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ARTICLE INFO ABSTRACT

Keywords: Uranium (U) is the most hazardous radionuclide in nuclear waste and its harmful effects depend on its mobility
Bacterial diversity and bioavailability. Microorganisms can affect the speciation of radionuclides and their migration in Deep
DGR' . Geological Repositories (DGR) for high level radioactive waste (HLW) storage. Consequently, a better under-
lé;(lj:onudldes standing of microbe-radionuclide interactions within a DGR concept is essential for a safe storage. With that in
Bioreduction mind, bentonite microcosms amended with uranyl nitrate and glycerol-2-phosphate were incubated for six
Immobilization months under anoxic conditions. Post-incubation 16S rRNA gene sequencing revealed high microbial diversities

including glycerol oxidizers such as Clostridium and Desulfovibrio and nitrate reducers (Limnobacter and Bre-
yundimonas). In addition, uranium-reducing bacteria (Desulfovibrio and Pseudomonas) were highly enriched in
glycerol-2-phosphate-uranium amended microcosms. These bacteria may contribute to uranium immobilization
through enzymatic reduction and/or biomineralization. Scanning electron microscopy of colored spots on the
surface of the bentonite in the microcosms indicated the probable formation of Mn(IV) oxides likely through the
activity of Mn(II)-oxidizing microbes. This could affect the biogeochemical cycle of U(VI) by concentrating and
immobilizing this element in the bentonites. Finally, X-ray diffraction determined a high structural stability of
bentonites. The outputs of this study help to predict the impact of microbial activity (e.g. smectite alteration,
metal corrosion, and radionuclides mobilization) on the long-term performance of a DGR and to develop
appropriate waste treatments, remediation, and management strategies.

1. Introduction

The use of Deep Geological Repositories (DGRs) is the option
accepted by many countries for the management of highly-radioactive
waste (mainly spent fuel and waste material from reprocessing) (Gri-
goryan et al., 2018), although their construction is still in progress
worldwide (Pedersen et al., 2017). The DGR concept involves a multi-
barrier system comprising the storage of spent fuel in metal canisters
(cast iron, stainless steel, or copper, depending on the strategy selected
for each country), usually surrounded by a further engineered barrier
consisting of a highly-compacted bentonite clay (Anderson et al., 2011;

Bengtsson and Pedersen, 2017). Smectite rich bentonites are the most
suitable backfill materials for DGRs since they possess a high swelling
capacity, plasticity, low permeability, and high sorption ability for
radionuclide retardation (Masurat et al., 2010; Missana et al., 2003).
Bentonite from the “El Cortijo de Archidona” (Almeria, south-east
Spain) deposit has been designated as the engineered barrier material
for the planned DGR in Spain (Villar et al., 2006). A detailed mineral-
ogical characterization was reported by Huertas et al. (2006).

Since microorganisms are ubiquitous in all environments, their in-
fluence on DGR safety has been studied extensively in several bentonites
from different sites (Bengtsson and Pedersen, 2017; Leupin et al., 2017;
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Lopez-Fernandez et al., 2018; Pedersen et al., 2017; Smart et al., 2017).
Microbial processes such as gas release, sulfide production and Fe(III)
reduction could affect the integrity and safety of the radioactive waste
repository through metal corrosion and bentonite alteration (Liu et al.,
2017; Pentrakova et al., 2013; Stone et al., 2016; Stroes-Gascoyne et al.,
2010). Furthermore, microbial mechanisms (biosorption, intracellular
accumulation, biomineralization, and bioreduction) can control the
speciation and mobility of radionuclides in the case of canister failure
(Lopez-Fernandez et al., 2018; Povedano-Priego et al., 2019). While
microbes can affect uranium speciation, this radionuclide may in turn
influence the bacterial community by enriching species with a high U-
tolerance. For instance, the presence of U(VI) changes the indigenous
bacterial community of soils/bentonites (Lopez-Fernandez et al., 2018;
Newsome et al., 2015; Povedano-Priego et al., 2019). Hence, it is rele-
vant to consider both the bacterial diversity and the uranium speciation
in case uranium is released in the DGR.

The impact of bentonite microbial populations on uranium mobility
and its effects on bacterial diversity under aerobic conditions revealed
the enrichment of e.g., Bacillus spp. involved in biomineralization of U-
phosphate mineral phases (Lopez-Fernandez et al., 2018; Povedano-
Priego et al., 2019). However, uranium biomineralization is greatly
heightened by the presence of organophosphates (e.g. glycerol-2-
phosphate [G2P]) (Martinez et al., 2014). Thus, Povedano-Priego
et al. (2019) focused on the combined effect of G2P (the substrate for
phosphatases) and uranium under aerobic conditions, observing the
release of inorganic phosphates leading to uranium precipitation (bio-
mineralization). In the DGR concept, oxygen introduced during con-
struction and canister emplacement will likely be consumed within two
years via microbial activities, corrosion processes, or mineral oxidation
(King et al., 2017; Payer et al., 2019). Therefore, due to the anoxic
conditions present in the DGR for thousands of years, bentonite micro-
bial diversity needs to be addressed under anaerobic conditions.

Radionuclide-microorganism interaction mechanisms can occur
under anaerobic and reducing environments, for instance bioreduction
of U(VI) to less soluble U(IV) (Newsome et al., 2014a). Under these
conditions, the microbial community may include sulfate-reducing
bacteria (SRB; e.g., Desulfovibrio), iron-reducing bacteria (IRB; e.g.,
Geobacter), denitrifiers (e.g., Pseudomonas), and spore-forming species
such as Clostridium (Chabalala and Chirwa, 2010; Cologgi et al., 2011;
Gao and Francis, 2008; Stylo et al., 2015; Vecchia et al., 2010). The
dominant product of microbial uranium reduction is often reported to be
uraninite [UO,] although other minerals have been identified recently
as bioreduced uranium, including ningyoite [CaU(PO4)2] produced by
Thermoterrabacterium ferrireducens and Desulfotomaculum reducens along
with monomeric U(IV) by Shewanella oneidensis (Alessi et al., 2012;
Bernier-Latmani et al., 2010; Newsome et al., 2014a). However, the
bioreduced U(IV) can be reoxidized to U(VI), especially in the presence
of nitrate and/or e.g., Fe(II) (Xu et al., 2017). In the DGR, nitrate can be
introduced during the construction process, on rock surfaces, and in the
groundwater (Kutvonen et al., 2015). Therefore, it is interesting to also
consider the impact of nitrates on the biogeochemical cycle of U under
DGR relevant conditions.

This study investigated the effects of uranyl nitrate and G2P on: 1)
the mineralogy and structure of bentonites, and 2) the composition of
the bacterial community of these clays. The study helps to predict the
impact of microbial processes (e.g. smectite alteration by Fe(II)-
reducing activity, metal corrosion through the sulfide production by
SRB, and the immobilization of U via different mechanisms) on the long-
term performance of the DGR once in situ anaerobic conditions are
established.

2. Materials and methods
2.1. Treatments and incubation of bentonite microcosms

Bentonite from El Cortijo de Archidona (Almeria, Spain) was
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collected under aseptic conditions at a depth of 0.8 m using a manual
auger previously cleaned with ethanol. Bentonite was stored in sterile
containers, and kept at 4 °C in the laboratory (Supplementary Fig. S1).
The sample collection was performed in January 2016. This bentonite
presents a high mineralogical purity with 92% of dioctahedral smectite,
3% of plagioclases, and 2% of cristobalite and quartz (Villar et al.,
2006). Rozalen et al. (2008) after transmission electron microscopy
analysis classified this dioctahedral smectite as montmorillonite.
(Hereinafter we use the term bentonite for the clay-type rock and
smectite for the clay minerals). The bentonite was used for the estab-
lishment of anaerobic microcosms: 40 g of ground bentonite in sterile
Petri dishes (Supplementary Fig. S1). Bentonite microcosms were
treated with different solutions: 1) 1.26 mM uranyl nitrate to investigate
the effect of uranium after incubation (U samples); 2) 10 mM glycerol-2-
phosphate (G2P) and 1.26 mM uranyl nitrate to determine the impact of
uranium in the presence of an organic phosphate source (GU samples);
3) 10 mM G2P (G samples); 4) 2.71 mM sodium nitrate (N samples) as a
control of the uranyl nitrate treatment; 5) 10 mM G2P and 2.71 mM
sodium nitrate (GN samples); and 6) distilled water (H samples) as a
control for G and N samples (Supplementary Fig. S1). G2P was added as
a carbon and phosphate source to stimulate the growth of the indigenous
bacteria in the bentonite. In the DGR concept, G2P is usually present as
cell wall compounds of bacteria and fungi (Martinez et al., 2014) and in
addition, it may derive from the hydrolysis of teichoic acids from Gram-
positive bacteria (Weidenmaier and Peschel, 2008). All the working
solutions were sterilized by filtration through 0.22 pm pore-size nitro-
cellulose filters and homogenously added to bentonite until complete
saturation of the clays in the plates (Supplementary Fig. S1). Treatments
were carried out in triplicate. A total of 18 individual microcosms were
incubated under anaerobic conditions for six months in darkness at
room temperature (Supplementary Fig. S2). To establish the anaerobic
conditions, the microcosms-containing plates were placed in an anaer-
obic jar (BBL™ GasPak™ Anaerobic Systems) with anaerobiosis gener-
ator sacks (AnaeroGen™, Thermo Scientific; Supplementary Fig. S2B)
establishing a COy atmosphere. To allow the diffusion of the anaerobic
atmosphere created inside the anaerobic jar, plates were closed with
their cover without extra sealing with Parafilm (M). Although bentonite
in these microcosms was not compacted, bentonite would be confined in
the DGR resulting in a decrease of the microbial growth. After incuba-
tion, samples were stored at —20 °C until further use.

2.2. Chemical and mineralogical characterization of anaerobic
microcosms

The pH of each sample was measured in triplicate according to the
method of Stone et al. (2016): one gram of bentonite was mixed with 15
mL CaCl; (0.01 M) solution at 1:15 bentonite:solvent ratio. A Crison pH-
meter (MicropH, 2002) was used calibrated against pH 4.00 and 7.02
commercial reference solutions (+ 0.02 pH units of reported accuracy).

Mineralogy of the bentonite after six-month incubation was deter-
mined by X-ray diffraction (XRD) analyses using a PANalytical X'Pert
Pro diffractometer equipped with an X'Celerator solid-state detector
(0.25° divergence slit, Ni filter). XRD patterns were recorded using
random oriented mounts with CuKa radiation (A = 1.5405 10\), operated
at 45 kV and 40 mA, scanned from 4 to 70°260. Bentonite from micro-
cosms was sampled with a spatula, without removing the brown spots at
the surface. These samples were desiccated at 50 °C and then ground to
obtain a fine powder. The limited amount of bentonite available for the
analysis, sprinkled over a zero-background silicon sample holder, may
produce preferential orientation of some crystals and distortion of
relative intensities in XRD patterns with respect to ideal conditions for
random powder. Mineral phases were identified by comparison with
JCPDS powder spectra (Joint Committee on Powder Diffraction
Standards).
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2.3. Microscopic characterization of the anaerobic microcosms

High-Angle Annular Dark Field Scanning Transmission Electron
Microscope [(HAADF-STEM) FEI TITAN G2 80-30] and Energy
Dispersive X-ray Spectroscopy (EDX) microanalyses were used to
ascertain the microstructural characteristics and elemental composition
of the bentonite in the differently-treated microcosms after six months of
incubation. The analyses were performed at an acceleration voltage of
300 kV. Microcosm samples were mixed in ethanol and dispersed by
sonication, then they were deposited on carbon-coated copper grids as
described in Povedano-Priego et al. (2019).

After six months of anaerobic incubation, colored spots on the sur-
face of the microcosms were analyzed using Variable Pressure Field
Emission Scanning Electron Microscopy [(VP-FESEM), ZeissSupra 40VP]
equipped with SE (InLens) and BSE detectors to provide morphological
and chemical images, respectively. For elemental analysis, the EDX de-
tector used a 50 mm? silicon drift detector XMAX enabling detection of
elements with Z4>(Be) and high-count rates.

2.4. Bacterial diversity analyses of the treated anaerobic microcosms

2.4.1. Total DNA isolation from anaerobic microcosms

DNA was extracted from the anaerobic microcosms (H, N, U, G, GN,
and GU; total 18 microcosms) after six months of incubation. From each
microcosm, 0.3 g of moist bentonite was added in a 1.5 mL tube con-
taining glass beads (~0.3 g) of different diameters, then a 0.12 M
NayHPOy, solution, and a lysis buffer were added. Afterwards, a phenol:
chloroform method described in detail by Povedano-Priego et al. (2021)
was followed to obtain the total DNA from bentonite samples. The
concentration of the extracted total DNA was measured on a Qubit 3.0
Fluorometer (Life Technology) and stored at —20 °C.

2.4.2. Amplification and sequencing of the extracted DNA

The V3-V4 region of the 16S rRNA gene from each microcosm was
amplified by a two-step PCR using bacterial primers 341F (5’-
CCTACGGGNGGCWGCAG- 3') and 805R (5-GACTACHVGGGTATC-
TAATCC- 3) (Herlemann et al., 2011) following the PCR protocol
described in Hugerth et al. (2014). 16S rRNA gene amplicon libraries
were sequenced at Science for Life Laboratory (Sweden) on the Illumina
MiSeq platform (2 x 300 bp pair-end reads). While the microcosms were
prepared in triplicates, DNA sequencing failed in one of each sample
(poor sequencing quality) resulting in duplicate data reported for mi-
crobial diversity and community analyses.

All raw sequences for this study are available in the sequence read
archive (SRA) at the NCBI database under the accession number
PRINA669434.

2.4.3. Bioinformatics and statistical analyses of the bacterial community in
the bentonite microcosms

Sample-specific barcodes were used for demultiplexing and separa-
tion of the PCR reads (Hugerth et al., 2014). Operational Taxonomic
Units (OTUs) were obtained at 97% similarity threshold, following a
quality control and combination and clustering of the paired-end reads.
OTUs were identified using UCLUST (Edgar, 2010) and classified using
the SILVA 132 database (Quast et al., 2013). Finally, the resulting an-
notated OTUs were analyzed in Explicet 2.10.5 (Robertson et al., 2013)
and bar graphs of relative abundance were constructed representing
averages of biological replicates as this has been found to be more ac-
curate than rarefying (McMurdie and Holmes, 2013). Specific differ-
ences in the bacterial diversity were further visualized in a heatmap
using R software (‘heatmap.2’ function, ‘gplots’ v.3.0.1.1 package) and
including only taxa with >1% relative abundance in at least one repli-
cate (Warnes et al., 2019). Microbial community composition at the
OTU level was analyzed using weighted UniFrac distance (QIIME) and
the output was visualized with Principal Coordinate Analysis (PCoA)
using PAST3 v.3.18 software (Hammer et al., 2001). After normalization
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of all counts per taxa, significant differences in relative abundance (p <
0.05) between the different treatments were estimated using a one-way
Analysis of Variance (ANOVA) test. In addition, a one-way ANOVA
Tukey posthoc test was used to determine the significant differences (p
< 0.05) in the relative abundance of the taxa between pairs of the six
treatments for the total community. Moreover, linear discriminate
analysis effect size (LEfSe) was performed to identify taxa that differed
significantly among the bentonite microcosms by the non-parametric
Kruskal-Wallis test, followed by the pairwise Wilcoxon rank-sum test
and linear discriminant analysis (LDA) to measure the effect size and
biological consistency within groups. Data output are taxa with LDA >2
and p < 0.05 (Segata et al., 2012).

3. Results and discussion

3.1. Changes in the chemistry and mineralogy of the treated anaerobic
microcosms

Chemical analyses of bentonite samples prior to incubation are
detailed in Povedano-Priego et al. (2019). The measured pH values of
the bentonite samples (time 0 and 6-month incubation) ranged between
7.53 and 10.02 (Supplementary Table S1). The pH values of the ben-
tonites, except for the distilled water sample, were less alkaline in all
treatments after six months of incubation in comparison with those of
time zero. While after six months the distilled water microcosms were
more alkaline (with a value of 10.02) compared to the other micro-
cosms, no significant differences in pH were observed among the treated
microcosms. The pH values in the anaerobic microcosms (pH 7.53-8.04)
were similar to those of the microcosms incubated under aerobic con-
ditions, which ranged from 7.9 to 8.18 (Povedano-Priego et al., 2019).

This pH decrease during incubation in experiments with bentonite
from “El Cortijo de Archidona” was previously demonstrated in a
lixiviation process (Diaz-Fernandez, 2004). The drop in pH could be
explained further by smectite protonation/deprotonation reactions
under anaerobic conditions (Nessa et al., 2007), production of carbon
dioxide, and formation of organic acids (butyrate and acetate) during
bacterial fermentation (Luo et al., 2019). 16S rRNA gene sequences
belonging to Clostridium (a fermenting bacterial genus) were found in all
the samples, and this presence could contribute to the production of
organic acids (e.g. formate, and acetate) (Biebl, 2001; Patil et al., 2016;
Temudo et al., 2008).

The XRD semi-quantitative estimation of the bentonite mineralogical
composition at time zero (T0) was: smectite (91%), quartz (4%), phyl-
losilicates (2%), and plagioclase (2%) (Povedano-Priego et al., 2019).
Mineralogy of the microcosms was similar to raw bentonite (T0), within
an error of 10%. XRD patterns revealed peaks of smectite as the domi-
nant mineral phase with minority mineral phases such as quartz, mica,
cristobalite, and plagioclase (Fig. 1). Some samples exhibited isolated
reflections (* in Fig. 1) that were associated to carbonates or nitrates
(sample N), but the diffraction patterns were incomplete. Carbonates
likely precipitated due to alkaline pH and COz atmosphere used to
produce the anaerobic conditions. The mineralogy remained similar in
all the anaerobic microcosms compared to the time zero samples, indi-
cating the stability of bentonite during the incubation period and no
illitization process was observed. This outcome is highly reassuring for
the safety of DGRs since smectite-to-illite transformation could result in
a decrease in swelling ability and adsorption capabilities (Dong, 2012).
It is critical that smectites remain chemically stable to avoid changes in
the bentonite that could lead to severe consequences for the DGRs safety
(Perdrial et al., 2009).

3.2. Microscopic characterization of bentonite minerals in anaerobic
microcosms

3.2.1. HAADF-STEM analyses of bentonite
After six months of anaerobic incubation, STEM and EDX analyses
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Fig. 1. X-ray Diffraction (XRD) patterns of bentonite microcosm samples
treated with: distilled water (H), sodium nitrate (N), uranyl nitrate (U),
glycerol-2-phosphate (G), glycerol-nitrate (GN), and glycerol-uranyl-nitrate
(GU). TO represents the untreated bentonite before incubation (time-zero).
Mineral abbreviations are consistent with IMA approved mineral symbols
(Warr, 2021): Sme: smectite, Mca: mica, Crs: cristobalite, Qtz: quartz, and Pl:
plagioclase. Star (*) denotes isolated reflections that may correspond to car-
bonates or nitrate (N) likely precipitated due to the alkaline pH conditions and
CO, atmosphere. Only main reflections are labeled.

revealed the presence of smectite and different accompanying mineral
phases such as amorphous silica (separately and adsorbed on smectite),
and calcite in all the treatments (Fig. 2A, B, and D, respectively). This
amorphous silica could result from minor dissolution of smectite as a
consequence of the interaction between the bentonite and the aqueous
solution (Cappelli et al., 2018; Huertas et al., 2001). However, no U
mineral phases were identified in the U treated samples, probably due to
the low metal concentration assayed (1.26 mM uranyl nitrate) or the
type of the method/technique used for the analyses of the U speciation
in the sample (e.g. EXAFS spectroscopy).

Interestingly, HAADF-STEM and EDX analyses revealed the presence
of a bright mineral structure constituting iron sulfide (Fe and S peaks)
accompanied by smectite (Si, Al, Mg, and Ca peaks) in the U treated
microcosms (Fig. 2D and E). This iron sulfide probably occurred in py-
rite (FeSy) as an accessory mineral in the bentonite. Pyrite would act as a
sulfide source to corrode metal waste canisters (e.g. copper) and thus,
compromising DGR safety. Nevertheless, it was previously reported that
corrosion of Cu-canisters by pyrite might differ depending on the
bentonite barrier. However, this was not tested in all of the bentonites
(Kaufhold et al., 2017). Bentonites have a high microbial diversity
including sulfate reducing bacteria (SRB) (Lopez-Fernandez et al., 2015;
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Svensson et al., 2011) that produce sulfide whose oxidation is coupled
with ferric iron mineral reduction. The resultant ferrous iron could react
with free sulfides to produce iron sulfide (Pedersen et al., 2017).
Therefore, the iron sulfides observed in these samples could have orig-
inated from microbiological and/or geochemical processes.

3.2.2. VP-FESEM analyses of colored spots in the bentonite microcosms

Spots of differing color, size, and quantity were observed in all
treated anaerobic microcosms (Fig. 3). The color varied depending upon
the type of bentonite treatment with a darker color (black) in the non-
G2P treated samples (H, N, and U) and orange brown in the G2P-
treated microcosms (G, GN, and GU). The largest spots were identified
in GU microcosms while poorly discernable ones were observed in U
samples. The wide range of sizes was in turn observed in GN, G, N, and H
samples. In general, the number of surface spots was highly different
between the treatments, with more spots in the GN microcosms (Fig. 3).

VP-FESEM analyses showed typical smectite leaf-like morphologies
(Fig. 4A and E). However, analyses of these colored spots highlighted
some areas with a high atomic number being brighter than others
(Fig. 4B and F, indicated by arrows). Composition analysis of these areas
gave EDX spectra with high peaks of Mn and O, in addition to Si, Al, Mg,
and Na that corresponded to smectites (Fig. 4A). EDX maps showed the
elemental distribution in the bentonite particles of Mn, associated with
the brighter areas (Fig. 4C, D, G, and H) that likely corresponded to Mn
oxides attached to bentonite. On the one hand, sorption of Mn in ben-
tonites has previously been reported in several works (Al-Jariri and
Khalili, 2010; Dolinska et al., 2015; Iskander et al., 2011). As an
example, Iskander et al. (2011) reported that the amount of Mn adsor-
bed ranged between 9.83% and 33.24% of the total Mn added. On the
other hand, although structural properties can be affected, bentonite
provides an efficient surface for the Mn oxides due to their large surface
area (Dolinska et al., 2015). At pre-incubation time, bentonite micro-
scosms were shown to be composed of 0.02 ppm MnO through X-Ray
Fluorescence (XRF) as it was described in Povedano-Priego et al. (2019),
and no speckles were observed on the surface. The colored spots and the
precipitates observed in VP-SEM after incubation could correspond to
Mn(IV) oxides, recently reported as being dark brown colored (Kitja-
nukit et al., 2019), resulting from a Mn(II) oxidation. Liu et al. (2018)
reported that microbial reoxidation of Mn(I) to Mn(IV) may occur,
although Mn(Il)-oxidizing bacteria are aerobic and the limiting Oq
conditions affect their activity. Moreover, fungi isolated from acid mine
drainage treatment systems have been described for their ability to
oxidize Mn(II) forming MnO, mineral phases under aerobic conditions
(Santelli et al., 2011). Several fungal strains related to Penicillium,
Fusarium, Talaromyces, Alternaria, Aspergillus, and Aureobasidium were
isolated from the U treated bentonite microcosms under aerobic con-
ditions (Morales et al., 2019). Fungi could play a role in the oxidation of
Mn(ID), such as Fusarium oxysporum (Huy et al., 2017), Phaeoacremonium
spp. (Overton et al., 2006), Alternaria sp., and Acremonium sp. (Hansel
et al.,, 2012). In addition, VP-FESEM images revealed the presence of
fungal mycelia associated with MnO» (Fig. 4G). However, there is still a
lack of information in the literature concerning oxidation of Mn(II) to
Mn(IV) under anaerobic conditions. This potential formation of Mn
oxides in bentonite would need further investigation in the future since
Mn oxides were reported to play a role in the immobilization of U(VI)
through sorption mechanisms producing a decrease in the U solubility
(Ren et al., 2020; Soo Lee et al., 2015). In fact, analyses of the spots in
the U-treated microcosms by VP-SEM and EDX techniques indicated the
presence of both U and Mn in several areas (Fig. 5, arrows). Ren et al.
(2020) reported the uranium-sorption capacity of the Mn oxides, which
reached its highest value at 280 mg g~ by forming inner-sphere
bidentate binuclear structure. Therefore, more research is required on
this process and the origin of the colored precipitates in bentonite mi-
crocosms under anaerobic conditions.
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Fig. 2. High Resolution Transmission Electron Microscopy (HRTEM) micrographs (A and B) and High-Angle Annular Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM) imaging (C) of minerals in the anaerobic bentonite microcosms. Smectite (A, arrow), amorphous silica (A, asterisk), calcite (B, asterisk),
and pyrite (C, asterisk) are shown. EDX spectra indicate the composition of smectite (D) and pyrite (E).

3.3. Microbial diversity and community structure in the anaerobic
microcosms

Total community DNA from the microcosms was extracted and
sequenced. A mean of 3715 sequences per sample was annotated
obtaining 790 OTUs classified into phylum (93.9% of phylotypes), class
(89.1% of phylotypes), order (87.9% of phylotypes), family (76.1%
phylotypes), and genus (42.2% phylotypes) levels. According to the high
values of ShannonD (higher index values correspond to higher diversity)
and SimpsonD (>0.91, ranging from O to 1, being 1 the maximum di-
versity and 0 a unique OTU) indices, a high bacterial diversity was found
and a nearly uniform distribution (ShannonE index >0.78) of OTUs was
reached in all microcosms (Table 1).

Bacterial PCoA community structure analysis at the genus level
(Fig. 6) suggested the G2P/uranyl nitrate-treated samples (GU2 and
GU3) had a unique diversity compared to the other microcosms that
further clustered into G2P and G2P/sodium nitrate-treated samples (G2,
G3, GN1, and GN3; represented with blue circle) and samples with no
G2P treatment (H1, H2, N1, N2, U2, and U3; represented with black
circle). Therefore, the concomitant presence of U and G2P had a pro-
nounced effect on the bacterial community of the bentonite microcosms.
In addition, the heatmap supported the clustering of the treated mi-
crocosms shown by the PCo analysis, with the highest relative abun-
dance of the taxa Ralstonia, Pseudomonas, Marinobacter, Desulfovibrio,
Sulfuritalea, unclassified Desulfobulbaceae, and Candidatus Falkowbac-
teria in GU microcosms (Fig. 7).

The annotated OTUs (Fig. 8, Supplementary Figs. S3 and S4, Sup-
plementary Table S2, Supplementary Data S1 and S2) were taxonomi-
cally related to 29 bacterial phyla with Proteobacteria as the dominant

phylum (47-73% of the total community relative abundance) followed
by Bacteroidetes with a mean relative abundance of 13.9% (Fig. 8,
Supplementary Table S2). Fig. 8 showed the identified bacterial phyla
with a relative abundance above 0.15% in at least one of the replicates;
the minority phyla (a total of 9) were grouped in the category “Others”,
which includes Nitrospirae, Lentisphaerae, Thermotogae, and Armati-
monadetes, among others (Supplementary Table S2). Whilst Actino-
bacteria constituted 0.6% of the bacterial community in the anaerobic
microcosms, this phylum was identified as one of the most abundant
taxa in the previous experiment under oxic conditions (Povedano-Priego
et al.,, 2019). This difference could be explained since most Actino-
bacteria are aerobic, although some genera are adapted to anaerobic
conditions, such as marine Actinobacteria (Anandan et al., 2016). In
addition, the presence of strictly anaerobic bacteria mainly from genera
Desulfatiglans and Clostridium (Supplementary Fig. S4, Supplementary
Data S1) in the anaerobic microcosms contrasts with their total absence
in previous aerobic experiments of the same set-up (Povedano-Priego
et al., 2019).

The non-G2P-treated microcosms were dominated by Proteobacteria
with high average relative abundances in the water- (H; 71.6%), nitrate-
(N; 70.3%), and uranium- (U; 47.3%) treated microcosms (Fig. 8, Sup-
plementary Table S2) with Gamma- (52.8, 39.2, and 21.3%) and Del-
taproteobacteria (11.8, 14.2, and 23.3%) being the most abundant
classes (Supplementary Fig. S3, Supplementary Data S2). Other con-
current phyla were Bacteroidetes (9.8, 6.1, and 15.2%), Cyanobacteria
(7.8, 7.4, and 8.1%), Epsilonbacteraeota (2.2, 7.4, and 8.4%), and Fir-
micutes (0.8, 1.4, 4.6%). At the genus level, Sulfurimonas (1.7, 3.4, and
7.6%), unclassified Desulfobacteraceae (2.4, 2.3, and 6.8%), Desulfati-
glans (0.1, 4.6, and 6.7%), Clostridium (0.8, 2.3, and 4.5%), Candidatus
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GN

Fig. 3. Plates of bentonite microcosms showing different colored spots after six months incubation under anaerobic conditions. The microcosms were treated with
uranyl nitrate (U), sodium nitrate (N), distilled water (H), G2P + uranyl nitrate (GU), G2P + sodium nitrate (GN), and G2P (G). The brown spots are indicated by red
circles in the microcosms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Electrothrix (1.6, 2.3, and 4.2%), and unclassified Flavobacteraceae (1.2,
3.4, and 2.7%) were most abundant in H, N, and U samples, respectively
(Supplementary Fig. S4, Supplementary Data S1). Being strict or facul-
tative anaerobic bacteria, these microorganisms have been recognized
previously for their successful growth under anaerobic conditions
(Bernardet and Nakagawa, 2006; Hung et al., 2011; Kuever, 2014; Takai
et al., 2006; Xie and Miiller, 2018).

As for the G2P-treated microcosms, Proteobacteria dominated the
G2P (G), G2P/sodium nitrate (GN), and G2P/uranyl nitrate (GU)
treatment communities with 46.7, 55.2, and 72.9%, respectively (Fig. 8,
Supplementary Table S2). In contrast to the non-G2P-treated micro-
cosms, the second most abundant phylum was Patescibacteria ac-
counting for 13.9, 8.0, and 10.5% of G, GN, and GU bacterial
communities, respectively, followed by Bacteroidetes (13.9, 3.1, and
2.8%), Spirochaetes (1.7, 8.5, and 1%), and Cyanobacteria (3.2, 1.1, and
2.2%). The corresponding classes of these phyla were ABY1 from the
Patescibacteria (13.9, 8.0, and 10.2%), Bacteroidia (6.2, 2.6, and 2.7%),
Spirochaetia (1.7, 7.4, and 0.8%), and Oxyphotobacteria (3.2, 1.1, and
2.2%) representing >2% of the total community (Supplementary
Fig. S3, Supplementary Data S2).

According to the relative abundances of genera, the most different
bacterial community was shown in GU microcosms with respect to the
other treatments (Supplementary Fig. S4, Supplementary Data S1).
Ralstonia (18.2%), Pseudomonas (9.2%), Marinobacter (8.8%), Desulfo-
vibrio (7.4%), Immundisolibacter (6.9%), and Sulfuritalea (4.6%) were the
most abundant genera in GU microcosms but little or no presence of
these genera was detected in the G and GN controls (Supplementary
Fig. S4, Supplementary Data S1). In addition, families belonging to
unclassified Deltaproteobacteria (Marine group B; 1.51 and 19.8%),
Desulfobulbaceae (18.1 and 5.3%), Spirochaetaceae (0.9 and 10.3%),
Candidatus Falkowbacteria (20.9 and 1.4%) and Methylophilaceae (4.5
and 5%) were detected with higher relative abundance in G and GN
microcosms than in the others.

3.4. Potential impact of bacterial community of anaerobic microcosms on
the nuclear waste storage

One-Way ANOVA (n = 2 per treatment, p < 0.05) statistical analyses
were performed for the OTUs with >1% relative abundance to deter-
mine the potential influence of uranium, G2P, and nitrate treatments on
the indigenous bacterial community of bentonite. At the phylum level,
significant differences were found for e.g. Cyanobacteria, Firmicutes,
and Spirochaetes (Supplementary Data S3). Regarding the classes with
>0.1% relative abundance, Deltaproteobacteria, Oxyphotobacteria,
Clostridia, Fusobacteriia, Leptospirae, and Oligosphaeria were signifi-
cantly different (Supplementary Data S4). Analyzing the genera with 1%
in at least one sample, significant differences were obtained for 28
genera (including unclassified bacteria) such as Ralstonia, Pseudomonas,
Desulfovibrio, Marinobacter, Sulfurimonas, Desulfatiglans, unclassified
genus belonging to Marine Group B (Deltaproteobacteria), Candidatus
Falkowbacteria, and Desulfobulbaceae, among others (Supplementary
Data S5).

3.4.1. Impact of nitrate treatment on the bacterial community of the
anaerobic microcosms

Nitrate can be reduced to Ny through anaerobic denitrification after
oxygen has been fully consumed in the DGR (Kutvonen et al., 2015). The
introduction of nitrogen compounds such as nitrate during DGR con-
struction (e.g. by blasting activity and other mechanical processes) may
enhance the growth of several groups of microorganisms (Kutvonen
et al., 2015; Rajala et al., 2015). Therefore, in this study the effects of
nitrate on the structure and composition of the bentonite bacterial
community under anoxic atmosphere have been determined, both for N
and GN microcosms in comparison with their respective controls (H and
G microcosms, respectively). Only the phylum Spirochaetes and Spi-
rochaetaceae family had significantly increased their relative abundance
in GN samples in comparison with the other samples (Tukey post-hoc
test, n = 2 per treatment, p < 0.045; Fig. 8, Supplementary Fig. S4,
Supplementary Data S6-S8). This family encompasses members able to
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Fig. 4. VP-FESEM and EDX map images of brown spots in anaerobic G2P-sodium nitrate treated microcosms (GN). Images shown in secondary electrons with the
InLens detector of the bentonite samples (A and E) and images shown in backscattered electrons with the AsB detector (B and F). The red square area in A was
amplified in E and F. Bright areas with high atomic number are indicated by arrows in B and F. EDX layered maps corresponding to images A and B with represented
Si, C, and Mn signals (C) and only with Mn signal (D). EDX layered maps corresponding to images E and F with represented Ca, Si, C, and Mn signals (G) and only
with Mn signal (H). Scale bar represents 2 pm in A and B, 25 pm in C and D, 1 pm in E and F, and 10 pm in G and H. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

u u U u

8 10 12 14 16

18" keV/

Fig. 5. VP-FESEM and EDX analyses of colored spots in anaerobic uranium-
treated microcosms (U). A) Image shown in secondary electrons with the
InLens detector of the bentonite samples. B) EDX spectrum performed in the
bentonite sample indicated by arrows in A. Scale bar represents 1 pm.

Table 1
Alpha-diversity indices of anaerobic bentonite microcosms.

Sample S ShannonD ShannonE SimpsonD Good's coverage
H 71.1 549.5 0.89 0.97 0.78
N 81 575.9 0.91 0.98 0.70
U 84.2 575.6 0.90 0.98 0.67
G 39 413.9 0.78 0.91 0.89
GN 45 428.3 0.78 0.91 0.86
GU 31 41.8 0.84 0.93 0.94

Richness index (S), diversity indices (ShannonD and SimpsonD), evenness index
(ShannonE), and Good's coverage values are shown.

anaerobically reduce nitrate to nitrite such as Spirochaeta aurantia and
S. halophila (Leschine and Paster, 2015). Furthermore, Saad et al. (2017)
reported a strong effect of a nitrate treatment on the microbial com-
munity of marine sediments, favoring the development of fermentative
bacteria including Spirochaeta species. Several microorganisms
described for their nitrate reduction capacity were detected in the
anaerobic microcosms. Comparing GN and G samples, both the unclas-
sified Deltaproteobacteria Marine Group B (p < 0.002) and Limnobacter

(p < 0.022) had significantly higher relative abundances in GN micro-
cosms (Supplementary Data S8). Limnobacter utilizes nitrate or nitrite as
a nitrogen source through nitrate/nitrite reduction (Chen et al., 2016).
Flavobacterium and other unclassified members belonging to Fla-
vobacteriaceae were more abundant in microcosms containing nitrate.
This family includes species capable of nitrate reduction such as Fla-
vobacterium denitrificans (Broman et al., 2017; Sun et al., 2009). The
nitrate-reducing bacteria could positively affect uranium reduction in
the DGR by first consuming the available nitrate before species capable
of uranium reduction are selected (Safonov et al., 2018). However, the
presence of some denitrifying bacteria could contribute to the oxidation
of previously immobilized U(IV) into soluble U(VI) using nitrate as
terminal electron acceptor (Wu et al., 2010).

To further visualize statistically significant taxa in all anaerobic
microcosms, LEfSe (LDA Effect Size) analysis was performed (Fig. 9).
Significant taxa related to nitrate treatment are shown in green (for GN)
or light blue (for N). Some of the nitrate reducers were found significant
(p < 0.05) in these samples such as Spirochaetacea family (GN), Lim-
nobacter (GN), and Brevundimonas (N).

3.4.2. Impact of glycerol-2-phosphate on the bacterial community in the
anaerobic bentonite microcosms

The G2P amendment could introduce changes to the composition of
the bacterial community, enhancing the relative abundance of bacteria
able to use glycerol as carbon source (Fig. 8 and Supplementary Fig. S4).
At the phylum level, only Spirochaetes were enriched significantly in GN
microcosms (Tukey post-hoc test, n = 2 per treatment, p = 0.027) in
comparison to the N microcosms along with Deltaproteobacteria at the
class level (p = 0.026; Supplementary Data S6 and S7). However, in the
previous experiment under aerobic conditions more significant differ-
ences were observed between G2P-treated and non-G2P-treated micro-
cosms (Povedano-Priego et al., 2019). This greater effect of G2P under
oxic conditions could be due to the fact that dissimilatory aerobic
oxidation of glycerol is more favorable compared to assimilation under
reducing conditions (Kang et al., 2014). Nevertheless, some bacteria are
able to utilize glycerol anaerobically as a carbon source for their growth
such as Escherichia coli and members of Clostridia (e.g., Clostridium spp.
and Anaerobium acetethylicum) to produce ethanol, hydrogen, formate,
butyrate, and acetate (Biebl, 2001; Patil et al., 2016). At the genus level,
15 out of 100 statistically analyzed genera with >1% of relative abun-
dance in at least one sample were significantly (p < 0.05) more abundant
in G2P-treated samples than in the controls. These included Pseudo-
monas, Desulfovibrio, Marinobacter, Limnobacter, Desulfatiferula, Hoeflea,
Candidatus Falkowbacteria, and some unclassified genera belonging to
Desulfobulbaceae, Lentimicrobiaceae, and Deltaproteobacteria Marine
Group B (Supplementary Data S8). The presence of Desulfovibrio spp. in
these microcosms was notable since several species of this genus utilize
glycerol as an electron donor (Ben Ali Gam et al., 2018; Qatibi et al.,
1998), generating acetate and reducing sulfate as the terminal electron
acceptor (Qatibi et al., 1998). The resulting acetate could be used as an
energy source by other groups of bacteria such as the iron-reducing
bacteria from the family Geobacteraceae. In fact, members of this fam-
ily have been detected often with high abundance in subsurface envi-
ronments after stimulation of concomitant U(VI) and Fe(IIl) reduction
by the addition of acetate as electron donor (Petrie et al., 2003).
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Fig. 6. Principal Coordinate Analysis
(PCoA) plot comparing the bacterial com-
0.5 munity structure at genus level of the
different treated microcosms (showing du-
plicates). Abbreviations: (H) Distilled water,
0.4 (N) sodium nitrate, (U) uranyl nitrate, (G)
' glycerol-2-phosphate (G2P), (GN) G2P and
sodium nitrate, and (GU) G2P and uranyl
034 nitrate treated samples. Represented are two
’ clusters: G2, G3, GN1, and GN3 (blue circle);
and H1, H2, N1, N2, U2, and U3 (black cir-
02 cle). The percentage variation explained by
§ = Coordinates 1 and 2 are indicated on the
o axes. (For interpretation of the references to
g color in this figure legend, the reader is
S 0.1 referred to the web version of this article.)
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3.4.3. Impact of uranium on the bacterial diversity in the anaerobic
bentonite microcosms

Analyzing the bacterial community in the uranium-amended mi-
crocosms, an increase in the relative abundance of the phylum Firmi-
cutes (4.6%) was observed in the U microcosms compared to the 1.4% in
the N samples (Fig. 8, Supplementary Table S2). Members of Firmicutes
have been previously detected in U-containing samples (Khan et al.,
2013; Lopez-Fernandez et al., 2018; Povedano-Priego et al., 2019) with
24% of the total bacterial community in a uranium mine tailings-water
interface (Khan et al., 2013). In addition, Firmicutes was found to be
dominant in U samples under aerobic conditions (Lopez-Fernandez
et al., 2018). Lentisphaera, Thermotogae, and Candidate bacterial
phylum BRC1 were identified at a significant level in U samples but with
minor relative abundance compared to the N microcosms (Supplemen-
tary Table S2, and Supplementary Data S6). Lentisphaera belong to the
Planctomycetes-Verrucomicrobia-Chlamydia super-phylum, which has
been identified in heavy metal polluted soils (Hemmat-Jou et al., 2018;
Yilmaz et al., 2016; Youssef and Elshahed, 2014).

The relative abundances of the classes Leptospirae (belonging to
Spirochaetes) and Clostridia (affiliated with the Firmicutes) were
significantly higher in U samples comparison to N controls (p < 0.05;
Fig. S3, Supplementary Data S7). The Clostridia class is prevalent in
sediments, soils, and even radioactive wastes and plays a key role in
reducing soluble U(VI) to insoluble U(IV) species (Francis and Dodge,
2008; Newsome et al., 2014a). Furthermore, the genus Clostridium was
more abundant in U microcosms than in N samples with 4.5% of relative
abundance (Supplementary Data S1). Gao and Francis (2008) reported
the ability to reduce U(VI) to U(IV) in a nitrate independent process of
several species of Clostridium previously exposed to uranyl nitrate under
anaerobic conditions. However, this is in contrast to other studies that
show nitrate can act as an oxidizer of U(IV) through different mecha-
nisms: 1) abiotic oxidation by intermediates in denitrification such as
nitrite, 2) direct oxidation coupled to nitrate reduction by bacteria, or 3)

oxidation by Fe(III) produced through denitrification (Newsome et al.,
2014a). Moreover, in the presence of Hy not only vegetative cells but
also spores of Clostridium are able to reduce U(VI) enzymatically, pro-
ducing a U(IV) precipitate located in the exosporium as well as between
spores (Vecchia et al., 2010). Sulfurimonas, Desulfatiglans, Hyphomonas,
and unclassified Lentimicrobiaceae were significantly more abundant (p
< 0.045) in U microcosms in comparison to N controls (Supplementary
Data S8). The LefSe plot also highlighted (orange color) the significant
abundance of Clostridium, Sulfurimonas, and Desulfatiglans in U micro-
cosms (Fig. 9).

Sulfurimonas contributes to the formation of sulfate by oxidation of
sulfide coupled to the complete reduction of nitrate to Ny, according to
the following equation (Handley et al., 2013); in this case, nitrate comes
from uranyl nitrate:

8NO; ™ + 552" +8H" 24 N, +550,%" 4 4H,0

The generated sulfate may be used by sulfate-reducing bacteria
(SRB) such as Desulfatiglans (Jochum et al., 2018). Grigoryan et al.
(2018) also reported the presence of SRB in different bentonites, pre-
dominating Desulfosporosinus in the MX-80 bentonite. Sulfurimonas also
possesses proteins that could play a role in heavy metal tolerance (Han
and Perner, 2015).

Among the 100 analyzed genera of the bacterial community in GU
microcosms, Ralstonia (18.2%), Pseudomonas (9.2%), Marinobacter
(8.8%), Desulfovibrio (7.4%), Immundisolibacter (6.9%), Sulfuritalea
(4.6%), Hyphomonas (1.4%), and Pseudoalteromonas (1.2%) were
significantly more abundant in GU microcosms than in GN controls
(Tukey post-hoc test, n = 2 per treatment, p < 0.05; Supplementary Data
S1 and S8). In comparison with the rest of samples, the GU treatment
had more significant taxa in terms of relative abundance including the
above mentioned Desulfovibrio, Pseudomonas, Ralstonia, and Mar-
inobacter (Fig. 9). Ralstonia is reported to be enhanced in nitrate-treated
microcosms due to its capacity to use nitrate as terminal electron
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Fig. 7. Heatmap of the relative abundance from 16S rRNA sequencing outputs with clustering based on Manhattan distance and average linkage for both columns
and rows throughout the sample set. The relative abundance of the taxa was as indicated in the color bar.
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Fig. 8. Average relative abundance of phyla from duplicate treated bentonite microcosms. Abbreviations: (H) Distilled water, (N) sodium nitrate, (U) uranyl nitrate,
(G) glycerol-2-phosphate (G2P), (GN) G2P and sodium nitrate, and (GU) G2P and uranyl nitrate treated samples. Colors were assigned to each phylum according to
their relative abundance (the most abundant first by line). The category “others” (grey color) includes the rest of identified phyla with <0.15% of relative abundance.

acceptor (Lopez-Fernandez et al., 2018). In addition, Ralstonia has been
isolated from uranium contaminated sites (Brzoska and Bollmann, 2016;
Salome et al., 2013). The denitrifying Pseudomonas species are well-
known for their capacity to interact with uranium through different
mechanisms such as biosorption, intracellular accumulation, biominer-
alization, and bioreduction that contribute to U immobilization (Cha-
balala and Chirwa, 2010; D'Souza et al., 2006; Hu et al., 1996; Kazy
et al., 2009; Kazy et al., 2008; Newsome et al., 2014b). Biosorption of
uranium by P. aeruginosa and P. fluorescens is demonstrated in several
studies by detection of uranium in the entire outer membrane-
peptidoglycan-plasma membrane complex (Hu et al., 1996; Merroun
et al., 2005). In addition to biosorption using the whole cell, extracel-
lular polysaccharide excreted by P. aeruginosa is able to bind U through
carboxylic groups (Kazy et al., 2008). Further uranium-Pseudomonas
interaction mechanisms are bioaccumulation (accumulation of the
metal in the cytoplasm by microorganisms) via increased membrane
permeability allowing metal diffusion into the cells (Kazy et al., 2009;
Konig et al., 2010) and sequestration of uranium through a biominer-
alization process in which the uranium is precipitated as crystalline U-
phosphates (Choudhary and Sar, 2011; Kazy et al., 2009). In turn, under
anaerobic and reducing conditions, Pseudomonas spp. have the capacity
to reduce soluble U(VI) to the more insoluble U(IV) form (Chabalala and
Chirwa, 2010; Newsome et al., 2015; Newsome et al., 2014b). In addi-
tion to Pseudomonas, Desulfovibrio also has been studied extensively for
its capacity to reduce hexavalent uranium (Heidelberg et al., 2004;
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Lovley et al., 1993; Payne et al., 2002; Stylo et al., 2015). The mecha-
nism to reduce U(VI) by Desulfovibrio is potentially a redox reaction,
which involves the oxidation of an electron donor (e.g. acetate, lactate)
to COy, coupled to the reduction of U(VI) to U(IV), producing the pre-
cipitation of uraninite. This is an enzymatically mediated process where
U(VD) reductases such as the periplasmatic c-type cytochrome are
involved (Heidelberg et al., 2004; Newsome et al., 2014a). Like SRB,
Pseudomonas and Desulfovibrio also have the ability to indirectly reduce
U(VD) by sulfide produced through sulfate reduction (Beyenal et al.,
2004; Hua et al., 2006). Hua et al. (2006) reported crystalline uraninite
as a result of the U(VI) reduction by hydrogen sulfide. Whilst Pseudo-
monas and Desulfovibrio were the most relevant genera in relation to
their capacity for U immobilization found under anoxic conditions in the
bacterial community of the GU microcosms, the most important genus in
oxic microcosms was Amycolatopsis, since these Actinobacteria have the
ability to immobilize U(VI) mediated by phosphatase activity through a
biomineralization process producing U-phosphates (Povedano-Priego
et al., 2019). Therefore, these anaerobic genera may play an important
role in a DGR because of their ability to interact with and immobilize
uranium, in case uranium leaks into the bentonite barrier where
anaerobic conditions will prevail indefinitely, starting sometime after
DGR closure.
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Fig. 9. Cladogram of LEfSe (LDA Effect Size) analysis showing differentially abundant taxonomic levels in each treatment with a linear discriminant analysis (LDA)
score > 2.0, p < 0.05. The data were obtained from the V3-V4 region of the 16S rRNA gene amplifications. Abbreviations: (H) Distilled water, (N) sodium nitrate, (U)
uranyl nitrate, (G) glycerol-2-phosphate (G2P), (GN) G2P and sodium nitrate, and (GU) G2P and uranyl nitrate treatments. Significant taxa of G, GN, GU, H, N, and U
microcosms are represented in red, dark green, blue, purple, light green, and orange, respectively. Family and genus taxonomic levels are shown in the legend. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

Despite that bentonites represent a highly oligotrophic environment
(extremely nutritionally deficient conditions), a wide bacterial diversity
was found in anaerobic microcosms in this study that could lead to a
broad range of metabolic processes (e.g. nitrate reduction, glycerol
utilization, sulfate and uranium reduction) supporting the mutual en-
ergetic and nutritional requirements within the community (e.g. glyc-
erol may be transformed to other carbon compounds such as acetate,
which could be utilized mainly for the growth of some IRB and SRB).
Several indigenous bacteria were identified, in the present study,
belonging to the SRB such as Desulfovibrio, Desulfatiglans, and Desulfo-
bulbaceae, all of which may contribute to the formation of pyrite in the
bentonite microcosms. Although no significant changes in the miner-
alogy of the bentonite were observed by the XRD analyses in terms of
principal minerals, colored spots were observed in the microcosms
probably consisting of Mn(IV) precipitates that may be produced by
microbial activity. These Mn oxides could play a major role in the
immobilization of U(VI) by the sequestration of this radionuclide.

One concern in the DGR is the introduction of nitrate since the
presence of nitrate reducing bacteria could lead to both positive and
negative circumstances: on one hand, consuming the nitrate giving way
to the uranium as electron acceptor by other microorganisms; on the
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other hand, the nitrate reduction could result in the reoxidation of the
reduced U(IV) into the more soluble U(VI). Some denitrifiers have been
found significantly present in the bacterial community such as Spi-
rochaetacea family and Limnobacter.

The identification of bacteria involved in the biogeochemical cycling
of uranium is an important step into the safety of the DGR concept.
Significant abundances of Clostridium, Sulfurimonas, and Desulfatiglans
were found in U microcosms and Desulfovibrio plus Pseudomonas in GU
microcosms. These bacteria may interact with this radionuclide through
mechanisms such as biosorption, intracellular accumulation, biominer-
alization and bioreduction, depleting the toxic U(VI) from the environ-
ment. In addition, Desulfovibrio and Clostridium can utilize glycerol as a
carbon source enhancing their growth and providing the necessary en-
ergy for the uranium tolerance mechanisms (e.g. bioreduction).

This study represents a part of a long-term, complex, and multidis-
ciplinary project dedicated to highlight the microbiology of bentonites
within the concept of Deep Geological Repository. Currently, several
studies on the microbial community present in highly compacted
bentonite have been carried out, because bentonite in a DGR would be
emplaced in the form of highly compacted blocks in which presumably
the microbial activity would be minimized. The present study focused on
studying the interaction of uranium and bentonite microbial populations
under anoxic conditions simulating a worst-case scenario in which
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compaction would be altered at some location in a DGR (e.g. possibly at
interfaces between bentonite blocks and the rock or canisters, between
bentonite blocks, or by some unforeseen loss of bentonite), while at the
same time a leak is occurring in the DGR that releases uranium and other
radionuclides to the environment.
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