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A B S T R A C T

Microbes have been isolated previously from bentonite materials that may be used as barriers for the disposal of
radioactive waste. Actively respiring microbes in such barrier materials, within a repository environment, have
the potential to adversely affect waste container corrosion rates. Additionally, they could potentially alter the
properties of the bentonite barrier itself. This is of significance, since the integrity of the waste container and
properties of the bentonite barrier are required to fulfil defined safety functions. To help identify the critical
factors that affect microbial activity in bentonite materials, this study examines the impact of a range of para-
meters that could affect microbial metabolism in a geodisposal environment. Several bentonites from different
sources (bentonite mined from locations in Spain and the USA, along with commercially-sourced bentonite) were
subjected to increased pressure (74MPa, 30 s), heat (90 °C, 24 h), and irradiation (1000 Gy, 24.17 Gymin−1),
before incubation in growth media selective for sulfate-reducing bacteria (SRB) or iron-reducing bacteria (IRB).
The amount of SRB, and IRB were counted using the most probable number method and identified by 16S rRNA
gene sequencing. The bentonites initially contained 660–6600 SRB cells g−1, and the number of SRB was cor-
related with the initial water content of the bentonite. A similar number of IRB was also present
(400–4000 cells g−1), and the number of IRB was correlated with the ratio of bioavailable Fe(II)/Fe(III) present
in the bentonite. The bentonites hosted sulfate-reducing species from two bacterial genera, with
Desulfotomaculum dominating the SRB communities in the Spanish bentonite used in the Full-scale Engineered
Barriers Experiment (FEBEX), while the other communities contained Desulfosporosinus species. The nature of the
SRB community played a significant role in the microbial community response to different stresses, with the
FEBEX material producing high SRB cell counts in response to pressure and irradiation but yielding low numbers
in response to heat. Initially, the IRB communities contained a mixture of Gram-negative bacteria such as
Geobacter, and Gram-positive spore-forming bacteria such as Bacillus and Desulfosporosinus, with an increase in
the number of Gram-positive spore-formers in response to stress. The ability of Gram-positive spore-formers to
grow, despite exposure to pressure, heat and irradiation, highlights the need to generate a swelling pressure
sufficient to minimise microbial activity. In addition, we suggest that the microbial communities naturally
present in the bentonite should be considered as part of the selection process for buffer materials in a geological
disposal facility for radioactive waste.

1. Introduction

The preferred disposal route for most countries generating radio-
active waste is via a highly-engineered underground facility known as a
Geological Disposal Facility (GDF) (Baldwin et al., 2008). Bentonite is a
clay-based material being considered for use as a buffer in a range of
GDF concepts (Bengtsson et al., 2015). The properties of bentonite that

make it suitable for use as a buffer material include the ability to swell,
offering low permeability (restricting contaminant transport), in addi-
tion to amphoteric and ion exchange sites able to adsorb radionuclides.
The optimisation of swelling processes results in very small pores which
inhibit colloid transport and minimise microbial colonisation and ac-
tivity (Wilson et al., 2011). The presence of active microbial popula-
tions in bentonite barriers is of concern, as they may influence the
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physical, and chemical properties of the buffer material, and its per-
formance as a barrier material (Mulligan et al., 2009).

Microbes have been isolated from natural bentonite horizons
(Lopez-Fernandez et al., 2015), bentonites prepared for commercial use
(Masurat et al., 2010a), as well as being identified in bentonites under
simulated geodisposal conditions (Pedersen, 2010). Sulfate-reducing
bacteria (SRB) are particularly significant, due to their role in hydrogen
sulphide production, a potent corroding agent implicated in nuclear
waste canister corrosion (El Mendili et al., 2013). The reduction of
structural Fe(III) in bentonites by Fe(III)-reducing bacteria (IRB) is also
a concern, as it could lead to dissolution of the buffer material and a
loss of structural integrity (Kim et al., 2004). The extent of Fe(III)-re-
duction in bentonites is debated with other studies suggesting minimal
Fe(III)-reduction (Perdrial et al., 2009), with little effect on the stability
of smectite (Dong, 2012). In addition to direct impacts on bentonite
materials, microbes are also known to influence the speciation and
solubility of radionuclides, and in the event of radionuclide release may
prevent their transport by precipitating insoluble forms of priority
radionuclides, or could promote transport by bioadsorbing the radio-
nuclides and subsequently migrating as planktonic cells in ground-
waters (Newsome et al., 2014).

A range of stresses will be imposed on microorganisms growing in
and around a GDF including heat, pressure, and irradiation (Wilson
et al., 2011). Several disposal agencies have placed a 100 °C exposure
limit on disposal scenarios involving a bentonite buffer, in order to
avoid drying of the barrier, thermal alteration (illitization), and to
minimise in situ canister corrosion rates (Hicks et al., 2009). However,
the current thermal upper limit for microbial growth in laboratory
culture is 121 °C (Kashefi and Lovley, 2003), and viable SRB have been
identified in bentonite materials following treatment at 120 °C for 15 h
(Masurat et al., 2010b), as well as after exposure to 110 °C for 170 h
(Bengtsson et al., 2015). At high temperatures cell membranes become
more fluid, and key biomolecules are denatured (Morozkina et al.,
2010) resulting in a loss in viability. Microbes can overcome these
challenges by: (i) producing heat-resistant proteins; (ii) rapidly turning
over sensitive molecules (Daniel and Cowan, 2000); and (iii) by pro-
ducing spores which can remain viable for long periods of time (Yi and
Setlow, 2010).

To restrict permeability, and to seal gaps within the buffer, a
swelling pressure exceeding 0.1 to 1.0MPa is essential (Sellin and
Leupin, 2013). Such a swelling pressure will develop through the ab-
sorbance of incoming groundwaters. Bacteria have been identified in
the Mariana Trench (10,898m), where hydrostatic pressure surpasses
100MPa (Kato et al., 1998). Increased pressure reduces the fluidity of
membranes, which is compensated for by including more flexible un-
saturated fatty acids in the membrane structure (Bartlett, 2002).
However, increased swelling pressure introduces an additional me-
chanical stress which causes a reduction in water activity, through the
interactions of water with solutes, and water adsorption to clay surfaces
(Stroes-Gascoyne et al., 2010). The decrease in permeability also re-
duces microbial transport, and access to nutrients, with the smallest
known bacteria being approximately 0.1 to 0.2 μm in size (Lopez-
Fernandez et al., 2018). Increased salinity reduces the availability of
water to bacterial cells, potentially introducing more Na+ ions into the
cytoplasm which can inhibit enzymes. High salinity is countered by
accumulating non-detrimental solutes in the cell, thus balancing the
gradient between the cell and the pore fluid (Cockell and Nixon, 2013).
Desiccation, induced by water adsorption to clays, also leads to nutrient
depletion (Potts, 1994), provoking spore formation in Gram-positive
spore-forming bacteria as a survival strategy (Paredes-Sabja et al.,
2011). Desiccation is also associated with the build-up of free radicals
(Crowe and Crowe, 1992), an issue that is compounded by high ra-
diation fluxes (Daly, 2009). Highly penetrating gamma radiation is
emitted from high level waste (Weber et al., 1998), and gamma-emit-
ting radionuclides could also be adsorbed to the bentonite barrier (Park
et al., 2012). Free radicals and other reactive oxygen species produced

by the radiolysis of water molecules, cause damage to biomolecules,
especially to nucleic acids, lipids, and proteins (Daly, 2009). Resistance
to free radical stress is achieved via a range of mechanisms including
free radical removal via the intracellular manganese redox cycle (Daly
et al., 2007), the efficient repair of genetic damage by DNA repair
mechanisms (Minton, 1994), and by maintaining multiple copies of the
genome (polydiploidy) (Hansen, 1978).

The aim of this study was to characterise the microbial communities
present within a broad range of bentonite samples and determine how
they respond to the stresses imparted by temperature, pressure, and
gamma radiation, relevant to geological disposal The direct extraction
of DNA from clays typically yields< 1% of the total amount present
(Direito et al., 2012), so this study used selective growth media, to
promote microbial growth, and therefore allow microbial quantifica-
tion using more traditional most probable number (MPN) culturing
techniques (Collins and Lyne, 2004), while increasing the yield of DNA
for microbial community analysis. The results of this study highlight the
variability in the bacterial content of bentonites, and how the in-
digenous bacterial communities respond to stresses relevant to geolo-
gical disposal. A key observation is that spore-forming Gram-positive Fe
(III)- and sulfate-reducing bacteria are both prevalent in bentonite
materials, and highly resistant to the stresses of high temperatures,
pressures and radiation.

2. Material and methods

2.1. Selection of bentonites

Four bentonites were used in this study including a southern
(Mississippi, USA), and western (Wyoming, USA) bentonite, a com-
mercial bentonite purchased from Thermo Fisher Scientific (Waltham,
MA, USA), and bentonite from Almeria, Spain, used in the full-scale
engineered barriers experiment (FEBEX) designed by Empresa Nacional
de Residuos Radiactivos (ENRESA) to investigate the manufacture and
construction of a bentonite buffer for use in a GDF (Lanyon and Gaus,
2016). The southern, western, and commercial bentonites were re-
ceived in powder form and used as-received; the FEBEX was received in
granular form and was disaggregated using a mortar and pestle.

2.2. Analytical methods

2.2.1. X-ray Diffraction (XRD)
To identify the mineral phases, samples of each bentonite (0.1 g)

were ground with a pestle and mortar, mixed with 1ml of amyl acetate,
mounted onto a low background sample holder, and identified using a
Bruker (Billerica, MA, USA) D8 Advance diffractometer with CuKα ra-
diation with a wavelength of 1.5406 Å. A step size of 0.02° 2θ with a
counting time of 0.02 s per step over a 2θ range of 5–70° was used.
Powder patterns were fitted using a search/match routine (EVA soft-
ware programme version 4 (Bruker, Billerica, MA, USA), with recorded
peaks compared to standards from the ICDD (International Centre for
Diffraction Data) database.

2.2.2. Brunauer-Emmett-Teller (BET) surface area analysis
Calculation of the surface area of the bentonites was carried out

using nitrogen adsorption at −196 °C. 0.2 g of bentonite was purged for
18 h at 100 °C under a constant flow of nitrogen before analysis
(Micrometrics (Norcross, GA, USA) Flowprep 060).

2.2.3. X-ray fluorescence (XRF), H2O(−) and loss on ignition (LOI)
Major-element analyses were obtained with a wavelength dis-

persive, PANanalytical (Royston, UK) Axios spectrometer using the
standard glass AUSMON (B255). Finely powdered rock sample (12 g)
and fine powdered wax (3 g) were milled for 7min at 350 rpm in a
TEMA (Woodford Halse, UK) mill and pressed into a pellet at 10 t.
Uncertainty on the XRF instrument was approximately 2.6%. Samples
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(1 g) were dried at 105 °C for 1 h, cooled in a desiccator and weight loss
recorded to determine the loosely held water, H2O(−). Samples were
then heated for 1 h at 1100 °C, cooled in a desiccator and reweighed.
The loss on ignition is due to dehydroxylation of clay minerals and the
release of CO2 by breakdown of carbonates and oxidation of organic
matter.

2.2.4. Ferrozine analysis
The ferrozine method (Lovley and Phillips, 1987) was used to

measure 0.5 M HCl extractable Fe(II), and total Fe (after reaction with
hydroxylamine) in the bentonite samples. Samples (0.2 g) were placed
in 0.5M HCl (5ml), and allowed to equilibrate for an hour, then 20 μl of
the resulting slurry was transferred to 980 μl of 0.5M HCl for Fe(II), or
980 μl of 0.5 M hydroxylamine hydrochloride for total bioavailable Fe.
After a further hour of digestion, 80 μl of the sample was added to
920 μl of ferrozine and measured using a spectrophotometer (Jenway
(Stone, UK)) at 562 nm. The uncertainty limit of the Ferrozine assay is
approximately 3.2% (Stookey, 1970). Ferrozine was also used to mea-
sure Fe(III) reduction in the MPN experiments targeting IRB, in this
instance 20 μl of the sample was added to the HCl solution (0.5M,
980 μl).

2.2.5. Ion chromatography (IC) and pH
Ion chromatography was used to determine the concentration of

sulfate in the bentonites. Samples (0.2 g) were placed in 5ml of deio-
nized water (18.2 MΩ) and allowed to equilibrate on a roller mixer for
one hour. Afterwards 1ml of the slurry was transferred to an Eppendorf
tube, and the supernatant was separated from the bentonite using a
centrifuge (16,162 g, 10min). The pH of the supernatant was measured
(Denver Instrument (Sartorius, Göttingen, Germany)), then being di-
luted four times with deionized water, and analysed using a Dionex
(Sunnyvale, CA, USA) ICS5000. The uncertainty limit of the measure-
ments was approximately 4.1%.

2.2.6. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
The interlayer cations in the bentonite samples were analysed by

ICP-AES. 1 g of each substrate was added to 5ml of 1M ammonium
acetate, before being placed on a shaker for 24 h. An extra 5ml of 1M
ammonium acetate was added to the slurries before being vacuum fil-
tered (Chapman, 1965). The remaining solid was discarded, and the
supernatant was collected. The solutions were acidified by adding 1ml
aliquots to 9ml of 2.2% HNO3. The acidified supernatants were then
analysed with a Perkin-Elmer (Waltham, MA, USA) Optima 5300 dual
view ICP-AES. The uncertainty limit of the measurements was ap-
proximately 3.4%.

2.3. Sample and media preparation

2.3.1. Pelletisation
Pelletisation was used to simulate the effects of compaction on the

bentonite microbial communities. 0.3 g of each substrate was loaded
into a pellet press (SpecAc, Orpington, Kent) between two 13mm die
(SpecAc, Orpington, Kent), before the addition of approximately 9 t of
load (~74MPa), producing a 2.7 g cm−3 pellet. After being compressed
for 30 s the load was released. The process was repeated until 9 pellets
of each bentonite were produced. The pellets were subsequently pow-
dered using a 70% ethanol sterilised mortar and pestle, before in-
cubation in the growth medium.

2.3.2. Heat treatment
The effects of heat being created by high-heat generating wastes

(HHGW) were replicated inside an incubator. Each bentonite sample
was divided into 0.45 g aliquots, and placed inside sterilised 10ml
serum bottles, before being stoppered, and sealed. The bottles were
then flushed with filter sterilised nitrogen to generate an unreactive
atmosphere and sealed. Following the de-aeration, the bottles were

placed in an incubator for 24 h, at a temperature of 90 °C.

2.3.3. Gamma irradiation
Along with heat, HHGW also produce gamma irradiation, which

was simulated in this study using a Cobalt-60 irradiator (812 Co-60
irradiator, Foss Therapy Services Inc., North Hollywood, CA, USA). The
bentonite substrates were transferred into sterile glass vials each
holding 1 g. The bentonite was trapped in the vials with glass wool, and
the air was removed using a vacuum. Whilst under vacuum the vials
were sealed using an oxygen torch. Fricke dosimetry (Fricke and Hart,
1935) was used to calculate the dose rate within the Cobalt-60 irra-
diator, and the samples were subjected to 1000 Gy, at a dose rate of
24.17 Gymin−1. The vials were subsequently opened in a laminar flow
cabinet (Labcaire, Clevedon, UK) to prevent contamination and trans-
ferred to sterile 10ml serum bottles ready for incubation.

2.3.4. Media preparation
The bentonites were added to selective growth media, to promote

the growth of specific groups of anaerobic bacteria. Postgate Medium B
was used to selectively enrich for SRB, and a fully defined growth
medium was selected for IRB (Lovley and Phillips, 1986). While the
media selected contain compounds to promote the growth of the or-
ganisms highlighted, some SRB are known to reduce iron (Liu et al.,
2012), and may therefore appear in both media. The Postgate B
medium was formulated according to its original specifications
(Postgate, 1979). The pH of the Postgate B medium was amended to 7.0
using 10M NaOH. The fully defined growth medium contained the
equivalent of 4mM ferrihydrite (as the sole electron acceptor) with
3.9 mM of nitrilotriacetic acid to increase the bioavailability of the Fe
(III), as well as 2mM of acetate and lactate as electron donors, the pH of
the media was amended to 7.0 using 10M NaOH. The Fe(III)-containing
medium lacks the strong reducing agent sodium thioglycolate present in
the Postgate B medium and was therefore degassed with nitrogen for
10min to impose anaerobic conditions. Both media were divided into
9ml aliquots within 10ml serum bottles. The fully defined IRB growth
medium was decanted inside an anaerobic glovebox (Coylab, Grass
Lake, MI, USA) to preserve the anaerobic headspace, whilst the Postgate
Medium B was decanted under atmospheric conditions. The media were
sealed, and autoclaved (126 °C, 1.1 bar, 20min) to ensure their sterility.

2.4. Microbiology methods

2.4.1. MPN enumeration
The changes in the SRB, and IRB quantities following the individual

treatments were tracked using MPN enumerations (de Man, 1983). To
do this, 0.45 g of each substrate was inoculated into 9ml of the media
described in the previous section. The resulting slurry (1ml) was
transferred to fresh media (9ml) using a nitrogen-gassed syringe; this
was repeated until a 10−5 dilution was achieved. The serial dilutions
were incubated at 20 °C in the dark, and a positive result was confirmed
in the Postgate Medium B by the presence of a black precipitate after
25 days, while the fully defined Fe(III)-containing growth medium
bottles were left for 70 days, and a positive result for Fe(III)-reducing
bacteria was confirmed by the enrichment of 0.5 M HCl extractable Fe
(II)/Fe(tot), using the ferrozine method described above. The number of
SRB, and IRB were calculated by comparing the number of positive
serial dilutions to a MPN chart, and correcting for the initial dilution
(de Man, 1983). The MPN enumerations were conducted in triplicate.

2.4.2. Microbial analyses (16S rRNA gene sequencing)
The microorganisms that dominated in the MPN tubes that had

scored positive for SRB or IRB were identified by extracting, amplifying
and sequencing DNA from the samples showing the strongest positive
result, after the initial incubation time. 200 μl of the slurries was treated
using a PowerSoil DNA Isolation Kit (MO BIO Laboratories INC,
Carlsbad, CA, USA). The 16S rDNA gene was amplified via PCR
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(polymerase chain reaction) using 8F (5′-AGAGTTTGATCCTGGCT
CAG-3′), and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′) primers
and the methods of (Rizoulis et al., 2016). Following amplification via
PCR, a DNA stain (SYBR Safe DNA Gel Stain, Invitrogen, Carlsbad, CA,
USA) was added before placement in an agarose gel, where it was
subsequently separated using electrophoresis. The stained DNA was
viewed under UV light, and target 1600 base pair products were
identified by comparison to a ladder of DNA fragments of varying
lengths.

2.4.3. Sequencing
A second PCR run was completed targeting the V4 hyper variable

region (515F, 5′-GTGYCAGCMGCCGCGGTAA-3′; 806R, GGACTACHV-
GGGTWTCTAAT-3′) (Caporaso et al., 2011) belonging to the success-
fully amplified 16S rRNA gene. The amplification of the region was
completed with the Roche FastStart High Fidelity PCR System (Roche
Diagnostics Ltd., Basel, SUI) using the following procedure; initial de-
naturation (95 °C, 2min), followed by 36 cycles (95 °C, 30 s; 55 °C, 30 s;
72 °C, 1min), and then a final extension step (72 °C, 5min). Purification
of the resulting products was completed, and then standardised to ap-
proximately 20 ng (SequalPrep Normalization Kit, Fisher Scientific).
The products of the PCR were then pooled in equimolar proportions,
and sequenced (Illumina MiSeq platform, Illumina, San Diego, CA,
USA). The sequencing run was implemented using a 4 pM sample li-
brary, spiked with 4 pM of PhiX in a ratio producing a final PhiX con-
centration of 10% v/v (Kozich et al., 2013).

2.4.4. Bioinformatics
The sequences that were generated were identified by barcodes al-

lowing for one mismatch before Cutadapt (v1.8.1) (Martin, 2011),
FastQC (v11.3) (Andrews, 2016), and Sickle (v1.33) (Joshi and Fass,
2011) were used for quality control, and trimming. Errors from se-
quencing were corrected using SPADes (v3.5.0) (Nurk et al., 2013), and
the forward, and reverse reads were amalgamated into complete se-
quences using Pandaseq (v2.8) (Masella et al., 2012). Chimeraslayer
(Haas et al., 2011) was used to remove chimeras, and operational
taxonomic units (OTUs) were produced using UPARSE (Edgar, 2013).
Usearch (v8.0.1623) (Edgar, 2010) was then used to remove singletons,
and to classify the OTUs at a similarity of 95% or higher. OTUs were
taxonomically classified using RDP classifier (v2.2) (Wang et al., 2007),
and rarefaction curves were generated using Qiime (v1.8.0) (Caporaso
et al., 2010).

3. Results

3.1. Characterization of the bentonites

The key characteristics of the bentonite samples were determined
using a variety of techniques and are summarised in Table 1. The
substrates consisted mostly of the clay mineral montmorillonite (a
dioctahedral smectite), with accessory quartz and plagioclase feldspar;
the southern bentonite also contained calcite, and biotite. The FEBEX,
and commercial bentonites contained approximately 10% water, while
the southern, and western were about 6%. The bentonite samples
consisted of ~4% iron, with the 0.5M HCl extractable fraction con-
sisting of ~ 100% Fe(II) in the commercial, and western bentonites, and
~30% in the FEBEX, and southern samples. The substrates had com-
parable surface areas of between 27.4, and 52.3 m2 g−1, measured by
BET. In the commercial and western bentonites, sodium was the
dominant interlayer cation, whereas the FEBEX bentonite contained
more calcium.

3.2. Most probable number (MPN) enumerations

To determine the number of culturable SRB and IRB present in the
bentonites, each sample was inoculated into Postgate medium B
(25 days), and a fully defined growth medium containing ferrihydrite as
the sole electron acceptor (70 days), targeting SRB and IRB respectively.
The number in the starting inoculum was determined using MPN enu-
merations (de Man, 1983). The results indicate that the samples typi-
cally hosted 660–6600 SRB cells g−1, and 400–4000 IRB cells g−1

(Table 2), a few orders of magnitude lower than a typical soil. The
commercial bentonite yielded the largest number of SRB cells
(6600 g−1), while the FEBEX, and southern substrates yielded ap-
proximately ~ 3000 g−1; the western bentonite had the lowest
(660 g−1). IRB numbers were lower compared to SRB, with the most
being found in the western substrate (4000 g−1), an intermediate
amount in the commercial bentonite (1880 g−1), and minor amounts in
the FEBEX (400 g−1), and southern (660 g−1) samples. Following
analysis of the as received bentonite samples they were then subjected
them to increased pressure, gamma radiation, and temperatures to
determine the impact on culturable SRB and IRB.

The change in the quantity of SRB after each treatment is shown in
Fig. 1, confidence intervals can be found in supplementary 1. The
average MPN g−1 of SRB decreased across all treatments, however the
amount of SRB in the southern bentonite remained the same following
irradiation (1880 g−1) but doubled in number after the heat treatment
(90 °C) to 4000 g−1. Following pelletisation, the southern bentonite
samples saw a reduction in SRB numbers (1700 g−1); a decrease of
approximately 60% was seen in the FEBEX (1880 g−1), and western

Table 1
Key chemical characteristics, including the water content, loss on ignition (LOI), pH, surface area (SA), concentration of key interlayer cations (Na+, Ca2+, K+,
Mg2+), along with the concentration of SO4

2−, the redox state of 0.5M HCl extractable Fe, and the mineralogy.

Sample Commercial FEBEX Southern Western

H2O (%) 10.4 9.9 5.5 6.5
LOI (%) 6.2 8.0 9.8 6.3
pH 10.1 9.5 9.9 10.1
SA (m2 g−1) 27.4 ± 0.3 52.3 ± 0.5 44.9 ± 0.5 30.3 ± 0.3
Na+ (mg g−1) 10.7 5.8 5.6 11.7
Ca2+ (mg g−1) 4.9 7.3 5.4 5.0
K+ (mg g−1) 0.5 0.7 0.3 0.5
Mg2+ (mg g−1) 1.0 3.8 2.8 1.0
SO4

2− (mg g−1) 69.0 17.3 28.5 60.9
Fe (%) 3.8 3.8 4.2 3.9
0.5M HCl extractable Fe(II)/Fe

(total) (%)
99.2 29.8 36.6 100.0

Mineralogy (XRD) Montmorillonite, Quartz,
Labradorite

Montmorillonite, Quartz,
Labradorite

Montmorillonite, Quartz, Sanidine,
Calcite, Biotite

Montmorillonite, Quartz,
Labradorite
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(196 g−1) bentonites, while the commercial bentonite saw a reduction
to 940 g−1. SRB numbers in the western bentonite also saw a ~60%
reduction following the heat treatment, and recorded the poorest
growth following irradiation (44 g−1). The FEBEX bentonite main-
tained reasonable cell counts across the experiments, but a ten-fold loss
(400 g−1) was observed following the heat treatment. The commercial
bentonite maintained a large cell count after the heat treatment
(4000 g−1) but saw a significant reduction in cell numbers after irra-
diation (500 g−1).

The quantities of IRB in the samples are shown in Fig. 2, confidence
intervals can be found in supplementary 1. Despite the as received

FEBEX containing low numbers of IRB (400 g−1), a substantial increase
was observed following the heat treatment (1880 g−1), a trend which
was not reflected after exposure to pressure (176 g−1), or irradiation
(94 g−1). There was also a moderate increase in IRB numbers in the
Southern bentonite, to 1700 g−1 after pressure and 1020 g−1 after
heating, but low MPN counts were recorded after irradiation (140 g−1).
After exposure to pressure, the commercial bentonite maintained its
original cell count for IRB (1880 g−1), and a reduction of just under
50% was observed after heating (1020 g−1), and irradiation
(1020 g−1). The western bentonite samples had the highest initial IRB
cell count (4000 g−1), but a 58% reduction was observed following
exposure to pressure (1700 g−1), and larger losses in IRB were seen
after heating (400 g−1), and after irradiation (196 g−1).

3.3. Molecular ecology

Following the growth of the microbial communities in the re-
spective media, DNA was extracted from the dilution displaying the
strongest reaction (typically the first ten-fold dilution), and the effect of
the treatments on the relative makeup of the communities was analysed
(Fig. 3). Before treatment, enrichment in Postgate B medium produced
nine original taxonomic units (OTU's) that were identified as being
most closely related to known SRB. Six of the OTU's were closely related
to Desulfosporosinus species making up approximately 10% of the
FEBEX, commercial, and southern communities, along with 29% of the
western. The other three OTU's were related to Desulfotomaculum spe-
cies, making up 14% of the FEBEX community. Other key non SRB
genera included Clostridium species in the FEBEX (25%), and commer-
cial (18%) bentonites, as well as Bacillus species which were abundant
in the FEBEX (11%), and western (22%) bentonites. Eight OTU's related
to SRB were present following pelletisation, and enrichment in the first
MPN dilution into Postgate B medium, with seven being related to
Desulfosporosinus species, these species were distributed in similar
proportions in the commercial, and southern (10%) samples, while a
reduction in relative abundance of these species from 29% to 19% was
observed in the western bentonite. The FEBEX bentonite harboured
minimal Desulfosporosinus species after pelletisation, but contained a
strain related to a Desulfotomaculum species (17%). Clostridium levels
increased to>20% in the FEBEX, commercial, and southern bentonites
after pelletisation and MPN enumeration, and an increase in relative
abundance of Bacillus species was observed in the western bentonite
(33%). Heating of the bentonites to 90 °C had no discernible impact on
the number of OTU's related to SRB after MPN enrichments (compared
to non-heated controls), however an increase in species related to De-
sulfotomaculum species was observed in the FEBEX (50%) substrate, and
a reduction in species related to Desulfosporosinus in the commercial
bentonite (5%). The proportion of organisms related to the non SRB
Bacillus genera increased to 30% in both samples, while Clostridium
species decreased to below 5%. After the irradiation treatment, and
subsequent MPN enumerations the FEBEX, and commercial bentonites
contained similar percentages of bacteria related to sulfate-reducing
genera, with the FEBEX containing 27% Desulfotomaculum species, and
the commercial 25% Desulfosporosinus species. Small proportions of
Bacillus species, and Clostridium species were also identified in both
samples (4–8%). Tables showing all the genera identified in the SRB
communities, along with the Shannon index of the samples can be
found in the supplementary information (Supplementary 2).

A range of bacteria with the potential for Fe(III)-reducing activity
were identified in the as received bentonites following enrichment in an
Fe(III)-containing medium, with a total of seventeen OTU's related to
documented Fe(III)-reducing species. Of these bacteria, organisms re-
lated to Bacillus species were the most abundant in the FEBEX (7%),
southern (20%), and western bentonites (20%), while 26% of the spe-
cies present in the southern bentonite were related to Desulfosporosinus,
and Desulfuromonas (Fig. 4). Species related to Geobacter were also
identified in all the bentonites accounting for between 3% and 14% of

Table 2
Number of IRB and SRB per gram in each of the substrates, along with the 95%
confidence intervals (MPN, most probable number; CI, confidence interval; LL,
lower limit; UL, upper limit).

MPN g−1 95% CI LL 95% CI UL

IRB
Commercial 1880 460 7600
FEBEX 400 104 1620
Southern 660 184 2400
Western 4000 1020 16,400

SRB
Commercial 6600 1840 24,000
FEBEX 4000 1020 16,400
Southern 1880 460 7600
Western 660 184 2400
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Fig. 1. Number of SRB in the Postgate B enrichments (MPN g−1) following no
treatment (as received), pelletisation at ~74MPa (pressure), heating at 90 °C
for 24 h (temperature), and a gamma radiation dose of 1000 Gy (irradiation).
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Fig. 2. Number of IRB cells (MPN g−1) in the fully defined growth medium for
the as received bentonite, and for bentonite after exposure to pressure at
~74MPa (pressure), after heating at 90 °C for 24 h (temperature), and after a
gamma radiation dose of 1000 Gy (irradiation).
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the microbial community, along with Anaeromyxobacter species in the
western bentonite (12%) (Fig. 4). Exposure to pressure resulted in a
total of eighteen OTU's related to Fe(III)-reducing genera being picked
up in the subsequent MPN dilutions, however a significant shift was
observed in the community. The commercial, and southern bentonites
were deficient in bacteria identified as having the potential to carry out
Fe(III)-reduction, with species related to Anaeromyxobacter species
being the most prevalent in the commercial bentonite (1%), and De-
sulfuromonas species in the southern bentonite (4%) (Fig. 4). The wes-
tern bentonite contained large proportions of strains related to Anae-
romyxobacter species (15%), Bacillus species (10%), and
Desulfosporosinus species (10%) after enrichment in the MPN cultures,
while the FEBEX bentonite MPNs contained Geobacter species (9%), and
Desulfuromonas species (7%) (Fig. 4). Nine OTU's with Fe(III)-reducing
potential were identified in the bentonites following exposure to heat
and enrichment for IRB. Species related to Desulfosporosinus (40%)
dominated in MPN dilutions from heated commercial bentonite, while
the heated FEBEX enrichments contained a mixture of species related to
Bacillus (16%), and Desulfosporosinus (18%) species (Fig. 4). Irradiation
lead to preferential enrichment of four Fe(III)-reducing OTU's. Three of
those strains were related to Bacillus species and were found in the
FEBEX bentonite (73%), while the other, related to a Paracoccus strain,
was found in the commercial substrate (15%) (Fig. 4). The breakdown
of relative ratios of genera in the MPN dilutions can be found in sup-
plementary information (Supplementary 2).

4. Discussion

4.1. As received bentonite

While studies have looked at the impact of the various stresses that
are imposed in a geological disposal facility for radioactive waste, more
work on comparing these stresses, and their impact on microbial di-
versity and growth responses (especially with respect to IRB) is re-
quired. This study combined the use of a cultivation-dependent tech-
nique (MPN) and complementary DNA-based molecular ecology tools,
to assess the influence of temperature, pressure, and gamma irradiation
on the microbial communities present in bentonites. Microbial char-
acterization using 16S rRNA technqiues in this study focused on MPN
enrichments performed using selective media so that the viability of IRB
and SRB (bacteria shown to have deleterious functions related to geo-
disposal) could be assessed. DNA recovery from untreated bentonites is
low (Direito et al., 2012) so this enrichment culture methodology
provided a greater DNA yield, with the added advantage of identifying
IRB, and SRB (and the caveat of underestimating other bacteria such as
aerobic heterotrophs). The amount of IRB and SRB cells in the bento-
nites was roughly 1000 cells per gram, which is several orders of
magnitude lower than a typical soil bacterial content (Atlas and Bartha,
1998). Despite the bentonite materials being largely comparable in
terms of chemistry and mineralogy, significant differences were seen in
the water content, as well as the 0.5 M HCl extractable Fe(II)/Fe(total)
ratio (Table 1). Both factors seemed to influence the amount of cul-
turable SRB and IRB present in the as received bentonite. A moderate
correlation (R2 0.77) was observed between the number of SRB iden-
tified from MPN counts in the untreated samples (Table 2), and the
water content of the bentonites (Table 1). A key factor in controlling

0%

50%

100%

Commercial FEBEX Southern Western

(a)

Bacillus Clostridium Desulfosporosinus Desulfotomaculum Other genera

0%

50%

100%

Commercial FEBEX Southern Western

(b)

Bacillus Clostridium Desulfosporosinus Desulfotomaculum Other genera

0%

50%

100%

Commercial FEBEX

(c)

Bacillus Clostridium Desulfosporosinus Desulfotomaculum Other genera

0%

50%

100%

Commercial FEBEX

(d)

Bacillus Clostridium Desulfosporosinus Desulfotomaculum Other genera

Fig. 3. Comparison of SRB (Desulfosporosinus, Desulfotomaculum), and other key bacteria (Bacillus, Clostridium) contained in the Postgate B MPN enrichments (first
dilution in series, scored positive). (A) As received bentonite (As Received). (B) Bentonite after exposure to pressure at ~74MPa (Pressure). (C) Bentonite after
heating at 90 °C for 24 h (Temperature). (D) Bentonite after exposure to gamma irradiation (1000 Gy) (Irradiation).
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SRB numbers is water activity (Stroes-Gascoyne et al., 2010), so it is
likely that when the substrates last supported an active microbial
community the number of SRB was dictated by the water content of the
substrates; when conditions became uninhabitable affiliates of the
Gram-positive Clostridia class to which some Gram positive SRB such as
Desulfosporosinus are affiliated would have formed spores (Xiao et al.,
2011), and subsequently germinated in the Postgate B medium. Gram-
positive bacteria affiliated with members of the Clostridium genus, also
belonging to the Class Clostridia, can carry out fermentation to generate
electron donors (but not sulfate reduction). Clostridium species were
abundant in some of the bentonites following enrichment in Postgate B
(Fig. 3), with a moderate correlation (R2 0.64) between their abun-
dance, and the number of SRB (Table 2), suggesting that they were able
to ferment some of the constituents of Postgate B medium, potentially
providing alternative electron donors for the SRB. Gram-positive and
Gram-negative bacteria, including those affiliated with Desulfospor-
osinus and Geobacter species respectively, dominated in the IRB MPN
enrichments (Fig. 4), and were therefore implicated in playing a role in
Fe(III) reduction in these systems. A modest correlation was observed
between the MPN counts in the Fe(III)-reducing samples (Table 2), and
the raw bentonites with the highest 0.5 M HCl extractable Fe(II)/Fe
(total) ratio (Table 1) (R2 0.73). This ratio is often used as a rough
approximation for bioavailable iron in soil samples, however some
phyllosilicates have been shown to have significantly more bioavailable
iron (Brookshaw et al., 2014). It is likely that the bentonites with the
greatest 0.5M HCl extractable Fe(II)/Fe(total) ratio promoted an en-
vironment more suitable for a microbial community enriched with Fe
(III)-reducing bacteria. The variability in microbial communities ob-
served in the bentonites is likely to have been influenced by the history,
and chemistry of unsterile infiltrating waters.

4.2. Bentonite exposed to pressure

The influence of pressure was investigated by applying a load to the
bentonite, and then using the bentonite to inoculate MPN enrichments
to assess the impact of pressure on the number of culturable bacteria
(and the diversity by subsequent DNA sequencing). SRB numbers de-
creased across all samples (Fig. 1) with the most significant decrease
observed in the Commercial bentonite (Supplementary 1). Decreases in
the proportion of Desulfosporosinus cells detected in each sample high-
lighted the decrease in SRB (Fig. 3). The Southern bentonite saw the
least significant reduction in SRB (Supplementary 1), which coincided
with an increase in Clostridium species (Fig. 3). The pelletised FEBEX
Postgate B enrichment contained a similar amount of Desulfotomaculum
species to the as received FEBEX Postgate B enrichment (Fig. 3) and had
the highest MPN cell count after exposure to pressure (Fig. 1). This
suggests that Desulfotomaculum species were more resistant to pressure.
Desulfotomaculum, and Desulfosporosinus have been identified in high
pressure environments (Itavaara et al., 2011), but no previous studies
have investigated SRB activity in bentonite exposed to the pressures in
this study. All the SRB MPN enrichment communities maintained many
potentially fermentative, and electron donor-producing Clostridium,
apart from the western bentonite (Fig. 3), which may explain why it
produced the lowest MPN cell count (Fig. 1). The extra stresses induced
by pressure did not appear to restrict the proliferation of Gram-negative
IRB in the Fe(III)-reducing MPN cultures, and the reduction in viable
IRB cells was largely insignificant (Supplementary 1). The FEBEX,
which was enriched in close relatives to Gram-negative Geobacter spe-
cies (Fig. 4), had the fewest IRB cells (by MPN counting) (Fig. 2). The
western bentonite had one of the highest IRB MPN cell counts (Fig. 2),
and the corresponding MPN IRB cultures were enriched in Gram-posi-
tive Bacillus, and Desulfosporosinus, along with some Gram-negative
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Fig. 4. Bacteria affiliated with Fe(III)-reducing activity identified in the fully defined growth medium enrichments (dilution which provided the strongest result,
typically first MPN dilution). (A) As received bentonite (As Received). (B) Bentonite after exposure to pressure at ~ 74MPa (Pressure). (C) Bentonite after exposure to
heat treatment at 90 °C for 24 h (Temperature). (D) Bentonite after exposure to gamma irradiation (1000 Gy) (Irradiation).
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Anaeromyxobacter (Fig. 4), which have all been implicated in Fe(III)
reduction. The commercial, and southern communities in the MPN
enrichments contained fewer than 5% known IRB (Fig. 4), which sug-
gests that the Fe(III)-reduction may have been carried out by organisms
that have not been identified previously as IRB.

4.3. Bentonite exposed to heat

Following a heat treatment of 90 °C for 24 h, the numbers of viable
SRB and IRB were assessed by adding them to selective media, with
further 16S rRNA sequencing focused on the commercial, and FEBEX
bentonite MPNs. Decreases in SRB cell numbers were observed in all
samples after heat treatment, except for the southern bentonite (Fig. 1).
A statistically insignificant reduction (Supplementary 1) in the SRB
MPN counts in the commercial sample (Fig. 1) coincided with a de-
crease in the percentage of Desulfosporosinus species detected in the
subsequent MPN series (Fig. 3). The FEBEX Postgate B enrichment was
dominated by close relatives of a known Desulfotomaculum species
(Fig. 3) but saw a ten-fold reduction in MPN SRB counts (Fig. 1), again
suggesting a significant impact on cell viability, but the survival of a sub
population of these SRB. Reductions in both SRB counts (Fig. 1) also
coincided with an enrichment in Bacillus species (Fig. 3). Bacillus spe-
cies are not known to respire sulfate, thus growth of these Gram-posi-
tive spore formers could have been detrimental to SRB yields, com-
peting for other growth substrates. This proliferation of Bacillus species
was not apparent in the as received enrichments, and it is therefore
likely that heat activation lead to a growth response by the Bacillus sp.
stimulated by “germination nutrients” (Yi and Setlow, 2010). Heat ac-
tivation of Bacillus sp., implicated in Fe(III) reduction (Kanso et al.,
2002) coincides with a slight increase in IRB numbers in the FEBEX
after heating, but this is likely not significant given the 46% overlap in
confidence intervals (Supplementary 1).

4.4. Bentonite exposed to gamma radiation

The bentonites used in this study were subjected to a gamma dose of
1 kGy, at a dose rate of 24 Gymin−1, before placement in medium to
determine the impact on SRB and IRB. Changes in the bacterial com-
munities were investigated with 16S rRNA sequencing on the com-
mercial, and FEBEX bentonite MPNs. Significant reductions in SRB
MPN counts were observed in the commercial, and western bentonites
(Supplementary 1), with the FEBEX maintaining a reasonable number
(1900 g−1) (Fig. 1). Both substrates had similar proportions of SRB in
their communities (from analyses of positive MPN enrichments)
(Fig. 3), however the FEBEX MPN enrichments contained close relatives
to Desulfotomaculum as opposed to Desulfosporosinus species found in
the commercial enrichments (Fig. 3). The closest relative of the De-
sulfotomaculum species detected in the FEBEX was D. halophilum, an
endospore-forming, Gram-positive halophile that can tolerate NaCl
concentrations of up to 14% (Tardy-Jacquenod et al., 1998). The phy-
siological response caused by oxidative stress is the same as that for
desiccation and gamma radiation (Daly, 2009), which may explain why
the FEBEX community displayed more resistance to gamma irradiation
than the commercial bentonite. The SRB communities maintained a
high diversity following irradiation with Shannon indexes around 3.6,
compared to 4.1 in the as received bentonites. The Shannon indexes in
the IRB communities on the other hand were greatly diminished de-
creasing from 4.26 in the commercial bentonite, and 6.15 in the FEBEX
bentonite to< 2 in both substrates after irradiation. Analysis of the IRB
MPN cultures from the FEBEX samples identified Gram-positive Bacillus
and Desulfosporosinus species, accounting for 77% of the total commu-
nity (Fig. 4). However, the IRB MPN count remained low (98 g−1)
(Fig. 2), suggesting that the IRB were ineffective at Fe(III)-reduction.
The commercial bentonite maintained a larger loading of IRB
(1020 g−1) (Fig. 2), and was dominated by a close relative of the Fe
(III)-reducing, Gram-negative Paracoccus denitrificans (Mazoch et al.,

2004), a bacterium belonging to a genera known to have desiccation
tolerant species (Yu et al., 2015). The SRB communities are likely to
have maintained their diversity due to the large number of Gram-po-
sitive spore-formers able to reduce sulfate. The lack of diversity in the
irradiated Fe(III)-reducing communities suggests that typical IRB are
less tolerant to oxidative stress, with the Fe(III)-reduction completed by
the few radiation resistant organisms.

5. Conclusion

Bentonite chemistry influenced microbial presence, with correla-
tions observed between SRB numbers and the initial water content, as
well as correlations between the 0.5M HCl extractable Fe(II)/Fe(total)
ratio and the number of IRB. There was also a distinction between the
SRB communities in the different bentonites, with molecular analyses of
MPN enrichments suggesting that Desulfosporosinus species were pre-
sent as the dominant SRB in the commercial, southern, and western
bentonites, while Desulfotomaculum species were the dominant SRB in
the FEBEX bentonite. This trend was particularly significant after ex-
posure to stress, with Desulfotomaculum becoming enriched compared
to Desulfosporosinus after pressure and irradiation but showing dimin-
ished viability after heat treatment. Such variabilities in SRB commu-
nities, as a function of both bentonite chemistry and response to pres-
sure-, heat- and radiation-induced stress, may be an important
consideration in the selection of the bentonite buffer used in a GDF for
radioactive waste disposal, as SRB activity can promote corrosion of
waste canisters (El Mendili et al., 2013). Fe(III)-reduction was most
likely carried out in positive MPN cultures by a mixture of Gram-ne-
gative, and Gram-positive organisms cultured from the as received
bentonite, however Gram-positive organisms (which generally have
thicker cell walls and can form spores to aid long-term survival in harsh
environments) were dominant after the bentonite was exposed to
pressure and heat. The relative abundance of Gram-positive Bacillus and
Desulfosporosinus species in MPN enrichments was significantly in-
creased in response to these stresses, with Bacillus species present both
under sulfate-reducing and Fe(III)-reducing conditions. The diversity of
organisms catalysing Fe(III)-reduction (and the underlying physiolo-
gical mechanisms) is less well understood, compared to those involved
in sulfate-reduction, and it is therefore more challenging to identify the
organisms responsible for this process in the IRB MPNs in both the
commercial and the southern bentonite after exposure to pressure. The
broad range of IRB identified in this study provoke the question of
whether pure culture Fe(III)-reduction studies using well studied model
organisms such as Geobacter, and Shewanella species are appropriate in
the context of engineered systems, incuding nuclear disposal barrier
systems. Clearly a broader range of Fe(III)-reducing communities that
can survive under GDF-relevent conditions, require attention, as they
are more likely to survive and function despite challenges from the
pressure, heat and radiation in such environments.

Overall, stress induced by pressure, heat and radiation did not
completely inhibit microbial activity, but a reduction in cell numbers
was seen in most cases, with increases observed in some bentonite, and
treatment combinations. Microbes will be present in a bentonite bar-
rier, so further research into their behaviour in specific cases defined by
waste repository implementers is crucial. Stress induced by the com-
bination of high pressure, heat and radiation in a GDF will most likely
inhibit microbial colonisation, and the subsequent swelling pressure,
induced by groundwater infiltration into the GDF, might play a further
defining role in minimising microbial activity. Although microbial co-
lonisation of bentonite barriers may help attenuate the release of
priority radionuclides (Newsome et al., 2014), control of iron and sul-
fate-reducing bacterial activities will be important to maximise the
physical integrity of the bentonite barrier and to prevent corrosion of
the metal canisters. Thus, the careful selection of bentonite materials
(e.g. with low microbial inocula) and achievement of appropriate
swelling pressures (to control microbial proliferation (Pedersen, 2010)
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is crucial to bentonite buffer, and canister stability.
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