealed the
involvement the carboxyl groups in the biosorption of uranium
species against what the XAS in particular was not able to detect
the contribution of the carboxylic ligands in the binding of ura-
nium, probably due to their low concentration after the long in-
cubation time of the samples studied (48 h).

STEM-HAADF and flow cytometry techniques were used to
assess the toxicity of negatively charged uranium hydroxides spe-
cies towards the cells of the yeast strain R. mucilaginosa BII-R8.
Uranyl organic phosphate groups seem to play a major role in
detoxification of U(VI) since STEM-HAADF analysis showed that
uranium is accumulated mainly at the cell wall. Three main com-
ponents form the yeast cell wall: glucan (up to 56%), mannoprotein
(up to 50%) and chitin (approximately 6%), whereas only small and
variable amounts of lipid have been reported (Aguilar-Uscanga and
Francois, 2003; Villegas et al., 2009). The functional groups
involved in the binding of U(VI) by the yeast are probably the

carboxyl sites within the polysaccharides of the cell as well as the
phosphoryl groups of the phospholipid bilayer of the cytoplasmic
membrane.

Flow cytometry analysis showed that the cell viability is an in-
cubation time-dependent process. The uranium tolerance of the
yeast cells seems to be biologically mediated, due to the differences
in the level of uranium tolerance among several microbial strains
isolated from the same bentonite samples under the same experi-
mental conditions (Lopez-Fernandez et al., 2014). In addition, the
effect of uranium on the cell metabolic activity was also investi-
gated using DiOCg, a fluorescent lipophilic dye used for staining
mitochondria in living yeast cells (Koning et al., 1993). These results
revealed that after 48 h of incubation at 1mM of uranium con-
centration, a high percentage of the cell metabolism (74%) was still
active. The oxidative stress induced by the yeast cells at high ura-
nium concentrations may result in the formation of reactive oxygen
species (ROS) which highly damage cellular components, like DNA,
lipids and proteins as previously described by Imlay (2003). To cope
with the toxicity of these ROS, microorganisms have developed
different strategies including reduction or precipitation of the
dangerous component causing the ROS, ion exchange and reverse
osmosis (Cheung and Gu, 2007). An example of yeast detoxification
mechanisms against different heavy metals was described for
Schizosaccharomyces pombe in Prévéral et al. (2009).

4.1. Implications for geological repositories

Microorganisms can contribute to the speciation of radionu-
clides and radionuclide mobility through the geosphere (Lloyd and
Renshaw, 2005). Microbial activity also has an effect in the struc-
tural stability and performance of engineered barriers, including
corrosion of canisters and deterioration of concrete through
changes in porosity and biofilm formation (Masurat et al., 2010;
Pedersen, 2010). In the case of Spanish bentonites, there is little
information on the effect of existing microbial communities may
have on the structure or performance of this material as an artificial
barrier. This is one of the first studies describing the influence of
strain R. mucilaginosa BII-R8 in the transport and mobility of ra-
dionuclides. It would therefore be expected that under environ-
mental conditions, such as excavation, construction and
installation, this microorganism can thrive and form an established
community. This would ensure survival over time and may have an
influence on bentonite structure and porosity. The yeast strain
R. mucilaginosa BII-R8 showed abilities for retaining uranium from
solution irrespective of its chemical specie. The mechanism of
removal is varied, showing that this microorganism can adapt to
different solution composition and radionuclide chemical specia-
tion, which makes it reactive under a variety of environmental
situations. This study shows that sorption and removal of uranium
is favored in the presence of carbonates and the yeast strain
R. mucilaginosa BII-R8 is capable to tolerate high concentrations of
this radionuclide. This could represent an advantage in case of
failure of geological repositories, where radionuclides can escape
and be leached into the subsurface.

The results from this study demonstrated the value of research
in analogue environments representative of repositories. We have
provided evidence from molecular microbiology and biogeo-
chemistry that the presence of microorganisms such as Rhodotorula
mucilaginosa BII-R8 in bentonite clays is positive, providing the
barrier with additional ability to retain radionuclides. Therefore,
one obvious question to explore for advancing our ability to predict
microbial dynamics in geological repositories is to what extent the
presence of microorganisms may modify clay structure and
stability.
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5. Conclusions

The present study provide new molecular insights into the effect
of aqueous uranium speciation in the interaction of uranium with
natural microbes from bentonite formations considered as artificial
barriers for the future deep geological repositories. This study was
performed under relevant geochemical conditions for this kind of
disposal systems where different uranium species could be present.
The results showed that the uranium tolerance of the yeast cells is a
time-dependent process. . In a first step, U-hydroxides and U-
hydroxo-carbonates are attracted to the carboxyl groups at the cell
surface, allowing in a second step its interaction with organic
phosphate groups that finally accumulates at the cell wall. These
data indicated that the U(VI)-yeast interaction makes this radio-
nuclide less mobile, having a positive effect in the concept of the
radioactive waste disposal. However, long-term studies should be
performed to assess the stability of these uranium complexes, as
well as to further characterize the microbial processes impact in the
mobilization/immobilization of radionuclides in the deep geolog-
ical disposal of radioactive wastes.
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